
 

MEMORANDUM OF AGREEMENT 
 

From:  
Physician’s Name:                                                            DEA Number:  

Degree and Field of Specialty:  

Licensed State of Practice:                                              License Number:  

  
To:  

Patient’s Name:  

Parent/Guardian’s Name:  

  
Subj: PHYSICIAN’S ADVANCED WARRANTY OF VACCINE SAFETY 
 

Ref: (a) CDC Immunization Schedule 

 
Encl: (1) CDC Vaccine Excipient and Media Summary (with component table) 

(2) Reference Citations (electronic copy available) 
(3) Clinical Reasoning Compilation (printed copy of Encl 2’s citations) 
 

1. I, (Physician’s name)_________________________, have given careful consideration to the 
potential risks and benefits of all medical procedures, recommendations, and treatments for which I 
prescribe or administer to my patient. Upon this, it is my responsibility to thoroughly, honestly, and 
without bias explain these potential risks and benefits to my patient prior to any form of treatment for 
their consideration and informed consent. Pursuant to Ref (a) in accordance with Encl (1) through (3), 
and in order to dispel any reasonable doubt surrounding the safety of vaccines, I have counseled the 
patient before granting Physician’s Advanced Warranty of Vaccine Safety. (If Physician does NOT 
wish to grant Physician’s Advanced Warranty of Vaccine Safety, Attachment A must be completed.) 
 

2. This request is made on behalf of (Patient’s name)_________________________, in my 
recommended pursuance of Ref (a). I have thoroughly examined and determined my patient meets all 
prerequisites prior to the administration of immunizations to include: length of gestation at birth, 
recommended weight, manufacturer’s contraindication exceptions, family history, hereditary 
predisposition to autoimmune disease, and the potential for increased risk of injury due to underlying 
genetic factors that may have yet to be identified in my patient. There are certain medical concerns that 
exist to justify my recommendation of the following vaccinations for my patient’s protection: 
RISK FACTOR: VACCINATION: 

  

  

  

  

  

  

 



 

3. INFECTIOUS DISEASE, IMMUNITY, AND INDIVIDUALIZED HEALTH 
 
I, (Physician’s name)_________________________, have personally taken the time to thoroughly 
study: 

a) The historical data surrounding individual infectious diseases that I vaccinate my patients to 
include: mortality rate, disease patterns, pathological mutations, antibiotic resistance, and 
disease decline dates vs. introduction of corresponding vaccines.1 

b) Prevention, treatment options, and alternatives to vaccinations recognizing the importance of 
diet, lifestyle, and sanitation/hygiene’s role in regard to disease susceptibility and the increased 
odds of complications in infected individuals. This also includes the encouragement of 
breastfeeding when possible.3 

c) The importance of gut health’s role in the immune system and the link between poor gut health 
and increased susceptibility to neurological and immunological disorders.4 

d) The field of Epigenetics examines how nongenetic factors have an influence on gene expression 
and points to each patient’s health as “individualized”. Therefore, individual susceptibility to 
vaccine injury is determined not only by hereditary predisposition, genetic disorders, or gender 
and age, but also through a variety of factors to include, but not limited to: diet, sleep patterns, 
geographic location, environmental toxin exposure, cultural influence, occupation, etc., 
suggesting that each patient may have a different response to vaccine ingredients, and may not 
tolerate the rigorous vaccine schedule as recommended.5 

e) The subset of Th1 vs. Th2 cell response in relation to vaccine-induced immunity vs. natural 
exposure to pathogens.2 

f) Glutathione’s role in immune/inflammatory response, detox capabilities, and the increased risk 
of injury due to depletion, with special consideration to acetaminophen's role in depletion.2,5

 
 
I have explained this information to my patient thoroughly. (Physician/Patient Initials)____/____ 

 
4. EXCIPIENT AND MEDIA SUMMARY  

 
I, (Physician’s name)_________________________, have reviewed the Vaccine Excipient  
and Media Summary listed in Encl (1) and understand its entirety. I am aware of the following: 

a) Vaccines contain growth mediums derived from a variety of animal species and human fetal cell 
lines. On January 11, 2018, Stanley Plotkin, a prominent figure in vaccinology, stated in a 
9-hour long disposition, that 76 aborted fetuses, all with a gestational age of 3 months or older, 
were used for experimentation and ultimately 2 fetuses were used in the development of 
vaccines. The fetal cell line components of vaccines has shown that foreign fragmented DNA is 
present and biologically active within the cultures. Genetic engineer and President of the 
biomedical research organization Sound Choice Pharmaceutical Institute (SCPI) Theresa 
Deisher Ph.D., warns that injecting human fetal DNA contaminants bears the risk of causing two 
well-established pathologies and additionional concerns surrounding contaminants of the MMR 
vaccine specifically.2 

1. Insertional mutagenesis: The ability of the fetal human DNA used in vaccines to 
incorporate into the host’s DNA causing mutations.2 

2. Autoimmune disease: The ability of  human fetal DNA used in vaccines to trigger the 
host’s immune system to attack it’s own body.2  

3. The concern that Human Endogenous Retrovirus K (HERVK) is a contaminant in the 
MMR vaccine, which can reactivate and integrate within the host, noting autoimmune 
diseases have been associated with HERVK.2 

Referenced Text1-13 can be found in Enclosure (2). 

 



 

b) Carcinogens like polysorbate 80 and formaldehyde are used in the manufacturing of certain 
vaccines, and the chemical glyphosate was found to contaminate many vaccines on the market.6 

c) Common allergens are used in the makeup of several vaccines to include components of dairy, 
soy, nut, egg, and gelatin, and may trigger an anaphylactic response in my patient, and could 
result in possible lifelong or life threatening allergies to any of these components. 

d) Some vaccines contain antibiotics, noting the implications of antibiotic overuse and the threat 
posed by antibiotic resistance recognized by the medical community.  

e) Several vaccines contain heavy metals which have been identified as neurotoxins i.e. forms of 
aluminum, mercury (thimerosal), and other such adjuvants to stimulate an immune response. 
Scientific evidence correlates exposure to heavy metals and early immune response with severe 
neurological/immunological damage and points to these ingredients as less effective than 
antigen immune response.7 

f) The crucial difference between injection vs. ingestion vs. inhalation of such toxins and how they 
affect the body accordingly.8 

g) The negative impact of heavy metals on healthy gut flora.9 
h) Certain polymorphisms in the MTHFR gene is linked to hypersensitivity to heavy metals.7 
i) The manufacturer’s insert line 13.1 of vaccines on the market stating the lack of studies 

involving “Carcinogenesis (initiation of cancer formation), Mutagenesis (production of genetic 
mutations), and Impairment of Fertility” and acknowledge the implications of these ingredients 
in relation to the potential health concerns listed in line 13.1, also taking into consideration 
increasing rates of these corresponding health concerns in our population (refer to 
manufacturer’s package insert of recommended vaccine in custody for patient example). 

 
Refer to Encl (1) for a list of ingredients contained in the vaccinations to be administered and 
read the Open Letter from Dr. Theresa Deisher to Legislators Regarding Fetal Cell DNA in 
vaccines with patient.2  
 
I have explained this information to my patient thoroughly. (Physician/Patient Initials)____/____ 

 
5. TRAUMATIC BRAIN INJURY (TBI) AND AUTISM SPECTRUM DISORDER (ASD) 

a) “Pediatric TBI patients and ASD patients share several underlying pathophysiologic changes 
that contribute to these symptoms and cause increased susceptibility for sensory processing 
dysfunction, seizures, and gastrointestinal disorders”. Studies suggest that genetically 
susceptible patients could react to certain ingredients in vaccines in a way that could trigger or 
worsen these symptoms.4,5,6,7 

b) The increased prevalence of ASD is not solely attributed to population growth or advancements 
in diagnostic technology, nor purely influenced by genetics, and therefore suggests that 
susceptibility to vaccine injury due to  epigenetic influence should be considered and explored.5 

c) Studies show that TBI and ASD individuals often have gastrointestinal issues and that heavy 
metals, like those in vaccines, have been shown to worsen gastrointestinal health.5,7 

d) Studies show aluminum content in the brains of autistic individuals is exceedingly high.7 

e) The CDC states “some children with an ASD seem to develop normally until around 18 to 24 
months of age and then they stop gaining new skills, or they lose the skills they once had” 
further suggesting the capability of regression through epigenetic influences.5 

f) Certain factors are attributed to an increased prevalence of ASD and should be considered as a 
cautionary predisposition or early indicator for diagnosis. These factors include, but are not 
limited to: 

 
Referenced Text1-13 can be found in Enclosure (2). 

 



 

1. Assisted Reproductive Technology (ART), i.e. fertility issues resulting in 
Intracytoplasmic Sperm Injection (ICSI) or In Vitro Fertilization (IVF), including fetal 
progesterone exposure. The CDC states, “overall, children conceived using ART were  
about two times more likely to be diagnosed with ASD compared to children conceived 
without using ART”.5 

2. Non-genetic factors such as gestational complications, premature birth, fetal exposure to 
medications or chemicals, and Twin/Multiple Pregnancy i.e. more that one child per 
birth.5 

3. Head Circumference or accelerated cranial growth can in some cases be an early 
indicator for children with ASD.5 

4. Undiagnosed, pre-existing genetic conditions have been noted to trigger adverse 
reactions from vaccines such as fever, seizures, and encephalitis, resulting in brain 
injury symptoms that display clinical features of ASD. The precedent case of Hannah 
Poling, was the first case in which federal authorities conceded the connection between 
her autistic symptoms and vaccines. “The panel said that Hannah had an underlying 
cellular disorder that was aggravated by the vaccines, causing brain damage with 
features of autism spectrum disorder (ASD)”. Due to the lack of neonate diagnostic 
testing in regards to such genetic vulnerability prior to the administration of routine 
vaccinations, noted adverse reactions could presumably result in serious or life long 
brain injury and present as symptoms similar to that of ASD.5  

5. Methylenetetrahydrofolate Reductase (MTHFR) causes genetic polymorphisms and 
affects a significant portion of the population. This defect has been linked to an 
increased risk of neurological disorders and ASD and is often undiagnosed in infants 
before receiving vaccinations.5   

6. The use of acetaminophen based products, such as Tylenol, before or after the 
administration of vaccines and it’s possible link to ASD.5 

 
6. HISTORICAL VACCINE SAFETY CONCERNS  

 
I, (Physician’s name)_________________________, acknowledge the following: 

a) That contamination risks are possible and have been historically documented.9 
b) That at a practice level, contamination can occur in multi-dose vials or to any vaccination not 

stored or administered as prescribed.  
c) That risk of contamination at a manufacturing level is possible. 
d) A compilation of incidents, but not limited to those listed, are recorded from 1955-2013 and can 

be found on the CDC web page for “Historical Vaccine Safety Concerns”.9  
 
I have taken the following steps to assure the vaccines used in my practice hold no risk of contamination: 

 

 

 

 

 
 

Referenced Text1-13 can be found in Enclosure (2). 
 

http://www.nlm.nih.gov/medlineplus/ency/anatomyvideos/000074.htm


 

7. VACCINE ADVERSE EVENT REPORTING SYSTEM (VAERS), NATIONAL VACCINE 
INJURY COMPENSATION PROGRAM (VICP), AND INFANT MORTALITY RATE (IMR) 
 
I, (Physician’s name)_________________________, have personally taken the time to thoroughly 
investigate reports made to VAERS. It is my understanding that according to the CDC, “Healthcare 
providers are required by law to report any conditions on the Reportable Events Table (RET)10 to 
VAERS, and are strongly encouraged to report clinically significant or unexpected events following 
vaccination”. I have familiarized myself with the Vaccine Injury Table (VIT)10 in reference to proper 
reporting. I have also taken the following into account: 

a) VAERS recognizes that “underreporting” is an issue and refers to “the fact that VAERS receives 
reports for only a small fraction of actual adverse events” and goes on to say that “fewer than 
1% of vaccine adverse events are reported”. Further suggesting, an influx in injury events would 
be expected with proper clinician awareness and education of what to report and the general 
process of reporting.10 

b) From October 1, 1988, to May 1, 2019, there have been 19,328 injury cases reported to VICP, 
including 1,301 deaths.10  

c) As of May 1, 2019, the National VICP, has paid more than $4B due to injury and death, with 
only 6,551 cases compensated for and 11,324 cases dismissed.10 

d) If only 1% of injury/death is reported and then partially compensated for, using conversion 
mathematics, VICP statistics subsequently could be projected at 1,932,800 injury cases, 130,100 
deaths, and an estimated payout of over $400,000,000,000 in the same recorded timeframe. 

e) The United States has an IMR of 5.8 per 1,000 live births according to the CDC, comparably 
higher than that of most other developed countries worldwide.11  

f) The United States also list SIDS as one of the leading causes of infant death.11 

g) IMR has been shown to regress against the number of vaccines given.11  
h) Infarix, specifically, has SIDS listed under section 6.2 Postmarket Experience11 (refer to 

manufacturer’s package insert of recommended vaccine in custody for patient example). 
 

Refer to VICP Data website link, listed in Encl (2), with patient for current report.10  
 
I have explained this information to my patient thoroughly. (Physician/Patient Initials)____/____ 

 
8. CONFLICTS OF INTEREST  

 
I, (Physician’s name)_________________________, have personally taken the time to thoroughly 
educate myself surrounding the following conflicts of interest in regards to vaccine safety: 

a) Senior Scientist at the CDC, William Thompson, Ph.D., went on record stating the purposeful 
cover-up of a CDC study which showed a causal relationship between the MMR vaccine and 
autism in African American boys, as well as children with isolated cases of autism.  

b) While employed as the Director of the CDC, Brenda Fitzgerald resigned after it was discovered 
she held tobacco and healthcare stock, (including Merck, one of the vaccine manufacturers on 
the market), which implicates personal financial gain from her actions while in office.12 

c) Former CDC Director Julie Gerberding, who increased the vaccination schedule while in office, 
left her position to work for Merck and also held substantial stock in the vaccine manufacturing 
company, implicating personal financial gain from her actions while in office.12 

d) In 1986 the National Childhood Vaccine Injury Act (NCVIA) was passed to remove liability 
from the manufacturers due to subsequent injury.12  

 
Referenced Text1-13 can be found in Enclosure (2). 

 



 

e) U.S. Law regards vaccines as “unavoidably unsafe” referencing to the Bruesewitz v. Wyeth 
case. This case concluded that “if the injury or death resulted from side effects that were 
unavoidable even though the vaccine was properly prepared and was accompanied by proper 
directions and warnings” (Bruesewitz v. Wyeth, 2011), it was therefore deemed “unavoidable” 
and leaves the manufacturer free of liability as per the NCVIA.12 

f) The CDC largely relies on its own Immunization Safety Office to conduct safety testing to 
determine possible side effects and adverse reactions. In comparison to the FDA’s set standards 
for most other drugs released to the market, vaccines lack long term studies and do not go 
through rigorous safety protocols like randomized double-blind inert placebo-controlled studies, 
both in regard to individual vaccines and the entire recommended schedule synergistically. 

g) Vaccine manufacturer Merck has a questionable past surrounding critical safety concerns: 
1) Merck has been in federal court since 2010 over alleged fraudulent MMR vaccine 

efficacy claims.12 
2) Merck’s once FDA approved product Vioxx killed an estimated 60,000 people.12 
3) Merck is suspected to have manipulated dozens of academic documents that were 

published in medical literature to promote Vioxx under false pretenses.12 
h) Vaccine manufacturer Sanofi’s Dengvaxia has been linked to multiple fatalities of children in 

the Philippines. The rush to produce, sell, and distribute the vaccine resulted in criminal 
charges.12 

i) The FDA approved the use of Dengvaxia in at risk regions despite critical safety concerns.12 
j) Monsanto’s Glyphosate (the chemical found in several vaccines in an independent study) 

herbicide Roundup lost several lawsuits with billions of dollars paid out for its link to cancer.6,12 
k) The FDA has historically approved products lacking adequate long term safety and efficacy 

studies. This negligence has allowed products that have directly contributed to the degradation 
of health and substantial loss of life, including Vioxx and the opioid-crisis.12  

 
I have explained this information to my patient thoroughly. (Physician/Patient Initials)____/____ 

 
9. EFFICACY 

 
I, (Physician’s name)_________________________, have personally taken the time to analyze some 
historical data in regards to vaccine efficacy: 

a) Historical outbreaks with traced disease genotypes to the viral lines in vaccinations.13 

b) The theory of “Herd Immunity” being largely flawed due to a variable of factors.13 
c) The ability for “outbreaks” to occur in highly vaccinated populations.13 

d) The ability of infectious transmission from “vaccine shedding”.13  
e) Disease mortality rates vs. reported vaccine injury/death rates. Example: VICP data from 

measles related vaccines alone display 1,189 injuries and 82 deaths that were reported from 
10/01/1988-5/01/2019, taking into consideration the VAERS’s admittedly low reporting system 
of only 1% of cases filed. If the data serves as a representation of 1%, it could be projected that 
reports would exponentially jump, at this conversion rate injury could have been projected as 
118,900 injuries and 8,200 deaths in this time period, which is exponentially higher than the 
limited number of measles deaths per thousands of cases reported in the same time frame 
according to CDC disease mortality statistics.10  

f) Manufacturers have made fraudulent claims in regards to efficacy.12 

 
I have explained this information to my patient thoroughly. (Physician/Patient Initials)____/____  

 
Referenced Text1-13 can be found in Enclosure (2). 

 

https://www.cdc.gov/vaccinesafety/iso.html


 

10. CONCLUSION 
 
Upon review of Encl (1) through (3), I, (Physician’s name)_________________________, warrant 
that the ingredients found in vaccines are safe for injection and effective against the risk factors I have 
presented. The vaccinations provided in my practice pose no substantial risk and are deemed safe and 
effective as recommended per Ref (a).  

 
11. Upon granting Physician’s Advanced Warranty of Vaccine Safety to my patient, I have provided: 

 
a) The basis of my professional opinion, explained in Attachment A. 
b) The peer-reviewed studies/medical data used to base my opinion, listed in Attachment B.  
c) My refutation of the data presented within Encl (3), delineated in Attachment C. 

 

MEMORANDUM OF AGREEMENT 

(If Physician does NOT grant Physician’s Advanced Warranty of Vaccine Safety, Attachment A must 

be completed.) 

I, (Physician’s name)_________________________,  do hereby grant Physician’s Advanced Warranty 

of Vaccine Safety to (Patient’s name)_________________________. I issue this document of my own 

free will. In doing so, I understand that I relinquish any legal statute, limitation, or liability at the 

local, state, or federal level that would otherwise apply to my practice with a personal responsibility 

to the well being of my patient.  I issue this warranty to its full capacity after consultation with 

competent legal counsel whose name is ____________________________, an attorney admitted to the 

Bar in the State of ____________________________. 

_________________________________ (Signature of Physician) Date:________________ 

Witness: ___________________________________ Date: ____________  

   (Notary Seal Here If applicable) 

Notary Public: ______________________________ Date: ____________ 
Copy to: Patient 

Attachment A: Refusal of Memorandum of Agreement 

 



 

ATTACHMENT A: REFUSAL OF MEMORANDUM OF AGREEMENT 

From:  
Physician’s Name:                                                            DEA Number:  

Degree and Field of Specialty:  

Licensed State of Practice:                                              License Number:  

  
To:  

Patient’s Name:  

Parent/Guardian’s Name:  

  
Subj: PHYSICIAN’S ADVANCED WARRANTY OF VACCINE SAFETY 
 
I, (Physician’s name)_________________________,  do NOT grant Physician’s Advanced Warranty 

of Vaccine Safety to (Patient’s name)_________________________. I understand that the safety concerns 

addressed within this warranty are some of the most common concerns that have been documented in both 

the medical and scientific communities. In refusing to grant this warranty, I understand that I have not 

adequately provided enough information for my patient to make an informed decision for consent prior to 

any medical procedures, recommendations, and treatments for which I may prescribe or administer. 

 

_________________________________ (Signature of Physician) Date:________________ 

Witness: ___________________________________ Date: ____________  

   

 

 

 

 

Copy to: Patient 

 



Vaccine Excipient Summary 
Excipients Included in U.S. Vaccines, by Vaccine 

In addition to weakened or killed disease antigens (viruses or bacteria), vaccines contain very small amounts of other 
ingredients – excipients. 

Some excipients are added to a vaccine for a specific purpose. These include: 
Preservatives, to prevent contamination. For example, thimerosal. 
Adjuvants, to help stimulate a stronger immune response. For example, aluminum salts. 
Stabilizers, to keep the vaccine potent during transportation and storage. For example, sugars or gelatin. 

Others are residual trace amounts of materials that were used during the manufacturing process and removed. These can include: 
Cell culture materials, used to grow the vaccine antigens. For example, egg protein, various culture media. 
Inactivating ingredients, used to kill viruses or inactivate toxins. For example, formaldehyde. 
Antibiotics, used to prevent contamination by bacteria. For example, neomycin. 

The following table lists substances, other than active ingredients (i.e., antigens), shown in the manufacturers’ package insert (PI) 
as being contained in the final formulation of each vaccine. Note: Substances used in the manufacture of a vaccine but not 
listed as contained in the final product (e.g., culture media) can be found in each PI, but are not shown on this table. Each 
PI, which can be found on the FDA’s website (see below) contains a description of that vaccine’s manufacturing process, 
including the amount and purpose of each substance. In most PIs, this information is found in Section 11: “Description.” 

All information was extracted from manufacturers’ package inserts. 
If in doubt about whether a PI has been updated since this table was prepared, check the FDA’s website at: 

http://www.fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm093833.htm

Vaccine Contains 

Adenovirus 

monosodium glutamate, sucrose, D-mannose, D-fructose, dextrose, human serum albumin, 
potassium phosphate, plasdone C, anhydrous lactose, microcrystalline cellulose, polacrilin 
potassium, magnesium stearate, cellulose acetate phthalate, alcohol, acetone, castor oil, 
FD&C Yellow #6 aluminum lake dye 

Anthrax (Biothrax) aluminum hydroxide, sodium chloride, benzethonium chloride,  formaldehyde 

BCG (Tice) glycerin, asparagine, citric acid, potassium phosphate, magnesium sulfate, iron ammonium 
citrate, lactose 

Cholera (Vaxchora) ascorbic acid, hydrolyzed casein, sodium chloride, sucrose, dried lactose, sodium 
bicarbonate, sodium carbonate  

DT (Sanofi) aluminum phosphate,  isotonic sodium chloride, formaldehyde 
DTaP (Daptacel) aluminum phosphate, formaldehyde, glutaraldehyde, 2-phenoxyethanol 
DTaP (Infanrix) formaldehyde, aluminum hydroxide, sodium chloride, polysorbate 80 (Tween 80) 

DTaP-IPV (Kinrix) Formaldehyde, aluminum hydroxide, sodium chloride, polysorbate 80 (Tween 80), neomycin 
sulfate, polymyxin B  

DTaP-IPV (Quadracel) formaldehyde, aluminum phosphate, 2-phenoxyethanol, polysorbate 80, glutaraldehyde, 
neomycin,  polymyxin B sulfate, bovine serum albumin  

DTaP-HepB-IPV (Pediarix) formaldehyde, aluminum hydroxide, aluminum phosphate, sodium chloride, polysorbate 80 
(Tween 80), neomycin sulfate, polymyxin B, yeast protein  

DTaP-IPV/Hib (Pentacel) aluminum phosphate, polysorbate 80, sucrose, formaldehyde, glutaraldehyde, bovine serum 
albumin, 2-phenoxyethanol, neomycin,  polymyxin B sulfate  

Hib (ActHIB) sodium chloride,  formaldehyde, sucrose 
Hib (Hiberix) formaldehyde, sodium chloride, lactose 
Hib (PedvaxHIB) amorphous aluminum hydroxyphosphate sulfate, sodium chloride 

Hep A (Havrix) MRC-5 cellular proteins, formalin, aluminum hydroxide,  amino acid supplement, phosphate-
buffered saline solution, polysorbate 20,  neomycin sulfate, aminoglycoside antibiotic 

Hep A (Vaqta) amorphous aluminum hydroxyphosphate sulfate, non-viral protein, DNA, bovine albumin, 
formaldehyde, neomycin, sodium borate,  sodium chloride, other process chemical residuals 

Hep B (Engerix-B) aluminum hydroxide, yeast protein, sodium chloride,  disodium phosphate dihydrate, sodium 
dihydrogen phosphate dihydrate 

Hep B (Recombivax) formaldehyde,  potassium aluminum sulfate, amorphous aluminum hydroxyphosphate 
sulfate, yeast protein 

Enclosure (1)

http://www.fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm093833.htm


Vaccine Contains 

Hep B (Heplisav-B) 
yeast protein, yeast DNA, deoxycholate, phosphorothioate linked oligodeoxynucleotide, 
sodium phosphate, dibasic dodecahydrate, sodium chloride, monobasic dehydrate, 
polysorbate 80 

Hep A/Hep B (Twinrix) 
MRC-5 human diploid cells, formalin, aluminum phosphate, aluminum hydroxide,  amino 
acids, sodium chloride, phosphate buffer, polysorbate 20, neomycin sulfate, yeast protein, 
water  

Human Papillomavirus 
(HPV) (Gardasil 9) 

amorphous aluminum hydroxyphosphate sulfate, sodium chloride, L-histidine, polysorbate 
80, sodium borate, yeast protein 

Influenza (Afluria) 
Trivalent & Quadrivalent 

sodium chloride, monobasic sodium phosphate, dibasic sodium phosphate, monobasic 
potassium phosphate, potassium chloride, calcium chloride, sodium taurodeoxycholate, 
ovalbumin, sucrose, neomycin sulfate, polymyxin B, beta-propiolactone, thimerosal (multi-
dose vials)  

Influenza (Fluad) 
squalene, polysorbate 80, sorbitan trioleate, sodium citrate dehydrate, citric acid 
monohydrate, neomycin, kanamycin, barium, hydrocortisone, egg proteins, 
cetyltrimethylammonium bromide (CTAB), formaldehyde 

Influenza (Fluarix) 
Quadrivalent 

octoxynol-10 (TRITON X-100), α-tocopheryl hydrogen succinate, polysorbate 80 (Tween 
80), hydrocortisone, gentamicin sulfate, ovalbumin, formaldehyde, sodium deoxycholate, 
sodium phosphate-buffered isotonic sodium chloride 

Influenza (Flublok) 
Quadrivalent 

sodium chloride, monobasic sodium phosphate, dibasic sodium phosphate, polysorbate 20 
(Tween 20),  baculovirus and Spodoptera frugiperda cell proteins, baculovirus and cellular 
DNA, Triton X-100 

Influenza (Flucelvax) 
Quadrivalent 

Madin Darby Canine Kidney (MDCK) cell protein, phosphate buffered saline, protein other 
than HA, MDCK cell DNA, polysorbate 80, cetyltrimethlyammonium bromide, and β-
propiolactone, Thimerosal (multi-dose vials) 

Influenza (Flulaval) 
Quadrivalent 

ovalbumin, formaldehyde, sodium deoxycholate, α-tocopheryl hydrogen succinate, 
polysorbate 80, thimerosal (multi-dose vials), phosphate-buffered saline solution 

Influenza (Fluzone) 
Quadrivalent 

formaldehyde, egg protein, octylphenol ethoxylate (Triton X-100), sodium phosphate-
buffered isotonic sodium chloride solution, thimerosal (multi-dose vials) 

Influenza (Fluzone) 
High Dose 

egg protein, octylphenol ethoxylate (Triton X-100), sodium phosphate-buffered isotonic 
sodium chloride solution, formaldehyde 

Influenza (FluMist) 
Quadrivalent 

monosodium glutamate, hydrolyzed porcine gelatin, arginine, sucrose, dibasic potassium 
phosphate, monobasic potassium phosphate, ovalbumin, gentamicin sulfate, 
ethylenediaminetetraacetic acid (EDTA) 

Japanese Encephalitis 
(Ixiaro) 

aluminum hydroxide, protamine sulfate, formaldehyde,  bovine serum albumin, Vero cell 
DNA, sodium metabisulphite, Vero cell protein 

Meningococcal   
(MenACWY-Menactra) 

sodium phosphate-buffered isotonic sodium chloride solution, formaldehyde, diphtheria 
toxoid 

Meningococcal  
(MenACWY-Menveo) formaldehyde, CRM197 protein 

Meningococcal  
(MenB – Bexsero) aluminum hydroxide, sodium chloride, histidine, sucrose, kanamycin 

Meningococcal  
(MenB – Trumenba) polysorbate 80,  aluminum phosphate, histidine buffered saline 

MMR (MMR-II) vitamins, amino acids, fetal bovine serum, sucrose, glutamate, recombinant human albumin, 
neomycin, sorbitol, hydrolyzed gelatin, sodium phosphate, sodium chloride 

MMRV (ProQuad) 
(Frozen: Recombinant 
Albumin) 

MRC-5 cells including DNA and protein, sucrose, hydrolyzed gelatin, sodium chloride, 
sorbitol, monosodium L-glutamate, sodium phosphate dibasic, recombinant human albumin, 
sodium bicarbonate, potassium phosphate monobasic, potassium chloride; potassium 
phosphate dibasic, neomycin, bovine calf serum  

MMRV (ProQuad) 
(Frozen: Human Serum 
Albumin) 

MRC-5 cells including DNA and protein, sucrose, hydrolyzed gelatin, sodium chloride, 
sorbitol, monosodium L-glutamate, sodium phosphate dibasic, human albumin, sodium 
bicarbonate, potassium phosphate monobasic, potassium chloride; potassium phosphate 
dibasic, neomycin, bovine calf serum 

MMRV (ProQuad) 
(Refrigerator Stable) 

MRC-5 cells including DNA and protein, sucrose, hydrolyzed gelatin, urea, sodium chloride, 
sorbitol, monosodium L-glutamate, sodium phosphate, recombinant human albumin, sodium 
bicarbonate, potassium phosphate, potassium chloride,  neomycin, bovine serum albumin 

Enclosure (1)



Vaccine Contains 
Pneumococcal  
(PCV13 – Prevnar 13) CRM197 carrier protein, polysorbate 80, succinate buffer, aluminum phosphate 

Pneumococcal  
(PPSV-23 – Pneumovax) phenol 

Polio (IPV – Ipol) calf bovine serum albumin, 2-phenoxyethanol, formaldehyde, neomycin, streptomycin, 
polymyxin B, M-199 medium 

Rabies (Imovax) human albumin, neomycin sulfate, phenol red, beta-propriolactone 

Rabies (RabAvert) chicken protein, polygeline (processed bovine gelatin), human serum albumin, potassium 
glutamate, sodium EDTA, ovalbumin, neomycin, chlortetracycline, amphotericin B 

Rotavirus (RotaTeq) 

sucrose, sodium citrate, sodium phosphate monobasic monohydrate, sodium hydroxide, 
polysorbate 80, cell culture media, fetal bovine serum [DNA from porcine circoviruses 
(PCV) 1 and 2 has been detected in RotaTeq. PCV-1 and PCV-2 are not known to cause 
disease in humans.]  

Rotavirus (Rotarix) 

Dextran, Dulbecco’s Modified Eagle Medium (sodium chloride, potassium chloride, 
magnesium sulfate, ferric (III) nitrate, sodium phosphate, sodium pyruvate, D-glucose, 
concentrated vitamin solution, L-cystine, L-tyrosine, amino acids, L-glutamine, calcium 
chloride, sodium hydrogenocarbonate, and phenol red), sorbitol, sucrose, calcium carbonate, 
sterile water, xanthan  [Porcine circovirus type 1 (PCV-1) is present in Rotarix. PCV-1 is not 
known to cause disease in humans.] 

Smallpox (Vaccinia) 
(ACAM2000) 

HEPES, 2% human serum albumin, 0.5 - 0.7% sodium chloride USP, 5% Mannitol USP, 
neomycin, polymyxin B, 50% Glycerin USP, 0.25% phenol USP 

Td (Tenivac) aluminum phosphate, formaldehyde, ammonium sulfate, sodium chloride, water 
Td (Mass Biologics) aluminum phosphate, formaldehyde, thimerosal 
Tdap (Adacel) aluminum phosphate, formaldehyde, 2-phenoxyethanol, glutaraldehyde 
Tdap (Boostrix) formaldehyde, aluminum hydroxide, sodium chloride, polysorbate 80 

Typhoid (Typhim Vi) formaldehyde, phenol, polydimethylsiloxane, disodium phosphate, monosodium phosphate, 
sodium chloride, sterile water 

Typhoid (Vivotif Ty21a) sucrose, ascorbic acid, amino acids, lactose, magnesium stearate. gelatin 

Varicella (Varivax) 
Frozen 

MRC-5 human diploid cells, including DNA & protein, sucrose, hydrolyzed gelatin, sodium 
chloride, monosodium L-glutamate, sodium phosphate dibasic, sodium phosphate 
monobasic, potassium phosphate monobasic, potassium chloride, EDTA, neomycin, fetal 
bovine serum 

Varicella (Varivax) 
Refrigerator Stable 

MRC-5 human diploid cells, including DNA & protein, sucrose, hydrolyzed gelatin, sodium 
chloride, monosodium L-glutamate, urea, sodium phosphate dibasic, potassium phosphate 
monobasic, potassium chloride, neomycin, bovine calf serum 

Yellow Fever (YF-Vax) sorbitol, gelatin, sodium chloride, egg protein 

Zoster (Shingles) 
(Zostavax) Frozen 

MRC-5 human diploid cells, including DNA & protein, sucrose, hydrolyzed porcine gelatin, 
sodium chloride, monosodium L-glutamate, sodium phosphate dibasic, potassium phosphate 
monobasic, potassium chloride; neomycin, bovine calf serum 

Zoster (Shingles) 
(Zostavax) 
Refrigerator Stable 

MRC-5 human diploid cells, including DNA & protein, sucrose, hydrolyzed porcine gelatin, 
urea, sodium chloride, monosodium L-glutamate, sodium phosphate dibasic, potassium 
phosphate monobasic, potassium chloride, neomycin, bovine calf serum  

Zoster (Shingles) 
(Shingrix) 

sucrose, sodium chloride, dioleoyl phosphatidylcholine (DOPC), 3-O-desacl-
4’monophosphoryl lipid A (MPL), QS-21 (a saponin purified from plant extract Quillaja 
saponaria Molina), potassium dihydrogen phosphate, cholesterol, sodium dihydrogen 
phosphate dihydrate, disodium phosphate anhydrous, dipotassium phosphate, polysorbate 80, 
host cell protein and DNA 

A table listing vaccine excipients and media by excipient is published by the Institute for Vaccine Safety  
at Johns Hopkins University, and can be found at http://www.vaccinesafety.edu/components-Excipients.htm. 
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Vaccine Excipients  updated December 2018 
Excipient Type  Vaccine Name Vaccine Type Amount per dose 
2-Phenoxyethanol Stabilizer Adacel  Tdap 3.3 mg (0.6% v/v) (not as a preservative) 
2-Phenoxyethanol Stabilizer Daptacel  DTaP 3.3 mg (0.6% v/v) (not as a preservative) 
2-Phenoxyethanol Preservative IPOL Polio 0.5% 
2-Phenoxyethanol Stabilizer Pentacel DTaP+IPV+Hib 3.3 mg (0.6 v/v) (not as a preservative) 
2-Phenoxyethanol Stabilizer Quadracel DTaP+IPV 3.3 mg (0.6 v/v) (not as a preservative) 
Albumin, Bovine Stabilizer Vaqta HepA <10–4 mcg 
Albumin, Bovine Serum Stabilizer Ixiaro Japanese Encephalitis ≤100 ng/mL 
Albumin, Bovine Serum Stabilizer Pentacel DTaP+IPV+Hib ≤50 ng  
Albumin, Bovine Serum Stabilizer Quadracel DTaP+IPV ≤50 ng 
Albumin, Bovine Serum Stabilizer RabAvert Rabies “Small quantities’, US origin 
Albumin, Calf Serum Stabilizer Kinrix DTaP+IPV In cell culture growth 
Albumin, Calf Serum Stabilizer Pediarix DTaP+HepB+IPV In cell culture growth  
Albumin, Calf Serum Stabilizer Zostavax Zoster Trace amounts 
Albumin, Calf Serum Protein Stabilizer IPOL IPV <50 ng 
Albumin, Egg (Ovalbumin) Residual Medium Afluria Influenza <1 mcg 
Albumin, Egg (Ovalbumin) Residual Medium Afluria Quad Influenza <1 mcg 
Albumin, Egg (Ovalbumin) Residual Medium Fluarix Quad Influenza ≤0.050 mcg 
Albumin, Egg (Ovalbumin) Residual Medium Flulaval Quad Influenza ≤0.3 mcg 
Albumin, Egg (Ovalbumin) Residual Medium FluMist Quad Influenza ≤0.24 mcg   
Albumin, Egg (Ovalbumin) Residual Medium Fluvirin Influenza ≤1 mcg 
Albumin, Egg (Ovalbumin) Residual Medium RabAvert Rabies ≤3 ng 
Albumin, Fetal Bovine Serum Stabilizer RotaTeq Rotavirus Trace amounts 
Albumin, Fetal Bovine Serum Stabilizer Varivax Varicella Trace amounts 
Albumin, Human Stabilizer Imovax Rabies <100 mg 
Albumin, Human  Diluent/Stabilizer MMR-II MMR ≤0.3 mg 
Albumin, Human  Diluent/Stabilizer ProQuad MMRV 0.31 mg 
Albumin, Human Serum  Diluent/Stabilizer RabAvert Rabies ≤0.3 mg 
Aluminum Adjuvant Adacel Tdap 0.33 mg 
Aluminum Adjuvant Bexsero Meningococcal Group B 0.519 mg Al3+ 
Aluminum Adjuvant BioThrax  Anthrax 1.2 mg/mL 
Aluminum Adjuvant Boostrix Tdap ≤0.39 mg 
Aluminum Adjuvant Daptacel DTaP 0.33 mg 
Aluminum Adjuvant DT DT 1.5 mg aluminum phosphate 
Aluminum Adjuvant Engerix-B HepB 0.5 mg/mL 
Aluminum Adjuvant Gardasil HPV 225 mcg 
Aluminum Adjuvant Gardasil 9 HPV 500 mcg 
Aluminum Adjuvant Havrix HepA 0.5 mg/mL 
Aluminum Adjuvant Infanrix DTaP ≤0.625 mg 
Aluminum Adjuvant Ixiaro Japanese Encephalitis 250 mcg aluminum hydroxide 
Aluminum Adjuvant Kinrix DTaP+IPV ≤0.6 mg 
Aluminum Adjuvant Pediarix DTaP+HepB+IPV ≤0.85 mg  
Aluminum Adjuvant PedvaxHIB Hib+HepB 225 mcg  
Aluminum Adjuvant Pentacel DTaP+IPV+Hib 0.33 mg  
Aluminum Adjuvant Prevnar 13 Pneumococcal 13-valent 0.125 mcg  
Aluminum Adjuvant Quadracel DTaP+IPV 0.33 mg 
Aluminum Adjuvant Recombivax HB HepB 0.5 mg/mL 
Aluminum Adjuvant Td (generic) Td ≤0.53 mg  
Aluminum Adjuvant Tenivac Td 0.33 mg  
Aluminum Adjuvant Trumenba Meningococcal Group B 0.25 mg 
Aluminum Adjuvant Twinrix HepA+HepB 0.45 mg 
Aluminum Adjuvant Vaqta HepA 0.45 mg 
Amino Acid Medium Nutrient BioThrax Anthrax Unspecified amount in growth medium 
Amino Acid Medium Nutrient Flublok Influenza Ingredient in growth medium 
Amino Acid Medium Nutrient Flublok Quad Influenza Ingredient in growth medium 
Amino Acid Medium Nutrient Gardasil HPV Ingredient in growth medium 
Amino Acid Medium Nutrient Gardasil 9 HPV Ingredient in growth medium 
Amino Acid Medium Nutrient Havrix HepA Amino acid supplement - 0.3% w/v 
Amino Acid Medium Nutrient Menveo Meningococcal Ingredient in growth medium 
Amino Acid Medium Nutrient MMR-II MMR Ingredient in growth medium 
Amino Acid Medium Nutrient PedvaxHIB Hib+HepB  Amount not specified in Package Insert 
Amino Acid Medium Nutrient Recombivax HB HepB In fermentation medium 
Amino Acid Medium Nutrient Rotarix Rotavirus In DMEM (Dulbecco's Modified Eagle 

Medium) 
Amino Acid Medium Nutrient Shingrix Zoster Ingredient in growth medium 
Amino Acid Medium Nutrient Twinrix HepA+HepB Amount not specified in Package Insert 
Amino Acid Medium Nutrient Vivotif Typhoid 0.3-3.0 mg/capsule 
Amino Acid (Arginine) Medium Nutrient FluMist Quad Influenza 2.42 mg 
Ammonium Sulfate Protein Purifier ActHIB Hib Ingredient in purification 
Ammonium Sulfate Protein Purifier Adacel Tdap Ingredient in purification 
Ammonium Sulfate Protein Purifier Daptacel DTaP Ingredient in purification 
Ammonium Sulfate Protein Purifier Menactra Meningococcal Ingredient in purification 
Ammonium Sulfate Protein Purifier Pentacel DTaP+IPV+Hib Ingredient in purification 
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Ammonium Sulfate Protein Purifier Prevnar 13 Pneumococcal 13-valent Ingredient in purification 
Ammonium Sulfate Protein Purifier Quadracel DTaP+IPV Ingredient in purification 
Ammonium Sulfate Protein Purifier Td (generic) Td Ingredient in purification 
Ammonium Sulfate Protein Purifier Tenivac Td Ingredient in purification 
Amphotericin B  Antimicrobial RabAvert Rabies ≤20 ng 
Ascorbic Acid Antioxidant Vivotif Typhoid 0.2-2.4 mg/capsule 
Barium Medium Nutrient Fluad Influenza <0.5 mcg 
Benzethonium Chloride Preservative BioThrax Anthrax 25 mcg/mL 
Beta-Propiolactone Viral Inactivator Afluria Influenza ≤2 ng 
Beta-Propiolactone Viral Inactivator Afluria Quad Influenza ≤1.5 ng 
Beta-Propiolactone Viral Inactivator Flucelvax Quad Influenza <0.5 mcg 
Beta-Propiolactone Viral Inactivator Fluvirin Influenza ≤0.5 mcg 
Beta-Propiolactone Viral Inactivator Imovax Rabies <50 ppm 
Beta-Propiolactone Viral Inactivator RabAvert Rabies Amount not specified 
Bovine Casein Medium Nutrient ActHIB Hib Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Boostrix Tdap Amount not specified in Package Insert 
Bovine Casein Medium Nutrient  DT DT Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Infanrix DTaP Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Kinrix DTaP+IPV Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Menactra Meningococcal Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Pediarix DTaP+HepB+IPV Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Typhim Vi Typhoid Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Vivotif Typhoid Amount not specified in Package Insert 
Bovine Extract Medium Nutrient  Boostrix Tdap Amount not specified in Package Insert 
Bovine Extract Stabilizer Infanrix DTaP Amount not specified in Package Insert 
Bovine Extract Stabilizer Kinrix DTaP+IPV Amount not specified in Package Insert 
Bovine Extract Stabilizer Pediarix DTaP+HepB+IPV Amount not specified in Package Insert 
Bovine Extract Stabilizer Td (generic) Td Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Adacel Tdap Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Daptacel DTaP Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Menactra Meningococcal Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Menomune Meningococcal Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Prevnar 13 Pneumococcal 13-valent Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Quadracel DTaP+IPV Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Tenivac Td Amount not specified in Package Insert 
Calcium Carbonate Buffer Rotarix Rotavirus Amount not specified in Package Insert 
Calcium Chloride Medium Nutrient Afluria Influenza 0.5 mcg 
Calcium Chloride Medium Nutrient Afluria Quad Influenza 0.5 mcg 
Calcium Chloride Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 
Carbohydrates Medium Nutrient Gardasil HPV Amount not specified in Package Insert 
Carbohydrates Medium Nutrient Gardasil 9 HPV Amount not specified in Package Insert 
Chick Embryo Residual Medium MMR-II MMR No intact cells (may have trace residual 

protein) 
Chick Embryo Residual Medium ProQuad MMRV No intact cells (may have trace residual 

protein) 
Chick Embryo Residual Medium RabAvert Rabies No intact cells (may have trace residual 

protein) 
Chick Embryo Residual Medium YF-Vax Yellow Fever Growth medium 
Chicken fibroblasts Protein Purifier RabAvert Rabies Growth medium 
Chlortetracycline Antimicrobial RabAvert Rabies ≤200 ng 
Citric Acid Monohydrate Adjust pH Fluad Influenza 0.04 mg 
CTAB Protein Purifier Fluad Influenza ≤12 mcg 
CTAB Protein Purifier Flucelvax Quad Influenza ≤18 mcg 
Dextrose Medium Nutrient DT DT Amount not specified in Package Insert 
Dextrose Medium Nutrient Recombivax HB HepB Ingredient in fermentation medium 
Dextrose Medium Nutrient Vivotif Typhoid Ingredient in medium 
D-glucose Medium Nutrient Rotarix Rotavirus In DMEM (Dulbecco’s Modified Eagle 

Medium) 
Dimethyl-beta-cyclodextrin Medium Nutrient Adacel Tdap Amount not specified in Package Insert 
Dimethyl-beta-cyclodextrin Medium Nutrient Daptacel DTaP Amount not specified in Package Insert 
Dimethyl-beta-cyclodextrin Medium Nutrient Pentacel DTaP+IPV+Hib Ingredient in Stainer-Scholte medium 
Dimethyl-beta-cyclodextrin Medium Nutrient Quadracel DTaP+IPV Ingredient in Stainer-Scholte medium 
DNA Residual Medium Flublok Influenza ≤10 ng 
DNA Residual Medium Flublok Quad Influenza ≤10 ng 
DNA Residual Medium Flucelvax Quad Influenza ≤10 ng MDCK cell 
DNA Residual Medium Ixiaro Japanese Encephalitis ≤200 pg/mL ('host cell DNA') 
DNA Residual Medium ProQuad MMRV Residual component of MRC-5 cells 
DNA Residual Medium RotaTeq Rotavirus Residual component of manufacturing 

process 
DNA Residual Medium Shingrix Zoster ≤2.1 pg 
DNA Residual Medium Vaqta HepA <4 x 10–6 mcg 
DNA Residual Medium Varivax Varicella Residual component of MRC-5 cells 
DNA Residual Medium Zostavax Zoster Residual component of MRC-5 cells 
DOPC Adjuvant Shingrix Zoster 1 mg 
EDTA Preservative FluMist Quad Influenza <0.37 mcg 
EDTA Preservative RabAvert Rabies 0.3 mg sodium EDTA 
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EDTA Preservative Varivax Varicella Trace amounts 
Egg Protein Residual Medium Fluad Influenza <0.4 mcg 
Ferric (III) Nitrate Medium Nutrient Rotarix Rotavirus In DMEM (Dulbecco’s Modified Eagle 

Medium) 
Formaldehyde Inactivating Agent ActHIB Hib <0.5 mcg 
Formaldehyde Inactivating Agent Adacel Tdap ≤5 mcg 
Formaldehyde Preservative BioThrax Anthrax 100 mcg/mL 
Formaldehyde Inactivating Agent Boostrix Tdap ≤100 mcg (residual) 
Formaldehyde Inactivating Agent Daptacel DTaP ≤5 mcg (residual) 
Formaldehyde Inactivating Agent DT DT <100 mcg  
Formaldehyde Inactivating Agent Fluad Influenza ≤10 mcg 
Formaldehyde Inactivating Agent Fluarix Quad Influenza ≤5 mcg 
Formaldehyde Inactivating Agent Flulaval Quad Influenza ≤25 mcg 
Formaldehyde Inactivating Agent FluZone High-Dose Influenza ≤100 mcg 
Formaldehyde Inactivating Agent FluZone Id Quad Influenza ≤20 mcg 
Formaldehyde Inactivating Agent FluZone Quad Influenza ≤100 mcg 
Formaldehyde Inactivating Agent Hiberix Hib <0.5 mcg (residual) 
Formaldehyde Inactivating Agent Infanrix DTaP ≤100 mcg (residual) 
Formaldehyde Inactivating Agent IPOL Polio ≤0.02% 
Formaldehyde Inactivating Agent Ixiaro Japanese Encephalitis ≤200 pmm 
Formaldehyde Inactivating Agent JE-Vax Japanese Encephalitis <100 mcg 
Formaldehyde Inactivating Agent Kinrix DTaP+IPV ≤100 mcg (residual) 
Formaldehyde Inactivating Agent Menactra Meningococcal <2.66 mcg 
Formaldehyde Inactivating Agent Menveo Meningococcal ≤0.30 mcg 
Formaldehyde Inactivating Agent Pediarix DTaP+HepB+IPV ≤100 mcg (residual) 
Formaldehyde Inactivating Agent Pentacel DTaP+IPV+Hib ≤5 mcg (residual) 
Formaldehyde Inactivating Agent Quadracel DTaP+IPV ≤5 mcg 
Formaldehyde Inactivating Agent Recombivax HB HepB <15 mcg/mL (residual) 
Formaldehyde Inactivating Agent Td (generic) Td 100 mcg 
Formaldehyde Inactivating Agent Tenivac Td ≤5.0 mcg (residual) 
Formaldehyde Inactivating Agent Twinrix HepA+HepB ≤0.1 mg formalin 
Formaldehyde Inactivating Agent Typhim Vi Typhoid ≤100 mcg (residual) 
Formaldehyde Inactivating Agent Vaqta HepA <0.8 mcg 
Galactose Medium Nutrient Vivotif Typhoid Ingredient in medium 
Gelatin Manufacturing Residue JE-Vax Japanese Encephalitis 500 mcg 
Gelatin Gelatin Capsules Vivotif Typhoid Gelatin capsules 
Gelatin Stabilizer YF-Vax Yellow Fever Amount not specified in Package Insert 
Gelatin, Bovine Stabilizer, solvent RabAvert Rabies <12 mg polygeline 
Gelatin, hydrolyzed Stabilizer MMR-II MMR 14.5 mg 
Gelatin, hydrolyzed Stabilizer ProQuad MMRV 11 mg 
Gelatin, hydrolyzed Stabilizer Varivax Varicella 12.5 mg 
Gelatin, Porcine, Hydrolyzed Stabilizer FluMist Quad Influenza 2.00 mg/0.2 mL dose 
Gelatin, Porcine, Hydrolyzed Stabilizer Zostavax Varicella Zoster 15.58 mg 
Gentamicin Sulfate Antimicrobial Fluarix Quad Influenza ≤0.15 mcg 
Gentamicin Sulfate Antimicrobial FluMist Quad Influenza <0.015 mcg/mL 
Glutamate Medium Nutrient MMR-II MMR Ingredient in growth medium (Medium 199) 
Glutaraldehyde Inactivating Agent Adacel Tdap <50 ng (residual) 
Glutaraldehyde Inactivating Agent Boostrix Tdap Amount not specified in Package Insert 
Glutaraldehyde Inactivating Agent Daptacel DTaP <50 ng (residual) 
Glutaraldehyde Inactivating Agent Infanrix DTaP Amount not specified in Package Insert 
Glutaraldehyde Inactivating Agent Kinrix DTaP+IPV Amount not specified in Package Insert 
Glutaraldehyde Inactivating Agent Pediarix DTaP+HepB+IPV Amount not specified in Package Insert 
Glutaraldehyde Inactivating Agent Pentacel DTaP+IPV+Hib <50 ng (residual) 
Glutaraldehyde Inactivating Agent Quadracel DTaP+IPV <50 ng 
Hexadecyltrimethylammonium 
Bromide 

Protein Purifier Typhim Vi Typhoid Amount not specified in Package Insert 

Histidine Medium Nutrient Bexsero Meningococcal Group B 0.776 mg 
Histidine Medium Nutrient Trumenba Meningococcal Group B 10 mM 
Hydrocortisone Medium Nutrient Fluad Influenza ≤0.0025 ng 
Hydrocortisone Medium Nutrient Fluarix Quad Influenza ≤0.0015 mcg 
Kanamycin Antimicrobial Bexsero Meningococcal 0.01 mcg 
Kanamycin Antimicrobial Fluad Influenza ≤0.03 mcg 
Lactalbumin Hydrolysate Medium Nutrient Kinrix DTaP+IPV Ingredient in growth medium 
Lactalbumin Hydrolysate Medium Nutrient Pediarix DTaP+HepB+IPV Ingredient in growth medium 
Lactose Stabilizer BCG Vaccine BCG Amount not specified in Package Insert 
Lactose Stabilizer Hiberix Hib 12.6 mg 
Lactose Stabilizer Menomune Meningococcal 2.5-5 mg 
Lactose Stabilizer Vivotif Typhoid <180-200 mg/capsule 
L-cystine Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 
L-histidine Medium Nutrient Gardasil HPV 0.78 mg 
L-histidine Medium Nutrient Gardasil 9 HPV 0.78 mg 
L-tyrosine Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 
Magnesium Stearate Lubricant for capsule 

filling 
Vivotif Typhoid 3.6-4.0 mg/capsule 

Magnesium Sulfate Medium Nutrient BCG Vaccine BCG Amount not specified in Package Insert 
Magnesium Sulfate Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 
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Monosodium glutamate Stabilizer FluMist Quad Influenza 0.188 mg/0.2 mL dose 
Monosodium L-glutamate Stabilizer ProQuad MMRV 0.40 mg 
Monosodium L-glutamate Stabilizer Varivax Varicella 0.5 mg 
Monosodium L-glutamate Stabilizer Zostavax Varicella Zoster 0.62 mg 
Mouse Serum Protein Manufacturing Residue JE-Vax Japanese Encephalitis <50 ng 
MRC-5 Manufacturing Residue Havrix HepA ≤5 mcg/mL 
MRC-5  Manufacturing Residue Imovax Rabies Amount not specified in Package Insert 
MRC-5  Growth Medium Pentacel DTaP+IPV+Hib Amount not specified in Package Insert 
MRC-5  Manufacturing Residue ProQuad MMRV Residual 
MRC-5  Manufacturing Residue Quadracel DTaP+IPV Ingredient in growth medium 
MRC-5  Manufacturing Residue Twinrix HepA+HepB ≤2.5 mcg 
MRC-5  Manufacturing Residue Vaqta HepA Amount not specified in Package Insert 
MRC-5  Manufacturing Residue Varivax Varicella Residual components 
MRC-5  Manufacturing Residue Zostavax Varicella Zoster Residual 
Neomycin Antimicrobial Fluad Influenza ≤0.02 mcg 
Neomycin Antimicrobial Fluvirin Influenza ≤2.5 mcg 
Neomycin Antimicrobial IPOL IPV <5 ng 
Neomycin Antimicrobial Kinrix DTaP+IPV ≤0.05 ng 
Neomycin Antimicrobial MMR-II MMR 25 mcg 
Neomycin Antimicrobial Pediarix DTaP+HepB+IPV ≤0.05 ng 
Neomycin Antimicrobial Pentacel  DTaP+IPV+Hib <4 pg 
Neomycin Antimicrobial ProQuad MMRV <16 mcg 
Neomycin Antimicrobial Quadracel DTaP+IPV <4 pg 
Neomycin Antimicrobial RabAvert Rabies <10 mcg 
Neomycin Antimicrobial Vaqta HepA <10 ppb (residual) 
Neomycin Antimicrobial Varivax Varicella Trace amounts 
Neomycin Antimicrobial Zostavax Varicella Zoster Trace amounts 
Neomycin Sulfate Antimicrobial Afluria Influenza ≤61.5 ng 
Neomycin Sulfate Antimicrobial Afluria Quad Influenza ≤81.8 ng 
Neomycin Sulfate Antimicrobial Havrix HepA ≤40 ng 
Neomycin Sulfate Antimicrobial Imovax Rabies <150 mcg 
Neomycin Sulfate Antimicrobial Twinrix HepA+HepB ≤20 ng 
Nonylphenol Ethoxylate Surfactant Fluvirin Influenza ≤0.015% w/v 
Octoxynol-10 (Triton X-100) Surfactant Fluarix Quad Influenza ≤0.115 mg 
Octoxynol-10 (Triton X-100) Surfactant Flublok Influenza ≤100 mcg 
Octoxynol-10 (Triton X-100) Surfactant Flublok Quad Influenza ≤100 mcg 
Octylphenol Ethoxylate (Triton 
X-100) 

Surfactant FluZone High-Dose Influenza ≤250 mcg 

Octylphenol Ethoxylate (Triton 
X-100) 

Surfactant FluZone Intradermal 
Quad 

Influenza ≤55 mcg 

Octylphenol Ethoxylate (Triton 
X-100) 

Surfactant FluZone Quad Influenza ≤250 mcg/0.5mL 

Peptone, Soy Medium Nutrient Prevnar 13 Pneumococcal 13-valent Growth medium 
Peptone, Soy Medium Nutrient Recombivax HB HepB Ingredient in fermentation medium 
Phenol Preservative, 

antibacterial 
PedvaxHIB Hib+HepB Ingredient in purification procedure 

Phenol Preservative Pneumovax 23 Pneumococcal 23-valent Saline containing 0.25%  phenol 
Phenol Preservative Typhim Vi Typhoid 0.25%  
Phenol Red pH indicator, dye Rotarix Rotavirus Ingredient in growth medium 
Phenol Red Indicator pH indicator, dye Imovax Rabies 20 mcg 
Phosphate Buffer Buffer Afluria Influenza 20 mcg monobasic potassium phosphate 

80 mcg monobasic sodium phosphate 
300 mcg dibasic sodium phosphate 

Phosphate Buffer Buffer Afluria Quad Influenza 20 mcg monobasic potassium phosphate 
80 mcg monobasic sodium phosphate 
300 mcg dibasic sodium phosphate 

Phosphate Buffer Buffer Engerix-B HepB 0.98 mg/mL disodium phosphate dihydrate 
0.71 mg/mL sodium dihydrogen phosphate 
dihydrate 

Phosphate Buffer Buffer Flublok Influenza 0.195 mcg monobasic sodium phosphate 
1.3 mg dibasic sodium phosphate 

Phosphate Buffer Buffer Flublok Quad Influenza 0.195 mcg monobasic sodium phosphate 
1.3 mg dibasic sodium phosphate 

Phosphate Buffer Buffer FluMist Quad Influenza 0.96 mg/0.2 mL dose monobasic potassium 
phosphate  
2.26 mg/dose dibasic potassium phosphate  

Phosphate Buffer  Buffer FluZone High-Dose Influenza Sodium phosphate-buffered isotonic sodium 
chloride solution - “quantity sufficient to 
appropriate volume” 

Phosphate Buffer  Buffer FluZone Intradermal 
Quad 

Influenza Sodium phosphate-buffered isotonic sodium 
chloride solution - “quantity sufficient to 
appropriate volume” 

Phosphate Buffer  Buffer FluZone Quad Influenza Sodium phosphate-buffered isotonic sodium 
chloride solution - “quantity sufficient to 
appropriate volume” 

Phosphate Buffer Buffer Heplisav-B HepB 9.0 mg/mL sodium chloride 
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1.75 mg/mL sodium phosphate, dibasic 
dodecahydrate 
0.48 mg/mL sodium phosphate, monobasic 
dihydrate 

Phosphate Buffer Buffer Ixiaro Japanese Encephalitis 0.5 mL phosphate buffered saline 
Phosphate Buffer Buffer Menactra Meningococcal Sodium phosphate buffered isotonic sodium 

chloride solution, amount not specified 
Phosphate Buffer Buffer MMR-II MMR Sodium phosphate, amount not specified 
Phosphate Buffer Buffer ProQuad MMRV 36 mcg potassium phosphate dibasic 

72 mcg potassium phosphate monobasic 
0.34 mg sodium phosphate dibasic 

Phosphate Buffer Buffer Rotarix Rotavirus Sodium phosphate in DMEM (medium) 
Phosphate Buffer Buffer RotaTeq Rotavirus Sodium phosphate monobasic monohydrate 
Phosphate Buffer Buffer Shingrix Zoster 0.54 mg potassium dihydrogen 

phosphate  
0.160 mg sodium dihydrogen phosphate 
dihydrate 
0.15 mg disodium phosphate anhydrous, 
0.116 mg dipotassium phosphate 

Phosphate Buffer Buffer Twinrix HepA+HepB Amount not specified in Package Insert 
Phosphate Buffer Buffer Typhim Vi Typhoid 0.065 mg disodium phosphate 

0.023 mg monosodium phosphate 
Phosphate Buffer Buffer Varivax Varicella 0.08 mg potassium phosphate monobasic 

0.45 mg sodium phosphate dibasic 
Sodium phosphate monobasic, trace 
amounts 

Phosphate Buffer Buffer Zostavax Varicella Zoster 0.10 mg potassium phosphate monobasic 
0.57 mg sodium phosphate monobasic 

Polymyxin Antimicrobial Fluvirin Influenza ≤3.75 mcg 
Polymyxin B Antimicrobial Afluria Influenza ≤10.5 ng 
Polymyxin B Antimicrobial Afluria Quad Influenza ≤14 ng 
Polymyxin B Antimicrobial IPOL Polio 25 ng 
Polymyxin B Antimicrobial Kinrix DTaP+IPV ≤0.01 ng 
Polymyxin B Antimicrobial Pediarix DTaP+HepB+IPV ≤0.01 ng 
Polymyxin B sulfate Antimicrobial Pentacel DTaP+IPV+Hib <4 pg 
Polymyxin B sulfate Antimicrobial Quadracel DTaP+IPV <4 pg 
Polysorbate 20 Surfactant Flublok Influenza ≤27.5 mcg (Tween 20) 
Polysorbate 20 Surfactant Flublok Quad Influenza ≤27.5 mcg (Tween 20) 
Polysorbate 20 Surfactant Havrix HepA 0.05 mg/mL 
Polysorbate 20 Surfactant Twinrix HepA+HepB Amount not specified in Package Insert 
Polysorbate 80 Surfactant Boostrix  Tdap ≤100 mcg (Tween 80) 
Polysorbate 80 Surfactant Fluad Influenza 1.175 mg 
Polysorbate 80 Surfactant Fluarix Quad Influenza ≤0.550 mg (Tween 80) 
Polysorbate 80 Surfactant Flucelvax Quad Influenza ≤1500 mcg (Tween 80) 
Polysorbate 80 Surfactant Flulaval Quad Influenza ≤887 mcg 
Polysorbate 80 Surfactant Gardasil HPV 50 mcg 
Polysorbate 80 Surfactant Gardasil 9 HPV 50 mcg 
Polysorbate 80 Surfactant Heplisav-B HepB 0.1 mg/mL 
Polysorbate 80 Surfactant Infanrix DTaP ≤100 mcg (Tween 80) 
Polysorbate 80 Surfactant JE-Vax Japanese Encephalitis <0.0007% 
Polysorbate 80 Surfactant Kinrix DTaP+IPV ≤100 mcg (Tween 80) 
Polysorbate 80 Surfactant Pediarix DTaP+HepB+IPV ≤100 mcg (Tween 80) 
Polysorbate 80 Surfactant Pentacel DTaP+IPV+Hib 10 ppm 
Polysorbate 80 Surfactant Prevnar 13 Pneumococcal 13-valent 100 mcg 
Polysorbate 80 Surfactant Quadracel DTaP+IPV 10 ppm 
Polysorbate 80 Surfactant RotaTeq Rotavirus Amount not specified in Package Insert 
Polysorbate 80 Surfactant Shingrix Zoster 0.08 mg 
Polysorbate 80 Surfactant Trumenba Meningococcal Group B 0.018 mg 
Porcine DNA Residual Medium Rotarix Rotavirus PCV-1  
Porcine DNA Residual Medium RotaTeq Rotavirus PCV-1 and PCV-2 
Potassium Aluminum Sulfate Adjuvant Recombivax HB HepB Amount not specified in Package Insert 
Potassium Chloride Buffer Afluria Influenza 20 mcg 
Potassium Chloride Buffer Afluria Quad Influenza 20 mcg 
Potassium Chloride Buffer ProQuad MMRV 60 mcg 
Potassium Chloride Medium Nutrient Rotarix Rotavirus Ingredient in DMEM medium 
Potassium Chloride Buffer Varivax Varicella 0.08 mg 
Potassium Chloride Buffer Zostavax Varicella Zoster 0.10 mg 
Potassium Glutamate Stabilizer RabAvert Rabies 1 mg 
Protamine Sulfate Protein Purifier Ixiaro Japanese Encephalitis ≤1 mcg/mL 
Salts and Sugars, Inorganic  Medium Nutrient BioThrax Anthrax Amount not specified in Package Insert 
Salts, Inorganic  Medium Nutrient DT DT Sodium chloride 
Salts, Inorganic  Medium Nutrient Twinrix HepA+HepB Sodium chloride 
Salts, Mineral Adjust tonicity ActHIB Hib 0.4% sodium chloride in diluent 
Salts, Mineral Adjust tonicity Afluria Influenza 4.1 mg sodium chloride 
Salts, Mineral Adjust tonicity Afluria Quad Influenza 4.1 mg sodium chloride 
Salts, Mineral Adjust tonicity Bexsero Meningococcal Group B 3.125 mg sodium chloride 
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Salts, Mineral Adjust tonicity BioThrax Anthrax 0.85% sodium chloride 
Salts, Mineral Adjust tonicity Boostrix Tdap 4.4 mg sodium chloride 
Salts, Mineral Adjust tonicity Engerix-B HepB 9 mg/mL sodium chloride 
Salts, Mineral Adjust tonicity Flublok Influenza 4.4 mg sodium chloride 
Salts, Mineral Adjust tonicity Flublok Quad Influenza 4.4 mg sodium chloride 
Salts, Mineral Adjust tonicity Gardasil HPV 9.56 mg sodium chloride 
Salts, Mineral Adjust tonicity Gardasil 9 HPV 9.56 mg sodium chloride 
Salts, Mineral Adjust tonicity Heplisav-B HepB 9.0 mg/mL sodium chloride 
Salts, Mineral Adjust tonicity Hiberix Hib 0.9% sodium chloride in diluent 
Salts, Mineral Adjust tonicity Infanrix DTaP 4.5 mg sodium chloride 
Salts, Mineral Adjust tonicity Kinrix DTaP+IPV 4.5 mg sodium chloride 
Salts, Mineral Adjust tonicity MMR-II MMR Sodium chloride, amount not specified 
Salts, Mineral Adjust tonicity Pediarix DTaP+HepB+IPV 4.5 mg sodium chloride 
Salts, Mineral Adjust tonicity PedvaxHIB Hib+HepB 0.9% sodium chloride 
Salts, Mineral Adjust tonicity ProQuad MMRV 2.4 mg sodium chloride 
Salts, Mineral Adjust tonicity Recombivax HB HepB Ingredient in fermentation medium 
Salts, Mineral Adjust tonicity Rotarix Rotavirus Sodium chloride in DMEM (Dulbecco’s 

Modified Eagle Medium) 
Salts, Mineral Adjust tonicity Shingrix Zoster 4.385 mg sodium chloride 
Salts, Mineral Adjust tonicity Tenivac Td Sodium chloride, amount not specified 
Salts, Mineral Adjust tonicity Twinrix HepA+HepB Sodium chloride, amount not specified 
Salts, Mineral Adjust tonicity Typhim Vi Typhoid 4.150 mg sodium chloride 
Salts, Mineral Adjust tonicity Vaqta HepA 0.9% sodium chloride 
Salts, Mineral Adjust tonicity Varivax Varicella 3.2 mg sodium chloride 
Salts, Mineral Adjust tonicity YF-Vax Yellow Fever Diluent 
Salts, Mineral Adjust tonicity Zostavax Varicella Zoster 3.99 mg sodium chloride 
Sodium Bicarbonate Buffer ProQuad MMRV 0.17 mg 
Sodium Borate Buffer Gardasil HPV 35 mcg 
Sodium Borate Buffer Gardasil 9 HPV 35 mcg 
Sodium Borate Stabilizer Vaqta HepA 70 mcg/1 mL dose 
Sodium Citrate Balance pH RotaTeq Rotavirus Amount not specified in Package Insert 
Sodium Citrate Dihydrate Balance pH Fluad Influenza 0.66 mg 
Sodium Deoxycholate Surfactant Fluarix Quad Influenza ≤65 mcg 
Sodium Deoxycholate Surfactant Flulaval Quad Influenza ≤50 mcg 
Sodium Hydroxide Balance pH RotaTeq Rotavirus Amount not specified in Package Insert 
Sodium Metabisulphite Stabilizer Ixiaro Japanese Encephalitis ≤200 ppm 
Sodium Pyruvate Medium Nutrient Rotarix Rotavirus in DMEM (medium) 
Sodium Taurodeoxycholate Protein Purifier Afluria Influenza ≤10 ppm (residual) 
Sodium Taurodeoxycholate Protein Purifier Afluria Quad Influenza ≤10 ppm (residual) 
Sorbitan Trioleate 
 

Balance pH Fluad Influenza 1.175 mg 

Sorbitol Stabilizer, solvent MMR-II MMR 14.5 mg 
Sorbitol Stabilizer, solvent ProQuad MMRV 1.8 mg 
Sorbitol Stabilizer, solvent Rotarix Rotavirus Amount not specified in Package Insert 
Sorbitol Stabilizer, solvent YF-Vax Yellow Fever Amount not specified in Package Insert 
Streptomycin Antimicrobial IPOL Polio 200 ng 
Succinate Buffer Stabilizer Prevnar 13 Pneumococcal 13-valent 295 mcg 
Sucrose Stabilizer ActHIB Hib 8.5%   
Sucrose Stabilizer Afluria Influenza <10 mcg 
Sucrose Stabilizer Afluria Quad Influenza <10 mcg 
Sucrose Stabilizer Bexsero Meningococcal Group B 10 mg 
Sucrose Stabilizer FluMist Quad Influenza 13.68 mg/0.2 mL dose 
Sucrose Stabilizer JE-Vax Japanese Encephalitis 40% w/v 
Sucrose Stabilizer MMR-II MMR 1.9 mg 
Sucrose Stabilizer Pentacel DTaP+IPV+Hib 42.5 mg 
Sucrose Stabilizer ProQuad MMRV ≤21 mg 
Sucrose Stabilizer Rotarix Rotavirus Amount not specified in Package Insert 
Sucrose Stabilizer RotaTeq Rotavirus Amount not specified in Package Insert 
Sucrose Stabilizer Shingrix Zoster 20 mg 
Sucrose Stabilizer Varivax Varicella 25 mg 
Sucrose Stabilizer Vivotif  Typhoid 3.3-34.2 mg/capsule 
Sucrose Stabilizer Zostavax Varicella Zoster 31.16 mg 
Thimerosal Preservative  Afluria Influenza None in single dose; 

24.5 mcg mercury only in multi-dose vial  
Thimerosal Preservative  Afluria Quad Influenza None in single dose; 

24.5 mcg mercury only in multi-dose vial 
Thimerosal Preservative  Flucelvax Quad Influenza None in single dose; 

25 mcg mercury only in multi-dose vial 
Thimerosal Preservative  Flulaval Quad Influenza None in single dose; 

25 mcg mercury only in multi-dose vial 
Thimerosal Preservative  Fluvirin  Influenza ≤1 mcg/dose mercury in prefilled syringe; 

25 mcg mercury only in multi-dose vial 
Thimerosal Preservative  FluZone Quad Influenza None in single dose; 

25 mcg mercury/0.5 mL in multi-dose vial 
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Thimerosal Preservative  JE-Vax Japanese Encephalitis 0.007% 
Thimerosal Preservative  Menomune Meningococcal None in single dose; 

25 mcg mercury only in diluent for multi-
dose vial 

Thimerosal Manufacturing Residue  Td (generic) Td ≤0.3 mcg mercury (trace amounts) 
Vero Cells Growth Medium IPOL Polio Amount not specified in Package Insert 
Vero cells Medium Nutrient Ixiaro Japanese Encephalitis Amount not specified in Package Insert 
Vero Cells Growth Medium Kinrix DTaP+IPV Amount not specified in Package Insert 
Vero Cells Growth Medium Pediarix DTaP+HepB+IPV Amount not specified in Package Insert 
Vero Cells Growth Medium Rotarix Rotavirus Amount not specified in Package Insert 
Vero Cells Growth Medium RotaTeq Rotavirus Amount not specified in Package Insert 
Vitamins Medium Nutrient BioThrax Anthrax Ingredient in growth medium 
Vitamins Medium Nutrient DT DT Ingredient in growth medium 
Vitamins Protein Purifier Fluarix Quad Influenza ≤0.135 mg α-tocopheryl hydrogen succinate 
Vitamins Protein Purifier Flublok Influenza Ingredient in growth medium 
Vitamins Protein Purifier Flublok Quad Influenza Ingredient in growth medium 
Vitamins Protein Purifier Flulaval Quad Influenza ≤320 mcg α-tocopheryl hydrogen succinate 
Vitamins Medium Nutrient Gardasil HPV Ingredient in growth medium 
Vitamins Medium Nutrient Gardasil 9 HPV Ingredient in growth medium 
Vitamins Medium Nutrient Heplisav-B HepB Ingredient in grown media 
Vitamins Medium Nutrient MMR-II MMR Ingredient in grown media 
Vitamins Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 
Xanthan Thickening agent Rotarix Rotavirus Ingredient  in diluent 
Yeast Medium Nutrient Engerix-B HepB ≤5% yeast protein 
Yeast Medium Nutrient Gardasil HPV <7 mcg yeast protein 
Yeast Medium Nutrient Gardasil 9 HPV <7 mcg yeast protein 
Yeast Medium Nutrient Heplisav-B HepB yeast protein: residual amounts (≤5% of total 

protein) 
yeast DNA: <20 pg 

Yeast Medium Nutrient Menveo Meningococcal Ingredient in growth medium 
Yeast Medium Nutrient Pediarix DTaP+HepB+IPV ≤5% yeast protein 
Yeast Medium Nutrient Prevnar Pneumococcal Ingredient in growth medium 
Yeast Medium Nutrient Prevnar 13 Pneumococcal 13-valent Ingredient in growth medium 
Yeast Medium Nutrient Recombivax HB HepB <1% yeast protein 
Yeast Medium Nutrient Twinrix HepA+HepB ≤5% yeast protein 
Yeast Medium Nutrient Vivotif Typhoid Amount not specified in Package Insert 

 

 
This information is correct to the best of our knowledge.  Any inaccuracies should be reported to us at info@hopkinsvaccine.org 

This table was last updated on December 20, 2018 

© 2018 Institute for Vaccine Safety  
www.vaccinesafety.edu 
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REFERENCE CITATIONS 

Informed consent over body autonomy is right that can affect one’s health, safety, and the pursuit of happiness. With 
the interest of sanctity of human life, public health, and speciological health in mind, the following clinical reasoning 
has been provided, but is not limited to the below citations in support of the text references 1-13.  
 
With due diligence to sound scientific and medical evidence, the following references are largely compiled of 
peer-reviewed studies, published documents to medical journals, or from other reputable sources, along with a few 
mainstream media coverage stories pertinent to the information referenced. Due to the immense amount of data, 
these references will be listed as hyperlinks or can be viewed in a compiled PDF version here: 
https://drive.google.com/file/d/1g5Q2rALo2fd_N5ZH4T1pTv9P0vaa6zw9/view?usp=sharing 
 
All direct source hyperlinks are listed in blue. Please note that the studies listed below are only a miniscule portion of 
the available information that is available in respect to these topics. The studies chose to support this endeavor are 
best suited for the evidence presented, but in no way represents the total insurmountable evidence that supports 
these topics. The resources cited are listed as supporting evidence in regards to clinical reasoning and have not 
funded or endorsed their inclusion or recognition for the purpose of this document. 

 
 

1. HISTORICAL DISEASE DECLINE DATA 
1) https://europepmc.org/abstract/med/413067 
2) https://www.cdc.gov/healthywater/drinking/history.html 
3) https://www.cdc.gov/nchs/data/vsus/vsrates1940_60.pdf 
4) https://www.cdc.gov/nchs/data/vsushistorical/mortstatsh_1905.pdf 

2. IMMUNE RESPONSE 
A. FETAL CELL LINES  

1) https://www.soundchoice.org/open-letter-to-legislators/ 
2) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6027112/pdf/10.1177_002436391

8761715.pdf 
3) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5930730/ 
4) https://www.pbs.org/newshour/health/medical-researchers-say-fetal-tissue-remai

ns-essential?fbclid=IwAR1sTDLE4x_A3KNReOgKWxt-qGdYXsRvgoR3OG9uZQ
b39jbkhjszzqMNd18 

B. TH1/TH2 RESPONSE 
1) https://www.ncbi.nlm.nih.gov/m/pubmed/15952931/?fbclid=IwAR1xuGltMYMpV6

XD5kdjNejtyhRTXr0nIc4NjaFe47Um2lvi0q9jE09sSKo 
2) https://www.ncbi.nlm.nih.gov/m/pubmed/8679122/?fbclid=IwAR0eaqLNQgCNs3s

NMEfiRrl6Z25VxNIZZTuo_2tBUdEKRv2mb8n0VTkhefA 
C. GLUTATHIONE  

1) https://www.ncbi.nlm.nih.gov/pubmed/11115795 
2) https://jamanetwork.com/journals/jamasurgery/article-abstract/595577 
3) https://www.ncbi.nlm.nih.gov/pubmed/15527868 
4) https://www.ncbi.nlm.nih.gov/pubmed/1981532 
5) https://www.ncbi.nlm.nih.gov/pubmed/24038001 
6) https://www.ncbi.nlm.nih.gov/pubmed/15878691 
7) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1566779/ 
8) https://www.ncbi.nlm.nih.gov/pubmed/4060164 
9) https://www.ncbi.nlm.nih.gov/pubmed/19537930 
10) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4488002/ 
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6027112/pdf/10.1177_0024363918761715.pdf
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3. PREVENTION AND ALTERNATIVE TREATMENT 
A. MEASLES 

1) https://www.ncbi.nlm.nih.gov/pubmed/2194128 
2) https://www.ncbi.nlm.nih.gov/pubmed/8133555 
3) https://www.ncbi.nlm.nih.gov/pubmed/8502524 
4) https://www.ncbi.nlm.nih.gov/pubmed/12521271 

B. ROTAVIRUS  
1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1632402/ 

C. WHOOPING COUGH 
1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1562195/ 

D. PNEUMONIA 
1) https://www.ncbi.nlm.nih.gov/pubmed/23925826 

E. PNEUMOCOCCAL MENINGITIS 
1) https://www.ncbi.nlm.nih.gov/pubmed/24903161 

F. MUMPS 
1) https://www.ncbi.nlm.nih.gov/pubmed/24225020 

4. GUT HEALTH AND NEUROLOGICAL DISORDER CONNECTION  
1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4892191/ 
2) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5641835/ 
3) http://depts.washington.edu/mbwc/news/article/the-gut-microbiome-and-brain-health 

5. GENETICS AND VACCINE INJURY 
A. EPIGENETICS AND DISEASE  

1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5075137/ 
2) https://www.nejm.org/doi/full/10.1056/NEJMra1402513 
3) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2843136/ 
4) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4412964/ 

B. MTHFR AND AUTISM  
1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4241316/ 
2) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5633227/ 

C. MTHFR AND PSYCHIATRIC DISEASE 
1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6218441/ 

D. GENETIC HYPERSENSITIVITY TO VACCINES 
1) https://www.tellmegen.com/en/results/pharmacologic/hypersensitivity-to-vaccinati

on/ 
E. TRAUMATIC BRAIN INJURY (TBI) AND AUTISM SPECTRUM DISORDERS (ASD) 

1) INFERTILITY 
a. https://www.cdc.gov/ncbddd/autism/features/artandasd.html 
b. https://www.ncbi.nlm.nih.gov/pubmed/25790396 
c. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3774465/  
d. https://www.ncbi.nlm.nih.gov/pubmed/29864450 

2) PREMATURE BIRTH 
a. https://academic.oup.com/cercor/article/27/2/1245/3056176 
b. https://www.ncbi.nlm.nih.gov/pubmed/30076190 

3) GESTATIONAL FACTORS 
a. https://www.ncbi.nlm.nih.gov/pubmed/28620294 
b. https://keck.usc.edu/news/maternal-gestational-diabetes-linked-to-autism

-risk-for-offspring/ 
4) TWIN/MULTIPLE BIRTHS AND NONGENETIC INFLUENCE 

a. https://www.ncbi.nlm.nih.gov/pubmed/21727249 
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b. https://www.ncbi.nlm.nih.gov/pubmed/562353?ordinalpos=5&itool=Entre
zSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSu
m 

c. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC378547/ 
d. https://med.stanford.edu/news/all-news/2011/07/non-genetic-factors-play

-surprisingly-large-role-in-determining-autism-says-study-by-group.html 
e. https://jamanetwork.com/journals/jamapsychiatry/fullarticle/1666655 

5) HEAD CIRCUMFERENCE 
a. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3612537/ 
b. https://www.ncbi.nlm.nih.gov/pubmed/20855391 
c. https://www.ncbi.nlm.nih.gov/pubmed/22123952 
d. https://www.ncbi.nlm.nih.gov/pubmed/15664769 

6) REGRESSION INTO AUTISTIC STATE 
a.  https://www.cdc.gov/ncbddd/autism/signs.html 
b.  https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/ 

7) GENETIC TRIGGER FACTORS 
a. https://www.ncbi.nlm.nih.gov/pubmed/15739723?ordinalpos=1&itool=Ent

rezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstra
ctPlusDrugs1 

b. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2536523/ 
c. https://www.ncbi.nlm.nih.gov/pubmed/17880640?ordinalpos=2&itool=Ent

rezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocS
um 

d. https://www.ncbi.nlm.nih.gov/pubmed/25477158 
8) ACETAMINOPHEN USE 

a. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3261751/ 
b. https://www.ncbi.nlm.nih.gov/pubmed/18445737 
c. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5044872/ 
d. https://www.ncbi.nlm.nih.gov/pubmed/20030462 

9) INCREASED RATES AND DIAGNOSIS 
a. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2800781/ 
b. https://journals.lww.com/epidem/Fulltext/2009/01000/The_Rise_in_Autis

m_and_the_Role_of_Age_at.16.aspx 
10) TBI AND ASD ASSOCIATION 

a. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5198096/ 
b. https://www.nejm.org/doi/full/10.1056/NEJMoa1307491?query=featured_

home& 
c. https://doi.org/10.1016/j.neuron.2014.07.016 

11) COMPENSATED VICP CASES RELATING TO AUTISM 
a. https://www.cbsnews.com/news/family-to-receive-15m-plus-in-first-ever-v

accine-autism-court-award/ 
b. content.time.com/time/health/article/0,8599,1721109,00.html 
c. http://big.assets.huffingtonpost.com/BANKS_CASE.pdf 
d. big.assets.huffingtonpost.com/RyanvHHSMMR.pdf 

6. CARCINOGENS 
A. POLYSORBATE 80 

1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC539316/ 
2) https://www.ncbi.nlm.nih.gov/pubmed/14967540 

B. GLYPHOSATE 
1) https://people.csail.mit.edu/seneff/2017/SamselSeneff_Glyphosate_VI_final.pdf 
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C. FORMALDEHYDE 
1) https://www.accessdata.fda.gov/scripts/publications/search_result_record.cfm?id

=49121 
7. ADJUVANTS AND HEAVY METALS 

A. HEAVY METALS AND GUT HEALTH 
1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3998638/ 
2) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3874687/ 

B. ALUMINUM AND AUTISM 
1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5596046/ 
2) https://www.ncbi.nlm.nih.gov/pubmed/29413113 

C. ALUMINUM TOXICITY 
1) https://www.sciencedirect.com/science/article/pii/S0946672X17300950?via%3Di

hub 
2) https://www.ncbi.nlm.nih.gov/pubmed/25243176 
3) https://www.ncbi.nlm.nih.gov/pubmed/23932735 
4) https://www.ncbi.nlm.nih.gov/pubmed/25699008 
5) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5214894/ 
6) https://www.ncbi.nlm.nih.gov/pubmed/29079320 
7) https://www.jpands.org/vol21no4/miller.pdf 

D. MTHFR AND MERCURY  
1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4413404/ 

E. MERCURY TOXICITY 
1) https://www.ncbi.nlm.nih.gov/pubmed/23554557 
2) https://www.ncbi.nlm.nih.gov/pubmed/23992327 
3) https://www.ncbi.nlm.nih.gov/pubmed/12773768 
4) https://www.ncbi.nlm.nih.gov/pubmed/21350943 

F. AUTOIMMUNITY 
1) https://www.ncbi.nlm.nih.gov/pubmed/27417999 
2) https://www.ncbi.nlm.nih.gov/pubmed/23992328 

G. NEUROLOGICAL DISORDERS LINKED TO VACCINES 
1) https://yaledailynews.com/blog/2017/02/21/vaccines-linked-to-mental-disorders-b

y-yale-study/ 
8. INJECTION VS. INGESTION 

1) https://www.ncbi.nlm.nih.gov/pubmed/19740540 
9. HISTORICAL VACCINE SAFETY CONCERNS 

1) https://www.cdc.gov/vaccinesafety/concerns/concerns-history.html 
10.VAERS 

A. COMPENSATION DATA  
1) https://www.hrsa.gov/vaccine-compensation/data/index.html 

B. UNDERREPORTING ISSUE 
1) https://healthit.ahrq.gov/sites/default/files/docs/publication/r18hs017045-lazarus-f

inal-report-2011.pdf 
C. REPORTING INJURY 

1) https://vaers.hhs.gov/docs/VAERS_Table_of_Reportable_Events_Following_Vac
cination.pdf 

2) https://www.hrsa.gov/vaccinecompensation/vaccineinjurytable.pdf 
11.SIDS AND INFANT MORTALITY RATE (IMR) 

A. IMR 
1) https://www.cdc.gov/reproductivehealth/maternalinfanthealth/infantmortality.htm 
2) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3170075/ 
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3) https://www.ncbi.nlm.nih.gov/pubmed/22531966?fbclid=IwAR1oKqa6Fs677AU4x
-zc8-06_TZhK4uAssIjiV3z21IsUdkzysQRHPsRo2I 

B. SIDS 
1) https://www.ncbi.nlm.nih.gov/pubmed/17654772 
2) https://childrenshealthdefense.org/news/the-plausible-connection-between-vacci

nes-and-sids/ 
C. INFARIX PACKAGE INSERT 

1) https://www.fda.gov/files/vaccines%2C%20blood%20%26%20biologics/publishe
d/Package-Insert---INFANRIX.pdf 

12.CONFLICTS OF INTEREST 
A. REMOVAL OF MANUFACTURER’S LIABILITY 

1) https://www.congress.gov/bill/99th-congress/house-bill/5546 
B. UNAVOIDABLY UNSAFE 

1) https://www.supremecourt.gov/opinions/10pdf/09-152.pdf 
C. ORGANIZATIONAL MISTRUST AND FALSIFIED DATA 

1) FALSIFIED DATA  
a. https://www.ncbi.nlm.nih.gov/pubmed/19478950 

2) ORGANIZATIONAL MISTRUST 
a. CDC 

1) https://www.businessinsider.com/cdc-director-dr-brenda-fitzgeral
d-resigns-2018-1 

2) https://www.sciencemag.org/news/2009/12/mercks-new-vaccine-
honcho-former-cdc-chief-gerberding 

b. FDA 
1) OPIOID CRISIS 

a. https://www.ncbi.nlm.nih.gov/pubmed/23106029 
b. https://www.cbsnews.com/news/opioid-epidemic-did-the-

fda-ignite-the-crisis-60-minutes/ 
c. MANUFACTURERS 

1) MERCK  
a. VIOXX 

1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1
779871/ 

2) https://jamanetwork.com/journals/jama/article-ab
stract/181772 

3) https://www.forbes.com/2005/08/19/merck-vioxx
-graham_cx_mh_0819graham.html#40851a525
698 

b. MMR VACCINE 
1) https://www.huffingtonpost.ca/lawrence-solomon

/merck-whistleblowers_b_5881914.html 
2) SANOFI 

a. DENGVAXIA 
1) https://www.npr.org/sections/goatsandsoda/201

9/05/03/719037789/botched-vaccine-launch-has
-deadly-repercussions 

2) https://www.sciencemag.org/news/2019/04/deng
ue-vaccine-fiasco-leads-criminal-charges-resear
cher-philippines 
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3) BAYER/MONSANTO 
a. GLYPHOSATE 

1) https://www.cbsnews.com/news/jury-awards-cou
ple-2billion-monsanto-roundup-weed-killer-canc
er-lawsuit-trial-today-2019-05-13/  

13.EFFICACY, HERD IMMUNITY, AND TRACEABILITY 
A. EFFICACY 

1) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1646939/ 
2) https://www.nejm.org/doi/full/10.1056/NEJMoa1200850 
3) https://www.ncbi.nlm.nih.gov/pubmed/11587808 
4) https://www.sciencedaily.com/releases/2012/03/120301143426.htm 
5) https://www.ncbi.nlm.nih.gov/pubmed/1565228?dopt=Abstract 
6) https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5729920/pdf/nihms757233.pdf 
7) http://usatoday30.usatoday.com/news/nation/story/2012/09/21/vaccine-developm

ent-needs-a-booster-shot/57768356/1 
8) https://www.thelancet.com/journals/laninf/article/PIIS1473-3099(18)30607-8/fullte

xt 
B. HERD IMMUNITY 

1) https://childrenshealthdefense.org/wp-content/uploads/Herd-Immunity-and-Comp
ulsory-Vaccination_Does-the-Theory-Justify-the-Law.pdf 

2) https://www.ncbi.nlm.nih.gov/pubmed/14993534 
3) https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6342a3.htm?s_cid=mm6342a

3_e 
4) https://www.businessinsider.com/uss-fort-mchenry-sailors-are-still-falling-ill-in-vir

al-mumps-outbreak-2019-3 
5) http://www.burnettcountysentinel.com/news/flu-season-continues-to-be-widespre

ad-throughout-country/article_4bd056da-0c21-11e8-b6ae-533d3d165845.html 
6) https://losangeles.cbslocal.com/2019/02/27/whooping-cough-harvard-westlake/ 
7) https://www.ncbi.nlm.nih.gov/pubmed/1884314 
8) https://www.ncbi.nlm.nih.gov/pubmed/3821823 
9) https://abc7ny.com/archive/8203711/ 
10) https://abc7ny.com/archive/9438450/ 
11) https://academic.oup.com/cid/article/64/4/408/2631868 

C. TRACEABILITY AND VIRAL SHEDDING 
1) https://www.sciencemag.org/news/2014/04/measles-outbreak-traced-fully-vaccin

ated-patient-first-time 
2) https://jcm.asm.org/content/55/3/735?fbclid=IwAR2ScP6F3_Tv1pncCKoHHq0ch

TQ89bTVtKECVoucfub1x67uIgTgxTgmc1w 
3) https://www.sciencedaily.com/releases/2015/06/150624071018.htm 
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Well cited, pertinent literary pieces, but not limited to the below, are as follows:  
● The Vaccine-Friendly Plan by Paul Thomas M.D. & Jennifer Margulis Ph.D.  
● Dissolving Illusions by Suzanne Humphries M.D. & Roman Bystrianyk  
● Plague by Judy Mikovits  Ph.D. & Kent Heckenlively  
● Vaccines: A Reappraisal by Richard Moskowitz M.D.  
● Miller’s Review of Critical Vaccine Studies by Niel Z. Miller  
● Crooked: Man- Made Disease Explained by Forrest Maready  
● How to End the Autism Epidemic by J.B. Handley 

Well cited, pertinent websites, but not limited to the below, are as follows:  
● https://vaccine.guide/ 
● https://physiciansforinformedconsent.org/ 
● https://icandecide.org/  
● https://www.nvic.org/ 
● https://www.drpaulapproved.com/ 
● http://drsuzanne.net/ 
● https://childrenshealthdefense.org 
● https://www.scribd.com/doc/220807175/157-Research-Papers-Supporting-the-Vaccine-Autism-Link?fbclid=I

wAR1HVjZ5S8u-lPVT3JO3-hOHEBAGWEShmEIkbhKe2C8YIsYNdFmjR3SHCLg 
● https://docs.google.com/document/d/1y4Ysa7OPnqMIj-NuNVYJnlHGsvbsyqFam8NaQDSSl8o/edit?fbclid=I

wAR1gwLMVfmJwP_zXXBgNvrvVmsmlwzf0HlnefKN1aFmtIMfPpHGKWbu3GiU 
 
Pertinent statements from medical professionals: 
1. Dr. Nancy Banks -  http://bit.ly/1Ip0aIm 
2. Dr. Russell Blaylock -  http://bit.ly/1BXxQZL 
3. Dr. Shiv Chopra -  http://bit.ly/1gdgh1s 
4. Dr. Sherri Tenpenny -  http://bit.ly/1MPVbjx 
5. Dr. Suzanne Humphries -  http://bit.ly/17sKDbf 
6. Dr. Larry Palevsky -  http://bit.ly/1LLEjf6 
7. Dr. Toni Bark -  http://bit.ly/1CYM9RB 
8. Dr. Andrew Wakefield -  http://bit.ly/1MuyNzo 
9. Dr. Meryl Nass -  http://bit.ly/1DGzJsc 
10. Dr. Raymond Obomsawin -  http://bit.ly/1G9ZXYl 
11. Dr. Ghislaine Lanctot -  http://bit.ly/1MrVeUL 
12. Dr. Robert Rowen -  http://bit.ly/1SIELeF 
13. Dr. David Ayoub -  http://bit.ly/1SIELve 
14. Dr. Boyd Haley PhD -  http://bit.ly/1KsdVby 
15. Dr. Rashid Buttar -  http://bit.ly/1gWOkL6 
16. Dr. Roby Mitchell -  http://bit.ly/1gdgEZU 
17. Dr. Ken Stoller -  http://bit.ly/1MPVqLI 
18. Dr. Mayer Eisenstein -  http://bit.ly/1LLEqHH 
19. Dr. Frank Engley, PhD -  http://bit.ly/1OHbLDI 
20. Dr. David Davis -  http://bit.ly/1gdgJwo 
21. Dr. Tetyana Obukhanych -  http://bit.ly/16Z7k6J 
22. Dr. Harold E Buttram -  http://bit.ly/1Kru6Df 
23. Dr. Kelly Brogan -  http://bit.ly/1D31pfQ 
24. Dr. RC Tent -  http://bit.ly/1MPVwmu 
25. Dr. Rebecca Carley -  http://bit.ly/K49F4d 
26. Dr. Andrew Moulden -  http://bit.ly/1fwzKJu 
27. Dr. Jack Wolfson -  http://bit.ly/1wtPHRA 
28. Dr. Michael Elice -  http://bit.ly/1KsdpKA 
29. Dr. Terry Wahls -  http://bit.ly/1gWOBhd 
30. Dr. Stephanie Seneff -  http://bit.ly/1OtWxAY 
31. Dr. Paul Thomas -  http://bit.ly/1DpeXPf 
32. Several Doctors -  http://bit.ly/1MPVHOv 
33. Dr. Richard Moskowitz -  http://bit.ly/1OtWG7D 
34. Dr. Jane Orient -  http://bit.ly/1MXX7pb 
35. Dr. Richard Deth -  http://bit.ly/1GQDL10 
36. Dr. Lucija Tomljenovic -  http://bit.ly/1eqiPr5 
37. Dr. Chris Shaw -  http://bit.ly/1IlGiBp 
38. Dr. Susan McCreadie -  http://bit.ly/1CqqN83 
 

39. Dr. Mary Ann Block -  http://bit.ly/1OHcyUX 
40. Dr. David Brownstein -  http://bit.ly/1EaHl9A 
41. Dr. Jayne Donegan -  http://bit.ly/1wOk4Zz 
42. Dr. Troy Ross -  http://bit.ly/1IlGlNH 
43. Dr. Philip Incao -  http://bit.ly/1ghE7sS 
44. Dr. Joseph Mercola -  http://bit.ly/18dE38I 
45. Dr. Jeff Bradstreet -  http://bit.ly/1MaX0cC 
46. Dr. Robert Mendelson -  http://bit.ly/1JpAEQr 
47. Dr. Theresa Deisher - 
https://m.youtube.com/watch?feature=youtu.be&v=6B
c6WX33SuE 
48. Dr. Sam Eggertsen - 
https://m.youtube.com/watch?v=8LB-3xkeDAE 
49. The Highwire with Del Bigtree, who regularly 
features medical professionals and leading scientists - 
https://www.youtube.com/channel/UCq6oOuhSx7ESr
eh6m9LGy6Q 
50. PhD Toxicologist Ashley Everly - 
https://www.youtube.com/watch?v=P_a74DvnbMg 
51. Dr. Andrew Wakefield - 
https://youtu.be/c1soitiMelY 
Pertinent Documentaries: 
1. Vaccination - The Silent Epidemic - 
http://bit.ly/1vvQJ2W 
2. The Greater Good -  http://bit.ly/1icxh8j 
3. Shots In The Dark -  http://bit.ly/1ObtC8h 
4. Vaccination The Hidden Truth - 
http://bit.ly/KEYDUh 
5. Vaccine Nation -  http://bit.ly/1iKNvpU 
6. Vaccination - The Truth About Vaccines - 
http://bit.ly/1vlpwvU 
7. Lethal Injection -  http://bit.ly/1URN7BJ 
8. Bought -  http://bit.ly/1M7YSlr 
9. Deadly Immunity -  http://bit.ly/1KUg64Z 
10. Autism - Made in the USA -  http://bit.ly/1J8WQN5 
11. Beyond Treason -  http://bit.ly/1B7kmvt 
12. Trace Amounts -  http://bit.ly/1vAH3Hv  
13. Why We Don't Vaccinate -  http://bit.ly/1KbXhuf 
14. Vaxxed: From Cover-Up to Catastrophe - 
https://vaxxedthemovie.com 

 
“Freedom is lost from an uninterested, uninformed, and uninvolved people.” - Thomas Jefferson 
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Vaccine Excipient Summary 
Excipients Included in U.S. Vaccines, by Vaccine 

In addition to weakened or killed disease antigens (viruses or bacteria), vaccines contain very small amounts of other 
ingredients – excipients. 

Some excipients are added to a vaccine for a specific purpose. These include: 
Preservatives, to prevent contamination. For example, thimerosal. 
Adjuvants, to help stimulate a stronger immune response. For example, aluminum salts. 
Stabilizers, to keep the vaccine potent during transportation and storage. For example, sugars or gelatin. 

Others are residual trace amounts of materials that were used during the manufacturing process and removed. These can include: 
Cell culture materials, used to grow the vaccine antigens. For example, egg protein, various culture media. 
Inactivating ingredients, used to kill viruses or inactivate toxins. For example, formaldehyde. 
Antibiotics, used to prevent contamination by bacteria. For example, neomycin. 

The following table lists substances, other than active ingredients (i.e., antigens), shown in the manufacturers’ package insert (PI) 
as being contained in the final formulation of each vaccine. Note: Substances used in the manufacture of a vaccine but not 
listed as contained in the final product (e.g., culture media) can be found in each PI, but are not shown on this table. Each 
PI, which can be found on the FDA’s website (see below) contains a description of that vaccine’s manufacturing process, 
including the amount and purpose of each substance. In most PIs, this information is found in Section 11: “Description.” 

All information was extracted from manufacturers’ package inserts. 
If in doubt about whether a PI has been updated since this table was prepared, check the FDA’s website at: 

http://www.fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm093833.htm

Vaccine Contains 

Adenovirus 

monosodium glutamate, sucrose, D-mannose, D-fructose, dextrose, human serum albumin, 
potassium phosphate, plasdone C, anhydrous lactose, microcrystalline cellulose, polacrilin 
potassium, magnesium stearate, cellulose acetate phthalate, alcohol, acetone, castor oil, 
FD&C Yellow #6 aluminum lake dye 

Anthrax (Biothrax) aluminum hydroxide, sodium chloride, benzethonium chloride,  formaldehyde 

BCG (Tice) glycerin, asparagine, citric acid, potassium phosphate, magnesium sulfate, iron ammonium 
citrate, lactose 

Cholera (Vaxchora) ascorbic acid, hydrolyzed casein, sodium chloride, sucrose, dried lactose, sodium 
bicarbonate, sodium carbonate  

DT (Sanofi) aluminum phosphate,  isotonic sodium chloride, formaldehyde 
DTaP (Daptacel) aluminum phosphate, formaldehyde, glutaraldehyde, 2-phenoxyethanol 
DTaP (Infanrix) formaldehyde, aluminum hydroxide, sodium chloride, polysorbate 80 (Tween 80) 

DTaP-IPV (Kinrix) Formaldehyde, aluminum hydroxide, sodium chloride, polysorbate 80 (Tween 80), neomycin 
sulfate, polymyxin B  

DTaP-IPV (Quadracel) formaldehyde, aluminum phosphate, 2-phenoxyethanol, polysorbate 80, glutaraldehyde, 
neomycin,  polymyxin B sulfate, bovine serum albumin  

DTaP-HepB-IPV (Pediarix) formaldehyde, aluminum hydroxide, aluminum phosphate, sodium chloride, polysorbate 80 
(Tween 80), neomycin sulfate, polymyxin B, yeast protein  

DTaP-IPV/Hib (Pentacel) aluminum phosphate, polysorbate 80, sucrose, formaldehyde, glutaraldehyde, bovine serum 
albumin, 2-phenoxyethanol, neomycin,  polymyxin B sulfate  

Hib (ActHIB) sodium chloride,  formaldehyde, sucrose 
Hib (Hiberix) formaldehyde, sodium chloride, lactose 
Hib (PedvaxHIB) amorphous aluminum hydroxyphosphate sulfate, sodium chloride 

Hep A (Havrix) MRC-5 cellular proteins, formalin, aluminum hydroxide,  amino acid supplement, phosphate-
buffered saline solution, polysorbate 20,  neomycin sulfate, aminoglycoside antibiotic 

Hep A (Vaqta) amorphous aluminum hydroxyphosphate sulfate, non-viral protein, DNA, bovine albumin, 
formaldehyde, neomycin, sodium borate,  sodium chloride, other process chemical residuals 

Hep B (Engerix-B) aluminum hydroxide, yeast protein, sodium chloride,  disodium phosphate dihydrate, sodium 
dihydrogen phosphate dihydrate 

Hep B (Recombivax) formaldehyde,  potassium aluminum sulfate, amorphous aluminum hydroxyphosphate 
sulfate, yeast protein 

Enclosure (1)
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Vaccine Contains 

Hep B (Heplisav-B) 
yeast protein, yeast DNA, deoxycholate, phosphorothioate linked oligodeoxynucleotide, 
sodium phosphate, dibasic dodecahydrate, sodium chloride, monobasic dehydrate, 
polysorbate 80 

Hep A/Hep B (Twinrix) 
MRC-5 human diploid cells, formalin, aluminum phosphate, aluminum hydroxide,  amino 
acids, sodium chloride, phosphate buffer, polysorbate 20, neomycin sulfate, yeast protein, 
water  

Human Papillomavirus 
(HPV) (Gardasil 9) 

amorphous aluminum hydroxyphosphate sulfate, sodium chloride, L-histidine, polysorbate 
80, sodium borate, yeast protein 

Influenza (Afluria) 
Trivalent & Quadrivalent 

sodium chloride, monobasic sodium phosphate, dibasic sodium phosphate, monobasic 
potassium phosphate, potassium chloride, calcium chloride, sodium taurodeoxycholate, 
ovalbumin, sucrose, neomycin sulfate, polymyxin B, beta-propiolactone, thimerosal (multi-
dose vials)  

Influenza (Fluad) 
squalene, polysorbate 80, sorbitan trioleate, sodium citrate dehydrate, citric acid 
monohydrate, neomycin, kanamycin, barium, hydrocortisone, egg proteins, 
cetyltrimethylammonium bromide (CTAB), formaldehyde 

Influenza (Fluarix) 
Quadrivalent 

octoxynol-10 (TRITON X-100), α-tocopheryl hydrogen succinate, polysorbate 80 (Tween 
80), hydrocortisone, gentamicin sulfate, ovalbumin, formaldehyde, sodium deoxycholate, 
sodium phosphate-buffered isotonic sodium chloride 

Influenza (Flublok) 
Quadrivalent 

sodium chloride, monobasic sodium phosphate, dibasic sodium phosphate, polysorbate 20 
(Tween 20),  baculovirus and Spodoptera frugiperda cell proteins, baculovirus and cellular 
DNA, Triton X-100 

Influenza (Flucelvax) 
Quadrivalent 

Madin Darby Canine Kidney (MDCK) cell protein, phosphate buffered saline, protein other 
than HA, MDCK cell DNA, polysorbate 80, cetyltrimethlyammonium bromide, and β-
propiolactone, Thimerosal (multi-dose vials) 

Influenza (Flulaval) 
Quadrivalent 

ovalbumin, formaldehyde, sodium deoxycholate, α-tocopheryl hydrogen succinate, 
polysorbate 80, thimerosal (multi-dose vials), phosphate-buffered saline solution 

Influenza (Fluzone) 
Quadrivalent 

formaldehyde, egg protein, octylphenol ethoxylate (Triton X-100), sodium phosphate-
buffered isotonic sodium chloride solution, thimerosal (multi-dose vials) 

Influenza (Fluzone) 
High Dose 

egg protein, octylphenol ethoxylate (Triton X-100), sodium phosphate-buffered isotonic 
sodium chloride solution, formaldehyde 

Influenza (FluMist) 
Quadrivalent 

monosodium glutamate, hydrolyzed porcine gelatin, arginine, sucrose, dibasic potassium 
phosphate, monobasic potassium phosphate, ovalbumin, gentamicin sulfate, 
ethylenediaminetetraacetic acid (EDTA) 

Japanese Encephalitis 
(Ixiaro) 

aluminum hydroxide, protamine sulfate, formaldehyde,  bovine serum albumin, Vero cell 
DNA, sodium metabisulphite, Vero cell protein 

Meningococcal   
(MenACWY-Menactra) 

sodium phosphate-buffered isotonic sodium chloride solution, formaldehyde, diphtheria 
toxoid 

Meningococcal  
(MenACWY-Menveo) formaldehyde, CRM197 protein 

Meningococcal  
(MenB – Bexsero) aluminum hydroxide, sodium chloride, histidine, sucrose, kanamycin 

Meningococcal  
(MenB – Trumenba) polysorbate 80,  aluminum phosphate, histidine buffered saline 

MMR (MMR-II) vitamins, amino acids, fetal bovine serum, sucrose, glutamate, recombinant human albumin, 
neomycin, sorbitol, hydrolyzed gelatin, sodium phosphate, sodium chloride 

MMRV (ProQuad) 
(Frozen: Recombinant 
Albumin) 

MRC-5 cells including DNA and protein, sucrose, hydrolyzed gelatin, sodium chloride, 
sorbitol, monosodium L-glutamate, sodium phosphate dibasic, recombinant human albumin, 
sodium bicarbonate, potassium phosphate monobasic, potassium chloride; potassium 
phosphate dibasic, neomycin, bovine calf serum  

MMRV (ProQuad) 
(Frozen: Human Serum 
Albumin) 

MRC-5 cells including DNA and protein, sucrose, hydrolyzed gelatin, sodium chloride, 
sorbitol, monosodium L-glutamate, sodium phosphate dibasic, human albumin, sodium 
bicarbonate, potassium phosphate monobasic, potassium chloride; potassium phosphate 
dibasic, neomycin, bovine calf serum 

MMRV (ProQuad) 
(Refrigerator Stable) 

MRC-5 cells including DNA and protein, sucrose, hydrolyzed gelatin, urea, sodium chloride, 
sorbitol, monosodium L-glutamate, sodium phosphate, recombinant human albumin, sodium 
bicarbonate, potassium phosphate, potassium chloride,  neomycin, bovine serum albumin 

Enclosure (1)



Vaccine Contains 
Pneumococcal  
(PCV13 – Prevnar 13) CRM197 carrier protein, polysorbate 80, succinate buffer, aluminum phosphate 

Pneumococcal  
(PPSV-23 – Pneumovax) phenol 

Polio (IPV – Ipol) calf bovine serum albumin, 2-phenoxyethanol, formaldehyde, neomycin, streptomycin, 
polymyxin B, M-199 medium 

Rabies (Imovax) human albumin, neomycin sulfate, phenol red, beta-propriolactone 

Rabies (RabAvert) chicken protein, polygeline (processed bovine gelatin), human serum albumin, potassium 
glutamate, sodium EDTA, ovalbumin, neomycin, chlortetracycline, amphotericin B 

Rotavirus (RotaTeq) 

sucrose, sodium citrate, sodium phosphate monobasic monohydrate, sodium hydroxide, 
polysorbate 80, cell culture media, fetal bovine serum [DNA from porcine circoviruses 
(PCV) 1 and 2 has been detected in RotaTeq. PCV-1 and PCV-2 are not known to cause 
disease in humans.]  

Rotavirus (Rotarix) 

Dextran, Dulbecco’s Modified Eagle Medium (sodium chloride, potassium chloride, 
magnesium sulfate, ferric (III) nitrate, sodium phosphate, sodium pyruvate, D-glucose, 
concentrated vitamin solution, L-cystine, L-tyrosine, amino acids, L-glutamine, calcium 
chloride, sodium hydrogenocarbonate, and phenol red), sorbitol, sucrose, calcium carbonate, 
sterile water, xanthan  [Porcine circovirus type 1 (PCV-1) is present in Rotarix. PCV-1 is not 
known to cause disease in humans.] 

Smallpox (Vaccinia) 
(ACAM2000) 

HEPES, 2% human serum albumin, 0.5 - 0.7% sodium chloride USP, 5% Mannitol USP, 
neomycin, polymyxin B, 50% Glycerin USP, 0.25% phenol USP 

Td (Tenivac) aluminum phosphate, formaldehyde, ammonium sulfate, sodium chloride, water 
Td (Mass Biologics) aluminum phosphate, formaldehyde, thimerosal 
Tdap (Adacel) aluminum phosphate, formaldehyde, 2-phenoxyethanol, glutaraldehyde 
Tdap (Boostrix) formaldehyde, aluminum hydroxide, sodium chloride, polysorbate 80 

Typhoid (Typhim Vi) formaldehyde, phenol, polydimethylsiloxane, disodium phosphate, monosodium phosphate, 
sodium chloride, sterile water 

Typhoid (Vivotif Ty21a) sucrose, ascorbic acid, amino acids, lactose, magnesium stearate. gelatin 

Varicella (Varivax) 
Frozen 

MRC-5 human diploid cells, including DNA & protein, sucrose, hydrolyzed gelatin, sodium 
chloride, monosodium L-glutamate, sodium phosphate dibasic, sodium phosphate 
monobasic, potassium phosphate monobasic, potassium chloride, EDTA, neomycin, fetal 
bovine serum 

Varicella (Varivax) 
Refrigerator Stable 

MRC-5 human diploid cells, including DNA & protein, sucrose, hydrolyzed gelatin, sodium 
chloride, monosodium L-glutamate, urea, sodium phosphate dibasic, potassium phosphate 
monobasic, potassium chloride, neomycin, bovine calf serum 

Yellow Fever (YF-Vax) sorbitol, gelatin, sodium chloride, egg protein 

Zoster (Shingles) 
(Zostavax) Frozen 

MRC-5 human diploid cells, including DNA & protein, sucrose, hydrolyzed porcine gelatin, 
sodium chloride, monosodium L-glutamate, sodium phosphate dibasic, potassium phosphate 
monobasic, potassium chloride; neomycin, bovine calf serum 

Zoster (Shingles) 
(Zostavax) 
Refrigerator Stable 

MRC-5 human diploid cells, including DNA & protein, sucrose, hydrolyzed porcine gelatin, 
urea, sodium chloride, monosodium L-glutamate, sodium phosphate dibasic, potassium 
phosphate monobasic, potassium chloride, neomycin, bovine calf serum  

Zoster (Shingles) 
(Shingrix) 

sucrose, sodium chloride, dioleoyl phosphatidylcholine (DOPC), 3-O-desacl-
4’monophosphoryl lipid A (MPL), QS-21 (a saponin purified from plant extract Quillaja 
saponaria Molina), potassium dihydrogen phosphate, cholesterol, sodium dihydrogen 
phosphate dihydrate, disodium phosphate anhydrous, dipotassium phosphate, polysorbate 80, 
host cell protein and DNA 

A table listing vaccine excipients and media by excipient is published by the Institute for Vaccine Safety  
at Johns Hopkins University, and can be found at http://www.vaccinesafety.edu/components-Excipients.htm. 

January 2019 
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Vaccine Excipients  updated December 2018 
Excipient Type  Vaccine Name Vaccine Type Amount per dose 
2-Phenoxyethanol Stabilizer Adacel  Tdap 3.3 mg (0.6% v/v) (not as a preservative) 
2-Phenoxyethanol Stabilizer Daptacel  DTaP 3.3 mg (0.6% v/v) (not as a preservative) 
2-Phenoxyethanol Preservative IPOL Polio 0.5% 
2-Phenoxyethanol Stabilizer Pentacel DTaP+IPV+Hib 3.3 mg (0.6 v/v) (not as a preservative) 
2-Phenoxyethanol Stabilizer Quadracel DTaP+IPV 3.3 mg (0.6 v/v) (not as a preservative) 
Albumin, Bovine Stabilizer Vaqta HepA <10–4 mcg 
Albumin, Bovine Serum Stabilizer Ixiaro Japanese Encephalitis ≤100 ng/mL 
Albumin, Bovine Serum Stabilizer Pentacel DTaP+IPV+Hib ≤50 ng  
Albumin, Bovine Serum Stabilizer Quadracel DTaP+IPV ≤50 ng 
Albumin, Bovine Serum Stabilizer RabAvert Rabies “Small quantities’, US origin 
Albumin, Calf Serum Stabilizer Kinrix DTaP+IPV In cell culture growth 
Albumin, Calf Serum Stabilizer Pediarix DTaP+HepB+IPV In cell culture growth  
Albumin, Calf Serum Stabilizer Zostavax Zoster Trace amounts 
Albumin, Calf Serum Protein Stabilizer IPOL IPV <50 ng 
Albumin, Egg (Ovalbumin) Residual Medium Afluria Influenza <1 mcg 
Albumin, Egg (Ovalbumin) Residual Medium Afluria Quad Influenza <1 mcg 
Albumin, Egg (Ovalbumin) Residual Medium Fluarix Quad Influenza ≤0.050 mcg 
Albumin, Egg (Ovalbumin) Residual Medium Flulaval Quad Influenza ≤0.3 mcg 
Albumin, Egg (Ovalbumin) Residual Medium FluMist Quad Influenza ≤0.24 mcg   
Albumin, Egg (Ovalbumin) Residual Medium Fluvirin Influenza ≤1 mcg 
Albumin, Egg (Ovalbumin) Residual Medium RabAvert Rabies ≤3 ng 
Albumin, Fetal Bovine Serum Stabilizer RotaTeq Rotavirus Trace amounts 
Albumin, Fetal Bovine Serum Stabilizer Varivax Varicella Trace amounts 
Albumin, Human Stabilizer Imovax Rabies <100 mg 
Albumin, Human  Diluent/Stabilizer MMR-II MMR ≤0.3 mg 
Albumin, Human  Diluent/Stabilizer ProQuad MMRV 0.31 mg 
Albumin, Human Serum  Diluent/Stabilizer RabAvert Rabies ≤0.3 mg 
Aluminum Adjuvant Adacel Tdap 0.33 mg 
Aluminum Adjuvant Bexsero Meningococcal Group B 0.519 mg Al3+ 
Aluminum Adjuvant BioThrax  Anthrax 1.2 mg/mL 
Aluminum Adjuvant Boostrix Tdap ≤0.39 mg 
Aluminum Adjuvant Daptacel DTaP 0.33 mg 
Aluminum Adjuvant DT DT 1.5 mg aluminum phosphate 
Aluminum Adjuvant Engerix-B HepB 0.5 mg/mL 
Aluminum Adjuvant Gardasil HPV 225 mcg 
Aluminum Adjuvant Gardasil 9 HPV 500 mcg 
Aluminum Adjuvant Havrix HepA 0.5 mg/mL 
Aluminum Adjuvant Infanrix DTaP ≤0.625 mg 
Aluminum Adjuvant Ixiaro Japanese Encephalitis 250 mcg aluminum hydroxide 
Aluminum Adjuvant Kinrix DTaP+IPV ≤0.6 mg 
Aluminum Adjuvant Pediarix DTaP+HepB+IPV ≤0.85 mg  
Aluminum Adjuvant PedvaxHIB Hib+HepB 225 mcg  
Aluminum Adjuvant Pentacel DTaP+IPV+Hib 0.33 mg  
Aluminum Adjuvant Prevnar 13 Pneumococcal 13-valent 0.125 mcg  
Aluminum Adjuvant Quadracel DTaP+IPV 0.33 mg 
Aluminum Adjuvant Recombivax HB HepB 0.5 mg/mL 
Aluminum Adjuvant Td (generic) Td ≤0.53 mg  
Aluminum Adjuvant Tenivac Td 0.33 mg  
Aluminum Adjuvant Trumenba Meningococcal Group B 0.25 mg 
Aluminum Adjuvant Twinrix HepA+HepB 0.45 mg 
Aluminum Adjuvant Vaqta HepA 0.45 mg 
Amino Acid Medium Nutrient BioThrax Anthrax Unspecified amount in growth medium 
Amino Acid Medium Nutrient Flublok Influenza Ingredient in growth medium 
Amino Acid Medium Nutrient Flublok Quad Influenza Ingredient in growth medium 
Amino Acid Medium Nutrient Gardasil HPV Ingredient in growth medium 
Amino Acid Medium Nutrient Gardasil 9 HPV Ingredient in growth medium 
Amino Acid Medium Nutrient Havrix HepA Amino acid supplement - 0.3% w/v 
Amino Acid Medium Nutrient Menveo Meningococcal Ingredient in growth medium 
Amino Acid Medium Nutrient MMR-II MMR Ingredient in growth medium 
Amino Acid Medium Nutrient PedvaxHIB Hib+HepB  Amount not specified in Package Insert 
Amino Acid Medium Nutrient Recombivax HB HepB In fermentation medium 
Amino Acid Medium Nutrient Rotarix Rotavirus In DMEM (Dulbecco's Modified Eagle 

Medium) 
Amino Acid Medium Nutrient Shingrix Zoster Ingredient in growth medium 
Amino Acid Medium Nutrient Twinrix HepA+HepB Amount not specified in Package Insert 
Amino Acid Medium Nutrient Vivotif Typhoid 0.3-3.0 mg/capsule 
Amino Acid (Arginine) Medium Nutrient FluMist Quad Influenza 2.42 mg 
Ammonium Sulfate Protein Purifier ActHIB Hib Ingredient in purification 
Ammonium Sulfate Protein Purifier Adacel Tdap Ingredient in purification 
Ammonium Sulfate Protein Purifier Daptacel DTaP Ingredient in purification 
Ammonium Sulfate Protein Purifier Menactra Meningococcal Ingredient in purification 
Ammonium Sulfate Protein Purifier Pentacel DTaP+IPV+Hib Ingredient in purification 
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Ammonium Sulfate Protein Purifier Prevnar 13 Pneumococcal 13-valent Ingredient in purification 
Ammonium Sulfate Protein Purifier Quadracel DTaP+IPV Ingredient in purification 
Ammonium Sulfate Protein Purifier Td (generic) Td Ingredient in purification 
Ammonium Sulfate Protein Purifier Tenivac Td Ingredient in purification 
Amphotericin B  Antimicrobial RabAvert Rabies ≤20 ng 
Ascorbic Acid Antioxidant Vivotif Typhoid 0.2-2.4 mg/capsule 
Barium Medium Nutrient Fluad Influenza <0.5 mcg 
Benzethonium Chloride Preservative BioThrax Anthrax 25 mcg/mL 
Beta-Propiolactone Viral Inactivator Afluria Influenza ≤2 ng 
Beta-Propiolactone Viral Inactivator Afluria Quad Influenza ≤1.5 ng 
Beta-Propiolactone Viral Inactivator Flucelvax Quad Influenza <0.5 mcg 
Beta-Propiolactone Viral Inactivator Fluvirin Influenza ≤0.5 mcg 
Beta-Propiolactone Viral Inactivator Imovax Rabies <50 ppm 
Beta-Propiolactone Viral Inactivator RabAvert Rabies Amount not specified 
Bovine Casein Medium Nutrient ActHIB Hib Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Boostrix Tdap Amount not specified in Package Insert 
Bovine Casein Medium Nutrient  DT DT Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Infanrix DTaP Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Kinrix DTaP+IPV Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Menactra Meningococcal Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Pediarix DTaP+HepB+IPV Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Typhim Vi Typhoid Amount not specified in Package Insert 
Bovine Casein Medium Nutrient Vivotif Typhoid Amount not specified in Package Insert 
Bovine Extract Medium Nutrient  Boostrix Tdap Amount not specified in Package Insert 
Bovine Extract Stabilizer Infanrix DTaP Amount not specified in Package Insert 
Bovine Extract Stabilizer Kinrix DTaP+IPV Amount not specified in Package Insert 
Bovine Extract Stabilizer Pediarix DTaP+HepB+IPV Amount not specified in Package Insert 
Bovine Extract Stabilizer Td (generic) Td Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Adacel Tdap Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Daptacel DTaP Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Menactra Meningococcal Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Menomune Meningococcal Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Prevnar 13 Pneumococcal 13-valent Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Quadracel DTaP+IPV Amount not specified in Package Insert 
Bovine, Casamino Acid Stabilizer Tenivac Td Amount not specified in Package Insert 
Calcium Carbonate Buffer Rotarix Rotavirus Amount not specified in Package Insert 
Calcium Chloride Medium Nutrient Afluria Influenza 0.5 mcg 
Calcium Chloride Medium Nutrient Afluria Quad Influenza 0.5 mcg 
Calcium Chloride Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 
Carbohydrates Medium Nutrient Gardasil HPV Amount not specified in Package Insert 
Carbohydrates Medium Nutrient Gardasil 9 HPV Amount not specified in Package Insert 
Chick Embryo Residual Medium MMR-II MMR No intact cells (may have trace residual 

protein) 
Chick Embryo Residual Medium ProQuad MMRV No intact cells (may have trace residual 

protein) 
Chick Embryo Residual Medium RabAvert Rabies No intact cells (may have trace residual 

protein) 
Chick Embryo Residual Medium YF-Vax Yellow Fever Growth medium 
Chicken fibroblasts Protein Purifier RabAvert Rabies Growth medium 
Chlortetracycline Antimicrobial RabAvert Rabies ≤200 ng 
Citric Acid Monohydrate Adjust pH Fluad Influenza 0.04 mg 
CTAB Protein Purifier Fluad Influenza ≤12 mcg 
CTAB Protein Purifier Flucelvax Quad Influenza ≤18 mcg 
Dextrose Medium Nutrient DT DT Amount not specified in Package Insert 
Dextrose Medium Nutrient Recombivax HB HepB Ingredient in fermentation medium 
Dextrose Medium Nutrient Vivotif Typhoid Ingredient in medium 
D-glucose Medium Nutrient Rotarix Rotavirus In DMEM (Dulbecco’s Modified Eagle 

Medium) 
Dimethyl-beta-cyclodextrin Medium Nutrient Adacel Tdap Amount not specified in Package Insert 
Dimethyl-beta-cyclodextrin Medium Nutrient Daptacel DTaP Amount not specified in Package Insert 
Dimethyl-beta-cyclodextrin Medium Nutrient Pentacel DTaP+IPV+Hib Ingredient in Stainer-Scholte medium 
Dimethyl-beta-cyclodextrin Medium Nutrient Quadracel DTaP+IPV Ingredient in Stainer-Scholte medium 
DNA Residual Medium Flublok Influenza ≤10 ng 
DNA Residual Medium Flublok Quad Influenza ≤10 ng 
DNA Residual Medium Flucelvax Quad Influenza ≤10 ng MDCK cell 
DNA Residual Medium Ixiaro Japanese Encephalitis ≤200 pg/mL ('host cell DNA') 
DNA Residual Medium ProQuad MMRV Residual component of MRC-5 cells 
DNA Residual Medium RotaTeq Rotavirus Residual component of manufacturing 

process 
DNA Residual Medium Shingrix Zoster ≤2.1 pg 
DNA Residual Medium Vaqta HepA <4 x 10–6 mcg 
DNA Residual Medium Varivax Varicella Residual component of MRC-5 cells 
DNA Residual Medium Zostavax Zoster Residual component of MRC-5 cells 
DOPC Adjuvant Shingrix Zoster 1 mg 
EDTA Preservative FluMist Quad Influenza <0.37 mcg 
EDTA Preservative RabAvert Rabies 0.3 mg sodium EDTA 
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EDTA Preservative Varivax Varicella Trace amounts 
Egg Protein Residual Medium Fluad Influenza <0.4 mcg 
Ferric (III) Nitrate Medium Nutrient Rotarix Rotavirus In DMEM (Dulbecco’s Modified Eagle 

Medium) 
Formaldehyde Inactivating Agent ActHIB Hib <0.5 mcg 
Formaldehyde Inactivating Agent Adacel Tdap ≤5 mcg 
Formaldehyde Preservative BioThrax Anthrax 100 mcg/mL 
Formaldehyde Inactivating Agent Boostrix Tdap ≤100 mcg (residual) 
Formaldehyde Inactivating Agent Daptacel DTaP ≤5 mcg (residual) 
Formaldehyde Inactivating Agent DT DT <100 mcg  
Formaldehyde Inactivating Agent Fluad Influenza ≤10 mcg 
Formaldehyde Inactivating Agent Fluarix Quad Influenza ≤5 mcg 
Formaldehyde Inactivating Agent Flulaval Quad Influenza ≤25 mcg 
Formaldehyde Inactivating Agent FluZone High-Dose Influenza ≤100 mcg 
Formaldehyde Inactivating Agent FluZone Id Quad Influenza ≤20 mcg 
Formaldehyde Inactivating Agent FluZone Quad Influenza ≤100 mcg 
Formaldehyde Inactivating Agent Hiberix Hib <0.5 mcg (residual) 
Formaldehyde Inactivating Agent Infanrix DTaP ≤100 mcg (residual) 
Formaldehyde Inactivating Agent IPOL Polio ≤0.02% 
Formaldehyde Inactivating Agent Ixiaro Japanese Encephalitis ≤200 pmm 
Formaldehyde Inactivating Agent JE-Vax Japanese Encephalitis <100 mcg 
Formaldehyde Inactivating Agent Kinrix DTaP+IPV ≤100 mcg (residual) 
Formaldehyde Inactivating Agent Menactra Meningococcal <2.66 mcg 
Formaldehyde Inactivating Agent Menveo Meningococcal ≤0.30 mcg 
Formaldehyde Inactivating Agent Pediarix DTaP+HepB+IPV ≤100 mcg (residual) 
Formaldehyde Inactivating Agent Pentacel DTaP+IPV+Hib ≤5 mcg (residual) 
Formaldehyde Inactivating Agent Quadracel DTaP+IPV ≤5 mcg 
Formaldehyde Inactivating Agent Recombivax HB HepB <15 mcg/mL (residual) 
Formaldehyde Inactivating Agent Td (generic) Td 100 mcg 
Formaldehyde Inactivating Agent Tenivac Td ≤5.0 mcg (residual) 
Formaldehyde Inactivating Agent Twinrix HepA+HepB ≤0.1 mg formalin 
Formaldehyde Inactivating Agent Typhim Vi Typhoid ≤100 mcg (residual) 
Formaldehyde Inactivating Agent Vaqta HepA <0.8 mcg 
Galactose Medium Nutrient Vivotif Typhoid Ingredient in medium 
Gelatin Manufacturing Residue JE-Vax Japanese Encephalitis 500 mcg 
Gelatin Gelatin Capsules Vivotif Typhoid Gelatin capsules 
Gelatin Stabilizer YF-Vax Yellow Fever Amount not specified in Package Insert 
Gelatin, Bovine Stabilizer, solvent RabAvert Rabies <12 mg polygeline 
Gelatin, hydrolyzed Stabilizer MMR-II MMR 14.5 mg 
Gelatin, hydrolyzed Stabilizer ProQuad MMRV 11 mg 
Gelatin, hydrolyzed Stabilizer Varivax Varicella 12.5 mg 
Gelatin, Porcine, Hydrolyzed Stabilizer FluMist Quad Influenza 2.00 mg/0.2 mL dose 
Gelatin, Porcine, Hydrolyzed Stabilizer Zostavax Varicella Zoster 15.58 mg 
Gentamicin Sulfate Antimicrobial Fluarix Quad Influenza ≤0.15 mcg 
Gentamicin Sulfate Antimicrobial FluMist Quad Influenza <0.015 mcg/mL 
Glutamate Medium Nutrient MMR-II MMR Ingredient in growth medium (Medium 199) 
Glutaraldehyde Inactivating Agent Adacel Tdap <50 ng (residual) 
Glutaraldehyde Inactivating Agent Boostrix Tdap Amount not specified in Package Insert 
Glutaraldehyde Inactivating Agent Daptacel DTaP <50 ng (residual) 
Glutaraldehyde Inactivating Agent Infanrix DTaP Amount not specified in Package Insert 
Glutaraldehyde Inactivating Agent Kinrix DTaP+IPV Amount not specified in Package Insert 
Glutaraldehyde Inactivating Agent Pediarix DTaP+HepB+IPV Amount not specified in Package Insert 
Glutaraldehyde Inactivating Agent Pentacel DTaP+IPV+Hib <50 ng (residual) 
Glutaraldehyde Inactivating Agent Quadracel DTaP+IPV <50 ng 
Hexadecyltrimethylammonium 
Bromide 

Protein Purifier Typhim Vi Typhoid Amount not specified in Package Insert 

Histidine Medium Nutrient Bexsero Meningococcal Group B 0.776 mg 
Histidine Medium Nutrient Trumenba Meningococcal Group B 10 mM 
Hydrocortisone Medium Nutrient Fluad Influenza ≤0.0025 ng 
Hydrocortisone Medium Nutrient Fluarix Quad Influenza ≤0.0015 mcg 
Kanamycin Antimicrobial Bexsero Meningococcal 0.01 mcg 
Kanamycin Antimicrobial Fluad Influenza ≤0.03 mcg 
Lactalbumin Hydrolysate Medium Nutrient Kinrix DTaP+IPV Ingredient in growth medium 
Lactalbumin Hydrolysate Medium Nutrient Pediarix DTaP+HepB+IPV Ingredient in growth medium 
Lactose Stabilizer BCG Vaccine BCG Amount not specified in Package Insert 
Lactose Stabilizer Hiberix Hib 12.6 mg 
Lactose Stabilizer Menomune Meningococcal 2.5-5 mg 
Lactose Stabilizer Vivotif Typhoid <180-200 mg/capsule 
L-cystine Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 
L-histidine Medium Nutrient Gardasil HPV 0.78 mg 
L-histidine Medium Nutrient Gardasil 9 HPV 0.78 mg 
L-tyrosine Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 
Magnesium Stearate Lubricant for capsule 

filling 
Vivotif Typhoid 3.6-4.0 mg/capsule 

Magnesium Sulfate Medium Nutrient BCG Vaccine BCG Amount not specified in Package Insert 
Magnesium Sulfate Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 

Enclosure (1)



Monosodium glutamate Stabilizer FluMist Quad Influenza 0.188 mg/0.2 mL dose 
Monosodium L-glutamate Stabilizer ProQuad MMRV 0.40 mg 
Monosodium L-glutamate Stabilizer Varivax Varicella 0.5 mg 
Monosodium L-glutamate Stabilizer Zostavax Varicella Zoster 0.62 mg 
Mouse Serum Protein Manufacturing Residue JE-Vax Japanese Encephalitis <50 ng 
MRC-5 Manufacturing Residue Havrix HepA ≤5 mcg/mL 
MRC-5  Manufacturing Residue Imovax Rabies Amount not specified in Package Insert 
MRC-5  Growth Medium Pentacel DTaP+IPV+Hib Amount not specified in Package Insert 
MRC-5  Manufacturing Residue ProQuad MMRV Residual 
MRC-5  Manufacturing Residue Quadracel DTaP+IPV Ingredient in growth medium 
MRC-5  Manufacturing Residue Twinrix HepA+HepB ≤2.5 mcg 
MRC-5  Manufacturing Residue Vaqta HepA Amount not specified in Package Insert 
MRC-5  Manufacturing Residue Varivax Varicella Residual components 
MRC-5  Manufacturing Residue Zostavax Varicella Zoster Residual 
Neomycin Antimicrobial Fluad Influenza ≤0.02 mcg 
Neomycin Antimicrobial Fluvirin Influenza ≤2.5 mcg 
Neomycin Antimicrobial IPOL IPV <5 ng 
Neomycin Antimicrobial Kinrix DTaP+IPV ≤0.05 ng 
Neomycin Antimicrobial MMR-II MMR 25 mcg 
Neomycin Antimicrobial Pediarix DTaP+HepB+IPV ≤0.05 ng 
Neomycin Antimicrobial Pentacel  DTaP+IPV+Hib <4 pg 
Neomycin Antimicrobial ProQuad MMRV <16 mcg 
Neomycin Antimicrobial Quadracel DTaP+IPV <4 pg 
Neomycin Antimicrobial RabAvert Rabies <10 mcg 
Neomycin Antimicrobial Vaqta HepA <10 ppb (residual) 
Neomycin Antimicrobial Varivax Varicella Trace amounts 
Neomycin Antimicrobial Zostavax Varicella Zoster Trace amounts 
Neomycin Sulfate Antimicrobial Afluria Influenza ≤61.5 ng 
Neomycin Sulfate Antimicrobial Afluria Quad Influenza ≤81.8 ng 
Neomycin Sulfate Antimicrobial Havrix HepA ≤40 ng 
Neomycin Sulfate Antimicrobial Imovax Rabies <150 mcg 
Neomycin Sulfate Antimicrobial Twinrix HepA+HepB ≤20 ng 
Nonylphenol Ethoxylate Surfactant Fluvirin Influenza ≤0.015% w/v 
Octoxynol-10 (Triton X-100) Surfactant Fluarix Quad Influenza ≤0.115 mg 
Octoxynol-10 (Triton X-100) Surfactant Flublok Influenza ≤100 mcg 
Octoxynol-10 (Triton X-100) Surfactant Flublok Quad Influenza ≤100 mcg 
Octylphenol Ethoxylate (Triton 
X-100) 

Surfactant FluZone High-Dose Influenza ≤250 mcg 

Octylphenol Ethoxylate (Triton 
X-100) 

Surfactant FluZone Intradermal 
Quad 

Influenza ≤55 mcg 

Octylphenol Ethoxylate (Triton 
X-100) 

Surfactant FluZone Quad Influenza ≤250 mcg/0.5mL 

Peptone, Soy Medium Nutrient Prevnar 13 Pneumococcal 13-valent Growth medium 
Peptone, Soy Medium Nutrient Recombivax HB HepB Ingredient in fermentation medium 
Phenol Preservative, 

antibacterial 
PedvaxHIB Hib+HepB Ingredient in purification procedure 

Phenol Preservative Pneumovax 23 Pneumococcal 23-valent Saline containing 0.25%  phenol 
Phenol Preservative Typhim Vi Typhoid 0.25%  
Phenol Red pH indicator, dye Rotarix Rotavirus Ingredient in growth medium 
Phenol Red Indicator pH indicator, dye Imovax Rabies 20 mcg 
Phosphate Buffer Buffer Afluria Influenza 20 mcg monobasic potassium phosphate 

80 mcg monobasic sodium phosphate 
300 mcg dibasic sodium phosphate 

Phosphate Buffer Buffer Afluria Quad Influenza 20 mcg monobasic potassium phosphate 
80 mcg monobasic sodium phosphate 
300 mcg dibasic sodium phosphate 

Phosphate Buffer Buffer Engerix-B HepB 0.98 mg/mL disodium phosphate dihydrate 
0.71 mg/mL sodium dihydrogen phosphate 
dihydrate 

Phosphate Buffer Buffer Flublok Influenza 0.195 mcg monobasic sodium phosphate 
1.3 mg dibasic sodium phosphate 

Phosphate Buffer Buffer Flublok Quad Influenza 0.195 mcg monobasic sodium phosphate 
1.3 mg dibasic sodium phosphate 

Phosphate Buffer Buffer FluMist Quad Influenza 0.96 mg/0.2 mL dose monobasic potassium 
phosphate  
2.26 mg/dose dibasic potassium phosphate  

Phosphate Buffer  Buffer FluZone High-Dose Influenza Sodium phosphate-buffered isotonic sodium 
chloride solution - “quantity sufficient to 
appropriate volume” 

Phosphate Buffer  Buffer FluZone Intradermal 
Quad 

Influenza Sodium phosphate-buffered isotonic sodium 
chloride solution - “quantity sufficient to 
appropriate volume” 

Phosphate Buffer  Buffer FluZone Quad Influenza Sodium phosphate-buffered isotonic sodium 
chloride solution - “quantity sufficient to 
appropriate volume” 

Phosphate Buffer Buffer Heplisav-B HepB 9.0 mg/mL sodium chloride 
Enclosure (1)



1.75 mg/mL sodium phosphate, dibasic 
dodecahydrate 
0.48 mg/mL sodium phosphate, monobasic 
dihydrate 

Phosphate Buffer Buffer Ixiaro Japanese Encephalitis 0.5 mL phosphate buffered saline 
Phosphate Buffer Buffer Menactra Meningococcal Sodium phosphate buffered isotonic sodium 

chloride solution, amount not specified 
Phosphate Buffer Buffer MMR-II MMR Sodium phosphate, amount not specified 
Phosphate Buffer Buffer ProQuad MMRV 36 mcg potassium phosphate dibasic 

72 mcg potassium phosphate monobasic 
0.34 mg sodium phosphate dibasic 

Phosphate Buffer Buffer Rotarix Rotavirus Sodium phosphate in DMEM (medium) 
Phosphate Buffer Buffer RotaTeq Rotavirus Sodium phosphate monobasic monohydrate 
Phosphate Buffer Buffer Shingrix Zoster 0.54 mg potassium dihydrogen 

phosphate  
0.160 mg sodium dihydrogen phosphate 
dihydrate 
0.15 mg disodium phosphate anhydrous, 
0.116 mg dipotassium phosphate 

Phosphate Buffer Buffer Twinrix HepA+HepB Amount not specified in Package Insert 
Phosphate Buffer Buffer Typhim Vi Typhoid 0.065 mg disodium phosphate 

0.023 mg monosodium phosphate 
Phosphate Buffer Buffer Varivax Varicella 0.08 mg potassium phosphate monobasic 

0.45 mg sodium phosphate dibasic 
Sodium phosphate monobasic, trace 
amounts 

Phosphate Buffer Buffer Zostavax Varicella Zoster 0.10 mg potassium phosphate monobasic 
0.57 mg sodium phosphate monobasic 

Polymyxin Antimicrobial Fluvirin Influenza ≤3.75 mcg 
Polymyxin B Antimicrobial Afluria Influenza ≤10.5 ng 
Polymyxin B Antimicrobial Afluria Quad Influenza ≤14 ng 
Polymyxin B Antimicrobial IPOL Polio 25 ng 
Polymyxin B Antimicrobial Kinrix DTaP+IPV ≤0.01 ng 
Polymyxin B Antimicrobial Pediarix DTaP+HepB+IPV ≤0.01 ng 
Polymyxin B sulfate Antimicrobial Pentacel DTaP+IPV+Hib <4 pg 
Polymyxin B sulfate Antimicrobial Quadracel DTaP+IPV <4 pg 
Polysorbate 20 Surfactant Flublok Influenza ≤27.5 mcg (Tween 20) 
Polysorbate 20 Surfactant Flublok Quad Influenza ≤27.5 mcg (Tween 20) 
Polysorbate 20 Surfactant Havrix HepA 0.05 mg/mL 
Polysorbate 20 Surfactant Twinrix HepA+HepB Amount not specified in Package Insert 
Polysorbate 80 Surfactant Boostrix  Tdap ≤100 mcg (Tween 80) 
Polysorbate 80 Surfactant Fluad Influenza 1.175 mg 
Polysorbate 80 Surfactant Fluarix Quad Influenza ≤0.550 mg (Tween 80) 
Polysorbate 80 Surfactant Flucelvax Quad Influenza ≤1500 mcg (Tween 80) 
Polysorbate 80 Surfactant Flulaval Quad Influenza ≤887 mcg 
Polysorbate 80 Surfactant Gardasil HPV 50 mcg 
Polysorbate 80 Surfactant Gardasil 9 HPV 50 mcg 
Polysorbate 80 Surfactant Heplisav-B HepB 0.1 mg/mL 
Polysorbate 80 Surfactant Infanrix DTaP ≤100 mcg (Tween 80) 
Polysorbate 80 Surfactant JE-Vax Japanese Encephalitis <0.0007% 
Polysorbate 80 Surfactant Kinrix DTaP+IPV ≤100 mcg (Tween 80) 
Polysorbate 80 Surfactant Pediarix DTaP+HepB+IPV ≤100 mcg (Tween 80) 
Polysorbate 80 Surfactant Pentacel DTaP+IPV+Hib 10 ppm 
Polysorbate 80 Surfactant Prevnar 13 Pneumococcal 13-valent 100 mcg 
Polysorbate 80 Surfactant Quadracel DTaP+IPV 10 ppm 
Polysorbate 80 Surfactant RotaTeq Rotavirus Amount not specified in Package Insert 
Polysorbate 80 Surfactant Shingrix Zoster 0.08 mg 
Polysorbate 80 Surfactant Trumenba Meningococcal Group B 0.018 mg 
Porcine DNA Residual Medium Rotarix Rotavirus PCV-1  
Porcine DNA Residual Medium RotaTeq Rotavirus PCV-1 and PCV-2 
Potassium Aluminum Sulfate Adjuvant Recombivax HB HepB Amount not specified in Package Insert 
Potassium Chloride Buffer Afluria Influenza 20 mcg 
Potassium Chloride Buffer Afluria Quad Influenza 20 mcg 
Potassium Chloride Buffer ProQuad MMRV 60 mcg 
Potassium Chloride Medium Nutrient Rotarix Rotavirus Ingredient in DMEM medium 
Potassium Chloride Buffer Varivax Varicella 0.08 mg 
Potassium Chloride Buffer Zostavax Varicella Zoster 0.10 mg 
Potassium Glutamate Stabilizer RabAvert Rabies 1 mg 
Protamine Sulfate Protein Purifier Ixiaro Japanese Encephalitis ≤1 mcg/mL 
Salts and Sugars, Inorganic  Medium Nutrient BioThrax Anthrax Amount not specified in Package Insert 
Salts, Inorganic  Medium Nutrient DT DT Sodium chloride 
Salts, Inorganic  Medium Nutrient Twinrix HepA+HepB Sodium chloride 
Salts, Mineral Adjust tonicity ActHIB Hib 0.4% sodium chloride in diluent 
Salts, Mineral Adjust tonicity Afluria Influenza 4.1 mg sodium chloride 
Salts, Mineral Adjust tonicity Afluria Quad Influenza 4.1 mg sodium chloride 
Salts, Mineral Adjust tonicity Bexsero Meningococcal Group B 3.125 mg sodium chloride 
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Salts, Mineral Adjust tonicity BioThrax Anthrax 0.85% sodium chloride 
Salts, Mineral Adjust tonicity Boostrix Tdap 4.4 mg sodium chloride 
Salts, Mineral Adjust tonicity Engerix-B HepB 9 mg/mL sodium chloride 
Salts, Mineral Adjust tonicity Flublok Influenza 4.4 mg sodium chloride 
Salts, Mineral Adjust tonicity Flublok Quad Influenza 4.4 mg sodium chloride 
Salts, Mineral Adjust tonicity Gardasil HPV 9.56 mg sodium chloride 
Salts, Mineral Adjust tonicity Gardasil 9 HPV 9.56 mg sodium chloride 
Salts, Mineral Adjust tonicity Heplisav-B HepB 9.0 mg/mL sodium chloride 
Salts, Mineral Adjust tonicity Hiberix Hib 0.9% sodium chloride in diluent 
Salts, Mineral Adjust tonicity Infanrix DTaP 4.5 mg sodium chloride 
Salts, Mineral Adjust tonicity Kinrix DTaP+IPV 4.5 mg sodium chloride 
Salts, Mineral Adjust tonicity MMR-II MMR Sodium chloride, amount not specified 
Salts, Mineral Adjust tonicity Pediarix DTaP+HepB+IPV 4.5 mg sodium chloride 
Salts, Mineral Adjust tonicity PedvaxHIB Hib+HepB 0.9% sodium chloride 
Salts, Mineral Adjust tonicity ProQuad MMRV 2.4 mg sodium chloride 
Salts, Mineral Adjust tonicity Recombivax HB HepB Ingredient in fermentation medium 
Salts, Mineral Adjust tonicity Rotarix Rotavirus Sodium chloride in DMEM (Dulbecco’s 

Modified Eagle Medium) 
Salts, Mineral Adjust tonicity Shingrix Zoster 4.385 mg sodium chloride 
Salts, Mineral Adjust tonicity Tenivac Td Sodium chloride, amount not specified 
Salts, Mineral Adjust tonicity Twinrix HepA+HepB Sodium chloride, amount not specified 
Salts, Mineral Adjust tonicity Typhim Vi Typhoid 4.150 mg sodium chloride 
Salts, Mineral Adjust tonicity Vaqta HepA 0.9% sodium chloride 
Salts, Mineral Adjust tonicity Varivax Varicella 3.2 mg sodium chloride 
Salts, Mineral Adjust tonicity YF-Vax Yellow Fever Diluent 
Salts, Mineral Adjust tonicity Zostavax Varicella Zoster 3.99 mg sodium chloride 
Sodium Bicarbonate Buffer ProQuad MMRV 0.17 mg 
Sodium Borate Buffer Gardasil HPV 35 mcg 
Sodium Borate Buffer Gardasil 9 HPV 35 mcg 
Sodium Borate Stabilizer Vaqta HepA 70 mcg/1 mL dose 
Sodium Citrate Balance pH RotaTeq Rotavirus Amount not specified in Package Insert 
Sodium Citrate Dihydrate Balance pH Fluad Influenza 0.66 mg 
Sodium Deoxycholate Surfactant Fluarix Quad Influenza ≤65 mcg 
Sodium Deoxycholate Surfactant Flulaval Quad Influenza ≤50 mcg 
Sodium Hydroxide Balance pH RotaTeq Rotavirus Amount not specified in Package Insert 
Sodium Metabisulphite Stabilizer Ixiaro Japanese Encephalitis ≤200 ppm 
Sodium Pyruvate Medium Nutrient Rotarix Rotavirus in DMEM (medium) 
Sodium Taurodeoxycholate Protein Purifier Afluria Influenza ≤10 ppm (residual) 
Sodium Taurodeoxycholate Protein Purifier Afluria Quad Influenza ≤10 ppm (residual) 
Sorbitan Trioleate 
 

Balance pH Fluad Influenza 1.175 mg 

Sorbitol Stabilizer, solvent MMR-II MMR 14.5 mg 
Sorbitol Stabilizer, solvent ProQuad MMRV 1.8 mg 
Sorbitol Stabilizer, solvent Rotarix Rotavirus Amount not specified in Package Insert 
Sorbitol Stabilizer, solvent YF-Vax Yellow Fever Amount not specified in Package Insert 
Streptomycin Antimicrobial IPOL Polio 200 ng 
Succinate Buffer Stabilizer Prevnar 13 Pneumococcal 13-valent 295 mcg 
Sucrose Stabilizer ActHIB Hib 8.5%   
Sucrose Stabilizer Afluria Influenza <10 mcg 
Sucrose Stabilizer Afluria Quad Influenza <10 mcg 
Sucrose Stabilizer Bexsero Meningococcal Group B 10 mg 
Sucrose Stabilizer FluMist Quad Influenza 13.68 mg/0.2 mL dose 
Sucrose Stabilizer JE-Vax Japanese Encephalitis 40% w/v 
Sucrose Stabilizer MMR-II MMR 1.9 mg 
Sucrose Stabilizer Pentacel DTaP+IPV+Hib 42.5 mg 
Sucrose Stabilizer ProQuad MMRV ≤21 mg 
Sucrose Stabilizer Rotarix Rotavirus Amount not specified in Package Insert 
Sucrose Stabilizer RotaTeq Rotavirus Amount not specified in Package Insert 
Sucrose Stabilizer Shingrix Zoster 20 mg 
Sucrose Stabilizer Varivax Varicella 25 mg 
Sucrose Stabilizer Vivotif  Typhoid 3.3-34.2 mg/capsule 
Sucrose Stabilizer Zostavax Varicella Zoster 31.16 mg 
Thimerosal Preservative  Afluria Influenza None in single dose; 

24.5 mcg mercury only in multi-dose vial  
Thimerosal Preservative  Afluria Quad Influenza None in single dose; 

24.5 mcg mercury only in multi-dose vial 
Thimerosal Preservative  Flucelvax Quad Influenza None in single dose; 

25 mcg mercury only in multi-dose vial 
Thimerosal Preservative  Flulaval Quad Influenza None in single dose; 

25 mcg mercury only in multi-dose vial 
Thimerosal Preservative  Fluvirin  Influenza ≤1 mcg/dose mercury in prefilled syringe; 

25 mcg mercury only in multi-dose vial 
Thimerosal Preservative  FluZone Quad Influenza None in single dose; 

25 mcg mercury/0.5 mL in multi-dose vial 
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Thimerosal Preservative  JE-Vax Japanese Encephalitis 0.007% 
Thimerosal Preservative  Menomune Meningococcal None in single dose; 

25 mcg mercury only in diluent for multi-
dose vial 

Thimerosal Manufacturing Residue  Td (generic) Td ≤0.3 mcg mercury (trace amounts) 
Vero Cells Growth Medium IPOL Polio Amount not specified in Package Insert 
Vero cells Medium Nutrient Ixiaro Japanese Encephalitis Amount not specified in Package Insert 
Vero Cells Growth Medium Kinrix DTaP+IPV Amount not specified in Package Insert 
Vero Cells Growth Medium Pediarix DTaP+HepB+IPV Amount not specified in Package Insert 
Vero Cells Growth Medium Rotarix Rotavirus Amount not specified in Package Insert 
Vero Cells Growth Medium RotaTeq Rotavirus Amount not specified in Package Insert 
Vitamins Medium Nutrient BioThrax Anthrax Ingredient in growth medium 
Vitamins Medium Nutrient DT DT Ingredient in growth medium 
Vitamins Protein Purifier Fluarix Quad Influenza ≤0.135 mg α-tocopheryl hydrogen succinate 
Vitamins Protein Purifier Flublok Influenza Ingredient in growth medium 
Vitamins Protein Purifier Flublok Quad Influenza Ingredient in growth medium 
Vitamins Protein Purifier Flulaval Quad Influenza ≤320 mcg α-tocopheryl hydrogen succinate 
Vitamins Medium Nutrient Gardasil HPV Ingredient in growth medium 
Vitamins Medium Nutrient Gardasil 9 HPV Ingredient in growth medium 
Vitamins Medium Nutrient Heplisav-B HepB Ingredient in grown media 
Vitamins Medium Nutrient MMR-II MMR Ingredient in grown media 
Vitamins Medium Nutrient Rotarix Rotavirus Amount not specified in Package Insert 
Xanthan Thickening agent Rotarix Rotavirus Ingredient  in diluent 
Yeast Medium Nutrient Engerix-B HepB ≤5% yeast protein 
Yeast Medium Nutrient Gardasil HPV <7 mcg yeast protein 
Yeast Medium Nutrient Gardasil 9 HPV <7 mcg yeast protein 
Yeast Medium Nutrient Heplisav-B HepB yeast protein: residual amounts (≤5% of total 

protein) 
yeast DNA: <20 pg 

Yeast Medium Nutrient Menveo Meningococcal Ingredient in growth medium 
Yeast Medium Nutrient Pediarix DTaP+HepB+IPV ≤5% yeast protein 
Yeast Medium Nutrient Prevnar Pneumococcal Ingredient in growth medium 
Yeast Medium Nutrient Prevnar 13 Pneumococcal 13-valent Ingredient in growth medium 
Yeast Medium Nutrient Recombivax HB HepB <1% yeast protein 
Yeast Medium Nutrient Twinrix HepA+HepB ≤5% yeast protein 
Yeast Medium Nutrient Vivotif Typhoid Amount not specified in Package Insert 
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The Questionable Contribution of 
Medical Measures to the 
Decline of Mortality in the 
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" . . .  by the time laboratory medicine came effectively into the picture the job had 
been carried far toward completion by the humanitarians and social reformers of the 
nineteenth century. Their doctrine that nature is holy and healthful was scientifically 
naive but proved highly effective in dealing with the most important health problems 
of their age. When the tide is receding from the beach it is easy to have the illusion 
that one can empty the ocean by removing water with a pail." 

R. Dubas, Mirage of Health, 
New York: Perennial Library, 1959, p. 23 

Introducing a Medical Heresy 

The modern "heresy" that medical care (as it is traditionally con-
ceived) is generally unrelated to improvements in the health of 
populations (as distinct from individuals) is still dismissed as un-
thinkable in much the same way as the so-called heresies of former 
times. And this is despite a long history of support in popular and 
scientific writings as well as from able minds in a variety of disci-
plines. History is replete with examples of how, understandably 
enough, self-interested individuals and groups denounced popular 
customs and beliefs which appeared to threaten their own domains 
of practice, thereby rendering them heresies (for example, physi-
cians' denunciation of midwives as witches, during the Middle 
Ages). We also know that vast institutional resources have often 
been deployed to neutralize challenges to the assumptions upon 
which everyday organizational activities were founded and legiti-
mated (for example, the Spanish Inquisition). And since it is usually 
difficult for organizations themselves to directly combat threatening 
M M  F Q / Health and Society / Summer 1977 
  Milbank Memorial Fund 1917 405 

1.1 https://europepmc.org/abstract/med/413067
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"heresies," we often find otherwise credible practitioners, perhaps 
unwittingly, serving the interests or organizations in this capacity. 
These historical responses may find a modern parallel in the way the 
everyday practitioners o f  medicine, on their own altruistic or "scien-
tific" grounds and still perhaps unwittingly, serve present-day insti-
tutions (hospital complexes, university me ical centers, pharma-
ceutical houses, and insurance companies) by spearheading an 
assault on a most fundamental challenging heresy o f  our time: that 
the introduction of  specific medical measures and/or the expansion 
o f  medical services are generally not responsible for most o f  the 
modern decline in mortality. 

In different historical epochs and cultures, there appear to be 
characteristic ways o f  explaining the arrival and departure o f  natu-
ral viscissitudes. For salvation from some plague, it may be that the 
gods were appeased, good works rewarded, or some imbalance in 
nature corrected. And there always seems to be some person or 
group (witch doctors, priests, medicine men) able to persuade 
others, sometimes on the basis of acceptable evidellce for most 
people at that time, that they have the explanation for the pheno-
menon in question and may even claim responsibility for it. They 
also seem to benefit most from common acceptance of the explana-
tions they offer. It is not uncommon today for biotechnological 
knowledge and specific medical interventions to be invoked as the 
major reason for most of the modern (twentieth century) decline in 
mortality.• Responsibility for this decline is often claimed by, or 
ascribed to, the present-day major beneficiaries o f  this prevailing 
explanation. But both in terms o f  the history o f  knowledge and on 
the basis o f  data presented in this paper, one can reasonably wonder 
whether the supposedly more sophisticated explanations proffered 
in our own time (while seemingly distinguishable from those ac-
cepted in the past) are really all that different from those o f  other 
cultures and earlier times, or any more reliable. Is medicine, the 
1 It is obviously important to distinguish between (a) advances in knowledge of the 
cause and natural course of some condition and (b) improvements in our ability to 
effectively treat some condition (that is, to alter its natural course). In many instances 
these two areas are disjoint and appear at different stages of development. There are, 
on the one hand, disease processes about which considerable knowledge has been 
accrued, yet this has not resulted (nor necessarily will) in the development of effective 
treatments. On the other hand, there are conditions for which demonstrably effective 
treatments have been devised in the absence .of knowledge of the disease process 
and/or its causes. 
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h · ·an or the medical professsion any more entitled to claimp ys1c1 , • 1 h responsibility for the decline in mortality that obv1o s Y as oc-

curred in this century than, say, some folk hero or aristocracy o f

priests sometime in the past?

Aims 

Our general intention in this paper is to  ustain  he ongoing debate 
on the questionable contribution o f  specific medical measures_ an / 
or the expansion o f  medical services to the ?bservable declme_ m 
mortality in the twentieth century. More specifically, the follow ng 
three tasks are addressed: (a) selected studies are reviewc? which 
illustrate that, far from being idiosyncratic and/ ?r heretic !, the 
issue addressed in this paper has a long histor , 1s the subJec  o f  
considerable attention elsewhere, attracts able mmds from a variety 
of  disciplines, and remains a timely issue for conc rn and research; 
(b)age- and sex-adjusted mortality rates (standardized to the popu-
lation o f  1900) for the United States, 1900-1973

'. 
are presented and

then considered in relation to a number o f  specific and. supposedly
effective medical interventions (both chemotherapeutic and pro-
phylactic). So far as we know, this is the firs  time sue  data have
been employed for this particular p rp_ose m the Umted States,
although reference will be made to a similar study. for England and
Wales; and (c) some policy implications are outlined.

Background to the Issue 

The beginning o f  the serious debate on the  uestio able contribu-
tion o f  medical measures is commonly associated ":'1th the appea -
ance, in Britain, of Talbot Griffith's (1967) PoJ:ulatlO  Probl m_s_m 
the Age o f  Malthus. After examining cert m medical act1v1t1es 
associated with the eighteenth century-p rt1cularl7. the growth o f  
hospital, dispensary, and midwifery serv1_ces, add1 1ons to know-
ledge o f  physiology and anatomy, and the mtro ucllon of  smallpox 
inoculation-Griffith concluded that they made 1mp?rtant  ontnbu-
tions to the observable decline in mortality at that t1m:· Smee then, 
in Britain and more recently in the United States, _this_ debate has
continued, regularly engaging scholars from ec?n? 1c history, dem-
ography, epidemiology, statistics, and other dtsc1plmes. Habakkuk 
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(1953), an economic historian, was probably the first to seriously 
challenge the prevailing view that the modern increase in population 
was due to a fall in the death rate attributable to medical interven-
tions. His view was that this rise in population resulted from an 
increase in the birth rate, which, in turn, was associated with social, 
economic, and industrial changes in the eight enth century. 

McKeown, without doubt, has pursued the argument more 
consistently and with greater effect than any other researcher, and 
the reader is referred to his recent work for more detailed back-
ground information. Employing the data and techniques of  histori-
cal demography, McKeown (a physician by training) has provided a 
detailed and convincing analysis of the major reasons for the decline 
o f  mortality in England and Wales during the eighteenth, nine-
teenth, and twentieth centuries (McKeown et al., 1955, 1962, 1975). 
For. the eightee th century, he concludes that the decline was largely 
attnb.utable to improvements in the environment. His findings for 
the nineteenth century are summarized as follows: 

. . .  the decline of mortality in the second half of the'nineteenth 
century was due wholly to a reduction of deaths from infectious 
diseases; there was no evidence of a decline in other causes of death. 
Examinatio   f the diseases which contributed to the decline suggested 
that the mam mlluences were; (a) rising standards of living, of which 
the. most significant feature was a better diet; (b) improvements in 
hygiene; and (c) a favorable trend in the relationship between some 
micro-organisms and the human host. Therap}' made no contribu-
tions, and the effecr o f  immunization was resrricted 10 smallpox which 
accounted for only abour one-twentieth o f  the reduction o f  the death 
rate. [Emphasis added. McKeown et al., 1975, p. 391] 

While McKeown's interpretation is based on the experience of  
England a d Wale , he has examined its credibility in the light o f  
the very different circumstances which existed in four other Euro-
pean countries; Sweden, France, Ireland, and Hungary (Mc Keown 
et al., 1972). His interpretation appears to withstand this cross-
examination. As for the twentieth century (1901-1971 is the period 
actually_ considered), McKeown argues that about three-quarters of  
the d chne was associated with control of  infectious diseases and the 
r m .amd: r with c.ondit!ons not attributable to micro-organisms. He
d1 t m gu1shes the mfechons according to their modes of  transmission 
(a1 - water- or foo -borne) and isolates .three types of  influences 
which figure during the period considered; medical measures (spe-
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cific therapies and immunization), reduced exposure to infection, 
and improved nutrition. His conclusion is that: 

the main influences on the decline in mortality were improved 

nutrition on air-borne infections, reduced exposure (from better hy-

giene) on water- and food-borne diseases and, le   cert inly, im uni-

zation and therapy on the large number of cond1t1ons mcluded m the 

miscellaneous group. Since these three classes were responsible respec-

tively for nearly half, one-sixth, and one-t nth of .t e fall in the de th 

rate, it is probably that the advancement m nutnt1on was the maJor 

influence. [McKeown et al., 1975, p, 422] 

More than twenty years of  research by McKeown and his colleagues

recently culminated in two books-The Modern Rise o f  Populatio':

(1976a) and The Role o f  Medicine: Dream, Mirage or Nem_esis 

(1976b)-in which he draws together his many excellent contnb -

tions. That the thesis he advances remains highly newsworthy 1s 

evidenced by recent editorial reaction in The Times of  London

(1977). . . . 
No one in the United States has pursued this thesis with the

rigor and consistency which characterize the work by McKeown

and his colleagues in Britain. Around 1930, there were several

limited discussions of  the questionable effect of  medical measures on

selected infectious diseases like diptheria (Lee, 193 I; Wilson and

Miles, 1946; Bolduan, 1930) and pneumonia (Pfizer and Co., 1953).

In a presidential address to the American Association of  I munolo-

gists in 1954 (frequently referred to by McKeown), Magill (1955)

marshalled an assortment of  data then available-some from Eng-

land and Wales-to  cast doubt on the plausibility o f  existing ac-

counts of  the decline in mortality for several conditions. Probably

the most influential work in the United States is that of  Dubos who,

principally in Mirage of  Health (1959), Man Adapting (1965), and

Man Medicine and Environment (1968), focused on the non-

medical reasons for changes in t he health of  overall populations. In

another presidential address, this time to the Infectious Diseases

Society of  America, Kass (1971), again employing data from Eng-

land and Wales, argued that most of  the decline in mortalit  for

most infectious conditions occurred prior to the discovery of either

"the cause" of the disease or some purported "treatment" for it. 

Before the same society and largely on the basis of  clinical experi-

ence with infectious diseases and data from a single state (Massa-

chusetts), Weinstein (1974), while conceding there are some effective
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treatments which seem to yield a favorable outcome (e.g., for 
poliomyelitis, tuberculosis, and possibly smallpox), argued that 
despite the presence of supposedly effective treatments some condi-
tions may have increased (e.g., subacute bacterial endocarditis, 
streptococcal pharyngitis, pneumococcal pneumonia, gonorrhea, 
and syphilis) and also that mortality for yet othlr conditions shows 
improvement in the absence of any treatment (e.g., chickenpox). 
With the appearance of his book, Who Shall Live? (1974), Fuchs, a 
health economist, contributed to the resurgence of interest in the 
relative contribution of medical care to the modern decline in 
mortality in the United States. He believes there has been an 
unprecedented improvement in health in the United States since 
a out the middle of the eighteenth century, associated primarily 
with a rise in real income. While agreeing with much of Fuchs' 
thesis, we will present evidence which seriously questions his belief 
that "beginning in the mid '30s, major therapeutic discoveries made 
significant contributions independently of the rise in real income." 

!though neither representative nor exhaustive, this,brief and
selective background should serve to introduce the analysis which 
follows. Our intention is to highlight the following: (a) the debate 
over the questionable contribution of medical measures to the 
modern decline of mortality has a long history and remains topical; 
(b) although sometimes popularly associated with dilettantes such
as Ivan Illich (1976), the debate continues to preoccupy able scho-
lars from a variety of disciplines and remains a matter of concern to
the_ most learned societies; (c) although of emerging interest in the
United States, the issue is already a matter of concern and consider-
able research elsewhere; (d) to the extent that the subject has been
pursued in the United State!>, there has been a restrictive tendency to
focus on a few selected diseases, or to employ only statewide data
or to apply evidence from England and Wales directly to the United
States situation.

How Reliable are Mortality Statistics? 

We have argued elsewhere that mortality statistics are inadequate 
and can be misleading as indicators o f  a nation's overall health 
status (McKinlay and McKinlay, fort coming). Unfortunately, 
these _are _the onl  types of data which are readily accessible for the
exammation of time trends, simply because comparable morbidity 
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and disability data have not been available. Apart from this overrid-
ing problem, several additional caveats in the use of mortality 
statistics are: (a) difficulties introduced by changes in the registra-
tion area in the United States in the early twentieth century; (b) that 
often no single disease, but a complex of conditions, may be respon-
sible for death (Krueger, 1966); (c) that studies reveal considerable 
inaccuracies in recording the cause of death (Moriyama et al., 1958); 
(d) that there are changes over time in what it is fashionable to
diagnose (for example, ischaemic heart disease and cerebrovascular
disease); (e) that changes in disease classifications (Dunn and Shack-
ley, 1945) make it difficult to compare some conditions over time
and between countries (Reid and Rose, 1964); (f) that some condi•
tions result in immediate death while others have an extended
period of latency; and (g) that many conditions are severely debili-
tating and consume vast medical resources but are now generally
non•fatal (e.g., arthritis and diabetes). Other obvious limitations
could be added to this list.

However, it would be foolhardy indeed to dismiss all studies 
hased on mortality measures simply because they are possibly beset 
wirh known limitations. Such data are preferable to those the 
limitations of which are either unknown or, if known, cannot be 
estimated. Because of an overawareness of potential inaccuracies, 
there is a timorous tendency to disregard or devalue studies based 
on mortality evidence, even though there are innumerable examples 
of their fruitful use as a basis for planning and informed social 
action (Alderson, 1976). Sir Austin Bradford Hill (1955) considers 
one of the most important features o f  Snow's work on cholera to be 
his adept use of mortality statistics. A more recent notable example 
is the study by Inman and Adelstein { 1969) of the circumstantial link 
between the excessive absorption of bronchodilators from pressur-
ized aerosols and the epidemic rise in asthma mortality in children 
aged ten to fourteen years. Moreover, there is evidence that some of 
the known inaccuracies of mortality data tend to cancel each other 
out.2 Consequently, while mortality statistics may be unreliable for 
iearker and Rose cite one study which compared the ante-mortem and autopsy 
diagnoses in 9,50 I deaths which occurred in 75 different hospitals. Despite lack or a 
concurrence on individual cases, the overall frequency was very similar in diagnoses 
obtained on either an ante-mortem or a post-mortem basis, As an example they note 
that clinical diagnoses of carcinoma of  the rectum were confirmed at autopsy in only 
6 7 percent of cases, but the incorrect clinical diagnoses were balanced by an almost 
identical number of lesions diagnosed for the first time at autopsy {Barker and Rose, 
1976). 
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use in individual cases, when pooled for a country and employed in 
population studies, they can reveal important trends and generate 
fruitful hypotheses. They have already resulted in informed social 
action (for example, the use of geographical distributions of mortal-
ity in the field of environmental pollution). 

Whatever limitations and risks may be assbciated with the use 
of  mortality statistics, they obviously apply equally to all studies 
which employ them-both those which attribute the decline in 
mortality to medical measures and those which argue the converse, 
or something else entirely. And, if such data constitute acceptable 
evidence in support of the presence of medicine, then it is not 
unreasonable, or illogical, to employ them in support of some 
opposing position. One difficulty is that, depending on the nature of 
the results, double standards of rigor seem to operate in the evalua-
tion of different studies. Not surprisingly, those which challenge 
prevailing myths or beliefs are subject to the most stringent method  
ological and statistical scrutiny, while supportive studies, which 
frequently employ the flimsiest impressionistic data and i11.appropri-
ate techniques of analysis, receive general and uncritical acceptance. 
Even if all possible "ideal" data were available (which they never will 
be) and if, after appropriate analysis, they happened to support the 
viewpoint of this paper, we are doubtful that medicine's protagon-
ists would find our thesis any more acceptable. 

The Modern Decline in Mortality 

Despite the fact that mortality rates for certain conditions, for 
selected age and sex categories, continue to fluctuate, or even 
increase (U.S. Dept. HEW, 1964; Moriyama and Gustavus, 1972; 
Lilienfeld, 1976), there can be little doubt that a marked decline in 
overall mortality for the United States has occurred since about 
1900 (the earliest point for which reliable national data are avail-
able). 

Just how dramatic this decline has been in the United States is 
illustrated in Fig. I which shows age-adjusted mortality rates for 
males and females separately.l Both sexes experienced a marked 

JAJI age and sex adjustments were made by the "direct" method using the population 
of  1900 as the standard. For further information on this melhod o f  adjustment, s �  
Hill ( 1971) and Shryock et al. (1971). 
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decline in mortality since 1900. The female decline began to level off 
by about 1950, while 1960 witnessed the beginning of a slight 
increase for males. Figure I also reveals a slight but increasing 
divergence between male and female mortality since about 1920. 

Figure 2 depicts the decline in the overall age- and sex-adjusted 
rate since the beginning of this century. Bet en 1900 and 1973, 
there was a 69.2 percent decrease in overall mortality. The average 
annual rate of decline from 1900 until 1950 was .22 per 1,000, after 
which it became an almost negligible decline of .04 per I ,000 
annually. Of the total fall in the standardized death rate between 
1900 and 1973, 92.3 percent occurred prior to 1950. Figure 2 also 
plots the decline in the standardized death rate after the total 
number of deaths in each age and sex category has been reduced by 
the number of deaths attributed to the eleven major infectious 
conditions (typhoid, smallpox, scarlet fever, measles, whooping 
cough, diphtheria, influenza, tuberculosis, pneumonia, diseases of 
the digestive system, and poliomyelitis). It should be noted that, 
although this latter rate also shows a decline (at least until 1960), its 
slope is much more shallow than that for the overall sta;dardiied 
death rate. A major part of the decline in deaths from these causes 
since about 1900 may be attributed to the virtual disappearance of 
these infectious diseases. 

An absurdity is reflected in the third broken line in Fig. 2 which 
also plots the increase in the proportion of the Gross National 
Product expended annually for medical care. It is evident that the 
beginning o f  the precipitate and still unrestrained rise in medical 
care expenditures began when nearly all (92 percent) o f  the modern 
decline in mortality this century had already occurred. 4 

Figure 3 illustrates how the proportion of deaths contributed 
by infectious and chronic conditions has changed in the United 
States since the beginning of the twentieth century. In 1900, about 
40 percent of all deaths were accounted for by eleven major infec-
tious diseases, 16 percent by three chronic conditions, 4 percent by 
accidents, and the remainder (37 percent) by all other causes. By 
1973, only 6 percent of all deaths were due to these eleven infectious 

•Rutstein (1967), although fervently espousing the traditional view that medical 
advances have been largely responsible for the decline in mortality, discussed this 
disjuncfion and termed it "The Paradox of Modern Medicine.  More recently, and 
from a perspective that is generally consistent with th t advanced here, Powles (I 973) 
noted the same phenomenon in England and Wales. 
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diseases, 58 percent to the same three chronic conditions, 9 percent 
to accidents, and 27 percent were contributed by other causes. 5 

Now to what phenomenon, or combination of events, can we 
attribute this modern decline in overall mortality? Who (if anyone), 
or what group, can claim to have been instrumental in effecting this 
reduction? Can anything be gleaned from an analysis of mortality 
experience to date that will inform health care policy for the future? 

It should be reiterated that a major concern of this paper is to 
determine the effect, if any, of specific medical measures (both 
chemotherapeutic and prophylactic) on the decline of mortality. It is 
clear from Figs. 2 and 3 that most of the observable decline is due to 
the rapid disappearance of some of the major infectious diseases. 
Since this is where most of the decline has occurred, it is logical to 
focus a study of the effect of medical measures on this category of 
conditions. Moreover, for these eleven conditions, there exist clearly 
identifiable medical interventions to which the decline in mortality 
has been popularly ascribed. No analogous interventions exist for 
the major chronic diseases such as heart disease, cancer, and stroke . 
Therefore, even where a decline in mortality from these chronic 
conditions may have occurred, this cannot be ascribed to any 
specific measure. 

The Effect of Medical Measures on Ten 
Infectious Diseases Which Have Declined 

Table I summarizes data on the effect of major medical interven-
tions (both chemotherapeutic and prophylactic) on the decline in 
the age- and sex-adjusted death rates in the United States, 
1900-1973, for ten of the eleven major infectious diseases listed 
above. Together, these diseases accounted for approximately 30 
percent of all deaths at the turn of the century and nearly 40 percent 
of the total decline in the mortality rate since then. The ten diseases 
were selected on the following criteria: (a) some decline in the death 
rate had occurred in the period 1900-1973; (b) significant decline in 
the death rate is commonly attributed to some specific medical 

5Deaths in the category of chronic respiratory diseases (chronic bronchitis, asthma, 
emphysema, and other chronic obstructive lung diseases) could not be included in the 
group of chronic conditions because of insurmountable difficulties inherent in the 
many changes in disease classification and in the tabulation of  statistics. 
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measure for the disease; and (c) adequate data for the disease over 
the period 1900-1973 are available. The diseases of the digestive 
system were omitted primarily because oflack of clarity in diagnosis 
o f  specific diseases such as gastritis and enteritis. 

Some additional points of explanation should be noted in 
relation to Table l. First, the year of medit:al intervention coincides 
(as nearly as can be determined) with the first year of widespread or 
commercial use of the appropriate drug or vaccine.6 This date does 
not necessarily coincide with the date the measure was either first 
discovered, or subject to clinical trial. Second, the decline in the 
death rate for smallpox was calculated using the death rate for 1902 
as being the earliest year for which this statistic is readily available 
(U.S. Bureau of  the Census, 1906). For the same reasons, the decline 
in the death rate from poliomyelitis was calculated from 1910. 
Third, the table shows the contribution of the decline in each disease 
to the total decline in mortality over the period 1900-1973 (column 
b). The overall decline during this period was 12.14 per 1,000 
population (17.54 in 1900 to 5.39 in 1973). Fourth, in orderto place 
the experience for each disease in some perspecti e, Table I also 
shows the contribution of the relative fall in mortality after the 
intervention to the overall fall in mortality since 1900 (column e). In 
other words, the figures in this last column represent the percentage 
of the total fall in mortality contributed by each disease after the 
date of medical intervention. 

It is clear from column b that only reductions in mortality from 
tuberculosis and pneumonia contributed substantially to the decline 
in total mortality between 1900 and 1973 (16.5 percent and 11.7 
percent, respectively). The remaining eight conditions together ac-
counted for less than 12 percent of the total decline over this period. 
Disregarding smallpox (for which the only effective measure had 
bee  intro_d_uced about 1800), only influenza, whooping cough, and 
pohomyehtts show what could be considered substantial declines of 
25 percent or more after the date of medical intervention. However, 
even under the somewhat unrealistic assumption of a constant 
(linear) _rate o   ecline in the mortality rates, only whooping cough
and pohomyehtts even approach the percentage which would have 
been expected. The remaining six conditions (tuberculosis, scarlet 
•In deter ining the dates of intervention we relied upon: (a) standard epidemiology 
and public healtti texts; (b) the recollections of authorities in the field of infectious 
diseases; and (c) recent publications on the· same subject. 
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fever, pneumonia, diphtheria, measles, and typhoid) showed negligi-
ble declines in their mortality rates subsequent to the date of 
medical intervention. The seemingly quite large percentages for 
pneumonia and diphtheria ( 17.2 and 13.5, respectively) must of 
course be viewed in the context of relatively early interventions-
1935 and 1930. 

In order to examine more closely the relation of mortality 
trends for these diseases to the medical interventions, graphs are 
presented for each disease in Fig. 4. Clearly, for tuberculosis, 
typhoid, measles, and scarlet fever, the medical measures considered 
were introduced at the point when the death rate for each of these 
diseases was already negligible. Any change in the rates of decline 
which may have occurred subsequent to the interventions could 
only be minute. Of the remaining five diseases (excluding smallpox 
with its negligible contribution), it is only for poliomyelitis that the 
medical measure appears to have produced any noticeable change in 
the trends. Given peaks in the death rate for 1930, 1950 (and 
possibly for 1910), a comparable peak could have been expected in 
1970, Instead, the death rate dropped to the point of disappearance 
after 1950 and has remained negligible. The four other diseases 
(pneumonia, influenza, whooping cough, and diphtheria) exhibit 
relatively smooth mortality trends which are unaffected by the 
medical measures, even though these were introduced relatively 
early, when the death rates were still notable. 

It may be useful at this point to briefly consider the common 
but dubious practice of projecting estimated mortality trends (Witte 
and Axnick, 1975). In order to show the beneficial (or even detrimen-
tal) effect of some medical measure, a line, estimated on a set of 
points observed prior to the introduction of the measure, is pro-
jected over the period subsequent to the point of intervention. Any 
resulting discrepancy between the projected line and the observed 
trend is then used as some kind of "evidence" of an effective or 
beneficial intervention. According to statistical theory on least 
squares estimation, an estimated line can serve as a useful predictor, 
but the prediction is only valid, and its error calculable, within the 
range of the points used to estimate the line. Moreover, those 
predicted values which lie at the extremes of the range are subject to 
much larger errors than those nearer the center. It is, therefore, 
probable that, even if the projected line was a reasonable estimate of 
the trend after the intervention (which, of course, it is not), the 
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divergent observed trend is probably well within reasonable error 
limits of the estimated line (assuming the error could be calculated), 
as the error will be relatively large. In other words, this technique is 
of dubious value as no valid conclusions are possible from its 
application, and a relatively large prediction error cannot be esti-
mated, which is required in order to objectively judge the extent of 
divergence of an observed trend. 

With regard to the ten infectious diseases considered in this 
paper, when lines were fitted to the nine or ten points available over 
the entire period (1900-1973), four exhibited a reasonably good fit 
to a straight line (scarlet fever, measles, whooping cough, and 
poliomyelitis), while another four (typhoid, diphtheria, tuberculo-
sis, and pneumonia) showed a very good quadratic fit (to a curved 
line). Of the remaining two diseases, smallpox showed a negligible 
decline, as it was already a minor cause of death in 1900 ( only 0.1 
percent), and influenza showed a poor fit because of the extremely 
high death rate in 1920. From Fig. 4 it is clear, however, that the 
rate of decline slowed in more recent years for most qf the diseases 
considered-a trend which could be anticipated as rates approach 
zero.7 

Now it is possible to argue that, given the few data points 
available, the fit is somewhat crude and may be insensitive to any 
changes subsequent to a point of intervention. However, this can be 
countered with the observation that, given the relatively low death 
rates for these diseases, any change would have to be extremely 
marked in order to be detected in the overall mortality experience. 
Certainly, from the evidence considered here, only poliomyelitis 
appears to have had a noticeably changed death rate subsequent to 
intervention. Even if it were assumed that this change was entirely 
due to the vaccines, then only about one percent of the decline 
following interventions for the diseases considered here (column d 
of Table 1) could be attributed to medical measures. Rather more 
conservatively, if we attribute some of the subsequent fall in the 
death rates for pneumonia, influenza, whooping cough, and 
diphtheria to medical measures, then perhaps 3.5 percent of the fall 
in the overall death rate can be explained through medical interven-
1For this reason, a negative exponential model is sometimes used 10 fit a curved line 
to such data. This was not presented here as the number of points available was small 
and the difference between a simple quadratic and negative exponential fit was not 
upon investigation, able to be detected. 
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tion in the major infectious diseases considered here. Indeed, given 
that it is precisely for these diseases that medicine claims most 
success in lowering mortality, 3.5 percent probably represents a 
reasonable upper-limit estimate of the total contribution of medical 
measures to the decline in mortality in the United States since 1900. 

Conclusions 

Without claiming they are definitive findings, and eschewing preten-
tions to an analysis as sophisticated as McKeown's for England and 
Wales, one can reasonably draw the following conclusions from the 
analysis presented in this paper: 

In general, medical measures (both chemotherapeutic and pro-
phylactic) appear to have contributed little to the overall decline in 
mortality in the United States since about 1900-having in many 
instances been introduced several decades after a marked decline 
had already set in and having no detectable influence in most 
instances. More specifically, with reference to those five conditions 
(influenza, pneumonia, diphtheria, whooping cough, and poliomye-
litis)for which the decline in mortality appears substantial after the 
point o f  intervention-and on the unlikely assumption that all o f  
this decline is attributable to the intervention-it is estimated that at 
most 3.5 percent o f  the total decline in mortality since 1900 could be 
ascribed to medical measures introduced f o r  the diseases considered 
here. 

These conclusions, in support of the thesis introduced earlier, 
suggest issues of the most strategic significance for researchers and 
health care legislators. Profound policy implications follow from 
either a confirmation or a rejection of the thesis. If one subscribes to 
the view that we are slowly but surely eliminating one disease after 
another because of medical interventions, then there may be little 
commitment to social change and even resistance to some reorder-
ing of priorities in medical expenditures. If a disease Xis disappear-
ing primarily because of the presence of a particular intervention or 
service Y, then clearly Y should be left intact, or, more preferably, 
be expanded. Its demonstrable contribution justifies its presence. 
But, if it can be shown convincingly, and on commonly accepted 
grounds, that the major part of the decline in mortality is unrelated 
to m dical care activities, then some commitment to social change 
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and a reordering of priorities may ensue. For, if the disappearanceof X is largely unrelated to the presence of Y, or even occurs in theabsence of Y, then clearly the expansion and even the continuanceof Y can be reasonably questioned. Its demonstrable ineffectivenessjustifies some reappraisal of its significance and the wisdom ofexpanding it in its existing form. ' 

In this paper we have attempted to dispel the myth that medicalmeasures and the presence of medical services were primarily re-sponsible for the modern decline in mortality. The question nowremains: if they were not primarily responsible for it, then how is it to be explained? An adequate answer to this further question wouldrequire a more substantial research effort than that reported here,but is likely to be along the lines suggested by McKeown which werereferred to early in this paper. Hopefully, this paper will serve as acatalyst for such research, incorporating adequate data and approp-riate methods of analysis, in an effort to arrive at a more viablealternative explanation. 
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In 1908

the United States to begin routine disinfection of community drinking water

contributing to a dramatic decrease in disease across the country

This decrease in illness is credited to the implementation of drinking water disinfection and treatment, improving the quality of source water, and improvements in sanitation and hygiene.



CHARTS 

Figure 19.-Death Rates for Measles: Death-registration States, 
1900-32, and United States, 1933-60 
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Figure 18.-Death Rates for Diphtheria: Death-registration States, 
1900-32, and United States, 1933-60 

(Rates per 100,000 population) 
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1.3 https://www.cdc.gov/nchs/data/vsus/vsrates1940_60.pdf

https://www.cdc.gov/nchs/data/vsus/vsrates1940_60.pdf

Measles vaccine introduced in 1963.

Diphtheria vaccine introduced in 1923, but not widely used until 1930s. 
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Figure 14 .. -Death Rates for Tuberculosis, All Forms: Death-
registration States, 1900-32, and United States, 1933-60 

(Rates per 100,000 population) 
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Figure 16.-Death Rates for Typhoid Fever: Death-registration States, 
1900-32, and United States, 1933-60 

(Rates per 100,000 population) 
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1.4 https://www.cdc.gov/nchs/data/vsushistorical/mortstatsh_1905.pdf

No widespread vaccination, similar decline. 



OPEN LETTER TO LEGISLATORS REGARDING FETAL CELL DNA IN VACCINES 

April 8, 2019 

My name is Dr. Theresa Deisher. I am Founder and Lead Scientist at Sound Choice Pharmaceutical 
Institute, whose mission is to educate the public about vaccine safety, as well as to pressure 
manufacturers to provide better and safer vaccines for the public. I obtained my doctorate from 
Stanford University in Molecular and Cellular Physiology in 1990 and completed my post-doctoral work 
at the University of Washington. My career has been spent in the commercial biotechnology industry, 
and I have done work from basic biological and drug discovery through clinical development. 

I am writing regarding unrefuted scientific facts about fetal DNA contaminants in the Measles-Mumps- 
Rubella vaccine, which must be made known to lawmakers and the public. 

Merck’s MMR II vaccine (as well as the chickenpox, Pentacel, and all Hep-A containing vaccines) is 
manufactured using human fetal cell lines and is heavily contaminated with human fetal DNA from the 
production process. Levels in our children can reach up to 5 ng/ml after vaccination, depending on the 
age, weight and blood volume of the child. That level is known to activate Toll-like receptor 9 (TLR9), 
which can cause autoimmune attacks. 

To illustrate the autoimmune capability of very small amounts of fetal DNA, consider this: labor is 
triggered by fetal DNA from the baby that builds up in the mother’s bloodstream, triggering a massive 
immune rejection of the baby. This is labor. 

It works like this: fetal DNA fragmentsi from a baby with about 300 base pairs in length are found in a 
pregnant mother’s serum. When they reach between 0.46– 5.08 ng/mL in serum, they trigger labor via 
the TLR9 mechanismii. The corresponding blood levels are 0.22 ng/ml and 3.12 ng/ml. The fetal DNA 
levels in a child after being injected with fetal-manufactured vaccines reach the same level that 
triggers autoimmune rejection of baby by mother. 

Anyone who says that the fetal DNA contaminating our vaccines is harmless either does not know 
anything about immunity and Toll- like receptors or they are not telling the truth. 

If fetal DNA can trigger labor (a naturally desired autoimmune reaction), then those same levels in 
vaccines can trigger autoimmunity in a child. Fragmented fetal DNA contained in vaccines is of similar 
size, ~215 base pairs.iii 

This is direct biological evidence that fetal DNA contaminants in vaccines are not in low innocuous 
amounts. They are a very strong proinflammatory trigger.  

2.A.1 https://www.soundchoice.org/open-letter-to-legislators/
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Administration of fragments of human fetal (primitive) non-self DNA to a child could generate an 
immune response that would also cross-react with the child’s own DNA, since the contaminating DNA 
could have sections of overlap very similar to the child’s own DNA. 

Children with autistic disorder have antibodies against human DNA in their circulation that non- 
autistic children do not have. These antibodies may be involved in autoimmune attacks in 
autistic children.iv 

Duke University demonstrated in a recently conducted study that significant improvements in behavior 
were observed when children with autism spectrum disorder were treated with their own banked 
autologous cord bloodv. This treatment clearly shows that most children with autism are not born with 
it since genetic diseases like Down syndrome or muscular fibrosis cannot be treated with autologous 
stem cells. Therefore, an environmental trigger, or triggers, introduced to the world around 1980 when 
autism first began to rise, must be identified and eliminated or reduced in the environment. 

 Strong change-point correlation exists between rising autism rates and the US vaccine
manufacturing switch from animal-derived cell lines for rubella vaccine to human aborted cell
lines in the late 70svi.

 The earliest change point for Autistic Disorder (AD) birth year was identified for 1981 for
California and U.S. data, preceded by a switch in the manufacturing process:

o In January 1979, the FDA approved the manufacturing switch for the rubella virus from
animal based (high passage virus, HPV-77, grown e.g. in duck embryo cells) to the
human fetal cell line WI-38 using the RA27/3 virus strainvii. Both the newly approved
monovalent rubella vaccine and a trivalent mumps, measles and rubella vaccine utilize
the WI-38 fetal cell line for manufacturing of the rubella vaccine portion.

 Prior to 1980, autism spectrum disorder was a very rare, almost unknown disease. According to
the figures of the CDC, the rate of autism in 2014 was 1 in 59 children , a very steep increase
since just 2000, when it was 1 in 150. CDC: “The total costs per year for children with ASD in the
United States were estimated to be between $11.5 billion – $60.9 billion (2011 US dollars)viii.”

 Recently, duplications and de novo deletions have been recognized in up to 10% of simplex
autism spectrum disorders, corroborating environmental triggers on the genetics of autism
spectrum disordersix.

 The rubella portion of the MMR vaccine contains human derived fetal DNA contaminants of
about 175 ngs, more than 10x over the recommended WHO threshold of 10 ng per vaccine
dosex.

 No other drug on the market would receive FDA approval without thorough toxicity profiling
(FDA follows international ICH guidelines) -> this was never conducted by the pharmaceutical
industry for the DNA contamination in the MMR vaccine.

 Vaccines produced with human fetal cell lines contain cell debris and contaminating
residual human DNA, which cannot be fully eliminated during the downstream purification
process of the virusxi. Moreover, DNA is not only characterized by its sequence (ATCG), but
also by its epigenetic modification (e.g. DNA methylation pattern etc.). This decoration is
highly species specific, which is why non-human DNA will be eliminated, while this is not
necessarily the case with fetal human DNA.

http://www.soundchoice.org/
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Injecting our children with human fetal DNA contaminants bears the risk of causing two 
well- established pathologies: 

1) Insertional mutagenesis: fetal human DNA incorporates into the child’s DNA causing mutations.
Gene therapy using small fragment homologous recombination has demonstrated that as low as 1.9
ng/ml of DNA fragments results in insertion into the genome of stem cells in 100% of mice injectedxii.
The levels of human fetal DNA fragments in our children after vaccination with MMR, Varivax
(chickenpox) or Hepatitis A containing vaccines reach levels beyond 1.9 ng/ml.
2) Autoimmune disease: fetal human DNA triggers a child’s immune system to attack his/her
own body.

An additional concern: retrovirus contamination. 

Human endogenous retrovirus K (HERVK) is a contaminant in the measles/mumps/rubella vaccinexiii. 

 HERVK can be reactivated in humansxiv. It codes for a protein (integrase) specialized
in integrating DNA into the human genome.

 Several autoimmune diseases have been associated with HERVK activityxv.

 It is also in the same family of retroviruses as the MMLV virus used in a gene therapy trial, in
which inappropriate gene insertion (insertional mutagenesis) led to subsequent additional
somatic mutations and cancer in 4 of 9 young boysxvi.

 It is therefore possible that the HERVK gene fragment present in the MMR vaccine is active,
codes for the integrase or the envelope protein, and thus has the potential to induce gene
insertion, fostering insertional mutagenesis and autoimmunity.

The presence of both the high level contaminating fetal DNA as well as the HERVK contamination in 
the MMR vaccine is an unstudied risk with huge implications and dangers for individual and public 
health. 

Solution: Pressure manufacturers to switch back to animal cell line derived rubella vaccines as 
was successfully done in Japan: 

o Based on Takahashi strains of live attenuated rubella virus, produced on rabbit kidney cells. A
single dose of this vaccine has been recently proven to retain immunity for at least 10 years
when rubella was under regional controlxvii.

o Split MMR vaccine into three individually offered options as done in Japan.

The MMR vaccine manufacturing process needs to be changed to address and eliminate the above 
risks for the public. 

Thank you for your consideration. I will be happy to address any questions you may have concerning 
the above. 

Sincerely, 

Theresa A. Deisher, Ph.D

http://www.soundchoice.org/
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Opinion

Use of Aborted Fetal Tissue
in Vaccines and Medical
Research Obscures the
Value of All Human Life

Kyle Christopher McKenna, PhD

Abstract
This opinion addresses the licitness, quasi-benefits, and consequences of using aborted fetal tissue in vaccines
and in medical research. The Catholic Church permits temporary use of vaccines generated using aborted fetal
tissue to protect children from preventable diseases until alternative vaccines that do not use aborted fetal
tissue are available. In medical research, cell lines that were generated from elective abortions should be
avoided and alternative cell lines of licit origin utilized. The association between in utero Zika virus infections
and microcephaly has increased the demand for fetal tissue to establish causality and to understand disease
progression. These studies require extensive oversight as they could directly encourage elective abortions. The
consequence of the use of fetal tissue from elective abortions is desensitization of beneficiaries to the original
illicit act of abortion thereby obscuring the value of all human life and potentially leading to scandal.

Summary: The use of fetal tissue from elective abortions is commonplace in the pharmaceutical industry and
in medical research. This opinion addresses the licitness, quasi-benefits, and consequences of using fetal tissue
from elective abortions in vaccines and in medical research. All people of good conscience have the respon-
sibility to voice opposition to the use of fetal tissue from elective abortions in order to promote development of
alternatives, affirm the value of all human life and limit scandal.

Keywords
abortion, ethics, fetal tissue, research, vaccine

Despite the recent attention paid to Planned Parent-

hood’s reimbursement practices for providing

aborted fetal tissue to research laboratories

(Armour 2015), the commercialization of fetal tis-

sue is not a new practice. The utilization of embryo-

nic and fetal cells from elective abortions in the

pharmaceutical industry and medical research is

commonplace. The Catholic Church’s position on

abortion is very clear, “from the moment of concep-

tion, the life of every human being is to be respected

in an absolute way, . . . [therefore], no one can under

any circumstance claim the right directly to destroy

an innocent human being” (Congregation for the

Doctrine of the Faith 1987, intro, no. 5). Abortion

is morally illicit, but what about the use of fetal tis-

sue from an elective abortion, tissue that would oth-

erwise have been discarded and is now providing

worth-while therapies, or could be of value in med-

ical research?
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Fetal Tissue from Elective
Abortions in Vaccines

The American Academy of Pediatrics recommends

fifteen different vaccines for children to induce pro-

tection against several viral and bacterial infections

that are causes of morbidity and mortality (American

Academy of Pediatrics 2016). Three of these vac-

cines, M-M-R-II (Merck 2016a), VARIVAX (Merck

2016b), and HAVRIX (Glaxo Smith Kline 2016) uti-

lize cell lines WI-38 or MRC-5 that were derived

from fetal tissues (Wong 2006) harvested from elec-

tive abortions in the 1960s to generate the attenuated

viruses used in these immunizations for rubella (M-

M-R-II), varicella (VARIVAX), or hepatitis A

(HAVRIX). The efficacy of these vaccines has been

clearly demonstrated.

In the pre-vaccine era, during the rubella pan-

demic of 1962–1965, 12.5 million clinical cases of

rubella were reported in the United States that

resulted in 2,000 cases of encephalitis, 11,250 fetal

deaths, 2,100 neonatal deaths, and 20,000 infants

born with congenital rubella syndrome, a grouping

of birth defects that include blindness, deafness, and

heart disease (Plotkin et al. 1965). Since introduction

of the rubella vaccine in 1969, the number of rubella

cases and newborns with congenital rubella syn-

drome has become so low (<10 annually) that rubella

is no longer considered endemic in the United States

(CDC 2005). A single dose of the VARIVAX vac-

cine is 80–85 percent effective in preventing vari-

cella (chicken pox) (Seward et al. 2008) and the

efficacy of HAVRIX in preventing hepatitis A infec-

tion in an endemic area (Thailand) was 95 percent

(Innis 1994).

The Catholic Church has indicated that “it is right

to abstain from using these vaccines [produced using

aborted fetal tissue]” (Pontifical Academy for Life

2006, 548). However, this right should only be exer-

cised if children and the population as a whole are

not thereby subjected to significant health risks. The

harm due to infections that are preventable by these

vaccines presents a “grave inconvenience” that

imposes their use (Pontifical Academy for Life

2006, 548). For example, the recent outbreak of

measles at Disneyland in California highlighted that

measles virus continues to circulate (CDC 2016),

and there is an association between vaccine refusal

and clinical cases of measles in the United States

(Phadke et al. 2016). Therefore, protection against

measles, mumps, and rubella provided by the combi-

nation M-M-R-II vaccine normally prevents measles

virus infection. As measles carries the risk of ence-

phalitis that can be fatal or cause brain damage, this

presents a “grave inconvenience” (Pontifical Acad-

emy for Life 2006), which imposes vaccination of

children with the M-M-R-II vaccine because an

alternative vaccine that does not use aborted fetal

cell lines is not available in the United States.

The consequences of rubella infection in preg-

nant women also present a “grave inconvenience”

(Pontifical Academy for Life 2006) that imposes

vaccination with the M-M-R-II vaccine. Although

rubella causes only a self-limiting skin rash in preg-

nant mothers, vertical transmission of rubella virus

to the fetus causes severe fetal defects that can be

fatal. In utero rubella infection is preventable by

vaccination.

Determination of a “grave inconvenience” (Pon-

tifical Academy for Life 2006, 548) to impose the

use of VARIVAX or HAVRIX vaccines is depen-

dent on assessment of risk factors for each individual

and that individual’s involvement with at-risk per-

sons. The majority of children infected with varicella

experience only a self-limiting rash (chicken pox),

and natural immunity to varicella develops with each

subsequent varicella exposure, evidence that was

used to support the decision to not include varicella

vaccina tion in the United Kingdom’s childhood vac-

cination program (Hobbelen et al. 2016). However,

immune suppressed individuals are at greater risk

of serious complications from varicella infection

including secondary skin infections, encephalitis,

and pneumonia; and vaccination is recommended

(Gershon and Gershon 2010). Nine percent of preg-

nant women infected with varicella will develop

pneumonia, and placental transmission of varicella

to the fetus causes congenital varicella syndrome

characterized by neurological defects, ocular dis-

ease, and skeletal abnormalities in 2 percent of in

utero infections (Bonanni et al. 2009). In addition,

sterile elimination of varicella virus does not occur

in infected children and viral latency is established.

As immunity wanes with age, virus reactivation from

latency occurs in 30 percent of adults (Gershon and

Gershon 2010), causing Herpes zoster (shingles)

with complications that can include chronic pain,

known as post-herpetic neuralgia. An adult vaccine,

ZOSTAVAX (Merck 2016c) is efficacious in pre-

venting shingles, but also uses fetal cells from elec-

tive abortions to produce attenuated viruses.

The HAVRIX vaccine provides protection

against hepatitis A infections (Innis 1994). However,

hepatitis A is not endemic in the United States.

Hepatitis A is also spread by the fecal-oral route;

therefore, improvements in hygiene and sanitation

significantly reduce infection (CDC 2006). Never-

theless, some individuals are at risk for hepatitis A
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infections, which can cause severe liver disease, pre-

senting a grave inconvenience imposing vaccination.

These include those traveling to areas where hepati-

tis A virus is endemic, men who have sex with men,

intravenous drug users, those with clotting disorders,

those working with nonhuman primates, and those

having sexual intercourse with someone who has

hepatitis A (CDC 2006).

It is important to note that the use of these vac-

cines, generated from fetal tissue of elective abor-

tions, can only occur on a temporary basis, as it

represents a “very remote mediate material coop-

eration” (Pontifical Academy for Life 2006, 547)

with the original illicit act of abortion. The distinc-

tions between the different forms of cooperation

were established by St. Alphonsus Liguori and can

be categorized by the proximity of actions to the

original illicit act. An example using vaccines

generated from fetal tissue of an elective abortion

follows:

Principal agent: The mother who elects to termi-

nate her pregnancy.

Formal cooperator: The abortionist who agrees

with the actions of the principal agent and sup-

ports her by performing the abortion.

Immediate material cooperator: A nurse who

does not agree with the actions of the principal

agent but supports the abortionist in performance

of the abortion.

Mediate material cooperators: The nurse who

does not agree with the actions of the principal

agent but prepares her for the abortion and moni-

tors her recovery post-abortion.

Remote mediate material cooperators: The tech-

nicians at the abortion clinic that process and

package fetal tissue for future use in scientific

research. The scientists who arrange to receive

aborted fetal tissue from the clinic for their

research.

Very remote mediate material cooperators: Indi-

viduals utilizing a product, for example a vaccine

that was generated utilizing aborted fetal tissue.

Even the distant cooperation represented by these

vaccines needs to be avoided as it is:

moral coercion of the conscience of the parents,

who are forced to choose to act against their con-

science or otherwise, to put the health of their

children and the population as a whole at

risk. . . . [Therefore,] doctors and fathers of fami-

lies have a duty to take recourse to alternative

vaccines (if they exist), putting pressure on the

political authorities and health systems so that

other vaccines without moral problems become

available. (Pontifical Academy for Life 2006,

549, 547–8)

Fetal Tissue from Elective
Abortions in Medical Research

The human embryonic kidney (HEK) 293 cell line,

derived from an elective abortion in the 1970s, is

routinely used for production of proteins and cultiva-

tion of viruses due to the ease of transfection with

gene constructs that are efficiently translated into

appropriately folded proteins (Wong 2006). A

PubMed search with the term “HEK,” lists more than

thirty thousand citations, testifying to the extensive

use of this cell line.1 The Catholic Church’s position

on the use of HEK293 cells, or other cell lines gen-

erated from elective abortions, in medical research is

that they should be avoided because other-wise this

creates a “contradiction in the attitude of the

[researcher] who says that he does not approve of the

injustice perpetrated by others, but at the same time

accepts for his own work the ‘biological material’

which the others have obtained by means of that

injustice” (Congregation for the Doctrine of the

Faith 2008, no. 35).

Again, alternatives should be explored. Utiliza-

tion of fetal tissue from spontaneous abortion (mis-

carriage) is licit. In addition, COS-1 cells that are

not derived from elective abortions are effective for

production of proteins that could be utilized in some

studies (Smith 2009). Unfortunately, COS-1 cells are

of monkey origin. Hence, xenogeneic differences

between monkey and human proteins limit their use

in the generation of vac cines.

Fetal Tissue from Elective
Abortions in Zika Virus Research

Recently, two articles were published in the New

England Journal of Medicine that char acterized

fetuses of elective abortions, one being thirty-two

weeks old, from mothers who contracted Zika virus

in the first trimester of pregnancy (Mlakar et al.

2016; Driggers et al. 2016). These studies identified

Zika virus in the microcephalic brains of the fetuses

indicating an association between in utero Zika virus

infection and microcephaly. More research on

human subjects with similar experimental designs

has been proposed to better understand fetal infec-

tion (Check Hayden 2016).
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These studies would also involve pregnant

women who have been exposed to Zika virus infec-

tion that are followed for microcephaly by ultra-

sound throughout pregnancy. They would be

informed of ultrasound results and, if microcephaly

was demonstrated, would receive counsel on the

prognosis of their child and options available,

including termination of the pregnancy. If the

mother elects to abort her child and provides her con-

sent, the aborted fetal tissue would then be utilized in

research procedures.

This experimental design denies the intrinsic

right to life of unborn human beings as the success

of the study is predicated on the decisions of mothers

to abort their babies. The U.S. Department of Health

and Human Services Code of Federal Regulations

(CFR) Title 45 Part 46 Subpart B, “Additional Pro-

tections for Pregnant Women, Human Fetuses, and

Neonates involved in Research,” indicates that:

The risk to the fetus is caused solely by interven-

tions or procedures that hold out the prospect of

direct benefit for the woman or the fetus; or, if

there is no such prospect of benefit, the risk to the

fetus is not greater than minimal and the purpose

of the research is the development of important

biomedical knowledge which cannot be obtained

by any other means. (U.S. Department of Health

and Human Services 2009)

While the ultrasound procedure presents minimal

risk to the fetus, diagnosis of microcephaly by ultra-

sound has the potential to place the fetus at greatest

risk due to the mother’s decision to abort the fetus.

To minimize the possibility that involvement in

research will influence a mother’s decision to termi-

nate a pregnancy, 45 CFR 46, Subpart B, indicates

that, “no inducements, monetary or otherwise, will

be offered to terminate a pregnancy” (U.S. Depart-

ment of Health and Human Services 2009). In addi-

tion, it “excludes researchers from any deci sions as

to the timing, methods, or procedures used to termi-

nate a pregnancy, or determinations on the viability

of the fetus at the termination of the pregnancy”

(U.S. Department of Health and Human Services

2009). Nevertheless, it is very challenging to design

experimentation that identifies microcephaly in

utero, which would not increase the number of elec-

tive abortions regardless of whether research scien-

tists desiring aborted fetal tissue were excluded

from involvement with patients’ decision making.

Here, the Catholic Church’s perspective is invalu-

able: “sick and disabled people are not some separate

category of humanity; in fact, sickness and disability

are part of the human condition and affect every indi-

vidual, even when there is no direct experience of it”

(Congregation for the Doctrine of the Faith 2008, no.

22). Therefore, only an experimental design that

recognized the dignity and legal status of both

healthy and diseased fetuses would effectively dis-

courage elective abortion in research studies. This

design would not only protect the unborn but also

limit scandal (Catechism of the Catholic Church,

no. 2284), a behavior that leads another to do evil,

from the actions of mothers and scientists.

Development of a vaccine against Zika virus is a

top priority; and as the virus infects fetal brain tissue,

it is likely that cultivation of Zika virus for use in

vaccines could occur in fetal tissue derived from

elective abortions. However, alternative tissue that

is not derived from elective abortions could be

equally effective and should be investigated.

Conclusions

Each medical benefit or scientific advance from the

use of fetal tissue from elective abortions desensi-

tizes beneficiaries, scientists, and doctors to the orig-

inal evil act that produced these cells. Aborted fetal

tissues used in laboratories are minimized to merely

human cells, and the human beings whose lives were

taken to provide those cells become irrelevant and

with time forgotten. Of greatest concern is that

desensitization ultimately leads to scandal by erro-

neously validating elective abortions for a greater

good. Without careful oversight, the fetus could

become, like fetal tissue cell lines, merely cells, cul-

tured within the uterus for scientific exploration. All

people of good conscience have the responsibility to

voice opposition to the use of fetal tissue from elec-

tive abortions in order to promote development of

alternatives, affirm the value of all human life, and

limit scandal.

Note

1. A search of NCBI databases for “HEK293,” http://www.

ncbi.nlm.nih.gov/gquery/?term¼HEK293.
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A.J. Jääskeläinen, T. Smura, A. Rosenberg, D.A. Hill,

R.L. DeBiasi, G. Vezina, J. Timofeev, F.J. Rodriguez,

L. Levanov, J. Razak, P. Iyengar, A. Hennenfent, R.

Kennedy, A. du Plessis Lanciotti, and O. Vapalahti

2016. “Zika Virus Infection with Prolonged Maternal

Viremia and Fetal Brain Abnormalities”. New England

Journal of Medicine 374:2142–51.

Gershon, A.A., and M.D. Gershon 2010. “Perspectives on

Vaccines against Varicella-zoster Virus Infections”.

Current Topics in Microbiology and Immunology 343:

359–72.

Glaxo Smith Kline. 2016. “Vaccines, HAVRIX, Pre-

scribing Information”. https://www.gsksource.com/

pharma/content/dam/GlaxoSmithKline/US/en/Prescrib

ing_Information/Havrix/pdf/HAVRIX.PDF.

Hobbelen, P.H.F., J. Stowe, G. Amirthalingam, L. Miller,

and A.J. van Hoek 2016. “The Burden of Hospitaliza-

tion for Varicella and Herpes Zoster in England from

2004–2013”. Journal of Infection 73:241–253.

Innis, B.L., R. Snitbhan, P. Kunasol, T. Laorakpongse,

W. Poopatanakool, C.A. Kozik, T. Suknuntapong

Suntayakorn, A. Safary, D.B. Tang, and J.W.

Boslego 1994. “Protection against Hepatitis A by

an Inactivated vaccine”. Journal of the American

Medical Association 271: 1328–34.

Merck. 2016a. “Vaccines, M-M-R-II, Prescribing

Information”. http://www.merck.com/product/usa/pi_

circulars/m/mmr_ii/mmr_ii_pi.pdf.

Merck. 2016b. “Vaccines, VARIVAX, Prescribing

Information”. http://www.merck.com/product/usa/pi_

circulars/v/varivax/varivax_pi.pdf.

Merck. 2016c. “Vaccines, ZOSTAVAX, Prescribing

Information”. http://www.merck.com/product/usa/pi_

circulars/z/zostavax/zostavax_pi2.pdf.

Mlakar, J., M. Korva, N. Tul, M. Popović, M. Poljšak-Pri-
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Petrovec, and , and M. AvšičŽupanc. 2016. “Zika Virus

Associated with Microcephaly”. New England Journal

of Medicine 374: 951–58.

Phadke, V.K., R.A. Bednarczyk, D.A. Salmon, and S.B.

Omer 2016. “Association between Vaccine Refusal and

Vaccine Preventable Diseases in the United States.

A Review of Measles and Pertussis”. Journal of the

American Medical Association 315(11): 1149–58.

Plotkin, S.A., D. Cornfeld, and T.H. Ingalls. 1965. Studies of

Immunization with Living Rubella Virus: Trials in Chil-

dren with a Strain Cultured from an Aborted Fetus.

American Journal Diseases of Children 110: 381–9.

Pontifical Academy for Life. 2006. “Moral Reflections on

Vaccines Prepared from Cells Derived from Aborted

Human Fetuses”. National Catholic Bioethics Quar-

terly 6: 541–8.

Seward, J.F., M. Marin, and M. Vázquez 2008. “Varicella

Vaccine Effectiveness in the US Vaccination Program:

A Review”. Journal of Infectious Diseases 197,

(Supplement 2:) S82–9.

Smith, S.L., and T. Shioda 2009. “Advantages of COS-1

Monkey Kidney Epithelial Cells as Packaging Host for

Small-volume Production of High Quality Recombi-

nant lentiviruses”. Journal of Virology Methods 157:

47–54.

U.S. Department of Health and Human Services. 2009.

Code of Federal Regulations Title 45 Public Welfare

Department of Health and Human Services, Part 46

Protection of Human Subjects Subpart B: Additional

Protections for Pregnant Women, Human Fetuses, and

Neonates Involved in Research. Washington, DC: U.S.

Department of Health and Human Services.

Wong, A. 2006. “The Ethics of HEK293”. National Cath-

olic Bioethics Quarterly 6: 473–95.

Biographical Note

Kyle Christopher McKenna, PhD, is an associate profes-

sor of Biology at Franciscan University of Steubenville,

Steubenville, Ohio, USA.

McKenna 17

http://www.cdc.gov/measles/cases-outbreaks.html
http://www.cdc.gov/measles/cases-outbreaks.html
http://www.vatican.va/roman_curia/congregations/cfaith/documents/rc_con_cfaith_doc_19870222_respect-for-human-life_en.html
http://www.vatican.va/roman_curia/congregations/cfaith/documents/rc_con_cfaith_doc_19870222_respect-for-human-life_en.html
http://www.vatican.va/roman_curia/congregations/cfaith/documents/rc_con_cfaith_doc_19870222_respect-for-human-life_en.html
http://www.vatican.va/roman_curia/congregations/ cfaith/documents/rc_con_cfaith_doc_20081208_dignitas-personae_en.html
http://www.vatican.va/roman_curia/congregations/ cfaith/documents/rc_con_cfaith_doc_20081208_dignitas-personae_en.html
http://www.vatican.va/roman_curia/congregations/ cfaith/documents/rc_con_cfaith_doc_20081208_dignitas-personae_en.html
https://www.gsksource.com/pharma/content/dam/GlaxoSmithKline/US/en/Prescribing_Information/Havrix/pdf/HAVRIX.PDF
https://www.gsksource.com/pharma/content/dam/GlaxoSmithKline/US/en/Prescribing_Information/Havrix/pdf/HAVRIX.PDF
https://www.gsksource.com/pharma/content/dam/GlaxoSmithKline/US/en/Prescribing_Information/Havrix/pdf/HAVRIX.PDF
http://www.merck.com/product/usa/pi_circulars/m/mmr_ii/mmr_ii_pi.pdf
http://www.merck.com/product/usa/pi_circulars/m/mmr_ii/mmr_ii_pi.pdf
http://www.merck.com/product/usa/pi_circulars/v/varivax/varivax_pi.pdf
http://www.merck.com/product/usa/pi_circulars/v/varivax/varivax_pi.pdf
http://www.merck.com/product/usa/pi_circulars/z/zostavax/zostavax_pi2.pdf
http://www.merck.com/product/usa/pi_circulars/z/zostavax/zostavax_pi2.pdf


1www.eurosurveillance.org

Meeting report

Life in vaccine science – a conversation with Stanley 
Plotkin at the 4th Conference on Vaccines in 
Dubrovnik, Croatia, September 2017

Sanjin Musa¹
1. Public Health Institute of the Federation of Bosnia and Herzegovina, Sarajevo, Bosnia and Herzegovina
Correspondence: Sanjin Musa (sanjinm@yahoo.com)

Citation style for this article: 
Musa Sanjin. Life in vaccine science – a conversation with Stanley Plotkin at the 4th Conference on Vaccines in Dubrovnik, Croatia, September 2017. Euro Surveill. 
2018;23(17):pii=18-00147. https://doi.org/10.2807/1560-7917.ES.2018.23.17.18-00147 

Article submitted on 23 Mar 2018 / accepted on 13 Apr 2018 / published on 26 Apr 2018

To address a concern that a lack of evidence-based 
information about vaccines among healthcare pro-
viders and the public could undermine the future of 
the immunization programs, the European Society 
of Clinical Microbiology and Infectious Diseases 
(ESCMID) organised the 4th Conference on Vaccines 
in Dubrovnik, Croatia, from 8–10 September 2017. 
The conference was titled ‘New and old diseases in 
children and adults – unmet needs’. Leading experts 
were brought together to present and debate the most 
recent data about vaccines for the purpose of devel-
oping strategies to ensure sustained confidence in 
immunisation programmes and the protection of future 
generations from vaccine-preventable diseases.

One of the presenters was Stanley Plotkin, a prominent 
figure in the history of vaccinology, whose work on vac-
cine development has led to a significant reduction in 
morbidity and mortality from infectious diseases in the 
second part of 20th century. Plotkin, 85 years of age at 
the time of the interview, started his career during ‘the 
golden age of vaccinology’. This interview with him was 
conducted at a time when ongoing measles outbreaks 
in the WHO European Region had caused 35 deaths in 
the past 12 months [1]. The following is an edited tran-
script of the interview. Editorial insertions are within 
square brackets.

Sanjin Musa (SM): You graduated from the State 
University of New York Medical School in 1956. What 
led you to decide to focus on research and discovery?

Stanley Plotkin (SP): So, I have already published 
one article answering that question in The Pediatric 
Infectious Disease Journal, years ago. It was titled, if I 
recall correctly, ‘The late sequelae of Arrowsmith’. The 
reason for the title was that when I was 15, I read two 
books. One was titled Microbe Hunters by Paul de Kruif, 
and the other was a novel called Arrowsmith by Sinclair 
Lewis. Arrowsmith was the name of the character in 

the novel who was a physician that had been through a 
number of things in the novel, but eventually ended up 
as a vaccine developer. It was reading those two books 
that made me decide to follow a career in vaccines.

SM: You have lived during a time when children com-
monly experienced childhood diseases like polio, diph-
teria and rubella. In the middle of the 20th century, 
poliomyelitis was an epidemic disease. The first suc-
cessful attempt of vaccine development by attenuation 
of polio virus was made by Hilary Koprowski during 
his work at the Lederle Laboratories. At the time you 
started to work in the Wistar Institute, it was under the 
leadership of Hilary Koprowski and the Wistar Institute 
became a leader in vaccine research. Can you tell me 
about that time?

SP: First of all, I went into the US [United States] public 
health service as a member of the epidemic intelligence 
service. At the end of the training, they offer you a job 
somewhere, either within a state health department or 
somewhere else. One of the positions that was open, 
when it was my turn, was a position doing research on 
anthrax. This was located at the Wistar Institute and 
because I was reading papers, I read papers by Hillary 
Koprowski. They were very interesting and included, of 
course, papers on polio. I had also read that he was 
coming to Wistar to be director, so I asked for the posi-
tion to work on anthrax thinking that at Wistar, I might 
be working with Koprowski. Indeed that happened. 
When I arrived, I went to see him, and he had just 
arrived. I asked him if I could work in his virus lab and 
he agreed. So I did anthrax, but I also did polio.

Hillary was an extremely interesting person. He was 
born in Poland. When the Nazis came, he escaped 
Poland and went first to Italy. He was a brilliant pia-
nist and had studied at the Academy Santa Cecilia in 
Rome. Of course, he couldn’t stay in Italy, so then he 
emigrated to Brazil, where he took a position in the 
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Pan American Health Organization. From Brazil, he 
took a job at Lederle and eventually became director 
at Wistar.

So Hillary was a very learned person. He knew a lot 
about art, music, history. It was fascinating to work 
with him. If you look at some of his papers, he has quo-
tations from ancient literature. He was someone whom 
I admired. He was very open to letting me work in his 
lab. That is how I started to work on polio, but I also 
learned a lot about virology in general. One other thing 
that I would say about Hillary was that as a director of 
the institute, he was a genius in choosing people and 
letting them to do their things, but at the same time, 
giving them suggestions. So it was a wonderful place 
to work for a young person.

SM: Finally, in the late 1950s, the decision was made 
that the Sabin strains would be the best option to con-
trol poliomyelitis...

SP: There were three laboratories working on the devel-
opment of a polio vaccine, Sabin was one [Albert Sabin 
worked at Cincinnati Children’s Research Foundation, 
the University of Cincinnati], Wistar was a second and 
Lederle continues to work on attenuation of polio virus. 
Two things made a difference. One was that Hillary 
never obtained a really good type 2 strain. He obtained 
one from a researcher named Cox [Herald Cox] who 
had essentially cultivated a type 2 strain from natural 
polio. A second problem was that, I gave Albert Sabin 
a great deal of credit for his laborious, very thorough 
work on attenuation. The result was that, when three 
sets of strains were tested by the Division of Biological 
Standards in the US, the best neurovirulence data were 
from the Sabin strain. As you know, there are three 
types of polio. Type 1 strain, which I worked on also, by 
Hillary was just as good as Sabin type 1 strain, if not 
even better. But the Type 2 strain was not as good. The 
Type 3 strain was about the same, but maybe Sabin’s 
was slightly better. The result was that the Sabin 
strains were licensed in the US. But there was another 
issue that was very important. That was that Sabin was 
born in Russia and he spoke Russian. Actually, Hillary 
also spoke Russian, but Sabin became friendly with 
a Russian virologist. He was able to get their agree-
ment to test Sabin strains in Russia, and they did. 
They reported that they vaccinated 10 million people 
and nobody had turned a hair. In retrospect, I think 
that was probably not true because today we know 
that there is reversion of attenuation and so forth, 
but the results were the first large-scale results in the 
world. Meanwhile, Hillary had trouble finding a place 
to test his vaccines. He tested them somewhat in [what 
was at the time] the Belgian Congo [designation from 
1908–1960, today Democratic Republic of the Congo], 
where I went to help, and also in Poland. That was 
not as impressive as the results with Sabin’s strains. 
Sabin’s strains were adopted by the US, and then other 
countries adopted them. Hillary’s strains were used 
in Poland for some period, but eventually replaced by 

Sabin strains because vaccine manufacturers adopted 
Sabin strains. This is essentially what happened.

SM: Isolation of the rubella virus and early vaccine 
development occurred at the start of an epidemic of 
rubella in Europe and the US in 1963 and 1964. The 
vaccine strain RA 27/3 that you developed became the 
accepted rubella strain used throughout the world, 
mostly in the combined measles, mumps, rubella 
(MMR) vaccine. Can you tell us something about the 
race for a vaccine?

SP: This was also an interesting story. First of all, as 
you said, the epidemic started in Europe. It so hap-
pened that I spent a year in London at Great Ormond 
Street Children’s Hospital, and there was a virus lab-
oratory where I worked with an Englishman named 
Alistair Dudgeon who was also interested in rubella.

We began to see, in the spring of 1963, patients with 
rubella, and that was impressive. Then the epidemic 
spread to the US. Meanwhile, I’d gone back to the US 
and at just about that time, two laboratories developed 
methods to isolate the rubella virus. Indeed, I started 
to work on the rubella virus in London at Great Ormond 
Street Children’s Hospital using the isolation technique 
in African green monkey kidney cells, but then I went 
back to Wistar. It seemed to me that what I learned 
about attenuating polio viruses could be applied to 
rubella; in particular, adaptation at low temperatures. 
But then, a second important factor was that at Wistar 
at about that time, two people, Leonard Hayflick and 
Paul Moorhead, had developed ways of cultivating 
human fetal diploid cells. That was very important, 
because these were normal cells that could not go on 
forever, unlike continuous cell line. The issue of can-
cer, et cetera, was obviated by using the fetal cells, so I 
decided to adapt the rubella virus to the fetal cells, and 
to attenuate them by classical plaquing and low tem-
perature growth. Eventually, testing in humans showed 
that it was attenuated. But I was not the only one work-
ing on rubella and what happened was that workers at 
the Division of Biological Standards developed their 
own vaccine in the African green monkey kidney. They 
obviously had an advantage since they came from the 
licensing organisation, and Merck adopted their strain.

SM: It was the credit of Maurice Hilleman to replace the 
HPV77-DE5 strain with RA 27/3 strain in MMR vaccine.

SP: That’s right. Merck used HPV77, but studies showed 
that first of all, RA 27/3 was less reactogenic and sec-
ondly, that it produced better immune responses. 
At a certain point, Hilleman decided that he would 
replace HPV77 with RA 27/3. In addition, the Welcome 
Laboratory in England was still producing vaccines, 
and they adopted RA 27/3 from the beginning. So actu-
ally, RA 27/3 was used in Europe before the US. But 
once Merck switched, essentially there was no other 
manufacturer. GSK [GlaxoSmithKline] also adopted RA 
27/3. Eventually, all manufacturers were using RA 27/3.
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SM: The use of human diploid cells as a cell population 
of choice, and development of WI-38 and MRC-5 was 
controversial?

SP: It was controversial for two reasons. One was that 
there was this fear that in human cells, there might be 
some hidden virus that would cause problems. You 
have to remember that at about the same time, SV40 
was discovered in monkey cells. Since that was sur-
prise, people were afraid that the same thing might be 
true for human cells. A second issue was a religious 
issue. Fetal cells had been isolated from an aborted 
fetus in Sweden, and since it was an aborted fetus, 
there was, let’s say, some issues with the Catholic 
Church.

Going back to the first issue, a lot of work was done 
to show that the cells do not have any contaminating 
viruses, and indeed were, for that reason, safer than 
many other cells being used to make vaccines. The sec-
ond issue, as far as the religious issue was concerned, 
the church decided that the only one who had sinned 
was me; that people who used the vaccine were free 
of sin because they were just using something that 
somebody else had developed. So, those were the 
controversies.

SM: You worked on the development of several other 
vaccines...

SP: ...rotavirus, varicella, rabies, CMV [cytomegalovirus].

SM: Looking back, what are your thoughts on the phe-
nomenon of vaccine hesitancy or the broader postmod-
ern medical paradigm which questions the legitimacy 
of science?

SP: As far as vaccine hesitancy is concerned, it is a 
complex issue because people react to fears. Fear is 
a very great motivator. So if you live in India, you are 
threatened constantly by infectious diseases and so 
you are afraid of diseases, and if somebody comes 
along with a vaccine, your reaction is to say, ‘oh great, 
I can protect myself against this disease.’ Conversely, 
if you live in countries in Europe or if you live in the US 
and those diseases have largely disappeared because 
of vaccination, you say to yourself, ‘somebody told me 
that vaccine can cause x, y or z, and therefore, why I 
should I take that risk?’ Not only that, but other people 
are being vaccinated so let them take the risk. Now, of 
course that is not an ethical point of view, but never-
theless, people can adopt it. It is essentially fear that 
drives that vaccine hesitancy. It is also misinformation. 
Unfortunately, we live in an age where lies can travel 
as fast as truth, and they do. You go on the web…in the 
US now, we are talking about fake news. People just 
invent things. I really feel that, what is his name...the 
guy who published on autism and measles? Wakefield. 
[..] His activities have influenced people to risk disease 
and death.

SM: What was your reaction to the Andrew Wakefield 
study and its subsequent reception around the world?

SP: It so happened, when Wakefield came out with his 
paper, that I was working for Sanofi Pasteur and they 
asked me to read the legal briefs because there were 
legal cases coming up in the UK [United Kingdom], and 
I did. I am convinced from what I read, from the tes-
timony of people in his laboratory, for example, that 
those results were all false. They were just made up 
essentially. So, I believe that what he has published is 
untrue and of course, the paper was retracted and he 
is still spreading false information. But the US is a free 
country. He is now in the US, in Texas and other places. 
There was an outbreak of measles in Somali immi-
grants in Minnesota and he had gone to Minnesota to 
talk to Somali immigrants to convince them not to be 
vaccinated…and now we have a very significant out-
break of severe measles in Somali immigrants, and 
couple of deaths. [..]

SM: What we are seeing today is that certain advocacy 
groups and public individuals, would like to erode the 
public’s trust in the authority of science.

SP: Here, I have to get philosophical. The scientific 
approach to data is different from what may be called 
the common approach. Scientists know that often 
there are data that say one thing and data that say 
another thing because when you collect data, you are 
collecting points, numbers, and just by chance, num-
bers may say one thing and numbers may say another 
thing…and you look at the overall result and you say 
the overall result shows 95% certainty that x equals 
y, whatever. That is not a common sense approach. A 
common sense approach is if something bad happens 
after something else there must be relationship, and 
unfortunately, most people do not understand chance 
and that is the problem. So, if something bad happens 
to an individual who received a vaccine containing thi-
omersal, common sense tendency is to say the cause 
was thiomersal. [..] Now there was also, because I 
lived through this, there was also something that hap-
pened which I think was, in a way, unfortunate. That 
is, when the controversy arose, that was back in the 
1990s, manufacturers decided to remove thiomersal 
from most of the vaccines, and I think, in a way, that 
was a mistake. I can understand why they did it, but 
on the other hand, it implied that the critics were right 
and that thiomersal is not safe. In other words, the vac-
cine community reacted by trying to remove any worry. 
Maybe that was right thing to do, but on the other 
hand, it gave the impression that there was a problem.

SM: In current mainstream media, stories on so-called 
‘vaccine wars’ are frequent.

SP: What the press does, and I can understand this, 
they always feel that they have to present both sides of 
the story and give them equal value. It means, no mat-
ter how crazy you are, you can get a hearing.
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SM: In 2017, the 7th edition of Plotkin’s Vaccines, a ref-
erence book in the field of vaccinology, was published. 
You are the editor, together with Walter Orenstein, Paul 
Offit and Kathryn Edwards. When and why did you have 
the idea to compile this book?

SP: The first edition was in the 1980s and my motive 
was very simple. One, I felt that there was now a field 
of study that was not infectious diseases. It derived 
from infectious diseases, but it was no longer classi-
cal infectious diseases. It was not really immunology, 
although immunology is of course the basis of vac-
cines. Vaccinology was now a field itself, and did not 
have a textbook. I felt that it was time to show that, 
indeed, it is a separate field and that it needed a 
source of information where you could find answers to 
questions about vaccines.

SM: Considering new approaches to understanding the 
immune response to vaccination and infection, new 
diseases to be controlled by vaccination, especially for 
emerging diseases like Ebola or Zika, therapeutic vac-
cines and extension to non-infectious diseases, how 
do you see the future of vaccinology?

SP: I’ve started to write and speak about this. First of 
all, that indeed now immunology must be the comple-
ment to vaccine development. That is to say we can no 
longer develop vaccines by simply counting on B cells 
responses and antibody responses to do the job. We 
are now facing diseases that are more complex where 
there is a risk of inducing [immune] responses that are 
not good and that the correlates of protection for those 
diseases are complex and not simply serum antibodies. 
I think I learned that lesson the hard way. For exam-
ple, with rotavirus vaccine where the development that 
we went through was based really on the idea that we 
were developing specific antibody responses to cer-
tain viral antigens and – that is part of it – but it turns 
out that it is much more complicated than that. Now 
when we are talking about vaccines against cancer or 
new diseases, we are facing much more complicated 
situations. Maybe as a good example, there is a talk 
that is going to be given here on tuberculosis vaccines. 
It will be interesting to hear that talk because in my 
view, we have no idea what immune functions prevent 
people from getting disease in comparison to walling-
off infection and remaining stable. We think that cel-
lular immune responses are important. They may well 
be, but which cellular responses? It is not obvious 
that, let’s say, classic CD8 responses are responsible. 
Macrophages are key players in tuberculosis. Clearly 
BCG [Bacillus Calmette–Guérin] works against dissemi-
nated tuberculosis in children. But the evidence that 
it works to prevent adults from getting pulmonary TB 
[tuberculosis] is really very poor. That shows you that 
not only are immune functions variable, but diseases 
themselves may take different forms. Childhood tuber-
culosis is not the same as adult tuberculosis.

My point is, things are much more complicated than 
they used to be. Another good example is HIV because 
the one thing that’s worked thus far is a non-neutralis-
ing response involving natural killer cells, and nobody 
had predicted that. So, if we are ever going to have 
a vaccine against HIV, we have to think more compli-
cated than simply developing a neutralising antibody 
response.

SM: Thank you so much for this conversation.

Note
The Eurosurveillance editors acknowledge that this 
interview by Sanjin Musa, on the margins of a con-
ference is not the usual form of a meeting report in 
Eurosurveillance. However, we decided to share it 
exceptionally as such in conjunction with the European 
Immunisation Week 2018.

The opinions expressed in this interview are those of Dr 
Stanley Plotkin and they do not necessarily reflect the 
opinions of the journal or its publisher, the European 
Centre for Disease Prevention and Control (ECDC) or 
the editorial team or the institutions with which the 
authors are affiliated.
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Scientists say fetal tissue remains essential for vaccines and 
developing treatments 

Health Aug 11, 2015 11:35 AM EDT 
BOSTON — The furor on Capitol Hill over Planned Parenthood has stoked a debate about the use of tissue from 
aborted fetuses in medical research, but U.S. scientists have been using such cells for decades to develop vaccines 
and seek treatments for a host of ailments, from vision loss and neurological disorders to cancer and AIDS. 
Anti-abortion activists set off the uproar by releasing undercover videos of Planned Parenthood officials that raised 
questions of whether the organization was profiting from the sale of fetal tissue. Planned Parenthood has denied 
making any profit and said it charges fees solely to cover its costs. 
University laboratories that buy such cells strongly defend their research, saying tissue that would otherwise be 
thrown out has played a vital role in lifesaving medical advances and holds great potential for further breakthroughs. 

Fetal cells are considered ideal because they divide rapidly, adapt to new environments easily and are less 
susceptible to rejection than adult cells when transplanted. 

“If researchers are unable to work with fetal tissue, there is a huge list of diseases for which researchers would move 
much more slowly, rather than quickly, to find their cause and how they can be cured,” Stanford University 
spokeswoman Lisa Lapin said in an email. 

From 2011 through 2014 alone, 97 research institutions — mostly universities and hospitals — received a total of 
$280 million in federal grants for fetal tissue research from the National Institutes of Health. A few institutions have 
consistently gotten large shares of that money, including Yale, the University of California and Massachusetts 
General Hospital, which is affiliated with Harvard. 

The U.S. government prohibits the sale of fetal tissue for profit and requires separation between researchers and the 
women who donate fetuses. Some schools go further, requiring written consent from donors. 

Many major universities declined to make scientists available for interviews about their fetal tissue work, saying they 
fear for the researchers’ safety because the issue is so highly charged. The Planned Parenthood uproar led to a 
failed attempt by Republicans to strip the organization of federal funding.U.S. scientists have been using such cells 
for decades to develop vaccines and seek treatments for a host of ailments, from vision loss and neurological 
disorders to cancer and AIDS. Researchers use fetal tissue to understand cell biology and human development. 
Others use it to look for treatments for AIDS. Research on spinal cord injuries and eyesight-robbing macular 
degeneration involves transplanting fetal cells into patients. European researchers recently began putting fetal tissue 
into patients’ brains to try to treat Parkinson’s, a strategy that previously had mixed results. 

Some scientists are looking for alternatives to fetal tissue, such as using adult cells that have been “reprogrammed” 
to their earlier forms. But those techniques are still being refined, and some fields are likely to remain reliant on fetal 
tissue, such as the study of fetal development. 
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Vaccines have been one of the chief public benefits of fetal tissue research. Vaccines for hepatitis A, German 
measles, chickenpox and rabies, for example, were developed using cell lines grown from tissue from two elective 
abortions, one in England and one in Sweden, that were performed in the 1960s. 

German measles, also known as rubella, “caused 5,000 spontaneous abortions a year prior to the vaccine,” said Dr. 
Paul Offit, an infectious-disease specialist at Children’s Hospital of Philadelphia. “We wouldn’t have saved all those 
lives had it not been for those cells.” 

Fetal tissue was “absolutely critical” to the development of a potential Ebola vaccine that has shown promise, said Dr. 
Carrie Wolinetz, an associate director at NIH, which last year handed out $76 million for work involving fetal tissue, or 
0.2 percent of the agency’s research budget. 

Scientists are also using fetal tissue to try to identify substances in adults that could be early warning signs of cancer, 
said Dr. Akhilesh Pandey, a molecular biologist at Johns Hopkins University. 

Experts at MIT and other research centers use fetal tissue to implant the human immune system into mice, as a way 
to study diseases without employing people as test subjects. They add tumors to study the immune system’s 
response, then test cancer treatments out on the mice. 

“This eventually will provide a benefit to society,” said Jianzhu Chen, an immunology professor and researcher at 
MIT. 

At Stanford, fetal tissue has been used to study Huntington’s disease, “bubble boy disease” and juvenile diabetes. 
Fetal brain calls are now being used there in research on autism and schizophrenia. 

After the release of the undercover videos, Colorado State University conducted an ethics review and suspended its 
dealings with one vendor. But it is pressing ahead with its HIV research with fetal tissue. 

“Our position is this research has such tremendous value in driving discoveries that could be done no other way,” 
said Alan Rudolph, university vice president of research. 
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Effect of Acetaminophen on Glutathione Levels 
in Rat Testis and Lung 
L.Micheli, D. Cerretani, A.I. Fiaschi, G. Giorgi, M.R. Romeo, and
F.M. Runci
Institute of Pharmacology, University of Siena, Italy 

Glutathione (GSH) levels in rat testis and lung after oral administration (3 g/kg) of acetaminophen (APAP) were studied. At the administered dose 
APAP is present in each organ and influences the GSH levels. APAP value of 114 µg/g was obtained in testis at 6 hr (peak time); in the lung the Cm ax 
was 92 µ/g at 8 hr and this value lasted several hours longer than that in testis. GSH levels are also affected differently in the organs studied after 
APAP administration; the lungs seem to be the primary organ undergoing the depleting action of APAP. This process could not only cause toxicity, 
but also predispose those organs to the action of toxic compounds responsible for specific pathologies.-Environ Health Perspect Vol 102(Suppl 
9):63-64 (1994) 

Key words: acetaminophen, glutathione, testis, lung 

Introduction 
The drug acetaminophen (APAP) has 
become widely srudied because o f  the 
specificity in causing serious liver injury 
after overdose in humans; it remains one of  
the most frequently chosen drugs in suicide 
and in suicide attempts (J). Occasionally, 
injury is also noted in people taking only 
recommended therapeutic doses o f  the 
drug. Following therapeutic doses, AP AP is 
primarily eliminated as a nontoxic conju-
gate o f  glucuronic acid and sulfate. In a 
minor pathway, APAP is converted in a 
purported N-acetyliminoquinone (2-3), 
which is normally detoxified by conjuga-
tion (4,6) with hepatic glutathione (GSH). 
Following an overdose of  APAP, the capac-
ity for its removal by hepatic conjugation 
with sulfate or glucuronide is exceeded and 
the extent o f  formation o f  the toxic 
metabolite is increased (6). Mechanistic 
studies largely in animals show that P450 
cytochromes convert APAP into a reactive 
metabolite, N-acetyl-p-benzoquinoneimine 
(NAPQI) that indiscriminately arylates 
macromolecules throughout the cell. This 
irreversible binding o f  APAP metabolite 
closely parallels the degree o f  the subse-
quent tissue damage and thus has come to 
be viewed as the initiating event in a com-
plex process that can culminate in cell 
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death (7).  NAPQI is a highly reactive 
metabolite that combines directly with 
GSH and appears to be responsible for ini-
tiating liver damage, although research 
continues to establish the exact nature and 
formation mechanism o f  the toxic species 
( 8). Very little is known about AP AP dis-
tribution in other organs and its relation-
ship with GSH contained there. Having 
this goal, we measured GSH content and 
AP AP concentration in testis and lungs of  
rats after oral administration. It must be 
pointed out that none of  the 94 rats, which 
were observed for 2 weeks, died after the 
administration of  the above dose. 

Materials and Methods 
One hundred thirty-four male albino rats 
(Wistar strain), weighing 170 to 200 g, 
maintained for 2 weeks on balanced diet 
(Mil, Morini, S. Polo d'Enza, Italy) with free 
access to water and kept under a standard-
ized temperature of about 2° C and divided 
in six groups each with its control group, 
were used. The treated animals received 
orally APAP suspended in arabic gum (2% 
in distillated water) at the dose of  3 g/kg; the 
control group received vehicle only. At 4, 6, 
8, 12, 192, and 336 hr after the drug 
administration, but at the same hour each 
day (16:00), the rats were killed by decapita-
tion and exsanguinated (9). Immediately 

lung and testis were removed, weighed, 
washed in saline, and homogenized properly 
in phosphate-EDTA buffer, pH 7.4. One ml 
of  25% trichloroacetic acid was added to 1 
ml o f  the homogenate and then centrifuged 
at 2000g for 10 min at 0° C. 

In the supernatants GSH levels were 
determined by the method o f  Tietze and 
expressed as nmole/mg o f  protein (JO). 
The protein concentration was determined 
by the method of  Lowry (J  1). All the pro-
cedures were performed at 0° C. The differ-
ences between GSH means were evaluated 
by the Student's two-tailed t-test. No sta-
tistical differences were observed among 
the control groups; thus, they were col-
lected in a single organ pool. 

In the homogenate o f  testis and lungs, 
APAP was determined by HPLC method (12). 

Results and Discussion 
In Table 1 the maximum APAP concentra-
tion (µg/g tissue) in lungs and testis and 

Table 1. Maximum concentration and peak time in rat 
testis and lung after APAP administration (3 g/kg as). 

Cmax, Peak time 
Organ µg/g tissue hr 

Testis 114 6 
Lung 92 8 

Table 2. APAP concentration as percent of Cmax (100%) in rat testis and lung after APAP oral administration 
(3 g/kg). 

Organ 

Testis 
Lung 

0 
0 

2 
4 

4 
6 
0 

Time.hr 

6 
100 
50 

8 
37 
84 

12 
28 

100 

192 
0 

95 

336 
0 
0 0 
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organ considered. The lung appears to be 
the organ that primarily evidences the 
depleting action o f  APAP. Our  data 
demonstrate that AP AP at the studied dose 
exens not only a specific toxicity, but can 
also predispose those organs to the action 
o f  toxic agents and thus indirectly can be 
the cause o f  specific pathologies. 

The experiments presented here suggest 
that APAP (and NAPQI) can be added to 
the list o f  compounds which can disrupt 
Ca2 + homeostasis and that this may be a 
common pathway o f  cell toxicity for agents 
which affect the redox status o f  cells, as 
seen previously (13). 
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Figure 1. Kinetics of APAP in rat testis (a) and lung (b) 
after oral administration (3 g/kg). Each point represents 
the mean value of five animals with standard deviation. 

It is obvious that depletion o f  GSH by 
NAPQI would allow a greater proponion 
o f  the metabolite to interact with protein
tiol groups. Jollow et al. (5) were the first 
to observe the association between the
extent o f  covalent binding o f  APAP
metabolites to protein and the degree o f
liver necrosis. The binding o f  NAPQI to 
cysteinyl groups o f  proteins leads to loss o f
available protein thiols, a feature o f
NAPQI toxicity observed by Moore et al 
(14). NAPQI can directly or indirectly oxi-
dize NADPH and, concomitantly, deplete
GSH by conjugation and/or oxidation.
Mitochondria immediately release their
sequestered Ca 2 + upon exposure to
NAPQI. There are several mechanisms
which might account for this effect;
NAPQI could have a direct protonophoric
action and/or precipitate Ca2 + release by
affecting the redox status o f  mitochondrial
thiols. The oxidation o f  pyridine nucleo-

4 I 
HOUIS 

12 m 338 

f igure  2. Time course of GSH levels after APAP oral 
administration (3 g/kg) in (a) rat testis and (b) lung. The 
control value is equal to 100. The dotted lines represent 
in every picture the upper and the lower limits (standard 
deviation of the control). The number of animals is 
reported in parentheses. ***p<!J.001. 

the peak time are reponed. Table 2 shows 
the AP AP concentration as percent Cmax 
(100%). Figure 1 shows the time-course o f  
APAP. Figure 2 reports the GSH levels 
variations in two studied organs o f  rats 
after oral AP AP administration. 

It is evident that, at the administered 
dose, APAP is present in each organ in dif-
ferent amounts and with various peak 
times. From the obtained results one can 
say that AP AP administration on GSH lev-
els influences these levels according to the 
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Summary 

The aim of the present work was to investigate a new 

mechanism likely contributing to the toxic action of 

acetaminophen, especially to explore the possible inhibition of 

glutathione reductase through an acetaminophen-glutathione 

conjugate (APAP-SG). APAP-SG conjugate was synthesized by 

organic synthesis and purified by column chromatography. The 

inhibitory effect of the conjugate on two types of glutathione 

reductase (from yeasts and rat hepatocytes) was tested spectro-

photometrically. We found that the enzyme activity was reduced 

similarly after the treatment with 2.96 mM acetaminophen-

glutathione conjugate in both yeast and hepatocyte glutathione 

reductases (GR); the enzyme activity was inhibited to 

52.7±1.5 % (2.4±0.3 mU/ml) in yeast GR (control activity was 

5.6±0.3 mU/ml) and to 48.1±8.8 % (2.2±0.2 mU/ml) in rat 

hepatocytes lysate GR (control activity was 5.2±0.2 mU/ml). In 

addition, the enzyme activity (from hepatocytes lysate) was 

decreased to 79±7 %, 67±2 % and 39±7 %, in 0.37, 1.48 and 

3.7 mM concentration of the conjugate, respectively. We found 

that glutathione reductase, the essential enzyme of the 

antioxidant system, was dose-dependently inhibited by the 

product of acetaminophen metabolism – the conjugate of 

acetaminophen and glutathione.  
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Introduction 

Acetaminophen (APAP) is at present one of the 
mostly used analgesics and antipyretics. It is considered 
to be a safe drug when used at therapeutic doses. On the 
other hand, the acetaminophen overdosing is the most 
frequent cause of acute liver failure in men (Lee 2004). 
Hence, the mechanisms of acetaminophen toxicity have 
been studied very intensively recently. 

At therapeutic doses, acetaminophen is 
detoxified by three major pathways in the liver. The most 
of APAP dose is conjugated with glucuronate and sulfate 
(about 80 % and 10 %, respectively). Remaining part of 
APAP is oxidized by cytochrome P450 to a toxic 
metabolite, N-acetyl-p-benzoquinone imine (NAPQI). 
This compound is detoxified by either spontaneous or 
enzyme-catalyzed reaction with glutathione (GSH) 
resulting in a conjugate APAP-SG, 3-(glutathion-S-yl) 
acetaminophen. In APAP overdose, the glucuronidation 
and sulfation pathways are saturated, acetaminophen is 
being oxidized to NAPQI in much higher extent and GSH 
stores become depleted. Consequently, NAPQI binds to 
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various proteins, the APAP-protein adducts are produced, 
and due to GSH depletion, there is an increase of 
oxidative stress in the cell (Jollow et al. 1973). These 
actions result in hepatocellular death seen as centrilobular 
necrosis in the liver (Mitchell et al. 1973, Jaeschke and 
Bajt 2006).  

So far, numerous mechanisms contributing to the 
hepatocyte injury have been found. Except of GSH 
depletion and reactive oxygen species (ROS) production, 
the lipoperoxidation, mitochondrial permeability 
transition pore opening (Kon et al. 2004) and impairment 
of mitochondrial respiration have also been mentioned. 
Despite the processes cited above, the crucial causative 
mechanism of the toxicity remains unknown (Kaplowitz 
2004, Jaeschke and Bajt 2006). Two possible theories 
have been postulated so far – the oxidative and the 
metabolic one. The oxidative theory proposes the 
explanation of the damage by an increase of oxidative 
stress, the latter one by binding of NAPQI to SH-groups 
of proteins supposing their function to be impaired 
(James et al. 2003). Unfortunately, neither the oxidative 
nor the metabolic theory explain the entire toxicity found 
in acetaminophen-treated liver cells at all points.  

As we have recently described (Roušar et al. 
2009), acetaminophen toxicity is linked to reduced 
activity of glutathione reductase (GR) in vitro. It is a 
crucial enzyme in glutathione metabolism because it 
reduces glutathione disulphide (GSSG) back to the 
reduced form, GSH. Thus, this enzyme is essentially 
important during oxidative stress, where the level of 
GSSG increases and the inhibition of glutathione 
reductase could be a principal mechanism in 
acetaminophen toxicity. Since the cause of the enzyme 
inhibition remains unknown, the aim of our work was 
focused on an attempt to find and describe the reason of 
decreased activity of glutathione reductase (using two 
different types of glutathione reductases, i.e. from yeast 
and from rat hepatocytes). In addition, we wanted to 
prove the hypothesis that APAP-SG conjugate may play 
an important role in the mechanism of APAP toxicity. 
The experiments were carried out in vitro. The outcomes 
were aimed to serve as the preliminary data for following 
testing in cells and in vivo.   

Materials and Methods 

Chemicals 
Glutathione reductase (from Saccharomyces 

cerevisiae; 160 U/mg prot.), GSH, glutathione disulphide, 

sodium phosphate buffer, potassium phosphate buffer, 
hydrochloric acid, acetaminophen and NADPH were 
purchased from Sigma-Aldrich (USA). The reagents used 
to the synthesis and purification of APAP-SG conjugate 
were purchased from Lachema (Czech Republic). 

Preparation of acetaminophen-glutathione conjugate 
The APAP-SG conjugate was synthesized 

according to the method of Thatcher and Murray (2001), 
the separation of the conjugate was performed as a 
modification of the method described by Allameh and 
Alikhani (2002). Briefly, sodium hydroxide solution (8 g 
in 250 ml of distilled water) was added to the solution of 
silver nitrate (4.224 g in 65 ml of distilled water) and the 
precipitated silver oxide was filtered off using glass sinter 
and washed.  

Acetaminophen (0.428 g) was suspended in 
100 ml of dry chloroform and just prepared silver oxide 
(2.2 g) was added. The suspension was stirred, filtered 
and the NAPQI solution was obtained. Glutathione 
(0.857 g) was dissolved in 250 ml of 0.1 M sodium 
phosphate buffer pH 7.4 and freshly prepared NAPQI 
solution was added drop wise. Reaction mixture was 
separated and the water was evaporated at 40 °C. Residue 
of the mixture was stirred in methanol for 3 h and 
filtered. Methanol was evaporated using vacuum 
evaporator. 

APAP-SG conjugate was separated using 
column chromatography on Silicagel 60 (Merck, 
Germany) where the separation of the reaction residue 
containing APAP, APAP-SG and GSSG was performed; 
mobile phase consisted of methanol/water (9:1). The 
fractions (10 ml) were collected after separation and 
analyzed by thin layer chromatography (TLC) according 
to Allameh and Alikhani (2002). The detection was 
carried out using TLC on Silicagel 60 F254 (Merck, 
Germany) with methanol/water (9:1) as a mobile phase; 
bands were visualized by λ = 254 nm (APAP, APAP-SG) 
or after reaction with 0.2 % ninhydrin (APAP-SG, 
GSSG). The Rf values for APAP, APAP-SG and GSSG 
were approximatelly 0.9, 0.7 and 0.3, respectively. The 
Rf values of GSSG and APAP were determined after 
comparison with standard values. APAP-SG conjugate 
was obtained as a solid by desiccation of the fractions 
with proved APAP-SG only.  

Preparation of hepatocyte lysates  
Hepatocytes were isolated from male albino 

Wistar rats (250-280 g; Biotest, Czech Republic) by 
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collagenase perfusion (Berry et al. 1991). The viability of 
freshly isolated hepatocytes was more than 90 % as 
confirmed by trypan blue exclusion. Isolated hepatocytes 
were suspended in Williams’ E medium and diluted to 
final density of 106 cells per ml. The cells were sonicated 
(Bandelin Sonopuls sonicator, Germany) and the lysates 
were centrifuged (4 °C, 10 min, 10000 g). The inhibition 
of glutathione reductase was tested in supernatant which 
was diluted in distilled water to gain the final GR activity 
similar to samples containing yeast glutathione reductase. 
The specific activity of rat hepatocytes lysate GR was 
22 mU/mg prot.  

All animals received care according to the 
guidelines set by the Institutional Animal Use and Care 
Committee of the Charles University, Prague, Czech 
Republic. 

GR activity assay 
The principle of the method is the reduction of 

oxidized glutathione by glutathione reductase in the 
presence of NADPH (Carlberg and Mannervik 1975). 
Activity of both yeast (from Saccharomyces cerevisiae; 
160 U/mg prot.) and hepatocytes lysate GR was 
determined at 25 °C in 0.2 M potassium phosphate buffer 
(pH 7.5) by monitoring of NADPH absorbance decline 
(λ=340 nm) using well-plate spectrophotometer 
INFINITE M200 (Tecan, Austria). The volumes of 
solutions were 50 µl GR, 25 µl GSSG (3.7 mM) and the 
assay was started by addition of 50 µl NADPH (0.7 mM); 
the values in the brackets mean the final concentrations of 
a compound in a well. The decline of absorbance was 
monitored during 20 min and the results were presented 
as a dependence of absorbance on time. One Unit was 
defined as an amount of the enzyme which will reduce 
1 μmole of oxidized glutathione per minute at pH 7.6 at 
25 °C, using a molar extinction coefficient of 6.22 x 103 
for NADPH.  

Estimation of GR inhibition by APAP-SG conjugate 
The inhibition of both yeast and rat hepatocytes 

lysate GR activities by APAP-SG conjugate were assayed 
in well plates. The stock solution of APAP-SG (100 mM) 
was prepared. Then, the solutions with various 
concentrations of APAP-SG (5 mM, 10 mM, 20 mM, 
40 mM, 50 mM) were prepared by dilution in distilled 
water. 10 μl of each solution were added to the mixture of 
GR (50 μl) and GSSG (25 μl) to assess the inhibitory 
effect. The measurement was started by the addition of 
NADPH (50 μl) and monitored by λ = 340 nm 

spectrophotometrically for 20 min at 25 °C. Control 
samples were prepared by identical protocol, the distilled 
water (10 µl) was added instead of APAP-SG conjugate.  

Statistical analysis 
All experiments were repeated at least two times 

with negligible differences among results. The results 
were processed by one-way ANOVA test, followed by 
Bonferroni post-hoc test. The results are expressed as the 
mean ± S.D. (GraphPad Prism 4.03 for Windows, 
GraphPad Software, USA). p<0.05 was considered as 
significant.  

Results 

Purified APAP-SG conjugate was used to 
estimation of possible inhibitory effect in two types of 
glutathione reductase from yeast or rat hepatocyte lysate. 
The results show (Fig. 1) that the activity of both types of 
GR was decreased similarly in comparison to control in 
the presence of 2.96 mM APAP-SG. The enzyme activity 
was inhibited to 52.7±1.5 % (2.4±0.3 mU/ml) in yeast 
GR (control activity 5.6±0.3 mU/ml) and to 48.1±8.8 % 
(2.2±0.2 mU/ml) in rat hepatocyte lysate GR (control 
activity was 5.2±0.2 mU/ml). Based on these results, all 
other experiments were performed using rat liver GR. 

Fig. 1. Comparison of inhibitory effect of acetaminophen-
glutathione conjugate, APAP-SG (2.96 mM) on glutathione 
reductases from yeast and rat hepatocyte lysate. Glutathione 
reductases from yeast and rat hepatocyte were treated with a 
solution consisting of 2.96 mM APAP-SG conjugate (gray 
columns) and the decrease in absorbance (λ = 340 nm) was 
measured after addition of NADPH for 20 minutes. The results 
were evaluated and compared to control (white columns) which 
consisted of the same concentrations of all compounds, excluding 
APAP-SG conjugate. Results are expressed as mean ± S.D. 
(n = 4; ***, p<0.001, compared to control).  
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Fig. 2. Time course of the inhibition of glutathione reductase 
(from rat hepatocytes lysate) by acetaminophen-glutathione 
conjugate, APAP-SG (2.96 mM). Glutathione reductase (8 mU/ml) 
was treated with 2.96 mM APAP-SG conjugate (o, open circles) 
and the decrease in absorbance of NADPH (λ = 340 nm) was 
measured. After 20 min, the results were evaluated and 
compared to control (●, closed circles) which consisted of the 
same concentrations of compounds, excluding APAP-SG 
conjugate. The blank samples without glutathione disulfide were 
also assessed - in the presence of the APAP-SG conjugate 
(□, open squares) and without APAP-SG conjugate (■, closed
squares).

We analyzed also blank samples in all 
experiments. The blank samples did not contain GSSG 
and the obtained absorbance signals were subtracted in 
both control and APAP-SG-treated samples. The results 
show that the blank signal accounts for only 2 % and 4 % 
of absorbance decrease in control and APAP-SG-treated 
samples, respectively (Fig. 2). Although we did not 
purified the hepatocyte GR, the values of blank signals 
showed, that our conditions of GR assay were rather 
specific. 

The inhibitory effect on hepatocyte glutathione 
reductase was tested in a number of APAP-SG 
concentrations. We found that the enzyme activity was 
decreased proportionally to increasing APAP-SG 
concentration (Fig. 3). The GR activity was inhibited to 
79.8±7.0 %, 72.1±0.5 %, 66.9±2.2 %, 48.0±7.1 % and 
39.5±7.4 % in presence of 0.37 mM, 0.74 mM, 1.48 mM, 
2.96 mM and 3.7 mM APAP-SG, respectively. GR 
activity in controls was 8.7±0.5 mU/ml.  

Discussion 

Acetaminophen toxicity is a complex process 
where many mechanisms contribute to the hepatocyte 
impairment. Since the acetaminophen overdosing is one 
of the mostly found causes of acute liver failure (Lee 

2004), the estimation of APAP toxicity has been 
extensively studied. 

Recently, a number of reviews and original 
papers have been published in which new mechanisms 
contributing to the liver damage have been described. 
However, none of the mechanisms explain the cause of 
the hepatocyte damage completely (James et al. 2003, 
Jaeschke and Bajt 2006).  

The former assumption explaining a cause of 
APAP toxicity is a metabolic one. It is linked to increased 
NAPQI production during metabolic phase in the APAP 
overdose. After GSH stores are depleted, NAPQI binds to 
various proteins and the APAP-adducts are produced 
(Jollow et al. 1973, Qiu et al. 1998). This was believed to 
impair the protein function. However, none or only a 
modest change in their activity was found (Pumford et al. 
1997).  

The oxidative theory proposed that depletion of 
GSH is followed by enhanced oxidative stress in a short 
period of time which leads to the hepatocyte injury. 
Indeed, it was supported by increased lipoperoxidation, 
ROS production or increased synthesis of nitric oxide 
(NO) (Hinson et al. 1998, Knight et al. 2001, Jaeschke et 
al. 2003). However, it is questioned if the oxidative stress 
is a cause or just a consequence to decreased glutathione 
levels. It was shown that the increased ROS production 
follows the GSH depletion (Bajt et al. 2004). Another 
issue was to determine the localization of ROS 
production. The role of Kupffer cells, increased NO 
production or mitochondria as a source of ROS were 
investigated, but the question concerning the role of ROS 

Fig. 3. Inhibition of glutathione reductase (from rat hepatocyte 
lysate) by acetaminophen-glutathione conjugate (APAP-SG).
Ratio of resultant glutathione reductase activities to control signal 
(8.7±0.5 mU/ml) in samples treated with various concentrations 
of APAP-SG conjugate (0.37 mM, 0.74 mM, 1.48 mM, 2.96 mM 
and 3.70 mM). The absorbance decrease of NADPH (λ = 340 nm) 
was monitored for 20 min. Results are expressed as mean ± S.D. 
(n = 2-4; *, p<0.05, ***, p<0.001, compared to control). 
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as the main cause of cell death has not been answered yet 
(James et al. 2003, Jaeschke and Bajt 2006). 

The present work is directed to assess a newly 
proposed principle contributing to the acetaminophen 
toxicity. We observed recently that the glutathione 
reductase activity was reduced in rat hepatocytes treated 
with acetaminophen (Roušar et al. 2009). This inhibition 
was proved to be dose-dependent. We ascribed the cause 
of GR inhibition to the impairment of the enzyme by ROS 
or toxic aldehydes, as described in several other papers 
(Ochi 1990, Vessey and Lee 1993). Despite this, we have 
proposed another theory of the cause of GR inhibition. We 
have hypothesized that the inhibition could be caused by 
direct effect of APAP-SG, the conjugate of glutathione and 
acetaminophen (or NAPQI more precisely).  

To prove our hypothesis, we decided to prepare 
APAP-SG conjugate by organic synthesis. We tested two 
types of glutathione reductase – a commercially available 
GR from yeast Saccharomyces cerevisiae and GR from 
rat hepatocyte lysate. In accordance to our hypothesis, we 
repeatedly found that APAP-SG inhibits largely yeast and 
hepatocyte lysate GR; 2.96 mM APAP-SG was able to 
inhibit glutathione reductase activity by about 50 %.  

The assessed concentrations of APAP-SG (0.37 - 
3.7 mM) may be comparable to the APAP-SG levels 
occurring in hepatocytes. In APAP overdose, the levels of 
APAP in the cells are in milimolar range (Mitchell et al. 
1973); the GSH levels in hepatocytes were found in 
milimolar range as well (Pastore et al. 2003). After the 
glucuronidation and sulfation pathways are saturated, the 
most of the dose is oxidized to NAPQI. Thus, the 
described effect of APAP-SG on GR activity is likely to 
occur in the cells. The possibly substantial role of GR in 
the acetaminophen toxicity is supported by the work of 
Armesto et al. (1993) who demonstrated that a drug, 
lobenzarit, enhances GR activity in mice. Since lobenzarit 
was proved to have hepatoprotective properties in APAP 
overdose, this effect may be caused just by decreasing of 
the GR inhibition present in APAP-treated hepatocytes.  

We propose that the cause of observed GR 
inhibition by APAP-SG might be due to similar principle 
as in the case of inhibition of glutathione reductase by 
S-nitrosoglutathione (Becker et al. 1995). The authors
presented that S-nitrosoglutathione was capable of
inhibiting the glutathione reductase activity by reversible
and/or irreversible mechanism. It follows that GR is able
to react with a compound of chemical structure related at
least to a half of glutathione disulphide molecule.

The exploration of glutathione reductase 

inhibition by APAP-SG partially changes the view to 
acetaminophen toxicity. Indeed, the conjugate of 
acetaminophen (or more precisely NAPQI) and 
glutathione always occurs when NAPQI has been formed 
by cytochrome P450. Moreover, NAPQI production is 
even catalyzed by glutathione-S-transferase (GST) (Coles 
et al. 1988). The conjugation of APAP and GSH has been 
considered till now as a protective mechanism which 
protects the hepatocyte against the binding of NAPQI to 
various proteins. The conjugate is consequently 
transported out of the cell to the bile by MRP-2 
(multidrug resistance-associated protein-2) localized in 
canalicular membrane of hepatocyte (Chen et al. 2003).  

Despite generally accepted mechanisms described 
above, several original works brought results that were not 
anticipated before. In 2000, the work of Henderson et al. 
(2000) described the estimation of APAP toxicity in GST-
pi knockout mice. GST-pi is an isoenzyme of glutathione-
S-transferase which is proved to catalyze the formation of
APAP-SG conjugate in the liver (Coles et al. 1988,
Henderson and Wolf 2005). Remarkably, the results
showed that GST-pi knockout mice were much more
resistant to APAP toxicity than wild-type mice. The
explanation of that phenomenon was attributed to GST-
catalyzed redox cycling and enhancement of oxidative
stress, or to the role of GST-pi as an inhibitor of the stress
inducible Jun N-terminal kinase (Henderson et al. 2000).
However, the results may be explained convincingly
regarding the finding published in this paper.

The hepatocytes from mice lacking GST-pi 
produce certainly much lower amount of APAP-SG 
conjugate (Coles et al. 1988). Hence, lower concentration 
of APAP-SG can lead to a slighter inhibition of GR. 
Indeed, this is supported by different recoveries of 
glutathione when comparing wild-type and GST-pi 
knockout mice treated with acetaminophen (Henderson et 
al. 2000). These results show that GSH concentrations 
were decreased in both strains, although GSH levels 
remained higher at all time points in knockout mice 
compared to wild-type ones. In addition, the GSH levels 
almost recovered to pretreatment levels within 5 h in GST-
pi null mice, whereas GSH remained depleted in wild-type 
mice. The authors tested the protein levels of glutathione 
biosynthetic enzymes, γ-glutamylcysteine synthetase and 
glutathione synthetase, which were essentially unchanged. 
Hence, the GSH recovery cannot be explained in this way 
and it is likely that the diverse GSH recovery between mice 
strains could be influenced by different GR activity.  

Another paper was concerned in testing of 
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susceptibility of transport-deficient hyperbilirubinemic, 
MRP-2 deficient rats to acetaminophen (Silva et al. 
2005). The treatment of MRP-2 deficient rats with 
acetaminophen resulted in a finding that mutant rats were 
more resistant than wild-type rats. The published 
explanation was that increased expression of certain 
cytochrome P-450 isoenzymes produced even more 
NAPQI which caused even larger impairment. On the 
other hand, the MRP-2 deficiency in rats likely evoked an 
accumulation of APAP-SG in the hepatocytes leading to 
the subsequent enhancement of the GR inhibition (Silva 
et al. 2005). Obviously, an attribute of enhanced NAPQI 
formation is also important, but the increased toxicity 
may be again due to increased production of APAP-SG. 

For further support of our hypothesis, we sought 
to find another mechanism capable to enhance APAP-SG 
intracellular levels. Rzucidlo et al. (2000) published a 
paper focused on the estimation of acute APAP toxicity in 
transgenic mice with elevated hepatic glutathione. They 
hypothesized that due to overexpression of glutathione 
synthetase and elevated GSH levels, the transgenic mice 
should be better protected against APAP toxicity. 
Surprisingly, the expectations were not fulfilled because 
transgenic mice showed significantly higher level of 
hepatotoxicity. The cause of this surprising finding was not 
fully explained. However, regarding our results presented 
here, the mechanism of higher hepatotoxicity level in mice 
with elevated glutathione could be easily explained by 
increased formation of APAP-SG conjugate and 
augmented inhibition of glutathione reductase. 

Conclusions 

The obtained results confirmed our hypothesis 

that glutathione reductase could be inhibited by 
APAP-SG conjugate in vitro which is supported by 
published results of the other authors. Generally, 
depletion of GSH due to reaction with NAPQI in 
acetaminophen overdose is always related to 
acetaminophen toxicity. Since glutathione reductase is a 
crucial enzyme in maintenance of intracellular GSH 
levels, the decrease of GR activity raises hepatocyte 
impairment. In addition, it is generally accepted that the 
GSH exhaustion results in a number of consequent 
pathological processes (e.g. ROS production, 
peroxynitrite formation and/or lipoperoxidation) which 
lead to GSSG production and to the cell death. Hence, 
our results shed light on a mechanism that could 
contribute to the acetaminophen toxicity in the liver.  
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Research into human biotransformation and elimination systems continues to evolve. Various clinical and in vivo studies have
been undertaken to evaluate the effects of foods and food-derived components on the activity of detoxification pathways, including
phase I cytochrome P450 enzymes, phase II conjugation enzymes, Nrf2 signaling, andmetallothionein.This review summarizes the
research in this area to date, highlighting the potential for foods and nutrients to support and/or modulate detoxification functions.
Clinical applications to alter detoxification pathway activity and improve patient outcomes are considered, drawing on the growing
understanding of the relationship between detoxification functions and different disease states, genetic polymorphisms, and drug-
nutrient interactions. Some caution is recommended, however, due to the limitations of current research as well as indications
that many nutrients exert biphasic, dose-dependent effects and that genetic polymorphisms may alter outcomes. A whole-foods
approach may, therefore, be prudent.

1. Introduction

Food-based nutrients have been and continue to be investi-
gated for their role in the modulation of metabolic pathways
involved in detoxification processes. Several publications
to date have leveraged cell, animal, and clinical studies to
demonstrate that food-derived components and nutrients
can modulate processes of conversion and eventual excretion
of toxins from the body [1]. In general, the nature of these
findings indicates that specific foods may upregulate or
favorably balance metabolic pathways to assist with toxin
biotransformation and subsequent elimination [2, 3]. Various
whole foods such as cruciferous vegetables [2, 4, 5], berries
[6], soy [7], garlic [8, 9], and even spices like turmeric
[10, 11] have been suggested to be beneficial and commonly
prescribed as part of naturopathic-oriented and functional
medicine-based therapies [12, 13].

While these foods are important to note, the science
in this active area of inquiry continues to evolve to reveal

new findings about food-based nutrients and their effect
on health. Thus, the purpose of this review article is to
summarize the science to date on the influence of whole
foods, with a special focus directed towards phytonutri-
ents and other food-based components, on influencing spe-
cific metabolic detoxification pathways, including phase I
cytochrome enzymes, phase II conjugation enzymes, antiox-
idant support systems, and metallothionein upregulation for
heavy metal metabolism. Based on this current science, the
paper will conclude with clinical recommendations that may
be applied in a personalized manner for patients via the
discretion of a qualified health professional.

2. The Metabolic Pathways of Detoxification

Discussion of physiological pathways for detoxification has
been mainly centered around phase I and phase II enzyme
systems. This review will cover phase I cytochrome P450
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enzymes as well as phase II enzymes, specifically UDP-
glucuronosyl transferases, glutathione S-transferases, amino
acid transferases, N-acetyl transferases, and methyltrans-
ferases. Note that there are other important classes of phase I
enzymes, namely, hydroxylation and reduction, which are not
covered in this review. While these important enzymes are
pivotal to consider, this review of the effect of food on detox-
ification will also extend into other pathways, including ways
to promote gene expression of antioxidant-related enzymes
and of metallothionein, an endogenous protein carrier for
heavy metals. Each of these four classes of detoxification-
related pathways will be discussed within the context of
nutrients.

2.1. Phase I Cytochrome P450 Enzymes. Initially, the “phases”
of detoxification were described as functionalization (or
phase I), or the addition of oxygen to form a reactive site
on the toxic compound, and conjugation (phase II), or the
process of adding a water-soluble group to this now reactive
site [14, 15]. The “Phase I” cytochrome P450 superfamily of
enzymes (CYP450) is generally the first defense employed
by the body to biotransform xenobiotics, steroid hormones,
and pharmaceuticals. These microsomal membrane-bound,
heme-thiolate proteins, locatedmainly in the liver, but also in
enterocytes, kidneys, lung, and even the brain, are responsible
for the oxidation, peroxidation, and reduction of several
endogenous and exogenous substrates [13, 15, 16]. Specifically,
the function of CYP450 enzymes is to add a reactive group
such as a hydroxyl, carboxyl, or an amino group through
oxidation, reduction, and/or hydrolysis reactions [15]. These
initial reactions have the potential to create oxidative damage
within cell systems because of the resulting formation of
reactive electrophilic species.

It is accepted that any variability in the number ofCYP450
enzymes could have benefit(s) and/or consequence(s) for
how an individual responds to the effect(s) of (a) toxin(s).
Clinical application of the knowledge of these phase I
CYP450 enzymes has been primarily addressed within phar-
macology to understand the nature of drug interactions, side
effects, and interindividual variability in drug metabolism
[15]. The ability of an individual to metabolize 90% of
currently used drugs will largely depend on the genetic
expression of these enzymes [17]. It is established that many
of these CYP450 genes are subject to genetic polymor-
phisms, resulting in an altered expression and function of
individual enzymes. Currently, there exist some laboratory
tests to identify the presence of these genetic variants. It is
conceivable that having knowledge about foods and their
individual (phyto)nutrients, especially in the case of dietary
supplements and functional foods, could be worthwhile
for clinicians to consider for patients who are taking a
polypharmacy approach. Furthermore, as nutritional strate-
gies become more personalized, it would seem that this
information could be interfaced with a patient’s known
CYP450 polymorphisms to determine how to best optimize
health outcomes.

2.1.1. CYP1 Enzymes. TheCYP1A family is involved inmetab-
olizing procarcinogens, hormones, and pharmaceuticals.

It is well-known for its role in the carcinogenic bioactivation
of polycyclic aromatic hydrocarbons (PAHs), heterocyclic
aromatic amines/amides, polychlorinated biphenyls (PCBs),
and other environmental toxins [18, 19]. LowCYP1A2 activity,
for example, has been linked to higher risk of testicular
cancer [20]. However, due to their rapid conversion to
highly reactive intermediates, excessive activity of CYP1A
enzymes without adequate phase II support may enhance
the destructive effects of environmental procarcinogens [21].
Indeed, genetic polymorphisms in this cytochrome family
have been suggested as useful markers for predisposition
to certain cancers [15]. CYP1 enzymes are also involved
in the formation of clinically relevant estrogen metabolites:
CYP1A1/1A2 and CYP1B1 catalyze the 2-hydroxylation and
4-hydroxylation of estrogens, respectively [22]. The potential
role of 4-hydroxyestradiol in estrogen-related carcinogenesis,
via the production of free radicals and related cellular damage
[22], has prompted investigation into factors that modulate
CYP1 enzymes.

Various foods and phytonutrients alter CYP1 activity
(Tables 1(a) and 1(b)). Cruciferous vegetables have been
shown, in humans, to act as inducers of CYP1A1 and 1A2,
and animal studies also suggest an upregulation of CYP1B1
[4, 23–27].The inductory effect of crucifers onCYP1A2 seems
especially well established. Clinical studies also indicate
that resveratrol and resveratrol-containing foods are CYP1A1
enhancers [28]. Conversely, berries and their constituent
polyphenol, ellagic acid, may reduce CYP1A1 overactivity
[6], and apiaceous vegetables and quercetin may attenuate
excessive CYP1A2 action [24, 29]. Cruciferous vegetables and
berries have been suggested as possible modulators of estro-
gen metabolites: berries for their reducing effect on CYP1A1
[6] and cruciferous vegetables for their stronger induction of
CYP1A versus 1B1 enzymes [25–27, 30]. Chrysoeriol, present
in rooibos tea and celery, acts selectively to inhibit CYP1B1
in vitro [31] and may be especially relevant to patients with
CYP1B1 overactivity. However, further research is needed to
confirm this finding.

Many foods appear to act as both inducers and inhibitors
of CYP1 enzymes, an effect which may be dose dependent
or altered by the isolation of bioactive compounds derived
from food. Curcumin at 0.1% of the diet has been shown, in
animals, to induce CYP1A1, for example, [35], yet a diet of 1%
turmeric was inhibitory [46]. Black tea at 54mL/d induced
both CYP1A1 and 1A2 [33], yet 20mg/kg of theaflavins was
inhibitory to CYP1A1 [45]. Soybean intake at 100mg/kg
upregulated CYP1A1 activity [7], yet at 1 g/kg black soybean
extract [44] and 200mg daidzein twice daily [49], its effect
was inhibitory. Further research is needed to confirm differ-
ent dose effects and impact in humans.

Varied effects may also occur from different members of
the same food group. Seemingly contradictory to research
showing that cruciferous vegetables activate CYP1 enzymes,
kale (another member of the cruciferous family) appears to
inhibit CYP1A2 (as well as 2C19, 2D6, and 3A4) in animals
[51].Thedose used, at 2 g/kg per day, is 15-fold higher than the
typical level of human consumption [51], and more research
would be required to determine whether lower intake levels
would also have a similar effect. The same authors also tested



Journal of Nutrition and Metabolism 3

Table 1: (a) Human and in vivo example nutrient inducers of CYP1 enzymes. (b) Human and in vivo example nutrient inhibitors of CYP1
enzymes.

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Cruciferous vegetables Clinical 500mg/d indole-3-carbinol [23]
Resveratrol

Grapes, wine, peanuts, soy, and itadori tea [32] Clinical 1 g/d resveratrol [28]: note high
dose used

Green tea In vivo 45mL/d/rat (avg. 150 g animal
weight) green tea [33]

Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

CYP1A1
Curcumin

Turmeric, curry powder [34] In vivo 1,000mg/kg/d/rat curcumin [35],
or about 150mg per rat per day

Soybean In vivo 100mg/kg soybean extract [7]
Garlic In vivo 30 to 200mg/kg garlic oil [36]

Fish oil In vivo 20.5 g/kg fish oil [36]: note high
dose used

Rosemary In vivo Diet of 0.5% rosemary extract
[37]

Astaxanthin
Algae, yeast, salmon, trout, krill, shrimp, and crayfish

[38]
In vivo Diets of 0.001–0.03% astaxanthin

for 15 days [39]

Cruciferous vegetables Clinical

7–14 g/kg cruciferous vegetables
including frozen broccoli and
cauliflower, fresh daikon radish

sprouts and raw shredded
cabbage, and red and green [24]

500 g/d broccoli [4]
250 g/d each of Brussel sprouts

and broccoli [25]
500 g/d broccoli [26]

CYP1A2 Green tea In vivo

45mL/d/rat (avg. 150 g animal
weight) green tea [33]

Green tea (2.5%w/v) as sole
beverage [40]

Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

Chicory root In vivo Diet of 10% dried chicory root
[41]

Astaxanthin
Algae, yeast, salmon, trout, krill, shrimp, and crayfish

[38]
In vivo Diets of 0.001–0.03% astaxanthin

for 15 days [39]

CYP1B1
Curcumin

Turmeric, curry powder [34] In vivo Diet of 0.1% curcumin [35]

Cruciferous vegtables In vivo 25–250mg/kg indole-3-carbinol
[27]

(b)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Black raspberry In vivo Diet of 2.5% black raspberry [6]
Blueberry In vivo Diet of 2.5% blueberry [6]

CYP1A1

Ellagic acid
Berries, pomegranate, grapes, walnuts, and blackcurrants

[42]
In vivo 30mg/kg/d ellagic acid [43]

400 ppm ellagic acid [6]

Black soybean In vivo 1 g/kg black soybean seed coat
extract [44]: note high dose used

Black tea In vivo 20mg/kg theaflavins [45]
Turmeric In vivo Diet of 1% turmeric [46]
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(b) Continued.

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Apiaceous vegetables Clinical

4 g/kg apiaceous vegetables,
including frozen carrots and
fresh celery, dill, parsley, and

parsnips [24]
Quercetin

Apple, apricot, blueberries, yellow onion, kale, alfalfa
sprouts, green beans, broccoli, black tea, and chili powder

[47, 48]

Clinical 500mg/d quercetin [29]

CYP1A2
Daidzein

Soybean [49] Clinical 200mg twice daily dosing of
daidzein [49]

Grapefruit Clinical 300mL grapefruit juice [50]

Kale In vivo
2 g/kg/d kale, as freeze-dried kale

drink
[51]

Garlic In vivo 100mg/kg garlic oil [52]

Chamomile In vivo Free access to 2% chamomile tea
solution [53]

Peppermint In vivo Free access to 2% peppermint tea
solution [53]

Dandelion In vivo Free access to 2% dandelion tea
solution [53]

Turmeric In vivo Diet of 1% turmeric [46]

the effects of an equivalent volume of cabbage consumption
and found no such inhibitory effect, pointing to the possi-
bility that different cruciferous vegetables may have distinct
effects on cytochrome activity.

2.1.2. CYP2A-E Enzymes. The large CYP2 family of enzymes
is involved in the metabolism of drugs, xenobiotics, hor-
mones, and other endogenous compounds such as ketones,
glycerol, and fatty acids [15, 54]. Some notable polymor-
phisms occur in the CYP2C and CYP2D subgroups, leading
to the classification of patients as “poor metabolizers” of var-
ious pharmaceuticals: warfarin and CYP2C9, antiarrhythmia
agents, metoprolol and propafenone, and CYP2D6, pheny-
toin, cyclobarbital, omeprazole, and CYP2C19, for example,
[15, 17]. CYP2D polymorphisms may be associated with
Parkinson’s disease and lung cancer [15]. Clinical evidence
exists for the induction of CYP2A6 by quercetin and broc-
coli [4, 29] (Table 2(a)). In animals, chicory appears to
induce CYP2A enzymes [41] and rosemary and garlic may
upregulate CYP2B activity [9, 37]. Clinical studies using
resveratrol and garden cress indicate CYP2D6 inhibition
[28, 55] (Table 2(b)). Ellagic acid, green tea, black tea, and
cruciferous vegetables also appear to inhibit various CYP2
enzymes.

CYP2E1 enzymes have also attracted particular interest
for their role in various diseases. 2E1 metabolizes nervous
system agents such as halothane, isoflurane, chlorzoxazone,
and ethanol and bioactivates procarcinogenic nitrosamines
and aflatoxin B1 [15, 65]. It produces free radicals regardless
of substrate [15], and CYP2E1 polymorphisms have been
associated with altered risk for coronary artery disease [66]

and gastric cancer [67]. CYP2E1-induced oxidative stress has
also been shown to lead to impaired insulin action via the
suppression of GLUT4 expression [68]. Attenuation of 2E1
overactivity may therefore be an important consideration in
high-risk patients.

Watercress and garlic are CYP2E1 inhibitors in humans
[59, 60]. In vivo evidence also suggests that N-acetyl cys-
teine, ellagic acid, green tea, black tea, dandelion, chrysin,
and medium chain triglycerides (MCTs) may downregulate
CYP2E1 [33, 43, 54, 61, 63, 64]. MCT oil may specifically
attenuate the ethanol-induced upregulation of CYP2E1 and
production of mitochondrial 4-hydroxynonenal, a marker of
oxidative stress [64].

2.1.3. CYP3A Enzymes. The occurrence of the different
CYP3A isoforms is tissue-specific [15]. Rooibos tea, garlic,
and fish oil appear to induce the activity of CYP3A, 3A1,
and 3A2 [8, 36, 69, 70] (Table 3(a)). Possible inhibitory foods
include green tea, black tea, and quercetin [33, 56, 71, 72]
(Table 3(b)). The most clinically relevant of the enzymes is
CYP3A4, which is expressedmainly in the liver and to a lesser
extent in the kidney [13]. Caffeine, testosterone, progesterone,
and androstenedione are substrates of the CYP3A4 enzyme
system, as are various procarcinogens including PAHs and
aflatoxin B1 [15]. To date, however, the principal driver
for research on CYP3A4 has been due to its role in the
metabolism of over 50 percent of all pharmaceuticals [73].
The potential for drug interaction with this single enzyme,
coupled with the wide interindividual differences in enzy-
matic activity, generates some level of risk in administration
of high doses and multiple drugs as well as food-drug
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Table 2: (a) Human and in vivo example nutrient inducers of selected CYP2 enzymes. (b) Human and in vivo example nutrient inhibitors of
selected CYP2 enzymes.

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

CYP2A Chicory root In vivo Diet of 10% dried chicory root
[41]

CYP2A6

Quercetin
Apple, apricot, blueberries, yellow onion, kale, alfalfa
sprouts, green beans, broccoli, black tea, and chili

powder [47, 48]

Clinical 500mg/d quercetin [29]

Broccoli Clinical 500 g/d broccoli [4]

CYP2B1

Rosemary In vivo Diet of 0.5% rosemary extract
[37]

Garlic In vivo
0.5 and 2.0mmol/kg diallyl

sulfide, or about 75 and 300mg,
respectively [9]

CYP2B2 Rosemary In vivo Diet of 0.5% rosemary extract
[37]

CYP2E1
Fish oil In vivo 20.5 g/kg fish oil [36]: note high

dose used

Chicory root In vivo Diet of 10% dried chicory root
[41]

(b)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo 10 and 30mg/kg/d ellagic acid

[43]

CYP2B Green tea In vivo 100mg/kg/d green tea extract
[56]

Cruciferous vegetables In vivo 3 and 12mg/kg/d sulforaphane
[57]

CYP2B1 Turmeric In vivo Diet of 1% turmeric [46]

Green tea In vivo 45mL/d/rat (avg. 150 g animal
weight) green tea [33]

CYP2C Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo 30mg/kg/d ellagic acid [43]

CYP2C6
Ellagic acid

Berries, pomegranate, grapes, walnuts, and
blackcurrants [42]

In vivo 30mg/kg/d ellagic acid [43]

CYP2C9

Resveratrol
Grapes, wine, peanuts, soy, and itadori tea [32] Clinical 1 g/d resveratrol [28]: note high

dose used
Myricetin

Onions, berries, grapes, and red wine [58] In vivo 2 and 8mg/kg myricetin [58]

CYP2C19 Kale In vivo 2 g/kg/d kale, as freeze-dried kale
drink [51]

Resveratrol
Grapes, wine, peanuts, soy, and itadori tea [32] Clinical 1 g/d resveratrol [28]: note high

dose used

CYP2D6 Garden cress Clinical 7.5 g twice daily intake of garden
cress seed powder [55]

Kale In vivo 2 g/kg/d kale, as freeze-dried kale
drink [51]
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(b) Continued.

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Watercress Clinical 50 g watercress homogenate
[59]

Garlic Clinical and
in vivo

0.2mg/kg diallyl sulfide,
equivalent to high human garlic

consumption [60]
100mg/kg garlic oil [52]

200mg/kg diallyl sulfide [8]
30 to 200mg/kg garlic oil [36]
Diet of 2% and 5% garlic powder

[61]
N-acetyl cysteine

Allium vegetables [54] In vivo 25mg/kg and 50mg/kg N-acetyl
cysteine [54]

CYP2E1
Ellagic acid

Berries, pomegranate, grapes, walnuts, and
blackcurrants [42]

In vivo 10 and 30mg/kg/d ellagic acid
[43]

Green tea In vivo 45mL/d/rat (avg. 150 g animal
weight) green tea [33]

Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

Dandelion In vivo 0.5 and 2 g/kg dandelion leaf
water extract [62]

Chrysin
Honey, honeycomb [63] In vivo 20 and 40mg/kg/d chrysin [63]

Medium-chain triglycerides (MCTs)
Coconut and coconut oil In vivo 32% calories as MCTs [64]

and herb-drug interactions. Grapefruit juice is perhaps the
most well-known food inhibitor of this enzyme [74], though
resveratrol and garden cress, a member of the cruciferous
vegetable family, appear to have similar effects in humans,
albeit at intakes above what would be expected without high-
dose supplementation [28, 55]. Curcumin may upregulate
3A4 activity [11].

Once again, there are indications that a biphasic effect
may be seen from dietary bioactive compounds; Davenport
and Wargovich (2005) found that shorter-term or lower
dosing with garlic organosulfur compounds produced poten-
tially anticarcinogenic effects but that longer-term higher
doses (200mg/kg) of allyl sulfides led to minor hepatic
toxicity [8]. One garlic clove contains only 2,500–4,500𝜇g
of the allyl sulfide precursor, allicin [76], so the higher dose
is much more than would be consumed in a typical human
diet. In another example, two components of cruciferous
vegetables, sulforaphanes and indole-3-carbinol, inhibited
and increased activity, respectively [57, 75], highlighting the
potential for human studies using whole foods to clarify the
outcome of consumption.

2.1.4. CYP4 Enzymes. Less is known about this family of
enzymes, since it is thought to play a smaller role in
drug metabolism. It is, however, understood to be a pri-
marily extrahepatic family of cytochromes, inducible by
clofibrate and ciprofibrate (hypolipidemic drugs), NSAIDs,
prostaglandins, and toxicants such as phthalate esters [15, 77].
The CYP4B1 isoform is involved in the metabolism of MCTs

(medium chain triglycerides), as well as the bioactivation of
pneumotoxic and carcinogenic compounds [78].

Polymorphisms and overexpression of this subgroupmay
be associated with bladder cancer [15] and colitis [79]. A
report by Ye et al. (2009) which examined the link between
colitis and CYP4B1 activity found that the promotion of
CYP4B1 activity by caffeic acid (found in caffeine-containing
foods) (Table 4) correlated with reduced inflammation and
disease activity [79]. Green tea may act to induce CYP4A1, as
suggested by animal studies [40]. More research is needed to
clearly identify food influences on this enzyme family.

2.2. Phase II Conjugation Enzymes. After a xenobiotic has
gone through the process of becoming hydrophilic through
reactions overseen by CYP450 enzymes, its reactive site can
be conjugated with an endogenous hydrophilic substance.
This reaction is often referred to as “phase II detoxification.”
Conjugation involves the transfer of a number of hydrophilic
compounds (via their corresponding enzymes), including
glucuronic acid (glucuronyl transferases), sulfate (sulfotrans-
ferases), glutathione (glutathione transferases), amino acids
(amino acid transferases), an acetyl group (N-acetyl trans-
ferases), and a methyl group (N- and O-methyltransferases)
[81].The result of the collective activity of these enzymes is an
increase in the hydrophilicity of the metabolite, theoretically
leading to enhanced excretion in the bile and/or urine [81].
Similar to the CYP450 enzymes, genetic polymorphisms can
have profound influence on the function of these conjugating
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Table 3: (a) Human and in vivo example nutrient inducers of selected CYP3 enzymes. (b) Human and in vivo example nutrient inhibitors of
selected CYP3 enzymes.

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

CYP3A Rooibos tea In vivo Rooibos tea, 4 g/L simmered for 5
minutes, as sole beverage [69]

CYP3A1
Garlic In vivo

30 to 200mg/kg garlic oil [36]
80 and 200mg/kg garlic oil 3 times

weekly [70]

Fish oil In vivo 20.5 g/kg fish oil [36]: note high dose
used

CYP3A2 Garlic In vivo 200mg/kg diallyl sulfide [8]
Cruciferous vegetables In vivo 50mg/kg/d indole-3-carbinol [75]

CYP3A4 Curcumin
Turmeric, curry powder [34] In vivo 50 and 100mg/kg curcumin [11]

(b)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

CYP3A

Green tea In vivo

45mL/d/rat (avg. 150 g animal
weight) green tea [33]

400mg/kg green tea extract [71]
100mg/kg/d green tea extract

[56]

Black tea In vivo 54mL/d/rat (avg. 150 g animal
weight) black tea [33]

Quercetin
Apple, apricot, blueberries, yellow onion, kale, alfalfa
sprouts, green beans, broccoli, black tea, and chili

powder [47, 48]

In vivo 10 and 20mg/kg [72]

CYP3A2 Cruciferous vegetables In vivo 12mg/kg/d sulforaphane [57]

Grapefruit Clinical 200mL grapefruit juice 3 times
daily [74]

Resveratrol
Grapes, wine, peanuts, soy, and itadori tea [32] Clinical 1 g/d resveratrol [28]: note high

dose used

CYP3A4 Garden cress Clinical 7.5 g twice daily dose of garden
cress seed powder [55]

Soybean In vivo 100mg/kg soybean extract [7]

Kale In vivo 2 g/kg/d kale, as freeze-dried kale
drink [51]

Myricetin
Onions, berries, grapes, and red wine [58] In vivo 0.4, 2, and 8mg/kg myricetin

[58]

Table 4: Human and in vivo example nutrient inducers of selected CYP4 enzymes.

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

CYP4A1 Green tea In vivo Green tea (2.5%w/v) as sole beverage [40]

CYP4B1 Caffeic acid
Coffee [80] In vivo 179mg/kg caffeic acid [79]

enzymes [82], with potential implication in the development
of several forms of cancer [83].

It is conceivable that modulation of phase II enzymes
by food-based bioactive compounds may be advantageous
in patients who have altered enzyme activity due to genetic

polymorphisms or who have a high toxic burden due to
chronic exposure to environmental pollutants, overactive
phase I activity, or hormonal imbalance. For example,
James et al. (2008) suggest that upregulation of glucuronida-
tion and sulfonation by certain bioactive compounds may be
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a useful consideration for the elimination of environmental
PCBs [19].

2.2.1. UDP-Glucuronosyltransferases. This class of enzymes,
comprising multiple proteins and even subfamilies, plays an
essential role in enhancing the elimination of biotransformed
toxins in urine and feces, as well as metabolizing steroid
hormones and bilirubin [84, 85].Their function is to catalyze
the covalent linkage of glucuronic acid fromUDP-glucuronic
acid to an accepting functional group on the molecule, a
process referred to as glucuronidation [86]. Glucuronidation
occurs primarily in the liver but can occur in other tissues,
such as the small intestine [86, 87]. Bilirubin, specifically,
is principally conjugated by UGT1A1 in hepatocytes [88]
and then excreted with bile into the intestinal tract. It has
been estimated that 40–70% of all medications are subject
to glucuronidation reactions in humans, thereby suggesting
the significance of this conjugation enzyme family [88].
Since UDP-glucuronosyltransferases (UGTs) also metabolize
phytochemicals, alterations in their effects may be seen with
genetically downregulated enzyme activity; flavonoids are
conjugated with glucuronide and sulfate; therefore, UGT
or sulfotransferase (SULT) polymorphisms may produce
variability in phytochemical clearance and efficacy [89].

Clinical and observational studies point to cruciferous
vegetables, resveratrol, and citrus as foods and bioactive
compounds that induce UGT enzymes [25, 28, 90–92]
(Table 5(a)). Animal studies also suggest the potential for
other foods and nutrients, including dandelion, rooibos
tea, honeybush tea, rosemary, soy, ellagic acid, ferulic acid,
curcumin, and astaxanthin, to enhance UGT activity [37, 39,
53, 93–95]. Interestingly, the effect of resveratrol was seen
only in individuals with low baseline enzyme levels/activity,
suggesting that some phytochemicals may modulate, rather
than outright induce, enzymatic activity [28]. In addition,
many studies note that effects are variable depending on
gender and genotype [85, 90, 92]; for example, women with
the UGT1A1 ∗28 polymorphism (7/7) were responsive to
citrus intervention, whereas those with other genetic variants
were not [92].

Meaningful interpretations of these studies may still
be elusive, however: in one combined dietary trial, the
consumption of 10 servings per day of a combination of
cruciferous vegetables, soy foods, and citrus fruits did not
have a significant effect on UGT enzyme activity compared
with a diet devoid of fruits and vegetables [85]. The authors
hypothesize that these results may be due to their choice of
specific foods within those groups or due to Nrf2 activation
(discussed in subsequent sections) when fruits and vegetables
were avoided.

The effects of UGT activity may also be enhanced by D-
glucaric acid by theoretical inhibition of beta-glucuronidase
enzymes [100]. Beta-glucuronidase enzymes act to reverse
UGT conjugation reactions. D-glucaric acid is found inmany
fruits, vegetables and legumes (Table 5(b)). When tested
in humans, however, a diet supplemented with cruciferous
vegetables (2/3 cup broccoli, 1/2 cup cabbage, and 1/2 cup
radish sprouts), citrus fruits (1 cup grapefruit juice, 1/2 cup
orange juice, 1 cup orange/grapefruit segments, and 1 orange

peel), and soy foods was found to have no effect on beta-
glucuronidase activity [101] (amounts standardized for 55 kg
body weight), indicating that the clinical effects of D-glucaric
acid consumption still need further clarification.

In vivo research suggests that polyphenol extracts of
certain berries, specifically strawberries and blackcurrant,
may inhibit beta-glucuronidase activity in the intestinal
lumen; Kosmala et al. (2014) observed this effect using both
strawberry pomace water extract and water-alcohol extract
containing 5.1% and 17.1% ellagic acid, and 0.2% and 10.9%
proanthocyanidins, respectively [100]. Jurgoński et al. (2014)
found a similar inhibitory effect using a diet of 1.5% blackcur-
rant extract (total polyphenolic content 66.8 g/100 g extract)
[102]. Interestingly, the highest levels of beta-glucuronidase
activity were seen in rabbits fed a high fat diet (32% calories
from fat, including 10% from lard), without blackcurrant
extract supplementation, suggesting that dietary fat may also
alter enzyme activity [102].

Inhibition of UGT enzymatic activitymay be a considera-
tion for modulation of hormone levels and the risk of certain
cancers, such as prostate cancer [84]. In vitro studies suggest
that various foods and food-based components may inhibit
UGT activity, including green and black tea, quercetin, rutin,
naringenin, allspice, peppermint oil, cacao, and silymarin
[84], although further research is needed to evaluate their in
vivo and clinical effects.

2.2.2. Sulfotransferases. As the name of this superfamily
of enzymes might suggest, SULTs are responsible for the
transfer of a sulfuryl group donated by 3-phosphoadenosine-
5-phosphosulfate (PAPS) to hydroxyl or amine groups,
particularly in the areas of liver, intestine, adrenal gland,
brain, and skin tissues [103]. This process is often referred
to as sulfation but is more accurately termed sulfonation or
sulfurylation. Decreased function of these enzymes, through
genetic variability or presence of environmental chemicals,
can lead to eventual interference with thyroid hormone,
estrogen, and androgen levels [104, 105], as well as variable
polyphenol effects [106], since the active forms of these
compounds can be degraded via sulfonation. Typically, once
compounds have been conjugated with sulfate, there is less
reactivity and toxicity incurred from the precursor molecule
[105].

Few in vivo studies have examined the effects of dietary
components on SULT activity, although caffeine and retinoic
acid are possible SULT inducers according to animal studies
[107, 108] (Table 6(a)). Although it is uncertain how their out-
comes will translate in vivo, various in vitro studies have indi-
cated the possibility of sulfotransferase inhibition (including
competitive inhibition) by wine anthocyanins and flavonols,
synthetic food colors (especially red colors), apple and grape
juice, catechins including epigallocatechin gallate, quercetin,
curcumin, resveratrol, flavonoids (apigenin, chrysin, fisetin,
galangin, kaempferol, quercetin, myricetin, naringenin, and
naringin), and certain phytoestrogens (daidzein, genistein)
[3, 105]. Pyridoxal-6-phosphate, the active form of vitamin
B6 (which is widely distributed in foods), may also be a com-
petitive SULT inhibitor, according to one in vitro study [109],
although human tissue concentrations and clinical effects
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Table 5: (a) Human and in vivo example nutrient inducers of UGT enzymes. (b) Selected dietary sources of D-glucaric acid.
(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Cruciferous vegetables Clinical

Approximately 5 and 10 servings/d of cruciferous
vegetables including frozen broccoli, cauliflower, fresh
cabbage (red and green), and fresh radish sprouts [90]

250 g/d each of Brussel sprouts and broccoli [25]
2 oz (56.8 g) watercress three times daily [91]

Resveratrol
Grapes, wine, peanuts, soy, and itadori tea

[32]
Clinical 1 g/d resveratrol [28]: note high dose used

Citrus Observational 0.5+ servings/day of citrus fruits or foods [92]
Dandelion In vivo Free access to 2% dandelion tea solution [53]

Rooibos tea In vivo Rooibos tea as sole beverage; concentration 2 g tea
leaves/100mL water steeped for 30 minutes [93]

UGTs Honeybush tea In vivo Honeybush tea as sole beverage; concentration 4 g tea
leaves/100mL water steeped for 30 minutes [93]

Rosemary In vivo Diet of 0.5% rosemary extract [37]
Soy In vivo 150 and 500mg/kg soy extract [94]

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo Diet of 1% ellagic acid [95]

Ferulic acid
Whole grains, roasted coffee, tomatoes,

asparagus, olives, berries, peas, vegetables,
and citrus [96]

In vivo Diet of 1% ferulic acid [95]

Curcumin
Turmeric, curry powder [34] In vivo Diet of 1% curcumin [95]

Astaxanthin
Algae, yeast, salmon, trout, krill, shrimp,

and crayfish [38]
In vivo Diets of 0.001–0.03% astaxanthin for 15 days [39]

(b)

Legumes Mung bean seeds, adzuki bean sprouts [97]

Vegetables and fruits
Oranges, spinach, apples, carrots, alfalfa sprouts, cabbage, Brussel sprouts,
cauliflower, broccoli, grapefruit, grapes, peaches, plums, lemons, apricots, sweet
cherries, corn, cucumber, lettuce, celery, green pepper, tomato, and potatoes
[97–99]

may be vastly different. Of note, caffeic acid demonstrates in
vitro SULT-inhibitory properties [105]. This finding conflicts
with its in vivo ability to induce SULT enzymes, as described
by Zhou et al. (2012) [107], highlighting the difficulty of
extrapolating meaningful conclusions from in vitro data.

SULT enzyme activity is dependent on a depletable
reserve of inorganic sulfate [112]. Dietary sources of sulfur-
containing compoundsmay therefore play an essential role in
SULT function, by providing the substrate for enzyme action
(Table 6(b)).

2.2.3. Glutathione S-Transferases. Similar to the aforemen-
tioned categories of conjugating enzymes, glutathione S-
transferases (GSTs) include a complex of enzymes, whose
main function is to attach a glutathione group to a bio-
transformed metabolite. The production of these enzymes
can be induced through the production of reactive oxygen

species and via gene transcription involving the antioxidant-
responsive element (ARE) and the xenobiotic-responsive
element (XRE), which will be subsequently discussed in this
paper [113].

Cruciferous and allium vegetables and resveratrol
demonstrate ability to induce GSTs in humans [28, 114–117]
(Table 7(a)). Observational research also associates citrus
consumption with increased GST activity [115]. In vivo
data also suggest many foods and food constituents to be
upregulators of these enzymes, including garlic, fish oil,
black soybean, purple sweet potato, curcumin, green tea,
rooibos tea, honeybush tea, ellagic acid, rosemary, ghee, and
genistein [36, 43, 44, 70, 93, 118–123]. Conjugated linoleic
acid has been shown to be at least partly responsible for the
effect of ghee [122]. It is possible that the effects of at least
some of these foods and bioactive compounds may be due to
their upregulation of the Nrf2 signaling pathway.
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Table 6: (a) In vivo example nutrient inducers of sulfotransferases (SULTs). (b) Selected dietary sources of sulfur-containing compounds
(adapted from [110]).

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

SULTs

Caffeine
Coffee, cocoa, black tea, and green tea [111] In vivo 2, 10, and 50mg/kg caffeine [107]

Retinoic acid (bioactive form of vitamin A)
Meat (especially liver), fish, egg, and dairy products
contain retinol; apple, apricot, artichokes, arugula,

asparagus, and other plant foods contain provitamin A
carotenes [111]

In vivo 2, 10, and 50mg/kg/d retinoic acid
suspension in corn oil [108]

(b)

Animal products Fish, shellfish, lamb, beef, chicken, pork, duck, goose, turkey, egg, and cheese
Legumes Lentils, peas, and butter beans
Grains Barley, oatmeal

Vegetables and fruits Cabbage, horseradish, Brussel sprouts, leeks, cress, haricot beans, apricots, peaches,
spinach, and watercress

Nuts and seeds Brazil nuts, almonds, peanuts, and walnuts
Herbs and spices Mustard, ginger

Genetic variances, gender, and even possibly body weight
appear to play a role in the effects of dietary factors on
GST enzymes [114–116]. Clinical investigation of cruciferous
and allium vegetables by Lampe et al. (2000) found that an
upregulated effect was most marked in women, indicating
gender variability, and that the effect was also genotype-
dependent, occurring only in GSTM1-null individuals [116].
The same investigators also found that apiaceous vegetables
inhibited GST activity, but only in GSTM1+ men [116]
(Table 7(b)). High doses of quercetin and genistein have also
shown inhibitory effects [123, 126].

There is evidence that at least some of these foods and
phytonutrients may exert modulatory rather than absolute
inductive/inhibitory effects; Chow et al. (2010) found that
resveratrol increased GST only in those with low baseline
enzyme levels or activity [28]. It is also noteworthy that
bioactive components of crucifers, including isothiocyanates,
are substrates for GST enzymes and that GST genotype
may therefore alter the response to cruciferous vegetables
consumption on other mechanisms such as glutathione
peroxidase and superoxide dismutase [134, 135]. GSTM1-
null genotype is associated with a more rapid excretion of
isothiocyanates, leading some researchers to conclude that
the benefits of cruciferous vegetable consumption may be
lessened in individuals with this genetic variation [89].

Support for glutathione conjugation also involves
enhancing reduced glutathione (GSH) status. Glutathione
is a low-molecular weight tripeptide containing residues of
cysteine, glutamate, and glycine [136]. Most glutathione from
foods and supplements is poorly absorbed, so liposomal
delivery has been used [137]. The sulfur-containing amino
acids methionine and cystine are important precursors to
glutathione formation; their depletion leads to depressed

GSH levels [138]. N-acetyl cysteine has also been used to
restore depleted GSH levels in a clinical setting [139].

Various nutrients may also enhance endogenous glu-
tathione synthesis, including vitamin B6, magnesium, and
selenium [140, 141]. Curcuminoids (from turmeric), sily-
marin (from milk thistle), folic acid, and alpha-lipoic acid
have been shown, in humans, to restore depleted GSH
[129, 130, 142, 143]. In animal studies, cruciferous vegetables
and artichoke have also demonstrated a GSH-protective
effect [131–133]. There is therefore the potential to improve
glutathione status via diet or supplementation (Table 7(c)).

2.2.4. Amino Acid Transferases. Amino acids of various types
(e.g., taurine, glycine), whether endogenous or exogenous
(from dietary sources) in origin, can be utilized for attaching
tomolecules for their excretion. For the benefit of providing a
substrate to these enzymes, it is generally thought that dietary
protein is required for an effective detoxification protocol.
Table 8 lists amino acids used in phase II conjugation reac-
tions and selected food sources.

2.2.5. N-Acetyl Transferases (NAT). This class of enzymes is
responsible for the transfer of an acetyl group to convert
aromatic amines or hydrazines to aromatic amides and
hydrazides, which is significant for those taking pharma-
ceuticals such as isoniazid, hydralazine, and sulphonamides
[83]. Polymorphisms in genes for this category of enzymes,
leading to slowmetabolism, have been shown to be associated
with hepatoxicity during drug treatment [146]. One small
human study found that 500mg quercetin daily enhanced
NAT activity [29]. However, more research is needed to
understand the relationship between dietary nutrients and
NAT function.
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Table 7: (a) In vivo example nutrient inducers of glutathione S-transferases (GSTs). (b) In vivo example nutrient inhibitors of glutathione
S-transferases (GSTs). (c) Selected dietary sources of nutrients for glutathione support ([111] unless otherwise noted).

(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Cruciferous vegetables Clinical,
observational

Approximately 5 and 10 servings/d of
cruciferous vegetables including frozen
broccoli, cauliflower, fresh cabbage (red
and green), and fresh radish sprouts [114]
>31.2 g/d cruciferous vegetables [115]
4.5 cups of cruciferous vegetables/d,

including 0.5 cups of radish sprouts, 1 cup
of frozen cauliflower, 2 cups of frozen

broccoli, and 1 cup of fresh cabbage [116]
300 g/d cooked Brussels sprouts [117]

Allium vegetables Clinical
3 tbsp fresh chives, 1.33 cups of fresh
leeks, 1 tsp garlic, and 0.5 cups of fresh

onion [116]
Resveratrol

Grapes, wine, peanuts, soy, and itadori tea
[32]

Clinical 1 g/d resveratrol [28]: note high dose used

Citrus Observational, in
vivo

>76 g/d citrus [115]
20mg limonoid mixture every 2 days

[124]

Garlic In vivo
30 to 200mg/kg garlic oil [36]

80 and 200mg/kg garlic oil 3 times
weekly [70]

GSTs Fish oil In vivo 20.5 g/kg fish oil [36]: note high dose used

Black soybean In vivo 1 g/kg black soybean seed coat extract
[44]

Purple sweet potato In vivo 100 and 200mg/kg anthocyanin extract
from purple sweet potato [118]

Curcumin In vivo Diet of 2% curcumin [119]

Green tea In vivo Equivalent of 4 cups/d (200mL each) of
green tea [120]

Rooibos tea In vivo
Rooibos tea as sole beverage;

concentration 2 g tea leaves/100mL water
steeped for 30 minutes [93]

Honeybush tea In vivo
Honeybush tea as sole beverage;

concentration 4 g tea leaves/100mL water
steeped for 30 minutes [93]

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo 30mg/kg/d ellagic acid [43]

Rosemary In vivo 20mg/kg carnosic acid 3 times weekly
[121]

Ghee (clarified butter) In vivo 19.5mg CLA (conjugated linoleic acid)/g
fat [122]

Genistein (kidney GSTs)
Fermented soy (e.g.,miso, tempeh) contains
up to 40% bioavailable genistein versus 1%

or less in other soy products [125]

In vivo 1.5 g/kg genistein [123]: note high dose
used

(b)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

Apiaceous vegetables Clinical

1 tsp fresh dill weed, 0.5 cups of fresh
celery, 3 tbsp. fresh parsley, 1.25 cups of
grated parsnips, and 0.75 cups of frozen

carrots [116]
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(b) Continued.

Enzyme Food, beverage, or bioactive compounds
Food sources in italics Type of study Dosages used and references

GSTs
Quercetin

Apple, apricot, blueberries, yellow onion,
kale, and alfalfa sprouts, green beans,

broccoli, black tea, and chili powder [47, 48]

In vivo 2 g/kg quercetin [126]: note high dose used

Genistein (liver GSTs)
Fermented soy (e.g.,miso, tempeh)

containsup to 40% bioavailable genistein,
versus 1% or less in other soy products [125]

In vivo 1.5 g/kg genistein [123]: note high dose
used

(c)

Vitamin B6 Turkey, pork, chicken, beef, amaranth, lentils, pistachio nuts, sunflower seeds, garlic, and
prunes

Magnesium Nuts, seeds, beans, and whole grains
Selenium Brazil nuts, pork, turkey, lamb, chicken, and egg
Methionine Turkey, pork, chicken, beef, egg, Brazil nuts, soybean, sesame seeds, and spirulina
Cystine Pork, turkey, chicken, egg, soybean, spirulina, sesame seeds, and oats
Glycine Turkey, pork, chicken, amaranth, soybean, peanuts, pumpkin seed, and beef

Folate (dietary form of folic acid) Mung bean, adzuki bean, and other legumes, liver, sunflower seeds, quinoa, spinach,
asparagus, avocados, mustard greens, and artichokes

Alpha-lipoic acid Spinach, broccoli, tomato, peas, Brussels sprouts, and visceral meats [127, 128]
Functional foods Turmeric, milk thistle, cruciferous vegetables, and artichoke [129–133]

Table 8: Amino acids used in phase II conjugation and selected food sources.

Glycine Turkey, pork, chicken, soybean, seaweed, eggs, amaranth, beef, mollusks, peanuts, pumpkin seeds,
almonds, duck, goose, mung beans, sunflower seeds, lentils, lamb, bison, lobster, and fish [111]

Taurine
Many cooked meats and fish supply taurine. Taurine is also synthesized in the body from cystine
(requiring niacin and vitamin B6) and homocysteine (requiring additionally betaine and serine)
[144]

Glutamine Plant and animal proteins such as beef, pork, chicken, dairy products, spinach, parsley, and
cabbage [145]

Ornithine Ornithine is synthesized endogenously via the urea cycle, requiring arginine and magnesium [144]

Arginine
Turkey and pork are especially rich sources; also chicken, pumpkin seeds, soybean, butternuts,
egg, peanuts, walnuts, split peas, mollusks, almonds, sesame seeds, lentils, fava beans, mung
beans, pine nuts, beef, sunflower seeds, and white beans [111]

2.2.6. Methyltransferases. Relatively significant attention has
been given in various medical communities to this class
of phase II enzymes due to the increasing importance of
methylation for reducing disease risk.The conjugating donor
compound in methyltransferase reactions is a methionine
group from S-adenosyl-L-methionine (SAMe) [147]. Cate-
chol O-methyltransferase (COMT) is one of the prominent
methyltransferases that has received wide attention due to its
role in estrogen detoxification [148].

Support formethylation consists of nutrient cofactors and
methyl donors, such as methionine, vitamin B12, vitamin
B6, betaine, folate, and magnesium [144]. Various foods
can provide these nutrients (Table 9). Conversely, a high
sucrose dietmay inhibitmethylation enzymes such as COMT
[149].

3. Gene Induction of Phase II Detoxification
and Antioxidant Enzymes through Nrf2

The transcription factor, Nrf2 [nuclear factor erythroid 2
(NF-E2) p45-related factor 2], is key to regulating the body’s
detoxification and antioxidant system. When activated, Nrf2
dissociates from the cytosolic protein, Keap1 (Kelch-like ECH
associated protein 1), and translocates to the nucleus to bind
to AREs in the promoter/enhancer portion of genes asso-
ciated with phase II detoxification and antioxidant enzyme
genes [150] (Figure 1). Nrf2-deficient animals experience
increased toxicity from drugs [151], carcinogens, allergens,
and environmental pollutants [152] and do not respond as
well to the anti-inflammatory effects of phytochemicals [153],
indicating the essentiality of these enzymes. Conversely, Nrf2
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Table 9: Selected dietary sources of nutrients for methylation support (adapted from [111]).

Methionine
Meats, poultry, fish, shellfish, egg, nuts (especially Brazil nuts), seeds (especially sesame seeds and
pumpkin seeds), spirulina, teff, soybeans Lower amounts found in other legumes and whole
grains (especially teff and oats)

Vitamin B12 Meats and meat products (especially liver and kidney), poultry, fish, shellfish, and eggs

Vitamin B6 Meats, nuts (especially pistachio), garlic, whole grains, seeds (especially sesame and sunflower
seeds), legumes (especially chickpeas and lentils), and prunes

Betaine Quinoa, beets, spinach, whole grains (especially rye, kamut, bulgur, amaranth, barley, and oats)
sweet potato, meats, and poultry

Folate
Beans and legumes (especially mung beans, adzuki beans, chickpeas, and lentils), liver, nuts
(especially peanuts), seeds (especially sunflower seeds), spinach, asparagus, mustard greens, and
avocado

Magnesium Seeds (especially pumpkin seeds and sesame seeds), beans (especially soybeans), nuts (especially
Brazil nuts and almonds), and whole grains (especially amaranth)

Keap1
Keap1Nrf2Nrf2

ARE

Nrf2

Ubiquitination and 
proteasomal degradation

Oxidative stress, Nrf2 inducers

Transcription of phase II detoxification 
and antioxidant enzymes 

Cytosol

Nucleus

Figure 1: Nrf2/Keap1 signaling (created from text in [154]).

induction is considered protective against various oxidative
stress-related conditions such as cancer, kidney dysfunction,
pulmonary disorders, arthritis, neurological disease, and
cardiovascular disease [154].

Research demonstrates that dietary components, espe-
cially phytochemicals, not only scavenge reactive oxygen
species, thereby acting as direct antioxidants, but also reg-
ulate Nrf2 activity [150]. In vivo evidence exists for Nrf2-
modulation by curcumin [155–158], broccoli constituents
[159, 160], garlic [161–163], epicatechins [164–167], resvera-
trol [168, 169], ginger [170, 171], purple sweet potato [118],
isoflavones [172, 173], coffee [174], rosemary [175, 176],
blueberry [166, 177], pomegranate [178], naringenin [179],
ellagic acid [166], astaxanthin [166], and 𝛾-tocopherol [180]
(Table 10(a)). A clinical trial by Magbanua et al. (2011),
investigating the Nrf2 modulation effects of fish oil and
lycopene in the context of prostate cancer risk, also demon-
strated that these dietary compounds can upregulate Nrf2
signaling and response to oxidative stress in humans [181].
Direct comparison of the magnitude of effect between these
compounds can be difficult to gauge. Some information on

their relative effects is provided by Kavitha et al. (2013), who
ranked the order of potency of the compounds they tested
(from highest to lowest) as chlorophyllin (a semisynthetic
compound derived from chlorophyll), blueberry, ellagic acid,
astaxanthin, and EGCG [166].

Various studies point to the advantageous effects of
whole foods, and food combinations, versus specific bioactive
compounds. Zhou et al. (2014), for example, illustrate how
organosulfur compounds are not the only Nrf2-enhancing
bioactive compounds in garlic; garlic carbohydrate deriva-
tives also show Nrf2-modulatory activity [186]. Balstad et al.
(2011), in testing the effects of a combination of food extracts
on Nrf2 activity in mice, found that the combination pro-
duced a larger-than-expected effect, indicating an additive or
synergistic effect [176]. By their calculations, the food extract
they used equated to a human (70 kg) dose of 14–23 g each of
turmeric, rosemary, and thyme, which is clearly not practical
for clinical application, as well as 140–233 g each of coffee, red
onion, and broccoli. Calabrese et al. (2010) and Houghton et
al. (2013) have also argued that Nrf2 inducers exhibit biphasic
effects, with lower doses demonstrating stimulatory effects
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Table 10: (a) In vivo example nutrient inducers of the Nrf2 pathway. (b) In vivo example nutrient inhibitors of the Nrf2 pathway.
(a)

Enzyme Food, beverage, or bioactive compounds
Food sources in italics

Type of
study Dosages used and references

Fish oil Clinical 3 × 1 g/d fish oil containing 1098mg EPA and
549mg DHA [181]

Lycopene
Tomatoes, rose hips, guava, watermelon, and papaya [111] Clinical 2 × 15mg/d lycopene [181]

Curcumin
Turmeric, curry powder [34] In vivo

200mg/kg/d curcumin [155]
75mg/kg/d curcumin [156]
50mg/kg/d curcumin [157]
200mg/kg/d curcumin [158]

Cruciferous vegetables In vivo 0.5mg/kg/d sulforaphane [159]
Diet of 15% crushed broccoli seed [160]

Garlic In vivo
50 and 100mg/kg/d diallyl disulfide [161]

250mg/kg/d raw garlic [162]
25mg/kg S-allyl cysteine [163]

Catechins
Tea (especially green tea), cocoa, legumes, and grapes [182] In vivo

5, 15, and 45mg/kg epicatechin [164]
15mg/kg epicatechin [165]

20mg/kgTheaphenon E (95% EGCG)
[166]

5, 15, and 30mg/kg epicatechin [167]
Resveratrol

Grapes, wine, peanuts, soy, and itadori tea [32] In vivo 10mg/kg/d [168]
20mg/kg/d [169]

Nrf2 Ginger In vivo 100mg/kg/d [6]-shogaol [170]
10 and 100mg/kg dried ginger extract [171]

Purple sweet potato In vivo 100 and 200mg/kg anthocyanin extract from
purple sweet potato [118]

Isoflavones
Soy, kudzu root, and red clover [183] In vivo 80mg/kg/d soy isoflavones [172]

60 and 120mg/kg puerarin from kudzu root [173]

Coffee In vivo 2.0mL/d coffee to an average animal weight of
200 g ± 10 g [174]

Rosemary In vivo 50 and 100mg/kg carnosic acid [175]
5mg/animal carnosol extract [176]

Blueberry In vivo 200mg/kg blueberry [166]
0.6 and 10 g/day [177]

Pomegranate In vivo 1 and 10 g/kg pomegranate extract [178]: note high
doses used

Naringenin
Citrus [179] In vivo 50mg/kg/d naringenin [179]

Ellagic acid
Berries, pomegranate, grapes, walnuts, and

blackcurrants [42]
In vivo Diet of 0.4% ellagic acid [166]

Asthaxanthin
Algae, yeast, salmon, trout, krill, shrimp, and crayfish [38] In vivo 15mg/kg astaxanthin [166]

𝛾-tocopherol
Nuts, seeds, whole grains, vegetable oils, and legumes [111] In vivo 20.8mg/kg 𝛾-tocopherol [180]

(b)

Enzyme Food, beverage, or bioactive compounds Type of study Dosages used and references

Nrf2 Luteolin In vivo 40mg/kg luteolin three times per week
[184]

Quercetin In vivo 50mg/kg/d quercetin [185]
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and higher doses exhibiting Nrf2-interference [187, 188].
These data suggest that the doses found in whole foods may
be more beneficial than supplements at supraphysiological
doses. In fact, it may well be their weak prooxidant effects
that stimulate Nrf2 inducers’ favorable antioxidant responses
[188].

Nonuniform activities of different foods within the same
food group should, once again, be considered; in their recent
review of the effects of plant-derived compounds on Nrf2
activation, Stefanson and Bakovic (2014) noted that pak choi,
via presumed Nrf2 activation, was more effective at reducing
inflammation in the colon than broccoli and that broc-
coli upregulated some additional Nrf2-related antioxidant
enzymes compared with pak choi [189]. Interestingly, this
effect was only apparent when steamed, rather than cooked,
broccoli was used [189], indicating that food preparationmay
be an important consideration.

Conversely to its role in cancer prevention, overex-
pression of Nrf2 is found in many cancer cells and has
been shown to promote tumor growth and resistance to
anticancer therapy [154]. Consequently, the inhibition ofNrf2
signaling may be clinically relevant for patients receiving
cancer chemotherapy [184, 185]. Overexpression of Nrf2 and
CYP2E1 has also been associated with impaired GLUT4
activity and insulin resistance [68]. As noted above, supple-
mentation (above levels normally consumed through diet)
with certain phytochemicals may have inhibitory effects on
Nrf2 activation, including luteolin [184] and quercetin [185]
(Table 10(b)). Vitamins A, C, and E and N-acetyl cysteine
have also been implicated as Nrf2 inhibitors at high doses
[188]. These findings point to the need for further research
to clarify outcomes as they relate to specific disease states as
well as potential biphasic dose effects.

4. Metallothionein

Metallothionein, a cysteine-rich protein with the ability to
bind divalent cations, including toxicmetals such asmercury,
cadmium, lead, and arsenic, is gaining recognition as an
important component in heavy metal detoxification [190–
192]. Similar to the upregulation of phase II and antioxidant
enzymes, metallothionein can be induced at specific pro-
moter regions of genes by stimuli such as heavymetals, oxida-
tive stress, glucocorticoids, and even zinc [192]. In addition
to sequestering heavy metals, it is capable of scavenging free
radicals and reducing injury from oxidative stress [192], as
well as inhibiting NF-𝜅B signaling [193].

Dietary patterns and nutrients may result in changes
in metallothionein production. Lamb et al. (2011) reported
a 54% increase in metallothionein mRNA production in a
small clinical trial in women with fibromyalgia following
an elimination diet in conjunction with a phytonutrient-
rich medical food consisting of hops, pomegranate, prune
skin, and watercress [194]. Zinc supplementation (15mg/day)
to healthy men over 10 days led to significantly increased
metallothionein mRNA, up to 2-fold in leukocytes and up
to 4-fold from dried blood spots [195]. Metallothionein has
been shown to be decreased in the intestinal mucosa of

patients with inflammatory bowel disease (IBD); however,
zinc supplementation (300mg zinc aspartate, equal to 60mg
elemental zinc per day for 4 weeks) in 14 zinc-deficient
patients with IBD resulted in slightly higher metallothionein
concentration in the intestinal mucosa [196]. Cruciferous
phytonutrients may also modulate metallothionein expres-
sion, as suggested by a 10-fold increase following a single oral
dose of 50 𝜇mol sulforaphane to rats [197]. Chromium may
inhibit zinc-induced metallothionein expression, according
to animal studies by Kimura et al. (2011) [198]. Early-stage,
in vitro studies also suggest that quercetin and Cordyceps
sinensis, a mushroom native to the Himalayan region, may
upregulate metallothionein expression [199, 200].

5. Clinical Applications

With the continued emergence of data supporting the role of
toxins in chronic disease processes, it is becoming increas-
ingly necessary for clinicians to understand how to provide
therapeuticmodalities to reduce toxin load in patients. In this
paper, several studies regarding the influence of foods and
food-based nutrients on the systems of detoxification were
presented. From the current information presented, listed
below are some key concepts for translation into the clinical
setting.

5.1. Nonclinical versus Clinical Studies. One of the limitations
that comes to the forefront in this collection of studies is
how the information, in many cases, is constrained primarily
to studies in cells or animals. It remains questionable as to
whether similar effects would be seen in humans atmoderate,
reasonable doses. In the cell studies, it is difficult to anticipate
findings due to the lack of pleiotropic activity that occurs
in a complex, living system with multiple detoxification
systems working simultaneously. Along similar lines, animal
studies are often difficult to extrapolate to individuals due
to the degree of variability in genotype and environmental
phenotype seen in the diverse human population. Therefore,
at this time, it is best to take precaution in firmly advocating
foods or food-based nutrients that only have cell or animal
data as support. It is best to rely on the clinical studies
that have been published to date in making more firm
recommendations.

5.2. Single Agent versus Lifestyle. While this paper focuses
on isolated nutrients and foods that contain those nutrients,
it might be optimal from a clinical perspective to consider
how an entire lifestyle might induce or inhibit the array
of detoxification enzymes. For example, this paper has not
addressed behaviors like smoking, physical activity, or stress.
The modern clinician needs to weigh all these variables
against each other. Yet, science has not fully demonstrated
the individual impacts of these factors, along with all of them
together. Therefore, at this time, a dietary pattern favoring
whole, unprocessed, plant-based foods and the removal or
reduction of toxic substances in one’s environment is a two-
prong approach that would seem to have the best overarching
scientific underpinning.
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5.3. Modulating versus Inhibiting/Inducing Effects. In several
instances, certain foods exhibited a particular activity on an
enzyme, while, at higher doses, they had another, opposite
effect. Essentially, many foods serve as what is commonly
referred to as being “bifunctional modulators,” possessing
the ability to effectively induce or inhibit detoxification
enzyme activity based on the dose response. Therefore, the
resulting clinical takeaway might be to encourage patients
to follow a mixed, varied diet, full of different plant-based,
whole foods. Smaller amounts of many compounds might be
more therapeutic and supportive for biochemical pathways
rather than overriding signals derived from high concen-
trations of nutrients through high-dose supplementation or
the repeat, daily ingestion of large quantities of the same
food.

5.4. Polypharmacy. For patients who are taking multiple
pharmaceuticals, it is important to knowwhich detoxification
systems will be influenced by nutrients and foods so that side
effects are minimized or avoided.

5.5. Dietary Supplements versus Foods. Since there can be
potent effects of food-based nutrients on detoxification path-
ways, it would be best for the average patient to follow,
as indicated above, a mixed, complex, and whole-foods
diet. Additionally, dietary supplements may be a helpful
adjunct in patients in which the practitioner has information
about the patient’s genetic variability, so that nutrients can
be tailored accordingly. Without a full understanding of a
patient’s SNPs (single nucleotide polymorphisms), it becomes
difficult to make accurate assessments about nutrients and
dosing.

5.6. Duration of Dosing. Another factor to consider in ther-
apeutic intervention is the timing and duration of the dose
of nutrient or the food. In some of the research presented
here, effects on detoxification enzymes were seen after several
days of food intake or supplementation, while, in other cases,
induction of an enzyme might be fairly rapid, followed by
efficient adaptability. This variable needs to be considered
in further clinical research and requires close monitoring in
clinical practice.

5.7. Foods Known to Impact Detoxification. Based on the four
systems examined in this paper, there are several foods which
seem to have demonstrated an influence on detoxification
systems. Many of them have been acknowledged as part of
naturopathic medicine. Hence, it would be useful to have a
knowledge base of this cumulative set of foods as patients
embark upon detoxification protocols. This recent scientific
update notes clinical evidence of effects from cruciferous
vegetables (in combination, and specifically watercress, gar-
den cress, and broccoli), allium vegetables, apiaceous veg-
etables, grapefruit, resveratrol, fish oil, quercetin, daidzein,
and lycopene. Many other foods, beverages, and nutrient
bioactive compounds, based on this review of scientific
literature, are also suggested as modulators of detoxification
enzymes in vivo (Table 11).

Table 11: Food, beverages, and bioactive compounds with demon-
strated, or potential, clinical impact on detoxification systems.

Food or beverage Nutrient bioactive
compounds

Allium vegetables Astaxanthin
Apiaceous vegetables Caffeic acid
Black raspberry Catechins (including EGCG)
Black tea Chrysin
Blueberry Curcumin
Chamomile tea Daidzein
Chicory root Ellagic acid
Citrus Ferulic acid
Coffee Fish oil
Cruciferous vegetables (with potential Genistein
for distinct effects of different Luteolin
crucifers) Lycopene
Dandelion tea MCTs
Garlic Myricetin
Ghee N-acetyl cysteine
Ginger Naringenin
Grapefruit Quercetin
Green tea Resveratrol
Honeybush tea Retinoic acid (vitamin A)
Peppermint tea
Pomegranate
Purple sweet potato
Rooibos tea
Rosemary
Soybean/black soybean
Turmeric

6. Conclusions

Over the past decade, there has been investigation into
nutrigenomic and epigenetic influences of food constituents
on chronic diseases [201, 202]. Similarly, studies have revealed
that exposure to and accumulation of toxins play a significant
role in cardiovascular disease, type 2 diabetes, and obesity
[203–207]. Thus, one’s dietary intake and environmental
influences may have large bearing on the incidence of
chronic disease. In fact, these influences may be significant
not just for the individual, but for several generations due
to the transgenerational inheritance of epigenetic changes
[208, 209]. Therefore, it would seem that designing clinical
recommendations to maximize the effects of food and reduce
the impact of toxins is essential. However, it is not without
caution and critical thinking that a detoxification protocol
should be assembled for patients by trained clinicians. There
remain many unresolved issues regarding knowing how and
what foods modulate detoxification pathways.
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Routine highdose vitamin A therapy for children hospitalized with measles.
Hussey GD , Klein M.

Abstract
Measles is without specific therapy and remains important globally as a cause of childhood death. In controlled studies, high
dose vitamin A therapy (HiVAT)with 400,000 IU vitamin Ahas been demonstrated to markedly reduce measles
associated morbidity and mortality. We performed a retrospective study of the hospital records of 1720 children < 15 years of
age who were hospitalized for measles, to determine the extent to which these findings, in research settings, are applicable
to the case management of measles under conditions of routine hospital practice. The outcomes were studied of children
hospitalized during two nonconsecutive 2 year periods (19856 and 198990). A policy of HiVAT for all children hospitalized
with measles was started during the intervening period. As compared with the group of children on standard therapy (n =
1061), children receiving HiVAT (n = 651) had a shorter hospital stay (mean 10 versus 13 days; P < 0.001), a lower
requirement for intensive care (4.3 versus 10.5 per cent; P < 0.001), and a lower death rate (1.6 versus 5 per cent; P <
0.001). No adverse effects of HiVAT therapy were observed. We conclude that a policy of high dose oral vitamin A (400,000
IU) supplementation in measles provides benefits which are equivalent to those previously observed only in controlled
research trials, that it is highly cost effective, and that it should form part of the routine case management of all children
hospitalized with measles.
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We conclude that a policy of high dose oral vitamin A (400,000 IU) supplementation in measles provides benefits which are equivalent to those previously observed only in controlled research trials, that it is highly cost effective, and that it should form part of the routine case management of all children hospitalized with measles.
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Measles severity and serum retinol (vitamin A) concentration among
children in the United States.
Butler JC , Havens PL, Sowell AL, Huff DL, Peterson DE, Day SE, Chusid MJ, Bennin RA, Circo R, Davis JP.

Abstract
Studies in developing countries have shown that children with measles have low

serum retinol concentrations and that lower retinol levels are associated with measlesrelated mortality.
Vitamin A therapy has been shown to reduce mortality among African children with acute measles.

To determine whether serum retinol concentration is low among children with measles in
the United States and to determine whether retinol concentration is associated with illness severity.

Pediatric referral hospital and clinic in Milwaukee, WI, during the measles outbreak of 1989
1990.

One hundred fourteen patients < or = 5 years of age evaluated for serologically confirmed
measles with serum obtained within 5 days following rash onset.

Serum retinol concentration was determined by highperformance liquid chromatography.
Clinical data were collected by hospital record review. A modified Pediatric Risk of Mortality (PRISM)
score was used to assess physiologic instability as a measure of illness severity.

Retinol concentrations ranged from 0.25 to 1.18 mumol/L (median 0.58 mumol/L); 82 (72%)
patients had low retinol concentration (< or = 0.70 mumol/L). Median retinol concentrations were lower
among hospitalized patients (0.56 vs 0.70, P = .006) and patients with pneumonia (0.52 vs 0.64, P =
.02) but higher among children with otitis media (0.63 vs 0.54, P = .01). Higher modified PRISM scores,
reflecting greater physiologic instability, were associated with lower retinol concentration (beta
coefficient .0147, P = .025). In multivariate analysis, higher modified PRISM scores were associated
with lower retinol concentration (beta coefficient .0144, P = .025) even after controlling for
hospitalization, presence of complications, race, age, receipt of Aid to Families With Dependent
Children, gender, and interval from rash onset until serum was collected.

Among these children with measles in an urban United States community, retinol
concentrations were depressed, and the degree of depression was associated with illness severity.
Vitamin A therapy should be considered for children with measles in the United States who require
hospitalization.
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Among these children with measles in an urban United States community, retinol concentrations were depressed, and the degree of depression was associated with illness severity. Vitamin A therapy should be considered for children with measles in the United States who require hospitalization.

A modified Pediatric Risk of Mortality (PRISM) score was used to assess physiologic instability as a measure of illness severity.

higher modified PRISM scores were associated with lower retinol concentration
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J Trop Pediatr. 2002 Dec;48(6):3237. doi: 10.1093/tropej/48.6.323.

Vitamin A for the treatment of children with measlesa systematic
review.
D'Souza RM , D'Souza R.

National Centre for Epidemiology and Population Health, The Australian National University,
Canberra, Australia. rennie.dsouza@anu.edu.au

Abstract
Vitamin A deficiency is a recognized risk factor for severe measles. WHO and UNICEF have
recommended vitamin A for the treatment of measles but there are children still dying from measles. A
systematic review, including the use of metaanalysis was done of randomized controlled trials
comparing vitamin A with placebo obtained from a systematic search of the medical literature to
determine whether vitamin A prevents mortality and pneumoniaspecific mortality in children with
measles. We identified five trials conducted in Africa, four in hospitals and one in a community that
met the inclusion criteria. There were 445 children aged 6 months to 13 years supplemented with
vitamin A and 478 with placebo. There was a 39 per cent reduction in overall mortality when vitamin A
was used for the treatment of measles but this was not statistically significant (relative risk 0.61; 95 per
cent confidence interval 0.321.12). When stratified by dose, 200 000 IU of vitamin A given for 2 days
was associated with a reduction in overall mortality (0.36, 0.140.82) and pneumoniaspecific mortality
(0.33, 0.080.92) in hospitalized children in areas with high case fatality. Greater reduction in mortality
was observed in children under the age of 2 years (0.17, 0.030.61). On the other hand, a single dose
of 200 000 IU of vitamin A was not associated with reduced mortality (1.25, 0.483.1). There were no
trials comparing a single dose with two doses of vitamin A. There were not enough studies to separate
out the individual effects of age, dose, formulation, hospitalization and case fatality in the study area.
We conclude that 200 000 IU of vitamin A repeated on 2 days should be used for the treatment of
measles as recommended by WHO in children admitted to hospitals in areas where the case fatality is
high.

PMID: 12521271  DOI: 10.1093/tropej/48.6.323

[Indexed for MEDLINE]

Format: Abstract

1

Author information

Publication types, MeSH terms, Substance

LinkOut  more resources

Full text links

PubMed

3.A.4 https://www.ncbi.nlm.nih.gov/pubmed/12521271

We conclude that 200 000 IU of vitamin A repeated on 2 days should be used for the treatment of measles as recommended by WHO in children admitted to hospitals in areas where the case fatality is high.
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SHORT REPORTS 

Rotavirus neutralisation by 
human milk 

There has been considerable publicity recently about the benefits 
of breast-feeding in giving protection from infection. We have 
investigated the effect of mother's serum and breast milk, taken 
daily for five days after birth, on rotavirus infection of cells in vitro. 

Materials, methods, and results 

Milk and blood samples were taken by staff at Birmingham Maternity 
Hospital and at Marston Green Maternity Hospital, Birmingham. Milks 
were clarified by centrifugation, and milks and sera were heated at 56'C for 
30 minutes to inactivate complement. 

Human rotavirus was obtained from the faeces of children with acute 
diarrhoea admitted to East Birmingham Hospital. The neutralisation test 
was carried out as previously described. 1 2 Human rotavirus infects but fails 
to replicate in LLC MK2 cells and the infected cells can be detected by an 
indirect immunofluorescent technique. The neutralisation titre of a milk or 
serum was the dilution that gave a 50 °o or greater reduction of fluorescent 
foci compared with the control. The specific rotavirus fluorescent antibody 
titres of sera and milks were determined by their reaction with rabbit rotavirus 
infected LLC MK2 cells2 in an indirect immunofluorescent test. 

The rotavirus neutralising titres of the randomly picked mothers' sera 
varied from 1/10 to 1/640 (see table). Most of the first milk samples had a 
neutralising titre close to that of the mother's serum, but this fell rapidly 
in the puerperium so that, by the fifth day, only the two mothers with the 
highest serum neutralising titres had milk titres of 1/5 or greater. 

All the sera and milks were tested by indirect immunofluorescence for 
specific reaction with rotavirus infected cells. Specific fluorescence was given 
by all the sera and the early milks, but the titres were always less than the 
rotavirus neutralising titres (see table). Four- and five-day milk samples gave 
no reaction, but it was not possible to test them undiluted because of non-
specific fluorescence. 

The milk samples that did not neutralise human rotavirus at I /5 dilution 
were tested undiluted; the virus was completely inactivated. The same result 
was obtained with these milks and lamb rotavirus. A high-speed aqueous 
supernatant of undiluted pasteurised cows' milk and an antibody-free 
glycoprotein prepared from cows' milk inactivated human rotavirus com-
pletely. 

Comment 

We have shown by neutralisation and immunofluorescent tests that 
human milk in the early puerperium contains rotavirus antibodies 
that decline to undetectable levels by five days after birth. 

Fifth-day undiluted milks inactivated human rotavirus, but it was 
not possible to tell whether this was due to specific antibody. As they 
also inactivated lamb rotavirus, however, and human rotavirus was 
inactivated by cows' milk and its phenol-extracted glycoprotein, we 
suggest it may be due to a non-specific antiviral milk factor. ' 1 

Milk and rotavirus antibodies 

Case No Test Serum I 2 

I N T  640 320 320 
FA 160 320 10 

2 N T  160 5* 80 
FA 40 < 5  20 

3 N T  160 >320
FA 40 20 

4 N T  80 160 80 
FA <IO <IO <IO 

5* N T  80 40 
FA 10 < 5  

6 N T  40 10 5 
FA 5 < 5  < 5  

7 N T  40 20 
FA 20 5 

8 N T  20 40 40 
FA 10 40 20 

9 N T  10 5 5 
FA 20 < 5  < 5  

10 N T  10 10 
FA 10 5 
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Rotavirus infection in the first few days of life is frequent and 
largely asymptomatic, even in breast-fed babies," at the time when 
there is a large amount of specific rotavirus antibody in the milk. 
The fact that undiluted human or cows' milk also inactivates human 
rotavirus, however, may be an important consideration in the current 
baby feeding discussions. 

I thank Dr D A J Tyrrell and Dr K G Nicholson of the Division of 
Communicable Diseases, the Clinical Research Centre, Northwick Park 
Hospital, Harrow, for supplying antiviral glycoprotein from cows' milk. 

Dr M E Thouless is supported by a grant from the Medical Research 
Council. 

1 Bryden, A S ,  et al,Journal of Medical Microbiology, 1977, 10, 121. 
2 Thouless, M E ,  et al, Archives o f  Virology, 1977, 53, 287. 
3 Matthews, T H J ,  et al, Lancet, 1976, 2, 1387. 
• Lawton, J WM, and Shortridge, K F, Lancet, 1977, 1, 253. 
5 Totterdell, B M, Chrystie, I L, and Banatvala, J E, Archives of  Disease in 

Childhood, 1976, 51, 924. 

(Accepted 12 July  1977) 

Regional Virus Laboratory, East Birmingham Hospital, Birming-
ham B9 SST 

M E THOULESS, PHD, senior microbiologist 
A S BRYDEN, FIMLS, chief technologist 
T H FLEWETT, FRCPATH, MRCP, consultant virologist 

Response of metastatic breast 
cancer to combination 
chemotherapy according to site 
Despite the clear efficacy of combination chemotherapy in producing 
tumour regression in some patients with metastatic breast cancer, its 
precise role in the overall management of this condition remains 
controversial. Our experience with two chemotherapy regimens leads 
us to believe that the major site of symptomatic disease should be the 
most important factor determining the choice of systemic therapy. 
We briefly present the evidence for this view below. 

Patients, methods, and results 

The two regimens were as follows : (I) vincristine I · 5 - 2  ·0 mg and 
doxorubicin (Adriamycin) 40-100 mg intravenously on days I and 8; 
prednisolone 20 mg by mouth daily on days I to 14 of a 28-day cycle 
(VDP); or (2) methotrexate 30-50 mg, 5-fluorouracil 500-1000 mg intra-
venously on days I and 8 with cyclophosphamide 100 mg and prednis-

Milk (days after delivery) 

3 4 5 6 7 8 

80-160 20-40 20 20 
20 5 < 5  < 5  
20 5 5 < 5  
10 < 5  < 5  < 5  
80 20 
10 5 
20 5 
< 5  < 5  
5 < 5  < 5  

< 5  < 5  
5 5 < 5  < 5  

< 5  < 5  < 5  < 5  
5 5 5 

< 5  < 5  < 5  
JO 5 
10 5 
5 < 5  < 5  

< 5  < 5  < 5  
5 5 < 5  < 5  

< 5  < 5  < 5  < 5  

N T  = Neutralisation test. The number is the reciprocal of the serum dilution causing 50 % reduction in the fluorescent foci compared with the control. 
F A =  Fluorescent antibody. The nu.mber·is the reciprocal of the greatest serum dilution showing fluorescence with rotavirus infected cells. 
•This sample was very watery. 

3.B.1 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1632402/

Rotavirus infection in the first few days of life is frequent and largely asymptomatic, even in breast-fed babies,5 at the time when there is a large amount of specific rotavirus antibody in the milk.
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ASCORBIC ACID (VITAMIN C) TREATMENT OF WHOOPING COUGH• 

BY M. J. ORMEROD, M.B. AND BYRON M. UNKAUF, M.D., B.Sc.(MED.) 
Winnipeg 

WHOOPING cough is an almost universal 
infectious disease, with its greatest infec-

tivity in pre-school and school children. While 
some protection has been afforded against it by 
vaccination. treatment of the active disease 
has not progressed as has treatment of other 
infectious diseases such as scarlet fever and 
diphtheria. Madsen1 reports that, of 1,842 
vaccinated children, about 25 per cent escaped 
infection, while of 446 non-vaccinated children 
less than 2 per cent escaped. This decided 
improvement warrants the use of vaccines, but 
still leaves the infected child confronted with 
some weeks of unpleasantness and a not incon-
siderable mortality rate. According to Tice, 2 in 
the registration area of the United States there 
were 7,518 deaths in 1934. In the years 1932-34 
there were 45,755 cases of whooping cough 
reported to the Dominion Bureau of Vital 
Statistics, with 1,982 deaths. Of the fatal 
cases over 50 per cent occur in the first year 
of life. The non-fatal cases undergo a most 
disagreeable experience and lose considerable 
time from studies, in the case of the school-
child. The disease is characterized by .spas-
modic coughing and vomiting, and thh; 
spasmodic or paroxysmal stage persists for 
weeks. How this paroxysmal stage originates, 
and why it should be so prolonged, has always 
intrigued investigators, and various hypotheses 
have been put forward. Among them is one 
suggested by Brown,3 that a neurotropic toxin 
elaborated by the bacillus in the early catarrhal 
stage affects the vagus and respiratory centres 
and possibly the sensory nerve-endings in the 
upper respiratory mucosa; Fixation of this 
toxin in nervous tissue would explain the com-
parative failure of vaccines or convalesc__ent 
serum to influence the course of the disease 
unless given in the incubation period or early 
in the catarrhal stage. Both exo- and endo-
toxins have been obtained from the Bordet-
Gengou bacillus. 

Ascorbic acid has been investigated by 

* From the Department of Physiology and Pharma-
cology, University of Manitoba, Winnipeg. 

several workers from the standpoint of its 
detoxicating action. Grootton and Bezsonoff4 

record the results of mixing diphtheria toxin 
and ascorbic acid, incubating very briefly, and 
injecting the mixture into guinea-pigs. Un-
neutralized ascorbic acid completely destroyed 
the toxic action, but this effect was one of pH 
and not a specific effect. Ascorbic acid neutral-
ized with soda and mixed with the toxin so 
altered its potency that, of four guinea-pigs 
receiving 4 M.L.D. of toxin each, one survived 
and the others died respectively on the 4th, 
6th, and 9th day. Controls injected with 4 
M.L.D. each of unaltered toxin all died on the
2nd day. These workers, in the same paper,
tested the actual bactericidal action of ascorbic
acid against various bacteria by adding varying
amounts of the acid to the culture medium,
bringing the mixture to a pH of 7.0, and in-
oculating with such organisms as staphylo-
coccus, streptococcus, gonococcus, typhosus,
Bordet-Gengou, etc. With 0.5 per cent ascorbic
acid mixtures only the gonococcus and Bordet-
Gengou bacillus were inhibited, as compared
with controls. The gonococcus grew readily
in a 0.2 per cent mixture. In a percentage of
0.008, ascorbic acid inhibited the growth of
the Bordet-Gengou bacillus. Glacial acetic acid
added to the culture medium in corresponding
amounts, and then neutralized, failed to affect
the growth of this bacillus.

Woringer and Sala5 reported 4 cases o-f 
whooping cough complicated by scurvy occur-
ring among a series of infants treated in their 
clinic. No scurvy appeared among the other 
children, although all were on exactly the same 
dietary regimen. They suggest that vitamin C 
is an essential part of the body's defence 
against the Bordet-Gengou bacillus, and that 
excessive demands made in th!l presence of 
such an infection may so deplete the vitamin 
stores of the tissues as to lead to the clinical 
condition of scurvy. 

Gander and Niederberger6 and Hochwald7

report the use of ascorbic acid in the treatment 
of pneumonias. Pneumonia ca;ses · showed · con-

3.C.1 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1562195/

condition of seurvy.

storesofthetissuesastoleadtotheclinical

suchaninfectionmaysodepletethevitamin

excessive demands made in the presence of

theuseofascorbicacidinthetreatment ofpneumonias. Pneumoniacasesshowedcon-
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sistently a deficit in vitamin C. Administration 
of the vitamin produced an effect comparable 
with that of specific serum. The pulse and 
temperature subsided by crisis when the avita-
minosis was completely relieved, as shown by 
beginning urinary excretion of the ascorbic 
acid. When small doses of ascorbic acid were 
given, the saturation point for the vitamin was 
reached slowly, and no clinical improvement 
was shown until this point was reached. 

Various investigators8
• 

9• 10 have shown that 
the tissues of normal children and young 
animals contain more vitamin C than those of 
normal older subjects, and that the saturation 
point, as judged by beginning urinary excre-
tion, is attained in young subjects only by 
much larger doses than relative weights would 
indicate. This suggests a greater need of vita-
min C by young animals, and so a greater 
storage of it in the presence of an ample 
supply. 

From this evidence, ascorbic acid seemed to 
have possibilities in the treatment of whooping 
cough, and one of us (B.M.U.) has been using 

it in practice for the last two months or so. 
To date, we can report 9 cases, and 1 from 
another practitioner.• In each case, diagnosis 
was made from a history of contact with known 
eases together with personal observation of the 
typical cough, vomiting and nocturnal parox-
ysms. Cough plates or serological tests were 
not used in this preliminary investigation. 
Condensed case reports follow. 

D1scussroN 
The short series of cases presented is too 

small to draw any statistical conclusions, but 
one fact. stands out. Ascorbic acid has a 
definite effect in shortening the period of 
paroxysms from a matter of weeks to a matter 
of days. We have not checked by cough plates 
or otherwise in this preliminary work to see 
whether the infectivity subsides simultaneously 
with the spasmodic symptoms, but are con-
tinuing with a larger series of cases in which 
these and other tests will be employed. 

* Case 4. We are indebted to Dr. C. H. A. Walton 
for details of this case. 

TABLE 

Age 
Case (years) Sex Contact 

1 
R.T. 6 M School 

Unknown 
2 Temperature 102 F. 

C.H. 1½ M Bronchopneumonia 
when seen 

3 
M.C. 12 M School 

4 
J.P. 6 F School 

5 
B.O. 2½ M Known case 

6 
H.F. 7 M School 

7 Maid 
E.H. 22 Child in house had 

whooping cough - - - - -
8 

B.P. 4 M Known case - - - - -
9 

M.W. 6½ F School 

10 w. 4 İ  F Sister (Case 9) 
C. 

Duration of 
Symptoms 

6 weeks-typical 

3 weeks-typical 
10 davs "fever" 

at home 

10 days-typical 

over 4 w e e k s -
typical 

2 weeks-typical 

2 weeks-typical 

4 dys., paroxysmal 
cough, vomited 

once, no whooping 

10 days-typical 

2 weeks-typical 

1 week-typical 

Treatment 

150 mg. per day 

inhalations 
} sinapisms 3 days 

expectorants 
175mg. daily-11 dys. 

200 mg. daily 

200 mg. daily 

250 mg. daily 

375 mg. daily 

500 mg. daily-3 days 
125 mg. daily 

500 mg. daily-4 days 
250 mg. daily-4 days 

500 mg. daily-4 days 
250 mg. daily-5 days 

500 mg. daily-4 days 
250 mg. dai ly-5  days 

Results 

7 days----cough reduced markedly 
10 days-cough disappeared 

No effect 
7 days-temperature normal, 

cough reduced 
14 days-cough disappeared 

6 days----cough reduced 
13 days-only occasional night coughs 
15 days-all  cough absent 

3 days-cough less, no vomiting 
7 days-occasional cough 

5 days----cough disappeared 

4 days----cough less 
9 days-night cough only 

11 days-all  cough absent 

4 days-cough less, no vomiting 
6 days-coughed only once in 2 days 

11 days-cough absent 

5 days-cough disappeared 

4 days-cough reduced 
7 days-coughed once in 24 hours 
9 days-cough disappeared 

Same as for Case 9 

sistentlya.deficitinvitaminC

Whensmalldosesofascorbicacidwere given, the saturation point for the vitamin was reachedslowly,andno clinicalimprovement

was shownuntilthispointwas reached.

Ascorbic acid has a

definite efTect in shortening the period of

paroxysmsfromamatterofweekstoamatter

ofdays.
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T h e  d o s a g e s  u s e d  h a v e  b e e n  empirical ,  w i t h  
a t e n d e n c y  to  u s e  l a r g e r  doses  e a r l y  in  t h e  
d i s e a s e  a s  o u r  e x p e r i e n c e  o f  i t s  e f fects  pro-
g r e s s e d .  T h e  a c i d  i s  a v a i l a b l e  a t  r e a s o n a b l e  
prices ,  a n d  t h e  d a n g e r  o f  o v e r d o s a g e  s e e m s  
negl ig ible .  A n i m a l s  h a v e  r e c e i v e d  2,000 t imes  
t h e i r  e s t i m a t e d  r e q u i r e m e n t s  w i t h o u t  a n y  dele-
ter ious  effects.  A n y  e x c e s s  i s  e x c r e t e d  b y  t h e  
k i d n e y s .  

CONCLUSIONS 

1. A m e t h o d  h a s  b e e n  d e s c r i b e d  f o r  t h e  treat-
m e n t  o f  w h o o p i n g  c o u g h  b y  a s c o r b i c  a c i d  
( v i t a m i n  C ) .  

2. A s c o r b i c  a c i d  def inite ly  s h o r t e n s  t h e  par-
o x y s m a l  s t a g e  o f  t h e  disease,  p a r t i c u l a r l y  i f  
r e l a t i v e l y  l a r g e  d o s e s  a r e  u s e d  e a r l y  i n  t h e  
disease.  

The ascorbic acid used by us was the Hoffmann-
LaRoche product sold under the trade name of "Red-

oxon " ·  Grootton and Bezsonoff4 have shown that this 
product is identical chemically, physically and biologically 
with the original product prepared by Szent-Gyorgi. 
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C H A N G E S  I N  C O N D I T I O N E D  R E S P O N S E S  B R O U G H T  A B O U T  B Y

A N . . < E S T H E T I C S  A N D  S E D A T I V E S •  

B Y  SIMON DWORKIN, WESLEY BOURNE AND BERNARD B .  R.AGINSKY 

Montreal 

p A V L O V 1 (1927)  a n d  his  co-workers first ob-
s e r v e d  t h a t  conditioned s a l i v a r y  reflexes 

could be  modified b y  d r u g s  l ike alcohol, caffeine, 
chloral  h y d r a t e  a n d  bromide. R e c e n t l y  Wolff  
a n d  G a n t t8 (1935) s tudied t h e  effects o f  a m y t a l  
u p o n  conditioned s a l i v a r y  secretion. T h e  object
o f  t h e  present  research w a s  to  e x t e n d  t h e  w o r k
to conditioned alimentary-motor responses o f
dogs  a n d  cats.  F r o m  t h i s  v iewpoint  w e  h a v e
re-investigated t h e  influence o f  alcohol a n d  o f
amytal ,  a n d  tested several  n e w  drugs,  n a m e l y
nembutal,  avertin,  p a r a l d e h y d e ,  bulbocapnine,
carbon dioxide, ethylene,  nitrous oxide, morphia,
a n d  hyoscine.

T w o  dogs  a n d  t w o  cats  s e r v e d  a s  subjects.  
T h e  dogs  received sodium a m y t a l  a n d  nembutal  
intravenously,  a v e r t i n  p e r  rectum, alcohol a n d  
p a r a l d e h y d e  b y  stomach tube, a n d  morphia,  
hyoscine a n d  bulbocapnine subcutaneously.  T h e  
gaseous anresthetics w e r e  administered t o  t h e  
c a t s  u n d e r  a bel l  j a r .  W e  n a t u r a l l y  w a i t e d  f o r  
f u l l  r e c o v e r y  f r o m  one d r u g  before  w e  adminis-
t e r e d  a n e w  d r u g  o r  e v e n  a different dose o f  t h e  
same drug.  

* From the Department of Physiology, McGill Uni-
versity. 

The general procedure for establishing conditioned 
reflexes is by now well known. The measured and re-
corded response may be salivary secretion or any other 
easily observed reaction (cf. Liddell, 1934). 

In our work a lid-lifting response was used. This 
particular training procedure was described by Dworkin2 
(1935). The stimuli selected comprised auditory, visual 
and tactile signals. The successive tests were made at 
intervals of 2 to 6 minutes. During these intervals the 
animals had been trained not to touch the lid of the 
food container. Consistent absence of response between 
stimuli, eventually developed by training, may be called 
"interval inhibition" (Fig. l A ) .  The animals were 
also trained to make two discriminations, (1) between 
two different buzzers--"coarse" discrimination, (2) be-
tween a loud and a quiet musical tone of fixed frequency 
- ' ' f i n e ' '  discrimination. The time of incidence of the 
signals, as well as that of the animals' response, was
recorded graphically. Thus we had information as to 
the latent period, presence or absence of conditioned 
response, duration of conditioned and unconditioned 
phases, and finally the amount of interval inhibition. 

The latent period of the positive responses varied 
between 1 and 3 seconds. Often it was just as short 
for a visual as for a tactile or auditory stimulus. 
Nevertheless, a loud sound usually evoked a response 
sooner than a quiet sound; similarly, the latent period 
for a strong light was often shorter than for a weak 
light. When a negative stimulus was turned on for 
differentiation there was at times a slight turning of  the 
head away from the food container, and other signs of 
general irritation, but no attempt to raise the lid ( see 
Fig. l B ) .  

RESULTS 

O u r  o b s e r v a t i o n s  indfoate  t h a t  t h e  e l e v e n  
d r u g s  t e s t e d  m a y  b e  c l a s s e d  into  t h r e e  m a i n  

scorbic acid definitely shortens the par- oxysmal stage of the disease, particularly if

relativelylargedosesareusedearlyinthe

disease.
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Vitamin C for preventing and treating pneumonia.
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Abstract
Pneumonia is one of the most common serious infections, causing two million deaths annually among young

children in lowincome countries. In highincome countries pneumonia is most significantly a problem of the elderly.

To assess the prophylactic and therapeutic effects of vitamin C on pneumonia.

We searched CENTRAL 2013, Issue 3, MEDLINE (1950 to March week 4, 2013), EMBASE (1974 to April
2013) and Web of Science (1955 to April 2013).

To assess the therapeutic effects of vitamin C, we selected placebocontrolled trials. To assess
prophylactic effects, we selected controlled trials with or without a placebo.

Two review authors independently read the trial reports and extracted data.

We identified three prophylactic trials which recorded 37 cases of communityacquired pneumonia in 2335
people. Only one was satisfactorily randomised, doubleblind and placebocontrolled. Two trials examined military recruits and the
third studied boys from "lower wageearning classes" attending a boarding school in the UK during World War II. Each of these
three trials found a statistically significant (80% or greater) reduction in pneumonia incidence in the vitamin C group. We identified
two therapeutic trials involving 197 communityacquired pneumonia patients. Only one was satisfactorily randomised, doubleblind
and placebocontrolled. That trial studied elderly patients in the UK and found lower mortality and reduced severity in the vitamin C
group; however, the benefit was restricted to the most ill patients. The other therapeutic trial studied adults with a wide age range in
the former Soviet Union and found a dosedependent reduction in the duration of pneumonia with two vitamin C doses. We
identified one prophylactic trial recording 13 cases of hospitalacquired pneumonia in 37 severely burned patients; oneday
administration of vitamin C had no effect on pneumonia incidence. The identified studies are clinically heterogeneous which limits
their comparability. The included studies did not find adverse effects of vitamin C.

The prophylactic use of vitamin C to prevent pneumonia should be further investigated in populations
who have a high incidence of pneumonia, especially if dietary vitamin C intake is low. Similarly, the therapeutic effects of vitamin C
should be studied, especially in patients with low plasma vitamin C levels. The current evidence is too weak to advocate
prophylactic use of vitamin C to prevent pneumonia in the general population. Nevertheless, therapeutic vitamin C supplementation
may be reasonable for pneumonia patients who have low vitamin C plasma levels because its cost and risks are low.

Update of
Vitamin C for preventing and treating pneumonia.  [Cochrane Database Syst Rev. 2007]
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Vitamin B6 prevents cognitive impairment in experimental pneumococcal meningitis.
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Abstract
Streptococcus pneumoniae is the relevant cause of bacterial meningitis, with a highmortality rate and longterm neurological
sequelae, affecting up to 50% of survivors. Pneumococcal compounds are proinflammatory mediators that induce an innate
immune response and tryptophan degradation through the kynurenine pathway. Vitamin B6 acts as a cofactor at the active sites of
enzymes that catalyze a great number of reactions involved in the metabolism of tryptophan, preventing the accumulation of
neurotoxic intermediates. In the present study, we evaluated the effects of vitamin B6 on memory and on brainderived
neurotrophic factor (BDNF) expression in the brain of adult Wistar rats subjected to pneumococcal meningitis. The animals
received either 10 µL of artificial cerebral spinal fluid (CSF) or an equivalent volume of S. pneumoniae suspension. The animals
were divided into four groups: control, control treated with vitamin B6, meningitis, and meningitis treated with vitamin B6. Ten days
after induction, the animals were subjected to behavioral tests: openfield task and stepdown inhibitory avoidance task. In the
openfield task, there was a significant reduction in both crossing and rearing in the control group, control/B6 group, and
meningitis/B6 group compared with the training session, demonstrating habituation memory. However, the meningitis group
showed no difference in motor and exploratory activity between training and test sessions, demonstrating memory impairment. In
the stepdown inhibitory avoidance task, there was a difference between training and test sessions in the control group, control/B6
group, and meningitis/B6 group, demonstrating aversive memory. In the meningitis group, there was no difference between training
and test sessions, demonstrating impairment of aversive memory. In the hippocampus, BDNF expression decreased in the
meningitis group when compared to the control group; however, adjuvant treatment with vitamin B6 increased BDNF expression in
the meningitis group. Thus, vitamin B6 attenuated the memory impairment in animals subjected to pneumococcal meningitis.

BDNF; Pneumococcal meningitis; memory; vitamin B6
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In vitro inhibition of mumps virus by retinoids
Kaitlin J Soye1,2, Claire Trottier1,2, Thomas Z Di Lenardo1,2, Katherine H Restori1,2, Lee Reichman1,
Wilson H Miller Jr2 and Brian J Ward1,3*

Abstract

Background: Mumps virus (MuV) is a highly infectious paramyxovirus closely related to measles virus (MeV).
Despite the availability of a mumps vaccine, outbreaks continue to occur and no treatment options are available.
Vitamin A and other naturally occurring retinoids inhibit the replication of MeV in vitro.

Methods: Anti-viral effects of retinoids were observed in cell culture using the myelomonocytic U937, NB4/R4, and
Huh7/7.5 cells. Observations of anti-viral effect were quantified using TCID50 analysis. Molecular properties of the
antiviral effect were analysed using quantitative RT-PCR and western blot.

Results: The current work demonstrates that retinoids inhibit MuV in vitro due to up-regulation of type I interferon
(IFN) and IFN stimulated genes. This effect is mediated by nuclear retinoid receptor signalling and RIG-I is required.
The antiviral retinoid-induced state makes cells less permissive to viral replication from subsequent challenge with
either MuV or MeV for less than 12 hours.

Conclusions: These results demonstrate that retinoids inhibit MuV replication in uninfected bystander cells through
a retinoid inducible gene I (RIG-I), retinoic acid receptor (RAR) and IFN dependent manner making them refractory
to subsequent rounds of viral replication. These observations raise the possibility that pharmacological doses of
retinoids might have clinical benefit in MuV infection.

Text
The Paramyxoviridae are single stranded, enveloped,
negative sense RNA viruses. They are among the most
important viral pathogens of humans and animals. Many
of the Paramyxoviridae replicate only in the respiratory
epithelium, but Morbillivirus and Rubulavirus members
typically have wider tissue tropism and can cause severe,
systemic disease [1]. Paramyxovirdae epidemics in virgin
populations can be devastating [1]. Vaccines are available
for only a small number of the Paramyxoviridae and
antiviral drugs are not yet available for most of these agents.
Mumps virus (MuV) is a Rubulavirus in the Paramyxo-

viridae family. It is the causative agent of mumps [2].
MuV is a highly contagious infection of humans and was
historically one of the most common childhood illnesses.
The virus infects and replicates in the nasal mucosa
and upper-respiratory tract [2]. A transient cell-associated

viremia (of mononuclear cells) contributes to systemic
viral spread [2]. In young children, MuV infection is typically
a mild disease characterized by fever, headache and swelling
of the salivary glands. Complications such as meningitis,
encephalitis or orchitis may occur. Mumps is a leading
cause of acquired sensorineural deafness among children.
Rates of post-infectious meningoencephalitis can be 1-10%
of clinical mumps cases. Although the fatality rate of mumps
encephalitis is low (0.1-0.5% of clinical mumps cases), the
risk of permanent neurologic sequelae in encephalitis cases is
25% [3]. Furthermore, MuV infection during the first
trimester of pregnancy is associated with a 25% incidence
of spontaneous abortion [3].
There is no current treatment for mumps other than

supportive care [2]. Vaccination programs in developed
countries have markedly increased the average age at
which clinical mumps occurs and dramatically reduced
the incidence of mumps infection [2]. Unfortunately,
large outbreaks have recently occurred in Europe, North
America, Australia and Israel [4–12].
In the last 2 decades, many studies have documented

the beneficial effects of vitamin A supplements on general
mortality and/or morbidity in young children in a wide
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range of developing countries. In 2000, a meta-analysis of
eight studies demonstrated an overall 30% reduction in
infant mortality attributable to vitamin A supplements
[13–15]. A surprising spin-off from these vitamin A
supplementation studies was the re-discovery that vitamin A
‘treatment’ can significantly decrease the morbidity
and mortality associated with acute MeV infection
[16–19]. The mechanism underlying the positive effects of
vitamin A supplements and treatment in measles are not
well understood [13]. Since the mid-1990s, the WHO and
UNICEF have recommended vitamin A treatment for
acute measles in regions of the developing world with high
mortality rates [20].
Vitamin A (retinol) is a fat-soluble vitamin. Its natural

and synthetic derivatives as well as metabolites are
collectively referred to as retinoids [21,22]. Retinol is
obtained from the diet as either retinyl esters or carotenoids.
Retinoids are required for a wide-range of crucial biological
processes including regulation of embryonic development,
maintenance of the integrity of epithelial cell surfaces, vision
and immunity [23]. The metabolite, all-trans retinoic acid
(ATRA) is responsible for mediating many of the important
biological functions of retinoids [22]. ATRA is the natural
ligand for retinoic acid receptors (RAR), which form hetero-
dimers with the retinoid X receptors (RXR) within the
nucleus [24]. RAR-RXR heterodimers bind to retinoic acid
response elements (RARE) on the promoters of target genes
to activate transcription when bound by ligand [21,22,24].
The protein products of retinoid-responsive genes are
responsible for exerting the effects of retinoids in the cell.
Retinoids have been shown to play a role in innate

immune responses and to regulate the expression of a
number of interferon stimulated genes [25–27]. Of
particular interest among the retinoid-responsive genes is
the type I interferon (IFN) pathway. A powerful trigger for
type I IFN production is the recognition of virus-associated
molecular patterns by pattern recognition receptors [28].
These cytokines trigger a rapid and strong innate defense
against many viruses, leading to the transcription of several
hundred ISGs controlled by the IFN-stimulated gene factor
3 (ISGF3) complex [29].
Of particular importance to the current work, retinoids

have specifically been implicated in regulating expression of
the ISG (Interferon Stimulated Gene) retinoid-inducible gene
I (RIG-I) and IFN regulatory factor 1 (IRF-1) [30–39]. RIG-I
is a pattern recognition receptor that was originally under-
stood to detect 5’-triphosphorylated, single-stranded RNA
[40–42] and is expressed at a basal level in many cell types.
The current consensus is that the minimal requirement for
RIG-I activation is a blunt-ended base paired RNA 10-20 bp
long with a 5’ triphosphate [43]. It can initiate the production
of type I IFN and is itself an ISG [44]. IFN has been
reported to induce RIG-I expression by causing the IRF-1
transcription factor to bind to the RIG-I promoter [45].

Anti-MeV effects of retinoids have been observed in a
number of primary human cells and cell lines of diverse
tissue origin [46–48], including the myelomonocytic
U937 cells, which were an important model for our work
with MuV presented herein. We hypothesize that ATRA
treatment during other viral infections would also have
an antiviral effect. We set out to test whether or not
MuV replication could be inhibited by retinoids. Based
on our previous studies, we hypothesize that retinoids
would inhibit MuV replication in vitro and that this
inhibition would depend upon RAR signalling, type I
interferon and functional RIG-I.

Results
Mumps virus can be inhibited in vitro
U937 cells are neoplastic and histiocytic progenitors of
monocytes that have been extensively used in immunological
studies [49] including investigation of interferon pathways
during MuV infection [50–52]. In these cells, increasing
doses of retinol resulted in a significant inhibition of MuV
replication as quantified by TCID50 (Figure 1A). Significant
inhibition was achieved at concentrations as low as 1 μM, a
dose at which increased expression of the retinoid responsive
gene RARβ is readily observed (Figure 1C) [53]. Treatment
of U937 cells with increasing doses of ATRA was even more
effective as an inhibitor of MuV output (Figure 1B) and in
the induction of RARβ mRNA expression (Figure 1D) [53].
All subsequent investigations of the antiviral effect of
retinoids on MuV were performed using ATRA at a
dose of 1 μM.

Retinoid treatment enhances IFN signalling
The innate immune response is thought to be responsible
for the initial control of infectious agents. It has long been
known that up-regulation of the type I IFN response
functions in an auto-response feedback loop that is critically
important for antiviral responses. In the U937 model, MuV
infection alone is able to induce the expression of IFNα1
mRNA (Figure 2A). However, ATRA treatment of MuV
infected cells synergistically increases the expression of
IFNα1 mRNA and supernatant protein levels (Figure 2A-B).
IFNβ mRNA expression and protein levels are also
synergistically increased by the combined treatment of
ATRA and MuV infection (Figure 2C-D).
The increased type I IFN production leads to the

expression of ISGs. In the U937 model, IRF-1 mRNA
expression is significantly increased over control by
ATRA treatment alone (Figure 2E), in agreement with
our previous work [47] and the literature [30,38,39].
However, treatment of MuV infected cells with ATRA
further increases the expression of IRF-1 mRNA
(Figure 2E). This combined treatment (MuV + ATRA)
resulted in a robust increase in RIG-I mRNA expression
(Figure 2F). The mRNA levels of two other IFN-responsive
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genes, IRF-7 and MDA-5, also showed similar patterns
of increased expression in response to MuV + ATRA
(data not shown). In addition to the regulation of ISG
expression, treatment of MuV infected U937 cells with
ATRA also increased STAT1 activation as indicated by
phosphorylation of tyrosine 701 (Figure 2G).
The increased expression of these ISGs can be attributed

to the increased activation of the type I IFN pathway.
When a monoclonal antibody specific to IFNα/β receptor
1 was used to prevent IFN signalling during MuV+ATRA
treatment, ISG mRNA expression was blocked, as demon-
strated by RIG-I mRNA (Figure 2H). This observation
demonstrates that IFN signalling is required for the
retinoid-MuV antiviral response.

Functional nuclear retinoid receptors mediate antiviral
activity of retinoids
To determine whether the antiviral activity of retinoids
requires nuclear receptor signalling, we utilized the
well-characterized NB4/R4 cell model (retinoid responsive
versus retinoid unresponsive) [54]. NB4 cells respond to
ATRA at pharmacologic concentrations, while the NB4
subclone R4 is completely resistant, regardless of the
concentration [54,55]. Both NB4 and R4 cells were readily
infected with MuV. In NB4 cells, 1 μM of ATRA was able
to inhibit MuV output but had no effect in R4 cells
(Figure 3A). At this concentration, the level of inhibition
observed was unlikely due to retinoid-driven differentiation
of the NB4 cells [46,48]. Like the U937 cells, expression of

the ISG, IRF-1, was also increased in NB4 cells exposed
to ATRA alone but was higher in cells exposed to
MuV+ATRA infection (Figure 3B). IRF-1 mRNA expression
was very low during MuV infection alone in this
model. In the retinoid-unresponsive R4 cells, IRF-1
expression was not seen either with ATRA treatment alone
or in response to MuV+ATRA (Figure 3B). Exogenous
IFNβ treatment alone was not able to induce the expression
of IRF-1 in either cell line, suggesting the requirement of
ATRA for IRF-1 expression.
RIG-I mRNA expression was also significantly increased

by the combined treatment of MuV +ATRA in NB4 cells
(Figure 3C). Both MuV alone and ATRA alone increased
the expression of RIG-I over mock treatment, but the
expression was greatly enhanced by combined treatment.
Neither ATRA, nor MuV +ATRA induced the expression
of RIG-I mRNA in R4 cells (Figure 3C). When treated
with exogenous IFNβ, both NB4 and R4 cells increased
the expression of RIG-I mRNA suggesting that IFN signal-
ling is functional in both cell lines (Figure 3C). Expression
of other ISGs, including IRF-7 and MDA-5, showed a
similar pattern of up-regulation in NB4 cells and no
response in R4 cells (data not shown).
As a further confirmation of the role of RARα mediated

signalling in the retinoid-MuV antiviral response, treat-
ment of U937 cells with RO 41–5253, a specific RARα
antagonist, reversed the impact of ATRA on MuV
replication and reduced the expression of the ISGs in
response to MuV + ATRA (data not shown).
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Figure 1 In vitro inhibition of mumps virus by retinoids. (A) (B) U937 cells were infected with MuV at an MOI of 0.01 and treated with
increasing doses of retinol or all-trans retinoic acid (ATRA) as indicated. Whole cell lysates were harvested after 48 hours and viral titers were
measured by TCID50. (C) (D) RNA was extracted from parallel U937 cultures treated with increasing doses of retinol or ATRA and analyzed for
RAR-β expression by qPCR. Data presented reflect three experiments performed in triplicate (N = 3). *p < 0.05, **p < 0.01.
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RIG-I is required for the retinoid-induced antiviral
response
RIG-I is both retinoid responsive and IFN stimulated. It
was clearly up regulated in our in vitro model systems in
response to MuV +ATRA (Figures 2F, 3C). To investigate
the requirement of RIG-I signalling in the cellular response
to combined MuV+ATRA exposure, we used the Huh7
cell line, which is derived from a human hepatocellular

carcinoma and has been used extensively in hepatitis C
virus (HCV) research [56,57]. Of particular interest for our
studies, an Huh7 subclone (Huh7.5) has a point mutation
in the first CARD domain of RIG-I, rendering the protein
non-functional [57,58].
We turned to the Huh7/7.5 model to demonstrate the

importance of RIG-I rather than using RNA interference
(RNAi) after initial experiments demonstrated that both
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Figure 2 Type I interferon signaling is required for the induction of the retinoid anti-MuV response. U937 cells were infected with MuV at
an MOI of 0.01 and treated with 1 μM ATRA or DMSO. 48 hr post-infection, RNA was extracted and analyzed for IFNα1 (A), IFNβ (C), IRF-1 (E) and
RIG-I (F) expression by qPCR. Supernatants were analyzed by ELISA for IFNα1 (B) or IFNβ (D) protein. (G) U937 cells were treated with increasing
doses of ATRA (0-1000nM) and either mock infected or infected with MuV at an MOI 0.01. Protein was isolated from whole cell extracts and
analyzed by western blot for phospho-STAT1 (Y701), total STAT1 or β-actin. (H) U937 cells were infected with MuV at an MOI of 0.01 and treated
with 1 μM ATRA or DMSO and isotype control antibody or IFNAR2 antibody. 24 hr post-infection RNA was extracted and analyzed for RIG-I
expression by qPCR. Data presented reflect three experiments performed in triplicate (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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control and RIG-I specific siRNA were sufficient to
induce the expression of RIG-I and other interferon
stimulated genes (data not shown, also demonstrated
in [59,60]). In MuV infected Huh7 cells treated with
ATRA, virus output was significantly reduced (Figure 4A)
but ATRA had no effect on MuV replication in the
Huh7.5, RIG-I non-functional cells (Figure 4A).
It has recently been demonstrated that RIG-I comple-

mentation in Huh7.5 cells can restore the IRF3 pathway,
making these cells less permissive to Sendai virus
(SeV) infection [58]. This observation suggests that the
non-functional RIG-I encoded in the Huh7.5 cells can be
complemented by exogenous expression of the protein.
When RIG-I was transfected into the Huh7.5 cells,
inhibition of MuV replication was restored (Figure 4B).
These data demonstrate the requirement of RIG-I in
the retinoid-MuV antiviral response.

Antiviral response is created in uninfected bystander cells
To determine whether or not a bystander effect was induced
following MuV infection, we repeated key experiments using
0.02 μm-pore membrane transwell tissue culture inserts
(depicted in [48] and [47]). In these experiments, the
inner-chamber U937 cells could be exposed to the products
of infection in the outer-chamber cells without direct
contact with either MuV itself or the MuV-infected
cells. We confirmed that MuV was not able to cross
the membrane by TCID50 assay of the inner-chamber
cells in each experiment.
ATRA-stimulated ISG expression was just as strong in

the inner-chamber (uninfected) as the outer-chamber
(infected) cells despite the absence of active infection.
Specifically, we found strong up-regulation of mRNA
expression for IRF-1 (Figure 5A) and RIG-I (Figure 5B),
as well as MDA-5 and IRF-7 (data not shown), in the
inner-chamber cells.
When the supernatant (or conditioned media) from

the inner-chamber bystander U937 cells was applied
to fresh cells, we observed a striking induction in the
expression of these same ISGs as shown for RIG-I
(Figure 5C).

Bystander cells are protected from infection
To determine whether or not the uninfected inner-chamber,
bystander cells would have reduced susceptibility to
future infection these cells were harvested and challenged
with MuV at an MOI of 0.1 immediately following incuba-
tion in the transwell. Compared with control cells not
treated with ATRA and exposed to the products of MuV
infection, the inner-chamber cells were relatively resistant
to MuV replication (one log reduction in MuV titres pro-
duced, Figure 6A). This relatively refractory state persisted
for up to 6 hours but was lost at 12 hours (Figure 6B).
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Figure 3 Retinoid signaling is required for the inhibition of
MuV in vitro. NB4 and R4 cells were infected with MuV at an MOI
of 0.01, treated with 1 μM ATRA or DMSO and/or treated with
1000 U/mL IFNβ (PBL Interferon Source, New Jersey) as indicated.
(A) Whole cell lysates were harvested after 48 hours and viral titers
were measured by TCID50. RNA was extracted and analyzed for
IRF-1 (B) and RIG-I (C) expression by qPCR. Data presented reflect
three experiments performed in triplicate (N = 3). *p < 0.05,
**p < 0.01, ***p < 0.001.
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These data suggest that the antiviral state created in the
bystander U937 cells is short lived.
When inner-chamber bystander cells treated with ATRA

and exposed to the products of MuV infection were chal-
lenged with MeV at an MOI 0.1 MeV replication was also
reduced by at least 1 log compared to untreated controls
or cells treated with only ATRA or exposed to the products
of outer-chamber MuV infection (Figure 6C). The antiviral
state induced in these cells was not virus-specific.

Discussion
The potential role of individual micronutrients in specific
infectious diseases has been the subject of considerable
interest for decades (reviewed in [61]). To our knowledge,
retinol (Vitamin A) is currently the only micronutrient
routinely used to ‘treat’ a viral disease. In fact, both
vitamin A supplementation and therapy appear to have
significant clinical benefit in natural MeV infection
[16–19,21]. However, the effects of vitamin A on viral
infections have been highly variable and at times,
completely contradictory.
Although reduced mortality from diarrheal disease

is associated with vitamin A supplements in children
of the developing world this benefit appears to be
due largely to milder bacterial infections [14,62,63]. In
Mexican children receiving vitamin A supplements, the
incidence of Norovirus diarrhea was reduced but gut viral
titres and the period of virus shedding in these children
were both significantly increased [64].
In human immunodeficiency virus (HIV) infection,

pre-antiretroviral treatment (ART) studies suggested
that low serum retinol levels were associated with rapid
progression of acquired immunodeficiency syndrome
(AIDS) but later studies showed little-to-no impact
of supplements on disease progression or survival

(reviewed in [65]). Perinatal vitamin A supplements
in HIV-positive women can improve the survival of the
seronegative children but can increase mother-to-child
HIV transmission [65], possibly through increased viral
loads in breast milk [66]. In vitro, retinoids have been
found to both increase and decrease HIV replication in
different model systems [67,68].
Patients infected with Hepatitis C virus (HCV) and

treated with 9-cis retinoic acid or ATRA in combination
with pegylated IFNα have lower viral loads [69,70]. In
contrast, supplements do not increase viral clearance
in human papilloma virus (HPV)-infected women [71].
Both vitamin A supplementation and treatment have

either no or negative effects on respiratory tract infections
including the common paramyxovirus, respiratory syncytial
virus (RSV) [72–74]. Studies with another paramyxovirus
have shown that vitamin A deficient chickens suffer
increased morbidity from Newcastle disease virus (NDV)
[75–77]. Using the paramyxovirus most closely related to
measles, our group has demonstrated that canine distemper
virus (CDV)-infected ferrets treated with vitamin A develop
less severe disease [78]. In aggregate, these observations
suggest that vitamin A and its derivatives may play
an important role in antiviral responses but demonstrate
clearly that mechanistic studies are essential to fully
understand and exploit this potential.
Previously we have shown that retinoids can inhibit

MeV replication in vitro via retinoid nuclear receptor
activating type I IFN signalling [46,48]. We hypothesized
that ATRA treatment during MuV infection may also
inhibit MuV replication in vitro. We further sought to
determine if the retinoid-MuV antiviral response would
require type IFN signalling, RAR signalling and functional
RIG-I. The current work demonstrates that ATRA
similarly exerts anti-viral effects on MuV. We believe that

*** 

*** 

A B

Figure 4 RIG-I is required for the inhibition of MuV by retinoids. (A) Huh7 and Huh7.5 cells were infected with MuV at an MOI of 0.01 and
treated with 1 μM ATRA or DMSO. Whole cell lysates were harvested after 48 hours and viral titers were measured by TCID50. (B) Huh7.5 cells
were transfected with mock, pcDNA3.1 or pRIG-I-myc and incubated overnight. Following transfection, the cells were infected with MuV at an
MOI of 0.01 and treated with 1 μM ATRA. Whole cell lysates were harvested after 48 hours and viral titers were measured by TCID50. Western
blotting was not performed since Huh7.5 cells produce a defective RIG-I protein that cannot be distinguished from the wild-type protein by
commercially-available antibodies. Data presented reflect two experiments performed in triplicate (N = 2). ***p < 0.001.
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these effects are not virus-specific, but rather extend to
multiple members of the Paramyxovirus family or more
broadly, to viruses that are detected by RIG-I. Figure 7
depicts our current understanding of retinoid action on
Paramyxovirus infection. In Figure 7A, ATRA alone has
no protective capacity on initially infected cells. These
cells will produce the same amount of virus as untreated
cells and ultimately, will die as a result of infection.
However, the initially uninfected cells in the culture are
primed for ISG expression by ATRA treatment through
activation of the nuclear retinoid receptors. In Figure 7B,
retinoid-primed cells effectively up-regulate ISG expression
and type I IFN production upon viral infection. The
combination of type I IFN and ATRA induces RIG-I
expression in uninfected bystander cells, further improving
the innate anti-viral response. ATRA is essential for
initiating positive feedback through RIG-I activation
and type I IFN pathways, which protects uninfected cells.
In the current work, we used a variety of in vitro models

to extend our central observation of retinoid-induced anti-
viral effects to MuV (Figures 1A, 1C, 3A, 4A). Although the
cell lines used in this work varied in their overall sensitivity
to retinoids (NB4 > U937 > Huh7>> R4), all supported the
growth of MuV. Retinoid-induced suppression of MuV
replication could be demonstrated in all but the R4
cells. Retinol (ROH) is the form of vitamin A found
in the circulation at concentrations up to 2 μM [79].
The degree of inhibition of MuV replication was much
greater using ATRA, a natural derivative of ROH and
ligand that binds directly to nuclear receptors. ATRA is
generally found in the intracellular space, but can be found
in the serum in the 5–10 nM range [79]. As a result, we
believe the mechanisms that we have documented in vitro
to be potentially active in vivo. Indeed, the outcome of any
infection is essentially a ‘race’ between pathogen replication
and the developing immune response. In this context, it is
plausible that the modest reduction in the rate of MuV
replication that we observed with retinoid ‘treatment’

Outer Chamber

Inner Chamber 

RIG-I mRNA

Outer Chamber

Inner Chamber 
IRF-1 mRNA

ns ** 

** 

** 
ns 

A

B

C
RIG-I mRNA

* 

Figure 5 Retinoids induce an anti-MuV state in the uninfected,
bystander cells. U937 cells were infected with MuV at an MOI of
0.01 in the presence of 1 μM ATRA or DMSO. Transwell membrane
inserts with 0.02 μm pores were used to separate the infected cells
in the outer chamber from the uninfected, bystander cells in the
inner chamber [48]. Cells from control wells (no membrane insert),
outer and inner chamber bystander cells were harvested after
48 hours and IRF-1 (A) and RIG-I (B) mRNA were measured by qPCR.
As indicated on the Figure, outer chamber cells infected by MuV are
represented by open bars and inner chamber (uninfected) cells are
represented by the filled bars. (C) Conditioned media from the control
and transwell inner chambers were applied to fresh U937 cells. After
24 hours of incubation with the conditioned media, RNA was extracted
and RIG-I expression was analyzed. Data presented reflect three
experiments performed in triplicate (N = 3). * p <.02,**p < 0.01.
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in vitro could translate into clinical benefit during natural
disease, as occurs with vitamin A treatment in natural
MeV infection. To our knowledge, there has not yet been
any attempt to use retinol (or other retinoids) to modulate
the course of mumps infection. Unfortunately, there is no
animal model for mumps in which this possibility can be
directly tested.
The antiviral state created by the combination of

MuV infection and ATRA treatment was ultimately
generated by the expression of type I interferon. We
have demonstrated that the combination of MuV +ATRA
leads to transcription of IFN genes and at least additive
increases in IFNα1 and IFNβ levels in culture supernatants,
as well as enhanced transcription of ISGs (Figure 2A-F).
Increasing doses of ATRA in the context of MuV infection
led to marked increases in STAT1 activation (Figure 2G)
and, when type I IFN signalling was blocked, the antiviral
state is lost (Figure 2H). MuV normally escapes type I IFN
control by targeting STAT1 for proteasomal degradation.
Variations in the V protein sequence can decrease the
efficiency of proteosomal targeting of STAT1, [80] resulting
in differing sensitivity to type I IFNs and potentially
the IFN dependent antiviral state produced by retinoid
treatment. We are currently collecting wild-type MuV
isolates to correlate retinoid sensitivity with V protein
sequence to better understand this apparent paradox. At
the current time, we also cannot fully explain differences in
ATRA-induced up-regulation of RIG-I expression between
the U937 and NB4 cells other that to postulate greater
retinoid sensitivity in the RIG-I promoter of the former
line. It is also possible that the timing of sample collection
contributed to these results. Similarly, the timing of
sampling may underlie the up-regulation of RIG-I mRNA
in NB4 cells in response to IFNβ stimulation despite
the apparent absence of IRF-1 induction (Figure 3B/C).
Time course studies are currently underway to address
these issues.
We further demonstrate that nuclear retinoid receptor

signalling was also central to the antiviral effect of retinoids
against MuV. Although it is possible that more than one
nuclear receptor may be involved, our current data suggest
that RARα plays an important role in mediating the
antiviral effects against MuV. In our NB4/R4 model, RAR
signalling was not only required for the antiviral effect
(Figure 3A), it was essential for the expression of ISGs that
contribute to the antiviral response (Figure 3B-C).
Finally, we demonstrate a similar retinoid signalling

mechanism in response to MuV +ATRA (Figures 2E, 3C,
Figure 4A). Most convincing, we have shown that
overexpression of RIG-I in Huh7.5 cells with non-functional
RIG-I signalling, can reinstate the retinoid-induced
inhibition of MuV. The results in the Huh7.0/7.5 model
are particularly interesting because MuV output does not
differ greatly at 48 hours, suggesting that intact RIG-I

* * 

Challenge: MuVA

C

* 

** 

DMSO 

ATRA 

MuV

MuV+ATRA

Conditioned Cells 

Conditioned Cells 

Challenge: MeV

B

Figure 6 Antiviral state is short-lived and virus non-specific. (A)
The inner chamber bystander cells were harvested and challenged
with MuV at an MOI of 0.1. Whole cell lysates were harvested after
48 hours and viral titers were measured by TCID50. (B) To assess the
duration of the anti-viral state, U937 cells were suspended in TW
inner-chamber conditioned media and incubated for the indicated
time at 37°C then challenged with MuV at an MOI of 0.1. Whole cell
lysates were harvested after 48 hours and viral titers were measured
by TCID50. (C) The inner chamber bystander cells were harvested
and challenged with MuV at an MOI of 0.1. Whole cell lysates were
harvested after 48 hours and viral titers were measured by TCID50.
Data presented are representative of two-three experiments
performed in triplicate (N = 2-3). *p < 0.05, **p < 0.01.
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signalling (by itself) does not play a major role in limiting
viral replication. However. transfection of a functional
RIG-I clearly restores retinoid responsiveness in this
model. At least some of this paradox may be explained by
the 48-hour time-point used for most experiments. Indeed,
MuV output was lower in the Huh7.0 than Huh7.5 cells for
the first 24–36 hours (data not shown). The 48 hour
time-point was chosen for our experiments because
retinoid effects were most obvious at this time. These find-
ings are very similar to our observations with measles virus
in the Huh 7.0/7.5 model where transfection of a dominant
negative RIG-I eliminates the anti-viral activity of retinoids
in the Huh 7.0 cells and transfection of a functional RIG-I
gene into Huh 7.5 cells restores activity [47].
The Huh7.0/7.5 data are also intriguing because they

suggest a larger role for RIG-I in defending against MuV
than would have been predicted from the literature to
date. It is widely thought that the double-stranded RNA
sensor mda-5 is the primary target of the MuV V protein

[81,82] and that RIG-I may respond primarily to
Paramyxovirus defective interfering particles [83]. For
several Paramyxoviruses, mda-5 signalling is inhibited
by direct binding of the V protein and conserved residues
in the helicase [82]. More recent data raises the possibility
that Paramyxovirus V proteins may also target RIG-I
indirectly by binding to laboratory of genetics and
physiology 2 (LGP2) [84] Mutations in the carboxy-terminal
domain of the V protein can result in a reduction or total
loss of this interference [81]. In both NB4 and U937
cells, mda-5 expression is also increased by ATRA
alone (data not shown). We are currently collecting
wild-type (WT) MuV isolates to assess their susceptibility
to retinoid-induced suppression and to correlate this sup-
pression with V protein mutations. Our preliminary data
(4 low-passage isolates to date) suggest that sensitivity to
retinoid-induced suppression varies widely in WT MuV
(50% suppressible) It is also interesting that retinoid sensi-
tivity has been maintained in the two initially sensitive

Figure 7 Retinoid action during paramyxovirus infection. (A) 1) Jak/STAT signaling is inhibited as a result of viral infection and ATRA
treatment is unable to effectively promote unregulation of ISGs and type I IFN production. 2) Cells exposed to the products of the primary
infection and primed with ATRA can more efficiently secrete type I IFN upon infection. (B) 3) Exposure to ATRA and type I IFN in the supernatant
signals through the Jak/STAT pathway with the combination of nuclear localization of STAT1/2 heterodimer and activation of the RAR/RXR
complex results in the transcription of multiple ISGs, importantly IRF1. For simplicity, only IFNα and its receptor IFNAR1/2 are shown to promote
Jak/STAT signaling. 4) RIG-I expression is greatly up-regulated under these conditions, by IRF1 binding to the interferon response element (IRE) on
its promoter. 5) Increased cytoplasmic quantities of RIG-I provide protection in the bystander cell upon virus infection. RIG-I detects viral RNA and
associates with the adaptor protein MAVS, which initiates downstream activation of NFκB and IRF3/7. Nuclear translocation to their respective
promoter elements induces transcription of antiviral genes, i.e., type I IFN and IRF1/7 production. It is not clear what role the second cytoplasmic
RNA helicase (mda5) plays in this cascade although mda5 has been implicated in responses to several Paramyxoviridae. 6) These proteins feedback
onto their respective pathways and promote RIG-I expression, further improving the antiviral state of the cell. 7) Increased production of type I IFN from
the retinoid-primed bystander cell provides both an autocrine and paracrine signal to further protect the uninfected cells in culture.
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WT isolates despite repeated in vitro passage in Vero cells
in our laboratory.
The antiviral state created by MuV + ATRA was most

profound in the initially uninfected bystander cells
(Figure 5A-B) and could be transferred to fresh cells
via the conditioned media leading to up-regulation of
ISG expression (Figure 5C). Not surprisingly, since
type I IFN responses are innate and non-specific, cells
exposed to conditioned media from MuV +ATRA cells
were relatively resistant to subsequent challenge with
either MuV or MeV for less than 12 hours (Figure 6A-C).
This last observation is consistent with the immediate and
short-lived antiviral effects of type I IFNs [85].
The Paramyxoviridae including MeV, MuV, RSV, CDV,

phocine distemper virus, Nipah virus and Hendra virus
are among the most important human and animal
pathogens. Commercial vaccines are not yet available
for many of these viruses, and antiviral drugs are typically
of little use [86]. Some of these viruses can have extraordin-
arily high mortality rates (for example, CDV in naïve seals
and dogs, Nipah and Hendra viruses in man) [87].
The clinical evidence of benefit from retinoid therapy
of MeV infection in children and CDV infection in
ferrets is strong [17–19,78]. Our in vitro data suggest
that ATRA may be far more potent that retinol in
mediating antiviral effects. Our mechanistic studies in
different tissue culture models of MuV infection suggest
that common signalling pathways mediate these effects
[46–48]. However, high doses of vitamin A in children
with RSV infection have no benefit and may even cause
harm [74,88]. In aggregate, these clinical and laboratory
observations support further studies of the efficacy and
mechanism of action of retinoids against a wider range of
respiratory viruses in more sophisticated animal models,
such as primates, or even clinical studies. It would be of
particular interest to use retinoids other than retinol,
ATRA in particular, in these latter studies to achieve more
effective inhibition of viral replication. This conclusion is
further supported by a recent study demonstrating that
several synthetic retinoid analogues have much greater
capacity to interfere with human herpes virus 8 (HHV8)
replication in vitro than retinol [89].

Conclusions
In conclusion, this work has demonstrated that MuV
can be inhibited in vitro by retinoids. This antiviral
effect required RAR signalling, type I IFN signalling and
functional RIG-I. The antiviral response was created in
the initially uninfected bystander cells and was both
short-lived and cross-protective against subsequent
MuV or MeV challenge. This is the first work to
demonstrate the antiviral effect of vitamin A on MuV
and may contribute to better treatment options for
MuV. We propose that IRF-1 is recruited to the RIG-I

promoter under the influence of ATRA alone, and is
required for the induction of RIG-I (47). In these models
systems therefore, ATRA inhibits MuV replication through
the RARα-dependent regulation of RIG-I and IRF-1 and via
an IFN feedback loop.

Methods
Cells, reagents and viruses
All cell cultures were maintained at 37°C in a 5% CO2

humidified incubator. U937 (ATCC, #CRL-1593.2), NB4
(M. Lanotte, INSERM UMR-S 1007, Paris, France) and
R4, Huh7 and Huh7.5 (courtesy C. Richardson, Dalhousie
University, Halifax, NS), Vero cells (ATCC, #CCL-81) were
maintained as described in [47]. Retinol and All-trans
retinoic acid (ATRA) (Sigma-Aldrich Fine Chemicals,
Oakville, ON) stock solutions of 10−2 M were prepared in
100% DMSO and further dilutions were performed using
RPMI. DMSO at equivalent final dilutions was used in all
experiments as a control. All retinoids were stored in
opaque eppendorf tubes at −80°C. The Jones MuV strain
(ATCC, #VR-365) is a tissue culture-adapted virus that
was, according to the supplier’s web-site, extensively
passaged in chicken embryos and Vero cells prior to
purchase. Our MuV stock was initially plaque purified and
then grown by infecting Vero cells with a maximum
passage of three times from the original purchase
(ATCC, #CCL-81) at a multiplicity of infection (MOI)
of 0.001 at 33°C in a Cell-Stack 10 (Corning, Corning,
NY). Harvested virus was concentrated by centrifugation
at 15,752 x g for seven hours at 4°C in a fix-angle rotor,
the pellet was resuspended in RPMI with gentle pipetting.
The Chicago-1 MeV strain is a tissue culture-adapted
genotype D3 virus (courtesy of W. Bellini, CDC, Atlanta,
GA). MeV stock was grown as described in [47].

Cell culture infections
Cell lines were infected with MuV at the indicated MOIs.
Media was removed and virus diluted in Hanks’ Balanced
Salt Solution with calcium and magnesium (Wisent,
St-Bruno, QC). The virus was incubated with the cells
for 1.5 hours, with gentle rocking at 15-minute intervals.
The virus was removed and cells were resuspended in
RPMI 1640 supplemented as previously described [46–48]
using the specific MOIs and time points indicated in the
figure legends and incubated at 37°C/5% CO2.

Quantitative RT-PCR
RNA was extracted using Trizol (Invitrogen by Life
Technologies, Burlington, ON) as per the manufacturer’s
instructions, and treated to remove possible genomic DNA
contamination with Turbo DNAse (Ambion, Austin, TX).
For experiments in which antibodies were used to block type
I IFN signalling, an RNeasy Mini kit was used to extract
RNA (Qiagen, Mississauga, ON). Equal quantities of RNA
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were reverse-transcribed into cDNA for qPCR analysis
using random primers. FAM-labelled TaqMan primer-probe
assays for the following genes were obtained from
ABI (Applied Biosystems by Life Technologies, Carlsbad
CA): RIG-I, RARβ and IRF-1. The level of gene expression
in untreated cells was used for calibration. Vic-labeled
hGAPDH was used as the endogenous control.

Transwell
Transwell experiments (TW) were performed as previously
described [47,48]. Briefly, TW membranes inserts with 0.02
μM pores served to separate infected cells in the outer
chamber from the uninfected bystander cells of the inner
chamber. Wells with no transwell inserts were used for
control cultures. Preliminary experiments demonstrated
that the presence/absence of the TW membrane had no
impact on measured outcomes under control conditions.

Conditioned media
Supernatants were collected from TWs and used to treat
fresh U937 cells. After 24 hours of incubation with the
TW conditioned media, RNA was extracted and RT
PCR performed. These samples were analyzed by qPCR
for the expression of RIG-I.

Blocking antibody
Supernatants were collected from TWs and used to treat
fresh U937 cells. These fresh cells were treated with anti-
IFNAR2 blocking antibody (20 μg/μL, PBL Biomedical
Laboratories, Piscataway, NJ) or isotype control antibody
for one hour before infection and for the subsequent
24-hour incubation with the conditioned media. These
samples were analyzed by qPCR for the expression of RIG-I.

Western blotting
Cells were infected with MuV and/or treated with ATRA
at the indicated doses. 48 hours post infection, protein
was harvested as previously described in [47]. The
membranes were incubated in 5% non-fat milk or 5%
BSA for 1 hour and incubated overnight at 4°C with
primary antibody. Primary antibodies used were against
phospho-STAT1 (Y701) (1/1000, BD Bioscience), Total
STAT1 (1/1000, BD Bioscience) and β-actin (1/10000,
Sigma). Following overnight incubation, membranes
were washed three times for 10 minutes in TBS/0.1%
Tween, incubated with secondary antibody (1/10000,
GE Healthcare) at room temperature for 30 minutes,
and washed three times for 10 minutes. The peroxidase-
conjugated secondary antibodies were developed using a
chemiluminescence kit according to the manufacturer’s
instructions (GE Healthcare).

Transfection
Huh 7.5 cells were seeded at 1.5 × 105 cell/mL, then were
transfected with 3 μg of the RIG-I construct in a pcDNA3
plasmid (gift from J. Hiscott) or empty vector using a 3:1
ratio of FuGENE 6 (Roche, Toronto, ON) as per the
manufacturer’s instructions. At 18 hours post-transfection,
cells were infected with MuV MOI 0.01 and at 48 hours
post infection the cells and supernatants were quantified
using plaque assay as previously described [46].

Viral challenge of bystander cells
Bystander cells from the TW inner chambers were pooled
according to treatment and resuspended in Hanks’
Balanced Salt Solution with calcium and magnesium
(Wisent, St-Bruno, QC). Cells are infected with MuV
or MeV at MOI 0.1 as described above and previously
[46–48]. These cells were resuspended in RPMI 1640
(Wisent, St-Bruno, QC) supplemented with 10% heat-
inactivated FBS (Wisent, St-Bruno, QC) and 0.1%
gentamicin and incubated for the indicated time at
37°C/5% CO2.

Tissue culture infectious dose50 (TCID50)
MuV concentrations were quantified by TCID50. Briefly,
Whole cells and supernatant were frozen at −80°C to
lyse cells, samples were defrosted on ice, then serially
diluted in Minimum Essential Medium Eagle (Wisent,
St-Bruno, QC) supplemented with 3% heat-inactivated FBS
(Wisent, St-Bruno, QC) and 0.1% gentamicin. Supernatants
were not analysed separately in this series of experi-
ments. Diluted virus was applied to Vero cells in 3%
heat-inactivated FBS (Wisent, St-Bruno, QC) and 0.1%
gentamicin in 96-well plates. The virus is incubated
with the cells for 5 days at 37°C/5% CO2. Syncytium
formation was scored and TCID50 was calculated
using the Karber method [90,91].

Elisa
U937 cells were infected at an MOI of 0.01 with the indi-
cated virus. At 48 hours post-infection, supernatant IFNα1
and IFNβ were measured by ELISA (PBL Interferon Source,
Piscataway, NJ) as per the manufacturer’s instructions.
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Abstract
In the past century, noncommunicable diseases have surpassed infectious diseases as the principal cause of
sickness and death, worldwide. Trillions of commensal microbes live in and on our body, and constitute
the human microbiome. The vast majority of these microorganisms are maternally derived and live in the
gut, where they perform functions essential to our health and survival, including: digesting food, activating
certain drugs, producing short-chain fatty acids (which help to modulate gene expression by inhibiting the
deacetylation of histone proteins), generating anti-inflammatory substances, and playing a fundamental
role in the induction, training, and function of our immune system. Among the many roles the microbiome
ultimately plays, it mitigates against untoward effects from our exposure to the environment by forming a
biotic shield between us and the outside world. The importance of physical activity coupled with a balanced
and healthy diet in the maintenance of our well-being has been recognized since antiquity. However, it is only
recently that characterization of the host–microbiome intermetabolic and crosstalk pathways has come to the
forefront in studying therapeutic design. As reviewed in this report, synthetic biology shows potential in de-
veloping microorganisms for correcting pathogenic dysbiosis (gut microbiota–host maladaptation), although
this has yet to be proven. However, the development and use of small molecule drugs have a long and suc-
cessful history in the clinic, with small molecule histone deacetylase inhibitors representing one relevant ex-
ample already approved to treat cancer and other disorders. Moreover, preclinical research suggests that
epigenetic treatment of neurological conditions holds significant promise. With the mouth being an extension
of the digestive tract, it presents a readily accessible diagnostic site for the early detection of potential un-
healthy pathogens resident in the gut. Taken together, the data outlined herein provide an encouraging road-
map toward important new medicines and companion diagnostic platforms in a wide range of therapeutic
indications.
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Introduction
In less than 100 years, noncommunicable diseases have
surpassed infectious diseases as the principal cause of
sickness and death, worldwide.1 One hundred trillion
commensal microbes (including the fungal community
referred to as the mycobiome)2 that live in and on our
body constitute the human microbiome,3 although a re-
cent study4 estimates the overall figure to be much
lower. Regardless of the absolute number, the vast ma-
jority of these microorganisms live in the gut (micro-
biota),5 where they perform functions that are essential
to our health and survival. They help us digest food6;
participate in the activation of certain drugs7; produce
short-chain fatty acids (SCFAs) that help modulate
gene expression by inhibiting deacetylation of histone
proteins8–10; generate molecules that reduce inflamma-
tion11; and play a fundamental role in the induction,
basic development, training, and function of our im-
mune system.12–14 Thus, as a whole, the microbiome be-
comes an integral part of our immune makeup, and is
largely inherited from the mother with significant differ-
ences consequent to cesarean versus vaginal deliver-
ies.15–20 Among the many roles the microbiome may
ultimately play in health and disease, it mitigates against
the untoward effects from our exposure to the environ-
ment by residing as a biotic barrier between us and the
world around us.1,21–25

Neuropsychiatric disorders26 are on the increase glob-
ally and, of the noncommunicable diseases, stand out as
a leading cause of disability.3,8,27,28 Accruing evidence
strongly links gut dysbiosis (gut microbiota–host malad-
aptation) as a risk factor in a wide range of mental ill-
nesses that include neuropsychiatric conditions,3,29–38

such as autism spectrum disorder (ASD)39–46 and
schizophrenia39,40,46–49 among them. There are cur-
rently no drugs approved that treat the core symptoms
of ASD.50 The pathogenic mechanisms underlying
schizophrenia, a debilitating mental disorder, are un-
known51 and drug therapies used to treat the associ-
ated psychotic symptoms have advanced little since
the introduction of clozapine in 1960.52,53

The reported association of mental illness with diges-
tive disturbances dates back to Hippocrates and stands as
the single consistently linked comorbidity described in
the medical literature from ancient times to the present.49

Although the genesis of our microbiome is predomi-
nantly our mother’s,18,54 eventually our microbiome
transforms into our own unique signature.55 Changes in
the gut microbial composition and function constantly
adapt to our diet,56,57 and the mechanistic relationships

between the gut microbiota in the development of the en-
teric nervous system58 and the preservation of our meta-
bolic health59,60 are only now beginning to be elucidated.

Microbiota-Induced Epigenetics
Advances in genetic editing technologies may help clar-
ify whether it is our genetics that control our epigenome
or epigenetics that control the genome—or, more likely,
the relationship between the two is mutual.61 There is
supporting evidence to suggest that our microbiome
plays a fundamental role in this relationship.14,62,63

Numerous studies64,65 show microbe-generated metabo-
lites are intertwined with host cell biochemistry and
physiology, and SCFA-mediated cell signaling is a key
pathway that gut microbes use to communicate with
the host.9,44,66–68 Acetate, propionate (propionic acid is
also commonly referred to as PPA), butyrate, and penta-
noate, having respectively, 2, 3, 4, and 5 carbon atoms
are SCFAs (Table 1), largely produced by microbial fer-
mentation of complex polysaccharides (starches and fi-
bers) in the colon (longer chain aliphatic acids with 6
to 12 carbons are considered to be medium-chain fatty
acids [MCFAs]). SCFAs are absorbed into the colonic
epithelium where, primarily, butyrate is consumed as a
preferred fuel source by colonocytes.69–73 Microbiota-
produced SCFAs enter the bloodstream through the por-
tal circulation of the host and/or the distal colon and are
transported to recipient tissues where they are taken up
and used in a variety of cellular responses, including the
regulation of gene expression.9,47,74,75

Many brain disorders are associated with imbalances
in protein acetylation levels and transcriptional dys-
function.76 Histone deacetylase (HDAC) inhibitors
represent a promising therapeutic option to correct
these deficiencies, and numerous studies using buty-
rate, the most potent of the SCFA HDAC inhibitors,9,77

Table 1. Chemical Structures of Fatty Acids with Two
to Eight Carbon Atoms

R Fatty acid No of carbon atoms

H Acetic 2
CH3 Propionic 3

CH3CH2 Butyric 4
CH3CH2CH2 Pentanoic 5

CH3CH2CH2CH2 Hexanoic 6
CH3CH2CH2CH2CH2 Heptanoic 7

CH3CH2CH2CH2CH2CH2 Octanoic 8
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demonstrate the medicinal potential of butyrate in the
intervention of neurodegenerative diseases and psychi-
atric disorders.26,64,76,78–85

a-Lipoic acid [(R)-5-(1,2-dithiolan-3-yl)pentanoic
acid] (ALA, Fig. 1) is a naturally occurring 5-
membered ring disulfide-substituted SCFA HDAC in-
hibitor86,87 with strong antioxidant activity.88 It is an
essential cofactor in aerobic metabolism and is the
central component forming the pyruvate dehydrogenase
complex,89,90 which functionally links glycolysis in the
cytoplasm to oxidative phosphorylation (OXPHOS) in
mitochondria.91 ALA plays a role in microbial metabo-
lism too.92 Although ALA is present in almost all food
types that we eat,93 and is readily digested, absorbed,
and transported to tissues, including brain,94–96 the
amounts available from diet are low.93 Although the
acquisition and use of ALA vary in different microbes,
yeast, and animal cells,97,98 its functions are, nonethe-
less, essential to the organism, and in most prokary-
otic and eukaryotic microorganisms, plant and
animal mitochondria, and plant plastids, ALA is enzy-
matically synthesized endogenously from the MCFA,
octanoate.97–99

In addition to its role in the metabolic pathways,
ALA is reported in many research studies to be a potent
activator of the nuclear factor (erythroid-derived 2)-
like 2 (Nrf2) antioxidant response element signaling
pathway that regulates the expression of genes whose
protein products are involved in the detoxification
and elimination of reactive oxygen species and elec-
trophilic agents.26,96,100–102 Oxidative stress has been
implicated in the pathogenesis of various neurodegener-
ative and neuropsychiatric disorders, including depres-
sion.103,104 Vasconcelos et al.105 showed that ALA
(100 mg/kg) alone or combined with clozapine reversed
schizophrenia-like alterations induced by ketamine. Ket-
amine is a known glutamatergic N-methyl-D-aspartate
receptor antagonist that can induce psychotomimetic,
perceptual, cognitive, and neuroendocrine responses in
humans and in rodent models of schizophrenia.106,107

ALA also inhibits nuclear factor kappa-B (NF-jB) acti-
vation independent of its antioxidant function. NF-jB
belongs to an important group of transcription factors
regulated by a kinase-mediated signaling pathway that
transduces signals from the cell surface to changes in
gene expression.108,109

Fatty acids represent one of the body’s long-term stor-
age reservoirs and sources of fuel energy—the heart being
a primary consumer.110 In the presence of respiratory ox-
ygen, fatty acids are shuttled through the mitochondrial
OXPHOS complex system, where they are degraded by
two carbon units at a time to shorter-chain fatty acids
(and ultimately to acetyl coenzyme A), with concomitant
release of water, CO2, and ATP in the process. The cellu-
lar availability of SCFAs for use in epigenetic chromatin
remodeling through their ability to inhibit HDAC activ-
ity, therefore, is closely tied to mitochondrial energy pro-
duction and metabolism. Since both prokaryote and
eukaryote cells share common pathways for energy pro-
duction, for example, the citric acid cycle,75 it comes as
no surprise that gut microbiota inexorably affect host–
cell bioenergetics, which in turn fuels gene expression
in the mitochondrial and nuclear genomes.75,111 Over a
billion years of evolutionary history have allowed our mi-
tochondrial DNA (mtDNA) and nuclear DNA to co-
evolve with a high degree of genetic compatibility.112,113

Interestingly, our microbiome and our mitogenome
(mtDNA), as well as portions of our epigenome—for ex-
ample, maternal silencing,114 are uniquely passed to each
of us from our mother.

Gut microbiota have a profound influence on the host
immune system.13 Maternal immune activation is a
shared environmental risk factor for a plethora of neu-
ropsychiatric and neurodegenerative disorders that
may or may not develop into clinical symptoms in off-
spring.13 Evidence from an in-depth study115 of data
extracted from the Danish health registry of more
than 1 million children born between 1980 and 2005, fo-
cusing on cases where the mother had a viral infection
with fever requiring hospitalization during the first tri-
mester, strongly links maternal immune dysregulation
with suppressed neurodevelopment and cognitive func-
tion (ASD) in their offspring.116 In other epidemiologi-
cal studies,117 prenatal exposure to infection visibly
stands out as a risk factor in schizophrenia and other
neurodevelopmental abnormalities. The possibility that
prenatal Zika virus infection from a mosquito reservoir
is responsible for the current outbreak in Brazil of chil-
dren born with microcephaly is a disturbing and fright-
ening example.118–121

FIG. 1. Chemical structure of R-(+)-lipoic acid.
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Synthetic Biology
With a capacity to act either naturally or by manipula-
tion, the gut microbial ecosystem is an indispensable
and constituent player in the maintenance of our well-
being.7 Thus, in treating disease, adjusting the functional
composition of the gut microbiome may help facilitate
and even alter the outcome of therapeutic interven-
tions.122,123 Dietary sources of probiotics such as, for ex-
ample, in traditional Greek yogurt, have been used since
antiquity in the Mediterranean region (Mediterranean
diet)124,125 to maintain a state of wellness. However,
once pathogenic dysbiosis sets in, probiotics have
not proven to be remedial123,126,127 and other inter-
ventional methods are being investigated. In this ef-
fort, independent work from several groups suggests
that (engineered) bacteria have potential to be an ef-
fective means for delivering, enhancing, or themselves
acting as therapeutic agents (‘‘living pills’’)128 to treat
certain diseases,22,129–132 including psychiatric disor-
ders,43,48,133–136 and significant investments are being
made to adapt a variety of commensal microbial species
for remodeling the gut microbiota (ecobiotics) in disease-
treating indications.133,137–139 A similar approach aims to
utilize engineered viruses to seek and selectively destroy
pathogenic bacteria.140–142 Drawing conclusions from a
study of 11 children affected by ASD that showed im-
provement in communication and behavioral tests after
being treated with vancomycin for 8 weeks, Mangiola
et al.46 speculate that modulation of gut microbiota
through antibiotic treatment may influence the symp-
toms and expression of psychiatric disorders in general.
Devkota143 takes this further by underscoring a com-
prehensive need for more investigations into drug–
microbiome interactions and the mechanisms that
are involved therein.

Interestingly, during long stays in space, the config-
uration of the gut microbiome of astronauts is often
significantly transformed relative to the one they had
on Earth.144–146 The ongoing NASA Twins Study,
with Scott Kelly having recently returned from a his-
toric 340-day mission aboard the International Space
Station, may shine additional light on this subject.147

Gut microbial dysregulation can alter one’s immune
status and cause aberrant social and cognitive behav-
ior.35,148,149 This may result in catastrophic conse-
quences during long space flights, as for example, to
Mars, if an astronaut’s ability to carry out demanding
tasks at a high performance and optimal level becomes
severely compromised.150 History shows that address-
ing the technological challenges space exploration

presents has a constructive rippling effect on the tech-
nological advances made for a wide range of applica-
tions here on Earth. Synthetic biology151 has potential
to deliver robust and reliable organisms that can assist
on long-duration astronaut missions.152 It is antici-
pated that the techniques required to be developed
may also be applied to engineer phage and bacteria
to explore and to therapeutically modify the gut micro-
biome as needed.153

Brain Development and Neurological Disorders
Aging is a leading risk factor (Fig. 2)154 in progressing to
dementia.155–159 Although the latest studies suggest that
the prevalence of dementia may be leveling off and even
decreasing in some subsets of the population,160 for the
foreseeable future, dementia will continue to be a major
challenge for the healthcare establishment.161

The gut’s evolving capacity to adapt and maintain
normal microbiota, which begins at birth and contin-
ues throughout one’s life, is necessary to support the
metabolic activities of the brain.59,162 This is especially
so in the early childhood years through adulthood.59

Studies have shown that some of the typical behavioral
and physiological abnormalities associated with neuro-
developmental disorders, including autism43–45,163–165

and schizophrenia,40,47–49 can be modulated by recon-
figuring the gut microbiome composition.122,166

Acetate, propionate, and butyrate comprise the ma-
jority of SCFAs produced in the gut by microbial fer-
mentation.21,69 Propionate and butyrate can modulate
brain functioning, principally appetite and energy ho-
meostasis, through regulation of neuropeptide produc-
tion.167 Butyrate is mostly absorbed by the colonic
epithelium, whereas acetate and propionate are passed
into the portal circulation.168–170 In gut dysbiosis, the
constitutional spectrum of SCFAs varies substantially
from the host’s natural healthy balance,3,32,39,60,171

and higher than normal levels of PPA have been linked
to deleterious effects on brain function43,75,78,172–179 in
autistic children.24,174 Given these findings, and the fact
that PPA is widely used as a food preservative,180 there
may be cause for some concern.

Idiopathic late-onset dementia (ILOD) is character-
ized by a series of declining daily functional compe-
tences, most often involving memory, reasoning, and
sociobehavioral abilities, in the elderly.157,161 Dementia
encompasses a myriad of clinical symptoms typically as-
sociated with discrete neurological disorders such as Alz-
heimer and Parkinson diseases, hippocampal sclerosis of
aging, and Lewy body and frontotemporal dementias
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being the more notable ones, but not collectively mani-
fested by any one of them. Cellular processes depend
on the energy supplied by their mitochondria, and
dysfunctional mitochondria can lead to an unsustain-
able cellular bioenergetics deficit that is detrimental to
the cell’s function and survival.181 In brain cells, even
a small energy deficit, which is a common occurrence
during the aging process, can reduce synaptic neuro-
transmitter release and adversely affect synaptic func-
tion.26,101 Maintaining a healthy gut microbiota state
is necessary to support the metabolic activities of the
brain,59,162 and Mattson157 and Bourassa et al.85 posit
that some of the common pathologies leading to ILOD
and other brain disorders may be amenable to therapeu-
tic modification by diet and lifestyle changes. For exam-
ple, exercise, yoga, and meditation are lifestyle activities
known to improve brain blood flow—which, presum-
ably, can enhance perfusion of the brain with micronu-
trients absorbed by the gut182—and are increasingly
being incorporated in treatments for depression and
other mental disturbances.36,127,183–185

At the other end of the age spectrum, the correla-
tion between impaired intellectual development and
a prolonged state of malnutrition in infants and
young children is inescapable.186–189 Recent studies
have demonstrated that the normal pattern of gut
microbiota assembly is disrupted in malnourished
children.162,187 To maximize the therapeutic benefit

of diet and dietary supplements, preclinical evidence
suggests that a healthy microbiome in these children
may need to be configured as well.190,191

Concluding Remarks
The importance of physical activity coupled with a bal-
anced and healthy diet in the maintenance of our well-
being has been recognized since antiquity. However, it
is only recently that characterization of the host–
microbiome intermetabolic and crosstalk pathways
has come to the forefront for study in therapeutic de-
sign and treatments.68,192 As reviewed in this report,
synthetic biology has potential to develop microorgan-
isms for correcting pathogenic dysbiosis, but this has
yet to be proven. (For additional examples of the latest
approaches to manipulating the microbiota, including
illustrative figures, see Ash and Mueller,193 and articles
cited therein.) In contrast, the development and use of
small molecule drugs have a long and successful his-
tory in the clinical treatment of diseases. Small mole-
cule HDAC inhibitors are already used in the clinic
to treat cancer and hematological disorders,77 and
preclinical research with SCFA HDAC inhibitors
demonstrates significant potential in epigenetic treat-
ment of neurological conditions.26,101 Epigenetic reg-
ulation of host–microbiota interactions by utilizing
epigenomic-targeting drugs has been suggested by
Alenghat and Artis.74

FIG. 2. Meta analyzed estimates of dementia prevalence in the United States.
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The mouth, being an extension of the digestive tract,
presents a readily accessible diagnostic site for the early
detection of potential unhealthy pathogens resident in
the gut. Salivanomics is a rapidly emerging tool in the
arsenal of salivary diagnostics.194 Collecting saliva or
swabbing the inside cheek of the mouth is noninterven-
tional, making it a highly attractive diagnostic proce-
dure, particularly for infants and young children. It is
not unlikely that regular visits to your dentist may
soon be as important to your gut as it is to your oral
hygiene, white teeth, and a nice smile.
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Abstract
The bidirectional communication

between the central nervous system and gut
microbiota, referred to as the gut-brain-axis,
has been of significant interest in recent
years. Increasing evidence has associated
gut microbiota to both gastrointestinal and
extragastrointestinal diseases. Dysbiosis
and inflammation of the gut have been
linked to causing several mental illnesses
including anxiety and depression, which are
prevalent in society today. Probiotics have
the ability to restore normal microbial bal-
ance, and therefore have a potential role in
the treatment and prevention of anxiety and
depression. This review aims to discuss the
development of the gut microbiota, the link-
age of dysbiosis to anxiety and depression,
and possible applications of probiotics to
reduce symptoms. 

Introduction
Healthy gut function has been linked to

normal central nervous system (CNS) func-
tion.1-4 Hormones, neurotransmitters and
immunological factors released from the
gut are known to send signals to the brain
either directly or via autonomic neurons.
The existence of the gut-brain axis was pro-
posed in the landmark study by Sudo and
colleagues that discovered the impaired
stress response in germ-free mice. Other
studies using germ-free mice not only sup-
ported this existence, but also the idea that
the gut-brain-axis (GBA) extends even
beyond these two systems into the
endocrine, neural, and immune pathways.2,5

Recently, studies have emerged focus-
ing on variations in the microbiome and the
effect on various CNS disorders, including,
but not limited to anxiety, depressive disor-
ders, schizophrenia, and autism.2,8,9 This
review focuses on the GBA in the context of
anxiety and depressive disorders.
Therapeutic interventions to treat dysbiosis,
or disturbance in the gut, and mitigate its

effects on the GBA are only recently com-
ing to the forefront as more is known about
this unique relationship. As a result,
research has been done on the use of probi-
otics in treatment of anxiety and depression
both as standalone therapy and as adjunct to
commonly prescribed medications. These
findings as well as their potential impact on
treatment are discussed in this paper.4,9 An
overview of the role of the gut microbiome,
from its development, to its relationship
with the emotional and cognitive centers of
the brain, while also providing ideas for
future research, are included in this review. 

The microbiome is defined as all
microorganisms in the human body and
their respective genetic material. The
microbiota is defined as all microorganisms
in a particular location, such as the GI tract
or skin.10,11 This distinction is relevant as
this review will focus on the microbiota of
the gut in the context of the gut-brain axis,
though there will be discussion of the
human microbiome where appropriate. 

Materials and Methods
This literature review is based on

English-language articles sourced from
PubMed. Keywords searched included:
microbiome development, neonatal micro-
biome, negative aspects of probiotic use,
anxiety and depressive disorders, gut brain
axis, anxiety, depression, hypothalamic-
pituitary axis (HPA), stress and the micro-
biome, microbiome composition, intestinal
bowel disease, cytokines, TNF-a, inter-
leukins, leaky gut, anxiety, depression, and
prostaglandins. Antibiotics were not includ-
ed in the search as the authors felt it was
beyond the scope of the discussion regard-
ing the existing microbiome, stress respons-
es, and their relationship with depression
and anxiety disorders. No geographical lim-
itations were included in the search.
Publications were initially excluded if they
were published before 2010. However, in
order to include an in depth understanding
of the research, articles published before
2010 were included if they were cited in
research published after 2010. This review
contains articles published through July of
2017.  

Results and Discussion
Development of the microbiome 

The microbiome is initially developed
via vertical transmission through the pla-
centa, amniotic fluid, and meconium.12-14

Two animal study suggested that fetuses

exposed to prenatal stress in the form of
maternal stress develop a gut microbiota
with decreased Bifidobacterium.14,15 Two
separate studies concluded that the mode of
delivery affects the initial microbiome and
gut microbiota. Infants delivered vaginally
had higher amounts of bacteria in their gut
compared to infants delivered by Cesarean
section.12,13 Beginning with the first week of
life, gastric colonization is highly dynamic.
This critical period during birth and GI
development is essential for newborn health
and immunity.16 Microbiota underdevelop-
ment during this period has been correlated
with numerous stress states including late-
onset sepsis,17 cardiovascular disease, and
atopic disease.18

Early nutrition also appears to play a
role in shaping the developing gut micro-
biota. Studies found that breastfeeding was
directly correlated with both IgA levels and
the number of organisms in the
Bifidobacterium genus present in the gut
and indirectly correlated with IL-6 lev-
els.13,15 IgA is predominantly a secretory
immunoglobulin that provides immunity
within the intestines and other mucosal
membranes. In contrast, IL-6 is a proin-
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flammatory cytokine that normally presents
in acute and chronic inflammation.
Bifidobacterium is an important part of the
infant microbiome,19 and together with
species in the Lactobacillus genus, is key in
producing gamma-Aminobutyric acid
(GABA), an inhibitory regulator of various
neural pathways.20 Breastmilk’s ability to
increase IgA and Bifidobacterium species
and to decrease IL-6 levels, and subsequent-
ly inflammation, reduces the risk of age-
related gastroenteritis.13

In comparison, infants fed formula dur-
ing their first four weeks of life demonstrat-
ed a decrease in total number of bacterial
species.15 Breast milk oligosaccharides
includes lactose as well as over 1000 dis-
tinct non-digestible molecules.21

Researchers suggest the non-digestible sug-
ars of breast milk provide a prime nutrition-
al source for bacterial fermentation.12 Breast
milk had similar effects in preterm infants
who were shown to have a different bacter-
ial makeup, with a predominance of pro-
teobacteria rather than Bifidobacterium and
Lactobacillus. Preterm infants fed breast
milk showed an increase only in the number
of Bifidobacterium, supporting the concept
that breast milk’s non-digestible sugars cre-
ate an environment better suited for of spe-
cific species.20

Cessation of breastfeeding is the pri-
mary diet change that leads to an adult-like
microbiome.22 Children who were weaned
from breast milk up to age four showed sim-
ilar patterns of microbiota development as
children weaned at an earlier age, indicating
that the length of time to transition from
breast milk to solid foods was not as impor-
tant as the transition itself.22

The key relationship between the gut
microbiota and diet continues throughout
life. Diet alterations can have significant
impact on the gut bacterial composition in
as little as 24 hours.20 However, the bacteri-
al composition is restored if the change in
diet is only temporary. Regardless of the
species inhabiting the gut, as long as their
symbiotic role is the same, the human host
will be able to function as normal.20

Symbiotic bacteria assist with immune tol-
erance, intestinal homeostasis, amino acid
and vitamin synthesis of the host, leading to
a healthy metabolism.13

The adult microbiome
As infants consume increasing amounts

of solid food, the microbiome is exposed to
diverse energy substrates, developing its
carbon metabolism.22,23 The adult microbio-
me becomes dominated by the
Bacteroidetes and Firmicutes phyla, rather
than the Lactobacillus and Bifidobacterium
genera.24 Relatively smaller quantities of

the Proteobacteria, Verrucomicrobia,
Actinobacteria, and Cyanobactera phyla,
and Fusobacteria genus can also be found.13

However, due to many factors including
diet, environment, season, health status, it is
almost impossible to define a “normal”
microbiome for the average human popula-
tion. It is important to note that although
microbiomes differ between every individ-
ual due to genetic diversity, researchers
have found that every microbiome falls into
one of three enterotypes. These enterotypes
differ by which species dominates one’s
bacterial composition, and include
Bacteroides, Prevotella, or Ruminococcus
species. The dominant species and therefore
enterotype results from the composition of a
person’s diet. Prevotella species enterotype
is associated with diets high in carbohy-
drates versus people eating high amounts of
protein are more likely to possess a
Bacteriodes species enterotype.25

Interestingly, these enterotypes are inde-
pendent of environmental components such
as age, body-mass index, gender and geo-
graphic location and seem to only be
dependent on diet and genetics.26

A Danish study of the gut microbiome
created the concept of high gene count
(HGC) and low gene count (LGC), both of
which are implicated in digestive health.27

Due to a functionally more prosperous
microbiome, the HGC group had a
decreased risk of both metabolic disease
and obesity. Important microbiome func-
tions of the HGC group included an
increased proportion of butyrate producing
organisms, increased propensity for hydro-
gen production, and reduced production of
hydrogen sulfide. It has also been shown
that short chain fatty acids offer relevant
benefits in terms of regulatory T cell induc-
tion as well as blood-brain barrier integri-
ty.28,29 In contrast, the LGC group had a
larger proportion of pro-inflammatory bac-
teria which predisposed them to IBD and
related disorders.30,31 The Human
Microbiome Project confirms this notion
with studies of stool specimens demonstrat-
ing that humans with a less diverse micro-
biome were more likely to be diagnosed
with IBD.25

When the human microbiome is chal-
lenged with changes in diet, stress, or
antibiotics, the physiology of the normal
microbiome undergoes change. A dysbiotic
state leads to increased intestinal permeabil-
ity and allows contents such as bacterial
metabolites and molecules as well as bacte-
ria themselves to leak through the submu-
cosa and into the systemic circulation, a
phenomenon aptly named leaky gut syn-
drome. A study by Zoppi et al. demonstrat-
ed that the gut microbiota uses the intestinal

endocannabinoid system to control the
degree of intestinal permeability.32 A sepa-
rate study was able to reduce translocation
of bacterial antigens such as LPS by using
antagonists to the intestinal cannabinoid
type 1 receptor in mice. Specifically, the
CB1R antagonists cannabidiol and tetrahy-
drocannabidiol were protective against
intestinal permeability, suggesting that
cannabinoids could play an important role
in treating inflammatory gastrointestinal
diseases such as IBD.33 Increased intestinal
permeability leads to detrimental effects on
the host immune system, which have been
demonstrated in diseases such as inflamma-
tory bowel disease (IBD), diabetes, asthma,
and psychiatric disorders including depres-
sion, anxiety, and autism.2,4,10,34,35

Although most of these studies have
focused on bacterial species in the gut
microbiome, other studies have elucidated
the importance of other microorganisms,
such as yeast. A study done by Burrus and
colleagues suggested that colonization with
Candida species may contribute to Autism
spectrum disorders.36 By preventing absorp-
tion of carbohydrates and minerals and
allowing excessive build-up of toxins, colo-
nization with Candida albicans was shown
to increase autistic behaviors in children
with autistic spectrum disorder. A similar
study suggested that it is the interaction
between propionic acid and ammonia
released by Candida albicans that results in
increased autistic behaviors.37 This interac-
tion produces an excessive amount of beta-
alanine, which is similar in structure to
GABA and has been proposed to be an
important contributor to autism spectrum
disorders. 

The inflammatory response
Inflammation of the GI tract places

stress on the microbiome through the
release of cytokines and neurotransmitters.
Coupled with the increase in intestinal per-
meability, these molecules then travel sys-
temically. Elevated blood levels of
cytokines TNF-a and MCP (monocyte
chemoattractant protein) increase the per-
meability of the blood-brain barrier,
enhancing the effects of rogue molecules
from the permeable gut.38,39 Their release
influences brain function, leading to anxi-
ety, depression, and memory loss.39-41

Depressive disorders are characterized
by both neuroplastic, organizational
changes, and neurochemical dysfunction.42

Illness is thought to begin when there is
deregulation of these systems and can large-
ly be attributed to cytokine release second-
ary to an exaggerated systemic response to
stressors.39,41 Endotoxin infusions to healthy
subjects with no history of depressive disor-
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ders triggered cytokine release and subse-
quent emergence of classical depressive
symptoms. The study established a direct
correlation between increased levels of IL-6
and TNF-a with symptoms of depression
and anxiety,43 indicating that pro-inflamma-
tory cytokines play a role in the develop-
ment of anxiety and depression. These
effects correlated with a state of chronic
inflammation and altered immune cells in
the peripheral blood. However, TNF-a
administered to healthy subjects resulted in
no depressive symptoms,38 suggesting that
toxin induced inflammation caused the
mood disturbance.

Pro-inflammatory cytokines are also
important stimulators of the hypothalamic-
pituitary-adrenal (HPA) axis (Figure 1). The
hypothalamus releases corticotropin releas-
ing factor from the hypothalamus, stimulat-
ing the adenohypophysis to release adreno-
corticotropic hormone (ACTH). In turn,
ACTH stimulates the adrenal release of cor-
tisol, a known stress hormone that acts as a
negative feedback signal in the pro-inflam-
matory signal transduction machinery.3,41

Hyperactivity or dysregulation of the
HPA axis is one of the most reliable biolog-
ical readouts in major depression and anxi-
ety.39 Rats with activated stress circuits
demonstrated anxiety and depressive-like
behaviors. Removal of the stimulus normal-
ized HPA hyper-reactivity, as measured by
their endogenous corticosterone levels, and
in turn reversed or mitigated their abnormal
behaviors.10

The interconnection of the endocrine,
neural, and immune pathways is demon-
strated in the relationship between brain
derived neurotrophic factor (BDNF) mRNA
in the dentate gyrus of the hippocampus and
the stress response in germ free mice.
BDNF supports the development of neurons
and synapses involved in regulation of emo-
tions and cognition; male germ free mice
have an increased stress response associated
with decreased hippocampus BDNF, which
could be reversed by recolonization with
Bifidobacteria species. Futhermore, the
Bifidobacteria was shown to alter mRNA
expression of GABA receptors and decrease
serum cortisol. This change was not seen
after the mice underwent vagatomies, sug-
gesting that the parasympathetic nervous
system was imperative for the bacteria’s
effects on their stress response.24

Probiotics, inflammation, and the
HPA axis

Probiotics are living microorganisms,
typically yeasts and bacteria, that have been
utilized as supplements to other medica-
tions or as alternative treatments for anxiety
and depression.44 Probiotics have also been

studied in the context of suppression of
inflammatory cytokines. Some studies have
found that human patients suffering from
chronic inflammation responded positively
to the ingestion of probiotics, as they
decreased production of TNF-a.45.46 In
patients with inflammatory bowel disease,
probiotics correlated with suppressed levels
of pro-inflammatory cytokines, and
improved intestinal barrier integrity. This
led to a decrease in differentiation of CD4+
T cells into Th2 cells, and inhibition of
nuclear factor kappa B, both of which are
highly involved in inflammation47 (Figure
2). 

Mothers who consumed probiotics
compared to controls were found to have an
altered gene expression associated with
improved inflammatory responsiveness in
the placenta and neonatal gut.20 Probiotic
usage in late pregnancy led to a decrease in

IL-4, IL-10, and Atopbium, a species of the
Actinobacteria phylum, with a concurrent
increase in Bifidobacterium species.48

Mothers who consumed probiotics two
weeks prior to delivery had babies with
altered expression of TLR-related genes in
the placenta and neonatal gut; the TLR gene
expression varied based on the type of pro-
biotics the mother consumed.49 These
infants were found to directly respond and
modify their inflammatory responses to
pathogenic bacteria compared to controls.49

Thus, providing mothers with specific pro-
biotic formulas may protect the infant from
persistent metabolic and immunologic dis-
ease processes.

Though human symptomatology is the
primary interest, animal studies have eluci-
dated the mechanisms underlying the rela-
tionship between probiotics and the
immune response. Mice with B and T lym-
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Figure 1. The gut-brain axis pathway. Image created by Megan Clapp and Emily Wilen.
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phocytes deficient in Rag1, a gene responsi-
ble for B and T cell maturation, had
increased colonic ion transport, resulting in
a state of dysbiosis and altered HPA axis
status. These mice were treated with probi-
otics containing Lactobacillus species and
demonstrated reduced intestinal permeabili-
ty and restored microbiome and HPA-axis
functionality.50 A separate study used mice
with a stress-induced reduction of HPA axis
function and neuronal firing. Probiotic ther-
apy maintained neurogenesis and synaptic
plasticity in the hippocampus, allowing the
survival and differentiation of cells into
neurons. These mice also produced lower
amounts of stress hormones, and preserved
intestinal permeability. The Lactobacillus
strain in the administered probiotic upregu-
lated BDNF and resulted in increased glu-
cocorticoid regulation of the HPA axis. 

Probiotics provide a neuroprotective
role by preventing stress-induced synaptic
dysfunction between neurons. Treatment
for as little as two weeks created an appre-
ciable decrease in ACTH and corticosterone
levels in rats, illustrating the suppressive
effects of probiotics on HPA axis.1,4

Probiotics have the potential to diminish the
HPA axis response to chronic stressors, and
prevent or reverse physiologic damage.4

Human and animal studies of probiotics
show similar reductions in anxiety and
depressive symptoms. Human patients suf-
fering from chronic stress were given a
three-week probiotic treatment containing
Bifidobacteria species. Subjects in the bot-
tom third of the elated/depressed scale
demonstrated the most improvement with
treatment. These patients rated an overall
happier mood on daily analogue scales
using six dimensions of mood including
energetic/tired, composed/anxious,
elated/depressed, clearheaded/muddled,
confident/unsure, and agreeable/angry.51

In a 30-day study, healthy volunteers

with no previous depressive symptoms
were given either probiotics or antidepres-
sants. Those given probiotics showed
reduced cortisol levels and improved self-
reported psychological effects to a similar
degree as participants administered
Diazepam, a commonly used anti-anxiety
medication.52 Analogous studies found that
probiotic therapy reduced depressive symp-
toms and improved HPA-axis functionality
as well as Citalopram and Diazepam.53,54

Comparing probiotics to the antidepres-
sant escitalopram in mice, the probiotics
were discovered to have similar effects.
They were equally successful in anxiety
reduction and were more effective than the
escitalopram in maintaining healthy metab-
olism and body weight.55 Though
researchers have not determined the mecha-
nism of action in humans, those who stud-
ied probiotics in rats found that oral inges-
tion of Bifidobacterium infantis resulted in
increased tryptophan, a serotonin
precursor,9 and GABA.56

Despite treatment with multiple antide-
pressants, each with different methods of
action, roughly 20% of patients do not show
improvement in reduction of anxiety or
depressive symptoms.57 The human and
mouse studies cited above indicated that
probiotics normalize cortisol levels, regu-
late the HPA axis and reduce circulating
pro-inflammatory cytokines. These mecha-
nisms suggest probiotic therapies may con-
fer certain benefits over therapeutic drugs.
Advantages include ease of availability,
lower cost, less dependence, and fewer side
effects compared to pharmaceutics.
Regulation of the microflora composition
offers the possibility to improve immune
function, homeostasis, and gut inflamma-
tion.58 Despite numerous studies citing the
benefits of probiotic treatment, their specif-
ic mechanisms of action are often unknown
and understudied, unlike prescription

drugs.59 Thus, dosage becomes an issue, as
the mechanisms and long-term effects have
yet to be studied in a human population.60

Probiotics enhance resistance to infectious
diseases via excretion of antimicrobial com-
ponents and increase the concentration of
anaerobic gram positive bacteria. However,
in some studies, subjects administered pro-
biotics reported fever, headaches, and nau-
sea with increased frequency after a bacter-
ial challenge.61,62 One study indicated that
the probiotics administered in mouse sub-
jects were not sufficient to prevent malef-
fects from a second immune challenge. This
suggests that while probiotics may be help-
ful in the acute phase, they are not a cure-all
in the long term.50 

Prebiotics such as fructo-oligosaccha-
rides and galacto-oligosaccharides are solu-
ble fibers used to stimulate the preexisting
gut microbiota. Additional studies in recent
years have shown that prebiotics confer
similar anxiolytic and antidepressant effects
as probiotics as they also diminish stress-
induced changes to the colonic microbiota
and create stabilized levels of
Bifidobacteria and Lactobacilli popula-
tions.63

Conclusions
The bidirectional link between the

brain, gut, and microbiome has come to the
forefront of the medical research communi-
ty in the past few years. The growing
amount of evidence substantiating this link
indicates it will be a valuable area for future
medical and nutritional practice, and
research. This review demonstrates the
importance of a healthy microbiome, partic-
ularly the gut microbiota, for patients suf-
fering from anxiety and depression, as dys-
biosis and inflammation in the CNS have
been linked as potential causes of mental

Figure 2. B and T cell development. Image created by Megan Clapp and Emily Wilen.
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illness. Of note, studies have shown that
probiotics effectively mitigated anxiety and
depressive symptoms similar to convention-
al prescription medications.7,51,53,54,56

However, several weaknesses are iden-
tified in the course of this selected review.
First, research linking TNF, cytokines, and
other stressors to the pathogenesis of mental
health disorders, particularly anxiety and
depression, is lacking, and thus provides an
area for future research, particularly regard-
ing levels of intestinal bacteria and their
correlation with levels of circulating
cytokines. 

The utility of probiotics is questionable
as no form is currently regulated by the
FDA, including natural sources such as
yogurt, kefir, or sauerkraut. Patients may be
more likely to use these natural sources of
probiotics both due to increased accessibili-
ty as well as the resurgence in food trends of
a return to more ancient food preparation
techniques. Recent research has shown that
the use of fermented foods in diets did con-
fer gastrointestinal and cognitive bene-
fits.64,65 However, until more evidence
behind the use of probiotics as therapy for
anxiety and depressive disorders is avail-
able, probiotics in any form cannot be con-
sidered a reliable therapy to anxiety and
depressive disorders as compared to psychi-
atric medications. Furthermore, gender dif-
ferences as well as comorbidities such as
obesity, lifestyle, and tobacco and alcohol
use may impact the overall benefit of probi-
otics.

Despite the lack of regulations, patients
prescribed mood-altering drugs may benefit
from concomitant use of probiotics. The
dysbiosis created by the prescribed medica-
tions, or resulting from the neurological dis-
turbance itself, may be mitigated by the
introduction of beneficial gut flora in a pro-
biotic form. Ultimately, the question that
needs to be addressed is can probiotics
alone fix the problem, or do they need to be
used with mood stabilizers?

The findings above, coupled with the
recent surge of interest of gut health in the
media, underscore the importance of future
research in understanding the gut flora.
Anxiety and depression are rising global
issues, effective and accessible treatments
would benefit millions of people world-
wide.
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Bacteroides, Bifidobacteirum, Faecalibacterium, Ruminococcus– these are the names 
of some of the 100 trillion bacteria who are living and working in your gut. These 
microscopic critters, collectively known as the microbiome, help our body to digest food, 
process nutrients, make vitamins B and K, and produce immune molecules that fight 
inflammation and heal wounds. The most impressive role of this busy workforce may be, 
surprisingly, in the brain. 

4.3 http://depts.washington.edu/mbwc/news/article/the-gut-microbiome-
and-brain-health
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While the digestive tract and the brain feel far apart in your body, they are actually 
connected via a 24/7 direct line of biochemical communication, set up by special nerve 
cells and immune pathways. It’s called the gut-brain axis. Down in the gut, 
bacteria make neuroactive compounds, including 90% of our neurotransmitter 
serotonin, which regulate our emotions. In turn, the brain can send signals to the 
gastrointestinal system, for example, to stimulate or suppress digestion.  

A healthy microbiome is a diverse microbiome. A rich community of varied species 
protects against one dominating and causing trouble in our gut and beyond. Shifts in the 
composition or function of the microbiome have been implicated in inflammatory bowel 
disease, autism, and blood cancers. Researchers are now discovering that a disrupted 
microbiome, in certain contexts, may contribute to Alzheimer’s disease and related 
conditions that cause dementia. 

Image Credit: Darryl Leja, National Human Genome Research Institute (NHGRI), NIH. 

“The role of the microbiome in health and disease is an exciting area at the forefront of 
science, but the field is in its infancy,” says Dr. William Depaolo, a UW Medicine 
gastroenterologist and director of the UW Center for Microbiome Sciences & 
Therapeutics. “I think about the microbiome like a biologist thinks about the deep sea. 
We know there’s something down there, and we finally have the technology to help us 
see who’s actually there and how they are influencing our bodies and brains.” 

Advanced tools of ‘multi-omics’ technology allow researchers to identify species in the 
human gut and analyze the bacterial genes and protein products that affect our brain 
health. Recently, NIH-funded research conducted at the Wisconsin Alzheimer’s Disease 
Research Center examined the microbiomes of people with Alzheimer’s disease. The 
team, led by Barbara Bendlin, PhD, and Frederico Rey, PhD, collected stool samples 
from participants and used genetic sequencing technology to identify the bacterial 
species present, and assess the microbial richness and diversity. 

They found that people living with Alzheimer’s disease have a unique, and less diverse, 
community of gut microorganisms than their healthy counterparts. Specifically, the 
microbiomes of people with Alzheimer’s disease showed specific increases and decreases 
in common gut bacteria, especially decreases in Bifidobacterium, an important 
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inhabitant of the healthy human gut. They also linked the abnormal levels of these 
microbe families to the amount of Alzheimer’s disease proteins in the participants’ 
spinal fluid.  

The authors suggest that the unique microbiome of people with Alzheimer’s disease 
could be contributing to the progression of their disease, through the gut-brain axis. 
Such findings in human and mouse models point to the tantalizing prospect that 
restoring healthy gut bacterial composition could prevent or slow the development of 
Alzheimer’s in at-risk populations. 

Credit for composite image: Jonathan Bailey, NHGRI, NIH 

The microbiome field is optimistic about this therapeutic approach. “We know that diet 
can profoundly affect the microbiome,” says Dr. Depaolo, whose UW lab studies the 
influence of the microbiome on health and many diseases.“We know that bacterial cells 
are more sensitive to drugs than human cells, so we can target them without hitting 
human cells. So, there is a lot of excitement here in using multi-omics technology to 
identify microorganisms that we could promote in specific people or find strategies to 
manipulate the microbiome.”  

But, as with all quests to create precise, targeted therapeutics for Alzheimer’s disease, it 
all comes down to genetics. 

It’s in the Genes 

The composition of every person’s microbiome is unique as a fingerprint, shaped by 
early life, diet, and environmental exposures over time. But it is our genetic background 
that influences how bacteria actually function in the human gut. What’s more, bacteria 
themselves express different genes and make proteins that may predispose certain 
individuals to gut inflammation or other conditions.  

https://www.depaololab.com/
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In one striking example, recent NIH-funded research conducted by researchers in 
the NeuroGenetics Research Consortium suggested that Corynebacterium helps cause 
Parkinson’s disease, but only in people with a specific genotype. 

The study focused on the gene SNCA rs356219, a known genetic risk factor for 
Parkinson’s disease. However, it’s not strong enough to cause the disease by itself. 
Scientists have long suspected a trigger. In the study led by Dr. Zachary Wallen, PhD, 
and Dr. Haydeh Payami, PhD, of the University of Alabama, researchers took blood 
samples from 197 middle-aged patients with Parkinson’s disease and 115 age-matched 
controls and determined the “genotype,” or version, of SNCA rs356219. (Human beings 
have one of three genotypes of SNCA rs356219: AA, GA, or GG.)  

They also extracted DNA from stool samples to see what bacteria were in their guts and 
then looked for interactions between the SNCA rs356219 genotype, gut microbiome, and 
Parkinson’s disease risk.  

The team found that Corynebacterium was most abundant in people with the GG 
genotype. Every person who had the GG genotype and Corynebacterium in the gut also 
had Parkinson’s disease. Could there be something about the GG genotype that affects 
or jumpstarts this bacterium’s production of disease proteins in the gut?, the 
researchers ask. 

Corynebacterium is a common bacterium on human skin, and researchers don’t know 
how enters it the gut, why some people have more than others, or if it could be a target 
for an antibiotic. The findings were presented at the 142nd Annual Meeting of the 
American Neurological Association.  

While this study needs to be replicated in a larger population, the findings show how 
important it will be to consider a patient’s genetic factors in microbiome research. “The 
issue of genetic influence cannot be ignored in this field,” says Dr. Depaolo. “We don’t 
yet know how genetics influence the microbiome, or how genes in bacteria are regulated. 
Before we start giving bacteria, antibiotics, or fecal transplants to people, we need to 
address the very basic question of how different genetic backgrounds affect the 
microbiome.” 

How About Probiotics? 

While we can’t change our genes, we can modify our exposures and diet to nurture our 
microbiome as we age. General consensus holds that consuming fermented foods have 
some benefit to gut health, especially for those on anti-biotic medications. These are 
foods full of healthy ‘probiotic’ bacteria, such as yogurt, kefir, kombucha, sauerkraut, 
and kimchi. Common foods that feed the healthy gut bacteria include garlic, onions, 
Jerusalem artichoke, leeks, asparagus, bananas, barley, oats, apples, cocoa, wheat bran, 
burdock root, and flaxseeds, to name a few.  

https://labs.uab.edu/hpayami/


Common foods that feed the healthy gut bacteria include garlic, onions, Jerusalem artichoke, leeks, asparagus, 
bananas, barley, oats, apples, cocoa, wheat bran, burdock root, and flaxseeds. 

“To get your microbiome into the best composition you can, I think it’s reasonable to 
make sure to get enough fiber in your diet,” says Dr. Angela Hanson, MD, research 
scientist and geriatrician at UW Memory and Brain Wellness Center. “Consider eating 
yogurt with active cultures and talking to your doctor about probiotic supplements if you 
need to be on antibiotics for an infection.” 

There’s a whole list of questions to answer before diet advice can get more specific than 
yogurt and kale:  How does diet impact the microbiome long-term? How long does it 
take to permanently alter the gut microbiome? Can friendly bacteria in fermented foods 
actually establish long-lasting colonies in the gut? There has been a lack of human 
studies on the long-term health effects of fermented foods or probiotic supplements, 
which do not have FDA approval. 

That said, consuming healthy bacteria has real health effects. “Probiotics do stimulate 
immune and epithelial cells and produce anti-inflammatory short-chain fatty acids in 
the intestines, which can help keep gut inflammation from getting out of control,” says 
Dr. Depaolo. “But, taking just any probiotic won’t replace a community 
of Lactobacillus after you’ve lost it. You would have to take a probiotic suited to you.” 

Individualized probiotics don’t yet exist, but the microbiome is beginning to enter into 
Alzheimer’s disease research, mainly through the NIH-funded Alzheimer's Disease 
Metabolomics Consortium. Additionally, NIH Alzheimer’s Disease Research Centers 
around the country are collecting microbiome samples of study participants, in support 
of efforts to finally map the microbiome gut-brain communication axis in people with 
Alzheimer’s disease. 

For now, let’s keep in mind that our microbiome has kept us alive all of these years – 
and that team of 100 trillion will need a little more help as it gets older. 

For more information, please contact gwanucha@uw.edu 
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ABSTRACT 

For a long time, scientists have tried to describe disorders just by genetic or environmental factors. However, the 
role of epigenetics in human diseases has been considered from a half of century ago. In the last decade, this 
subject has attracted many interests, especially in complicated disorders such as behavior plasticity, memory, 
cancer, autoimmune disease, and addiction as well as neurodegenerative and psychological disorders. This 
review first explains the history and classification of epigenetic modifications, and then the role of epigenetic in 
biology and connection between the epigenetics and environment are explained. Furthermore, the role 
of epigenetics in human diseases is considered by focusing on some diseases with some complicated features, 
and at the end, we have given the future perspective of this field. The present review article provides concepts 
with some examples to reveal a broad view of different aspects of epigenetics in biology and human diseases. 

DOI: 10.22045/ibj.2016.01 

Keywords: DNA modification, DNA methylation, Gene expression 

Corresponding Author: Ali Motevalizadeh Ardekani 
National Institute of Genetic Engineering and Biotechnology, Tehran, Iran. Tel: (+98-21) 44787319; Fax: (+98-21) 44787399;  
E-mail: Ardekani@nigeb.ac.ir or IranHealth@hotmail.com

INTRODUCTION 

lassical definition by Conrad Waddington in the

1950s states ‘‘an epigenetic trait is a stably

heritable phenotype resulting from changes in a 

chromosome without alterations in the DNA 

sequence’’
[1]

. Based on our understanding of

epigenetics, actual epigenetic  definitions express that 

the whole DNA content is exactly the same in somatic 

cells of one species, while gene expressions patterns 

have distinct differences in various cell types that can 

be clonally inherited
[2]

. Epigenetic mechanisms can

influence the gene activity at the transcriptional and 

post-transcriptional levels and/or at the translation level 

and post-translational modifications. Such epigenetic 

mechanisms with a potentially vast spectrum of 

consequences could result in more varieties of cell 

differentiations, morphogenesis, variability, and 

adaptability of an organism, which can be affected by 

both genetic and environmental factors
[3]

. Therefore,

the field of epigenetics covers the modifications of 

DNA, DNA-binding proteins, and histones, which are 

important in making changes in chromatin structure 

without any change in the nucleotide sequence of a 

given DNA. Also, some of these alterations could be 

transferred between generations
[4]

.

Epigenetic field and history 

Following Fleming’s discovery of chromosome in 

1879, Thomas Hunt Morgan demonstrated that there is 

a genetic linkage between several Drosophila genes 

and X chromosome. Other studies have assigned 

individual genes to specific sites on the Drosophila 

chromosomes. In 1930, H. J. Muller carried out further 

genetic analyses and introduced a class of Drosophila 

mutations, which were connected to chromosomal 

rearrangements. He concluded that “chromosome 

regions affecting various characters at once, are 

somehow concerned, rather than individual genes or 

suppositious ‘gene elements.”
[2,5,6]

.

In the past few decades, many investigations have 

shown that the epigenetic mechanisms are involved in 

C 
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regulation of all biological process in the body from 

conception to death. These functional mechanisms are 

involved in genome reorganization, early 

embryogenesis and gametogenesis, as well as cell 

differentiation.  The interplay of DNA methylation and 

histone post-translational alterations, which cause as 

the result of regulatory proteins and non-coding RNAs, 

are key epigenetic players to rearrange chromatin into 

areas such as euchromatin, heterochromatin, and 

nuclear compartmentalization. Epigenetic signs may 

have long-term impressions, for instance, in learning 

and organizing memory or predispositions to different 

cancers. Incorrect epigenetic marks can result in birth 

defects, childhood diseases, or symptoms of diseases in 

other interims of life. Epigenetic mechanisms also 

regulate development and adaptations during the life of 

an organism, and their alterations may result in various 

disorders such as cancer. On the other hand, some 

epigenetic marks can be reversible, and this fact has 

encouraged many researchers to focus on epigenetic 

therapy
[7]

. In recent years, it has been demonstrated

that DNA methylation, in some cases, can be 

irreversible
[7-9]

. This trait could be useful in complex

features and challenging diseases such as memory 

function, psychological behaviors and injuries, 

addiction, cancer, and other diseases that could not be 

explained just by genetic factors or the environment.  

Epigenetic modifications 

In a multicellular organism, the epigenetic changes 

enable different adult cells to express specific genes 

that are required for the existence of each cell type and 

transfer of information to the daughter cells. 

Epigenetic modifications often happen during an 

organism's lifetime; however, these changes can be 

transferred to the next generation if they occur in germ 

cells
[10]

. Paramutation, bookmarking, imprinting, gene

silencing, X chromosome inactivation, position effect, 

changeable disorder or phenotypic severity, 

reprogramming, maternal attributes, carcinogenic 

processes, teratogenic effects, regulation of histone 

modifications, heterochromatin states and cloning are 

known to involve epigenetic processes. Three major 

epigenetic modification mechanisms are shown in 

Figure 1.  

DNA methylation and demethylation 
DNA methylation status has high stability and serves 

as a special epigenetic memory of specific cells 

throughout all periods in the cell cycle. It may also 

regulate the expression and the activity of histone 

codes. Acceleration of DNA methylation at CpG sites 

is mediated by DNA methyltransferase enzymes such 

as DNMT1, DNMT3a, and DNMT3b. Inside the cells, 

S-adenosyl methionine act, as an important methyl 

group donor.  In this sense  folic acid and B12 play the 

determinant roles in re-methylation or the attraction of 

de-methylated form of S-adenosyl methionine through 

passive and active mechanisms
[11,12]

. A number of

studies have demonstrated that these effective factors 

could change DNA methylation patterns and alter the 

levels of gene expression
[13,14]

. Studies have also

confirmed that the nutritional status  in the early years 

of  life could affect DNA methylation pattern and gene 

expression levels in adulthood
[15]

. Furthermore, the

methylation patterns in CpG sequences at cytosine 

residues can be heritable and act as tissue- and species-

specific features. It is interesting that 70% to 80% of 

human DNA in CpG sequences are usually 

methylated
[9,16]

, and correlations between methylation

and expression levels in cis and trans have been 

reported
[17]

. Totally, DNA methylation, as a very

impressive epigenetic agent, could influence the 

development of mutations, DNA faultless and 

durability, gene expressions, and chromatin 

modifications.  

Histone and non-histone modifications 
Histone modification is one way of gene regulation 

through chromatin remodeling and includes 

acetylation, methylation, phosphorylation, ribosylation, 

ubiquitylation, sumoylation, and citrullination. 

Acetylation has been studied frequently in different 

investigations, and  it has been shown to be mediated 

by five families of mammalian histone 

acetyltransferase enzymes
[18]

. Another group of

molecules, known to act as non-histone modifiers, is 

RNA transcripts, which are necessary to maintain the 

activity of genes (directly or indirectly). For example, 

hepatocyte  nuclear factor 4 increases the special gene 

transcription level, and MyoD has similar effects on 

muscle-specific genes
[19]

. miRNAs are about 17 to 25

nucleotides and are considered as a member of the non-

coding RNAs that can mediate a large number of 

biological activities
[20]

. It has been demonstraed that

the expression of miRNAs in a cell can regulate 

functions of about 200 messenger RNAs as their 

targets
[21]

. miRNAs can also regulate about 60% of

protein-coding genes in human
[22]

, and many miRNAs

are epigenetically adjusted by methylation in CpG 

islands or histone modifications or both of them
[20,23]

.

Structural inheritance is another non-histone 

mechanism of inheritance. Experimentally, it has been 

shown that altered cellular patterns are inherited to the 

next generation of cells, and it appears that the present 

structures act as templates for new structures
[24]

.

https://en.wikipedia.org/wiki/Acetylation
https://en.wikipedia.org/wiki/Methylation
https://en.wikipedia.org/wiki/Phosphorylation
https://en.wikipedia.org/wiki/Ubiquitylation
https://en.wikipedia.org/wiki/Sumoylation
https://en.wikipedia.org/wiki/Epigenetics#RNA_transcripts
https://en.wikipedia.org/wiki/Hnf4
https://en.wikipedia.org/wiki/MyoD
https://en.wikipedia.org/wiki/Non-coding_RNA
https://en.wikipedia.org/wiki/Non-coding_RNA
https://en.wikipedia.org/wiki/MicroRNA
https://en.wikipedia.org/wiki/Epigenetics#Structural_inheritance
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Fig. 1. Three major epigenetic modification mechanisms. A) DNA methylation. DNA methylation is mediated by DNA 

methyltransferase enzymes at CpG sites. It can also decrease gene expression by reducing the binding of transcription factors or 

increasing the binding of methyl-CpG binding proteins[11,12,59,100]. B) Histone modification. Histone acetylation, particularly in lysine 

residues of histone tails, is an important histone modification that can accelerate binding transcription factors and then gene expression 

beside DNA demethylation[18,59]. C) miRNA. The formation of miRNA begins in nucleus and continues in cytosol that can perform a 

mechanism to regulate gene expression in mRNA level[101].   mRNA level[101]. 
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 Also, evidence has confirmed the importance of 

positioning  in addition to  epigenetic modifications 

such as DNA methylation and hydroxymethylation, 

which play an important role in structural 

inheritance
[25]

.

Mitotic gene bookmarking 
An  important issue in interpreting epigenetic and 

genetic modifications is the concept of mitosis gene 

bookmarking. Mitosis can play an important role in 

remodeling the transcriptional landscape. This view 

confirms that bookmarking mechanisms provide 

flexibility to permit alteration in cellular fate or 

differentiation. The distinct kinetics of dissociation and 

re-association of factors during mitosis as well as 

varying stabilities of histone marks argue that multiple 

mechanisms control mitotic partitioning
[26]

.

Mitotic chromatin is transcriptionally inactive
[27]

 and

is excluded from most of the factors such as 

transcription agents and RNA polymerases
[26,28-32]

. To

correct and complete cell division, regulatory proteins 

should re-use their exact genomic targets to return gene 

transcription states appropriately
[26,33-36]

. Studies have

shown that the exact post-mitotic restoration of suitable 

transcriptional patterns is affected by epigenetic 

marking of mitotic chromatin to prevent tragic 

regulatory results
[37,38]

. For example, certain histone

and DNA modifications remain in mitotic chromatin 
[39-42]

. DNA methylation keeps transcription silent until

the completion of mitosis
[23,43]

, whereas specific

histone modifications do not show such a clear effect 

on gene expression, and there are more elusive states 

and relations. After mitosis, to reactivate different sites 

of genes, transcription factors have to find their 

appropriate sites, which are located in transcriptionally 

silent chromatin through mitosis process
[26]

. For

instance, poly ADP-ribose polymerase-1 creates stable 

epigenetic marks in metaphase chromatin at the 

transcription start sites of many genes that are 

necessary to restart transcription after mitosis
[28]

.

Role of epigenetics in biological processes 

Epigenetic modifications are a dynamic process 

reflecting a complex interplay between an organism 

and its environment. For example, the acetylation of 

lysine residues in histone subunits usually can result in 

promoting gene transcription, or the methylation of 

Lys9 or Lys27 of histone H3 is correlated with gene 

repression. However, the methylation of Lys4, Lys36, 

or Lys79 of H3 is ordinarily associated with gene 

activity
[44]

. The heritable quantity of gene expressions

is about 30%, while this percentage is decreased to 

about 23% in cells grown in culture. Such associations 

between methylation levels and genetic variations have 

been demonstrated in several organisms, tissues, and 

populations
[17,45,46]

.

Animal studies in rats
[7]

 have shown that

hippocampal-dependent contextual learning can elicit a 

remarkably persistent fear-related memory, and this 

behavior is dependent on denovo DNA methylation. 

The inhibitors of DNMTs could abolish fear-related 

memory by preventing DNA methylation. Other 

studies have suggested that histone acetylation and 

DNA methylation influence memory formation, and 

DNA methylation has a key role in the storage of long-

term memories in cortical brain regions
[7,17]

.

The role of methylation in biological clock has been 

an interesting discovery in recent years. Studies of 353 

epigenetic markers (DNA methylation of CpG 

dinucleotide) in DNA have made it possible to predict 

the ageing of tissues
[47]

. Also, the role of methylation

and acetylation during differentiation has been 

demonstrated by studying Oct4 promoter regions
[48]

.

Epigenetics and environment 
Epigenome generally comprises all epigenetic 

modifications such as DNA methylation and histone 

modifications, as well as non-coding RNAs at any 

given point in time. The cell epigenome is dynamic 

and can be affected by genetic and environmental 

factors. Furthermore, epigenetic modifications can be 

reversible, which makes the genome flexible to 

respond to environment changes such as nutrition, 

stress, toxicity, exercise, and drugs
[17]

.

In the winter of 1944/45 during World War II, food 

supply was reduced due to blocked food transport by 

Germans, and food delivery by boat was impossible 

because water canals were frozen. Famine and lack of 

sufficient vitamins and proteins in diets affected the 

whole population, especially pregnant women. Since 

then studies have been carried out on the long-term 

effects of this incidence on newborn babies and 

individuals under such conditions. The results of these 

studies showed that  individuals born after the famine 

had a higher susceptibility to a subset of diseases, 

including schizophrenia, stress sensitivity, and 

obesity
[17]

.

One of the nutritional components in food, which 

plays a major role in methylation, is folate. Folate can 

influence methionine production by homocysteine 

remethylation in the form of 5-methyltetrahydrofolate. 

It has been reported that folate defect or shortage can 

enhance colorectal carcinogenesis through 

hypomethylation of genomic DNA
[12]

.

Stress is an important environmental factor. 

Recently, some studies have demonstrated that people 

with post-traumatic stress disorder, who were abused 

during childhood, exhibit different levels of DNA 

methylation and gene expressions in comparison to 

those who were not abused
[49,50]

. Also, maternal stress

https://en.wikipedia.org/wiki/Epigenetics
https://en.wikipedia.org/wiki/DNA_methylation
https://en.wikipedia.org/wiki/CpG_dinucleotide
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during gestation has been indicated to be associated 

with neurodevelopmental and psychiatric disorders. 

Long-term studies on children exposing to stress in 

utero have shown to be predisposed to psychiatric 

disorders because of an increase in the promoter 

activities of glucocorticoid receptor
[17,51,52]

.

As a human, we are exposed to various 

environmental toxins on a daily basis, and this can 

affect our health through changes in our epigenome. 

Listeria monocytogenes, Clostridium perfringens, and 

Streptococcus pneumonia have been shown to induce 

dramatic changes in acetylations of histones via the 

toxins they produce
[53,54]

.

Arsenic exposure studies have been demonstrated to 

result in global DNA alterations and gene promoters 

methylation levels, histone acetylation, histone 

phosphorylation, and miRNA expressions. Such 

influences of arsenic exposure have been linked to 

epigenetic dysregulation and carcinogenesis
[55]

.

One of the major effects of physical exercise is on 

epigenetic modifications that can be beneficial to 

health and cancer patients. Modifications in DNA 

methylation patterns as a result of physical exercise can 

increase the expression of genes involved in tumor 

suppression and decrease the expression levels of 

oncogenes. Studies have shown that DNA methylation 

patterns are different in cancer cells, and 

hypermethylations and hypomethylations have been 

observed in the promoter of tumor-suppressing genes 

and oncogenes. These modifications could result in 

uncontrollable growth leading to tumorigenesis
[56,57]

.

In patients with type II diabetes, several genes have 

been reported to be hypermethylated in muscle, 

including peroxisome proliferator-activated receptor 

gamma and coactivator 1-alpha
[58,59]

. Some drugs, such

as procainamide and hydralazine have been shown
[60]

to have an enhancing effect on antinuclear antibodies. 

In recent studies, it has been reported that women 

using oral contraceptive pills have a lower global DNA 

methylation levels when compared to those who do not 

use such pills
[61]

.

Epigenetics and human diseases        
Methylation is a common and widely used 

mechanism for epigenetic modifications in cells. It has 

been shown to be correlated with many human 

diseases, including different cancers, autoimmune 

disorders, neurological disorders (Fragile X syndrome 

as well as Huntington, Alzheimer, and Parkinson 

diseases and schizophrenia). Also, it has been 

suggested that methylation can be considered for 

complicated diseases influenced by some secondary 

factors such as sex differences and age, which could 

change disorder severity
[62]

.

Cancer 
Epigenetic modifications have a considerable effect 

on cancer. Hypermethylation of promoter regions in 

tumor suppressor genes can inactivate many tumor 

suppressor functions. Methylation levels also play an 

important role in cell divisions, DNA repair, 

differentiation, apoptosis, angiogenesis, metastasis, 

growth factor response, detoxification, and drug 

resistance
[12]

. Such features have promoted huge

advances in the early detection of cancer using 

methylation levels. For example, hypermethylation of 

promoter regions in APC and RASSF1A genes are 

considered as common epigenetic markers for early 

detection of cancer
[63]

. Also, hypermethylation of TP53

promoter region has been reported as a common 

marker for evaluation of cancer development
[64]

. There

are also some other types of epigenetic changes in 

cancer. In recent years, dysregulation of miRNAs has 

been confirmed in breast cancer, which has a potential 

to be used as diagnostic biomarkers
[65]

. Also, hyper- 

and hypo-methylation of several genes in breast cancer 

have been confirmed
[66]

.

Microsatellite instability, chromosomal instability, 

and CpG island methylator phenotype have been 

identified as three major mechanisms affecting gene 

function in colorectal cancer (CRC). Microsatellite 

instability occurs in 15% of CRCs, which can result in 

instability phenotype by mutated or methylated 

mismatch repair genes
[67]

.

In a comprehensive analysis of CRC tumors in 

Iranian patients, Brim et al.
[68]

 demonstrated a high

microsatellite instability rate (18%). From 15 known 

methylation target genes, APC2, PTPRD, EVL, 
GPNMB, MMP2, and SYNE1 were found to be 

methylated in most samples, which can be potentially 

used as specific clinical and pathological markers of 

CRC in this population
[68]

.

The pathogenesis of CRC has been reported to be 

controlled by miRNAs, which can act as regulators of 

oncogenic and tumor suppressor pathways, responsible 

for the development of cancer. It has been confirmed 

that different miRNAs can be useful as biomarkers and 

are potentially applicable in prognosis evaluation and 

the detection of CRC stages
[65]

. It has been also

observed that in the absence of O6-methylguanine-

DNMTs activity as a DNA repair protein, the specific 

genes, such as K-ras and p53, might be accumulated by 

G-to-A transition. Furthermore, hypermethylation near 

the methylguanine-DNMT start codon in the specific 

locus is critical for cancer progression, which may 

have a prognostic value in CRC patients
[69]

.

 It has been indicated that miRNAs play an 

important role in many types of cancer: acute 

myeloid leukemia, acute lymphocytic leukemia, 

https://en.wikipedia.org/wiki/Diabetes_mellitus_type_2
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chronic myeloid leukemia, chronic lymphocytic 

leukemia, endometrial carcinoma, gastrointestinal 

cancer, lung cancer, bladder cancer, thyroid tumors, 

and esophageal adenocarcinomas. Hence, the  potential 

applications of miRNAs in diagnosis and prognosis of 

these cancers would be highlighted in the near 

future
[65]

.

Isocitrate dehydrogenase 1 (IDH1) and IDH2 genes 

are frequently mutated in low-grade gliomas, denovo 

acute myeloid leukemias in adult and in the subsets of 

chondrosarcomas and lymphomas. Interestingly, high  

correlation between histone and DNA methylation 

phenotype in IDH mutant gliomas has been 

reported
[18]

. In Tables 1, 2, and 3, epigenetic

modifications in different types of cancer are shown.  

Autoimmune diseases 
Natural and normal functions of immune system 

depend on self-tolerance, and self-tolerance deficiency 

can result in autoimmunity. Autoimmune disease 

concordance studies in both monozygotic and 

dizygotic twins have suggested a role for epigenetic 

factors. Epigenetic homeostasis failure, as a response 

to  environmental agents, can result in gene expression 

changes in specific differentiated cells leading to 

dysregulated self-tolerance
[70]

.

The immune system and target organ are two main 

players in an autoimmune disease process and the 

epigenetic modifications of these players could have 

roles in disease development. Many functions of 

immune cells such as hematopoietic lineage, 

rearrangement of antigen-receptor, allelic exclusion, 

and inducible immune responses against pathogens are 

epigenetically controlled. The alterations of epigenetic 

mechanisms regulating immunological development 

could promote autoimmunity disease
[71]

.

Interestingly, the frequency of autoimmune disease 

occurrence is notably more in women, and the reason 

may be due to female sex hormones. The involvement 

of second X chromosome in immune response and 

genetic predisposition to autoimmunity is suspected. 

Considering the lack of enough knowledge on the 

exact cause of these immune diseases, a role for 

epigenetic regulatory mechanisms is highly 

possible
[70]

.  Furthermore, there are many examples for

correlation between epigenetic modifications and 

autoimmune diseases.  For example, in patients with 

rheumatoid arthritis, DNA hypomethylation of 

HDAC1 (histone deacetylase 1) and HDAC2 levels, 

hyperacetylation of histones H3 and H4, and 

hypomethylation of histone H3 at lysine 9 have been 

observed in synovial tissues. In addition, in patients 

with multiple sclerosis, the hypomethylation of DNA 

have been detected in central nervous system white 

matter in comparison to healthy individuals. In 

systemic lupus erythematosus, the main targets of 

autoantibodies are hypomethylated apoptotic DNA and 

modified histones
[71]

.

Several studies have confirmed the role of 

epigenetics in allergic conditions, and asthma is 

considered as one of the most complicated diseases in 

this category. Evidence suggests that both asthma and 

epigenetic mechanisms are heritable, and 36–79% of 

heritable, familial asthma cases have non-Mendelian 

inheritance pattern in more than 100 genes
[72-75]

, which

covers only a small portion of the disease etiology
[73]

.

Interestingly, asthma and epigenetic modifications 

have been shown to be transferred from affected 

mother more than affected father in parental origin 

features
[76]

, which can be a result of immune

interactions between the fetus and the mother
[77]

. Utero

exposures can affect asthma as well as epigenetic 

modifications, and both features can be influenced by 

environmental factors
[78,79]

.

Classically, allergens are considered in relation to 

factors such as  smoking  behavior
[79-81]

, and  studies

have confirmed that these agents can change epigenetic 

marks in asthma
[82]

.

 Table 1.  Promoter methylation in different types of cancer 

Cancer type Gene Promoter methylation Reference 

Breast RARB2, MSH2, ESR1B, AKR1B1, COL6A2, GPX7, HIST1H3C, 

HOXB4, RASGRF2,TM6SF1, ARHGEF7, TMEFF2, RASSF1, 
BRCA1, STRATIFIN, RASSF1A 

Hypermethylation [102] 

Gastric RUNX3 Hypermethylation 
[102] 

Liver CDKN2A Hypermethylation 
[102] 

Esophageal APC Hypermethylation 

Colorectal
SEPT9, hMLH1, CDKN2A/p16, HTLF, ALX4, TMEFF2/HPP1, 

NGFR, SFRP2, NEUROG1, RUNX3,UBE2Q1 
Hypermethylation 

[103,104] 

Lung 
RARB2, RASSF1A, CHFR, STRATI-FIN, SHOX2, RASSF1A 

APC1 
Hypermethylation [102] 
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 Table 2.  Histone modifications in different types of cancer 

Neurodegenerative and psychological disorders 
The parental allele-specific gene expressions along 

imprinted domains are brought about by specialized 

sequence elements called ‘imprinting control regions’ 

(ICRs). ICRs are located just on one of the parental 

copies whose function is regulating gene expressions 

through an allele-specific manner. Although DNA 

methylation is the best investigated epigenetic 

alteration at ICRs, methylation and acetylation of 

histones in ICRs have also been reported
[83]

. For

putting methylation imprints onto the ICRs, DNMT3A 

is essential. After fertilization, through somatic 

maintenance, the allelic methylation changes are 

conserved during development. This process is 

complicated due to its link to the cell cycle and 

requires the proportional functions of multi-enzymatic 

complexes that could be affected by intrinsic and 

extrinsic agents
[84]

. Other important methylation

modifications have been recognized in genes involved 

in the development of Alzheimer’s disease and 

schizophrenia. Distinct reduction in DNA methylation 

has been identified
[85]

 in Alu and other repetitive

elements in the genome that are exclusively related to 

the early phase of life. Also, a role for epigenetic 

modifications has been confirmed in psychiatric 

diseases such as Rubinstein-Taybi syndrome and 

addiction, Huntington’s disease, and Fragile X 

syndrome. It is now widely accepted that for normal 

function and  neurodevelopmental features of the brain, 

the constancy of DNA methylation and histone 

modifications is essential, and their dysregulation may 

result in disease phenotypes
[86]

.

The significant role of epigenetics in brain 

development and disease is due to the following 

factors: 1) plasticity of epigenetics during all periods of 

brain development and aging as well as dynamic 

regulation in neurons, 2) disordered chromatin 

organization in both early childhood and adult 

neurodegenerative disorders, and 3) rapid increase in 

chromatin modifying drugs demonstrated to have 

unexpected therapeutic potential for degenerative and 

functional disorders of nervous system. These factors 

have attracted a vast interest in chromatin-associated 

mechanisms of neurological diseases, and a new field 

of study called ‘neuroepigenetics’
[87]

 have been

established. 

Numerous reports have pointed the association of 

DNA methylation with neurodegenerative diseases. 

Regulation of H3K4 methylation proteins are 

considered as an influencing factor in neuro-

degenerative disease, and the inactivation of histone 

demethylase enzymes can result in different disorders 

such as autism, Rett syndrome, and X-linked mental 

retardation
[88]

.  In Table 4, some mental and

neurological disorders are listed alongside their 

epigenetic aberrations. 

Addiction 

The worldwide estimation of taking opioids (opium-

like substances) is about 13.5 million people of which 

9.2 million use heroin
[89]

. Family, twin, and adoption

studies have presented a large amount of evidence that 

indicates genetic backgrounds have an important role 

in addiction disease. A Two- to four-fold difference  in 

types  of  substance  abuse  disorders have been 

reported  in monozygotic in comparison to dizygotic 

twins  and  also  different  genetic  variations have been 

linked to the various types of substance dependency
[90]

.

An interesting picture emerged from most of drug 

addiction genetic studies emphasizes the importance of 

environment factors besides genetic determinants. 

Epigenetic changes the responses to the needs of an 

organism in diverse environmental conditions through 

adaptive alterations. Epigenetic events and processes 

are usually used to incorporate the maintenance 

of   neuroplastic   changes,  which  are  correlated  with  

Cancer type Type of histone modification 

Lung adenocarcinoma Up-regulation of α-2 glycoprotein 1  in consequence of global histone acetylation[105] 

Non-small cell lung Global H3 deacetylation[106]
 

Gastric 

Global H3K9 trimethylation[107] 

Silencing of RUNX3 in the consequence of increased H3K9 dimethylation and decreased H3 

acetylation[108] 

Prostate 

Global H3K9, H3K18, and H4K12 acetylation and H4K3 and H3K4 dimethylation[109] 

Activation of PTEN, CYLD, p53, and FOX03a by modulating histone H3K9 methylation 

and deacetylation[110]
 

Colorectal Global H3K9 deacetylation[111]
 

Pancreatic Acetylation of histone H3 promoter region of C/EPBα[112] 
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Table 3. miRNA changes in different types of cancer[3,65,113] 

learning and memory
[91]

. Dysregulation of epigenetic

machinery, as the results of substance exposures, can 

lead to drug-seeking behavior and relapse of substance 

dependence. For instance, neuronal activation can alter 

DNA methylation of the Brain-derived neurotrophic 

factor (BDNF) promoter at cAMP response elements 

(CRE) binding sites inducing gene expressions
[92]

. The

crucial role of BDNF was bolded in neural and 

behavioral plasticity in chronic opiate exposure 

through a steady down-regulation of exon-specific 

Bdnf expression in the ventral tegmental area. Special 

epigenetic changes, such as histone modifications, have 

been reported to mediate Bdnf gene activities in 

chronic morphine exposure
[93,94]

. Other observations in

rats during forced abstinence from morphine have 

shown a significant H3 acetylation increase in the 

BDNF promoter II and histone H3 methylation 

changes in ventral tegmental area
[95]

. Other studies

have demonstrated that the prolonged drug exposure 

leads to widespread transcriptional changes of genes 

with diverse cellular functions. This type of change is 

different from the changes observed in the early stages 

of drug-induced neural adaptive processes 

accompanied with specific changes in early response 

genes and signal transduction pathways
[96]

.

   Altogether, studies have indicated that the etiology of 

initiation, continuation, and relapse of substance 

dependence will be better understood considering 

epigenetic factors, which regulate multiple interacting 

neural signaling pathways that create enormous 

diversity in the continually developing brain
[97,98]

.

In this review, we presented and discussed the results 

of many studies demonstrating that epigenetic 

mechanisms regulate gene expressions in different 

models and at various levels. The importance of 

epigenetics in different human disorders have attracted 

many interests in the last decade, especially in 

complicated disorders such as behavior plasticity, 

memory, cancer, autoimmune disease, addiction as 

well as neurodegenerative and psychological disorders. 

It is becoming moreclear why many therapeutic 

approaches have failed in the past. It is hoped that by 

understanding epigenetic mechanisms involved in 

neurological and psychological disorders, more 

effective therapies would soon become available.   

Because of great potential, academia and industry 

have shown great enthusiasm to develop new 

epigenetic therapies. Drug development based on 

epigenetics is difficult and expensive like other novel 

drug  targets. However, reversible nature  of epigenetic 

Cancer type Types of miRNA[ (+)=up-regulation/(-)=down-regulation] 

Oesophageal squamous cell carcinomas miR-21(+) 

Lung 
miR-17-92 (+) 

miR-34c, miR-145, and miR-142-5p, let-7(-) 

Primary head and neck squamous cell carcinoma
miR-1, miR-133a, miR-205, and led-7d(-) 

bsa-miR-21(+)

Gastric
miR-106a(+)

miR-433 and miR-9(-)

Prostate
miR-135b and miR-194(+) 

miR-23b, miR-100, miR-145, miR-221, miR-222(-) 

Melanoma miR-182(+)

Hepatocellular miR-18a(-)

Colorectal 

miR-let 7g, miR-21, miR-20a, miR-17-19 family, miR31, miR 135, 

miR-181b, and miR 200c (+)

miR-34, miR-let7, miR-143, miR-145, miR-133b, and miR-126(-) 

Bladder 

miR-2 23, miR-26b, miR-221, miR-103-1, miR-185, miR-23 b,  

miR- 203, miR 17-5p, miR-23, miR-205(+)

miR-29c, miR-26a, miR-30c, miR-30e-5p, miR-45, miR-30a-3p, 

miR-133a, miR-133b, miR-195, miR-125b,and miR-199a (-) 

Breast
miR-21, miR-155, miR-23, and miR-191(+)

miR-205, miR-145, miR-10b, and miR-125b (-) 
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  Table 4. Summary of epigenetic aberrations reported in mental diseases 

Disease Epigenetic change (tissues) Ref. 

Fragile X syndrome Hyper-methylation at the FMR-1 gene with an expanded (CCG)n repeat [11]

Huntington Histone modification in HDACs and histone KDM5D/Kdm5d [88]

Rett syndrome Mutation in the gene encoding MeCP2 [11]

Autistic patients and their parents 
Abnormal trans-methylation, trans-sulfuration metabolism, genome-wide DNA 

hypo-methylation and elevated blood homocysteine level (blood) 
[11]

Down syndrome miR-99a, let-7c, miR-125b-2, miR-155, and miR-802 up-regulation [113]

SCZ DNA hyper-methylation of the RELN promoter and SOX10 promoter (brain) [11]

SCZ and BD DNA hypo-methylation of the  MB-COMT promoter (brain) [11]

SCZ 
Histone 3 lysine 4 hypo-methylation at the GAD1 promoter due to mixed- 

lineage  leukemia 1 gene dysfunction (brain) 
[11]

SCZ (male) DNA hyper –methylation of the WDR18 gene (brain) [11]

SCZ (male) Global DNA hypo-methylation (blood) [11]

SCZ & Psychotic BD DNM T1 hyperexpression and increase in SAM content (corticalinter-neurons) [11]

Bipolar ll DNA hypo-methylation of PPIEL gene (blood) [11]

BD (female) Hypo-methylation of RPL39 (brain) [11]

Dementia Hyper-methylation of circadian genes, PER1 and CRY1 (blood) [11]

Alcoholism 
DNA hyper-methylation of alpha synuclein promoter, HERP gene promoter 

and dopamine transporter gene (blood) 
[11]

      SCZ, schizophrenia; BD, bipolar disorders 

modifications has made therapeutic applications a 

possible alternative approach in the near future. DNA 

methylation inhibitors act against various cancers and 

also psychiatric diseases such as schizophrenia and 

bipolar disorders. For example, azacytidine and 

decitabine, as DNMT inhibitors, modulate epigenetic 

effects while toxicity and limited chemical stability of 

these drugs restrict their use in cancer therapy. In 

addition, histone deacetylase (HDAC) inhibitors are 

used in cancer therapy, cardiac hypertrophy, and heart 

failure and have been indicated to possess 

neuroprotective effects on cellular and animal models 

of Parkinson’s disease. In oncology, RNAi plays an 

important role as a target of epigenetic drugs. For 

instance, in human CRC, the upregulation of miRNA-

135b is common, while in cervical cancer, miR-21, 

miR-126, and miR-143 are commonly upregulated
[99]

.

Recent new data and knowledge relating to the 

importance of epigenetics in different human disorders 

promise a vibrant future for epigenetics research. The 

new research will integrate high-throughput 

sequencing technologies and the sophisticated 

algorithms to analyze the large amount of data 

produced by sequenced epigenomes. The epigenomic 

data will provide a chance to discover new epigenetic 

marks and their functions in different types of tissues, 

early development, and disease states. The association 

of epigenetic marks with specific diseases can help the 

development of tools to diagnose patients and measure 

the severity of a disease. Although there are issues with 

specificity and efficacy of many drugs being tested in 

animal models, further research on the epigenetic 

mechanisms will surely help the development of better 

therapeutic pathways and agents in the near future. 
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The epigenome consists of nuclear information, heritable dur-
ing cell division, that controls development, tissue differentiation, and cel
lular responsiveness. Epigenetic information is controlled by genome se

quence, environmental exposure, and stochasticity, or random chance. As such, 
epigenetics stands at the interface of the genome, development, and environmental 
exposure.

All cells of the body have essentially the same DNA, yet different organs and 
tissues serve vastly different functions and also retain their identity as their cells 
divide. This cellular identity is epigenetic information, or information that is 
added onto the genes themselves. As originally defined in the 1950s by the embry
ologist Conrad Waddington, epigenetics is the branch of biology that studies the 
interactions between genes and their products that bring phenotype into being.1 
Waddington’s definition was based on a highly deterministic view of the ultimate 
destiny of tissue development: although it might vary somewhat according to envi
ronmental exposure, the end point was inexorably determined by the genes, not the 
environment. Waddington described an “epigenetic landscape,” in which a pluri
potent cell acquires differentiated properties as it rolls down “canals” to its even
tual fate.

A major change in epigenetic thinking came from the realization that the en
vironment has a profound effect on developmental plasticity, particularly with 
aging and susceptibility to common disease.2 The modern definition of epigenetics 
takes this plasticity into account: modifications of DNA or associated factors that 
have information content, other than the DNA sequence itself, are maintained 
during cell division, are influenced by the environment, and cause stable changes 
in gene expression. Thus, the epigenetic landscape is now viewed more dynami
cally than it was initially.3

For ms of Epigene tic Infor m ation

Epigenetic information takes three forms, the first of which is DNA methylation 
(see the Glossary), a covalent modification of the nucleotide cytosine at the 5′ 
position, which is generally associated with gene silencing (Fig. 1). DNA methyla
tion is the bestunderstood epigenetic modification and the clearest example of 
epigenetic information for several reasons. First, the information can be copied, 
in this case by the enzyme DNA methyltransferase 1, which recognizes hemimethyl
ated CpG sites (locations in DNA at which a cytosine precedes a guanosine in the 
5′ to 3′ sequence) on newly replicated DNA and methylates the daughterstrand 
cytosine at the complementary CpG. Second, the information can be interpreted, 
in this case by differential binding of transcription factors and enhancers, depending 
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on the methylation state. Third, new sites of 
DNA methylation can be introduced by de novo 
methyltransferases. Finally, the information can 
be erased, either passively during cell division or by 
means of an enzymatic process involving ten
eleven translocation (TET) methylcytosine dioxy
genases, followed by glycosylation and replace
ment with an unmethylated cytosine.4 DNA 
methylation is the most useful epigenetic mark
er for human disease studies because it is stable 
over a period of decades and is present in archi
val specimens, including paraffin blocks.5

The second form of epigenetic information 
comprises more than 200 known posttransla

tional modifications of nucleosomal histones 
about which the double helix is itself wound, in 
an ATPindependent process involving acetyla
tion, methylation, phosphorylation, ubiquitylation, 
and sumoylation. Each modification is associat
ed with gene activity, gene silencing, or insula
tion between active and inactive gene regions 
(Fig. 1). Posttranslational modifications act 
through recruitment of transcription factors, acti
vation of transcriptional enhancers, recruitment 
of repressive proteins, and interaction with the 
DNA methylation machinery. Just as DNA meth
ylation can be erased, so too can posttransla
tional modifications (e.g., by lysine demethylases 

Differentially methylated position (DMP): A site of DNA methylation that is evaluated in epigenome-wide association 
studies.

Differentially methylated region (DMR): A region of DNA methylation that is evaluated in epigenome-wide association 
studies.

DNA methylation: A covalent modification of the nucleotide cytosine, which is heritable during cell division and is asso-
ciated generally with gene silencing.

Entropy: A measure of disorder in a system; specifically, in information theory, a measure of unpredictability (known as 
Shannon entropy), defined as the sum of P(x

i
)logP(x

i
) of each state x

i
 of a discrete random variable X.

Epigenetic epidemiology: The study of the relationship between epigenetic variants and disease phenotype in the popu-
lation.

Epigenetic mediators: The gene targets of epigenetic modifiers that contribute to stem-cell–like phenotypes in cancer 
cells, including cellular reprogramming factors.

Epigenetic modifiers: Genes whose products modify the epigenome directly through DNA methylation, post-translational 
modifications of chromatin, or higher-order chromatin structure; they are commonly mutated in cancer.

Epigenetic modulators: Factors that influence the activity or localization of epigenetic modifiers, representing a bridge 
between the environment and the epigenome.

Epigenetic stochasticity: A normal developmental, injury-response, or cancer-associated mechanism for increased vari-
ability of epigenetic marks at a given location. Cancer-associated epigenetic stochasticity leads to tumor-cell hetero-
geneity and increased survival of tumor cells in an environment undergoing change (e.g., as a result of metastasis  
or chemotherapy).

Epigenome: The epigenetic information in a cell, comprising DNA methylation, post-translational modifications of his-
tones, and higher-order chromatin structure.

Epigenome-wide association studies (EWAS): Studies of the relationship between epigenetic variants (differentially 
methylated regions [DMRs] or differentially methylated positions [DMPs]) in the population and disease phenotypes.

Genetic methylation unit (GeMe): A cluster of differentially methylated positions (DMPs) and the single-nucleotide 
 polymorphisms (SNPs) regulating their methylation in the same chromosomal region; GeMes include methylation 
quantitative trait loci (MeQTLs) and also noncontiguous regions separating the DMPs and their controlling SNPs, 
even outside the same linkage disequilibrium block.

Genomewide association studies (GWAS): Studies of the relationship between DNA variants (generally single-nucleotide 
polymorphisms [SNPs], but also copy-number variants) in the population and disease phenotypes.

Genomic imprinting: Parent-of-origin–specific epigenetic marks generally associated with comparative silencing of the 
allele transmitted to the offspring, regardless of the sex of the offspring.

Large organized chromatin lysine (K) modifications (LOCKs): Histone 3 (H3) lysine 9 (K9) dimethylation and trimethyl-
ation regions associated with gene silencing, lamina-associated domains (LADs), and large, DNA-hypomethylated 
blocks in cancer.

Methylation quantitative trait loci (meQTLs): Single-nucleotide polymorphisms (SNPs) associated with differentially 
methylated positions (DMPs), constituting a link between genomewide and epigenome-wide association studies.

Glossary
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and deacetylases and by replacement of histone 
3 with histone 3.3), but how information is cop
ied during cell division is less clear. A related 
form of epigenetic information is nucleosome 
remodeling by means of an ATPdependent pro
cess that changes the density of nucleosomes, 
making them more or less available for tran
scription. The replication of this pattern during 
cell division is even more opaque. An outstand
ing review of chromatin modifications is avail
able elsewhere.6

The third form of epigenetic information is 
higherorder chromatin structure, examples of 
which include loop organization revealed by 
chromosomeconformationcapture methods (i.e., 
techniques used to analyze the higherorder or
ganization of chromatin in a cell); large, organized 
chromatin lysine (K) modifications (LOCKs) that 
condense a major fraction of the silent genome7; 
and nuclear laminaassociated domains (LADs)8

involved in nuclear compartmentation of multi
gene regions (Fig. 1). This higherorder chroma

Figure 1. The Cellular Nature of Epigenetic Information.

The DNA double helix is modified at the nucleotide cytosine by DNA methylation (brown dots). The nucleosomes around which the 
DNA is coiled undergo post-translational modifications of their component histones (green dots, depicting activation marks; red dots 
depict silencing marks), leading to gene activation (light-blue nucleosomes, with RNA transcripts originating nearby) or silencing (dark-
blue nucleosomes). Higher-order chromatin structure involves nucleosomal compaction often near the nuclear membrane (heterochro-
matin) or nucleosomal accessibility (euchromatin). The nuclear periphery is primarily repressive but probably also contains transcrip-
tionally permissive subcompartments. Higher-order large blocks of heterochromatin often involve large epigenomic domains termed 
lamina-associated domains (LADs) and large, organized chromatin lysine (K) modifications (LOCKs). In cancer, both large and smaller 
heterochromatic domains become euchromatic. In addition, epigenetic modulators such as environmental exposure and aging, as well 
as cancer mutations in epigenetic modifier genes, affect the expression of epigenetic mediators controlling pluripotency and cellular 
self-renewal. All these factors lead to increased stochastic gene expression in cancer, promoting tumor-cell heterogeneity and cancer-
cell survival in a changing environment (e.g., as a result of metastasis or chemotherapy).
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tin structure also partitions the genome into 
regions of many tens of kilobases, which can 
coassociate in topologically associated domains 
(TADs) that allow for enhancer–promoter inter
action.9,10 These domains have some tissue spec
ificity, with relevant functional genomic elements 
juxtaposed for the purpose of a particular organ 
or set of cells.

Modul ation of Epigene tic 
Infor m ation  

by  the En v ironmen t

Human epidemiologic studies have long pointed 
to the role of diet in changing the genetic pro
gram over multiple generations. Men whose 
grandfathers were exposed to the Swedish fam
ine in Överkalix before puberty tend to die at an 
earlier age from various common diseases than 
men whose grandfathers were not exposed to 
the famine.11 Both the Dutch Hunger Winter and 
the Great Leap Forward of China involved mass 
starvation of the population, and in both cases, 
fetal exposure to famine during the first trimes
ter of gestation was associated with an incidence 
of schizophrenia in adulthood that was twice as 
high as the incidence among adults who had not 
been exposed during gestation.12

The first convincing example of intergenera
tional dietary epigenetic effects was an experi
ment involving mice with an insertional muta
tion in the Agouti locus that controls coat color 
and weight, termed Avy (Agouti viable yellow). 
These phenotypes are regulated by dietary me
thionine, the essential amino acid precursor for 
DNA methylation. When pregnant dams are ex
posed to a diet rich in methionine, Avy is variably 
silenced, with pups in the same litter having a 
range of phenotypes from brown and thin to 
yellow and obese.13 A great deal of epidemio
logic evidence supports a relationship between 
dietary exposure in early life and longterm 
health,14 an idea first proposed by Barker and 
Osmond15 and supported by more recent studies.16

Moreover, diet can cause profound changes in 
the epigenome, leading to human disease. For 
example, deprivation of the essential amino acid 
methionine and folate deficiency are associated 
with liver and colon cancer in animals and hu
mans.17,18 Folate deficiency impairs biosynthesis 
of the active precursor for DNA methylation, 
Sadenosylmethionine, and also impairs synthe

sis of thymidylate. A recent randomized trial also 
showed that dietary fat composition affects DNA 
methylation in adipocytes.19 Many studies have 
shown that the metabolic syndrome and related 
disorders are linked to epigenetic changes de
tected in blood DNA.20 Exposure to nicotine and 
other toxins causes substantial epigenetic chang
es in smokers, as well as in the cord blood and 
placenta of fetuses exposed prenatally, affecting 
genes involved in normal pulmonary function 
and cancer.2125 Three epigenetic loci for IgE con
centration, which is strongly linked to allergic 
response, account for 13% of variation in IgE 
levels.26 Exercise has mechanistically important 
effects on the skeletalmuscle epigenome,27 as may 
trauma in early life.28 Recently, posttraumatic 
stress disorder has been linked to epigenetic 
changes prospectively.29

C a ncer a s the Pa r a digm 
of Common Epigene tic Dise a se

It has been known since the 1980s that most or 
all tumors are associated with widespread losses 
and some gains of DNA methylation throughout 
the genome.30 The Beckwith–Wiedemann syn
drome is an overgrowth disorder that causes 
Wilms’ tumors of the kidney and other socalled 
embryonal tumors that arise from fetal cells and 
persist after birth. The frequency of tumors is 
increased by a factor of more than 1000 among 
patients with the Beckwith–Wiedemann syn
drome as compared with the general population. 
The syndrome is genetically heterogeneous, but 
the risk of cancer is associated specifically with 
loss of imprinting of the gene encoding insulin
like growth factor 2 (IGF-2), activating the nor
mally silent maternal allele and leading to a 
double dose of IGF2 protein.31,32 These observa
tions prove that the epigenetic changes precede 
and increase the risk of cancer rather than arise 
after tumor formation.33

A common description of cancer is that it is 
many different diseases34 caused by differing 
mutational mechanisms, that each cancer type is 
distinct and requires particular therapies, and 
even that each tumor of a particular type is dis
tinct and could be treated individually on the 
basis of genomic sequencing. However, the dif
ferences in tumor types are related to the tissue 
of origin and often to the spectrum of mutations 
associated with that organ, whereas the proper
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ties of tumor heterogeneity and therapeutic re
sistance are epigenetic and are shared among 
tumor types.

My colleagues and I, as well as others, have 
argued that cancers are in fact more alike than 
different and that the central feature of cancer is 
a disrupted and unstable epigenome, usually but 
not always caused by mutations and often pre
ceded by epigenetic changes to the normal tis
sues themselves as a result of age and injury.2,35,36 
These changes lead to epigenetic instability, ero
sion of defined chromatin regions, and variabil
ity of gene expression, resulting in tumorcell 
heterogeneity. Moreover, mutations specifically 
driving metastasis have not been identified in 
cancer, yet epigenetic changes in large areas of 
the genome have been shown to drive metasta
sis. Comprehensive genomescale analysis of DNA 
methylation shows that the methylation changes 
in cancer involve blocks of tens to hundreds of 
kilobases that overlap the large heterochromatin 
structures noted above, termed LOCKs and 
LADs.37,38 The transition to cancer occurs through 
regional loss of heterochromatin and loss of 
DNA methylation, with stochastic gene expres
sion in these regions (Fig. 1). Changes in DNA 
methylation in these regions lead to enhanced 
variability in DNA methylation and expression of 
genes within the regions,37 which may be the 
mechanism for tumorcell heterogeneity. Such 
heterogeneity is the defining feature of cancer 
that leads to chemoresistance, impaired DNA 
repair, metastasis, and death. A recent study has 
shown that large regions termed superenhancers 
have similar hypomethylation, leading to aber
rant gene expression.39

There have been many reviews of epigenetic 
changes in cancer, including a recent review by 
my colleagues and me.40 As discussed in much 
greater detail there, the epigenetic changes in 
cancer can be grouped into three categories: 
epigenetic modifiers, epigenetic mediators, and 
epigenetic modulators (Fig. 1). Epigenetic modi
fiers are the easiest to understand and are the 
genes whose products modify the epigenome 
directly (e.g., through three forms of epigenetic 
information: DNA methylation, posttranslational 
modification of chromatin, or higherorder chro
matin structure). Most of the genes altered by 
mutation in cancer are in fact epigenetic modi
fiers, and thus both genetic and epigenetic 
changes are channeled through the epigenome. 

Examples of chromatinremodeling genes that are 
mutated in cancer are SMARC in rhabdoid tumors, 
lung cancer, and Burkitt’s lymphoma; ARID in 
ovarian and hepatocellular cancers; IDH in glio
blastoma41; and CHD in chronic lymphocytic 
leukemia and many solid tumors. DNA methyl
transferases, TET demethylases, and the MBD 
(methylCpGbinding domain) family of methyl
ationrecognition genes are mutated in lympho
ma and colon cancer.

The epigenetic mediators in cancer, which are 
downstream of the epigenetic modifiers, are the 
targets of epigenetic modification by the modi
fiers, and this alteration contributes to a cell
state change toward stemcell–like phenotypes. 
Epigenetic mediators include IGF2 and several 
pluripotency factors such as NANOG, OCT4, and 
SOX2, which act either alone or in cooperation 
with signaling factors such as WNT in breast, 
skin, testicular, lung, colon, and esophageal 
cancers.

The epigenetic modulators, which are up
stream of the modifiers, are the factors that 
influence the activity or localization of the epi
genetic modifiers in order to destabilize differ
entiationspecific epigenetic states. They repre
sent the bridge between the environment and 
the epigenome, whose disordered function con
fers a predisposition to and acceleration of can
cer development. An example is nuclear factor κB 
(NFκB)–mediated inflammatory responses, which 
trigger an epigenetic switch to a positive feed
back loop with interleukin6 and STAT3, trans
forming mammary epithelia. STAT3, in turn, 
helps maintain the expression of OCT4, NANOG, 
and SOX2 by binding to their enhancers. Aging 
is another epigenetic modulator.2 Genomewide 
hypomethylation in blood is associated with 
breast cancer years later.42 A recent study identi
fied largescale epigenomic blocks of methyla
tion changes, similar to those seen in cancer, in 
photoaging skin.36 Cancerspecific methylation 
changes in squamouscell cancer within these 
aged skin regions occurred only in those blocks.36

The idea that cancer is fundamentally an epi
genetic disease is also reflected in the relation
ship between cancer and the epigenetic land
scape. Since the epigenetic modifiers are the 
major targets of cancer mutations, the mutations 
can have widespread effects on the stability of 
the landscape. A key concept in understanding 
this change is entropy, defined in information 
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theory as p × log p, where p is the probability of 
DNA methylation at a given site43; this use of the 
term entropy is distinct from its use in thermo
dynamics. My colleagues and I have observed 
that largescale hypomethylated blocks increase 
geneexpression variability,44 corresponding to 
these regions of high entropy.43 Moreover, “hyper
methylated CpG islands” and “hypomethylated 
shores,” the classic subcategories of DNA methyla
tion changes, are in fact both often products of 
increased entropy within these large epigenomic 
structures43,45 (Fig. 1). These same domains may 
show higher entropy than the rest of the ge
nome43 and may exist normally to allow the tis
suetype switching, such as the transition from 
epithelial to mesenchymal tissue, that is necessary 
for normal embryogenesis and wound repair.46

Driver mutations (i.e., mutations that are pres
ent in all the cells of the primary cancer and that 
are thought to cause tumor growth) are almost 
universally present in primary cancers, with some 
exceptions, such as ependymomas, which appear 
to be entirely epigenetic.47 However, driver muta
tions for metastasis have not generally been 
found, even though it is the metastases that usu
ally result in death. My colleagues and I recently 
identified largescale changes in the epigenome, 
with loss of DNA methylation and heterochro
matin including LOCKs, associated with distant 
metastases of pancreatic adenocarcinoma.48 These 
epigenetic alterations were also present in the 
particular regions of the primary tumors that 
gave rise to the metastases and thus were drivers 
of metastasis, but there were no mutated genetic 
drivers of the metastases. Moreover, this epigen
etic disruption was linked to activation of the 
oxidative pentose phosphate pathway, which, 
when inhibited experimentally, led to partial 
reversal of the epigenetic changes and abroga
tion of tumorcell growth in an in vitro model 
of invasion.48 Activation of this pathway has also 
been shown to promote the growth of other 
tumor types,49,50 and it will be interesting to look 
for the epigenetic link in these tumors as well. 
A potential mechanism could involve TET or KDM 
(lysine demethylase) dioxygenases, leading to loss 
of heterochromatin and loss of DNA methylation. 
Thus, defective metabolism may be an epigenetic 
modulator for metastasis, driving epigenomic 
changes that confer a survival advantage on cells 
that seed distant organ sites. If so, and if the 

reversibility that has been observed is confirmed, 
then one should be able to target primary tumors 
or micrometastases to abrogate or slow meta
static progression.

Epigene tic Va r i a bili t y 
a s  a  Dr i v ing Force for Dise a se

These recent findings on metastasis are consis
tent with a model in which loss of LOCKs and 
hypomethylated blocks in cancer underlies gene
expression variability within those domains and 
affects genes involved in tumor invasion and 
metastasis.45 Differentially methylated regions 
(DMRs) associated with cancer substantially cor
respond to tissuespecific DMRs.44,45 This hyper
variability would increase the adaptability of tu
mor cells in an evolutionary sense as cells with 
a growth advantage at the expense of the normal 
cells in the host. The study of pancreatic cancer 
noted above would fit this model, in that epigen
etic drivers evolving gradually within the pri
mary tumor appear to cause distant metastasis.

This epigenetic change, and in particular the 
variability of epigenetic marks, may also be a 
valuable diagnostic and prognostic tool for can
cer. For example, increased methylation variabil
ity is linked to more aggressive disease in leuke
mia and lymphoma.51,52 In addition, among biopsy 
samples that had been obtained because of a 
suspicion of cervical or breast cancer and that 
turned out to be negative, variability in DNA 
methylation was markedly increased in the sam
ples from women in whom cancer developed 
years later, as compared with the samples from 
women in whom cancer did not develop.50 This 
work linking methylation entropy to cancer pre
diction has been extended to a clinically practi
cal platform in the study of ovarian cancer.53 
Similar observations have been made for out
come prediction in hematopoietic cancers, with 
chronic lymphocytic leukemia showing high in
trasample methylation variability, which is associ
ated with transcriptional variation and a poor 
outcome.54 The importance of epigenetic vari
ability in disease risk is not limited to cancer 
and includes autoimmune disease55 and body
mass index.56 In addition, increased variability in 
DMRs has been found in monozygotic twins 
with type 1 diabetes, as compared with their 
unaffected twin siblings.57
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The Ne w Field of Epigene tic 
Epidemiol o gy

It is now well established that common genetic 
variants in the population explain only a small 
fraction of the hereditary component of disease 
risk.58 This conundrum, termed the “missing 
heritability of common disease,” is being ad
dressed by an exponentially growing effort to 
identify rare population variants that cumula
tively explain most disease risk. The use of se
quencing alone to assess disease risk is even 
more limited because sequencing studies cannot 
easily capture the role of the environment, which 
is thought to account for 80% of disease risk in 
humans. For example, a Western diet is the lead
ing cause of type 2 diabetes and a major cause 
of cancer. Smoking is the leading cause of sev
eral cancers and also contributes to autoimmune 
and respiratory disease. Inflammation is caused 
by a variety of exposures and underlies autoim
mune disease and cancer risk. Diseases related 
to aging, which constitute the foremost growing 
health problem, are in large part a result of long
term environmental damage.

A new field, epigenetic epidemiology, or the 
study of epigenetics in populations, has grown 
over the past decade to incorporate genetic 
variation with environmental exposure in explain
ing common diseases mediated by the epigenome. 
An understanding of gene–environment inter
action is central to epidemiology generally. The 
relatively new idea is that epigenetics might in 
part mediate this interaction.59,60 This idea has 
gained considerable plausibility, since we now 
know that much of genetic variation is mediated 
through the epigenome.61,62

The principal tool for epigenetic epidemiology 
is the epigenomewide association study (Fig. 2B). 
Such studies have focused almost entirely on 
DNA methylation, since this modification is 
stable over a period of decades and can be evalu
ated in genomic DNA samples from existing 
epidemiologic cohorts. In contrast, the genome
wide association study relies on the statistical 
association with a genetic variant in the popula
tion with the inherited genotype (Fig. 2A). Nor
mally, the detected variant is not in or even near 
what might be the causative gene. The epigenome
wide association study relies on the association 
between exposures and epigenetic changes, and 

their connection, in turn, with disease pheno
types. However, causality is more of a problem 
with this approach than with the genomewide 
approach, since one must determine whether the 
epigenetic changes were a cause or a conse
quence of disease, using statistical tools, animal 
models, or biochemical studies.

The integration of genetic and epigenetic 
studies can reinforce the strengths of both 
(Fig. 2C). For example, changes in DNA methyla
tion might occur at a DMR that is in turn regu
lated by genetic variants identified in genome
wide association studies. Similarly, somatic 
mutations in cancer that are caused by the envi
ronment or chance are difficult to associate with 
disease unless they are within the coding se
quence, since more than 99% of cancer muta
tions are “passenger mutations” of no mecha
nistic consequence because of the clonality of 
the disease. However, unlike mutations, epigen
etic changes in cancer are also often found in 
the normal cells near the cancer, including age
related changes that are associated with abnor
mal regulation of tumor genes (Fig. 2C).

A problem specific to epigenomewide asso
ciation studies is the role of cell type. What one 
measures in blood may not be representative of 
what occurs in a target tissue such as brain. This 
surrogate tissue problem is a subject of new 
funding initiatives such as TaRGET II, from the 
National Institute of Environmental Health Sci
ences, which is designed to compare the epigen
etic effects of toxins on target and surrogate 
tissues in mice, for eventual application to sur
rogate tissue measurements in humans. More
over, most cell populations involve multiple cell 
types that may have varying DNA methylation, 
requiring either cellular fractionation or statisti
cal correction. Several studies have identified 
epigenetic markers for schizophrenia in cord 
blood,6365 but because of the issues described 
above, their mechanistic connection to the dis
ease is still unclear.

Nevertheless, these problems can be overcome, 
and the markers can identify loci in genomewide 
association studies that are not apparent on the 
basis of purely genetic analyses. For example, in 
newly incident rheumatoid arthritis, DMRs could 
be identified at a locus not evident in conventional 
genomewide studies, in which the epigenome 
mediated genetic susceptibility to disease and 
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was replicated in additional persons.55 Another 
example is type 1 diabetes, which was shown to 
be associated with specific DMRs in discordant 
monozygotic twins; a causal role was estab
lished by examination of cord blood from new

borns in whom type 1 diabetes later developed.57

A recent study showed that many replicated 
DMRs are probably a consequence of increased 
bodymass index, but that was not true for all 
DMRs, and some were predictive of type 2 dia
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betes.66 Earlier, my colleagues and I used a 
speciescomparative epigenomic approach to the 
study of obesity and diabetes, showing that 
some dietinduced DMRs in mouse adipocytes 
could be replicated in obese humans; were par
tially reversed by bariatric surgery; were them
selves nearby known or previously unapparent 
singlenucleotide polymorphisms (SNPs), on the 
basis of genomewide association studies; and 
played a causal role in glucose uptake in vitro.67 
Recent studies have identified dietary changes in 
the microbiome that can influence host methyla
tion,68 providing another experimental tool to 
study the role of epigenetics in gene–environment 
interaction. In addition, genotype and in utero 
exposure to maternal smoking have been inte
grated in the analysis of neonates.69

Even if DNA methylation is at times a conse
quence rather than a cause of disease, there are 

data to suggest that it can serve as a presymp
tomatic marker (e.g., of Alzheimer’s disease),70,71 
and developmental changes in DNA methylation 
in the prefrontal cortex identify SNPs that are 
associated with schizophrenia.72 SNPs affecting 
DNA methylation, known as methylation quan
titative trait loci (meQTLs) (Fig. 2C), can thus be 
used for more precise genomewide association 
studies of large populations. For example, SNPs 
for a wide variety of common diseases are en
riched for meQTLs, and these methylation sites 
could identify the most likely genes involved that 
were not obvious on examination of the SNPs 
themselves.73,74 Although meQTLs are in the same 
chromosomal region as the affected differentially 
methylated positions (DMPs), the SNPs and 
DMPs need not be immediately contiguous, or 
even within the same linkage disequilibrium 
block, yet may still regulate methylation, pre
sumably because of topologic looping in the 
nucleus.75

Incor por ating Epigene tics 
in t o R isk A ssessmen t  

a nd Dise a se Pr e v en tion

We now know that epigenetic changes play a 
causal role in cancer and occur long before can
cer develops, and they appear to be the principal 
targets of genetic change and, at least in pan
creatic cancer, the principal drivers of distant 
metastasis. Yet we do not have a mechanism for 
assessing the epigenetic risk of cancer or for 
discovering agents that could be used as epigen
etic chemoprotection or epigenetic adjuvant 
therapy for primary cancer in order to abrogate 
or retard metastasis. We must bank frozen pri
mary cancers for which there are matched out
come measures (recurrence or therapy response) 
so that we can identify the epigenetic field ef
fects in normal tissue that predict progression 
and, at the same time, identify the epigenetic 
changes and genes that mediate progression.

Tamoxifen was discovered as an adjuvant 
treatment because it already had biologic activity 
against cancer. But our best chemopreventive 
agents may have no effect on tumors them
selves, and we would never know they exist. We 
must therefore also fund animal research de
signed to identify mechanistically significant 
gene–environment interactions related to expo
sure and cancer prevention.

Figure 2 (facing page). Epigenetic Approach  
to Epidemiology.

Common diseases in humans (e.g., cancer, diabetes, 
and rheumatoid arthritis) can be better understood 
through the combination of conventional genomewide 
association studies and epigenome-wide association 
studies. Conventional genomewide association studies 
(Panel A) link a hereditary DNA sequence variant or 
single-nucleotide polymorphism (SNP), through a pre-
sumed connection to a gene, to a disease phenotype 
(e.g., diabetes). Epigenome-wide association studies 
(Panel B) link environmental exposures (for which es-
tablishing causality requires statistical tools, animal 
models, or biochemical studies) and aging to a DNA 
methylation change and subsequently to a disease 
phenotype (e.g., diabetes or rheumatoid arthritis). An 
integrated approach (Panel C) incorporates both ge-
netic and environmental exposure by relating genetic 
variants to epigenetic changes (methylation quantita-
tive trait locus [meQTL]) in disease (e.g., diabetes and 
rheumatoid arthritis). Moreover, the combination of 
genomewide and epigenome-wide association studies 
can identify genetic variants regulating epigenetic marks 
(clusters of DNA methylation under genetic control 
[GeMes]) across linkage disequilibrium blocks that  
are normally penalized mathematically in conventional 
genomewide association studies (i.e., even though they 
are not in the same linkage disequilibrium block and 
thus not normally considered associated, they can be 
topologically associated through higher-order folding 
of chromatin in the nucleus, as shown in example 2). 
Similarly, cancer epigenetics (Panel D) enriches con-
ventional cancer genetics by including environmental 
exposure and epigenetic changes together with heredi-
tary genetic variants in risk assessment. DMR denotes 
differentially methylated region.
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None of our current drugscreening tools are 
designed to test whether a drug reduces the vari
ability of gene expression or associated epigen
etic marks. In contrast, we assess both the risk 
and status of disease on the basis of measure
ments of mean values (genomic or epigenomic). 
However, recent studies of epigenetic variability 
and entropy suggest that we must also measure 
celltocell variation in assessing disease risk. 
This will require collaboration among outstand
ing biologists, pharmacologists, and applied 
mathematicians to be successful.

It is important to combine genomewide and 
epigenomewide association studies in order to 
uncover mechanisms in other common diseases. 
Attractive targets include autoimmune disease, 
the treatment of which is difficult after the cyto
kine storm occurs (which is the point at which 
patients usually seek care) but might be amena
ble to epigenetic intervention in the prodromal 
stages. We already know that the genome and 
epigenome conspire to cause rheumatoid arthri
tis55 and food allergy.76 Similarly, type 2 diabetes 
is difficult to treat once organ damage has oc
curred, including insulin resistance. Yet there 
are strong data supporting a genetic–epigenetic 
connection conferring a predisposition to the dis
ease. Practical “precision epigenetic medicine” 
may already be possible. For example, metabolic 
pathological testing could use existing data 

showing that meQTLs are associated with body
mass index and metabolic phenotypes; causal 
inference testing shows that genetic variants of
ten have an effect through DNA methylation.77,78

Finally, epigenetic analysis might be used in 
completely novel ways that have received almost 
no attention to date. For example, it could be 
used to predict therapeutic response in ways that 
purely genetic analysis cannot do, because epi
genetic analysis measures the effect of the ge
nome and the patient’s existing environmental 
load. Epigenetic analysis could also be used to 
assess in utero and transgenerational effects. 
For example, we already know that epigenetic 
changes are found in the offspring of women 
who smoke during pregnancy24 and that there 
are methylation changes in the sperm of fathers 
of children with autism who have subsequent 
children with autism.79 Epigenetics can lead us at 
last to an era of comprehensive medical under
standing, unlocking the relationships among the 
patient’s genome, environment, prenatal expo
sure, and disease risk in time for us to prevent 
diseases or mitigate their effects before they 
take their toll on health.

Disclosure forms provided by the author are available with the 
full text of this article at NEJM.org.
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Vaccines have enabled tremendous decreases in infectious diseases, eradication of smallpox,
saved lives, and remain among the most effective and cost-effective of our public health
initiatives.1 At the same time, as an ever larger number of vaccines are administered globally,
increasing concerns about adverse events and reactions have been raised and threaten the public
health successes attributable to vaccines. For example, the controversy surrounding measles-
mumps-rubella (MMR) vaccine and thimerosal are emblematic of public concerns and
perceptions regarding vaccine safety and vaccine adverse reactions (AEs). With current and
future technologic advances such as high throughput whole-genome scanning, transcriptomics,
epigenetics, proteomics, and new biostatistical approaches to understanding huge databases of
information, we can better understand associations and mechanisms by which genetically-
mediated individual variations in vaccine response and reactivity occur. Armed with such
knowledge, the ability to predict such AEs, or to design new vaccine approaches that minimize
or eliminate serious vaccine-related reactions could be devised, consistent with a more
personalized or individual approach to vaccine practice which we have called adversomics (the
immunogenetics and immunogenomics of vaccine adverse events at the individual and
population level, respectively).

CURRENT KNOWLEDGE
Immune, inflammatory, idiosyncratic, and other responses to a vaccine are determined by a
host of known and unknown factors, including individual characteristics (age, gender, race,
medical condition, etc.), the quality and quantity of vaccine antigen(s), the number of doses
administered, route of immunization, and host genetics. Although tremendous work has gone
into understanding genetic susceptibility to infectious diseases,2 attention now needs to turn
toward understanding genetic susceptibility to vaccine-related AEs. Indeed in the case of live
vaccines, one might simplistically envision administration of such vaccines as an “infection”
and conceptually study the susceptibility to such reactions in the same manner.

To further develop this construct, we have hypothesized that adverse reactions and events may
not be random, but may in fact be, in part, genetically predetermined. For example, early studies
demonstrated that certain populations are unusually susceptible to measles vaccine reactions
with post-vaccine febrile reactions among 11 different Amerind populations 0.4°C higher than
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in Caucasian populations.3 It was speculated that genetic differences in Amerinds were
associated with intensified reactions to measles vaccine. Studies of Native American children
revealed higher risks for invasive Haemophilus influenzae type b infection than white children.
Decreased IgG2 and IgG4 antibody responses to H. influenzae type b polysaccharide vaccine
were observed in healthy Apache children, compared with white children, potentially
explaining the higher incidence of H. influenza type b infections in Apache populations.4 Later
studies revealed specific Km and Gm genetic allotypes associated with poorer immune
response.5

More recent studies have investigated the role of cytokines in the pathogenesis of AEs
associated with live viral vaccines. A large study of AEs, including fever, lymphadenopathy,
and localized or generalized rash, after smallpox immunization was associated with increased
levels of IFN-γ, TNF-α, IL-2, IL-5, and IL-10, whereas individuals who did not report an AE
demonstrated increased IFN-γ levels only during the acute phase compared with baseline levels
after immunization.6 Concerns regarding myopericarditis after smallpox vaccine has resulted
in studies which are examining possible genetic associations.7,8

Additional insights into identification of genetic markers that affect immune and physiological
responses to viral vaccines emerged from a study which examined the genetic basis for adverse
events after smallpox vaccination.9 The hypothesis was that subjects experiencing AEs
exhibited unique genetic polymorphisms associated with AE reactions in response to smallpox
vaccination. To test the hypothesis 346 smallpox (Dryvax) immunized individuals were
genotyped for single-nucleotide polymorphisms (SNPs) in 19 candidate genes and assessed
for the development of fever associated with the receipt of vaccine. This study showed that
fever following smallpox vaccination was associated with specific haplotypes on the IL1 gene
complex, and in the IL18 and IL4 genes. Importantly, these findings raise the possibility that
the same genetic polymorphisms linked to fever after smallpox vaccine may also influence
fever risk after other live virus vaccines, including MMR.9,10 For example, a small percentage
of children who get vaccine-induced fever after MMR will develop febrile seizures. Knowledge
of a genetic association could allow the development of predictive tests or preventive therapies
that could be administered with vaccine to prevent such AEs.

In another study 131 healthy volunteers from 2 independent smallpox vaccine studies were
genotyped across 386 genes and assessed for local and systemic AEs.11 The authors reported
that genetic polymorphisms in genes expressing an enzyme previously associated with adverse
reactions to a variety of pharmacologic agents (ie, the methylenetetrahydrofolate reductase,
MTHFR, gene) and an immunologic transcription factor (ie, the interferon regulatory factor-1,
IRF1, gene) were associated with local and systemic AEs (an oral temperature >38.3°C,
generalized skin eruptions, or enlarged or tender regional lymph nodes) after smallpox
vaccination.

Our own laboratory has done extensive work in identifying genetic associations with HLA,
cytokine, cytokine receptor, innate receptors, innate immune response genes, and signaling
molecules and both humoral and cell-mediated immune responses.12,13 This work has been
fundamental to identifying and understanding associations between genetic polymorphisms
and variations in immune responses. Such methods must now be turned toward understanding
adverse events associated with vaccination. An example is that epidemiologic studies have
quantified the risk of immune thrombocytopenic purpura (ITP) and anaphylaxis, attributable
to the MMR vaccine in the second year of life as 1 case per 40,000 vaccinated children.14,15

Recently France et al demonstrated that 76% of ITP cases in children ages 12 to 23 months
were related to MMR vaccination.15 Identification of a genetic association between MMR
vaccine and ITP would be important and would inform attempts at developing preventive
strategies or improved vaccines. A further example is the expanding recommendations for the
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use of seasonal influenza vaccine and the potential use of pandemic vaccines globally; studies
of the genetic susceptibility to Guillain-Barre Syndrome (GBS) would be important.16

SUMMARY
We believe that adversomics (the immunogenetics and immunogenomics of vaccine adverse
events at the individual and population level, respectively) is critical to understanding and
preventing serious adverse vaccine-related events, developing the next generation of vaccines,
and to improving public confidence in vaccine safety.

Significant difficulties in the growth of the field of vaccine immunogenetics include the
difficulty of studying large enough numbers of subjects (rare AEs are, by definition, rare), lack
of research funding, the complexity and extensive polymorphic nature of immune response
genes, statistical issues of multiple comparisons and statistical power, issues of multigenic and
other gene interactions such as complementation and epigenetic DNA modifications, and
gender, racial, and ethnic differences. Nonetheless, the field of adversomics is growing due to
scientific interest in understanding the basis for vaccine reactions, “push” from the growing
field of individualized medicine, and consumer demand for safer vaccines. The capability to
reproduce statistical associations in independent population-based studies remains essential to
assessing the generalization of such studies. Clearly more comprehensive studies are needed
to determine if there are associations between genetic variations among individuals and
susceptibility to serious adverse events in response to vaccination. These factors combined
with technologic ability will lead to a new era in vaccinology and better, safer vaccines.

Acknowledgments
Supported by the National Institutes of Health grants AI 33144, AI 48793, and AI 40065 for our vaccine
immunogenetics studies.

References
1. Centers for Disease Control and Prevention. Ten Great Public Health Achievements—United States,

1900–1999. MMWR 1999;48:241–243. [PubMed: 10220250]
2. Kaslow, R., et al., editors. Genetic Susceptibility to Infectious Diseases. New York, NY: Oxford

University Press; 2008. p. 1-447.
3. Black FL, et al. Intensified reactions to measles vaccine. J Infect Dis 1971;124:306–317. [PubMed:

4947190]
4. Siber GR, et al. Impaired antibody response to Haemophilus influenzae type b polysaccharide. N Engl

J Med 1990;323:1387–1392. [PubMed: 2233905]
5. Goldblatt D, et al. Association of Gm allotypes with the antibody response. J Immunol 1994;153:5316–

5320. [PubMed: 7963583]
6. Rock MT, et al. Adverse events after smallpox immunizations. J Infect Dis 2004;189:1401–1410.

[PubMed: 15073677]
7. Halsell JS, et al. Myopericarditis following smallpox vaccination. JAMA 2003;289:3283–3289.

[PubMed: 12824210]
8. Wilson CB, et al. Vaccine safety–vaccine benefits. Nat Rev Immunol 2001;1:160–165. [PubMed:

11905824]
9. Stanley SL, et al. The immunogenetics of smallpox vaccination. J Infect Dis 2007;196:212–219.

[PubMed: 17570108]
10. Usonis V, et al. Reactogenicity and immunogenicity of a new live. Pediatr Infect Dis J 1999;18:42–

48. [PubMed: 9951979]
11. Reif DM, et al. Genetic basis for adverse events after smallpox vaccination. J Infect Dis 2008;198:16–

22. [PubMed: 18454680]

Poland et al. Page 3

Pediatr Infect Dis J. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12. Poland GA, et al. Heterogeneity in vaccine immune response. Clin Pharmacol Ther 2007;82:653–
664. [PubMed: 17971814]

13. Poland GA, et al. Vaccine immunogenetics. Vaccine 2008;26:6183–6188. [PubMed: 18598732]
14. Stratton KR, et al. Adverse events associated with childhood vaccines other than pertussis and rubella.

JAMA 1994;271:1602–1605. [PubMed: 8182813]
15. France EK, et al. Risk of immune thrombocytopenic purpura. Pediatrics 2008;121:e687–e692.

[PubMed: 18310189]
16. Juurlink DN, et al. Guillain-Barre syndrome after influenza vaccination in adults. Arch Intern Med

2006;166:2217–2221. [PubMed: 17101939]

Poland et al. Page 4

Pediatr Infect Dis J. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Send Orders for Reprints to reprints@benthamscience.ae 

Current Genomics, 2015, 16, 47-59 47

Genetics and Vaccines in the Era of Personalized Medicine 

John Castiblanco
1,2

 and Juan-Manuel Anaya
1,

* 

1
Center for Autoimmune Diseases Research (CREA), School of Medicine and Health 

Sciences, Universidad del Rosario, Carrera 24 #63-C-69, Bogota, Colombia; 
2
Doctoral Program in Biomedical Sciences, Universidad del Rosario, Bogotá, 

Colombia 

Abstract: Vaccines represent the most successful and sustainable tactic to prevent and counter-

act infection. A vaccine generally improves immunity to a particular disease upon administra-

tion by inducing specific protective and efficient immune responses in all of the receiving 

population. The main known factors influencing the observed heterogeneity for immune re-

sponses induced by vaccines are gender, age, co-morbidity, immune system, and genetic background. This review is 

mainly focused on the genetic status effect to vaccine immune responses and how this could contribute to the develop-

ment of novel vaccine candidates that could be better directed and predicted relative to the genetic history of an individual 

and/or population. The text offers a brief history of vaccinology as a field, a description of the genetic status of the most 

relevant and studied genes and their functionality and correlation with exposure to specific vaccines; followed by an in-

side look into autoimmunity as a concern when designing vaccines as well as perspectives and conclusions looking to-

wards an era of personalized and predictive vaccinology instead of a one size fits all approach. 

Keywords: Vaccine, Personalized medicine, Genetics, HLA, Autoimmune ecology, Infection, Autoimmunity and systems biology. 

1. INTRODUCTION

 Vaccines represent the most successful and sustainable 

tactic to prevent and counteract infection [1]. A vaccine, 

typically containing one or several antigens from or similar 
to a disease-causing microorganism, generally improves 

immunity to a particular disease upon administration by in-

ducing specific immune responses. Over the last century, the 
availability of vaccines reduced the incidence and mortality 

for polio, smallpox, diphtheria, mumps, pertussis, polio, 

tetanus, measles, rubella, pneumococcus, meningitis and 
hepatitis B [2]. 

Although the field has been successful, there is an empty 

space ready to be occupied by effective vaccines to abate 
new and old foes [3]. Moreover, the historic development of 

the field is usually divided in generations: the first genera-

tion stands for the administration of live attenuated or inacti-
vated infection vectors [2, 4]; while the second refers to vac-

cines assembled from isolated cellular or structural compo-

nents (e.g., polysaccharides and/or protein antigens) [5]. The 
second-generation takes advantage of the constant develop-

ment DNA molecular technology and carbohydrate chemis-

try. 

Conventional methods of vaccine development deal with 

obstacles such as non-cultivable pathogens, pathogens with-

hypermutable and highly variable antigens [6], opportunistic 
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eases Research (CREA), School of Medicine and Health Sciences, Univer-

sidad del Rosario, Carrera 24 #63-C-69, Bogota, Colombia;
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pathogens [7], and rapid evolving adaptable pathogens. The 
main goal of every vaccination is to initiate protective and 

efficient immune response in all of the receiving population; 

however, a wide-ranging and effectual protection is rarely 
observed and reflects the fine and composite interactions 

between the host and pathogen immune system and genetic 

counterparts. On top of this, tools to accurately identify vac-
cine outcomes are currently lacking [3]. The main known 

factors influencing the observed heterogeneity for immune 

responses induced by vaccines are gender, age, co-morbidity, 
immune system, and genetic background [3, 8]. The effect of 

the genetic status, in defining the response generated directly 

or indirectly with an innate or adaptative immune response, 
has been demonstrated across multiple viral vaccines (e.g., 

smallpox, influenza, measles, rubella, and mumps) [8]. 

 A new momentum to vaccine research surfaced as the 
genomics field bloomed over the last decades. With the 
completion and availability of the first draft for the genome 
sequence of a living microorganism in the mid 90s, genomic 
knowledge refreshed the field’s point of view [9]. Now the 
complete genomic information for about 300 microorgan-
isms has been obtained and finalized, including those capa-
ble of causing disease to humans [10]. Thus, the advent of 
high throughput sequencing technologies has enabled new 
and more sophisticated approaches to further expand ge-
nomic information, becoming key drivers to disentangle vac-
cine-induced immune response hoping for an era of person-
alized and predictive vaccinology instead of a one size fits 
all approach [8, 11]. Personalized medicine is committed to 
survey and monitor risks to provide patients with a specific 
treatment taking into account their particular genetic profile 
and molecular phenotype. Thus evaluation, comparison, cor-
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relation, cross-matching and interaction of the nascent omic 
information would aid in the prediction, diagnosis, and 
treatment at the individual level but at the same time would 
provide a better understanding of the physiopathological 
mechanisms of disease and infection onset and progression 
[12]. 

 Studying the genome of pathogens and the host using 

experimental and computational approaches has broadened 

the field to mechanistic and functional insights targeted to 
the development of potential novel diagnostic, therapeutic 

and vaccine candidates [13, 14]. Concepts such as “vacci-

nomics” describe the common ground where a systems biol-
ogy approach takes into account immunogenetic, immuno-

genomic, metagenomics, immune profiling and functional 

studies directed towards understanding and predicting im-
mune responses induced by vaccine exposure, using this 

information to engineer and test new vaccine candidates 

[15]. Thus new and innovative technology-driven ap-
proaches are starting to take genomics and a whole set of 

ongoing and developing omics (i.e., transcriptomics, me-

tagenomics, metabolomics, adversomics, among others) into 
play in order to decipher and disentangle functionality and 

organization [16]. These new approaches are taking even a 

step into describing and correlating matching layers of ge-
nome-wide information to explain and explore mechanisms 

taking into account ways of interaction from the genetic to 

the environmental factors (i.e., genomics and epigenomics, 
respectively) [17, 18]. 

 The main objective of a vaccine is to identify a specific 

immunological profile to be later customizable and able to 
provide a long term protection against a pathogen [19]. A 

systems biology approach to decipher novel mechanisms of 

vaccine response could allow the forecast of immunogenicity 
and efficiency of candidate vaccines [20]. The advent of 

high-throughput approaches is allowing exploring the acting 

layers of connected networks that control and define an im-
munological event enabling the field to roam from the search 

of correlates to the identification of protection signatures 

related to an immunological protective response. 

New tools for vaccine diagnostics could be aimed to cus-

tomize new candidates in subpopulations with better accu-

racy and safety. Likewise, moving the field towards a more 
therapeutic framework accompanied by the preventable clas-

sic approach will broaden the application and treatment to 

chronic pan-diseases like obesity or cancer [21]. A needed 
makeover on the design and application of vaccines will 

benefit health worldwide in this present time of data avail-

ability, globalization and integrative biology. This review is 
focused on the genetic status and effects to vaccine immune 

response and how this could contribute to the development 

of novel vaccine candidates that could be better directed and 
predicted relative to the genetic history of an individual 

and/or population. The text guides the reader through a brief 

history of vaccinology as a field, from the stepping stones to 
Pasteur’s principles; then a genetic focus on the most rele-

vant and studied genes, their functionality and correlation 

with exposure to specific vaccines. The review closes with 
an inside look into a main concern when designing vaccines, 

which is autoimmunity and exposure to the vaccine compo-

nents and their possible secondary effects and role into a 

protection onset for a specific pathogen. Perspectives and 

conclusion leave hopefully more questions to be answered in 
this immense field of data and information we are heading 

to. 

2. BRIEF HISTORY OF VACCINOLOGY

 Vaccines antedate the vaccinology field by a long time. 

Origins are traced to Asia where smallpox lesions were used 
to transmit a mild infection to induce protection [22]. Docu-

mented smallpox vaccinations go back as early as the 17th 

century in the United States and England by using variola-
tion, the method for purposefully infecting a person with 

smallpox (Variola), as the vehicle of inoculation. 

 Variolation became more accepted and safer when Ed-
ward Jenner demonstrated protection against smallpox infec-
tion by inoculation of cowpox in 1796, leading to the formu-
lation of the vaccine concept [23]. By the 19th century –once 
the germ theory of disease was proven and several bacteria 
species related to infection and viruses discovered – Louis 
Pasteur described the process of microbial attenuation and 
how it would affect immunization. Then, Pasteur developed 
the rabies vaccine which is the first vaccine created in a labo-
ratory [23]. He also laid the rationality to vaccine develop-
ment and the first rules and principles, as per isolation, inac-
tivation and administration of a disease-causing microorgan-
ism [2]. 

 Ever since, the field focused on vaccination as the best 
strategy against bacterial and viral pathogens affecting hu-
man health. By the mid-20th century, toxoid based vaccines 
brought diphtheria and tetanus under control; followed by 
partially successful vaccines for cholera and typhoid, the 
first inactivated influenza vaccine and an attenuated yellow 
fever vaccine [24]. Then newly develop tissue culture tech-
niques permitted the first ex vivo culture of poliovirus, lead-
ing to an effective polio vaccine [25]. After polio, other im-
portant childhood disease vaccines were developed against 
measles, mumps, rubella and varicella. 

Current vaccines are either made of killed, live attenuated 
and/or purified subunits, such as detoxified toxins, purified 
antigens or conjugated polysaccharides of the disease caus-
ing microorganisms (Table 1). These vaccines were devel-
oped using Pasteur's principles and became landmarks and 
tools that led to the control and elimination of some of the 
most devastating infectious diseases worldwide. Despite 
their success, vaccine development takes time for those non-
cultivable pathogens or the ones where there is not an obvi-
ous antigen or structure to use as a candidate for a vaccine. 
On top of the former, variation between individuals in vac-
cine responses remains a complex trait that needs further 
attention given that a high proportion of vaccinated individu-
als lack complete protection after routine immunizations 
[26]. 

Finalizing the 20th century, technologies to develop vac-
cines were coming to an overuse since all plausible vaccines 
to develop were described already; the field needed new ap-
proaches to counteract the problematic pathogens at hand. 
Then, the introduction of newly develop technologies – such 
as recombinant DNA and chemical conjugation of proteins 
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to be used as new adjuvants – leveled the field to keep going 
forward. By 1995, Craig Venter published the first draft ge-
nome of a microorganism [9]. This led the way to initiate a 
technological revolution allowing to use computational ap-
proaches to design vaccines by extracting the information 
from the genomic information without even growing the 
pathogen, this is known as “reverse vaccinology” [27]. 

 Reverse vaccinology serves to develop protein-based 
vaccines and has been applied to many bacterial pathogens. 
The first pathogen tackled was group B streptococcus which 
by using eight available genomes, allowed the expression of 
312 candidate antigens and the development of a vaccine 
based on four proteins able to protect against all serotypes 
[27]. For group A streptococcus another vaccine was devel-
oped by cross-matching homology to make sure the selected 
antigens for the vaccine differed from human encoded pro-
teins. By using the entire protein repertoire of a pathogen, 
reverse vaccinology selects the best antigen vaccine candi-
dates, to confection new candidate vaccines that can lead 
to the discovery of unique antigens that may improve exist-
ing vaccines. A parallel between conventional and reverse 
vaccinology is presented on (Table 2). 

3. VACCINE RESPONSE AND GENETICS

 The immune system is responsible for the surveillance, 
recognition and generation of a response based on a pre-
sented exposure. Recognition of foreign and hazard signals 
stems from the capability of antigen-presenting cells to ex-
pose pathogen-derived peptides in the HLA peptide-binding 
grooves determined by the genetic constitution of the indi-
vidual, providing a useful frame work to understand variabil-
ity of the immune response [28]. 

Population genetic studies provide the tools to understand 
the underlying genetic factors responsible for the variation in 
susceptibility to pathogen infection, and also further clues 
for the interactions between host and pathogen that define 

the host response. However, the diversity and heterogeneity 
of the immune response to vaccines remain primary obsta-
cles to offer vaccines to the general public. This variability 
originates from the genetic history of each individual and it 
is believed to be related at least in part to polymorphisms in 
the immune response genes [29]. There are a growing num-
ber of reports documenting clinically relevant infectious dif-
ferences in clinical outcomes depending on the status of 
genes related to the immune response. Just until recently, the 
idea of genetics influencing the response to vaccine exposure 
began to be further explored. It is not for lack of trying that a 
response has not been attained but for multiple factors defin-
ing and interacting to reach an outcome after the system is 
perturbed; this implies a vaccine response is defined by the 
articulation of a plethora of genetic and environmental com-
ponents such as genes promoting/suppressing a response due 
to the presence of a polymorphism; environmental modifica-
tions such as epigenetic modifications; and interaction of 
host and non-host genes at the genetic and environmental 
level [30]. 

 There is increasing interest in understanding the genetic 
influence of polymorphisms associated with the effect to 
define humoral, adaptative, and innate responses to vaccines 
from the perspective of an individual and at the population 
level. This area of study is growing due to the fact that ge-
nomic tools and technological advances –such as high-
throughput, low-cost platforms and methodologies – are 
pushing the field towards deciphering the role of genetic 
variants involved from the time of exposure to receptors 
such as Toll-like receptors (TLRs), to cytokine and their re-
ceptors, to the human leukocyte antigen (HLA) molecules, 
and others that may skewed the immune processes to origi-
nate and complete a response. The introduction of genetics, 
epidemiology and genomics to vaccine design has been de-
nominated vaccinomics [29]. Perhaps this path would offer 
important allelic gene variants, which would allow defining 
how likely an individual respond to a vaccine challenge. 

Table 1. Different approaches to vaccine design in the pre-genomic era: application of Pasteur’s principles. Adapted from Serruto 

et al. [10]. 

Microorganism Status Pathogen Treatment Advantages Drawbacks Vaccine Example 

Killed Agent is inactivated Polio virus; Influenza; Rabies; 

Oral cholera. 

Live attenuated Agent live do not cause 

disease 

Efficacious Difficult to cultivate in a 

scalable setting 

Polio virus; Intranasal influenza 

vaccine; Measles, mumps and 

rubella (MMR). 

Subunit Purified portions of agents No risk of disease 

No need to culture 

Identification of components 

complex and time consuming 

Diphtheria toxoid; 

Tetanus toxoid; 

Pertussis toxoid; 

Hepatitis B vaccine. 

Subunit – conjugated Polysaccharide component 

agent is linked to a protein 

carrier 

The conjugated polysac-

charide that is poorly 

immunogenic on its own 

becomes immunogenic 

Need to culture in vitro to 

obtain its capsule 

Haemophlius influenza; 

Meningococcus A, C, Y, W135 

Pneumococcus 
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Still, vaccine development for multifactorial complex traits 
(i.e., complex diseases), including HIV, malaria, dengue 
fever, tuberculosis, among others is in its infancy and would 
require a shift in vaccine strategies [31, 32]. Several reports 
present data for the effect of genetic factors in vaccine-
induced immunity. Next, we provide a brief recapitulation of 
the genetic factors associated with immune response mainly 
for groups of genes related with HLA alleles and other ge-
netic variants. 

3.1. Epidemiology and Genetics 

 Due to response heterogeneity, vaccines can either elicit 
partial, complete and/or fail to protect individuals treated 
under the same conditions. Approximately, 5 to 10% of vac-
cines fail to induce long term antibody protective levels [33]. 
Twins studies support the role of genetics in vaccine re-
sponse. For measles, mumps, and rubella, a 89%, 39%, and 
46% of the variation of IgG titers in humoral immunity after 
vaccination is attributed to genetic factors rather than by 
chance, respectively [34]. Moreover, early vaccination in 
twins showed high heritability (40—70%) for antibody re-
sponses in oral polio, tetanus, diphtheria and hepatitis B vac-
cines [35]. The estimated genetic attributed contribution of 
the HLA genes is about 40% and 60% as per non-HLA 
genes [36]. Interferon-gamma and interleukin-13 responses 
to tetanus, pertussis and some BCG vaccine antigens show 
also high heritability (39-65%). Sibling and twin genetic 
heritability approaches for vaccine response support a ge-
nomic approach to interindividual variation in vaccines re-
sponse [37]. 

 Epidemiological and family vaccine studies have shown 
familial aggregation. Subsequently, many association studies 
have identified both HLA and non-HLA candidate gene 
markers, including genes in close linkage disequilibrium 
with a putative causative marker [31]. These HLA and 
polymorphism findings emphasize the importance of identi-
fying and replicating initial reports of genetic associations 
with vaccine-induced immune responses, as well as under-
standing the functional consequences of each gene/ poly-
morphism association. The most common approaches to 
evaluate the effect between vaccination and variation in im-

mune response related genes are the candidate gene approach 
and genome-wide association studies (GWAS) [38]. As ex-
ample of these genome-wide approaches Crosslin et al. ana-
lyzed 22,981 participants exposed to the varicella zoster vi-
rus and identified a genomic region mapping to the non cod-
ing gene HCP5 (HLA Complex P5) located in the HLA re-
gion and associated previously with regulatory viral activity, 
suggesting a clinically actionable variant for the shingles 
vaccine [39]. Kenney et al. assessed cellular responses in 
healthy individuals and performed a GWAS on their immune 
responses following rubella vaccination [40]. Their results 
indicate that rs16928280 in protein tyrosine phosphatase 
delta (PTPRD) and a collection of SNPs in ACO1 (encoding 
an iron regulatory protein) are associated with interindi-
vidual variations in interferon-gamma (IFN- ) response to 
rubella virus stimulation [40]. 

 An additional component is host variability and includes 
the multiplicity of immune response genes, as well as the 
diversity of HLA haplotypes, allowing human populations an 
almost limitless immune response repertoire [41]. Vaccine 
efficacy can be impacted by a number of host factors as pos-
sible confounders [42]. It is now clear that pathogen and host 
variability, as well as the interactions between them, must be 
considered in vaccine design. 

3.2. Polymorphism of the HLA Region 

 Immune responses after the exposure to vaccination by 
measles, mumps and rubella (MMR), influenza, hepatitis B, 
and vaccinia vaccines are influenced by the HLA region and 
other immune regulatory genes [31]. The HLA region, lo-
cated on the short arm of chromosome 6 (6p21.3), is consid-
ered the most polymorphic region of the human genome with 
more than 220 genes contributing to the genetic susceptibil-
ity to infectious diseases and variations in immune responses 
to vaccines [30]. Genes in this region are usually taken as 
candidate genes in association studies of infectious diseases 
due to their role in immune function. The HLA region is 
divided into three regions: the class I region where the HLA-
A, -B, and -C genes are located and involved in antigen-
presentation to CD8+ T cells to define cell-mediated immune 
responses; next is the class II region, containing genes like 
HLA-DR, -DQ, and -DP, associated with the presentation of 

Table 2. Comparison between traditional and reverse vaccinology. Adapted from Sette et al. [20]. 

Traditional Reverse

Antigens available Only 10-25 identified. Virtually all antigens encoded by the genome. 

Property of antigens Most abundant antigens, immunogenic during disease only from 

cultivable microorganisms. 

Antigens from non-cultivable microorganisms can 

be identified. 

Immunology of the anti-

gens 

Highly immunogenic antigens 

Some may contain domains mimicking self-antigens and may induce 

autoimmunity. 

Conserved protective antigens can be identified. 

The novel antigens are screened against the human 

genome to avoid homology. 

Polysaccharide antigens A major target of traditional bacterial vaccines. Cannot be identified by reverse vaccinology; how-

ever, operons coding for the biosynthesis of poly-

saccharides can be identified. 

T cell epitopes Known epitopes limited to the known antigens. Virtually every single T cell epitope is available. 
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exogenous antigens to helper CD4+ T cells, active players in 
humoral immune responses. Finally, there is the class III 
region where immune non-HLA related genes are located 
(See Fig. 1). HLA genes play a key role in determining the 
response to specific T-cell antigens [43]. HLA class I and 
class II genes represent one of the main focal points due to 
their biologic role of presenting pathogen-derived peptide 
epitopes to T cells and their extraordinary polymorphism. 

Genes located in the HLA region are inherited as a block 
(haplotype) and are codominantly expressed. Every individ-
ual receives a maximum of two alleles per each locus, mean-
ing that a heterozygous individual inherits per parent one 
haplotype of three HLA class I (A, B, and C) and three of 
class II (DP, DQ and DR) loci. Since, each chromosome is 
found twice (diploid) in each individual, a normal individual 
will have at least a set of 12 HLA antigens [44]. Haplotypes 
are inherited in chromosomal blocks, making antigens at 
different loci to be segregated together. Sometimes, crossing 
over between parental chromosomes generates new loci 
combinations resulting in new recombinant haplotypes (See 
Fig. 1) [45]. 

A growing list of genes has been associated with immune 
related functions critical to the immunological response. 
Class I and II HLA genes, chemokines and chemokine recep-
tor genes, cytokines and their receptor genes, immunoglobu-
lin-like receptor genes, signaling molecules, and over all 
genes associated with the onset maintenance and control of 
the innate, humoral and adaptative immune response. Below 
a brief introduction to the HLA structure and biological role 
is provided followed by a description of the genetic corre-
lates, reported for HLA Class I, II and non-HLA genes, to 
specific vaccines. 

3.2.1. Functions of HLA Class I and II 

 Class I and class II molecules are essential for T cell-
mediated adaptive immunity. T cell receptors recognize for-
eign antigens peptides produced by intracellular protein deg-
radation, which are bound to class I or class II molecules at 
the surface of human cells. The process of foreign protein 
degradation is refer to as antigen processing, while the bind-
ing of peptides by HLA molecules to form ligands for bind-
ing to the T cell receptor is called antigen presentation. 
When the T cell receptor recognizes HLA-associated pep-

Fig. (1). Map of the human HLA. The region is conventionally divided into three classes: I, II, and III. Each region contains numerous 

genes, only a few of the most relevant are shown. Abbreviations: Tapasin (TAPBP); large multifunctional proteases 1 and 2 (LMP1 and 

LMP2); transporter associated with antigen processing 1 and 2 (TAP1 and TAP2); complement components 2, 4A and 4B (C2, C4A and C4B, 

respectively); complement factor B (BF); heat-shock protein 1A A-type (HSPA1A); heat-shock protein 1A B-type (HSPA1B); heat-shock 

protein 1A–like (HSPA1L); lymphotoxins A and B (LTA and LTB); tumor necrosis factor  (TNFA); and major histocompatibility complex 

class I chain genes A and B (MICA and MICB). With permission from [105].
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tides on an antigen-presenting cell, several T cell surface 
proteins and intracellular signaling molecules are rapidly 
mobilized to the site of T cell and antigen presenting cell 
contact.  

3.2.1.1. Antigen Processing in the Class I Pathway 

 For the most part, endogenous antigens presented by 

class I molecules are originated from intracellular infection 

caused by viruses, proteins synthesized in the cytosol, ma-
ture proteins or defective ribosomal products [46]. Assembly 

of class I molecules with antigenic peptides requires coordi-

nation of multiple processes to generate, transport and load 
the peptides into the peptide-binding groove structure of nas-

cent class I molecules in the endoplasmic reticulum [47, 48]. 

Many of these polypeptides are ubiquitinated and thus are 
degraded by the proteasome [46] (See Fig. 2).  

 Peptides to be presented are transported into the endo-

plasmic reticulum by TAP (transporter associated with anti-
gen processing), where they associate with heterodimers of 

HLA class I heavy chain and 2-microglobulin. Tapasin 

loads the HLA class I molecules to TAP in association with 
chaperone molecules (calreticulin and ERp57) forming the 

peptide-loading complex. Once the peptide is loaded the 

HLA class I-peptide complex is transported to the cell sur-

face via the ER and Golgi network to be recognized by the 

specific T cell receptor CD8+ T cell [48] (see Fig. 2).  

3.2.1.2. Antigen Processing in the Class II Pathway 

 Usually, exogenous antigens are presented by class II 

molecules and are derived from pathogens located in the 

extracellular spaces. Antigen presenting cells have special-
ized receptors to bind and internalize microorganisms into 

phagosomes, which will fuse with lysosomes, producing 

phagolysosomes or secondary lysosomes. 

 Less often, cytoplasmic and membrane proteins may be 

processed and displayed by HLA class II molecules. In this 

pathway, cytoplasmic proteins are trapped within membrane 
bound vesicles called autophagosomes; these vesicles fuse 

with lysosomes, and the cytoplasmic proteins are degraded 

by proteolysis. In both cases, degraded proteins are then able 
to bind to HLA class II molecules [46] (see Fig. 2). 

 HLA class II  and  chains assemble in the ER with a 

non-polymorphic protein called invariant chain (Ii). The 
interaction with the Ii stabilizes the structure of the HLA 

class II molecule while preventing the binding of peptides 

within the ER. Ii is anchored in the ER membrane, and the 
cytosolic portion of the molecule directs intracellular sort-

Fig. (2). Antigen processing by HLA Class I and II molecules. A. Class I antigen processing and presentation occurs when proteins in the 

cytosol are degraded by the proteosome into small peptides then they are transported by TAP into the ER lumen. HLA class I molecules are 

synthetized, translocated and assembled into the lumen of the ER where they load the peptide; HLA class I and peptide complexes leave the 

ER and move through the Golgi apparatus to the plasma membrane where they present the joined peptide to the T cell receptor of CD8+ T 

cells. B. Class II presentation occurs when extracellular proteins are phagocytized and then degraded to small peptides. These peptides are 

then sorted into vesicles where they interact with the HLA class II molecules. HLA class II  and  chains, CLIP and the invariant chain (Ii) 

molecules are located and assembled in the lumen of the ER, where they cannot bind peptides because the complex occupies the peptide-

binding site. Heterotrimers leave the ER and pass through the Golgi apparatus to fuse with vesicles. The Ii is degraded and with the help of 

HLA-DM and HLA-DO a peptide can be joined. Complexes of HLA class II and peptide are relocated to the plasma membrane where they 

can be recognized by CD4+ T cells. With permission from [105].
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ing of class II molecules through the Golgi to the HLA 

class II compartment; Ii is degraded and can be replaced by 

a peptide derived from degradation in the endosomes or 
lysosomes of endocytosed material. Proteolytic enzymes 

such as cathepsins that generate peptides from internalized 

proteins degrade the Ii, leaving only a 24 amino acid rem-
nant called class II-associated invariant peptide (CLIP), 

which sits in the peptide-binding groove [49]. CLIP is re-

moved by the action of the HLA-DM. Complexes of HLA 
II together with the peptide are then taken to the plasma 

membrane where they can be recognized by CD4+ T cells 

[50] (see Fig. 2).

3.3. HLA Class I Vaccine Effects 

For the measles vaccine, HLA-B*8, HLA-B*13 and HLA-
B*44 alleles associate with IgG seronegativity after a single 

dose [51]. For the rubella vaccine response, low-rubella IgG 

antibody levels associate with HLA-B*27:05, while HLA-
B*45:01 alleles associate with high antibody levels after two 

doses of rubella vaccine [52]. HLA-B*35:03 and HLA-

C*15:02 alleles associate with high levels of lymphocyte 
proliferation to rubella virus, and HLA-B*13:02, HLA-

B*37:01and HLA-B*38:01 alleles associate with high levels 

of cellular proliferation to the mumps virus following two 
doses of the MMR vaccine [53]. 

The association between HLA alleles and rubella-specific 

IFN-  (Th1) and IL-10 (Th2) cytokine responses among 
healthy children following two doses of rubella vaccine has 

been studied. Several class I HLA-A (*02:01, *24:02, 

*68:01) alleles associate with rubella vaccine-induced IFN-
 secretion [54]. Both HLA-A*02:01and HLA-A*68:01 al-

leles associate with IFN-g and IL-10 secretion. TAP1, TAP2,

LMP2, LMP7 and Tapasin genes are involved in antigen
processing for HLA class I presentation and suggested to

contribute to susceptibility to human papillomavirus (HPV)

type-16-associated cervical cancer [55, 56]. IL-10 gene po-
lymorphisms are associated with infection clearance and

with high-risk HPV types among immunosuppressed adoles-

cent females with varying degrees of HIV-1-induced CD4
immunosuppression [57]. This type of associations create a

compelling argument for the importance of cytokine gene

regions and/or a cluster of genes in the HLA region regulat-
ing host immune responses to HPV infection in a manner

that results in inherited susceptibility or resistance to the

transforming properties of oncogenic papillomaviruses [30].
There are over 100 HPV types of which 40% are usually

transmitted by sexual intercourse. The HPV vaccine avoids

infection of certain types of HPV and two vaccines are avail-
able in the global market (i.e. quadrivalent and bivalent)

[58]. Prevention is the general approach to HPV infection.

Currently, new and better ways to increase cross-protection
towards different type with less vaccination are moving for-

ward. Implementation of immunization in national programs

is becoming more frequent and gaining ground targeting
young adolescent girls defined by age groups. Usually, vac-

cination is recommended for females between 11 to 26 years

old, and has also started to being offered to males in different
countries (For a more in depth review the reader is referred

to Kim et al. [59]).

The contribution of HLA genes to the immune responses 

generated by the rubella vaccine have been evaluated. As an 

example, when genotyping was performed in a group of 346 
healthy school children and young adults vaccinated with 

two doses of the MMR vaccine [53], HLA-B*35:03 and 

HLA-Cw*15:02 weakly associated with lymphoproliferative 
responses to rubella virus, suggesting that class I HLA al-

leles may have limited associations with humoral and cellu-

lar immune responses to rubella vaccine [53]. 

3.4. HLA Class II Vaccine Effect 

 For the mumps vaccine, HLA-DQB1*02:01, HLA-
DQB1*04:02, HLA-DQA1*04:01, HLA-DRB1*03:01, HLA-

DRB1*08:01, HLA-DRB1*12:01, and HLA-DRB1*13:02 

alleles associate with low cellular proliferative responses in 
healthy children [60]; while the alleles positively associate 

with rubella-specific lymphocyte proliferation were HLA-

DQB1*05:01, HLA-DRB1*01:01, and HLA-DRB1*11:04. 
Conversely, the HLA-DQB1*02:02 and HLA-DRB1*07:01 

alleles negatively associate with rubella-induced cellular 

proliferation [61]. 

 HLA-DQA1(*01:03, *03:01, *03:03) and HLA-

DQB1(*02:02, *03:02, *06:03) associate with rubella virus-

induced IL-2 [62]. HLA-DPA1*02:01 associate with low 
levels of rubella-induced antibodies, whereas HLA-

DPB1*04:01 alleles associate with high-antibody levels 

[52]. Immune response to other vaccines associates with 
specific HLA class II alleles [63]. HLA-DRB1*07 alleles are 

more prevalently observed in individuals failing to respond 

to the trivalent influenza vaccine compared with responders 
to the vaccine [64]. HLA gene polymorphisms and non-

responsiveness to the HBV vaccine has been proposed in 

multiple studies [29]. 

3.5. HLA Haplotypes 

 Associations between HLA haplotypes after a second 

dose of the MMR vaccine are reported [29]. Lower IgG anti-
body levels associate with class I HLA-A*29-Cw*16-B*44 

haplotype to measles and mumps vaccine viruses [65]. 

Higher cellular immune responses associate with the HLA-
A*26-Cw*12-B*38 haplotype when examining measles and 

mumps response. The class II HLA-DRB1*03-DQB1*02-

DPB1*04 haplotype presents higher levels of cellular prolif-
eration to measles and mumps [65]. Association with low 

IgG antibody levels to rubella virus is observed with the 

HLA-DRB1*15/16-DQB1*06-DPB1*03 haplotype, whereas 
HLA-DRB1*04-DQB1*03-DPB1*03 haplotype is associated 

with high levels of cellular proliferation to measles and ru-

bella vaccine viruses [51]. Mumps-specific humoral and cell-
mediated immune responses associate with the HLA-A*26-

Cw*12-B*38 haplotype. A deeper characterization of HLA 

profiles could nurture the design of novel epitope-based vac-
cines, in order to move forward prediction at the individual 

and at the population level [29]. 

 Immune responses to vaccines are also affected by ex-
tended haplotypes in the class III region. Associations in-

volving haplotypes expanding across the HLA class I re-

gion, plus ten polymorphisms for LTA-TNF-LST1 and the 
HLA class II region are reported involving rubella-specific 
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antibodies [66]. Likewise, HLA alleles supertypes are 

grouped according to their shared peptide-binding 

specificities [67]. 

Previously, the association of the immune response to the 

MMR has been examined taking into account the HLA su-

pertypes and the shared epitopes between HLA molecules 
[68]. Lower measles vaccine-induced levels associate with 

HLA class I B44 and B58 supertypes, while the most com-

mon HLA supertypes, B7 and DR, associate with higher 
measles antibody response. Moreover, lower mumps-specific 

cellular immune responses significantly associate with the 

DR supertype. Higher levels of measles virus-induced IFN-
 and IL-4 immune responses associate with the A3 su-

pertype. Differential associations between measles and 

mumps, the rubella vaccine response and the HLA su-
pertypes suggest that HLA molecules are less effective in 

peptide presentation [68]. Through the identification of natu-

rally processed peptides combined with specific HLA su-
pertypes, more efficient candidate adjuvanted vaccines with 

peptides most likely to be immunogenic could be tested [68]. 

For the measles virus, 13 peptides were identified for the 
HLA-DRB1 peptide-binding groove capable of binding 

across a common population HLA supertypes, these type of 

repertoires could be used to fine tune new candidate vaccines 
[61, 69]. 

3.6. Non-HLA Genetic Polymorphisms and Vaccine Re-

sponse 

 Cytokines and their receptors give shape to the immune 

response [70]. Characterization of the genetic effects of their 

main molecules might ease the development of vaccine can-
didates that will incorporate them to counteract those lost or 

unbalanced natively in order to restore and facilitate and 

optimal cellular and humoral response onset [30].  

3.6.1. Cytokine Genes 

 IL-2 and IL-10 genes associations are suggested in the 

measles vaccine-induced immunity. Polymorphisms map-
ping to the IL-2 gene (i.e., rs2069762 and rs2069763) associ-

ate with higher antibody and higher cellular immune re-

sponses to measles [71]. On the other hand, rs1800890, 
rs1800871, and rs1800872 from the IL-10 gene influence 

lower antibody and cellular immune responses to the measles 

vaccine. Polymorphisms proximal to the promoter region of 
IL-10 are known to contribute with lower production of se-

creted IL-10 [72]. Genetic variants rs3790567 and rs372889 

at the IL12RB2 associate with both lower antibody and lower 
cellular immune responses following two doses of measles 

vaccine [71]. Similarly, a lower mumps vaccine-induced 

cellular response associates with the minor allele of 
rs372889 within the IL-12RB1 gene [60]. 

 Polymorphisms at the IL12B promoter do not associate 

with responsiveness to HBV vaccine in North American ado-
lescents. Nonetheless, polymorphisms mapping to HLA and 

cytokine genes independently associate with HBV vaccina-

tion [73]. Of importance, the immune response to HBsAg 
and hepatitis A vaccination is modulated by a IL-10 poly-

morphism located at the promoter [74]. Recently, smallpox 

vaccinated individuals that presented fewer after live vac-

cinia virus vaccination showed an association with haplo-

types in the IL-1 and IL-8 genes. On the other hand, a re-

duced susceptibility to the development of fever after vacci-
nation for a haplotype in the IL-4 gene is suggested as a ge-

netic predisposition for adverse event after vaccination [29]. 

Lack of response to the hepatitis B vaccine is found inde-
pendently associated with HLA-DRB1*07 and with poly-

morphisms at the IL-2, IL-12B and IL-4genes [73]. Efforts to 

develop a new HBV vaccine that consists on a mixture of 
peptides with cytokine adjuvants to circumvent these immu-

nogenetic restrictions have been put forward [30]. 

Rubella vaccine-induced humoral and cytokine responses 
are significantly modulated by cytokine and cytokine recep-

tor genetic variants. For example, an increased representation 

of minor alleles for two promoter SNPs (rs2844482 and 
rs2857708) of the TNFA gene associates with two-fold in-

creases in rubella-specific IgG levels. Furthermore, IL-6 

production associates with intronic SNPs (rs5745993, 
rs17882988, rs472093, rs5746059, and rs590977) in the 

TNFRSF1B gene, while several promoter and intronic poly-

morphisms in the IL12B gene significantly associate with 
higher IL-6 production after rubella vaccination [75]. 

 Cytokines play an essential role in the modulation of 

immune responses and cytokine production is influenced by 
the rate of transcription of their cytokine and cytokine recep-

tor genes. As an example, polymorphisms in these cytokine 

genes can affect mRNA splicing, stability, and structure of 
RNA molecules or protein folding [70]. 

3.6.2. Innate and Cell-surface Receptor Genes 

The TLR family of receptors play an essential role in the 
primary recognition of pathogens and in the initiation of 

adaptive immunity. TLRs are pattern recognition receptors 

that can contribute to viral detection by sensing RNA and 
viral proteins, leading to induction of cytokines and inter-

feron response [76]. Poxvirus, herpesvirus, retrovirus, and 

paramyxovirus families activate T cells through TLRs trig-
gering antiviral innate immune responses [77]. 

 For the TLR3 gene, rs3775291 and rs5743305 associate 
with low antibody and cellular proliferation responses after 
measles vaccination [78]. Variation in measles-vaccine in-
duced humoral immunity response associates with both 
TLR2 (rs3804100) and TLR4 (rs5030710) genes in an allele 
dose-dependent manner [79]. Rubella-induced granulocyte 
macrophage-colony stimulating factor secretion, lower mea-
sles-specific antibody titer, and lower cellular proliferation to 
measles vaccine associate with rs5743305 [79]. 

 Other associations of innate related genes have been 
identified between the vitamin A (RARA, RARB, and RARG), 
RIG-I/DDX58, TRIM (TRIM5 and TRIM22), vitamin D re-
ceptor, and RXRA genes with rubella vaccine-specific immu-
nity [79]. TRIM5 gene variants associate with rubella-
specific humoral response, TNF-  secretion (rs3740996) and 
IL-2/GM-CSF production (rs10838525) [31]. Genetic vari-
ants (rs3741981, rs1051042, rs2660) on the OAS gene asso-
ciate with rubella-induced IL-2, IL-10, IL-6 secretion and 
antibody levels. These three variants are part of a haplotype 
associated with an increase in rubella-specific IL-2 produc-
tion [79]. 
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Upregulation of TLRs after infection with vaccine strains 

of measles virus trigger activation of TLR-responsive genes 

such as IL-1 / , IL-6, IFN- / , and IL-12 [80, 81] and in-
duction of its own receptor, SLAM [82]. Measles virus binds 

to SLAM and CD46. SLAM minor allele T of rs3796504 

correlates with an allele dose-related decrease of measles 
antibody levels [83]. In addition, polymorphisms in CD46 

(rs11118580 and rs2724384) correlate with allele dose-

dependent reduction in measles antibody levels [83]. 

4. VACCINES AND THE INDUCTION OF AUTOIM-

MUNE DISEASES 

 For the past 200 years, administration of safely and ef-
fectively vaccines to humans and animals has enable the 
control, elimination and safeguard of many of the emergent 
and generalized infectious diseases. Autoimmune diseases 
(ADs) develop through four stages [84]. First, heritable 
factors (that is, genetics, including ancestry, and epigenet-
ics) impact over the life of the individuals. They converge 
and interact to create and increase or decrease the liability 
an individual would have to develop the phenotype depend-
ing on risk and protective effects. Women are more af-
fected than men. Second, the autoimmune ecology, charac-
terized by the interactions between an individual and its 
environment, which acting stochastically will also influ-
ences the risk and course of disease. The additive effects of 
heritable and environmental risk factors favor the loss of 
autoimmune tolerance. Then, a preclinical stage character-
ized by B and T cell dysregulation arises. This third phase 
may take months or years before the phenotype becomes 
clinically evident (i.e., fourth stage) [84]. Evidence of asso-
ciation with infection in the development of rheumatic fe-
ver with Streptococcus pyogenes [85], cardiomyopathy 
with Trypanosoma cruzi [86], Lyme disease with Borrelia 
burgdorfeii [87], Guillain-Barre syndrome with Campy-
lobacter yeyuni [88], type 1 diabetes (T1D) with viral in-
fections [89], multiple sclerosis with Epstein-Barr virus 
(EBV) and Chlamydia pneumoniae [90] and systemic lupus 
erythematosus with EBV [91], among others is reported. 

 Autoimmunity is a concern for many vaccines, though 

AD presentation among immunized individuals is rarely ob-
served. However, because of relatively low baseline inci-

dence of many autoimmune conditions, large post-marketing 

and adequately powered studies are required to evaluate any 
increased risk of ADs after vaccination [92]. In fact, in most 

of the clinical trials evaluating vaccines, a systematic screen-

ing for ADs is not performed. 

 Patients with autoimmune conditions often show de-

creased immune responsiveness, which in turn would make 

them vulnerable to infection given their underlying disease 
and frequent use of immunosuppressive drugs. Reports on 

vaccine-induced inflammatory myopathies are sporadic and 

have been observed after immunizations with HBV, BCG, 
tetanus influenza, smallpox, polio, and diphtheria [93]. 

An observational safety study for the quadrivalent human 

papillomavirus vaccine (qHPV) in women who received at 
least one dose of the vaccine reported a higher incidence rate 

for Hashimoto’s disease in vaccinated females when com-

pared to unvaccinated ones while Graves’ disease, the other 

autoimmune thyroid condition evaluated, was not signifi-

cantly elevated. Many confirmed “new-onset” events were 

likely pre-existing cases [94], suggesting that exposure to the 
vaccine might spark the overt of an autoimmune clinical 

condition. Moreover, a Swedish and Danish study disclosed 

a significant association between exposure to qHPV vaccine 
and Behcet's syndrome, Raynaud's disease, and T1D [95]. 

However, no genetic data favoring these occurrences has 

been published so far. In France, Grimaldi-Bensouda et al. 
[96] observed an association between personal and family

history of autoimmunity and development of ADs post vac-

cination with qHPV, confirming the clustering of ADs [97].
The authors, nevertheless, acknowledged insufficient statis-

tical power to allow conclusions to be drawn regarding indi-

vidual ADs [97]. More recently, a small although non-
significant increase in the risk of multiple sclerosis was ob-

served after qHPV vaccination [98]. The authors argued that

“the short-term increase in risk suggests that vaccines may
accelerate the transition from subclinical to overt autoimmu-

nity in patients with existing disease”, at the time they rec-

ognized that larger studies are needed to completely rule out
an effect [98].

 Macrophagic myofasciitis (MMF) is an intramuscular 

reaction against vaccines containing aluminum hydroxide 
[99]. Such adjuvant is commonly contained in the HBV and 

tetanus toxoid vaccines; although, there is still discrepancy 

in the data due to limited reports. Additional data support a 
genetic role of HLA-DRB1*01 in the susceptibility of MMF 

[100]. Other syndromes implicated in an adjuvant effect are 

the Gulf war syndrome (GWS) and siliconosis. GWS, sug-
gested to be caused by multiple vaccinations over a short 

period of time, is portrayed by chronic fatigue and other 

manifestations similar to MMF. Siliconosis is related to ex-
posure to silicone implants, previously considered inert ma-

terial. These comparable conditions syndromes, together 

with post vaccination events, are suggested to be part of a 
common syndrome denominated ASIA (Autoimmune Auto-

inflammatory Syndrome Induced by Adjuvants) [101] char-

acterized by the presence of one or more of the following 
clinical findings: myalgia, myositis, or muscle weakness, 

arthralgia and/or arthritis, chronic fatigue, non-refreshing 

sleep, or sleep disturbances; neurological manifestations 
(especially associated with demyelination), cognitive im-

pairment, memory loss, pyrexia and/or dry mouth. A note-

worthy common denominator is that the exposure to a com-
ponent that comprises an adjuvant effect can be documented 

in each of those medical conditions. ASIA may present as no 

classical clinical and laboratory manifestations characteriz-
ing a new syndrome and not necessarily a well-defined AD. 

ASIA can occur weeks and even years following exposure to 

a culprit agent [101].  

 The incidence of narcolepsy, a sleep disorder character-
ized by loss of hypothalamic hypocretin (orexin) neurons, is 
proposed to have increased after the pandemic AS03 adju-
vanted H1N1 vaccination in Swedish and Finish while in 
Chinese, infection was suggested to trigger the disease, po-
tentially supporting an immune-mediated pathogenesis 
[102]. Although the disease has been suggested to feature 
some autoimmune characteristics, as of now there is not 
enough evidence to support it as an autoimmune condition. 
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5. PERSPECTIVES AND CONCLUSIONS

 The immune response network theory in its simplest 

form is based on the premise “the response to a vaccine is 
the cumulative result of interactions driven by a host of 

genes and their interactions, and is theoretically predict-

able…” [8]. Scientists are fostering this definition by recog-
nizing and including the impact of epigenetics, metagenom-

ics and other factors that might influence or play a role in 

defining the onset of a vaccine response [8]. The main obsta-
cles impairing our ability to predict a response and to de-

velop effective vaccines or treatments are the increased ge-

netic variability in the human population and the constant 
evolution of pathogens, which produce a wide spectrum of 

possible host–pathogen interactions and compel the use of a 

systemic approach. 

 These are exciting times to be doing research given the 

rapid pace of development of high-throughput technologies 

for clinical and basic research. Methodological approaches 
are maturing towards a systems view to identify and char-

acterize immune responses by inspecting different omic 

layers of information (e.g., proteomics, transcriptomics, 
metabolomics and genomics) [11, 14]. The ultimate goal 

for applying these new technologies would be to identify 

biomarker signatures, which will nurture how innate and 
adaptive responses could be measured to be integrated into 

a unified network. Moreover, comprehensive approaches 

will be required to ensure new vaccine candidates will not 
induce autoimmune-related phenomena. Thus, a systemic 

approach would allow not only designing but also poten-

tially unraveling action mechanisms and perhaps enable 
prediction of the immunogenicity and efficacy of the vac-

cine [20, 103]. 

 Personal and family history of autoimmunity and other 
non-communicable diseases, together with a genetic scan 

could be simple and useful tools for evaluating new vac-

cines as well as for translational strategies to implement 
personalized medicine. New and promising genome-wide 
approaches are starting to take this further in terms of ac-
cessibility to the public and their commercialization; nowa 
days getting screened for the risk to disease, your ancestry 
and/or even to have inventoried your complete T- and B-
cell receptors is available and relatively not expensive. All 
these applications stem from applications being developed 
with the aim of personalizing your risk and help in your 
health decisions. For example, mapping of the T and B-cell 
receptor promises to transform our understanding of adap-
tive immune dynamics [104]. Nevertheless, the experimen-

tal design of any application is challenged by main draw-
backs such as genetic heterogeneity, population epidemiol-

ogy, phenotype and subphenotype definition, host-pathogen 

interactions and the vast gap between getting from a sys-
tems view to a translation and even further to a personal-

ized setting [12]. This does not mean we should forget or 

close our minds to a systems view. On the contrary, every 
day we get to see more and more approaches tackling this 

set backs and pushing the envelope further to make what 

might seem as a unsolvable puzzle and to embrace these 
approaches massively in order to lower costs and to make 

them routine. 

 By performing a simple pubmed search, using a search 

term such as “vaccine AND genetics AND association AND 

human” as per december 2014, about 1052 reports are fil-
tered of which 435 have been reported within the last five 

years. From these 435 only about 50 (~5%) report a genetic 

effect for a variant. This gives the impression of a slow pace 
in the field that is in its infancy. Closing the gap between 

clinical research, a systems approach, translation and person-

alized medicine is not unique to the field of vaccinology. 
Systems biology applications promise to narrow the gap be-

tween clinical trials and discovery science, which will re-

quire robust approaches to test novel concepts. Also, a com-
plete multidisciplinary structure is needed to conceive the 

most appropriate measurements pre- and post-data acquisi-

tion. Translational and personalized medicine still need bet-
ter attention not only from the scientific viewpoint but also 

from the political and economical one. No matter how the 

scientific and political bearings, and economical monopolies 
are defined it should be clear that the human protection from 

any viewpoint should be safeguarded and prioritized. 
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Aim. Autism is a subgroup of autism spectrumdisorders, classified as a heterogeneous neurodevelopmental disorder and symptoms
occur in the first three years of life. The etiology of autism is largely unknown, but it has been accepted that genetic and
environmental factors may both be responsible for the disease. Recent studies have revealed that the genes involved in the
folate/homocysteine pathway may be risk factors for autistic children. In particular, C677T polymorphism in theMTHFR gene as a
possible risk factor for autism is still controversial. We aimed to investigate the possible effect of C677T polymorphism in a Turkish
cohort. Methods. Autism patients were diagnosed by child psychiatrists according to DSM-IV and DSM-V criteria. A total of 98
children diagnosed as autistic and 70 age and sex-matched children who are nonautistic were tested for C677T polymorphism.This
polymorphism was studied by using polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) methods.
Results.MTHFR 677T-allele frequency was found to be higher in autistic children compared with nonautistic children (29% versus
24%), but it was not found statistically significant. Conclusions. We conclude that other MTHFR polymorphisms such as A1298C
or other folate/homocysteine pathway genes may be studied to show their possible role in autism.

1. Introduction

Autism spectrum disorders (ASDs) include autistic disorder
(or classic autism), Asperger syndrome, pervasive devel-
opmental disorders-not otherwise specified (PDD-NOS),
and childhood disintegrative disorder. As a childhood dis-
ease, autism is characterized by three core symptoms with
impaired reciprocal social interaction and communication, a
pattern of repetitive behavior and/or restricted interests [1–
4]. Clinical diagnosis of ASD is based on behavioral history
and behavioral assessments of the clinical features by child
psychiatrists. Clinicians usually use validated diagnostics
tools. Much more attention has been given to the significant
increase in the reported incidence of ASDs in the world today
[5]. The rise of autism has been attributed to the changes in
diagnostic tools, professional awareness of the disease, and
broader diagnostic definition [5, 6]. Today, the prevalence of
the disease is reported to be approximately 1/80–100 [4, 5, 7].

ASDs are accepted as multifactorial inheritance with 90%
genetic background [5, 8]. As a complex neurodevelopmental
disorder, the phenotype and severity of autism are extremely
heterogeneous with differences from one patient to another
[6, 8, 9]. This heterogeneity involves both locus and allelic
heterogeneity in ASD cases [10].

Despite the lack of success in identifying the candidate
genes which are responsible for the majority of ASD cases,
epigenetic modifications of genes important for normal brain
development and growth and cognitive function and behav-
ior are involved in the etiology of ASDs.The term epigenetics
means reversible heritable changes in gene expression regula-
tion by modulating rather than by changes in the nucleotide
sequence of a gene [7]. Abnormal methylation patterns as
epigenetic defects have been implicated in idiopathic ASDs
[11, 12] as well as ASD-associated syndromes such as Rett’s
syndrome, Angelman syndrome, Prader-Willi syndrome, and
Fragile-X syndrome [12, 13].
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In recent years, some studies have revealed that polymor-
phisms of the genes are involved in the folate/homocysteine
pathway as risk factors for autistic children [14–17]. There
is a great deal of evidence suggesting that DNA methy-
lation defects are associated with ASDs, and the role of
the methylenetetrahydrofolate reductase (MTHFR) gene in
folate metabolism may contribute to epigenetic mechanisms
that modify complex gene expression, thus causing autism.
MTHFR is one of the most important enzymes in the
folate pathway. It converts 5,10-methylenetetrahydrofolate to
5-methylenetetrahydrofolate and regulates the intracellular
flow of folate. C677T polymorphism in the MTHFR gene
(A222V, rs1801133) is associated with a decrease in enzymatic
activity to 35–70% in homozygotes [18].

To date, there have been some case-control studies of
MTHFR functional polymorphisms in autism and ASD [14,
15, 17]. Herein we aimed to present our findings on MTHFR
C677T polymorphism in a total of 98 autistic patients in
Turkey.

2. Material and Methods

2.1. Study Design. MTHFR is probably relevant in autism
and we wanted to test our study group in Turkey. The
study group was collected between May 2009 and May
2014. Patients were diagnosed by using the Diagnostic and
Statistical Manual of Mental Disorder, Fourth Edition (DSM-
IV) and DSM-V [19, 20]. Exclusion criteria included those
who were under the age of 3 and/or diagnosis of genetic
or neurological disorder associated with autism. All of the
patients had a diagnosis of autism and were followed up at
the Department of Child Psychiatry. The case group (𝑛 =
98) comprised patients with autism and the control group
(𝑛 = 70) comprised healthy children. There were 81 simplex
families and 8 multiplex families in the case group. The
control group was randomly selected and matched for age
and sex for this study. In the study group, there were 71
males and 27 females. Information spanning a minimum of
three generations of family history was obtained and simplex
families did not reveal further cases of ASDs. All of the
cases met the clinical criteria for autism found in the absence
of a known etiology with detectable chromosomal defects
using the standard karyotyping procedure and other genetic
syndromes, that is, Fragile-X syndrome, Rett’s syndrome,
and Angelman syndrome. The control group consisted of 46
males and 24 females. This study was approved by ethical
committee in Erciyes University and informed consent was
obtained from all the participants.

2.2. DNAExtraction andGenotyping. TwomL blood samples
were obtained from patients with autism and from the
control group. Genomic DNA was extracted according to
the standard protocols of Roche (Roche Magna Pure LC,
Germany). MTHFR C677T polymorphism (rs1801133) was
examined by polymerase chain reaction- (PCR-)restriction
fragment length polymorphism (RFLP). PCR fragments were
amplified from 20 ng of each DNA sample in 50 𝜇L PCR mix
containing 0.5U/mL Taq DNA polymerase, 1.5mM MgCl

2
,

Figure 1: Image of agarose gel electrophoresis afterHinf 1 restriction
enzyme digestion. 1: 100 base pair DNA ladder. 2: PCR product, 3–5,
8: CC genotype, 6: TT genotype, 7, 9: CT genotype.

1X concentration of the buffer, 2.5mM concentration of
deoxynucleotide triphosphate (dNTP), and 10 pmol of each
primer. Primer sequences are summarized in Table 1. PCR
cycling conditions included initial denaturation at 94∘C for
2min, followed by 40 cycles of 30 sec at 94∘C, 30 sec at 62∘C,
and 30 sec at 72∘C, and a final extension step at 72∘C for 7min.
One hundred and ninety-eight base pairs of PCR products
were then digested overnight at 37∘C with Hinf I restriction
enzyme and checkedwith 3% agarose gel electrophoresis [21].
Every PCR was accompanied with a negative control without
any genomic DNA and a positive control with genomic
DNA that is digested completely by the particular restriction
enzyme (Figure 1).

2.3. Statistical Analysis. To assess the data normality, his-
togram and 𝑞-𝑞 plots were examined; also Shapiro-Wilk’s
test was applied. To compare the differences between disease
groups, Mann-Whitney 𝑈 test was used for continuous
variables. Pearson’s chi-square analysis was used to determine
the relationship between genes in ASD. Odds ratios with
95% confidence intervals were calculated for risk assess-
ment. Analyses were conducted using R 3.1.0 (http://www.r-
project.org/) software by considering a 𝑃 value less than 0.05
statistically significant.

3. Results

In the study group, there were 71 males (72.4%) and 27
(27.6%) females. The mean age of cases was 6.0 (3.8–8.0).
There were 46 (65.7%) male controls and 24 (34.3%) female
controls. The mean age of controls was 5.0 (4.0–6.0). There
was not any significant difference between the groups for
this polymorphism (𝑃 = 0.237). The heterozygote genotype
was associated with 1.3-fold (95% CI: 0.70–2.41) risk for
autism and this risk was not statistically significant (Table 2).
However, MTHFR 677T-variant allele frequencies in cases
and controls were 29% and 24%, respectively. When we
adjusted the analysis according to age effect, we again did not
find any statistically significant difference between the groups
(𝑃 = 0.176; 95% CI: 1.37 (0.73–2.58)).

4. Discussion

Autism is accepted to have a complex etiology involving
both genetic and environmental factors with epigenetic
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Table 1: Primer sequences and genotype differences after Hinf I enzymatic digestion ofMTHFR C677T polymorphism.

Primer sequences CC genotype CT genotype TT genotype

F: 5-TGAAGGAGAAGGTGTCTGCGGGA-3
R: 5-AGGACGGTGCGGTGAGAGTG-3 198 bp

198 bp
175 bp
23 bp

175 bp
23 bp

F: forward, R: reverse.

Table 2: Genotype and allelic distribution of MTHFR C677T
polymorphism in patients with autism and control groups.

Control
(𝑛 = 70)

Patients
(𝑛 = 98) 𝑃 value

OR
(95% CI)

Female 24 (34.3) 27 (27.6) 0.349 1.00
Male 46 (65.7) 71 (72.4) 1.37 (0.71–2.66)
MTHFR
C677T

CC 37 (52.9) 44 (44.9) 0.237 1.00
CT 33 (47.1) 51 (52.0) 1.30 (0.70–2.41)
TT 0 (0.0) 3 (3.1) —

C allele 0.76 0.71
T allele 0.24 0.29
OR: odds ratio; CI: confidence interval.

modifications [12, 22, 23]. In this study, we investigated a key
gene in folate metabolism. This gene and its polymorphisms
have been previously reported to be associated with ASD
susceptibility in some case-control studies to date [7, 15, 17].
We could not demonstrate a possible risk forMTHFR C677T
polymorphism in autism cases.

Liu et al. selected two common polymorphisms (C677T
and A1298C) to test simplex and multiplex ASD families
because of the association of reduced MTHFR enzyme
activity. The T allele was more prevalent in children with an
ASD (42.9%) compared to controls (32.3%) and this finding
differed significantly from those in the comparison group
with a 𝑃 value of 0.0004. However, the frequency of the
heterozygous 677CT genotype in the ASD group (47.8%)
did not differ from that in the controls (43.2%). The allele
and genotype frequencies of the polymorphism in multiplex
families were very similar to those in the control group.
Finally, they suggested that reduced MTHFR activity is a
risk factor for autism only in simplex families [7]. James
et al. observed low methionine, low S-adenosyl methionine
(SAM)/S-adenosyl homocysteine (SAH) ratio, low cysteine,
and low glutathione levels in their study group. They detect
significant alteration in homocysteine levels in autism [24].
Paşca et al. studiedC677Tpolymorphismof theMTHFR gene
in three groups of children diagnosed with autism (𝑛 = 15),
Asperger syndrome (𝑛 = 5), and PDD-NOS (𝑛 = 19) and
their age- and sex-matched controls (𝑛 = 25). The results
showed a normal distribution of the C677T polymorphism
in children with ASDs, but the frequency of the T allele was
slightly more prevalent in autistic patients. They, therefore,
thought that a possible role for the alterations in one carbon
metabolism existed in the pathophysiology of ASDs [25].

In a Chinese Han population, the frequency of the TT
genotype ofMTHFR 677 was significantly higher in children
with autism (16.1%) than in controls (8.6%). According to
this finding, Guo et al. suggested that MTHFR C677T is a
risk factor for autistic patients in their population [26]. One
hundred and sixty-eight children with a confirmed diagnosis
of autism or PDD were investigated by Boris et al. in 2004.
Their data demonstrated that 677CT polymorphism, whether
in homozygous or heterozygous state, was significantly asso-
ciated with ASD. They observed an increased frequency of
the TT genotype in the autistic children (23%) compared
to 11% in the control population [14]. In another study, the
case group comprised 151 patients with idiopathic ASDs and
100 healthy controls. The frequency of the T allele was the
same (0.38 versus 0.35) between the groups (𝑃 = 0.77). The
genotype distribution did not reveal significant differences
between cases and controls (𝑃 = 0.72) [27].

An interesting study was carried on about behavioral
problems in children with autism. Goin-Kochel et al. hypoth-
esized that autistic children who carry the homozygous geno-
type for the MTHFR 677TT would exhibit more behavioral
problems and/or more severe problematic behaviors than
homozygouswild-type (CC) individuals.Their results did not
suggest such a relationship between genotypes for MTHFR
677CT and developmental regression. They also showed that
four behaviors (current complex body movements, direct
gaze, a history of self-injurious behavior, and current over-
activity) were more common and problematic among those
with a heterozygous state as compared to homozygous wild-
type individuals [16]. For Park et al. MTHFR 677CT and
1298AC polymorphisms were tested in Korean population.
677CT/1298AC was significantly associated with 2.11-fold
increased risk of ASD compared with the combination of
677CC/1298AA genotypes [28]. A meta-analysis was per-
formed by Pu et al. in 2013.They investigated the relationship
of the MTHFR polymorphisms (C677T and A1298C) and
the risk of ASD. Eight case-control studies (1672 patients
with ASD and 6760 controls) were included for this meta-
analysis. Their results show an association ofMTHFR C677T
polymorphism with increased susceptibility to ASD [29].

In our study genotyping for MTHFR 677CT revealed 44
(44.9%) children with the CC genotype, 51 (52%) children
with the CT genotype, and 3 (3.1%) children with the TT
genotype in cases. We did not detect any homozygous
polymorphism in the control group and this result was not
significantly different between the groups. T allele frequency
was higher in the patients. Our results were in accordance
with dos Santos et al.’s study. Thus, contrary to some stud-
ies we could not demonstrate an association between this
polymorphism and autism. One limitation of this study is
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the small sample size of autism families. Differences due
to the genetic heterogeneity of autism, ethnic variation,
recruiting strategies, family types (simplex or multiplex),
sample size, and/or other factors that we could accountmight
give these results.

5. Conclusion

We suggest replicating the study with larger well-character-
ized simplex families with nonautistic siblings, to determine
the presence or absence of commonMTHFR SNPs (especially
C677T and A1298C). We recommend investigating this risk
in a larger sample size with the same diagnostic criteria, same
ethnicity and paying great attention to gender distribution to
get reliable results in ASD.

Other environmental risk factors should be considered;
in particular, the methylation/transsulfation and/or cate-
cholamine-O-methyltransferase (COMT) pathways should
be investigated in future studies.

Conflict of Interests

The authors declare that they have no conflict of interests.

Acknowledgment

The authors declare that this study has no supporting grant.

References

[1] A. M. Persico and V. Napolioni, “Autism genetics,” Behavioural
Brain Research, vol. 251, pp. 95–112, 2013.

[2] J. H. Miles, “Autism spectrum disorders—a genetics review,”
Genetics in Medicine, vol. 13, no. 4, pp. 278–294, 2011.

[3] B. Devlin and S. W. Scherer, “Genetic architecture in autism
spectrum disorder,” Current Opinion in Genetics & Develop-
ment, vol. 22, no. 3, pp. 229–237, 2012.

[4] P. Szatmari, X.-Q. Liu, J. Goldberg et al., “Sex differences in
repetitive stereotyped behaviors in autism: implications for
genetic liability,” American Journal of Medical Genetics Part B:
Neuropsychiatric Genetics, vol. 159, no. 1, pp. 5–12, 2012.

[5] N. J. Mendelsohn and G. B. Schaefer, “Genetic evaluation of
autism,” Seminars in Pediatric Neurology, vol. 15, no. 1, pp. 27–31,
2008.

[6] G. B. Schaefer and N. J. Mendelsohn, “Clinical genetics evalua-
tion in identifying the etiology of autism spectrum disorders,”
Genetics in Medicine, vol. 10, no. 4, pp. 301–305, 2008.

[7] X. Liu, F. Solehdin, I. L. Cohen et al., “Population- and family-
based studies associate theMTHFR genewith idiopathic autism
in simplex families,” Journal of Autism and Developmental
Disorders, vol. 41, no. 7, pp. 938–944, 2011.

[8] V. Eapen, “Genetic basis of autism: is there a way forward?”
Current Opinion in Psychiatry, vol. 24, no. 3, pp. 226–236, 2011.

[9] J. L. Silverman, M. Yang, C. Lord, and J. N. Crawley,
“Behavioural phenotyping assays for mouse models of autism,”
Nature Reviews Neuroscience, vol. 11, no. 7, pp. 490–502, 2010.

[10] P. Chaste and M. Leboyer, “Autism risk factors: genes, environ-
ment, and gene-environment interactions,”Dialogues inClinical
Neuroscience, vol. 14, no. 3, pp. 281–292, 2012.

[11] Y.-H. Jiang, T. Sahoo, R. C. Michaelis et al., “A mixed epige-
netic/genetic model for oligogenic inheritance of autism with a
limited role for UBE3A,” American Journal of Medical Genetics
Part A, vol. 131, no. 1, pp. 1–10, 2004.

[12] N. C. Schanen, “Epigenetics of autism spectrum disorders,”
Human Molecular Genetics, vol. 15, no. 2, pp. R138–R150, 2006.

[13] R. P. Ghosh, R. A.Horowitz-Scherer, T.Nikitina, L.M.Gierasch,
and C. L. Woodcock, “Rett syndrome-causing mutations in
human MeCP2 result in diverse structural changes that impact
folding and DNA interactions,”The Journal of Biological Chem-
istry, vol. 283, no. 29, pp. 20523–20534, 2008.

[14] M. Boris, A. Goldblatt, J. Galanko, and J. James, “Association
of MTHFR gene variants with autism,” Journal of the American
Physician and Surgeons, vol. 9, no. 4, pp. 106–108, 2004.

[15] S. J. James, S. Melnyk, S. Jernigan et al., “Metabolic endopheno-
type and related genotypes are associated with oxidative stress
in children with autism,” American Journal of Medical Genetics
Part B: Neuropsychiatric Genetics, vol. 141, no. 8, pp. 947–956,
2006.

[16] R. P. Goin-Kochel, A. E. Porter, S. U. Peters, M. Shinawi,
T. Sahoo, and A. L. Beaudet, “The MTHFR 677C→T poly-
morphism and behaviors in children with autism: exploratory
genotype-phenotype correlations,” Autism Research, vol. 2, no.
2, pp. 98–108, 2009.

[17] N. S.Mohammad, J.M. N. Jain, K. P. Chintakindi, R. P. Singh, U.
Naik, and R. R. D. Akella, “Aberrations in folate metabolic path-
way and altered susceptibility to autism,” Psychiatric Genetics,
vol. 19, no. 4, pp. 171–176, 2009.

[18] P. Frosst, H. J. Blom, R. Milos et al., “A candidate genetic risk
factor for vascular disease: a commonmutation inmethylenete-
trahydrofolate reductase,”Nature Genetics, vol. 10, no. 1, pp. 111–
113, 1995.

[19] American Psychiatric Association, Diagnostic and Statistical
Manual of Mental Disorders (DSM-IV), American Psychiatric
Press, Washington, DC, USA, 4th edition, 2000.

[20] American Psychiatric Association, Diagnostic and Statistical
Manual ofMental Disorders, American Psychiatric Press,Wash-
ington, DC, USA, 5th edition, 2013.

[21] M. Ozkan, S. Sivgin, I. Kocyigit et al., “Do thrombophilic gene
mutations have a role on thromboembolic events in cancer
patients?” Asia-Pacific Journal of Clinical Oncology, vol. 8, no.
3, pp. e34–e41, 2012.

[22] T. Kubota, K.Miyake, andT.Hirasawa, “Epigenetic understand-
ing of gene-environment interactions in psychiatric disorders: a
new concept of clinical genetics,” Clinical Epigenetics, vol. 4, no.
1, article 1, 2012.

[23] M. J.Millan, “An epigenetic framework for neurodevelopmental
disorders: from pathogenesis to potential therapy,” Neurophar-
macology, vol. 68, pp. 2–82, 2013.

[24] S. J. James, P. Cutler, S. Melnyk et al., “Metabolic biomarkers
of increased oxidative stress and impaired methylation capacity
in children with autism,” The American Journal of Clinical
Nutrition, vol. 80, no. 6, pp. 1611–1617, 2004.
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Abstract
Background: Autism is currently known as "a behaviorally defined syndrome” manifested as impairment in
social communication, repetitive routines and restricted interests. There is an increased risk of ASDs associated
with common mutations affecting the folate/methylation cycle.
Aim: The aim of this study was to identify C677T and 1298AC polymorphic genotypes of MTHFR gene among
a sample of Egyptian children with autism and to make a phenotype-genotype correlation for the autistic patients.
Methods: This case-control study was carried out from 2013 through 2015. The study included 31 children with
autism and 39 children in a normal control group, the mean age of patients and control was comparable (4.5
years± 2) with males predominant in both groups. We used DSM-V-TR criteria, Stanford-Binet intelligence scale
V and childhood autism rating scale (CARS) for assessments. Genotyping for MTHFR gene polymorphic loci
C677T and 1298AC was performed on amplified DNA by PCR with subsequent reverse hybridization and
restriction fragment length polymorphisms analysis. Data were analyzed by SPSS version 11, using Chi-Square,
independent-samples t-test, and ANOVA.
Results: There was significant relationship between low birth weight and occurrence of autism (p<0.01), and
between delayed motor and social milestones in cases of autism compared to controls (p<0.01). Heterozygosity
for A1298C polymorphism was highest among patients (41.9%) followed by 35.5% mutant genotype CC and
22.6% normal AA (wild) type and Allele C was detected in patients more than in control (56.45% vs. 11.54%)
(p<0.001). For C667T polymorphism, heterozygosity was also highest among patients (48.4%) followed by wild
type genotypes C677 (38.7%) and 12.9% for mutant genotypes 667T. Allele T appeared more in patients than
control (31.10 %vs. 5.13%) (p<0.00). Heterozygosity for CT and A-C genotypes were detected equally (46.2%)
among patients with severe autism (according to CARS).
Conclusion: There is a significant association between severity and occurrence of autism with MTHFR gene
polymorphisms C677T and A1298C. Further studies are needed on a larger scale to explore other genes
polymorphisms that may be associated with autism, to correlate the genetic basis of autism.
Keywords: Autism; MTHFR; Genotype; Phenotype

1. Introduction
Autism is a complex neuro developmental disorder with a combined genetic and environmental factor (1).
Depending on the diagnostic criteria used in each study, the incidence of PDD range is between 4.5 and 59/10.000,
(2) with occurrence in males three to four-fold higher than in females (3). Most current studies have found it to be
increasing to 110/10.000. The increasing incidence could be actual, or it could be due to the use of broadened
criteria in diagnosis (4). Autism is currently defined as "a behaviorally defined syndrome manifested as impairment

5.B.2 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5633227/
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in social communication, repetitive routines and restricted interests. The term "pervasive developmental
disorders"(PDDs) refers to five conditions; 1) autistic disorder, 2) Asperger's disorder, 3) Rett's disorder, 4)
childhood disintegrative disorder, and 5) PDD not otherwise specified (5, 6). Autism spectrum disorders are
characterized by hyperactivity, stereotypic motor behaviors, sensory disturbances, language impairment, restricted
interests and self-injury (7). In some patients, it can also be associated with seizure disorder (8), gastrointestinal
disturbances (9) and autoimmune disorders (10). A dysfunctional folate methionine pathway has been identified in
many individuals with autism, this pathway is crucial for DNA synthesis and methylation. With regard to
methylenetetrahydrofolate reductase (MTHFR) gene codes for an essential enzyme in folate metabolism, the gene is
located on chromosome 1 P 36.3 in humans (11). There are DNA sequence variants (genetic polymorphism)
associated with the MTHFR gene, two of the most investigated are C677T and A1298C as a single nucleotide
polymorphisms (SNP) (11). The present study aimed at identification of possibly existing C677T and A1298C
polymorphisms within the MTHFR gene among an Egyptian sample of patients with autism, and study of possible
phenotype - genotype correlation.

2. Material and Methods
2.1. Patients
Seventy children were included in this case-control study and divided into two groups of 31 patients (case group)
and 39 controls. The age of patients ranged from 1.5 to 18 (4.57±2) years and they were diagnosed as autistic by
DSM-V-TR criteria (12) at the Psychiatric Clinic, Pediatrics Hospital, Ain Shams University and Psychiatry Clinic,
Pediatrics Department, Sohag University Hospital in the period from May 2013 through May 2015. Exclusion
criteria included patients with suspected genetic, metabolic or chronic disease. The control group included 39
children not suffering from any psychiatric or behavioral problems with matched age and sex. All patients were
subjected to the following: Course and duration of disease, detailed history with particular emphasis on onset,
consanguinity of parents and antenatal, natal and postnatal history. Developmental history including mental,
language, social and motor development. Family history of any similar condition and other psychological or mental
disorders in the family. Thorough clinical examination with special emphasis on neurological examination.
Genotyping consent from all patients' and controls' parents/guardians were taken to approve sharing in the study
after full description of the steps and aim of the study. The work has been carried out in accordance with the code of
Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans, and the
Ethical Committee of Ain Shams University” for the same purpose.

2.2. Methods
Confirmation of diagnosis using DSM- V-TR criteria of autism (12). Intelligence quotient (IQ) was evaluated by use
of Stanford-Binet Intelligence Scales V (13). The SBV can be administered to individuals as early as two years of
age. There are ten subtests included in this revision including both verbal and nonverbal domains. Five factors which
are directly related to Cattell-Horn-Carroll (CHC) hierarchical model of cognitive abilities, are also incorporated in
this scale. These factors include knowledge, quantitative reasoning, fluid reasoning, working memory and visual-
spatial processing. An assessment for the severity of autistic symptoms was carried out using the childhood autism
rating scale (CARS) (14), which rates each patient on a scale from one to four in fifteen areas (listening response,
visual response, relation to people, body use, emotional response, imitation, object use, fear or nervousness, verbal
communication, nonverbal communication, activity level and consistency of intellectual response, adaptation to
change, touch, taste, smell, response and general impression). The test divided patients according to severity as not
autistic, mild or moderate autistic, and severe autistic. Genotyping of methylenetetrahydrofolate reductase (MTHFR)
gene polymorphism C677T was performed on DNA samples based on polymerase chain reaction (PCR) and reverse
hybridization and subsequent conjugation using the streptavidin–alkaline phosphatase (MTHFR  StripAssayTM),
Vienna lab diagnostics® GmbH, Vienna, Austria). Allele specific amplification was done for 1298AC
polymorphism using PCR-RFLP analysis as described elsewhere (15, 16). The restriction fragment length
polymorphism (RFLP) was done by using a restriction enzyme MboII (SibzymeTM, Russia). The PCR products were
all documented by Gel Documentation System and Software for DNA analysis (InGenius SyngeneTM, UK).
Amplified DNA from a patient homozygous for the 1298A allele appeared at a band length of 176 bp in length
compared to the size marker, with three smaller fragments of 30, 28, and 22 bp. Presence of the A1298C
polymorphism abolishes an MboI cut site; thus, DNA from a patient homozygous for the 1298C allele appeared at a
band length of 204 bp with smaller fragments of 30 and 22 bp.



Electronic physician

Page 5289

2.3. Statistical analysis
The distribution of genotypes and allele frequencies were all statistically compared in all patients versus healthy
controls. The results were analyzed using SPSS version 11.0 (SPSS Inc., Chicago, IL, USA). Qualitative data were
presented in the form of frequencies and percentages. Quantitative data were presented as mean ± SD for normally
distributed data and as medians and percentiles for skewed data. Data were analyzed using Pearson’s Chi-square
test, independent-samples t-test, and one-way analysis of variance (ANOVA). A p-value less than 0.05 was
considered statistically significant.

3. Results
Incidence of consanguinity among patients and control group was comparable (80.6% vs. 84.6%) which was
statistically not significant (p=0.661). Compared to the control group, family history of autism (9.7%), epilepsy
(16.1%), prematurity (9.7%) was detected among the patient group (p<0.05). Mean birth weight among the patient
group was less compared to the control group (2.67±0.389 vs. 3.03±0.309 kg) (p<0.01). However, the mean of
gestational age was statistically not significant (p=0.676) (Table 1). Type of feeding and the mean age of weaning
among the patient group compared to the mean age of weaning in the control group was statistically not significant
(p=0.162 and 0.786 respectively). The developmental milestones in the patient group were delayed in comparison to
the control group (p≤0.0001). The mean level of IQ score among patients (66.13±8.20) was lower than the mean
level of IQ among controls (96±8.8) (p≤0.0001) (Table 1). AC heterozygote genotype was highest among patients
(41.9%) followed by CC mutant genotype (35.5%) then AA normal genotype (22.6%) compared to the control
group, where the most common polymorphism was AA normal genotype (79.5%) (p<0.001) (Table 2). The
frequency of C allele was higher in patients (56.45%) than controls (11.54%), while A allele frequency in controls
was more (88.46%) than its frequency among patients (43.55%) (p<0.001) (Table 2).

Table 1. Characteristics of patients and controls included in the study
Variable Patients; n (%)

/ Mean±SD
Control; n (%) Chi-square*/t-

test**
p-value

Consanguinity Yes 6 (19.4) 6 (15.4) 0.192* 0.661 (NS)
No 25 (80.6) 33 (84.6)

Family history of autism Yes 3(9.7) 0 (0) 3.943* 0.047 (S)
No 28 (90.3) 39 (100)

Family history of epilepsy Yes 5(16.1) 0 (0) 6.774* 0.009 (S)
No 26 (83.9) 39 (100)

History of prematurity Yes 3 (9.7) 0 (0) 3.943* 0.047 (S)
No 28 (90.3) 39 (100)

Feeding Breast 20 (64.5) 31 (79.5) 1.958* 0.162 (NS)
Artificial 11 (35.5) 8 (20.5)

Mean gestational age (weeks) 39±1.25 39.1±0.5 0.408** 0.676 (NS)
Mean birth weight (kg) 2.67±0.389 3.03±0.309 4.205** 0.0001 (S)
Mean age for sitting (month) 8.5±1.1 6.65±0.87 7.653** <0.0001 (S)
Mean age at weaning (year) 1.59±0.3 1.61±0.31 0.273** 0.786 (NS)
Mean age at 1st spoken word (year) 2.6±0.69 1.13±0.18 11.553** <0.0001 (S)
Mean level of IQ score 66.13±8.20 96±8.8 14.654** <0.0001 (S)

S: Significant; NS: Not Significant

Table 2. A1298C genotype polymorphism and segregation of alleles among patients and control
Group Patients; n (%) Control; n (%) Chi square p-value
AA genotype 7 (22.6) 31 (79.5) 24.700 <0.001
AC genotype 13 (41.9) 7 (18)
CC genotype 11 (35.5) 1 (2.5)
Total 31 (100) 39 (100)
A-allele 27 (43.55) 69 (88.46) 32.332 <0.001
C-allele 35 (56.45) 9 (11.54)
Total 62 (100) 78 (100)
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The most common C667 genotype among the patient group was CT heterozygote while in the control group, the
most common genotype was the normal wild C667 genotype 35(89.8%) (p<0.001) (Table 3). The frequency T allele
in patients was (37.09%), that was more than its frequency in controls (5.13%) and the frequency of C allele in the
control group (94.87%) was more than its frequency among patients (62.90%), (p<0.001) (Table 3). CARS
assessment mean value (38.091±4.721) in patients with CC mutant genotype of the polymorphic locus A1298C was
more than CARS mean value (37.538±5.710) in patients with AC heterozygote genotype and CARS mean value
(35.857±5.429) in patients with normal AA genotype (p=0.680). IQ mean value (69.571±7.35) in patients with
normal AA genotype was higher than IQ mean value (66.538±7.47) in patients with A-C heterozygote and IQ mean
value (63.455±9.29) in patients with CC mutant genotype, this was statistically not significant (p=0.306). Mean of
DSM criteria (7.385±1.325) in patients with AC heterozygote was more than mean of DSM criteria (7.091±0.944) in
patients with mutant CC genotype and mean of DSM criteria (6.714±0.488) in patients with normal AA genotype
(p=0.409) (Table 4). CARS assessment mean value (38.750±4.654) in patients with normal C667 was more than
CARS mean value (37.500 ±5.686) in patients with mutant TT genotype and CARS mean value (36.200±5.570) in
patients with C-T heterozygote genotype that was statistically not significant (p=0.464). IQ mean value
(65.750±13.376) in patients with mutant TT genotype was lower than IQ mean of patients with normal and C-T
heterozygote genotype, again this was statistically not significant (p=0.987). Mean value for DSM criteria in patients
(7.333±1.073) with normal C667 genotype was more than mean value for DSM criteria among patients with mutant
TT and heterozygote C-T genotype that was statistically not significant (p=0.708) (Table 5).

Table 3. Percentage of C667 genotypes and alleles among patients and control
Group Case Control Chi square p-value
C667 (normal ) 12 (38.6) 35 (89.8) 20.984 <0.001
C667T (hetero) 15 (48.4) 4 (10.2)
667T (mutant) 4 (13) 0 (0)
Total 31 (100) 39 (100)
C allele 39 (62.90) 74 (94.87) 22.679 <0.001
T Allele 23 (37.09) 4 (5.13)
Total 62 (100) 78 (100)

Table 4. Correlation between psychological assessment and A1298C genotype in patients
AC CARS IQ DSM
AA (normal) 35.857±5.429 69.571±7.35 6.714±0.488
AC (hetero) 37.538±5.710 66.538±7.47 7.385±1.325
CC (mutant) 38.091±4.721 63.455±9.29 7.091±0.944
ANOVA 0.391 1.236 0.680
p-value 0.680 0.306 0.409

Table 5. Correlation between psychological assessment and C667genotype
C667 CARS IQ DSM
C667 (normal) 38.750±4.654 66.417±7.810 7.333±1.073
C667T (hetero) 36.200±5.570 66.000±7.606 7.000±1.134
667T (mutant) 37.500±5.686 65.750±13.376 7.000±0.817
ANOVA 0.790 0.013 0.350
p-value 0.464 0.987 0.708

4. Discussion
There is an agreement that autism is a neuro developmental disorder characterized by impaired social interaction
(17), and is usually diagnosed in children before the age of three years, characterized by deficiency in language
skills and social interaction which are associated with repetitive behavior and limited interests (18). In our study, the
mean age of patients and control was comparable (4.5 years ± 2) with male patients more than females in both
groups. This is in agreement with other studies (16, 19). In our study, non consanguinity constituted 80.6% of the
studied families compared to 84.6% in the control group. Similar studies reported that the rate of consanguinity is
lower among parents of patients with autism than in normal controls (20-24). This may suggest that consanguinity
has no role in autism. In the current study, family history of autism was significantly higher in patients compared to
control. This is in agreement with El Baz et al., (23), who reported that family history of autism was reported in 16%
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of autistic patients versus 1% among the control. We found also that family history of epilepsy among the patient
group was significantly higher than the control group. In this study, incidence of low birth weight and prematurity
was found to be significantly more prevalent among autistic children than controls. The study by Kolevzon et al.
(25) suggested that there was presence of non-heritable prenatal and perinatal risk factors for autism. It is also
suggested that there is an association between autism and obstetric complications, prenatal or intra partum use of
medications (26). A significant prevalence of low birth weight incidence and use of instrumental tools during
delivery were reported among cases with autism compared to controls (23). Perinatal risk factors such as breech
presentation, low Apgar score, low birth weight (2500 g), being small for gestational age, and gestational age at
birth of less than 35-37 weeks were associated with a statistically significant increase in risk of autism (27). A
review in 2007, identified obstetric conditions that included low birth weight, duration of gestation and hypoxia
during childbirth as risk factors associated with autism. Studies directed towards single perinatal risk factors have
demonstrated a positive association for low birth weight (<2500 g), and gestational age at birth of less than 37 weeks
(28). In our study, all developmental and social milestones were significantly delayed among autistic children
compared to the control group. This  is in agreement with Juneja et al. (29),  who reported about 96% of autistic
children had motor developmental delay and qualitative impairment in social interaction and communication was
also more commonly observed than restricted interests and activities. Children with autism may experience a delay
in attaining regular motor skills, such as riding a bicycle. They may have an abnormal gait or posture, poor
coordination skills and poor hand writing (30). Some of the noted behavior in autism include delayed speech,
pronunciation and other language skills, and a reluctance to point or wave goodbye (31).

In our study, the patients’ mean IQ revealed a wide range from mild to severe mental retardation which was lower
than the mean IQ among the control group. This is in agreement with previous reports (20). C667T polymorphism
genotyping was consistent with the study of Elif et al. (19) that revealed the heterozygote 667CT as the most
prevalent genotype among patients. Our study findings were in agreement also with  Shawky et al., (20)  who
reported that  homozygote mutant 677TT genotype was present in 15% of the autistic children while the
heterozygous 677CT genotype occurred in 50% of the autistic children group. Boris et al., (16) reported that 677CT
polymorphisms, whether homozygous or heterozygous, are significantly associated with ASD. In their study,
heterozygote CT genotype was more prevalent than mutant TT genotype, which is similar to our study but with
different frequencies. As regards the A1298C polymorphism, our study revealed that the most common
polymorphism in the patient group was AC heterozygote genotype followed by CC mutant then AA normal
genotypes, in comparison to the control group, the most common polymorphism was AA normal genotype
(p<0.001). These findings were consistent with Boris et al. (16), who reported that AC heterozygote genotype is the
most prevalent among patients, but in their study, the mutant CC genotype in patients (6%) was lesser than ours. The
same authors reported that homozygous (TT) individuals  have an approximately 50% decrease in MTHFR enzyme
activity, the heterozygous (CT) have a 30% decrease in enzyme activity as measured in their lymphocytes and the
compound  heterozygous state, 677CT/ 1298AC lower enzyme activity by 50 -60%. They also reported that
1298AA normal alleles were more prevalent in the control population than in children with ASD. This is similar to
the control group in our study. Our results also agree with Liu et al. (32), regarding the frequency of T allele among
patients compared to the control group. It was reported that frequency of the heterozygous 677CT genotype in the
ASD group (47.8%) did not differ from that in the controls (43.2%) (32). This differs from our study where
heterozygote 677CT genotype in ASD group was more prevalent than in the control group. CARS mean value
among the patient group with normal (wild type) AA genotype was lower than that of patients with AC heterozygote
and CC mutant genotypes with no significant difference (p=0.680). Again, mean value for IQ in patients with
normal (wild type) AA genotype was higher than IQ mean of patients with AC heterozygote and CC mutant
genotype with no significant difference (p=0.306). This may indicate that there is no significant correlation between
CARS (degree of severity of autism), IQ and A1298 polymorphisms. However, multicenter studies and larger
sample sizes are needed to confirm such suggestion. The C-T heterozygote genotype is more prevalent than other
MTHFR C667 genotypes among patients with mild to moderate autism and patients with severe autism with no
significant difference. CARS mean value in patients with normal C667 was more than CARS mean value in patients
with mutant TT genotype and C-T heterozygote genotype, with no significant difference. IQ mean in patients with
mutant TT genotype was lower than IQ mean of patients with normal and C-T heterozygote genotype with no
significant difference. These findings were in agreement with Shawky et al. (20) who reported similar results with
no significant difference for correlation between CARS and different genotypes for the same polymorphic alleles.
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5. Conclusions
There is a significant association between severity and occurrence of autism with MTHFR gene polymorphisms
C677T and A1298C. Further studies are needed on a larger scale to explore other genes polymorphisms that may be
associated with autism to correlate the genetic basis of autism.
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Methylenetetrahydrofolate reductase and
psychiatric diseases
Lin Wan1, Yuhong Li1, Zhengrong Zhang2, Zuoli Sun2, Yi He2 and Rena Li1,2,3

Abstract
Methylenetetrahydrofolate reductase (MTHFR) is a key enzyme for the critical process of one-carbon metabolism
involving folate and homocysteine metabolisms. It is known that some polymorphism of MTHFR would result in
reduction of MTHFR enzyme activity as well as DNA methylation process, later shown to have significant impacts in
various psychiatric diseases. However, it is unclear whether the polymorphism of MTHFR could be an independent or
an add-on risk factor for specific psychiatric symptoms, such as anxiety, depression, positive, or negative symptoms of
schizophrenia, or acts as risk factor for specific psychiatric disorders, such as schizophrenia, major depression, autisms,
and bipolar disorders. It is also understudied on whether folate supplements could be an effective treatment for
psychiatric patients with defect MTHFR activity. In this review, we not only gathered the most recent discoveries on
MTHFR polymorphism and related DNA methylation in various psychiatric disorders, but also highlighted the potential
relationships between MTHFR activity and implication of folate-related function in specific mental diseases.

Introduction
Methylenetetrahydrofolate reductase (MTHFR) is a key

enzyme of folate metabolism in the process of one-carbon
metabolism. MTHFR converts 5,10-methylenetetrahy-
drofolate to 5-methyltetrahydrofolate and participate in
folate and homocysteine conversion correlated to DNA
methylation1. As consequences of polymorphism of
MTHFR, reduction of MTHFR enzymatic activity would
cause impaired methylation as well as deficiency of folate.
There are plenty of relevant studies on linkage between
MTHFR and human diseases including cardiovascular
diseases, tumors, neurologic diseases, and psychiatric
disorders2–5. Moreover, there are stratified factors that
have been identified to be involved in the relationship
between MTHFR and diseases, such as gender, age, and
ethnicity6–9. As both DNA methylation and folate are
important in mental health, reduction of MTHFR activity

or folate deficiency have been associated with an onset of
several psychiatric diseases10, schizophrenia, bipolar dis-
order, depression, autism, and ADHD. In this review, we
specifically focus on the MTHFR polymorphism and
related methylation and folate effects on psychiatric dis-
eases as well as the possibility of relationship between
clinical phenotypes of MTHFR-related diseases and
effectiveness of clinical treatment in psychiatric patients11.

MTHFR
MTHFR gene
In humans, the MTHFR resides on chromosome 1

location p36.3 and was originally described as containing
12 exons as shown in Fig. 1. Human MTHFR transcripts
are respectively at 2.2 kb, 7.5 kb, and 9.5 kb12. The cDNA
of 2.2 kb-fragment sequence codes for a 656 residue and
70–77 kDa protein13. The cDNA of 7.5 kb and 9.5 kb
sequence code a second isoform of 77 kDa protein.
Among the exons of MTHFR, the first one is noncoding1.
Apart from the coding region, variable 5’ and 3’ non-
coding regions (UTR) were identified, resulting in tran-
script heterogeneity. The 5’ and 3’ termini of the MTHFR
cDNA overlap with the 5’ terminus of a chloride ion
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channel gene and the 3’ terminus of an unidentified gene,
respectively. The MTHFR gene has multiple promoters
and several polyadenylation sites creating 3’UTR lengths
of 0.2 kb ± 5.0 kb or 0.6 kb ± 4.0 kb in human12. The
MTHFR gene has been identified to possess 14 common
or rare single nucleotide polymorphism that are asso-
ciated with enzymatic deficiency14. Among them
rs1801133(C677T) and rs1801131(A1298C) are most
reported that may reduce the MTHFR activity in various
degrees. For C677T, the enzyme activity of heterozygous
and homozygous mutant individuals are respectively 67
and 25% of the wild-type ones. And for A1298C, the
enzyme activity of heterozygous and homozygous mutant
individuals are respectively 83 and 61% of the wild-type
subjects15, as shown in Fig. 1.

MTHFR and its activity
While MTHFR gene codes for different variants, the

most common form of MTHFR in human is a 656 amino
acids protein. Human MTHFR consists of an N-terminal
catalytic domain (amino acids 1–356) which binds 5,10-
methylenetetrahydrofolate (5,10-methylene THF), and a
C-terminal regulatory domain (amino acids 363–656)
which binds S-adenosylmethionine (AdoMet, SAM)16,17.
As shown in Fig. 2, MTHFR catalyzes the physiologically
irreversible reduction of 5,10-methylene THF to 5-
methyltetrahydrofolate (5-methyl THF), and plays a cri-
tical role in one-carbon metabolism for the reaction of
producing methyl groups to participate in epigenetic
regulation18. The properties and crystal structure of
MTHFR from the bacterium Thermus thermophilus HB8
have been determined19. While the regulation of MTHFR
activity is closely controlled by SAM at C-terminal reg-
ulatory domain, more studies indicated that the human
MTHFR enzyme activity is also regulated by multiple
phosphorylated sites on a serine-rich N-terminal

extension region20. The phosphorylation leads down-
regulation of MTHFR activity and upregulation of allos-
teric inhibition by SAM. It is suggested that
phosphorylation impacts on the allosteric regulation of
MTHFR via altering the equilibrium of active and inactive
states of the enzyme, favoring the inactive state which
SAM preferentially binds21. The active form of MTHFR
could impact on the generation of 5-methyl THF, which is
the active form of folate in vivo. Then methionine level
increases and related methyl group donation is driven
which successively exert potential mechanism on psy-
chiatric diseases, as shown in Fig. 3.

MTHFR and DNA methylation
Another important role of MTFHR is to participate in

donating methyl group to regulate epigenetic modifica-
tion in the one-carbon metabolism. Methylation is a
common regulation process of gene expression that
influences cellular development and function22, which is
dependent on SAM as a methyl donor. SAM originated
from methionine cycle in which 5-methyl THF transfers
methyl groups to homocysteine in a reaction catalyzed by
methionine synthase to produce methionine. In this
process, 5,10-methylene THF play a critical role in
methionine regeneration and methyl donation, meanwhile
MTHFR catalyzes the irreversible conversion of 5,10-
methylene THF to 5-methyl THF that participate in
generation of SAM in methionine cycle and offer methyl
group23.

MTHFR polymorphism
MTHFR polymorphisms and enzymatic activity
There are several sites of MTHFR polymorphism that

have been reported including 2 enzyme activity associated
locuses C677T and A1298C and 6 enzyme activity unas-
sociated locuses6. As shown in Table 1, with regard to the

Fig. 1 MTHFR enzymatic activity with MTHFR mutations. a MTHFR gene exons are indicated as blue regions, and gene 5’ to 3’ end are from right
to left. Numbers under the arrows represent the SNP sequence number, which corresponds to the gene rs-number in the annotation. 1. Rs4846080(A
> G); 2. rs1476413(G > A); 3. Rs1801131(A > C); 4. rs1801133(C > T); 5. rs17421511(G > A); 6. rs17037396(C > T); 7.rs9651118(T > C); 8. rs17367504(A > G).
b Decrease in enzyme Activity (% of normal) with the presence of MTHFR variants
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association of MTHFR gene and its enzyme products,
some of the studies revealed severe enzymatic deficiency.
The encoding of MTHFR appears to be polymorphic such
as the gene site C677T, one of the most studied and
clinically important variant in exon 4. The C677T variant
results from a single nucleotide substitution at this posi-
tion, in which cytosine is replaced by thymine resulting a
conversion of alanine to valine residue24. The substitution
lowers the affinity of MTHFR and its cofactor, which
promotes the thermolability and diminishes the enzyme
activity. Comparing with wild genotype (CC), the het-
erozygote (CT) and mutation homozygote (TT) lead to

the decline of enzyme activity by about 34 and 75%, and
increased thermolability in lymphocyte extracts25. In
2001, the Ala222Val mutation was created in human
MTHFR, and the mutant protein was successfully purified
and its properties were determined. Different from the
former studies, the Ala222Val variant exhibits identical
catalytic properties as the wild-type enzyme, but it is
thermolabile17.
Another common polymorphism is A1298C, in which

adenine is replaced by cytosine resulting a conversion of
glutamate to alanine at 429 residue, which also diminishes
the enzyme activity. Lymphocyte extracts from

Fig. 2 One-carbon metabolism. MTHFR is a key enzyme to catalyze conversion of 5,10-methylene THF to 5-methyl THF and contribute to
generation of SAM, which is the direct donor of methyl group. DHF, dihydrofolate acid; THF, tetrahydrofolate acid; MTHFR, methylenetetrahydrofolate
reductase; dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate; NADPH, nicotinamide adenine dinucleotide phosphate;
FAD, flavine adenine dinucleotide; Met, methionine; Hcy, homocysteine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine

Fig. 3 Potential mechanisms of MTHFR in psychiatric diseases. Methyl group supply in one-carbon metabolism is affected by MTHFR enzyme
catalytic process. MTHFR polymorphism affects downstream methylation of schizophrenia-related proteins. DA, glutamate and so on. BH4,
tetrahydrobiopterin; DA, dopamine; NE, norepinephrine; 5-HT, 5-hydroxytryptamine
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homozygous 1298CC individuals showed 61% of wild-
type enzyme activity26. The Ala177Val was established in
the MTHFR of E. coli to study the biochemical phenotype
of the Ala222Val variant. Then literatures reported the
Ala177Val mutation has no influence on the kinetic
parameters of bacterial MTHFR, but rather reduces
enzyme stability and affinity for cofactor, and thus
increases the tendency to form inactive enzyme via flavin
dissociation, compared to the wild-type enzyme27.

MTHFR polymorphism and methylation
MTHFR polymorphism is also associated with global

methylation activity. For example, a study of coronary
artery patients indicated that genomic DNA methylation
directly correlates with folate status and inversely with
plasma homocysteine levels. After genotype analysis, TT
genotypes had a diminished level of global DNA methy-
lation compared with those with CC wild type28. Such a
change was also found in healthy individuals which
showed reduction of DNA methylation in individuals with
the TT MTHFR genotype compared to subjects with CC
MTHFR29. While DNA methylation may be age, gender,
and cell-type specific, MTHFR polymorphism might not
be always associated with hypomethylation of DNA. For
example, a study of aging-related DNA methylation found
hypomethylation in aged individuals compared to young
populations without significant association with C677T
MTHFR genotypes30. Studies also demonstrated no sig-
nificant inference of MTHFR C677T polymorphism in
global DNA methylation in oral epithelial cell samples31

or lymphocytes of healthy individuals32, as well as cuta-
neous squamous cell carcinoma in renal transplant
patients33. Those reports suggested a MTHFR poly-
morphism independent mechanism in aging and cell-type
specific global DNA methylation. Furthermore, a similar
results were reported in a study of individuals with or
without oligozoospermic which showed no significant
association between DNA methylation in spermatozoa
and the MTHFR C677T genotypes although a trend for
higher incidence of methylation alterations in severe oli-
gozoospermic infertile men with CT genotypes were
observed34, suggesting that a much more complicated or
indirect interactions between MTHFR polymorphism and
methylation are involved.
As global DNA methylation refers to the average

methylation status that occurs across the whole genome,
MTHFR polymorphism could also destruct gene-specific
methylation process which refers the methylation status
of specific genes. For example, a study of MTHFR poly-
morphism genotypes in colorectal cancer patients repor-
ted that the frequency of methylated Bcl-2 promoter was
significantly higher in individuals with CC genotype than
that of those with CT and TT genotypes, and a significant
difference of C and T alleles distribution were observedTa
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between patients with methylated and unmethylated Bcl-2
promoter35. Furthermore, studies of IGF-2 gene in tran-
sitional cell carcinoma of the bladder and MGMT gene in
gastric cancer showed that patients with CT or TT
MTHFR genotypes had reduced methylation of IGF-2 or
MGMT compared those with CC genotype36,37. Together,
as MTHFR is an important enzyme for folate metabolism
which plays critical role in epigenetic as DNA methyla-
tion, accumulated evidence showed that global DNA
methylation can be associated with MTHFR polymorph-
ism genotypes in both healthy populations and individuals
with various diseases. However, some cell type- and age-
related global DNA methylation showed independent of
MTHFR genotypes. While the underlying mechanism of
MTHFR independent global DNA methylation remains
unknown, the MTHFR polymorphisms related gene-
specific DNA methylations were commonly reported in
various pathological conditions.

Mouse models of MTHFR deficiency
The Mthfr of mice were knockout to investigate

MTHFR deficient by animal models38. The Mthfr+ /−

mice showed normal growth and similar survival to that
of wild-type mice39. The Mthfr−/− mice were with none
MTHFR enzyme activity in all tissues, whereas the
Mthfr+/− showed 60% residual activity, similar to the
value observed in patients homozygous for the C667T
polymorphism40. In the Mthfr+/− and Mthfr−/− mice, the
plasma total homocysteine levels were 1.6- and 10-fold
higher, respectively, than the wildtype controls. SAM
levels were decreased, but S-adenosylhomocysteine
(AdoHcy, SAH) levels were elevated considerably, with
global DNA hypomethylation observed in both hetero-
zygotes and homozygotes38. Then researchers proposed
that heterozygous knockout mice appeared to be a good
animal model for individuals homozygous for the C667T
polymorphism, whereas the homozygous null mice were a
better one for severely MTHFR-deficient individuals19.
Apart from human studies, mice with heterozygous and
homozygous mutation in Mthfr C677T still accompany
with global DNA hypomethylation, decreased SAM and
increased SAH levels41.

MTHFR polymorphism and psychiatric diseases
Extensive clinical studies demonstrated a significant

linkage between MTHFR polymorphism and various dis-
eases, such as cardiovascular diseases, neuronal develop-
mental diseases, cancers as well as psychiatric disorders.
Among which, C677T and A1298C polymorphisms of
MTHFR have been studied the most in psychiatric dis-
eases and showed significant association with reduction of
MTHFR enzymatic activity and methylation. In this ses-
sion, we will focus on the polymorphisms in the gene
encoding for MTHFR in schizophrenia (SZ), bipolar

disorder (BPD), depression, autism disorder (ASD) and
attention deficit hyperactivity disorder (ADHD). Table 1.
summarizes studies including MTHFR polymorphism and
psychiatric diseases involved in this review.

Schizophrenia
For decades ago, there was a report of MTHFR enzy-

matic activity reduction in two schizophrenia patients
which were 18 and 21% percent of the normal level,
respectively, while homocysteine remethylation was also
defected42. Later, a regression model was created in a
study of MTHFR C677T genotype and DNA methylation
in schizophrenia subjects, which found females with TT
genotype were associated with the lowest global
methylation43.
Amounts of studies have demonstrated that the level of

MTHFR polymorphism in C677T locus is associated with
the risk of schizophrenia. As indicated in a meta-analysis
of MTHFR consisted of 7 studies, individuals carried with
TT homozygotes had the greatest risk of schizophrenia,
compared to the subjects with CC wild type and CT
heterozygous genotypes44. An allele study with well-
defined patients and healthy controls indicated that peo-
ple with CT heterozygotes had the higher risk of schizo-
phrenia than CC carriers45. Furthermore, a genotype
study also reported that homozygous TT genotype of
MTHFR was also associated with risk of schizophrenic
patients accompanying with bipolar disorder46.
It is interesting to mention that the C677T poly-

morphisms ofMTHFR also has an influence on symptoms
of schizophrenia. For example, an increased T allele load
is linked to the increase severity of negative symptoms in
schizophrenia, while reducing severity of positive symp-
toms were also noticed. However, the effect of T allele on
the negative symptoms of schizophrenia could be further
enhanced by folate deficiency47. Furthermore, comparing
with CC and CT, schizophrenia patients with TT geno-
type exhibited greater deficits on the verbal fluency test
(VFT) and more difficulties on the Wisconsin Card
Sorting Test (WCST), but not in California Verbal
Learning Test (CVLT) performance48. However, the effect
of C677T polymorphisms of MTHFR on cognitive func-
tion was not significant in normal subjects as a long-
itudinal cognitive study showed that the MTHFR C677T
polymorphism was not associated with cognitive perfor-
mance at baseline or over 12 years49. In addition, studies
also demonstrated that the C677T polymorphism of
MTHFR is associated with onset age of schizophrenia in a
dose-dependent manner, such as increasing numbers of
the mutant T allele is linked with early onset50.
The relationship between MTHFR polymorphism and

schizophrenia in different ethnic population were also
investigated. Study of schizophrenic patients and healthy
controls in the Arab population from Syria found a strong
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association between C677T and schizophrenia, which
showed higher variant T allele frequency in the patients
group. Interestingly, a statistically significant association
was found for 677TT genotype under the recessive model
in the male patients subgroup, and CT genotype under
the overdominant model in the total patients group51.
Studies of Chinese Han population indicated that the T
allele shown associated with schizophrenia as a risk
allele52 while a case–control association between the
MTHFR C677T polymorphism and schizophrenia in a
Japanese subjects research also demonstrated a strong
linkage between the MTHFR C677T polymorphism and
schizophrenia53. Furthermore, a meta-analysis including
38 studies with schizophrenia cases and controls showed
the association between C677T polymorphism and risk of
schizophrenia in all three ethnic populations—African,
Asian, and Caucasian54.
Studies of sex differences in MTHFR polymorphism

might provide some insights for the divergent results from
various studies of psychiatric disorders. A strong asso-
ciation between 677T allele and male patients with schi-
zophrenia compared female patients suggest that 677T
allele might represent different liability in genders46.
While little is known on the sex differences in MTHFR
polymorphisms, sex hormones, such as estrogen is known
to play a protective effect in female patients with schi-
zophrenia as for the impact of neurodevelopment and
social maturation55. On the other hand, testosterone may
increase male vulnerability to an adverse illness course
compared to estrogen56, attributed to its narrower and
sometimes unfavorable neuroprotection and neuro-
transmitter modulation profile57. Furthermore, proges-
terone is reported to benefit neurocognition though
enhancement of dopamine release in human males and
may also have relevance in male physical and mental
health while enhancing the benefits of estrogen through
potentiation of estrogen-primed effects on dopamine
receptors in male schizophrenic patients58.
Except for the C677T, there is another site of MTHFR

polymorphisms associated with psychiatric disorders. A
study with patients of schizophrenia and control subjects
showed an association between the A1298C allele and
schizophrenia59. Another research including 111 families,
demonstrated that deficient MTHFR enzyme activity in
pregnant women was related to the A1298C variant,
which was associated with a higher risk of schizophrenia
in the offsprings60.
Studies of individual with both SNPs (C677T and

A1298C) showed that subjects with heterozygosity for
both mutations resulted in an even lower MTHFR activity
than heterozygosity for single MTHFR mutations, while
no subjects carry both homozygote for MTHFR mutations
regardless which SNPs15 Furthermore, There were studies
of multiple polymorphisms of one-carbon metabolism

and schizophrenia symptoms showed an increase negative
symptoms severity with increase of risk alleles, suggesting
a cumulative effects of risk SNPs in one-carbon
metabolism61.

Bipolar disorder
In addition to schizophrenia, study demonstrated an

association between homozygous 677TT genotype of
MTHFR gene and bipolar disorder with stronger linkage
in male patients than female patients46. Another study
found a higher prevalence of C677T polymorphism in BD
patients than healthy subjects, while patients with BD
with early onset carried one copy of the T allele62. A
meta-analysis of 56 studies examining MTHFR C677T in
patients and control subjects indicated that the T allele
and TT genotype carriers showed significant increased
risk of major psychiatric disorders including schizo-
phrenia and bipolar disorder63. At the same time, some
studies found disparate results. For instance, a study
reported no significant association between C677T and
bipolar disorder64, while another study found no evidence
for C677T genotypic or allelic association with BD
regardless of type I or II65. A study with bipolar patients
and schizophrenia subjects also observed no robust dif-
ferences between patients and controls either for allele
frequencies or genotype distribution of C677T poly-
morphism66. These discrepancies may result from popu-
lation stratifications, explicitly, socio-economic status. On
the other hand, the included sample size may play a cri-
tical role in divergent results.

Depression
Depression is another major psychiatric disease.MTHFR

polymorphism is also noticed in patients with depression.
Studies found that MTHFR polymorphisms might be
related to the episode and prognosis of depressive dis-
order, not the stage of the disease. For example,a cohort
study of depressive patients and healthy controls found
that MTHFR polymorphism were more common in the
individuals with depression history compared to con-
trols67, while a study over a 60-month follow-up with
depressed subjects indicated that the CC genotype of
MTHFR C677T were more likely to have more severe
symptoms compared to TT genotype carriers68. Another
study showed that hyperhomocysteinemia and TT
MTHFR genotype were significantly related to depression
only, not comorbid anxiety disorder69. More studies
reported that MTHFR C677T is associated with risk of
depression, such as postmenopausal depression70 and
childhood trauma related major depression disorder
(MDD)71. It is important to point out the interaction
between MTHFR polymorphisms and environmental risks
for MDD, such as dietary and stress. For example, a study
of inter-relationship between MTHFR polymorphism and
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MDD found that the minor T-allele of MTHFR C677T
was associated with increased folate deficiency-related
body mass index and homocysteine levels in MDD
patients only72. Another stress-related MTHFR poly-
morphism in MDD study showed that traumatic stress in
childhood could increase risk of MDD recurrence as well
as the development of more severe depressive symptoms
in MTHFR TT genotype carriers. This study suggests that
the increase of mutant allele number of T in C677T locus
will enhance stress risk for depression71. Both above stu-
dies suggest that MTHFR polymorphisms might enhance
the environmental risks (low folate intake, traumatic stress
at childhood) for MDD via the interaction between genetic
and environmental factors. Such a risk was confirmed by a
meta-analysis recruiting 26 published studies which
showed an association between MTHFR C677T poly-
morphism and increased risk of depression73. However,
some studies showed no association between MTHFR and
MDD or antidepressant treatment response74,75.
Similarly, diverse situation existed in other researches as

a study did not find evidence of an association between
the MTHFR TT genotype and depression in a depression
cohort76. Another study including depressed subjects
indicated no significant differences in frequency of the T
allele or TT genotype between the depressed and healthy
controls77. A research of TT genotype and depression
scores revealed that the C677T gene variation does not
play an important role in the depression scores78. In a
meta-analysis, no significant differences in genotype or
allele frequencies between depressive patients and con-
trols were observed74.
A possible reason for divergent consequences is popu-

lation stratification as the frequency of the T allele is
subject to considerable ethnic and geographic variation74.
Another possibility is that there is an association of this
SNP with another disease that is highly correlated with
depression. Indeed it has been hypothesized that depres-
sion and vascular disease may be different manifestations
of the same genetic substrates79. Both of these conditions
are a result of the interaction of multiple genetic factors
and environment, involving multiple genes with small
interactive and additive effects.

Autism disorder
Comparing to Schizophrenia and depression, relatively

limited studies of MTHFR in autism have been con-
ducted. Some studies showed higher frequency of C677T
polymorphism in children with ASD than in healthy
controls80, or associated with ASD behavior phenotypes81.
A risk study of ASD with typical development indicated
significant interaction effects between maternal TT gen-
otype and greater risk for ASD82, suggesting MTHFR
polymorphism might involve the early development of
ASD. Other studies in the Chinese Han and Korean

population also found that MTHFR C677T and A1298C
mutation genes were risk factors for autism in Chinese
Han children and Korean population, respectively83,84.

Attention deficit hyperactivity disorder (ADHD)
In terms of the relationship between MTHFR and

ADHA, only very few studies have been reported, even
with controversial findings. For example, studies demon-
strated that A1298C genotype appeared to be the pre-
dominant linkage to the inattentive symptoms, leading to
a 7.4-fold increase in ADHD, compared with a 1.3-fold
increase for the C677T genotype85, individuals with
ADHD seem to be related to A1298C polymorphisms86.
However, a research with ADHD and healthy controls
reported no association between C677T or A1298C
polymorphism and ADHD in Turkish children87. Further
studies with large sample size or better controls are
needed.
In conclusion, MTHFR polymorphism not only increase

risks for diabetes, cardiovascular diseases, and various
cancers, but also increase the risk for various psychiatric
diseases. For example, as we described above that MTHFR
polymorphism is associated with early onset of schizo-
phrenia and the severity of depressive symptoms in MDD.
This is important since neurotransmitter imbalances
hypotheses are still the main streams for schizophrenia
and MDD. Understanding alternative mechanisms of
psychiatric diseases will not only provide potential bio-
markers for specific psychiatric diseases, but also new
targets for antipsychotic drug development. Due to sig-
nificant controversial findings in MTHFR mutation and
DNA methylation in both healthy populations and psy-
chiatric patients, investigation of MTHFR activity in
peripheral samples might be important. As yet, the rela-
tionships between enzymatic activity and mutation of
MTHFR have been reported in general healthy and
mental retardation populations as well as in animals, no
studies have been found in clinical test of MTHFR activity
in psychiatric patients88–90. In addition, there are still
some shortages on MTHFR mutation and psychiatric
disease studies. Except for C677T and A1298C, there were
little studies on other SNPs as well as the effect of mul-
tiple SNPs on the diseases which may also affect MTHFR
activity.

Clinical treatment strategy for MTHFR-related psychiatric
disorders
As MTHFR plays a critical role in one-carbon meta-

bolism, which is composed of folate, homocysteine, vita-
min B12, and methylation of DNA, mutation of specific
gene locus on MTHFR and correlative enzyme activity
decline will affect various of physiological events as well as
some pathology states, including psychiatric disorders.
Whether we could cope with gene mutation and enzyme
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activity damage using folate one-carbon metabolism
strategy as clinical treatment for MTHFR-related psy-
chiatric disease? Some studies showed some interesting
possibilities. For example, studies of healthy females
found that the low level of serum folate in 677TT geno-
type is associated with an increase in homocysteine con-
centration and DNA hypomethylation91,92, which reveals
the association between MTHFR C677T polymorphisms
and nutrient status. As food is a major resource for folate,
studies reported that low folate level due to unbalanced
diet is associated with higher prevalence on schizo-
phrenia, particularly in infants with maternal nutritional
deficiency11,93. Another study exploring the association
between folate and symptoms of schizophrenia indicated
that low folate was associated with negative symptoms
severity in schizophrenia subjects94. One possible role of
folate in mental health is its action on DNA methylation
and gene expression which have been wildly reported in
human psychiatric disorders.
As MTHFR polymorphisms-induced MTHFR activity

decline is irreversible, clinicians tried to use supplement
of folate to help methylation process and change the
pathogenesis state. For instance, methylfolate supplement
was used for the improvement of psychiatric symptoms95,
while folate supplementation showed reduction of the
incidence of neural tube defects which reduces the inci-
dence of schizophrenia96. Although there is no evidence
that supplements are helpful in the treatment of psy-
chosis in general, based on the published studies, we
believe that if we can detect MTHFR polymorphism in
individuals with various psychiatric diseases, we might be
able to differentiate those MTHFR-related psychiatric
patients from non MTHFR deficient patients and develop
specific clinical treatment strategies, such as folate or
methylfolate supplement to reverse the symptoms. In
summary, due to the higher frequency of MTHFR poly-
morphism in various psychiatric disease, supplement of
folate and cobalamin might be critical when patients with
MTHFR deficiency. MTHFR deficiency-related psychia-
tric diseases should be identified and might be able to be
treated with targeted supplement for the diseases and
related symptoms.

Conclusions
Increasing evidence demonstrated that MTHFR poly-

morphism including C677T and A1298C is associated
with psychiatric diseases. The MTHFR gene polymorph-
ism is linked to onset, clinical symptoms, prevalence as
well as response to treatments. The influence of MTHFR
on psychiatric diseases is mainly through reduction of
MTHFR activity which results in elevation of homo-
cysteine, reduction of DNA methylation-dependent
methyl donor, finally induces hypomethylation, and then
active disease-related genes. However, some age- and cell

type-specific methylation seems independent from
MTHFR polymorphism. MTHFR mutation also can
increase environmental risks for psychiatric disorders,
such as MDD through interaction between genetic and
epigenetic factors. Investigation of MTHFR in psychiatric
diseases has important clinical implications, such as
identification role of MTHFR and its genotypes in the
psychiatric patients who respond or not respond to tra-
ditional pharmacological treatment for personalized
treatment management of psychiatric diseases.
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HYPERSENSITIVITY TO VACCINATION

The purpose of a vaccine is to induce immunity by means of the reaction of the immune system and for that reason its
administration can give rise to certain undesired effects.

It should be remembered that all drugs, including vaccines, are not exempt to cause mild, moderate or serious adverse
reactions during their administration. There are certain factors intrinsic to the product, genetic, immune and environmental
factors that can interact with each other and, therefore, interfere in the individual response of each person with its
administration.

Vaccines, unlike other medicines, are administered to healthy people with a preventive purpose and therefore it is
necessary an optimum safety profile of the drug. In addition, it is important to know the precautions and contraindications
of each vaccine in order to avoid risks in the vaccinated population.

Most of the adverse effects produced by vaccination are mild and transient, linked to local reactions that are limited to
transient pain, swelling and/or redness in the area of administration.

The adverse reactions that can appear after the vaccination, are classified according to the WHO, in the following groups.

Reactions induced by vaccination:

Local and systemic (fever, irritability, malaise, systemic symptoms, headache, arthralgia). These adverse reactions can be
subdivided into common reactions that are usually mild, and rare that can be more serious (seizures, type I
hypersensitivity reactions and II, neurological reactions, thrombocytopenia).

Reactions due to defects in the quality of the vaccine:

Due to the intrinsic characteristics of the vaccine, the maintenance in optimal conditions of the preservatives, antibiotics
and other substances that allow its stabilization.

Reactions due to program errors (storage, transport, handling or administration)

Reactions due to anxiety for the same act of vaccination:

Vasovagal syncope is described as a secondary reaction at the time or after the application, due to a feeling of fear to the
application of an injectable.

In order to cope with this situation, there is an important educational, preventive and surveillance function. In addition, the
knowledge of the intrinsic characteristics of the person, together with the genetic susceptibility of the same, can help in
the resolution of these reactions, with their identification and anticipation, contributing the opportune measures in each
moment.

Identifying the genetic factors associated with the adverse effects, would allow a screening and knowledge prior to the
administration of vaccines, which could stratify and foresee the individual susceptible effects in order to optimize and
resolve them.

GENE OR REGION STUDIED
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all drugs, including vaccines, are not exempt to cause mild, moderate or serious adverse reactions during their administration. There are certain factors intrinsic to the product, genetic, immune and environmental factors that can interact with each other and, therefore, interfere in the individual response of each person with its administration.

knowledge of the intrinsic characteristics of the person, together with the genetic susceptibility of the same, can help in the resolution of these reactions, with their identification and anticipation, contributing the opportune measures in each moment.

Identifying the genetic factors associated with the adverse effects, would allow a screening and knowledge prior to the administration of vaccines, which could stratify and foresee the individual susceptible effects in order to optimize and resolve them.
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Key Findings: The association between assisted 

reproductive technology and autism spectrum 

disorder 

Researchers have published new studies looking at the relationship 

between assisted reproductive technology(ART) and autism spectrum 

disorder (ASD) among a group of children born in California between 1997 and 

2007. The key findings from each study are highlighted below. These findings 

are important for researchers, healthcare providers, and public health 

professionals as we strive to better understand what factors put children at 

risk for ASD. 

Does assisted reproductive technology increase the risk for autism spectrum disorder1? 

 Overall, children conceived using ART were about two times more likely to be

diagnosed with ASD compared to children conceived without using ART.

5.E.1.A https://www.cdc.gov/ncbddd/autism/features/artandasd.html
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 Evidence suggests that for pregnancies conceived with ART, the increased risk

for ASD is, in large part, due to the higher likelihood of adverse pregnancy and

delivery outcomes. In other words, using ART may lead to factors that are

known to put children at risk for ASD, such as being born a twin or multiple

(triplets, quadruplets, etc.), being born too early, or being born too small.

 More research is needed to explore what exactly underlies the observed

relationship between ART and ASD.

 However, these findings suggest that single embryo transfer, where

appropriate, may reduce the risk of ASD among children conceived using ART.

You can read the abstract of the article here.External 

Does type of ART procedure impact the relationship between assisted reproductive 

technology and autism spectrum disorder2? 

 Among children conceived using ART, about 0.8% of those born as singletons

(only one baby carried during the pregnancy) and about 1.2% of those born as

a twin or multiple were diagnosed with ASD.

 Children conceived using ART were more likely to be diagnosed with ASD

if intracytoplasmic sperm injectionExternal (ICSI) was used compared to

conventional in vitrofertilizationExternal. ICSI and in vitro fertilization are

procedures in which fertilization (a sperm entering an egg) occurs outside of

the body; ICSI occurs by injecting a sperm directly into an egg while in

vitro fertilization involves mixing sperm with eggs in a laboratory dish and

allowing fertilization to occur.

 More research is needed to explore what exactly underlies the observed

relationship between ICSI and ASD.

You can read the abstract of the article here.External 

Does autism diagnosis age or symptom severity differ among children according to 

whether ART was used to achieve pregnancy?3 

 Among children receiving services for autism, children who had been

conceived using ART had a lower median age of autism diagnosis (3.3 years)

than those who were not conceived using ART (4.0 years).

 Despite being identified earlier, the children who had been conceived using

ART were less likely to have co-occurring intellectual disability or to be

https://www.cdc.gov/art/patientresources/transfer.html
http://www.ncbi.nlm.nih.gov/pubmed/25790396
https://www.cdc.gov/ncbddd/autism/features/artandasd.html#ref
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http://www.nlm.nih.gov/medlineplus/ency/article/007279.htm
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classified as having the most severe deficits in communication and social 

functioning than children who were not conceived using ART. 

 The differences in autism diagnosis age were largely accounted for by socio-

demographic differences between ART-conceived and non-ART-conceived

children, and the differences in autism symptom severity were entirely

accounted for by socio-demographic differences between the groups.

 These findings indicate that earlier identification of autism in children

who come from more advantaged families and exhibit less severe autism

symptoms contributes to the ART-autism association observed in the overall

population. This is likely due to more advantaged families having greater

access to ART services.

You can read the abstract of the article here.External 

More About These Studies 

These studies used one of the largest population-based datasets on ART. 

Specifically, these studies examined data obtained from three sources: the 

California Birth Master Files, the California Department of Developmental Services 

autism caseload records, and CDC’s National ART Surveillance System. These 

datasets included a total of almost 6 million births, including almost 50,000 

children conceived through ART. A key advantage of this study is its large size, 

which provides more confidence in the results than previous studies that looked 

at relationships between ART and ASD. 

More Information 

 To learn more about assisted reproductive technology and CDC’s work on this

issue, please visit www.cdc.gov/ART.

 To learn more about autism spectrum disorder and CDC’s work on this issue,

please visit www.cdc.gov/Autism.
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Abstract: Previous findings on relationships between infertility, infertility therapies, and 

autism spectrum disorders (ASD) have been inconsistent. The goals of this study are first, 

to briefly review this evidence and second, to examine infertility and its treatments in 

association with having a child with ASD in newly analyzed data. In review, we identified 

14 studies published as of May 2013 investigating infertility and/or its treatments and 

ASD. Overall, prior results showed little support for a strong association, though some 

increases in risk with specific treatments were found; many limitations were noted. In new 

analyses of the CHildhood Autism Risk from Genetics and the Environment (CHARGE) 

population-based study, cases with autism spectrum disorder (ASD, n = 513) and controls 

confirmed to have typical development (n = 388) were compared with regard to frequencies 

of infertility diagnoses and treatments overall and by type. Infertility diagnoses and 

treatments were also grouped to explore potential underlying pathways. Logistic regression 

was used to obtain crude and adjusted odds ratios overall and, in secondary analyses, 

stratified by maternal age (≥35 years) and diagnostic subgroups. No differences in infertility, 

infertility treatments, or hypothesized underlying pathways were found between cases and 

controls in crude or adjusted analyses. Numbers were small for rarer therapies and in 
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subgroup analyses; thus the potential for modest associations in specific subsets cannot be 

ruled out. However, converging evidence from this and other studies suggests that assisted 

reproductive technology is not a strong independent risk factor for ASD. Recommendations 

for future studies of this topic are provided. 

Keywords: infertility; autism; ASD; assisted reproductive technology; infertility therapies 

1. Introduction

Autism spectrum disorders (ASD) are developmental conditions characterized by restrictive,

repetitive behaviors and deficits in communication and social interaction. Though genetic factors are 

known to be involved in the etiology of ASD, research demonstrates that environmental factors play a 

crucial role as well [1,2]. For example, congenital rubella [3], or maternal use of thalidomide [4] or 

valproic acid [5] during pregnancy can lead to autistic behaviors in the offspring, and many pre- or 

perinatal maternal factors, including obstetric complications and gestational diabetes, have been 

associated with ASD [6,7].  

A number of studies have investigated maternal infertility, typically defined as failure to get 

pregnant after 12 months or more of unprotected intercourse without success [8], and use of infertility 

treatments in association with ASD. These factors are attractive targets, given the trend over recent 

decades toward increased parental age (which has been associated with both use of infertility 

treatments and having a child with ASD), and the parallel rises in use of infertility treatment and in ASD 

prevalence [9–11]. In addition, infertility and its treatments are plausible risk factors for ASD, given 

potential unknown biological effects. While the majority of prior work has suggested the general 

safety of infertility treatments [12], associations with multiple births, low birth weight, pre-term birth, 

and less consistently, birth defects and cerebral palsy, raised concerns and questions regarding other 

developmental conditions [13–15]. The first study to suggest an association with ASD reported a 

higher prevalence of infertility in mothers of children with ASD; however, the study size was small, and 

analyses were not adjusted for possible confounders [16]. Two larger, more recent studies reported no 

association between infertility and ASD [17,18]. However, few studies have examined types of infertility 

and a range of different therapies. The potential role of confounding by indication, though difficult to 

determine without extremely large numbers, has also not been adequately addressed in this field. 

Although some reports have suggested an increased risk of ASD or, more broadly, developmental 

delays with use of infertility treatments, types of therapies assessed and definitions used vary by 

study [16,19–22]. Associations with ASD and/or developmental delays have been reported for 

intracytoplasmic sperm injection (ICSI) [20], in vitro fertilization (IVF) [19,22], and ovulation 

drugs [17,18]; one study reported a decreased risk of ASD with assisted conception [23], while a 

number of other studies have found no evidence of increased risk of ASD with use of assisted 

reproductive technologies [24–27]. However, most prior studies have been case-control studies relying 

on retrospective reports, without rigorous confirmation of exposures, and many have only provided 

results for ASD grouped with other conditions, and/or have had very small case numbers, limited 

information on types of exposures, and did not adjust for potential confounders [20,22,24,26,27]. 
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Other studies [17,18,28] have identified associations only in subgroups, and have adjusted for different 

sets of covariates, including in some studies adjustment for potential intermediate factors on the pathway 

between therapies and ASD. Adjustment for intermediate factors changes the research hypothesis as 

well as the types of covariates that require control; thus, the interpretation and stability of the 

associations from such analyses deserve further scrutiny. A summary of studies published through 

May 2013 that have included report of these topics is provided in Table 1. 

The underlying causes of potential associations between infertility treatments and ASD have not 

been carefully examined, but may include influences of the medications or procedures themselves, 

of underlying infertility etiology, or the integrity of the utero-placental unit in the resulting pregnancies. 

For instance, reproductive hormone imbalances are central to certain types of infertility, and are 

indications for treatments such as the use of ovulation induction drugs. A link between hormonal 

factors and ASD has been suggested through hypotheses about fetal testosterone [29] and evidence for 

increased risk with higher maternal BMI and earlier age at menarche [30], two endocrinologically 

related factors. Inflammation is also thought to cause a number of types of infertility, including tubal 

damage from endometriosis or infection, and there is emerging evidence of an etiologic role of the 

immune system in autism [31]. Infertility due to maternal reproductive tract anomalies, as well as male 

issues, has not been previously examined in association with ASD, but each of these could point to a 

common upstream genetic factor or condition. Only one large study has investigated multiple types of 

infertility in association with ASD while examining effects of infertility treatments as well; no 

associations with infertility were found in that investigation [17]. Another study examined infertility 

due to male or female factors only, but did not have the numbers to examine male-factor infertility 

alone [28]. 

The evidence to date is inadequate for drawing conclusions about the relationship between 

infertility, its treatments, and ASD. In particular, there is a need for studies the utilize rigorous 

methods for diagnostic and exposure confirmation, adjust appropriately for confounders, and provide 

information on a wide range of specific infertility diagnoses and treatments. To address these gaps, 

we sought to examine whether different types of infertility and treatments for infertility were 

associated with ASD in a population-based case-control study with clinically confirmed diagnoses. 

We also examined potential underlying pathways in exploratory analyses. Based on prior work, 

we hypothesized that associations with ASD would differ according to type of treatment, and that those 

related to hormonal and inflammatory factors would show increased risk in association with ASD. 

Because our study could not address all questions and all limitations of prior studies on this topic, such 

as confounding by indication and examination of effects of very rare treatments and diagnoses on ASD 

risk, in addition to reviewing the literature and conducting our own analyses, we also provide 

recommendations and novel frameworks for future studies of infertility and its treatments in 

association with ASD. 
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Table 1. Summary of prior studies of infertility and/or infertility therapies and Autism Spectrum Disorders 
1
.

Ref. Study type ASD n Exposure Relevant finding(s) Comments 

[16] Case-control Unknown 

ASD n 

Report of infertility Significant increase in report of infertility 

among parents of patients included, and 

increased prevalence of gestational 

exposure to progesterone/estrogen 

compounds in patients. 

No specific results or case numbers for ASD; 

61 patients with autism and schizophrenia. Used external control 

sources from previous surveys. Results not adjusted for potential 

confounders. 

[20] Case-control 3 ICSI, IVF Higher prevalence of ASD in ICSI group 

compared to overall general population 

prevalence estimate of ASD from that time. 

Study focused on parenting stress and child health-related quality of 

life, but reported 3 of 87 ICSI patients had ASD. No adjusted 

analyses. 

[15] Meta-analysis Multiple 

studies 

Assisted conception Inconsistent results for ASD, 

insufficient data. 

No summary measure presented for ASD. See below for further 

description of included studies. 

[17] Cohort 6,619 IVF with or without 

ICSI, OID with or 

without insemination 

No significant association with overall 

assisted conception in adjusted analyses; 

significant association with medications 

containing follicle stimulating hormone.  

OR = 1.44 (95% CI 1.16, 1.80) 

Largest sample size to date, population based. Primary findings in 

female offspring and for ovulation drugs. Adjustment for 

downstream consequences (gestational age, multiplicity) of 

exposure may have attenuated associations. Incomplete information 

on types of therapies. 

[18] Nested

case-control

507 Infertility, ART, IVF, 

AI, OID 

No significant associations with treatments 

or infertility overall, but AI and OID 

associated in subgroups. 

Nested case-control within the Nurses‘ Health Study II cohort.  

AI and OID were associated with ―milder forms‖ of ASD  

(Asperger syndrome and PDD-NOS) among an advanced maternal 

age (≥35years) subgroup. Information on AI was collected only 

through open-ended question. 

[28] Nested

case-control

370 Infertility, infertility 

medications 

(including OID), IUI 

No association with infertility or treatments 

in singletons, but increased risk associated 

with infertility, medications, and IUI in 

multiple births. 

Nested case-control within members of Kaiser Permanente 

Northern California. Small sample size and wide confidence 

intervals for analysis of multiples; lack of detailed data on other 

treatment types.  

The studies below were included in the Hvidtjørn et al. meta-analysis [15] 

[23] Case-control 461 autism Assisted conception Decreased risk of autism among those with 

assisted conception (adj OR = 0.37, 95%CI 

0.41, 0.98) 

Adjustment for potential downstream factors, including parity, birth 

weight, and birth defect, may have biased results.  

Only 10 exposed cases. 
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Table 1. Cont. 

Ref. Study type ASD n Exposure Relevant finding(s) Comments 

[19] Retrospective

cohort

unknown 

ASD n 

IVF OR for behavioral disorders comparing 

children born after IVF to controls:  

1.68 (95% CI 1.11, 2.53).  

No specific results or case numbers for ASD. ASD grouped in 

general ‗Behavioral disorders‘ (n = 336 total). Control group 

consisted of mothers with OID use but no IVF. Adjusted for 

mother‘s socioeconomic position. 

[21] Case-control 206 autism Infertility 

requiring medical 

intervention 

Infertility more frequent in autism 

probands but not significant by  

Chi-squared test. 

Retrospective reporting. Adjusted results for infertility alone not 

reported. Analyses focused on obstetric sub-optimality scores rather 

than individual influence of infertility; no information on  

infertility therapies. 

[25] Retrospective

cohort

762 PDD IVF No increased risk of PDD (ICD-10 

diagnostic code F84) in IVF compared to 

non-IVF children (Rate ratio 1.2, NS). 

Information from Danish registry over period of  

7 years. Diagnostic priority for imprinting disorders given if >1 

diagnosis in registry. Results not adjusted for potential confounders. 

[27] Retrospective

cohort

19 autism 

3 Asperger‘s 

IVF and ICSI No difference in risk of autism or 

Asperger‘s in IVF/ICSI exposed vs. 

unexposed. 

Small number of ASD cases. Adjusted results for ASD alone 

not shown. 

[26] Retrospective

cohort

5 ASD IVF and ICSI No differences in neurological disabilities 

between IVF/ICSI twins and unexposed. 

Small number of ASD cases. 

[24] Retrospective

cohort

unknown 

ASD n 

IVF OR comparing IVF exposed to unexposed 

for ―developmental disturbance‖  

non-significant.  

No specific results or case numbers for ASD. Focused on hospital 

care utilization after IVF; 20 cases in developmental disturbance 

group, which appears to have included PDDs and others. 

[22] Case-control unknown 

ASD n 

IVF Children born after IVF higher risk of 

―suspected developmental delay‖ 

compared to controls. 

No specific results or case numbers for ASD. Reported results for 

6 most common groups of disorders, including ―suspected 

developmental delay‖; ASD presumably combined in with ―other 

diagnoses‖ for which no adjusted OR were calculated. 

1 Table includes studies published as of May 2013. ASD = Autism spectrum disorder; PDD = Pervasive developmental disorder; IVF = In vitro fertilization; 

ART = Assisted reproductive technology; ICSI = Intra-cytoplasmic sperm injection; AI = Artificial insemination; IUI = Intrauterine insemination; 

OID = Ovulation-inducing drugs. 
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2. Experimental Section

2.1. Study Population 

Participants in this study are part of CHildhood Autism Risk from Genetics and the Environment 

(CHARGE), an on-going, large, population-based case-control study drawn from several regions of 

California; the details of the study have been previously described [32]. Briefly, all participating 

children are: (a) 24–60 months at the time of enrollment, (b) live with at least one biological parent, 

(c) have a parent who speaks English or Spanish, (d) born in California, and (e) live in the specified study

catchment areas. We identified children with autism through the California Department of Developmental 

Services (DDS) and healthy controls through state birth files. Controls were frequency-matched on 

age, sex, and geographic area to autism cases. We confirmed DDS diagnoses of autism with the 

Autism Diagnostic Observation Schedule (ADOS) and Autism Diagnostic Interview-Revised (ADI-R), 

conducted within a few months of recruitment. All clinicians conducting assessments have achieved 

research reliability on the instruments they administer. We used the following definition for ASD 

diagnoses: meeting criteria on either the communication or social interaction domain of the ADI-R, 

with onset before 36 months; either meeting or being within 2 points of meeting criteria in the other 

domain of the ADI-R; and meeting the ASD cut-off for social and communication totals of the ADOS. 

In the children recruited as general population controls, the Social Communication Questionnaire 

(SCQ) was used to screen for autism, with a cut-off score of 15; any children scoring above this point 

were administered the ADOS and ADI-R (and were not included as controls). For the current analysis, 

controls, designated ―typically developing‖ (TD), were defined as children recruited from the general 

population meeting all of the following criteria: (a) a score of 14 or lower on the SCQ (b) a score 

of 70 or higher on the Mullen Scales of Early Learning (MSEL), and (c) a score of 70 or higher 

on the Vineland Adaptive Behavior Scales (VABS). We included only those children meeting these 

clinical-assessment cut-offs for ASD or TD (70 cases and 29 controls did not meet these criteria and 

were excluded for these analyses). Of remaining children, 30 individuals (23 cases and seven controls) 

missing infertility and infertility treatment information were further excluded, leaving a total of 

918 individuals for these analyses.  

2.2. Exposure Information 

Information on fertility therapies was collected through a telephone administered interview with the 

mother, known as the Environmental Exposures Questionnaire (EEQ), through prenatal and infertility 

clinic medical record abstraction, and through a supplemental telephone interview related solely to 

infertility issues, used when medical records were not available but infertility or treatments were 

reported. Thus, both medical record and self-reported information were used to define the exposures of 

infertility and its treatments in primary analyses; among those defined as exposed, 71% had infertility 

noted in medical records and 81% had infertility treatments noted. 

All interviews were conducted in English or Spanish by trained personnel. For self-reported 

information, participants were asked: ―Before you became pregnant with (CHILD), was there was 

there a period of 12 months or more when you had regular intercourse without using any method to 

prevent pregnancy and did not become pregnant?” Self-reported infertility was defined according to 
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endorsement of this question. Participants were also asked: “Have you or your partner used any 

procedure or medication to help you get pregnant with (CHILD)?‖, with detailed probes about different 

types of therapies, surgeries, and medications for both male and female treatments. Endorsement of 

any of these treatments was defined as any self-reported infertility treatment (a full list of treatments 

and medications queried is provided in the Appendix). We used the Center for Disease Control and 

Prevention definition for assisted reproductive technology (ART): any procedure that involves 

manipulation of both the egg and sperm [33].  

For medical record information, we requested maternal prenatal records from the providers of all 

mothers (not just those self-reporting infertility or treatments), and reviewed all records received for 

presence of infertility diagnoses and treatments. The majority of the study group (73% overall and 

77% among cases) had medical records available. For women who disclosed fertility problems and/or 

treatments either on their list of medical providers or in their interview responses, we also requested 

records from infertility specialists. An obstetrician/gynecologist (CW) reviewed prenatal medical records 

and medical records from specialists, and contacted participants to resolve discrepancies between 

responses in interviews and recorded exposures in (or omitted from) medical records if inconsistencies 

arose; however, the majority of women with both sources of exposure status had consistent information.  

Infertility treatments were categorized as use of any type (binary variable) and individually by 

specific treatment: ART, use of ovulation—inducing drugs (OID), artificial insemination (AI), female 

surgical procedures, or male only procedures. Infertility diagnosis was also examined as any diagnosis, 

as well as by the following specific diagnoses: endometriosis, tubal factor, uterine factor, male factor, 

diminished ovarian reserve, ovulatory dysfunction, poly-cystic ovarian syndrome (PCOS), and 

unexplained infertility. Infertility diagnoses were also grouped into the following categories for 

analysis: (1) uterine factor infertility, fibroids, and ovarian cysts (the ―structural infertility‖ group); 

(2) PCOS, anovulation, irregular periods (the ―hormonal infertility‖ group); (3) cervical or tubal factor

infertility, endometriosis (the ―inflammatory infertility‖ group); and (4) male factor infertility and 

factors related only to sperm (the ―male factor infertility‖ group). In exploratory analyses, we created 

groups based on potential underlying pathways that might link ASD to either treatments or infertility 

diagnoses and problems noted in medical records. If medical records were not available, we made 

assumptions based on the type of treatment given as to the underlying indication. The pathway variable 

for these analyses was defined using four categories: (1) Structural group: uterine factor infertility, 

fibroids, ovarian cysts, and the surgical procedures used to repair them; (2) Hormonal group: PCOS, 

anovulation, irregular periods; and treatments of hormones or medications to influence ovulation or 

sex steroid hormone levels (i.e., OID without IVF or ART procedures noted); (3) Inflammatory group: 

underlying conditions thought to arise from or be associated with inflammation: cervical and tubal 

factor infertility, endometriosis, and typical treatments for these conditions—IVF and use of injectable 

―heavy duty‖ OIDs; and finally, (4) Male-factor group: male-factor infertility and treatments only 

without female issues—male surgeries and medications, sperm washing, sperm aspiration procedures, 

intrauterine insemination (IUI), or intracytoplasmic sperm injection (ICSI). For both the pathway 

variable and the grouped infertility diagnosis variable, for any individuals with multiple treatments or 

diagnoses, we classified according to the most invasive issue to obtain mutually exclusive categories. 
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2.3. Statistical Analyses 

We compared basic frequencies of infertility therapies and diagnoses between cases and controls, 

and conducted Chi-squared tests to compare the odds of ASD across exposure groups. Multivariable 

regression models were used to determine the association between the following factors and ASD: 

(1) infertility, (2) infertility therapies; and (3) hypothesized pathways. Analyses of infertility compared

those with any infertility to those without. Due to the low prevalence of individual infertility diagnoses, 

we used the grouped infertility variable to examine different types of infertility; in these analyses, 

indicator variables were created for each of the 4 infertility groups described above, as well as one for 

unexplained or other infertility for individuals not fitting within any other grouping; the referent group 

was again those with no infertility. Parallel analyses were conducted for infertility therapies, 

comparing those with any infertility to those without. Analyses of individual infertility therapies with 

sufficient numbers compared those with that particular treatment to those without it (but who may have 

received others). The pathway analysis used those with no treatments or infertility as the referent 

group, with indicator variables for the other categories.  

For all regression models, we report the associations in odds ratios for ASD vs. TD, and their 95% 

confidence intervals. We used logistic regression, and examined adjustment for the following potential 

confounders (in all analyses), based on a priori knowledge: maternal and paternal age (continuous 

variables), maternal race/ethnicity (white, Hispanic, and other), maternal education (4 categories), 

insurance payment for delivery (public vs. private), birth order (ordinal variable), pre-pregnancy 

smoking status (yes/no for regular smoking prior to pregnancy), and pre-pregnancy BMI (5 categories). 

Assessments of individual fertility therapies also considered further adjustment for use of other 

therapies (binary indicator). In selection of covariates, we examined variance inflation factors and 

correlation of covariates to avoid multicollinearity. All models also adjusted for the study matching 

factors (child‘s age, sex, and geographic region).  

In further analyses, we adjusted for potential biases arising from differential participation rates 

using weighted conditional logistic regression in Proc Survey Logistic. The weights were proportional 

to the inverse-probability of participation (based on recruitment group, regional area at recruitment, 

maternal education level, age, country of birth, insurance status at child‘s delivery, and child 

race/ethnicity) to enhance generalizability to the source population.  

In secondary analyses, we examined associations among mothers aged 35 or older at delivery, and 

by diagnostic subgroup (autistic disorder and broader ASD). In sensitivity analyses, as our exposures 

were defined according to both self report and medical record sources, we compared results of exposures 

classified according to each of these sources of information in isolation.  

3. Results

These analyses included 537 ASD cases and 381 TD controls. Parents of children with an ASD

were slightly older than TD control parents, and case mothers were slightly more likely to have had a 

history of smoking; other demographic and lifestyle factors were similar between the groups (Table 2).  
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Table 2. Basic characteristics of the study population (n = 918). 

ASD cases 
n = 537 
n (%) 

TD Controls 
n = 381 
n (%) 

Maternal age 

<25 

25–29 

30–34 

35+ 

79 (15%) 

144 (27%) 

168 (31%) 

146 (27%) 

66 (17%) 

85 (22%) 

139 (36%) 

91 (24%) 

Paternal age 

<25 

25–29 

30–34 

35+ 

Missing 

44 (8%) 

105 (20%) 

161 (30%) 

219 (41%) 

8 (1.5%) 

47 (12%) 

59 (16%) 

129 (34%) 

144 (38%) 

2 (0.5%) 

Birth order 

Firstborn 249 (46%) 159 (42%) 

Multiple birth 27 (5%) 16 (4%) 

Insurance information 1 

Government Program 

Insurance  

Missing 

102 (19%) 

435 (81%) 

0 

56 (15%) 

322 (85%) 

3 (0.5%) 

Male child 2 461 (86%) 318 (83%) 

Race 

Caucasian/White 

African American 

Asian 

Hispanic 

Other 

319 (59%) 

18 (3%) 

41 (8%) 

133 (25%) 

26 (5%) 

243 (64%) 

11 (3%) 

26 (7%) 

79 (21%) 

22 (6%) 

Education 

High school or less 

Some college 

College degree 

Graduate degree 

Missing 

76 (14%) 

218 (41%) 

158 (29%) 

82 (15%) 

1 (0.2%) 

57 (15%) 

125 (33%) 

139 (36%) 

59 (15%) 

0 (0.3%) 

Autoimmune disorders 3 33 (6%) 30 (8%) 

Gestational diabetes 58 (11%) 29 (8%) 

BMI (pre-pregnancy) 

<20 

20–24 

25–29 

30+ 

67 (12%) 

269 (50%) 

123 (23%) 

78 (15%) 

45 (12%) 

204 (54%) 

91 (24%) 

41 (11%) 

History of smoking 4 120 (23%) 64 (18%) 

History of infertility 5 55 (10%) 39 (10%) 

Infertility treatment for index birth 6 49 (9%) 33 (9%) 

History of infertility treatment (any) 7 53 (10%) 38 (10%) 

1
 Method of payment at time of delivery of child. 

2
 Male children were over-selected to match the sex ratio for 

autism. 
3
 Self-report of any autoimmune disorder.

 4
 Regular smoking at any point prior to child‘s birth. 

5
 Overall, 

75% of the total study group had medical records available; of those self-reporting infertility, 86% had medical 

records available; of these, 65% had infertility noted in the available record. 
6
 Of those self-reporting infertility 

treatments, 84% had medical records available; of these, 77% had treatments confirmed in records. As noted in the 

text, because we defined exposures according to both medical records and self-reported information, the overall 

percent noted in medical records among those defined as having infertility or treatments was 71% and 81% 

respectively. 
7
 Includes use in any previous cycle (16 individuals, including 5 ASD cases, 8 TD, and 3 DD; 

information on previous use was not specifically asked in self-report questionnaire and was usually not available 

from medical records, but was noted when reported or recorded).  
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Nine percent of both ASD cases and TD controls had used at least one type of infertility treatment 

for the index birth. Numbers were small for rarer types of therapies, but overall, frequencies were 

remarkably similar between the ASD and TD groups (Table 3). The ASD case group also did not differ 

from TD controls by infertility diagnosis or according to hypothesized pathways.  

Table 3. Infertility and infertility treatments by case status. 

ASD cases 

n = 537 

n (%) 

TD Controls 

n = 381 

n (%) 

Infertility diagnoses 

Any infertility 55 (10%) 39 (10%) 

Diminished Ovarian Reserve 1 (0.2%) 0 

Endometriosis 3 (0.6%) 1 (3%) 

Ovulatory dysfunction 7 (1%) 6 (2%) 

Tubal factor 8 (1.5%) 3 (1%) 

Uterine factor 1 (0.2%) 2 (0.5%) 

Male factor 6 (1%) 3 (0.8%) 

Unexplained 11 (2%) 8 (2%) 

Other 16 (3%) 14 (4%) 

No diagnosis information 17 (3%) 13 (3%) 

Multiple diagnoses 12 (2%) 8 (1%) 

Infertility treatments 

Any treatment 49 (9%) 33 (9%) 

ART 14 (3%) 12 (3%) 

IVF 13 (2%) 12 (3%) 

ICSI 4 (0.7%) 6 (1.5%) 

GIFT, ZIFT, or TET 1 (0.2%) 0 

Donor egg, sperm, or embryo 6 (1%) 2 (0.5%) 

Frozen egg, sperm, or embryo 6 (1%) 0 

Artificial Insemination 12 (2%) 11 (3%) 

Male Procedures 9 (3%) 4 (2%) 

Surgeries 1 18 (3%) 8 (2%) 

Any OID 28 (5%) 25 (7%) 

OID-clomiphene citrate 17 (3%) 19 (5%) 

OID-injections 14 (3%) 13 (4%) 

FSH 8 (2%) 10 (3%) 

hCG 3 (0.6%) 2 (0.6%) 

Progesterone 26 (5%) 21 (5%) 

GnRH agonsist 14 (3%) 11 (3%) 

Post-fertilization medications 2 23 (4%) 23 (6%) 

FSH = follicle-stimulating hormone; hCG = human chorionic gonadotropin; GnRH = gonadotropin-releasing 

hormone; other acronyms defined in Table 1, the text, and/or Appendix List of Infertility Procedures and 

Treatments Queried.
1
 Female surgeries for problems affecting ability to get pregnant: removal of fibroids, cysts, or 

endometriosis. 
2
 Includes progesterone, heparin, and aspirin to improve implantation.  
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In adjusted analyses comparing ASD cases to TD controls, fertility therapies and infertility 

continued to show no association with odds of ASD (Table 4). Overall, odds ratios were all close to 1 

(OR for overall infertility treatment use = 1.16, 95% CI 0.70, 1.93), though for certain therapies, 

confidence intervals were imprecise due to small numbers. In particular, any male treatment had only 

nine exposed cases in the primary analysis, and while similar point estimates were similarly elevated 

across subgroup analyses for this treatment type (OR approaching 2), these results were not significant. 

Contrary to our hypotheses, no differences were noted according to hypothesized underlying pathways 

(Appendix, Table S1). Results were similar across models tested, including in weighted (Model 3, 

Table 4) and unweighted (Model 2, Table 4) analyses, and did not materially change when using 

reduced models including only maternal age, child year of birth, and matching factors, or conversely, 

when considering further adjustment for pre-pregnancy smoking and BMI, which have been associated 

with both the exposures and outcome under study in some investigations [30,34–36].  

Table 4. Odds of ASD according to infertility and treatments. 

Exposed 

case n 

Model 1 
1

Model 2 
2

Model 3 
3

Infertility 

Any Infertility 55 0.97 (0.62, 1.53) 1.00 (0.62, 1.60) 1.04 (0.64, 1.69) 

Grouped Infertility Diagnoses 

No infertility 

Hormone issue 

Inflammation issue 

Male issue 

Other or unknown issue 

475 

17 

12 

6 

19 

1.0 

1.35 (0.57, 3.19) 

0.65 (0.26, 1.62) 

1.28 (0.34, 4.75) 

1.09 (0.52, 2.27) 

1.0 

1.40 (0.58, 3.36) 

0.65 (0.26, 1.64) 

1.30 (0.34, 4.96) 

1.12 (0.53, 2.35) 

1.0 

1.44 (0.55, 3.80) 

0.67 (0.29, 1.54) 

2.01 (0.65, 6.20) 

1.05 (0.46, 2.37) 

Treatments 

Any infertility treatment 49 1.10 (0.68, 1.80) 1.16 (0.70, 1.92) 1.10 (0.66, 1.83) 

Surgical interventions (female) 18 1.33 (0.55, 3.19) 1.39 (0.57, 3.38) 1.07 (0.49, 2.36) 

ART 14 0.97 (0.43, 2.19) 1.06 (0.46, 2.44) 1.20 (0.46, 3.13) 

IVF 13 0.92 (0.40, 2.10) 0.99 (0.42, 2.31) 1.14 (0.43, 3.01) 

OID (any) 28 0.92 (0.51, 1.64) 0.94 (0.52, 1.70) 0.96 (0.52, 1.77) 

OID-pills 17 0.71 (0.35, 1.43) 0.72 (0.35, 1.45) 0.68 (0.32, 1.42) 

OID-injections 14 0.86 (0.39, 1.92) 0.89 (0.39, 2.02) 1.02 (0.44, 2.39) 

Artificial Insemination 12 0.89 (0.38, 2.12) 0.89 (0.37, 2.13) 0.83 (0.34, 2.03) 

Male procedures 9 1.88 (0.55, 6.47) 1.98 (0.57, 6.92) 1.99 (0.34, 11.5) 

Results for other exposures/categories with fewer than 5 individuals were non-significant. 
1
 Includes adjustment for 

matching factors: regional area, child sex and child age. 
2
 Adjusted for: matching factors, maternal and paternal 

age, maternal race and education, and insurance status at delivery. Estimates were very similar when only adjusting 

for maternal age and the matching factors, or with additional adjustment for maternal pre-pregnancy BMI, 

smoking, or birth order. Additional adjustment for use of other therapies in models assessing individual therapies 

further did not materially change results. 
3
 Adjusted as for Model 2, with addition of inverse-probability of sampling 

weights. Removal of demographic covariates from weighted models did not alter results. 

In subgroup analyses among mothers of advanced age (n = 237) and by diagnostic subgroup 

(367 autistic disorder and 170 broader ASD), results were very similar, and again non-significant for 

any associations with infertility and infertility treatments (data not shown; OR for any infertility 

treatment in the advanced maternal age group: 1.20, 95% CI 0.56, 2.59; in the autistic disorder case 



Int. J. Environ. Res. Public Health 2013, 10 3726 

group, the corresponding OR was 1.27, 95% CI 0.73, 2.20). However, it should be noted that numbers 

were small within these groups; only 27 cases used any fertility therapies among the advanced 

maternal age subgroup, with numbers for individual types of therapies around 10 or fewer. Likewise, 

sensitivity analyses utilizing only self-reported information, or only information from medical records, 

also did not demonstrate any significant associations. 

4. Discussion

The results of this case-control study do not provide evidence for an association between fertility

therapies and autism spectrum disorders. We examined a number of different types of therapies and 

conditions underlying the infertility being treated, and overall found remarkable similarity between 

ASD cases and typically developing controls. However, due to the low power to detect subtler effects 

in our study, we cannot exclude the potential for modest associations with rarer therapies or conditions. 

These topics should therefore be further explored in very large studies with standardized outcome 

ascertainment and rigorous exposure information. 

A major strength of this study, and an improvement over a number of prior studies examining 

infertility and/or its treatments in association with ASD, is the confirmation of both case status and 

exposures through rigorous, gold standard measures. All children included in these analyses were 

evaluated at the UC Davis MIND Institute for diagnostic confirmation, and detailed interviews were 

conducted and medical records abstracted (in the majority of the study group) for exposure 

information. In contrast, none of the prior studies examining these factors have confirmed case and 

comparison group status at this level of detail. We also had information on a full range of infertility 

diagnoses and treatments, which is lacking in other studies. Our estimates of frequency of use of a 

wide range of therapies according to ASD status thus fill a needed gap in the literature. Despite using 

retrospective reporting, as had been previously utilized in a number of prior investigations, we also 

collected medical records in a large majority of the group for confirmation. We also carried out a 

thorough confounder identification strategy, whereas many of the prior studies of infertility treatments 

and ASD failed to adjust for even basic sociodemographic risk factors [16,20–22,25,27]. We further 

took advantage of the linkage of all our cases and controls to the population birth files that included all 

non-participants in order to account for potential differential participation (selection bias) through 

weighted analyses, which has not been done in previous case-control studies of this topic. 

However, a number of limitations in our work should be noted. Despite a sample size of nearly 

1,000 mother-child pairs, our study was limited by the relatively rare exposures, leading to small 

numbers in many categories. Thus, while we had sufficient power to detect odds ratios of at least 1.75 

for treatments and diagnoses with prevalence over 5%, power was reduced to detect associations for 

specific therapy types with infrequent use. To date, only Hvitjorn and colleagues [17] have had adequate 

numbers to examine rarer therapies, but unfortunately, they did not have information on many different 

types of treatments. We cannot rule out bias due to participation, a common problem in case-control 

studies, by demographic factors that could be related to the exposures studied here; however, our use 

of sampling weights strove to mitigate any such biases. While we did rely on retrospective reporting, 

between 70–80% of our exposures were confirmed in medical records. Another potential limitation, 

not restricted to our own study, is the definition of infertility itself; how different couples perceive 
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―regular intercourse‖ is open to interpretation, and timing, diet, lifestyle and cultural factors all may 

influence reported infertility in ways not related to hypothesized biological pathways. 

Consistent with our results, the majority of prior work suggests that use of assisted technologies 

does not increase risk of adverse child outcomes (with the notable exceptions of multiple births, 

pre-term birth and low-birth weight). A handful of studies have suggested increased risks of autism, or 

developmental delay, cerebral palsy, and imprinting disorders with use of ART [15,19,22]. However, 

our study and four other investigations [17,18,25,27], including the largest study of ASD and assisted 

conception to date, with over 3,600 cases and approximately 33,000 children exposed to assisted 

conception [17], found no association between ART and risk of ASD specifically. We also did not see 

associations with IVF or other ART subtypes, though numbers were small. Two prior studies have also 

found no association between ASD and IVF or ICSI [25,26], while results from few others have been 

inconsistent for more broadly defined developmental outcomes and ART subtypes [19,22,24,27]. 

For other types of infertility treatments, there is limited information on associations with ASD 

specifically. A handful of prior studies have suggested associations with ovulation drugs or medications 

(three studies, each of which found associations only in different subgroup analyses) [17,18,28], 

specific hormones (two studies) [17,28], and artificial insemination/intrauterine insemination (two 

studies) [18,28]. Specifically, an investigation in the Nurses‘ Health Study II found a significant 

association between ASD and OID in an advanced maternal age subgroup [18], which was a larger 

subgroup than the current study; thus, smaller numbers here could account for the differences seen. 

The Danish study conducted by Hvitjorn and colleagues [17] found significant associations with ASD 

for female offspring exposed to OID as well as for use of follicle-stimulating hormone (FSH)-containing 

medications, while another study saw an association with urofillitropin, a purified form of FSH, only 

among multiple births [28]. Given that FSH-containing medications are indicated for a range of 

underlying problems, the meaning of these findings is not immediately evident. We did not see an 

association with FSH specifically, and a larger investigation than ours will be needed to replicate 

results. Another recent study found no association with a general category of infertility medications 

(that included OID) and ASD among singleton births [28], but did find a significant association among 

multiple births. Our results did not differ in multiple or singleton births, though as in the work by 

Grether and colleagues, exposed numbers among multiples were small, thereby limiting conclusions.  

The Nurses‘ investigation also saw an association with AI, which the CHARGE study did not 

replicate; however, the source of infertility treatment information in the Nurses‘ study was not as 

rigorous as in the current study. We did find increased odds ratios for male treatments in our study; 

though non-significant, use of AI is sometimes indicated for male factors. Again, Grether and 

colleagues‘ study found an association with IUI and ASD only among multiple births but not in 

singletons, providing mixed results. Given that Hvitjorn and colleagues‘ definition of OID included 

use with and without AI, future studies should also investigate AI in association with ASD, both in 

singleton and multiple births. 

Our analyses of these infertility treatments considered adjustment for a number of potential 

confounders. Prior studies examining potential effects of infertility treatments have adjusted for or 

stratified on multiple births in attempt to assess the effect of the treatments on the various outcomes 

studied, not mediated by multiplicity. For comparison to this work, we examined exposures stratified 

by singleton and multiple births and found that results did not differ (data not shown; nor did results 
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materially change when adjusting for birth order, which has similar issues when considering effects of 

infertility and its treatments). However, conditioning on a downstream consequence of exposure can 

introduce bias. Another example is adjustment for birth weight, a common flaw in studies of prenatal 

exposures; again, we did not include birth weight in our multivariable models for this reason. Future 

large studies may benefit from the use of more sophisticated statistical methods, such as marginal 

structural models (MSMs) [37,38], to determine controlled direct effects not mediated by these factors. 

Alternatively, using mediator analyses [39,40] may also be useful in determining the impact of factors 

that may be downstream of infertility therapies, assuming confounding of the intermediate-outcome 

association is adequately accounted for. Given the null findings for exposures in our study, we did not 

see significant associations with potential mediators when we conducted such analyses (results provided 

in Appendix, Table S2); however, pregnancy complications, low birth weight, and multiple births had 

fairly large estimates of percent mediation. Little prior work has investigated underlying infertility, 

rather than just its treatments, in association with ASD. While two small studies reported increased 

prevalence of infertility among mothers of affected children [16,21], and a third study reported 

an association only for multiple births [28], two larger studies (one registry-based and one nested 

case-control) have not found associations between maternal infertility and risk of ASD [17,18]; 

our work is consistent with these recent findings.  

Infertility treatments have been hypothesized to influence ASD through a number of mechanisms, 

including hormonal influences of the medications, effects of invasive procedures on DNA methylation 

or other direct effects of the procedure/treatment, impaired egg quality, influences of the underlying 

infertility, or simply through associations with downstream consequences of the treatment (such as 

multiple birth, pregnancy complications, low birth weight, or pre-term birth) [15,18,41]. While we had 

hypothesized that hormonal or inflammatory pathways may be involved, we did not see associations 

with these pathways as related to infertility and its treatments. However, power was limited to detect 

modest associations (i.e., those on the order of OR = 1.5 or less), given the number of exposed cases in 

each of the pathway groups. Continued investigation of such pathways and groupings as conducted 

here may be useful in learning more about potential underlying mechanisms. 

Recommendations for future studies: It is evident that very large studies will be needed to fully 

elucidate the potential effects of individual infertility treatments and underlying diagnoses on risk of 

ASD. Besides simply increasing numbers, future studies may also benefit from the following 

suggestions. Rigorous diagnostic and exposure confirmation methods and definitions are required to 

avoid misclassification and bias. In addition to studying infertility diagnoses and treatments, 

investigating related factors, such as sub-fertility and time to conception may help to shed light on 

whether infertility itself is associated with ASD. Models testing the effect of infertility treatments 

among those with infertility will also be useful in determining independent effects of treatments versus 

the indication for treatment. Further, making use of hypothesized underlying pathways, such as those 

proposed here, may help to determine whether groups of diagnoses and treatments point to a likely 

etiologic role. Finally, analyses can be improved by avoiding adjustment for downstream effects of 

exposures and rather considering mediators, as described above, through use of one or another type of 

mediation analysis (MSMs, regression models, etc.), all of which require thorough adjustment for 

confounders of the intermediate-by-outcome association.  
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5. Conclusions

Our work and that of others highlights the need for very large studies in order to fully address the

topic of infertility and its treatments in association with ASD. Overall, the evidence to date suggests 

that women using infertility therapies do not need to be concerned about strong increases in risk of 

ASD. However, the known risks associated with infertility therapies, such as prematurity, low birth 

weight infants and multiple births, remain as concerns associated with use of these therapies, and 

evidence suggests the need for continued long-term follow-up of children conceived using these 

procedures [14]. Women using these therapies appear to also be at higher risk for pregnancy 

complications, although this increased risk could be a result of the primary infertility and its root causes. 

Thus, further investigations are needed to disentangle the complex role of underlying infertility, 

its treatments, and possible mediators of hypothesized effects on risk of ASD. The limited power to 

detect modest associations in our study suggests further work may be required to (a) detect subtler 

risks associated with specific infertility therapies and underlying infertility pathways, and (b) better 

understand associations in groups such as multiple births and women with advanced maternal age, for 

whom these treatments and issues are more common. 

Acknowledgements 

This work was supported by the following grants: NIEHS R01 ES015359, NIEHS P01 ES11269, 

EPA STAR #R829388 & R833292, and 5-T32MH073124. The authors would like to thank the 

participants of the CHARGE study and the dedicated staff who administered the child evaluations, 

interviewed participants, and abstracted, entered, and managed the data.  

Conflicts of Interest 

The authors have no conflicts of interest to report. 

References 

1. Hallmayer, J.; Cleveland, S.; Torres, A.; Phillips, J.; Cohen, B.; Torigoe, T.; Miller, J.; Fedele, A.;

Collins, J.; Smith, K.; et al. Genetic heritability and shared environmental factors among twin

pairs with autism. Arch. Gen. Psychiatry 2011. 68, 1095–1102.

2. Newschaffer, C.J.; Fallin, D.; Lee, N.L. Heritable and nonheritable risk factors for autism

spectrum disorders. Epidemiol. Rev. 2002, 24, 137–153.

3. Chess, S.; Fernandez, P.; Korn, S. Behavioral consequences of congenital rubella. J. Pediatr.

1978, 93, 699–703.

4. Stromland, K.; Nordin, V.; Miller, M.; Akerstrom, B.; Gillberg, C. Autism in thalidomide

embryopathy: A population study. Dev. Med. Child. Neurol. 1994, 36, 351–356.

5. Rasalam, A.D.; Hailey, H.; Williams, J.H.; Moore, S.J.; Turnpenny, P.D.; Lloyd, D.J.; Dean, J.C.

Characteristics of fetal anticonvulsant syndrome associated autistic disorder. Dev. Med. Child.

Neurol. 2005, 47, 551–555.

6. Kolevzon, A.; Gross, R.; Reichenberg, A. Prenatal and perinatal risk factors for autism: A review

and integration of findings. Arch. Pediatr. Adolesc. Med. 2007, 161, 326–333.



Int. J. Environ. Res. Public Health 2013, 10 3730 

7. Lyall, K.; Pauls, D.L.; Spiegelman, D.; Ascherio, A.; Santangelo, S.L. Pregnancy complications

and obstetric suboptimality in association with autism spectrum disorders in children of the

Nurses‘ Health Study II. Autism Res. 2012, 5, 21–30.

8. Mascarenhas, M.N.; Cheung, H.; Mathers, C.D.; Stevens, G.A. Measuring infertility in populations:

Constructing a standard definition for use with demographic and reproductive health surveys.

Popul. Health Metr. 2012, 10, 17, doi:10.1186/1478-7954-10-17.

9. Wingate, M.; Mulvihill, B.; Kirby, R.S.; Pettygrove, S.; Cunniff, C.; Meaney, F.; Schulz, E.;

Miller, L.; Robinson, C.; Quintana, G.; et al. Prevalence of autism spectrum disorders—Autism

and developmental disabilities monitoring network, 14 sites, United States, 2008. MMWR

Surveill. Summ. 2012, 61, 1–19.

10. Chandra, A.; Martinez, G.M.; Mosher, W.D.; Abma, J.C.; Jones, J. Fertility, family planning, and

reproductive health: Data from the 2002 National Survey of Family Growth. Vital Health Stat.

2005, 23, 1–160.

11. Mathews, T.J.; Hamilton, B.E. Delayed Childbearing: More Women are Having Their First Child

Later in Life; In NCHS Data Brief; National Center for Health Statistics: Hyattsville, MD, USA,

2009.

12. Basatemur, E.; Sutcliffe, A. Follow-up of children born after ART. Placenta 2008, 29 Suppl B,

135–140.

13. Davies, M.J.; Moore, V.M.; Willson, K.J.; van Essen, P.; Priest, K.; Scott, H.; Haan, E.A.; Chan, A.

Reproductive technologies and the risk of birth defects. N. Engl. J. Med. 2012, 366, 1803–1813.

14. Dupont, C.; Sifer, C. A review of outcome data concerning children born following assisted

reproductive technologies. ISRN Obstet. Gynecol. 2012, 2012, 405382:1–405382:5.

15. Hvidtjørn, D.; Schieve, L.; Schendel, D.; Jacobsson, B.; Sværke, C.; Thorsen, P. Cerebral palsy,

autism spectrum disorders, and developmental delay in children born after assisted conception:

A systematic review and meta-analysis. Arch. Pediatr. Adolesc. Med. 2009, 163, 72–83.

16. Funderburk, S.J.; Carter, J.; Tanguay, P.; Freeman, B.J.; Westlake, J.R. Parental reproductive

problems and gestational hormonal exposure in autistic and schizophrenic children. J. Autism

Dev. Disord. 1983, 13, 325–332.

17. Hvidtjørn, D.; Grove, J.; Schendel, D.; Schieve, L.A.; Sværke, C.; Ernst, E.; Thorsen, P. Risk of

autism spectrum disorders in children born after assisted conception: A population-based

follow-up study. J. Epidemiol. Community Health 2011, 65, 497–502.

18. Lyall, K.; Pauls, D.L.; Spiegelman, D.; Santangelo, S.L.; Ascherio, A. Fertility therapies,

infertility and autism spectrum disorders in the nurses‘ health study II. Paediatr. Perinat. Epidemiol.

2012, 26, 361–372.

19. Klemetti, R.; Sevón, T.; Gissler, M.; Hemminki, E. Health of children born as a result of in vitro

fertilization. Pediatrics 2006, 118, 1819–1827.

20. Knoester, M.; Helmerhorst, F.M.; van der Westerlaken, L.A.; Walther, F.J.; Veen, S. Matched

follow-up study of 5–8-year-old ICSI singletons: Child behaviour, parenting stress and child

(health-related) quality of life. Hum. Reprod. 2007, 22, 3098–3107.

21. Stein, D.; Weizman, A.; Ring, A.; Barak, Y. Obstetric complications in individuals diagnosed

with autism and in healthy controls. Compr. Psychiatr. 2006, 47, 69–75.



Int. J. Environ. Res. Public Health 2013, 10 3731 

22. Strömberg, B.; Dahlquist, G.; Ericson, A.; Finnström, O.; Köster, M.; Stjernqvist, K. Neurological

sequelae in children born after in vitro fertilisation: A population-based study. Lancet 2002, 359,

461–465.

23. Maimburg, R.D.; Vaeth, M. Do children born after assisted conception have less risk of

developing infantile autism? Hum. Reprod. 2007, 22, 841–843.

24. Ericson, A.; Nygren, K.G.; Olausson, P.O.; Källén, B. Hospital care utilization of infants born

after IVF. Hum. Reprod. 2002, 17, 929–932.

25. Lidegaard, O.; Pinborg, A.; Andersen, A.N. Imprinting diseases and IVF: Danish National IVF

cohort study. Hum. Reprod. 2005, 20, 950–954.

26. Pinborg, A.; Loft, A.; Schmidt, L.; Andersen, A.N. Morbidity in a Danish national cohort of

472 IVF/ICSI twins, 1132 non-IVF/ICSI twins and 634 IVF/ICSI singletons: Health-related and

social implications for the children and their families. Hum. Reprod. 2003, 18, 1234–1243.

27. Pinborg, A.; Loft, A.; Schmidt, L.; Greisen, G.; Rasmussen, S.; Andersen, A.N. Neurological

sequelae in twins born after assisted conception: Controlled national cohort study. BMJ 2004,

329, 311, doi:10.1136/bmj.38156.715694.3A.

28. Grether, J.K.; Qian, Y.; Croughan, M.S.; Wu, Y.W.; Schembri, M.; Camarano, L.; Croen, L.A.

Is infertility associated with childhood autism? J. Autism Dev. Disord. 2013, 43, 663–672.

29. Baron-Cohen, S.; Lutchmaya, S.; Knickmeyer, R. Prenatal Testosterone in Mind; The MIT Press:

Cambridge, MA, USA, 2004.

30. Lyall, K.; Pauls, D.L.; Santangelo, S.L.; Spiegelman, D.; Ascherio, A. Maternal early life factors

associated with hormone levels and the risk of having a child with an autism spectrum disorder in

the nurses health study II. J. Autism Dev. Disord. 2011, 41, 618–627.

31. Goines, P.; van de Water, J. The immune system‘s role in the biology of autism. Curr. Opin.

Neurol. 2010, 23, 111–117.

32. Hertz-Picciotto, I.; Croen, L.A.; Hansen, R.; Jones, C.R.; van de Water, J.; Pessah, I.N.

The CHARGE study: An epidemiologic investigation of genetic and environmental factors

contributing to autism. Environ. Health Perspect. 2006, 114, 1119–1125.

33. Assisted Reproductive Technology Success Rates: National Summary and Fertility Clinics Report;

Center for Disease Control and Prevention: Atlanta, GA, USA, 2008.

34. Hultman, C.M.; Sparen, P.; Cnattingius, S. Perinatal risk factors for infantile autism. Epidemiology

2002, 13, 417–423.

35. Lake, J.; Power, C.; Cole, T.J. Women‘s reproductive health: the role of body mass index in early

and adult life. Int. J. Obes. Relat. Metab. Disord. 1997, 21, 432–438.

36. Wentz, A.C. Cigarette smoking and infertility. Fertil. Contracept. 1986, 46, 365–367.

37. Peterson, M.; Sinisi, S.E.; van der Lann, M.J. Estimation of direct causal effects. Epidemiology

2006, 17, 276–284.

38. Van Der Weele, T.J. Marginal structural models for the estimation of direct and indirect effects.

Epidemiology 2009, 20, 18–26.

39. Hertzmark, E.; Pazaris, M.; Spiegelman, D. The SAS Mediate Macro; Channing Laboratory,

Brigham and Women‘s Hospital: Boston, MA, USA, 2009.

40. Lin, D.Y.; Fleming, T.R.; De Gruttola, V. Estimating the proportion of treatment effect explained

by a surrogate marker. Stat. Med. 1997, 16, 1515–1527.



Int. J. Environ. Res. Public Health 2013, 10 3732 

41. Grafodatskaya, D.; Chung, B.; Szatmari, P.; Weksberg, R. Autism spectrum disorders and

epigenetics. J. Am. Acad. Child Adolesc. Psychiatr. 2010, 49, 794–809.

Appendix 

Table S1. Infertility pathways in association with ASD. 

Exposed 

case n 

Model 1 Model 2 Model 3 

No fertility therapies 

Hormonal 

Inflammatory 

Male  

481 

21 

16 

8 

1.0 

1.33 (0.64, 2.80) 

0.93 (0.44, 1.99) 

1.40 (0.42, 4.68) 

1.0 

1.72 (0.78, 3.78) 

0.92 (0.41, 2.08) 

1.83 (0.52, 6.42) 

1.0 

1.33 (0.55, 3.20) 

0.84 (0.40, 1.74) 

2.94 (0.94, 9.23) 

Adjusted as in Table 4; Model 1 adjusted for study matching factors, Model 2 adjusted for study matching factors 

as well as maternal and paternal age, maternal race and education, and insurance status at delivery; Model 3 

adjusted for Model 2 covariates as well as inverse-probability weights.  

Table S2. Percent mediation estimates for suspected mediators of the infertility 

therapy-ASD association. 

Potential Mediator Estimated % Mediation 
1

p-value 
2

Gestational diabetes 15% 0.61 

Gestational hypertension or preeclampsia 30% 0.57 

Low birth weight 25% 0.72 

Pre-term birth 2.6% 0.89 

Multiple birth 45% 0.74 

1
Mediation proportions estimated using the SAS Proc Mediate Macro. % Mediation is of the infertility 

therapy-ASD association, adjusted for matching factors, maternal and paternal age, demographic factors. 

Pregnancy complication models (gestational diabetes or hypertension/preeclampsia) also included adjustment for 

pre-pregnancy smoking and BMI, whiel perinatal models (low birth weight, pre-term birth, and multiple birth) also 

included adjustment for pregnancy complications. 
2
 Wald-p comparing model with the mediator to model without. 

List of Infertility Procedures and Treatments Queried 

Procedures 

Assisted Hatching (AH)  

Blastocyst Transfer (from a fresh IVF cycle or a frozen cycle) 

Cervical Insemination (CI or ICI)  

Co-culture  

Egg Recipient (of donor eggs)  

Frozen Embryo Transfer (FET/CET)  

Gamete IntraFallopian Transfer (GIFT)  

Gestational Surrogate  

In Vitro Fertilization, embryo transfer (IVF)  

IntraUterine Insemination (IUI)  

IntroCytoplamic Sperm Injection (ICSI)  
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MicroEpididymal/Percutaneous Epididymal Sperm Aspiration (MESA or PESA) 

Pre-Implantation Genetic Diagnosis (PGD)  

Pronuclear Transfer (PROST)  

Sub-Zonal Insemination, Partial Zona Dissection (SUZI/SZI or PZD)  

Testicular Sperm Aspiration, Extraction (TESA or TESE)  

Tubal Embryo Transfer (TET)  

Zygote IntraFallopian Transfer (ZIFT)  

Treatments/Medications (Trade Name in Capitals, Followed by Generic Name) 

A.P.L. Chorionic gonadotropin  

AMEN Medroxyprogesterone  

ANTAGON Ganirelix  

AYGESTIN Norethindrone acetate  

BRAVELLE Chorionic gonadotropin  

CETROTIDE Cetrorelix  

CLOMID Clomiphene  

CRINONE Progesterone  

CURRETAB Medroxyprogesterone  

CYCRIN Medroxyprogesterone  

ELIGARD Leuprolide  

FACTREL Gonadorelin  

FERTINEX Follicle-stimulating hormone  

FOLLISTIM Follicle-stimulating hormone  

GONAL-F Follicle-stimulating hormone  

LUPRON DEPOT Leuprolide  

LUPRON INJECTION Leuprolide  

LUTREPULSE Gonadorelin  

LUVERIS Lutropin alfa  

MENOPUR Follicle-stimulating hormone  

METRODIN Follicle-stimulating hormone  

NOVAREL Chorionic gonadotropin  

OVIDREL Chorionic gonadotropin  

PARLODEL Bromocriptine  

PERGONAL Follicle-stimulating hormone  

PREGNYL Chorionic gonadotropin  

PROFASI Chorionic gonadotropin  

PROMETRIUM Progesterone  

PROVERA Medroxyprogesterone  
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Abstract
Preterm infants face an increased risk of autism spectrum disorder (ASD). The relationship between autism during childhood
and early brain development remains unexplored. We studied 84 preterm children born at <27 weeks of gestation, who
underwent neonatal magnetic resonance imaging (MRI) at term and were screened for ASD at 6.5 years. Full-scale intelligence
quotient was measured and neonatal morbidities were recorded. Structural brain morphometric studies were performed in 33
infants with high-quality MRI and no evidence of focal brain lesions. Twenty-three (27.4%) of the children tested ASD positive
and 61 (72.6%) testedASDnegative. TheASD-positive grouphad a significantly higher frequencyof neonatal complications than
theASD-negative group. In the subgroup of 33 children, theASD infants had reduced volumes in the temporal, occipital, insular,
and limbic regions and in the brain areas involved in social/behavior and salience integration. This study shows that the
neonatal MRI scans of extremely preterm children, subsequently diagnosed with ASD at 6.5 years, showed brain structural
alterations, localized in the regions that play a key role in the core features of autism. Early detection of these structural
alterations may allow the early identification and intervention of children at risk of ASD.

Key words: autism, brain development, extreme prematurity, structural MRI

Introduction
When Leo Kanner became the first clinician to identify autism in
1943 (Kanner 1943), he thought it was partially due to “genuine
lack of maternal warmth.” This idea has been completely dis-
carded and there is now a consensus that there is a connection
between genetic heritability and autism spectrum disorder
(ASD; Sandin et al. 2014). Prenatal and perinatal risk factors
also appear to play a role independent of genetic susceptibility
(D’Onofrio et al. 2013; Ben-Ari 2015). It has actually been proposed
that the high rates of autism shared bymonozygotic twinsmight

be largely due to them sharing both a prenatal and perinatal
environment (Hallmayer et al. 2011).

Children who are born extremely preterm face a dramatically
elevated risk of ASD, ranging from 15.8 to 26% (Limperopoulos
et al. 2008; Johnson et al. 2010), and the risk is inversely related
to the child’s gestational age at birth. These infants face high
exposure to stressors during a critical period of brain develop-
ment, which may play a key role in the development of autism
(Casanova 2007). In this context, early exposure to an abnormal
environment adversely affects brain development (Smith et al.
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2011; Brummelte et al. 2012; Pineda et al. 2014) and contributes to
impaired socio-emotional maturation and later neurodevelop-
mental alterations (Rogers et al. 2012).

Cerebellar lesions have been reported in preterm infants at
risk of developing autism (Limperopoulos et al. 2008) and studies
of adolescents with autistic traits have demonstrated whitemat-
ter reductions with ventricular enlargement (Skranes et al. 2007).
However, the relationship between altered neonatal brain vo-
lumes and the risk of ASD in extremely preterm children remains
unexplored. This study used 3 methods—automatic segmenta-
tion, atlas-based segmentation, and voxel-based morphometry
—to provide a comprehensive global and regional characteriza-
tion of the neonatal brain. Our aim was to test the hypothesis
that structural brain alterations could be identified in the neo-
natal period in extremely preterm infants who later developed
ASD and prominent autism traits at 6.5 years and to compare
themwith a group of extremely preterm infantswho showed typ-
ical development.

Materials and Methods
Patients

This study was a regional cohort of a national prospective re-
search program on extreme prematurity that involved neonatal
assessment and long-term follow-up (Serenius et al. 2013). We

recruited 111 preterm children of <27 weeks of gestation born
in Stockholm County, Sweden, from 2004 to 2007. All of the sub-
jects successfully underwent magnetic resonance imaging (MRI)
at term-equivalent age. Infants with congenital infections and
malformations were excluded. When it came to themorphomet-
ric studies, we did not include infants with periventricular leuko-
malacia or intraventricular hemorrhage grade III–IV, focal brain
lesions (cysts and malformations), persistent ventricular di-
latation, ormoderate or severewhitematter abnormalities quali-
tatively defined on MRI examination at term-equivalent age
(Skiold et al. 2010) (Fig. 1). Despite these efforts, we are fully
aware that microscopic white matter lesions not readily seen
by neuroimagingmight be present in the subsample (Volpe 2009).

Data were collected prospectively from the neonatal period
and at the age of 6.5 years (Table 1). The regional ethical review
board in Stockholm granted ethical approval for the study and
written consent was obtained from the parents of the children.

Developmental Assessment

Autistic traits were assessed at 6.5 years of age using the Social
Responsiveness Scale (Constantino et al. 2003). Clinical diagnosis
of ASD was based on the diagnostic criteria applied in the Diag-
nostic and Statistical Manual of Mental Disorders—4th edition,
and/or the International Classification of Diseases—10th revi-
sion. Full-scale intelligence quotient (IQ) was measured using

Figure 1. Flow diagram of study participants. ASD, autism spectrum disorder; SRS, Social Responsiveness Scale (positive screening t-score ≥60); MRI, magnetic resonance

imaging.
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theWechsler Intelligence Scale for Children—4th edition. A child
was considered ASD positive if he or she had a score of at least
60 on the Social Responsiveness Scale and/or a clinical diagnosis
of ASD. The examiners were blinded to the diagnosis of the
participants.

MRI Data Acquisition

MRI was performed at term-equivalent age without sedation
with T1- and T2-weighted images using a Philips Intera 1.5-T
MRI system (Philips International, Amsterdam, The Nether-
lands). The conventional MRI protocol consisted of a sagittal
T1-weighted turbo spin-echo sequence, an axial inversion recov-
ery sequence, and an axial T2-weighted sequence. Details of the
sequence parameters have previously been published (Skiold
et al. 2010). All the MRI scans were examined for anatomical de-
fects by an experienced neuroradiologist and the structural scans

were visually assessed for qualitativewhitematter abnormalities
(Skiold et al. 2010). Cerebellar abnormalities, namely the pres-
ence of hemosiderin or abnormal signal intensity, were evalu-
ated. The imaging data were checked for quality as previously
described (Padilla et al. 2015). The reasons for excluding MRI
scans from the analyses are presented in Figure 1. Clinical rea-
sons for exclusion in both the ASD-positive and ASD-negative
subjects were: focal lesions (2/12 and 3/39), hydrocephaly (1/12
and 2/39), severe white matter abnormalities (1/12 and 4/39),
and intraventricular hemorrhage III–IV (1/12 and 5/39). A total
of 84 children, 23 ASD-positive and 61 ASD-negative, were evalu-
ated. Of these, 11 ASD-positive children and 22 ASD-negative
children were considered for further analysis after applying the
quality control criteria outlined above, in order to ensure reliable
structuralMRI data.While thiswas a relatively small sample size,
quality assurance was critical to enable us to obtain accurate
data. The children that we included showed no evidence of

Table 1 Characteristics of the groups

Characteristics Whole sample P-value Good quality MRI P-value

ASD positive
(N = 23)

ASD negative
(N = 61)

ASD positive
(N = 11)

ASD negative
(N = 22)

Gestational age at birth, mean (SD) 25.1 (1.1) 25.5 (0.1) NS 25.2 (1.1) 25.6 (0.1) NS
Birth weight [g, mean (SD)] 718.8 (148.5) 839.97 (152.2) 0.002 728.3 (129.3) 871.7 (160.15) NS
z-score −0.87 (0.10) −0.79 (0.10) 0.002 −0.49 (0.08) −0.43 (0.10) NS
HC at birth, mean (SD) 22.7 (1.4) 24.0 (1.5) 0.001 23.0 (1.2) 24.1 (1.6) NS
z-score −0.52 ± 0.91 0.25 ± 0.96 0.001 −0.52 (0.25) −0.34 (0.31) 0.11
Gender (male), n (%) 12 (52.5) 34 (55.7) NS 8 (72.7) 10 (45.4) NS
Small for gestational age, n (%) 3 (13.0) 4 (6.6) NS 1 (9.1) — NS
Prenatal steroids, n (%) 21 (91.3) 55 (91.8) NS 10 (90.9) 22 (100) NS
Cesarean delivery, n (%) 12 (52.8) 27 (44.3) NS 6 (54.5) 8 (36.4) NS
Premature rupture of membranes, n (%) 4 (17.4) 18 (29.5) NS 3 (27.3) 5 (22.7) NS
Maternal signs of infection, n (%) 5 (21.7) 24 (39.3) NS 4 (36.4) 6 (27.3) NS
CRIB score, mean (SD) 7.09 (3.3) 5.38 (3.3) NS 6.2 (4.1) 4.1 (3.1) NS
Inotropic support, n (%) 13 (56.5) 19 (31.1) 0.04 6 (54.5) 9 (40.9) NS
Duration of ventilation, n (%) 23.2 (17.7) 10.2 (10.5) 0.003 16.5 (15.6) 8.2 (10.7) 0.08
Postnatal steroids, n (%) 6 (26.1) 8 (13.1) NS 2 (18.2) 2 (9.1) NS
Full enteral nutrition [days, mean (SD)] 34.5 (25.2) 22.3 (10.3) 0.04 33.3 (21.5) 18.3 (9.5) 0.01
Bronchopulmonary dysplasiaa, n (%) 16 (69.6) 20 (32.8) 0.003 6 (54.5) 7 (31.8) NS
Necrotizing enterocolitis, any grade, n (%) 7 (30.4) 5 (8.2) 0.01 3 (27.3) — 0.03
Retinopathy of prematurity (ROP) >2, n (%) 13 (56.5) 19 (31.1) 0.04 6 (54.5) 3 (13.6) 0.03
ROP, laser-treated, n (%) 7 (30.4) 7 (11.5) 0.05 4 (36.3) — 0.008
Patent ductus arteriosus (PDA), ibuprofen, n (%) 15 (65.2) 40 (65.5) NS 9 (81.8) 18 (81.8) NS
PDA, surgical ligation, n (%) 9 (39.1) 16 (26.2) NS 4 (36.4) 7 (31.8) NS
PDA surgical ligation and ROP laser-treated 7 (30.4) 3 (4.9) 0.004 4 (36.4) — 0.008
Intraventricular hemorrhage grade 1–2 8 (34.8) 20 (32.8) NS 3 (27.3) 8 (36.4) NS
Intraventricular hemorrhage grade 3–4 2 (8.7) 7 (11.5) NS — — —

Periventricular leukomalacia, n (%) 2 (8.7) — 0.07 — — —

Cerebellar alterations, n (%) 2 (8.7) 4 (6.6) NS 1 (10.0) 2 (9.1) NS
Severe white matter abnormalities, n (%) 2 (8.7) 4 (6.6) NS — — —

Term-equivalent age
Age at scan [weeks, mean (SD)] 40.9 (1.5) 40.7 (1.2) NS 40.8 (0.1) 40.9 (0.1) NS
Weight at scan [g, mean (SD)] 2715.3 (456.5) 2952.6 (447.2) NS 2688.0 (399.3) 3023 (445.8) NS
HC at scan [cm, mean (SD)] 33.8 (1.8) 34.8 (1.5) 0.02 34.9 (1.96) 35.2 (1.55) NS

6.5 years
Age at assessment, [months, mean (SD)] 77.5 (1.3) 77.9 (2.0) NS 76.9 (1.31) 77.5 (1.59) NS
Weight [g, mean (SD)] 20.5 (3.7) 20.4 (3.5) NS 22.0 (4.5) 21.5 (3.4) NS
Head circumference, mean (SD) 49.9 (1.7) 51.4 (1.6) 0.001 50.9 (1.8) 51.6 (1.7) NS
Full-scale intelligence 75.6 (24.8) 85.3 (16.7) 0.07 69.1 (24.2) 87.0 (14.7) 0.09
Full-scale IQ <70, n (%) 8/20 (40.0) 1/60 (1.8) <0.001 7/11 (63.6) 0/22 <0.001

CRIB, clinical risk index for babies; IQ, full-scale intelligence quotient; ASD, autism spectrum disorder; MRI, magnetic resonance imaging; HC, head circumference.
aOxygen at age of 36 weeks.
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brain abnormalities on their MRIs. The neonatal characteristics
of both groups based on the ASD diagnosis and the quality of
the MRI studies were similar (Table 2).

Atlas-Based Segmentation

The whole brains of the included infants were divided into 90
anatomical regions, by using the automated anatomical labeling
neonatal atlas (Shi et al. 2011) and adapting it to our sample. First,
the intensity image, from which the neonatal atlas was gener-
ated, was registered to the T1-weighted image of each infant. Se-
cond, the generated deformation field was used to transform the
label map with 90 regions from atlas space to subject space. Vis-
ual inspection was performed for each subject (see Supplemen-
tary Fig. 1). The brain regions that we studied were: the frontal,
temporal, parietal, occipital, insular, cingulate, limbic cortices,
subcortical graymatter, and central regions (precentral and post-
central gyri, rolandic operculum bilaterally). The volume of each
brain region was determined by summing the volume of their
components. We also assessed the volumes of the anatomical

regions implicated in autism, namely social communication
and behavior (Amaral et al. 2008). We complemented this by
studying the volume of the brain regions that are part of the sali-
ence network (Seeley et al. 2007) and theory of mind (Kana et al.
2014; see Supplementary Table 1).

Automatic Segmentation

We have recently described the segmentation process. A quanti-
tative evaluation of the segmentations was performed, and the
Dice coefficient (Dice 1945)was calculated showing an agreement
of 0.87 ± 0.02 for cortical gray matter, 0.86 ± 0.02 for white matter,
0.79 ± 0.03 for deep gray matter, 0.84 ± 0.02 for cerebellum, and
0.83 ± 0.01 for brainstem (Padilla et al. 2015). Automatic segmen-
tation of brain tissues was performed using SPM8 software
(http://www.fil.ion.ucl.ac.uk/spm), running in MATLAB version
7.5 (MathWorks, Natrick, MA, USA), with specific neonatal priors
including white matter, cortical and deep gray matter, cerebro-
spinal fluid (CSF), cerebellum, and brainstem. We applied a Dif-
feomorphic Anatomical Registration Through Exponential Lie

Table 2 Characteristics of the groups based on the ASD diagnosis and quality of the MRI studies

Characteristics ASD positive P-value ASD negative P-value

HQ MRI (N = 11) LQ MRI (N = 12) HQ MRI (N = 22) LQ MRI (N = 39)

Gestational age at birth, mean (SD) 25.2 (1.1) 25.0 (1.1) NS 25.6 (0.1) 25.4 (1.0) NS
Birth weight [g, mean (SD)] 728.3 (129.3) 664.3 (148.8) NS 871.7 (160.15) 832.5 (154.85) NS
z-score −0.19 (1.07) −0.30 (1.14) NS 0.21 (0.95) −0.04 (0.95) NS
HC at birth, mean (SD) 23.0 (1.2) 22.4 (1.5) 0.05 24.1 (1.6) 23.9 (1.4) NS
Gender (male), n (%) 8 (72.7) 4 (33.3) NS 10 (45.4) 16 (41.0) NS
Small for gestational age, n (%) 1 (9.1) 2 (16.7) NS — 4 (10.3) NS
Prenatal steroids, n (%) 10 (90.9) 11 (91.7) NS 22 (100) 33 (84.6) NS
Cesarean delivery, n (%) 6 (54.5) 6 (50) NS 8 (36.4) 18 (46.2) NS
Premature rupture of membranes, n (%) 3 (27.3) 1 (8.3) NS 5 (22.7) 14 (35.9) NS
Maternal signs of infection, n (%) 4 (36.4) 1 (8.3) NS 6 (27.3) 18/37 (48.6) NS
CRIB score, mean (SD) 6.2 (4.1) 7.9 (2.3) NS 4.1 (3.1) 6.1 (3.1) 0.02
Inotropic support, n (%) 6 (54.5) 10 (83.3) NS 9 (40.9) 19 (48.7) NS
Duration of ventilation, n (%) 16.5 (15.6) 29.4 (17.8) NS 8.2 (10.7) 11.4 (10.3) NS
Postnatal steroids, n (%) 2 (18.2) 4 (33.3) NS 2 (9.1) 6 (15.4) NS
Full enteral nutrition [days, mean (SD)] 33.3 (21.5) 35.5 (29.2) NS 18.3 (9.5) 24.17 (10.4) NS
Bronchopulmonary dysplasiaa, n (%) 6 (54.5) 10 (83.3) NS 7 (31.8) 13/38 (34.2) NS
Necrotizing enterocolitis, any grade, n (%) 3 (27.3) 4 (33.3) NS — 5 (12.8) NS
Retinopathy of prematurity (ROP) >2, n (%) 6 (54.5) 7 (58.3) NS 3 (13.6) 16 (41.0) 0.04
ROP, laser-treated, n (%) 4 (36.3) 3 (25.0) NS — 7/38 (18.4) 0.04
Patent ductus arteriosus (PDA), ibuprofen, n (%) 9 (81.8) 6 (50.0) NS 18 (81.8) 21 (53.8) 0.02
PDA, surgical ligation, n (%) 4 (36.4) 5 (41.7) NS 7 (31.8) 9 (23.1) NS
PDA surgical ligation and ROP laser-treated 4 (36.4) 3 (25) NS — 3 (7.7) NS
Intraventricular hemorrhage grade 1–2 3 (27.3) 5 (41.7) NS 8 (36.4) 13 (33.3) NS
Intraventricular hemorrhage grade 3–4 — 2 (16.7) NS — 6 (15.4) NS
Periventricular leukomalacia, n (%) — 2 (16.7) NS — — —

Cerebellar alterations, n (%) 1 (10.0) 1 (8.3) NS 2 (9.1) 2 (5.1) NS
Severe white matter abnormalities, n (%) — 1 (8.3) NS — 4 (10.3) NS
Term-equivalent age

Age at scan [weeks, mean (SD)] 40.8 (0.1) 41.0 (1.9) NS 40.9 (0.1) 40.7 (1.3) NS
Weight at scan, [g, mean (SD)] 2688.0 (399.3) 2738.1 (55.8) NS 3023 (445.8) 2918.9 (448.1) NS
HC at scan [cm, mean (SD)] 34.9 (1.96) 33.3 (1.5) NS 35.2 (1.55) 34.6 (1.4) NS

6.5 years
Age at assessment [months, mean (SD)] 76.9 (1.31) 77.9 (1.1) NS 77.5 (1.59) 78.2 (2.35) NS
Weight [g, mean (SD)] 22.0 (4.5) 19.4 (2.9) NS 21.5 (3.4) 20.0 (3.3) NS
Head circumference, mean (SD) 50.9 (1.8) 49.2 (1.3) 0.05 51.6 (1.7) 51.4 (1.5) NS
Full-scale Intelligence 69.1 (24.2) 80.5 (25.6) NS 87.0 (14.7) 83.6 (17.9) NS
Full-scale IQ <70, n (%) 7/11 (63.6) 1/9 (11.1) 0.03 0/22 1/39 NS

CRIB, clinical risk index for babies; IQ, full-scale intelligence quotient; HQ, high quality; LQ, lowquality; ASD, autism spectrumdisorder;MRI,magnetic resonance imaging;

HC, head circumference.
aOxygen at age of 36 weeks.
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Algebra (DARTEL) algorithm to improve the intersubject registra-
tion (Ashburner 2007). Finally, all images were modulated and
smoothedwith a 3-mmGaussian kernel. Volumeswere extracted
from the segmented, normalized, andmodulated images of each
subject. Voxel-based morphometry was used to compare the
ASD-positive and ASD-negative groups.

Statistical Analysis

The variables we studied were tested for normality and homo-
geneity before each analysis. All statistical analyses were
computed using SPSS version 20.0 (SPSS, Inc., Chicago, IL, USA).
The significant threshold was set at two-sided P < 0.05. For
voxel-based morphometry analyses, a corrected, family-wise
error of P < 0.05 and an uncorrected P < 0.001 at cluster level
were reported. Descriptive statistics were calculated on all
measures to define the characteristics of the sample. Logistic
regression models were applied to determine independent
risk neonatal factors related to ASD outcome. A general linear
model analysiswas performed to assess differences in global volu-
metric measures between the groups, with all brain volumes as
dependent variables, group status as the independent factor, and
the binary IQ variable and the total volume of cortical gray matter
(Gilmore et al. 2012) as covariates. T-test group comparisons were
performed for group voxel-based morphometry analyses.

Volumetric analyses were adjusted for potential confoun-
ders, including IQ cutoffs of <70 and 70 or more, and total vol-
ume of the cerebral parenchyma, including all of the brain
tissues, but excluding CSF. Since birth weight was significantly
different between groups, all analyses were also run with birth
weight z-score and total cerebral parenchyma as covariates.
Gender did not account for significant variations in the model.
The continuous variable full-scale IQ was missing for a portion
of the ASD-positive group (4/11). It was not possible to assess
these 4 infants with the full-test battery. However, these chil-
dren were assessed clinically and had diagnoses of mental re-
tardation, which by definition means that their IQ was below
70. Since general lineal models need to be undertaken on
cases with complete data for all covariates, we chose to dichot-
omize the IQ variable.

Results
We found that 23 (27.4%) of the 84 childrenwere ASD positive and
the remaining 61 (70.11%) were ASD negative. The overall IQ
scores in the ASD-positive group were lower than in the ASD-
negative group (Table 1). Although the groups had similar gesta-
tional ages, the ASD-positive group had a lower mean birth
weight than the ASD-negative group, and the head circumfer-
ences at birth, term age, and 6.5 years were significantly smaller.
The ASD-positive infants also had a higher overall frequency of
neonatal complications (Table 1).

We examined a number of perinatal and neonatal risk factors
in the big sample using a logistic regression model. Univariate
analyses revealed that lower birth weight was associated with
an ASD-positive outcome, with an odds ratio (OR) of 0.99 and
95% confidence interval (CI) of 0.991–0.998 (P = 0.003). Other fac-
tors associated with a positive ASD outcome were: head circum-
ference at birth (OR 0.55, 95% CI 0.38–0.80, P = 0.002), duration of
ventilation (OR 1.05, 95% CI 1.02–1.09, P = 0.002), necrotizing en-
terocolitis (OR 4.12, 95% CI 1.17–14.5, P = 0.02), retinopathy of pre-
maturity (ROP) > stage 2 (OR 0.34, 95% CI 0.13–0.87, P = 0.02),
surgical treatment for patent ductus arteriosus (PDA) and ROP
(OR 0.14, 95% CI 0.03–0.59, P = 0.008), and bronchopulmonary dys-
plasia (OR 0.23, 95%CI 0.09–0.63, P = 0.004).When all of these vari-
ables were entered into the stepwise logistic regression model,
birth weight (OR 0.99, 95% CI 0.99–1.0, P = 0.03) and surgical treat-
ment for PDA and ROP (OR 7.38, 95% CI 1.72–31.5, P = 0.007) con-
tinued to show a significant association with being ASD positive.

We found that 11 of the children who were in the subgroup of
33 children with high-quality MRI scans were ASD positive and
the remaining 22wereASDnegative. The subgroupwas represen-
tative of the larger sample in terms of perinatal characteristics
and neonatal variables. The ASD-positive children in this sub-
group displayed a significantly higher frequency of neonatal
complications and this finding was also observed in the larger
study sample (Table 1). After adjustment for total brain volume
and binary IQ variable, global volumetric studies showed signifi-
cantly smaller total volumes of temporal, occipital, insular, and
limbic cortices in the ASD-positive group than the ASD-negative
group (Table 3). Notably, these differences disappeared when

Table 3 Atlas-based segmentation: brain volume data

Brain volumes (cm3)
mean (SD)

ASD positive (N = 11) ASD negative (N = 22) P-value

Unadjusted Adjusted* Adjusted†

Total cortical gray matter 217.5 (25.1) 233.0 (22.7) 0.09
Frontal 59.1 (6.8) 63.3 (6.2) 0.09 0.82 0.29
Temporal 39.7 (4.5) 42.6 (4.1) 0.09 0.04 0.27
Parietal 33.9 (4.0) 36.3 (3.5) 0.10 0.69 0.73
Occipital 34.9 (4.0) 37.5 (3.6) 0.08 0.02 0.09
Insula 4.3 (0.5) 4.64 (0.4) 0.10 0.007 0.55
Limbic lobe 16.1 (1.8) 17.2 (1.7) 0.10 0.02 0.11
Central regions 20.6 (2.3) 22.0 (2.1) 0.09 0.09 0.97
Subcortical gray matter 13.4 (1.5) 14.4 (1.4) 0.09 0.25 0.33
Domains

Social 31.6 (3.6) 33.8 (3.3) 0.10 0.02 0.03
Communication 29.9 (3.4) 32.1 (3.1) 0.09 0.66 0.77
Behavior 22.7 (2.6) 24.3 (2.4) 0.10 0.005 0.009
Salience network 22.4 (2.5) 23.9 (2.3) 0.10 0.003 0.02
Theory of mind 17.2 (1.9) 18.4 (1.8) 0.09 0.52 0.73

*P-value adjusted for total brain volume and IQ binary variable.
†P-value adjusted for total brain volume and birth weight z-score.
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birth weight z-score was included as a covariate. The ASD-posi-
tive group tended to have smaller mean volumes, specifically
found in the gray matter and cerebellum, but the differences
did not achieve statistical significance. They also tended to
have higher mean volumes of CSF (see Supplementary Table 2).
These results did not change after adjusting for covariates.

Regional volumetric studies showed graymatter reductions in
the ASD-positive group, compared with the ASD-negative group,
and these predominantly involved the left parietal cortex (voxels
= 96, t = 4.83, corrected P = 0.03). The right cortex of the inferior
frontal gyrus (voxels = 71, t = 4.68, uncorrected P = 0.008) and the
left lateral occipital cortex (voxels = 88, t = 4.53, corrected P = 0.04)
were also affected. The left lateral occipital cortex remained sig-
nificant at an uncorrected level after adjustment for covariates
(voxels = 95, t = 4.45, uncorrected P < 0.001; Fig. 2). Decreased
white matter volumes were found in the genu of the corpus cal-
losum (voxels = 31, t = 4.09, uncorrected P < 0.001), but these dif-
ferences were not evident after adjustments for covariates.

Using atlas-based segmentation, the composite volume of
brain regions implicated in social communication, behavioral do-
mains, and the salience networkwere significantly smaller in the
ASD-positive group than in the ASD-negative group after adjust-
ment for covariates (Table 2). The most affected regions were the
insula, anterior cingulate cortex, and orbitofrontal cortex (see
Supplementary Table 1). There were no volumetric differences
in the brain regions implicated in theory of mind.

Discussion
Themajor finding of this study was that children, whowere born
extremely preterm and were subsequently diagnosed with ASD,
displayed altered neonatal brain development, with volume re-
ductions in the core regions involved in autism, long before the
onset of symptoms.

The groups we studied did not differ in terms of the global
mean volume of gray and white matter across the entire brain,
in contrast with findings of brain overgrowth in children with
idiopathic autism (Schumann et al. 2010; Hazlett et al. 2011;
Shen et al. 2013). One possible explanation is that the infants
we included were evaluated at term-equivalent age, whereas
the studies on overgrowth were carried out in toddlers.

Regional analyses showed structural brain differences in the
ASD-positive group, compared with the ASD-negative group,
mostly in terms of reduced gray matter. The largest gray matter
cluster included the left angular gyri, a heteromodal association
region involved in complex language functions and known to be
affected in ASD (Li et al. 2014). After adjustment for covariates, we
found a significant volume reduction in the graymatter in the lat-
eral occipital cortex.Whitematter was less affected and involved
reductions in the corpus callosum.With regard to this, studies in
young children with idiopathic autism have demonstrated gray
matter and white matter enlargements (Hazlett et al. 2005)
where the occipital cortex was usually unaffected by the volume
and growth trajectory (Schumann et al. 2010). However, consist-
ent structural abnormalities have been reported in older popula-
tions in the lateral occipital cortex and these play a critical role in
visual processing in ASD subjects (Nickl-Jockschat et al. 2012).

Regional reductions in the corpus callosum in our ASD-posi-
tive group support the hypothesis of impaired interhemispheric
communication, particularly involving the frontal and parietal
regions (Just et al. 2007). Overall, our results showed that gray
and white matter displayed early deviations from the normal
growth trajectory in subjects who were ASD positive and this
may result in potentially disruptive patterns of brain connectivity
during development.

Our study found restricted growth in the brain regions that
play a key role in the core features of autism, including social/
interaction and behavioral domains. Volumetric alterations
were also observed in regions belonging to the salience network,
which integrates external sensory stimuli with internal states
through the integration of sensory, visceral, autonomic, and he-
donic signals (Seeley et al. 2007). Regions within the salience net-
work are also implicated in attention and awareness. It has
recently been shown that dysfunction of this network may pro-
vide a biomarker for identifying children with ASD (Uddin et al.
2013). We identified volume reductions in the orbitofrontal, an-
terior cingulate, and insular cortices, which are brain regions
that are critically important for efficient neuronal signaling and
communication. Notably, the insula has important connections
with the cingulate and orbitofrontal cortices among other struc-
tures, and constitutes one of the main structural and functional
hubs in neonates. It has an essential role for multiple functions,
including sensory perception, cognition, socio-emotional pro-
cessing, and stress (Alcauter et al. 2015). In this regard, although
we grouped brain areas according to the core regions affected in
ASD, the same regions appear to be involved inmultiple cognitive
functions. How structural changes in brain regions relate to cog-
nitive changes in our study is an issue that clearly needs to be ex-
plored by future studies. We could not find any differences
between the groups in the main structures of the brain that par-
ticipate in the theoryofmind. Nevertheless, this does not rule out
the presence of structural differences in areas such aswhitemat-
ter organization, which was not examined by the present study.

Most of the cortical regions that were affected in the ASD-
positive infants were cortical hubs in structural networks that
have previously been described in extremely preterm infants
(Fransson et al. 2011) and that play an important role in neural
communication and integrating information. It has been

Figure 2. Regional volumetric differences in graymatter in theASD-positive group

compared with the ASD-negative group. Coronal (A), sagittal (B), axial (C), and

render (D) views showing regions of decreased gray matter (warm colors) in

the ASD-positive group compared with the ASD-negative group. Volumetric

differences are shown before (warm colors) and after adjustment for covariates

(green colors). The crosshairs are in the left lateral occipital cortex. The color

bars represent the t-score. Right = right.
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proposed that cortical hubs may be particularly vulnerable to di-
verse disease processes (Crossley et al. 2014). Thus, one can
speculate that numerous neonatal complications in preterm in-
fants might be expected to have a disproportionate impact on
these vulnerable cortical regions.

In our study, 64% of the ASD-positive childrenwith high-qual-
ity MRI had cognitive impairment (IQ <70) whereas none in the
ASD-negative group. Although individuals with ASD do not ne-
cessarily have low IQ scores, in extremely preterm populations
this association is described (Johnson et al. 2010; Perrone-McGo-
vern et al. 2015). A previous study in extremely preterm children
reported amean IQ difference betweenASDandnoASDgroups of
14 points (mean IQ 85 vs. 71) with almost all children with ASD
having a cognitive impairment (Johnson et al. 2010). In this
case, brain abnormalities may depend on autism itself or could
be related to intellectual disability associated with ASD. Future
studies are clearly needed to explore this issue in greater depth.

The ASD-positive group in this study experienced more neo-
natal clinical complications. In this regard, we identified several
independent neonatal risk factors associated with a greater like-
lihood of being diagnosedwithASD and themost importantwere
birth weight and surgical treatment for PDA and ROP. Our results
confirm previous findings that suggested that birth weight and
neonatal complications increased the riskof ASD (Limperopoulos
et al. 2008; Buchmayer et al. 2009). The current findings also
showed that infants in the ASD-positive group were smaller at
birth and showed smaller growth in head circumference and
weight between birth and term-equivalent age. In this regard,
several potentially adverse factors may influence brain growth;
however, low birth weight seems to be one of themost important
perinatal risk factors for autism (Gardener et al. 2009). After con-
trolling for birth weight z-score global brain differences between
groups were no longer of significance, while regional and net-
work volumetric differences remained significant. This suggests
that whereas low birth weight was related with a lower scaling of
the brain, ASD was related with volume reductions in specific
brain regions. Our results highlight the importance of character-
izing the population under study with regard to the presence or
absence of suboptimal growth.

The strengths of this study included the unique design, with a
carefully selected, well-defined, and prospectively followed co-
hort of extremely preterm infants. Moreover, the imaging was
conducted during the early neonatal period, long before the diag-
nosis of symptoms of ASD. A possible limitation of this studywas
the number of participantswho could not be included in themor-
phometric analyses. This was due to rigorous entry and data
quality criteria and implicit methodological difficulties related
to MRI processing in preterm infants at term-equivalent age
(Padilla et al. 2015). Additionally, inclusion criteriawere restricted
to extremely preterm neonates presenting with normal findings
on conventional MRI scans and having no severemotion artifacts
on the series of high-resolution structural and quantitative
volumes. However, the MRI sample was representative of the
whole sample in terms of perinatal characteristics and general
outcomes. Despite the modest sample size, we believe that com-
bining multiple structural MRI methods provided an excellent
opportunity to elucidate the early underlying structural sub-
strates of ASD in preterm children.

In conclusion, these preliminary results provide evidence that
impaired brain growth can be detected as early as the neonatal
period in preterm children diagnosed with ASD and prominent
autistic traits at the age of 6.5 years. The impaired brain develop-
ment that we found in the ASD-positive group may be linked to
early exposure to the extrauterine environment, with a possible

primary effect on specific brain regions participating in sensory
integration and socio-emotional regulation. Larger studies,
which take neonatal complications into account, and apply
multimodal imaging techniques, are needed to accurately char-
acterize the brains and the neonatal risks of preterm infants
who go on to develop ASD.

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/online.
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Microglia are the resident immune cells of the brain, important for normal neural
development in addition to host defense in response to inflammatory stimuli. Air pollution
is one of the most pervasive and harmful environmental toxicants in the modern world,
and several large scale epidemiological studies have recently linked prenatal air pollution
exposure with an increased risk of neurodevelopmental disorders such as autism
spectrum disorder (ASD). Diesel exhaust particles (DEP) are a primary toxic component
of air pollution, and markedly activate microglia in vitro and in vivo in adult rodents. We
have demonstrated that prenatal exposure to DEP in mice, i.e., to the pregnant dams
throughout gestation, results in a persistent vulnerability to behavioral deficits in adult
offspring, especially in males, which is intriguing given the greater incidence of ASD in
males to females (∼4:1). Moreover, there is a striking upregulation of toll-like receptor
(TLR) 4 gene expression within the brains of the same mice, and this expression is
primarily in microglia. Here we explored the impact of gestational exposure to DEP or
vehicle on microglial morphology in the developing brains of male and female mice.
DEP exposure increased inflammatory cytokine protein and altered the morphology of
microglia, consistent with activation or a delay in maturation, only within the embryonic
brains of male mice; and these effects were dependent on TLR4. DEP exposure also
increased cortical volume at embryonic day (E)18, which switched to decreased volume
by post-natal day (P)30 in males, suggesting an impact on the developing neural stem
cell niche. Consistent with this hypothesis, we found increased microglial-neuronal
interactions in male offspring that received DEP compared to all other groups. Taken
together, these data suggest a mechanism by which prenatal exposure to environmental
toxins may affect microglial development and long-term function, and thereby contribute
to the risk of neurodevelopmental disorders.
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INTRODUCTION

Microglia are the resident immune cells of the brain, deriving
from primitive macrophage precursor cells in the yolk sac that
migrate into the brain beginning on embryonic day (E) 8.5
(Ginhoux et al., 2010). From this early age, microglia play
increasingly well-defined roles in normal brain development
and homeostasis, beyond host defense, including activity-
dependent synapse elimination and the phagocytosis of surplus
neural precursor cells (Schafer et al., 2012; Cunningham
et al., 2013). Thus, even small perturbations of microglial
function early in life can have important consequences for
neural development, and for the risk of neurological disorders
throughout the lifespan (reviewed in Bilbo and Schwarz, 2012).
For instance, genetic ablation of the microglial chemokine
receptor CX3CR1 in mice transiently reduces the number of
microglia during development, but persistently dysregulates
brain connectivity and alters social behavior and communication,
which has important relevance for disorders like autism
spectrum disorder (ASD) (Paolicelli et al., 2011; Zhan et al.,
2014).

The heterogeneous clinical and biological phenotypes
observed in ASD strongly suggest that in genetically susceptible
individuals, environmental risk factors also combine or
synergize to create a tipping or threshold point for dysfunction.
Though the mechanisms underlying these associations are
likely diverse, many environmental factors or toxins impact
immune or inflammatory pathways in the body (Carter and
Blizard, 2016). A role for immunological involvement in a
significant subtype of ASD has been hypothesized for some time
(Money et al., 1971), and results from neuroimaging studies
utilizing PET/MRI have identified putative “inflammation”
in the brains of some subjects with ASD compared to
control subjects (Pardo et al., 2005; Vargas et al., 2005;
Suzuki et al., 2013). Similarly, post-mortem studies show
that microglia are morphologically altered, again in a subset of
individuals, a phenotypic shift often associated with “activation,”
though the mechanisms remain largely unclear (Pardo et al.,
2005; Vargas et al., 2005; Morgan et al., 2010; Lee et al.,
2017).

Air pollution is one of the most pervasive and harmful
environmental toxicants in the modern world, and several
large-scale epidemiological studies have recently linked prenatal
air pollution exposure with an increased risk of ASD (Volk
et al., 2011, 2013; Roberts et al., 2013; Raz et al., 2014;
Rossignol et al., 2014). Roadway exposures account for the
majority of air pollution in the environment, of which diesel
exhaust particles (DEP) are a primary toxic component (Inoue
et al., 2006a,b,c; Hartz et al., 2008; Block and Calderon-
Garciduenas, 2009). DEP markedly activates microglia in vitro
and in vivo in adult rodents (Block et al., 2007, 2012; Block
and Calderon-Garciduenas, 2009; Costa et al., 2015). We
have demonstrated that prenatal exposure to DEP in mice,
i.e., to the pregnant dams throughout gestation, results in a
persistent vulnerability to behavioral deficits in adult offspring,
especially in males (Bolton et al., 2012, 2013, 2014), which
is intriguing given the greater incidence of ASD in males

to females (∼4:1). Moreover, there is a striking upregulation
of toll-like receptor (TLR) 4 gene expression within the
brains of the same mice, and this expression is primarily
in microglia (Bolton et al., 2013). The impact of DEP on
the inflammatory response in the body, e.g., within the
lung, is dependent on TLR4 (Inoue et al., 2006b), an innate
immune pattern recognition receptor classically defined for its
recognition of pathogen-associated molecular patterns (PAMPs),
e.g., lipopolysaccharides (LPS) on bacteria. There is growing
evidence of TLR4 recognition of putative “danger” associated
molecular patterns (DAMPs) as well, including hyaluronic acid,
high mobility group box (HMGB)1, heat shock proteins, and
other markers of cellular distress or damage, in addition to
an increasingly wide array of environmental toxicants that are
hypothesized to directly or indirectly act as ligands (Nazeen et al.,
2016).

Here we explored the impact of gestational exposure to DEP
or vehicle (VEH) on microglial development and activation in
the brains of male and female mice. We tested the hypothesis
that DEP-induced activation of microglia is dependent on TLR4
by assessing TLR4-competent vs. knockout male and female
littermates. DEP exposure increased inflammatory cytokine
protein and altered the morphology of microglia, consistent
with activation or a delay in maturation, only within the
embryonic brains of male mice; and these effects were
dependent on TLR4. DEP exposure also induced gross changes
in cortical volume in males: increased volume at embryonic
day (E)18 that switched to decreased volume by post-natal
day (P)30, suggesting an impact on the developing neural
stem cell niche. Consistent with this hypothesis, we found
increased microglial-neuronal interactions in male offspring that
received DEP compared to all other groups. Taken together,
these data suggest a mechanism by which prenatal exposure
to environmental toxins may affect microglial development
and long-term function in a sexually dimorphic manner,
and thereby contribute to the risk of neurodevelopmental
disorders.

MATERIALS AND METHODS

Experiment 1: E18 Time Point
Animals
Adult male TLR4-deficient (TLR4−/−) and female
TLR4-heterozygous (TLR4+/−; C57BL/6 background) mice were
housed in individually ventilated, microisolator polypropylene
cages with specialized bedding (Alpha-Dri; Shepherd Specialty
Papers, Milford, NJ, United States; used to avoid exposure to
potentially confounding antigens that can be found in typical
bedding) and given ad libitum access to food (PicoLab Mouse
Diet 5058, Lab-Diet, Philadelphia, PA, United States) and
filtered water. The colony was maintained at 22◦C on a 12:12-h
light-dark cycle (lights on at 7 AM). Following acclimation
to laboratory conditions, males were placed with 2 females
each for breeding, for a maximum of 2 weeks. TLR4−/−

males were mated with TLR4+/− females to produce litters of
approximately 50% for each genotype. Females were examined
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twice daily for evidence of a vaginal plug [confirmation of
successful mating, considered to be E0], at which point they
were separated from the male and caged with 1–4 other
successfully mated females. All experiments were conducted with
protocols approved by the Duke University Animal Care and Use
Committee.

Diesel Exhaust Particle (DEP) Exposures
Beginning on the morning of E2, time-mated females were
treated with DEP delivered by oropharyngeal aspiration [the
method and detailed analysis of DEP have been previously
described (Bolton et al., 2013)]. Females received 50 µg DEP
suspended in 50 µl vehicle (DEP group, n = 9) or 50 µl vehicle
(VEH group, n= 7) on E2, E5, E8, E12, and E16.

Tissue Collection
Fetal brains were collected at E18. Fetuses were sexed and
their Tlr4 genotype determined by PCR analysis of the Sry
and Tlr4 genes from tail samples. At the time of tissue
collection, pregnant mice were deeply anesthetized with sodium
pentobarbital, and fetuses were removed by hysterotomy. For
half of each litter (randomly chosen), each fetus’s whole
brain was removed and weighed, before being placed into a
1.5-ml microcentrifuge tube, snap-frozen in liquid nitrogen,
and stored at −80◦C until processing. For the other half of
each litter, each fetus’s whole head was removed and placed
in 1.5-ml microcentrifuge tubes filled with 10% formalin.
Twenty-four hours later, heads were transferred into 0.1%
sodium azide for long-term storage at 4◦C. Three days prior
to slicing, heads were submerged in a 10% gelatin solution.
After the gelatin solidified, the gelatin-submerged heads were
transferred to cold 4% paraformaldehyde for 24 h before being
transferred into 30% sucrose for 48 h prior to freezing and
slicing.

Genotyping
DNA extraction of tail snips was performed by heating the
samples for 1 h at 95◦C in a basic solution (25 mM NaOH,
0.2 mM EDTA), then adding an acidic solution (40 mM Tris HCl)
to neutralize the pH. Each sample was centrifuged at 400 × g
for 10 min at 4◦C, followed by collection of the supernatant.
Subsequently, PCR amplification was performed, which consisted
of heating samples at 94◦C for 3 min, followed by 34 cycles of
94◦C for 20 s, 67.5–64.5◦C for 30 s (the first 6 cycles comprised
a touchdown from 67.5 to 64.5◦C, in half-degree increments),
and 72◦C for 40 s, and finished at 72◦C for 50 s. The PCR
reaction consisted of 1 µl of sample and 24 µl of BIOLASE PCR
mix (Bioline USA Inc., Taunton, MA, United States) containing
forward (5′-TGGGCTGGACTAGGGAGGTCC-3′) and reverse
(5′-TGCTGGGCCAACTTGTGCCT-3′) SRY primers and 3
TLR4 primers: forward (5′- CTG ACG AAC CTA GTA CAT GTG
GA), reverse (5′- ACC TCT TAG AGT CAG TTC ATG GA), and
Neo-rrt1 (5′- TGG CGG ACC GCT ATC AGG AC). TLR4+/−

fetuses were identified by the appearance of 2 bands, one of
280 bp and one of 186 bp, whereas TLR4−/− fetuses have one
band of 280 bp. The Y chromosome-specific product expected
from the amplification of male DNA was 431 bp. Products were

resolved on a 1.7% agarose gel stained with 5% GelStar Nucleic
Acid Stain (Cambrex Bio Science Rockland, Inc., Rockland, ME,
United States).

Cytokine Protein Measurements
Commercial ELISA kits (R&D Systems, Minneapolis, MN)
were used to measure interleukin (IL)-1β, a proinflammatory
cytokine, and IL-10, an anti-inflammatory cytokine, in fetal brain
homogenates normalized to total protein (200 µg/well) and
lipid-depleted [n = 5–8/sex/genotype/treatment (Bolton et al.,
2013)]. These cytokines were selected due to their important
role in microglial function, brain development, and behavior
(Williamson et al., 2011; Yirmiya and Goshen, 2011).

Iba1 Immunohistochemistry
Gelatin-blocked brains were sectioned exhaustively in a 1:5
series at 14 µm on a Leica cryostat at 20◦C and thaw-mounted
directly onto Superfrost+ Micro Slides (VWR), where they
were allowed to dry before being stored at 4◦C. The ionized
calcium-binding adaptor molecule (Iba1) protein was selected for
staining because it is specific to macrophages, including microglia
within the brain parenchyma, its expression is constitutive, and
it labels the entire cell body including processes, thus allowing
a detailed assessment of morphology. Slides were washed with
phosphate buffered saline (PBS) and incubated for 1 h in PBS
with 1% H2O2, 10% normal goat serum, and 0.9% Triton
X to quench endogenous peroxidase, block, and permeabilize,
respectively. Slides were then incubated with 200 µL of
primary antibody (rabbit anti-Iba1, 1:500; Wako Chemicals,
Richmond, VA, United States) overnight at room temperature.
On the next day, slides were washed and incubated with a
biotinylated secondary antibody (goat anti-rabbit IgG, 1:200;
Jackson ImmunoResearch Laboratories, West Grove, PA, United
States) for 2 h at room temperature. Slides were washed, and
immunostaining was identified by the streptavidin/horseradish
peroxidase technique (Vectastain ABC kit; Vector Laboratories,
Burlingame, CA, United States) with diaminobenzidine as the
chromagen. Afterward, slides were dehydrated and coverslipped
with Permount (Fisher Scientific, Pittsburgh, PA, United States).

Unbiased Stereology
Iba1-labeled cells were counted using the optical fractionator
method within Stereo Investigator software (Microbrightfield
Inc., Williston, VT, United States) (Mouton, 2002; Glaser et al.,
2007; Bland et al., 2009). For analysis, we set an optical dissector
height of 5 µm with a 1-µm guard zone on top and bottom,
and counted stained cells within each frame using a 100X oil
objective lens. Cells were only counted if the entire, rounded cell
body was visible (average diameter = 15–25 µm) and the stain
appeared uniformly dark and apparent throughout the cell, to
avoid counting a cell fragment.

We used an exhaustive 50 µm by 50 µm counting frame to
count cells throughout each section for each section counted. For
each animal, we analyzed every section throughout the parietal
cortex (PCX) and hippocampus [dentate gyrus (DG), CA3, and
CA1]. Nine sections of the PCX were analyzed for every animal,
7 per DG, 4 per CA3, and 6 per CA1. For each section examined,
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the area was calculated using Stereo Investigator software based
on the boundaries of the contour tracings (Supplementary
Figures 1A,B). Regional volume estimates were obtained by
summing the areas given by the Cavalieri estimator for each
section, and then multiplying this value by the product of the
pre-histology thickness of each section (14 µm) and the number
of sections examined.

Iba1-positive cells were classified into 4 morphological types
based on their cell shape and the configuration of their
processes (Wu et al., 1992, 1993; Kreutzberg, 1996; Gomez-
Gonzalez and Escobar, 2010). These four cell types consisted
of round/amoeboid microglia, microglia with stout processes,
microglia with thicker, longer processes, and microglia with
thinner, more ramified processes (see Figure 1D). The number of
subjects analyzed varied per region and group, n= 3–5/group/sex
for the PCX, DG, CA1, and CA3.

Data Analysis
All data were analyzed with SigmaStat statistical software (Systat
Software Inc., San Jose, CA, United States). Three-way (DEP X
Genotype X Sex) ANOVAs were performed first, and following
an interaction with Sex, two-way (DEP X Genotype) ANOVAs
within each sex were used to assess differences in regional
volume (mm3), the total number of cells/mm3, and the number
of cells of the 4 different morphologies for microglia/mm3.
Following significant interactions, post hoc comparisons (Fisher’s
LSD) were performed to further distinguish between groups.
Significance was generally assumed at p < 0.05; however, higher-
order interactions at p ≤ 0.1 were used to direct the subdivision
of data for further analysis (Snedecor and Cochran, 1967).
These interactions were only reported if subsequent lower-order
ANOVAs and/or post hoc tests achieved significance at p < 0.05
(Slotkin and Seidler, 2015).

Experiment 2: P30 Time Point
Animals
Adult male and female C57BL/6 mice were obtained from Charles
River Laboratories (Raleigh, NC, United States) and housed in
individually ventilated, microisolator polypropylene cages with
specialized bedding (Alpha-Dri) and ad libitum food (PicoLab
Mouse Diet 5058; Lab-Diet, Philadelphia, PA, United States) and
filtered water. The colony was maintained at 22◦C on a 12:12-h
light–dark cycle (lights off at 9 AM). Following acclimation
to laboratory conditions for 1 week, males were paired with
2 females each for timed mating, for a maximum of 2 weeks.
Females were examined twice daily for evidence of a vaginal plug
[confirmation of successful mating, considered to be embryonic
day (E)0], at which point they were separated from the male
and housed with another pregnant female. All experiments were
conducted with protocols approved by the Duke University
Animal Care and Use Committee.

DEP Exposures
Female DEP treatment was carried out as described above.
Females received 50 µg DEP suspended in 50 µl vehicle (DEP
group; n = 5 dams) or vehicle alone (VEH group; n = 7
dams) every 3 days E2-E17 for a total of 6 doses, as a model

of intermittent exposure. Following the final exposure on E17,
females were allowed to give birth normally and their offspring
remained unmanipulated until P30.

P30 Injections
P30 offspring (n = 6–8/group/sex) received an i.p. injection of
either sterile saline or 165 µg/kg LPS derived from Escherichia
coli (serotype 0111:B4; Sigma, St. Louis, MO, United States)
between 8 and 10 AM, and brain tissues were collected 2 h
later. This dose and time point were selected based on previous
studies (Godbout et al., 2005) and initial pilot experiments from
our lab demonstrating mild sickness behavior and a robust but
submaximal IL-1β response under these conditions in the brains
of control mice (unpublished data).

Tissue Collection
Mice were deeply anesthetized with a ketamine/xylazine cocktail
(430 mg/kg ketamine; 65 mg/kg xylazine i.p.). Immediately
afterward, mice were transcardially perfused with ice-cold saline
for 2 min. Whole brains were rapidly extracted, and half
the brain was post-fixed by 4 successive changes of fresh 4%
paraformaldehyde daily, and then stored in 0.1% sodium azide
in PBS at 4◦C until cryosectioning for histological analyses. All
tissue collection occurred during the dark cycle between 10 AM
and 1 PM.

Iba1 Immunohistochemistry
Fixed half-brains were cryoprotected in 30% sucrose plus 0.1%
sodium azide for 3 days prior to slicing, then quickly frozen
in −70◦C isopentane and sliced coronally from the anterior
hypothalamus through the ventral hippocampus in a 1:6 series
at 40 µm in a −20◦C cryostat. Floating sections were stored in
a 0.1% sodium azide solution until immunohistochemistry was
performed. All sections were stained at the same time to minimize
differences in antibody preparation and binding across days.

As in Experiment 1, Iba1 staining was performed. Free-
floating sections were washed with PBS, incubated in 50%
methanol for 30 min to quench blood vessels, and then washed
in PBS again. They were then incubated for 1 h in PBS
with 0.03% H2O2, 5% normal goat serum, and 0.3% Triton
X to quench endogenous peroxidase, block, and permeabilize,
respectively. Sections were incubated with primary antibody
(rabbit anti-Iba1, 1:1,000; Wako Chemicals, Richmond, VA,
United States) overnight at room temperature on an orbital
shaker. On day 2, sections were washed and incubated with
a biotinylated secondary antibody (goat anti-rabbit IgG, 1:200;
Vector Laboratories, West Grove, PA, United States) for 2 h at
room temperature. Sections were washed, and immunostaining
was identified by the streptavidin/HRP technique (Vectastain
ABC kit; Vector Laboratories, Burlingame, CA, United States)
with diaminobenzidine (DAB) as the chromagen. Sections were
mounted on gelatinized slides, dehydrated, and coverslipped
with Permount (Fisher Scientific, Pittsburgh, PA, United
States).

Unbiased Stereology
Iba1-labeled cells were quantified using Stereo Investigator
software as described previously. Iba-1 positive cells in the P30
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FIGURE 1 | Prenatal DEP exposure alters microglial morphology and gross regional volumes in the E18 fetal brain. (A) Levels of IL-1β tended to be
higher in E18 brains due to prenatal DEP exposure. (B) Levels of IL-10 did not significantly differ in the E18 brain. (C) The proinflammatory bias (IL-1β/IL-10 ratio) was
significantly greater in DEP TLR4+/− E18 brains than in VEH TLR4+/− E18 brains. (D) The four primary microglial morphological states on E18. During
development, microglia possess round/amoeboid morphology initially and gradually progress to a morphology with thin, ramified processes. Photos were taken of
Iba1-labeled microglia in the mouse CA1 at the 100X objective. (E) DEP TLR4+/− animals possess a significantly larger PCX volume than VEH TLR4+/− animals
and DEP TLR4−/− animals at E18. (F) Normal distribution of microglial morphological states in E18 PCX. (G) DEP TLR4+/− males have significantly more round
microglia in the PCX than DEP TLR4−/− males. In contrast, VEH females have significantly more round microglia than DEP females in the PCX at E18. (H) DEP
TLR4+/− animals possess a significantly greater DG volume at E18 than VEH TLR4+/− animals. (I) Normal distribution of microglial morphological states in E18 DG.
(J) DEP TLR4+/− males have significantly more stout microglia than DEP TLR4−/− males in the E18 DG, whereas DEP females have significantly fewer stout
microglia overall than VEH females. In addition, TLR4+/− females have overall more stout microglia than TLR4−/− females. Data are mean ± SEM. For A-C,
n = 6–13/group (note that sexes are combined here). For E and H, n = 8–9/group (note that sexes are combined here). For (F,I) n = 33 animals/morphology. For
(G,J) n = 3–5/group/sex. ∗p < 0.05 vs. VEH TLR4+/− or DEP TLR4−/−; ##p < 0.05, TLR4+/− vs. TLR4−/−; ∗∗p < 0.05, DEP vs. VEH.

Frontiers in Synaptic Neuroscience | www.frontiersin.org 5 May 2017 | Volume 9 | Article 10

http://www.frontiersin.org/Synaptic_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Synaptic_Neuroscience/archive


fnsyn-09-00010 May 29, 2017 Time: 15:1 # 6

Bolton et al. Prenatal Toxins Alter Microglia-Neuron Interactions

FIGURE 2 | Prenatal DEP exposure alters microglial morphology and cortical volume in the P30 juvenile brain. (A) The two primary microglial
morphological states in the P30 brain. Representative pictures of microglia with thick, long processes (left) and thin, long processes (right) in the mouse parietal
cortex on P30. Photos were taken of Iba1-labeled microglia at 100X. (B) DEP males possess a significantly smaller PCX volume at P30 than VEH males, whereas
females do not differ. (C) DEP/LPS males have significantly more thick, long microglia in the PCX at P30 than do VEH/LPS males, whereas females do not differ.
(D) No significant differences in DG volume were detected. (E) LPS males had significantly more thick, long microglia in the DG at P30 than SAL males. DEP/LPS
females had significantly more thick, long microglia than VEH/LPS and DEP/SAL females. (F) LPS males tended to have fewer thin, long microglia than SAL males in
the P30 DG, whereas DEP/LPS females had significantly fewer thin, long microglia than VEH/LPS and DEP/SAL females. (G) DEP males have thin, long microglia
with larger soma volumes in the DG at P30 than do VEH males, whereas females do not differ. Data are mean ± SEM, n = 5–7/group/sex. ∗∗p = 0.05, DEP vs. VEH;
∗p < 0.05 vs. VEH/LPS or DEP/SAL; ##p < 0.05, LPS vs. SAL.
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brain were classified as either “thick, long,” with broad processes,
or “thin, long,” with ramified processes, which encompass
the large majority of cell types at this age (Figure 2A).
Unbiased stereology (Gundersen and Jensen, 1987) was used
to estimate total numbers of Iba1-labeled cells and total
numbers of each morphology. Microglial cell volumes were
estimated using five rays of independent isotropic probes within
the “Nucleator” function of Stereo Investigator software. We
analyzed five sections through the PCX and DG (Supplementary
Figure 1C) for each animal. For each section examined, the
area was calculated by the Stereo Investigator software based
on the boundaries of the contour tracings. Regional volume
estimates were obtained by summing the areas given by the
Cavalieri estimator for each section, and then multiplying this
value by the product of the pre-histology thickness of each
section (40 µm) and the number of sections examined. The
estimated total number of microglia per region was obtained
using Stereo Investigator’s Estimated Total by Mean Measured
Thickness function, which bases its calculation on section
thickness, series value, and number of measurements. These
values were normalized by regional volume. The number of
subjects analyzed per group was 5–7/group/sex for all regions
analyzed.

Iba1-NeuN Fluorescence Immunohistochemistry
The brains of SAL-injected animals were processed to interrogate
microglial-neuronal interactions. Microglia were detected
with a rabbit polyclonal antibody against Iba1 (#019-19741;
Wako Chemicals). Neurons were detected with a mouse
monoclonal antibody against NeuN, clone A60 (MAB377;
Millipore). The protocol for all antibodies was similar to
that described above, and PBS was used throughout to wash
the sections. Sections were blocked with 5% normal donkey
serum (NDS) with 0.3% Triton-X in PBS at room temperature
for 1 h. Primary antibodies were diluted in a solution of
5% NDS and 0.3% Triton-X in PBS to yield dilutions of
1:1,000 primary antibody for both Iba1 and NeuN. Sections
were incubated overnight at 4◦C. For fluorescent signal
detection, the following Alexa Fluor conjugated secondary
antibodies were used: Donkey anti-mouse-488, donkey
anti-rabbit-568 (1:500, both purchased from Thermo Fisher
Scientific). Sections were incubated in the dark for 2 h at room
temperature. Labeled sections were mounted onto glass slides
and cover slipped with fluorescent mounting medium (Vector
laboratories).

Confocal Microscopy
Immuno-labeled PCX sections were viewed on a Leica SP8
upright microscope equipped with HC Plan-Apochromat 40×
(oil numerical aperture, NA: 1.3) or 100× (oil DIC; NA 1.4)
objectives and attached to a spectral confocal laser system with
Argon/2 (458, 488, and 514 nm), 561 nm Diode, and HeNe
633 nm. The tissue was scanned with 488-nm and 561-nm
laser lines to detect the corresponding Alexa fluorophores. High-
resolution images (1024 × 1024 pixels) of optical sections
(z-slices) were captured using sequential line (average of 3)
scanning with 0.3-µm z-steps.

Quantification of Immunohistochemistry
Three independent 40 µm-thick coronal brain sections
containing the PCX (bregma −1.455 to −2.355) were imaged
per mouse in 5-µm-thick confocal scans (optical section depth
of 0.333 µm, 15 sections/scan) 40× magnification. A series of
images were collected from the pia to the corpus callosum with
30% overlap (average of 4 images). ImageJ was used to create
maximum projections and subtract background. Following
the background subtraction, each image series was merged
together using Adobe Photoshop until the image series of
each section was cohesively stitched together with 30% overlap
(Figure 3A).

Quantification of NeuN+ cells was completed using a
previously published protocol (McKinstry et al., 2014). The
stitched images of the cortices were divided into 10 equal
parts (identical dimensions in all images) spanning the distance
between the pia and the corpus callosum. The number of
NeuN+ neurons and Iba1-NeuN/ microglia-neuron cell body
overlaps were counted using the Cell Counter Plugin for ImageJ
(Schneider et al., 2012) in the tiled images. Microglia-neuron
cell body overlaps were identified based on the appearance of
cell body-cell body contact as determined by co-localization
(yellow) of Iba1 and NeuN within the entire brain section
(n= 6 mice/group; 3 brain sections/mouse).

Three-Dimensional (3D) Reconstruction of Microglia
Confocal z-scans of Iba1-positive microglia were acquired
through a 100× objective (oil DIC; NA 1.4) in 0.3-µm
z-steps. Image series were saved in a.lif format and ImageJ
was used to perform background subtraction, smoothing, and
thresholding. Imaris software (Bitplane) was used to perform
3D reconstruction and surface renderings of microglia, neurons,
and the overlap between them (Schafer et al., 2012, 2014).
The 3D renderings of the microglia-neuron interactions were
then observed to verify that they met criteria to be included
(detailed below). Those that passed inspection were cleared of
extraneous microglia and neurons so that only the microglia and
neuron directly involved in cell body-cell body contact remained.
These surface renderings were used to quantify the volume of
microglia as well as the volume of overlap between microglia and
neurons.

Criteria for Microglia-Neuron Interaction Rendering
One section containing microglia-neuron appositions identified
in our stitched 40× images was taken from three different brains
for each group (3 mice/group; 3–5 microglia-neuron interaction
renderings per mouse). Using confocal microscopy, z-stacks of
approximately 40-µm were collected in 0.3-µm z-steps. From
these z-stacks, microglia were chosen for analysis based on the
following criteria: (1) 3D renderings contained microglia-neuron
cell body contact, (2) full microglial cell bodies that did not touch
the z-stack perimeter, and (3) processes were only included if they
were clearly attached to the microglia of interest. A total of 101
microglia were collected in this way, 45 of which met criteria and
were included. Thirty-nine were excluded for not meeting criteria
(Figure 4C for example) and 17 were not rendered because our
target n was reached.
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FIGURE 3 | Prenatal DEP exposure alters microglia-neuron interaction frequency but not neuron or microglia number in the parietal cortex of P30
offspring. (A) Representative panoramic images of microglia (Iba1, red) and neurons (NeuN, green) in the parietal cortex of P30 offspring taken at 40× magnification
and stitched together with 30% overlap. (B) Neuron Quantification. Males have significantly more NeuN+ cells than females. (C) Microglia Quantification. The
numbers of Iba1+ cells do not differ by Sex, DEP exposure or the interaction of the two. (D) Microglia-Neuron Interaction Quantification. Males have significantly
more overlaps between microglia and neurons than females, and DEP-treated animals have significantly more overlaps than those treated with VEH. Bar graphs
represent mean values ± SEM (error bars); n = 6 mice/group, average of 3 brain sections per mouse. ##p < 0.05, males vs. females; ∗∗p < 0.05, DEP vs. VEH.

Data Analysis
All data were analyzed with SigmaStat statistical software
(Systat Software Inc., San Jose, CA, United States). Three-
way (DEP X LPS X Sex) ANOVAs were performed first,
and following an interaction with Sex, two-way (DEP X LPS)

ANOVAs within each sex were used to assess differences
in regional volume (mm3), average cell volume (µm3), the
total number of cells/mm3, and the number of cells (of the
2 different morphologies)/mm3. Following interactions, post
hoc comparisons (Fisher’s LSD) were performed to further
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FIGURE 4 | Increased overlap between microglia and neurons in juvenile offspring prenatally exposed to DEP. (A) Representative panoramic image of
microglia (Iba1, red) and neurons (NeuN, green) in the parietal cortex of a P30 DEP-exposed female taken at 40× magnification and stitched together with 30%
overlap. (B) Example 3D surface rendering of microglia-neuron apposition, imaged by confocal microscopy at 100× magnification and reconstructed following a
previously published protocol (Schafer et al., 2012, 2014). Neurons and microglia not involved in the microglia-neuron interaction were removed for clarity.
(C) Example of microglia-neuron apposition that was excluded from analysis post-reconstruction due to lack of direct cell body contact. (D,E) 3D surface renderings
of neurons (NeuN, green) and microglia-neuron overlapping regions (cyan). In these images, 3D reconstructed microglia appear in translucent red to allow
visualization of overlapping material within microglia. Note: neurons not directly contacting the microglial cell body were removed for clarity but overlapping regions
between microglial processes and these extraneous neurons were quantified as part of total overlap between microglia and neurons. (F) 3D reconstruction of
microglia-neuron apposition including total overlapping material (cyan) and cell-body overlap (yellow). (G) Quantification of microglial cell volume. Analysis of
reconstructed microglial volume revealed DEP-exposed offspring have larger microglia volumes than those exposed to VEH. (H) Quantification of total
microglia-neuron overlap. Total overlap includes overlapping material between microglial processes and any surroundings neurons, as well as cell body-cell body
overlap. Analysis of the total volume of Iba1-NeuN overlap revealed a significant Sex X DEP interaction, which is driven by a larger overlap volume in DEP males vs.
VEH males, as well as a larger overlap volume in VEH females vs. VEH males. (I) Quantification of cell body overlap. Cell body overlap is restricted to overlap
between one microglia and one neuron, and just between the cell bodies of these two cells. Analysis of cell body overlap revealed a significant Sex X DEP interaction,
which we determined to be due to a larger volume of cell body overlap in DEP males vs. VEH males, as well as in VEH females vs. VEH males. Bar graphs represent
mean values ± SEM (error bars); n = 3 mice/group, 3–5 microglia-neuron renderings per mouse. The data were log-transformed for analysis due to unequal variance,
but are displayed as raw data in the figures. Grid line increments = 2.5 µm. ##p < 0.05, males vs. females; ∗∗p < 0.05, DEP vs. VEH; ∗p < 0.05, vs. VEH male.

distinguish between groups. For neuron counts and microglial-
neuron overlap, two-way (DEP X Sex) ANOVAs were performed
to assess differences in the number of neurons, number of
microglia-neuron interactions, microglial volume (µm3), and
overlap volume (µm3). Interactions were followed up with
Fisher’s LSD post hoc tests. The 3D reconstruction data were
log-transformed for analysis due to unequal variance, but are
displayed as raw data in the figures. Significance was generally
assumed at p< 0.05; however, higher-order interactions at p≤ 0.1
were used to direct the subdivision of data for further analysis
(Snedecor and Cochran, 1967). These interactions were only

reported if subsequent lower-order ANOVAs and/or post hoc tests
achieved significance at p < 0.05 (Slotkin and Seidler, 2015).

RESULTS

Experiment 1: E18 Time Point
Fetal Brain Cytokines
We measured the levels of proinflammatory IL-1β and
anti-inflammatory IL-10 in fetal brains at E18 to determine
if prenatal DEP exposure induces a TLR4-dependent cytokine
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response in the fetal brain. Prenatal DEP exposure tended to
increase IL-1β (p = 0.07; Figure 1A), whereas there were no
differences in IL-10 levels in the fetal brains (Figure 1B). We next
analyzed the IL-1β/IL-10 ratio and found that DEP TLR4+/−

fetal brains exhibited a significantly greater proinflammatory
bias than did VEH TLR4+/− fetal brains [DEP X Genotype
interaction, F(1,22) = 3.14, p = 0.09; post hoc, p < 0.05],
whereas TLR4−/− brains did not differ due to prenatal treatment
(Figure 1C).

Fetal Brain Microglia Counts and Morphological
Analysis
To assess whether prenatal DEP exposure altered microglial
development, we exhaustively counted microglia and classified
them into four morphological types (Figure 1D) in the DG, CA1,
CA3, and PCX. We also measured the volume of each brain
region to determine if there were any gross changes in brain
structural development due to prenatal DEP exposure.

Parietal cortex
Overall volume of the PCX was significantly increased by
DEP exposure in TLR4+/− fetuses compared to VEH-treated
TLR4+/− fetuses, whereas TLR4−/− fetuses did not differ
by treatment [significant DEP X Genotype interaction,
F(1,26) = 5.34, p < 0.05; post hoc, p < 0.05; Figure 1E].
No significant differences were detected in overall microglial
density. However, round microglia were significantly altered
by the interaction of DEP and TLR4 genotype [DEP X
Genotype interaction, F(1,27) = 5.42, p < 0.05; Sex X DEP
interaction, F(1,27) = 3.02, p = 0.09]. Specifically, DEP
TLR4+/− males had more round microglia than DEP TLR4−/−

males [F(1,13) = 6.07, p < 0.05; post hoc, p < 0.05; Figure 1G).
In contrast, DEP females exhibited the opposite pattern,
showing a decrease in round microglia relative to VEH females
[significant main effect of DEP, F(1,13) = 5.03, p < 0.05;
Figure 1G]. No further differences were detected in stout;
thick; or thin microglia (normal distribution of types shown in
Figure 1F).

Dentate gyrus
Overall volume of the DG followed a similar pattern to
the volume change observed in the PCX, in that volumes
were significantly greater in DEP-treated TLR4+/− fetuses
than in VEH-treated TLR4+/− fetuses [significant DEP X
Genotype interaction, F(1,18) = 9.44, p < 0.01; post hoc,
p < 0.05; Figure 1H]. No significant differences were detected
in total microglial density or round cell density. However,
stout cells exhibited a pattern similar to that observed for
round cells in the PCX [Sex X DEP X Genotype interaction,
F(1,19) = 3.88, p = 0.06]. Specifically, DEP TLR4+/− males
had significantly more stout microglia than DEP TLR4−/−

males [DEP X Genotype interaction, F(1,9) = 2.77, p = 0.1;
post hoc, p < 0.05; Figure 1J]. In contrast, DEP females
had fewer stout microglia than VEH females [significant main
effect of DEP, F(1,9) = 7.49, p < 0.05], and TLR4+/−

females had more stout microglia than TLR4−/− females
[significant main effect of Genotype, F(1,9) = 5.37, p < 0.05;
Figure 1J]. Analysis of thick microglia revealed a significant

DEP X Genotype interaction [F(1,18) = 6.89, p < 0.05]
that appeared to be driven by females [significant DEP X
Genotype interaction, F(1,9) = 9.60, p < 0.05], due to an
increased number of thick microglia in DEP TLR4−/− females
compared to VEH TLR4−/− and DEP TLR4+/− (p < 0.05;
data not shown). No significant differences were detected
in thin microglia (normal distribution of types shown in
Figure 1I).

CA3
Overall volume of the CA3 did not differ by Sex, DEP,
or Genotype (Supplementary Figure 2A), nor were any
differences detected in total microglia density or round cell
density. However, stout microglia exhibited a similar pattern
as detected in the DG [significant Sex X DEP interaction,
F(1,16) = 5.03, p < 0.05; Sex X DEP X Genotype interaction,
F(1,16) = 2.44, p = 0.1]. Specifically, DEP TLR4+/− males
possessed more stout microglia than VEH TLR4+/− and DEP
TLR4−/− males [DEP X Genotype interaction, F(1,9) = 3.52,
p = 0.09; post hoc, p < 0.05; Supplementary Figure 2B].
Once again, females exhibited the opposite pattern, as DEP
females possessed fewer stout cells than VEH females [significant
main effect of DEP, F(1,7) = 6.88, p < 0.05; Supplementary
Figure 2B]. Analysis of thick microglia revealed a pattern
similar to that of stout cells in males, but it did not reach
significance. Thin cells were not different by Sex, DEP, or
Genotype.

CA1
Overall volume of the CA1 did not differ by Sex, DEP, or
Genotype (Supplementary Figure 2C), nor were any differences
detected in total microglia density. Analysis of round microglia
revealed a significant main effect of Sex [F(1,20)= 6.79, p< 0.05],
with females possessing overall more round microglia than males
(data not shown). The pattern of stout cells was similar to that
found in the DG and CA3 [significant Sex X DEP X Genotype
interaction, F(1,20) = 11.29, p < 0.005]. DEP TLR4+/− males
possessed more stout microglia than DEP TLR4−/− males [DEP
X Genotype interaction, F(1,10) = 4.82, p = 0.05, post hoc,
p < 0.05; Supplementary Figure 2D]. On the other hand, VEH
TLR4+/− females had more stout microglia than DEP TLR4+/−

females [significant DEP X Genotype interaction, F(1,10)= 7.74,
p < 0.05, post hoc, p < 0.05; Supplementary Figure 2D]. A similar
pattern in females for thick cells was present, but it failed to
reach significance. No significant differences in thin cells were
detected.

Experiment 2: P30 Time Point
P30 Brain Microglia Counts and Morphological
Analysis
The results from Experiment 1 demonstrate that prenatal
DEP exposure alters microglial morphology in TLR4-competent
males, whereas females often exhibit the opposite pattern. In
order to determine if prenatal DEP exposure also results in
long-term changes in microglial number and/or morphology,
in conjunction with the long-term changes in behavior and
proinflammatory function that we have observed in previous
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studies (Bolton et al., 2012, 2013, 2014), we used unbiased
stereology to count microglia and classified them into thick,
long vs. thin, long processes (the only phenotypes present in the
normal adult brain; Figure 2A for examples) in the wild-type
P30 DG and PCX. Because the number of morphological types
in the adult brain are limited, we also measured microglial soma
volume to more rigorously assess any changes in morphology.
We limited our analyses to the DG of the hippocampus because
only the DG possessed a volume change like the PCX at
E18, which would suggest potential neuropathology or altered
neural-glial interactions in these regions. As at E18, we again
measured the volume of each brain region to determine if there
were any long-lasting gross changes in brain structure due to
prenatal DEP exposure. Half of the animals were also injected
with LPS to determine if group differences in function were
revealed in response to a second activation of the immune
system.

Parietal cortex
Analysis of PCX volume revealed a significant Sex X DEP
interaction [F(1,43)= 6.07, p < 0.05], which was due to a smaller
volume in DEP males compared to VEH males [significant main
effect of DEP, F(1,20) = 8.55, p < 0.01], whereas females did not
differ by treatment (Figure 2B). There was no effect of LPS on
PCX volume. Analysis of total microglial cell density also revealed
a significant Sex X DEP interaction [F(1,42) = 5.88, p < 0.05],
however, post hoc tests were not significant (data not shown).
Subdividing microglia by morphological type, we discovered that
this pattern was mostly driven by thick, long cells, which also
exhibited a significant Sex X DEP interaction [F(1,42) = 8.16,
p < 0.01], and a Sex X DEP X LPS interaction [F(1,42) = 2.84,
p = 0.1], whereas thin, long cells did not exhibit any significant
differences. Specifically, DEP/LPS males have more thick, long
microglia than VEH/LPS males [significant main effect of DEP,
F(1,20) = 9.00, p < 0.01; DEP X LPS interaction, F(1,20) = 2.65,
p = 0.1; post hoc, p < 0.05], whereas females exhibit the opposite
pattern, although this didn’t reach significance (Figure 2C). No
significant differences in average microglial cell volume in PCX
were identified.

Dentate gyrus
Neither overall volume of the DG (Figure 2D) nor total
microglial cell density differed by Sex, DEP, or LPS. However,
subdividing microglia by morphological type revealed a
significant Sex X DEP X LPS interaction [F(1,40) = 7.17,
p < 0.05] within thick, long microglia. Follow-up tests
that subdivided by sex revealed that LPS-injected males
had significantly more thick, long microglia in the DG
than SAL-injected males [significant main effect of LPS,
F(1,21) = 7.24, p < 0.05], whereas females exhibited a
significant DEP X LPS interaction [F(1,19) = 18.53, p < 0.001;
Figure 2E]. Specifically, DEP/LPS females had significantly
more thick, long microglia in the DG than VEH/LPS females
and DEP/SAL females (post hoc, p < 0.005), much like the
pattern we observed in males in the PCX. This effect was
coupled with a significant Sex X DEP X LPS interaction
[F(1,40) = 4.76, p < 0.05] within thin, long microglia that

represented the opposing pattern. Specifically, LPS males
tended to have fewer thin, long microglia than SAL-injected
males (p = 0.06), whereas DEP/LPS females had fewer thin,
long microglia than VEH/LPS females [significant DEP X
LPS interaction, F(1,19) = 5.50, p < 0.05; post hoc, p < 0.05;
Figure 2F]. Therefore, it appears that animals maintained the
same overall amount of microglia in the DG by converting
thin, long microglia to thick, long microglia in response to
LPS.

Analysis of average microglial cell volume in the DG
revealed a Sex X DEP X LPS interaction [F(1,40) = 3.60,
p = 0.06]. Subdividing by morphological type, we found
that thick, long cell volume overall tended to increase in
LPS animals (p = 0.06; data not shown). On the other
hand, analysis of thin, ramified cell volume revealed a
significant Sex X DEP interaction [F(1,40) = 4.18, p < 0.05]
that is driven by DEP males having larger soma volumes
than VEH males [main effect of DEP, F(1,20) = 4.36,
p = 0.05], whereas female cell volumes do not differ
(Figure 2G).

Quantification of NeuN and Iba1 in P30 parietal cortex
To determine whether the differences in P30 PCX volume
were associated with changes in cell number, NeuN+ and
Iba1+ cells were counted (Figure 3A). We focused our
assessment on neurons and did not include additional cell
types that could also impact volume (e.g., astrocytes), as
it was beyond the scope of the study. Quantification of
NeuN revealed that males had significantly more neurons
than females [significant main effect of Sex, F(1,20) = 5.94,
p < 0.05] while no significant differences were found by
treatment group (p > 0.2; Figure 3B). The numbers of Iba1+
cells did not differ significantly by Sex or treatment group
(Figure 3C).

Iba1-NeuN quantification in parietal cortex
During the process of creating representative images of the
PCX (Figure 3A), a number of unusual cell body-cell body
overlaps were observed between microglia and neurons. These
interactions were quantified to determine if they were influenced
by sex or prenatal exposure to DEP. Males contained significantly
more overlaps than females [significant main effect of Sex,
F(1,20) = 5.75, p < 0.05] and DEP-treated animals had
significantly more overlaps than VEH [significant main effect of
DEP, F(1,20)= 6.98, p < 0.05] (Figure 3D).

3D reconstruction analysis of microglial-neuronal
interactions in parietal cortex
To further investigate these microglia-neuron interactions, 3D
surface renderings were created of microglia, neurons, and
microglia-neuron overlaps (Figures 4A,B). Of the microglia
that were determined to be in direct contact with neurons (see
criteria in methods, Figures 4C–E), analysis of reconstructed
whole microglial volume revealed that DEP-exposed offspring
have larger average microglial volumes than those exposed
to VEH [main effect of DEP, F(1,41) = 8.51, p < 0.01;
Figure 4G]. Analysis of the volume of the microglial cell body,
excluding processes, revealed that DEP-exposed offspring also
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have larger average cell body volumes than those exposed
to VEH [main effect of DEP, F(1,41) = 5.14, p < 0.05;
[Supplementary Figure 3A]. Next, the volume of overlap between
microglia and neurons was measured. Overlap volume was
quantified in two ways: (1) the total volume of all overlapping
material associated with the microglia of interest; this included
microglia-neuron overlap at microglia processes as well as
overlap between the microglia cell body and neuron cell body
and (2) the volume of cell body overlap; this volume was
restricted to overlapping material between the microglia cell
body and neuron cell body only (Figure 4F). Analysis of the
total volume of Iba1-NeuN overlap revealed a significant Sex
X DEP interaction [F(1,41) = 5.39, p < 0.05], which was
driven by larger overlap volume in DEP males vs. VEH males
(post hoc, p < 0.05) as well as larger overlap volume in
VEH females vs. VEH males (post hoc, p < 0.05; Figure 4H).
Similarly, analysis of the cell body overlap volume revealed a
significant Sex X DEP interaction [F(1,41) = 8.96, p < 0.01]
which we determined to be due to a larger volume of cell body
overlap in DEP males vs. VEH males (post hoc, p < 0.05), as
well as in VEH females vs. VEH males (post hoc, p < 0.05;
Figure 4I). Because significant differences were found for
microglia volume between groups, we also analyzed the overlap
volumes normalized to microglia volume. Analysis of the total
Iba1-NeuN overlap volume normalized to microglia volume did
not change the above results [significant Sex X DEP interaction;
F(1,41) = 5.91, p < 0.05, which is due to a larger overlap
volume in DEP males vs. VEH males (post hoc, p < 0.05)]
(Supplementary Figure 3B). Analysis of the cell body Iba1-
NeuN overlap volume normalized to microglia volume also
did not alter the non-normalized findings [significant Sex X
DEP interaction, F(1,41) = 8.12, p < 0.01, which is due
to a larger volume of cell body overlap in VEH females
vs. VEH males (post hoc, p < 0.05] and in DEP males vs.
VEH males (post hoc, p < 0.05)] (Supplementary Figure 3D).
Results followed a similar pattern whether normalizing by
whole microglial volume or microglial cell body volume
(Supplementary Figures 3C,E).

DISCUSSION

We demonstrate that prenatal exposure to DEP, one of the
most pervasive environmental toxins in the world, significantly
alters microglial development in mice, resulting in long-
term changes in microglial morphology and neuron-glia
interactions, which we hypothesize are linked to the adverse
health outcomes we have observed previously using this
model. These effects are more pronounced in males than
in females, and support previous data demonstrating long-
term changes in male brain cytokine levels and behavior
following prenatal air pollution exposure (Bolton et al., 2012,
2013, 2014). To our surprise, we also found that prenatal
DEP results in gross changes in cortical volume: increased
volume at E18 that switches to decreased volume at P30,
again specifically in males. These data led us to investigate
whether a decrease in neuron number accounts for the decrease

in volume by P30. However, we found slightly increased
(but non-significant) numbers of cortical neurons in DEP-
exposed males. Moreover, we found significantly increased
microglial-neuronal overlaps in DEP-exposed males at P30,
even controlling for the numbers of neurons and microglia,
the latter of which also did not significantly differ. That
is, on a per-cell basis, microglia showed a much greater
degree of physical contact/overlap with neurons in the P30
cortex of males exposed to DEP compared to all other
groups.

The current study is the first to directly test and confirm
the critical role of TLR4, an innate pattern recognition
receptor, in the effects of prenatal air pollution exposure on
microglial activation and/or development in the offspring. TLR4
is necessary for systemic inflammatory responses to DEP in
adult mice (Inoue et al., 2006b), suggesting that DEP acts
as (or elicits) a “danger” signal to activate this receptor,
which leads to downstream inflammatory cytokine production.
Consistent with this hypothesis is the finding that fetuses
exposed to DEP had a greater inflammatory bias (IL-1β/IL-
10 ratio) within the E18 brain compared to VEH. We have
previously observed marked upregulation of TLR4 expression
in the brains of adult male offspring in response to prenatal
DEP in combination with either maternal stress during gestation
or high-fat diet during adulthood (Bolton et al., 2013, 2014).
Moreover, these same males showed greater adverse cognitive
(memory impairment), mood (anxiety), and neuroinflammatory
outcomes compared to females. The prevalence of autism
is four times higher in males than females (Stone et al.,
2004), and a growing literature shows males often have a
poorer outcome to prenatal complications (Bale and Epperson,
2017). For example, male offspring of asthmatic mothers are
more likely to suffer severe complications, such as premature
birth or stillbirth, than female offspring in response to an
acute asthma exacerbation during pregnancy (Murphy et al.,
2003).

Interestingly, we observed TLR4-dependent changes
not only in microglial morphology, but also in overall
structural development (i.e., regional volume) of two of
the brain regions we examined. The PCX and DG both
exhibited increases in regional volume following DEP
exposure only in TLR4+/− fetuses. The persistent effect of
prenatal DEP exposure on PCX volume in particular – i.e.,
the increased volume early in life and decreased volume
later in life - is also reflective of the literature on autism.
Many clinical studies have investigated aberrancies in brain
structure and development from early childhood through
adolescence, which is thought to begin in mice around
P30 (Spear and Brake, 1983). In early childhood, prior
to adolescence, autistic individuals are reported to have
significantly larger brain region volumes than their peers
(Herbert, 2005). This suggests either excessive neurogenesis
(Courchesne et al., 2011) or, perhaps, aberrant apoptosis
or phagocytosis by microglia or other cells. Notably, PCX-
specific defects have been observed in autistic individuals,
both in terms of brain structure and behavior (Courchesne
et al., 1993; Egaas et al., 1995). Our study may be one of
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the first to point toward the biological underpinnings of this
association.

Given that males exposed to DEP have a smaller PCX
volume, it is logical to assume there might be more microglia-
neuron interactions based purely on space constraints within
the parenchyma. To address this, we assessed overlap volume
in two different ways: total overlap volume, which includes
overlaps that occur anywhere on a given microglial cell,
as well as cell body overlap, which is restricted to the
cell bodies of a chosen microglia-neuron pair and not
likely to be impacted by brain region volume. The first
measure allows us to ask whether a given microglial cell
is more prone to overlaps, including interactions outside
of the chosen microglia-neuron pair. The second measure
of cell body volumes is specific to each microglia-neuron
interaction in question and enables us to compare the
degree of specific cell body overlaps between groups. We
found that Sex and DEP influenced both measures in the
same direction, indicating that microglia in males exposed
to DEP had increased overlaps over the entire cell, and
that the cell body overlapped significantly more with the
neuron of interest, compared to all other groups. If space
constraints were the driving force behind such interactions,
we would expect to see an increase in overlaps between
microglial processes, which survey the parenchyma, and neurons.
However, the finding of increased atypical interactions, i.e., cell-
body overlaps, suggests a more directed interaction whereby
microglial cell bodies are being actively drawn to neuronal cell
bodies.

These data are striking because most reported contact between
microglia and neurons in the literature is restricted to contact
between microglial processes and neuronal synapses. The few
instances of published microglia-neuron cell body-to-cell body
contact associate such interactions with cellular fusion (Alvarez-
Dolado et al., 2003; Ackman et al., 2006; Cusulin et al., 2012),
facial nerve axotomy (Blinzinger and Kreutzberg, 1968; Graeber
et al., 1988; Kalla et al., 2001; Trapp et al., 2007), neuroprotective
synaptic stripping (Raivich et al., 1991; Chen et al., 2014), or
phagocytosis of neurons and neuronal precursors (Ribak et al.,
2009; Cunningham et al., 2013). The overlaps we quantified in
our study are unlikely to be microglia-neuron cellular fusions
because this phenomenon is reported to result in hybrid cells
that co-express nuclear markers of both cell types and we
did not find a single cell nucleus positive for both Iba1 and
NeuN. Furthermore, to our knowledge, fusion events involving
microglia and neurons have only been reported in vitro (Alvarez-
Dolado et al., 2003; Ackman et al., 2006), or require the presence
of neural stem cells in vivo (Cusulin et al., 2012) and may
therefore not occur in the intact brain or in the absence of
transplantation.

Recently, it was discovered that microglia activated by a LPS
preconditioning regimen closely appose neuronal cell bodies
and physically displace inhibitory synapses on neurons. This
apposition increased neuronal activity and upregulated the
expression of antiapoptotic/neurotrophic molecules (Chen et al.,
2014). While a protective role for microglia-neuron overlaps
could be occurring in our model (Figure 3B), this prior study

found that maximal microglia-neuron apposition occurred just
24 h after LPS treatment and were transient, nearly disappearing
after 2 weeks (Chen et al., 2014). Comparatively, we detect
multiple overlaps in our animals over a month after DEP
exposure has ended. Finally, no cellular components of neurons
were internalized by microglia in their study, whereas we find that
significant volumes of neurons are overlapping/within microglia.

The timing of our DEP exposure encompasses developmental
neurogenesis. During this period, the number of neural precursor
cells that will eventually give rise to cortical neurons is
greatly amplified and then reduced to generate the correct
number of neurons in the adult mouse (Noctor et al., 2004,
2008). Microglia contribute to this process by reducing the
precursor pool in the prenatal brain (Cunningham et al.,
2013). If microglia are unable to decrease the precursor pool
because of inflammatory activation, and/or a developmental
delay, this could result in an excess of neurons, a result
that is consistent with our finding that DEP-exposed males
have more amoeboid microglia and larger cortical volumes
at E18. However, it remains unclear why the increased PCX
volume at E18 switched to a decrease at P30. Prior to and
leading up to birth, neurons make up most of the cells in
the brain (Bandeira et al., 2009). However, by P30, neuron
number is no longer the driving force behind cortical volume
as neuron numbers have stabilized, peak astrogenesis occurs
around P16, and white matter maturation is approximately
at adult levels by P24 (Lyck et al., 2007). These data
suggest non-neuronal factors such as other glial cells (e.g.,
astrocytes and/or oligodendrocytes), white matter maturation,
or inflammation-induced edema, also play important roles in
the persistent modulation of cortical volume beyond early
developmental insults, which remains to be explored in our
model.

Taken together, our results demonstrate that DEP-exposed
male microglia are actively engaged with more neurons, but also
that the volume of phagocytic contact throughout the entire
cell is greater, suggesting that the microglia-neuron overlaps
reflect microglia that are actively phagocytosing (or impaired
in their attempt to phagocytose) neurons. Notably, autistic
brains have also been found to possess abnormal microglial-
neuronal spatial organization, and specifically microglia and
neurons were closer together in prefrontal cortex than in controls
(Morgan et al., 2010). The shift we observed in microglia
of DEP-exposed male offspring toward a more amoeboid
morphology, though classically considered to represent a state
of higher activation in the adult, may also reflect a more
developmentally immature state. Though we did not directly
assess maturation in this study, we have recently reported that
transcriptional maturation over normal development in the same
strain of mice is very closely linked to changes in morphology;
that is, a more “activated” phenotype is reflective of a less
mature cell, and notably an inflammatory challenge of LPS during
development affects male microglial maturation but not female
maturation, consistent with the current study (Hanamsagar
et al., 2017). Abnormally activated or immature microglia
may either exhibit a functional shift toward inflammation/host
defense and away from homeostatic phagocytosis, or simply
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be less efficient at phagocytosing excess neural cells during
development, hypotheses that remain to be tested in future
studies.
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Maternal gestational diabetes linked to autism risk for 

offspring
April 28, 2015 

Study coauthor Thomas A. Buchanan, MD, vice dean for research and chief of the Division of 
Endocrinology and Diabetes in the Department of Medicine 

Children are more likely to develop autism if their mothers were diagnosed 
with gestational diabetes early in pregnancy, a new study shows. 
Women who receive a new diagnosis of gestational diabetes by the 26th week 
of pregnancy were 42% more likely to have a child diagnosed later with 
autism, according to the study of more than 322,000 children born between 
1995 and 2009. 

Thomas A. Buchanan, MD, vice dean for research and chief of the Division of 
Endocrinology and Diabetes in the Department of Medicine at the Keck 
School of Medicine of USC, coauthored the study, which was conducted at 
Kaiser Permanente and was published in the Journal of the American Medical 
Association. 

Overall, about 1 percent of the children in the study were diagnosed with 
autism by a median age of 5½. Researchers found no increase in autism risk 
if mothers were diagnosed with gestational diabetes after 26 weeks of 
pregnancy 
Buchanan said this study is part of the field-leading work being done by the 
Gestational Diabetes Study Group, which is a collaboration of Keck Medicine 
of USC and Kaiser Permanent Southern California. The Study Group uses a 
variety of approaches to investigate why gestational diabetes occurs, how and 
why it turns into diabetes after pregnancy, and what it does to children who 
are exposed to diabetes in utero. 

“We then use that information to develop better approaches to treat or prevent 
the complications of gestational diabetes,” Buchanan explained. “In the past 

5.E.3.B https://keck.usc.edu/news/maternal-gestational-
diabetes-linked-to-autism-risk-for-offspring/

https://www.usc.edu/


we have developed more efficient ways to treat gestational diabetes during 
pregnancy and to prevent diabetes after pregnancy in mothers who have had 
gestational diabetes.” 

The new study found no increased risk of autism if women had type 2 
diabetes before becoming pregnant, possibly because these women already 
had their blood sugar under control. 

Anny Xiang, MD, of the Kaiser Permanente Southern California Department of 
Research and Evaluation said the study does not reveal why developing 
diabetes in pregnancy increases the risk of autism. It’s possible that high 
blood sugar levels have long-lasting effects on a fetus’ organ development 
and function, said Xiang, the study’s lead author. 

Buchanan said that many of the current recommendations for clinical care of 
mothers during and after pregnancy are the result of work that has been done 
by the Gestational Diabetes Study Group, of which he and Xiang are founding 
members. 
In recent years, the group has developed a strong focus on what exposure to 
diabetes in utero does to children, he said. 

“We know that they tend to be more obese and at higher risk for diabetes than 
other children,” Buchanan said. “Dr. Katie Page at USC is studying why that 
occurs.” 

It has been known for a while that exposure in utero to severe maternal 
diabetes can case major brain malformations in fetuses. Buchanan said the 
new information suggests that exposure to relatively mild maternal diabetes, 
as in gestational diabetes, can also cause more subtle brain abnormalities 
that become manifest as autism spectrum disorders, or ASD. 

Buchanan noted that both gestational diabetes and ASD have been on the 
rise in the past decade, so the new study suggests a possible link to help 
explain why. 

“We don’t know yet whether earlier diagnosis and treatment of gestational 
diabetes can reduce the risk of ASD in offspring, but treatment can reduce the 
risk of other complications,” Buchanan said. “The study provides an important 
rationale for diagnosing and treating this type of diabetes as early as possible 
during pregnancy.” 
— Les Dunseith 
Keck School Recent Posts 
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Abstract

Context—Autism is considered the most heritable of neurodevelopmental disorders, mainly 

because of the large difference in concordance rates between monozygotic and dizygotic twins.

Objective—To provide rigorous quantitative estimates of genetic heritability of autism and the 

effects of shared environment.

Design, Setting, and Participants—Twin pairs with at least 1 twin with an autism spectrum 

disorder (ASD) born between 1987 and 2004were identified through the California Department of 

Developmental Services.

Main Outcome Measures—Structured diagnostic assessments (Autism Diagnostic Interview–

Revised and Autism Diagnostic Observation Schedule) were completed on 192 twin pairs. 

Concordance rates were calculated and parametric models were fitted for 2 definitions, 1 narrow 

(strict autism) and 1 broad (ASD).

Results—For strict autism, probandwise concordance for male twins was 0.58 for 40 

monozygotic pairs (95% confidence interval [CI], 0.42–0.74) and 0.21 for 31 dizygotic pairs (95% 

CI, 0.09–0.43); for female twins, the concordance was 0.60 for 7 monozygotic pairs (95% CI, 

0.28–0.90) and 0.27 for 10 dizygotic pairs (95% CI, 0.09–0.69). For ASD, the probandwise 

concordance for male twins was 0.77 for 45 monozygotic pairs (95% CI, 0.65–0.86) and 0.31 for 
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45 dizygotic pairs (95% CI, 0.16–0.46); for female twins, the concordance was 0.50 for 9 

monozygotic pairs (95% CI, 0.16–0.84) and 0.36 for 13 dizygotic pairs (95% CI, 0.11–0.60). A 

large proportion of the variance in liability can be explained by shared environmental factors 

(55%; 95% CI, 9%–81% for autism and 58%; 95% CI, 30%–80% for ASD) in addition to 

moderate genetic heritability (37%; 95% CI, 8%–84% for autism and 38%; 95% CI, 14%–67% for 

ASD).

Conclusion—Susceptibility to ASD has moderate genetic heritability and a substantial shared 

twin environmental component.

Autism is a complex neurodevelopmental disorder that interferes with the normal course of 

social, communicative, and cognitive development. The diagnosis of autism is made in early 

childhood, with symptoms manifesting within the first 3 years of life. Over the last 3 

decades, a substantial increase in the prevalence of autism has been reported, from 4 to 5 per 

10 000 in the 1960s to around 40 per 10 000 children1 today. For autism spectrum disorders 

(ASDs), prevalence rates have been estimated to be about 1%. This 10-fold increase in 

prevalence has received considerable attention, with concomitant increases in research 

funding.2

There have been numerous studies designed to characterize the contribution of genetic 

factors to the development of this disorder. Concordance rates in siblings range from about 

3% to 14%3–5 and linkage studies are consistent with a polygenic mode of transmission.6 

Three studies7–9 of twins ascertained from clinical samples with a total of 36 monozygotic 

pairs (concordance rate of 72%) and 30 dizygotic pairs (concordance rate of 0%) have 

estimated the heritability of autism, or proportion of liability attributable to genetic factors, 

at about 90%.7 The dizygotic concordance (0%) is substantially lower than the expected rate 

based on estimates of sibling recurrence rates. More recent twin studies of autism based on 

either case vignettes10 or telephone interviews11 have also yielded high heritability 

estimates. In addition, a number of twin studies that used dimensional measures of some 

core features of autism, such as social responsiveness, have yielded a broad range of 

heritability estimates of autism.12 However, none of these more recent studies included 

structured clinical assessments by both parental interview and direct child observation, 

which is the contemporary standard for establishing the diagnosis of autism or ASD.13

This report describes the results of a twin study of autism: the California Autism Twins 

Study. The chief aims were to (1) collect a sample of twins with validated diagnoses of 

autism (ASD) from a population-based sample; (2) examine sex-specific concordance rates 

for narrow and broad definitions of autism (ASD); and (3) determine the extent to which 

genetic and shared environmental factors underlie susceptibility.

METHODS

PARTICIPANTS

Twin pairs were identified from the records of the Department of Developmental Services 

(DDS). The DDS operates a system of 21 regional centers throughout California that 

coordinate services for persons with autism, mental retardation, and other developmental 

disabilities. Referral sources for regional centers include primary care providers, educators, 
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public health clinics, other service agencies, and parents. The electronic DDS client files 

were linked by California Center for Autism and Developmental Disabilities Research and 

Epidemiology (CADDRE) staff to California live birth records to identify twin births and 

obtain demographic data. The birth years of the twin pairs included in our study were 1987 

to 2004. Twin pairs were considered eligible for the study if they met the following criteria:

1. At least 1 child in the pair had a qualifying diagnosis (see later) in the DDS

electronic file or in client records; each twin in a pair who met this criterion was

considered a proband.

2. Maternal residence in California at the time of delivery.

3. Both co-twins were alive and residing in California at the time of enrollment.

4. No history among proband(s) of neurogenetic conditions that might account for

autism (eg, fragile X syndrome, Down syndrome, tuberous sclerosis, and

neurofibromatosis).

5. Proband(s) had a mental age more than 18 months.

6. At least 1 parent with sufficient verbal and reading ability in English or Spanish

was able to respond to interviews and checklists.

Using DDS electronic files, CADDRE staff ascertained twins receiving services for autism 

(DDS autism codes A1 or A2) and twins with a possible ASD based on other recorded 

information indicating a suspected ASD (DDS autism code A9), DSM-IV diagnosis of ASD 

(code A4, derived by CADDRE), mental retardation of unknown etiology (MRnoET, 

derived by CADDRE), or other developmental disability (other, derived by CADDRE). 

Trained CADDRE staff then abstracted client records to record presence or absence of an 

ASD diagnosis, criteria used for diagnosis, specific autistic behaviors, and other clinical 

characteristics. Expert clinical review was then conducted to verify that the children met 

eligibility based on qualifying diagnosis and other criteria (mentioned earlier). The diagnosis 

of autism can be most reliably established if a child is at least 4 years or older, so the birth 

years 1987 to 2004 were included.

A letter from the local regional center and a recruitment package were sent to parents 

explaining the study and asking their consent to send identifying information to study staff 

at Stanford University who then contacted them to further describe the study and obtain 

written consent. The twin pairs described in this article were assessed starting in August 

2005 and continuing until December 2009. Assessments were carried out by the Autism 

Genetic Resource Exchange in Southern California and Stanford University in Northern 

California. The statistical analysis of the data started in March 2010 and was completed in 

June 2010.

The full study protocol, including procedures for identifying and contacting families, 

consent and assent forms, blood draw and use, clinical assessments, and procedures for 

maintaining confidentiality of data, was reviewed and approved by the California Health and 

Welfare Agency Committee for the Protection of Human Subjects and by the institutional 

review board at Stanford University. Annual reviews were conducted, as were any revisions 
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to protocol, and approval was secured from both institutional review boards. The protocol 

was reviewed as a research project with the expectation that results would be published in 

peer-reviewed medical journals. Data on self-identified race, Hispanic ethnicity, and other 

demographic variables were obtained from California birth certificates as provided by the 

mother.

ZYGOSITY DETERMINATION

Zygosity of sex-concordant twin pairs was determined in batches of 10 to 20 pairs 

concomitantly. Nine short tandem repeat loci and the X/Y amelogenin locus were amplified. 

Twin pairs discordant for at least 1 marker were considered dizygotic. Twin pairs 

concordant on all markers were considered monozygotic.

DIAGNOSTIC ASSESSMENTS

All twin participants were assessed using the Autism Diagnostic Interview–Revised (ADI-

R),14 a structured parent interview, and the Autism Diagnostic Observation Schedule 

(ADOS),15 a standardized play and interview scale administered to children and adolescents. 

The ADI-R and ADOS are the most widely used and well-validated research measures for 

diagnosing autism and ASD. To assess verbal and nonverbal cognitive abilities, we used the 

Stanford-Binet Intelligence Scales, 5th edition. For children who did not achieve a basal 

score on the Stanford-Binet, the Mullen Scales of Early Learning Skills were used.

DIAGNOSTIC CLASSES

We defined 2 different diagnostic classifications based on the ADI-R and ADOS, one 

narrow (strict autism) and one broader (ASD). The diagnostic criteria for autism are divided 

into 4 areas: social impairments; communication impairments; repetitive, ritualistic, and 

stereotyped behaviors; and age at onset. Each of the 3 core areas (ie, social, communication, 

and repetitive behaviors) is defined by a minimum of 5 criteria. Individuals in the narrow 

category had to meet the following standard criteria for autism on both the ADI-R14 and the 

ADOS15: on the ADI-R, a child must score above a prespecified cut point on the 3 symptom 

areas and also have an age at onset prior to 3 years of age, and on the ADOS, the child must 

exceed specified thresholds on the domain scores for communication (including verbal and 

nonverbal behaviors) and reciprocal social interaction. The ASD category included 

individuals in the narrow category (strict autism), along with individuals who met a broader 

definition of ASD based on published criteria for combining information from the ADI-R 

and ADOS.16 According to these criteria, individuals were considered affected if they met 

criteria for ASD according to either the standard15 or the revised17 ADOS algorithm and 

met criteria for 1 of the following 3 categories: (1) met the ADI-R autism cutoffs on the 

domains of social reciprocity and either communication or restricted, repetitive behaviors or 

(2) were within 1 point of meeting the ADI-R autism cutoffs on the social and

communication domains or met the autism cutoff on 1 of these domains and scored within 2

points on the other or (3) met full criteria on the ADI-R for autism on all of the domains.

Hallmayer et al. Page 4

Arch Gen Psychiatry. Author manuscript; available in PMC 2015 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



STATISTICAL ANALYSIS

Definition of Probands—Twin pairs were ascertained through the DDS electronic files 

and client records, which constituted our sampling frame. In some cases, both twins in the 

pair were identified as having a high likelihood of autism in these records. In other cases, 

only 1 twin was so identified. On direct examination of the twins, we determined final 

diagnoses of strict autism or ASD as described earlier. For the purpose of our concordance 

and model-fitting analyses, we defined a proband as any individual who was identified in the 

DDS files or client records with qualifying DDS data and whose diagnosis of autism or ASD 

was subsequently confirmed by us through expert clinical review of abstracted data. Some 

individuals were diagnosed by us with autism or ASD but were not ascertained in the DDS 

file or client records; these individuals were not considered probands. Any individual who 

was determined by us to be unaffected was not counted as a proband. Also, in the analysis of 

strict autism, some individuals with a diagnosis of ASD but not strict autism were 

considered unaffected and not probands, even if they were identified through DDS records. 

Pairs where neither child met our criteria of strict autism were not included in the 

concordance analysis of strict autism.

Calculation of Concordance Rates—Pairwise concordance is calculated as the 

proportion of all ascertained pairs with 2 affected individuals and can be impacted by 

method of ascertainment of the twins.18,19 Proband-wise concordance is calculated as the 

proportion affected among the co-twins of probands. Probandwise concordance accounts for 

ascertainment and represents the recurrence risk to a co-twin of an affected individual.19 In 

numerical terms, let N = total number of twin pairs, R = number of pairs with 2 affected 

twins, t = number of pairs among the R that have 2 probands, S = number of pairs among the 

R that have 1 proband, and U = number of discordant pairs (with 1 proband). Then S + t = R 

and R + U = N. The pairwise concordance is simply given by R/N. The total number of co-

twins of probands (which is the same as the number of probands because each proband has 1 

co-twin) is 2 × t + S + U = N + t. The number of these co-twins who are also affected is 2 × t 

+ S = R + t. In both of these cases, we doubled t because both affected twins in the pair are

co-twins of probands. By contrast, we did not double S because only 1 affected twin in the

pair is the co-twin of a proband. Hence, the probandwise concordance is given by (R + t)/(N

+ t).

For opposite-sex dizygotic twin pairs, the pairwise concordance is straightforward to 

calculate, as described earlier. For the probandwise concordance of opposite-sex twin pairs, 

we calculated the proportion of female co-twins of male probands who are affected and the 

proportion of male co-twins of female probands who are affected.

For pairwise concordance, 95% confidence intervals (CIs) were calculated exactly assuming 

a binomial distribution. For probandwise concordance, 95% CIs were calculated using the 

modified variance formula given by Davie.19

Examination of Potential Demographic, Ascertainment, or Clinical Biases—To 

test for differences (ie, potential biases) across several demographic factors between twin 

pairs or individuals who were included in the study vs those from the original DDS files 
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who met entry criteria but were not included, a univariate analysis of variance was 

performed for continuous variables and χ2 tests were used for dichotomous traits. For both 

analyses, a P value of .05 for a 2-sided test was considered significant. To determine 

whether demographic factors influenced the concordance rates of monozygotic and 

dizygotic twin pairs, we used logistic regression separately for monozygotic and dizygotic 

pairs, with concordance vs discordance of the twin pair as the dichotomous outcome 

(dependent) variable. Independent variables included twin type (male or female for 

monozygotic twins; male, female, or male-female for dizygotic twins), age of mother and 

father, years of paternal and maternal education, ethnicity of mother and father, difference in 

birth weight between twin individuals, and gestational age (in completed weeks). For 

significance, a 2-sided P value of .05 adjusted for number of tests performed was 

considered. A critical assumption of the logistic regression is independence of the outcomes 

(in this case, concordance vs discordance among twin pairs). Because the twin pairs in our 

study were not related, independence is a reasonable assumption. All study-specific 

statistical analyses were performed using SPSS Statistics 19 (IBM SPSS, Chicago, Illinois).

To explore possible ascertainment bias, we compared the proportion of twin pairs 

concordant for being affected according to the qualifying DDS diagnostic categories among 

the twins included in the final study vs the twins from the original list who were ultimately 

not included. This analysis was stratified on type of twin pair (male-male, female-female, 

male-female). We could not stratify on zygosity because zygosity was unknown for pairs not 

included. For this analysis, we calculated odds ratios and χ2 tests for each of the 3 strata 

(defined by sex) and then a summary odds ratio and χ2 test across the 3 strata by Mantel-

Haenszel analysis. The Mantel-Haenszel χ2 was assumed to have 1 df and was considered 

significant if greater than 3.84 (P < .05).

To determine whether diagnostic shifts may have occurred during the recruitment process, 

we compared the distribution of DDS diagnostic categories between affected twins included 

in the study vs those from the original list who were not included using a χ2 test, with df 

equal to the number of categories minus 1. Results were considered significant if the χ2 

exceeded the threshold corresponding to a P value of .05.

Model Fitting—To determine the relative importance of genetic (heritable) vs shared co-

twin environmental factors to the development of autism and ASD, we performed a classic 

ACE twin analysis and fit parametric models to the twin concordance data using maximum 

likelihood, incorporating information on proband status of the twins.20 The model assumes 

that numerous genetic and environmental factors of small effect accumulate into a 

continuous, normally distributed unobserved trait called liability. Liability values above a 

given threshold value lead to disease. Hence, this model is usually termed a multifactorial or 

polygenic threshold model.21 The critical parameters for this model are the components of 

variance of liability and the threshold value. The threshold value reflects disease prevalence. 

We assume different threshold values for males and females, which are denoted by Tm and 

Tf, respectively. For the modeling, we assumed a prevalence of 1% for males and 0.3% for 

females for ASD and 0.5% for males and 0.15% for females for strict autism. Because 

autism may be more prevalent in twins, we also considered the effect of assuming higher as 

well as lower prevalence estimates on our results.
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Aside from the thresholds, 3 components of liability variance are included, a genetic 

component, an environmental component shared by twins, and a random environmental 

component. The parameter A represents the proportion of liability variance due to the 

genetic component; the parameter C represents the proportion of liability variance due to 

common twin environment; and the parameter E represents the proportion of liability 

variance due to random environment (ie, unshared by twins). When considering the sexes 

separately, we define 6 total parameters, Am and Af, Cm and Cf, and Em and Ef, 

corresponding to the values of A, C, and E for males and females, respectively. Note that 

Am + Cm + Em = 1 and Af + Cf + Ef = 1. Male values were estimated from the monozygotic 

and dizygotic concordance data in males, while female values were estimated from the 

monozygotic and dizygotic concordance data in females. Concordance in the opposite-sex 

dizygotic pairs allowed us to estimate the correlation between ½Am + Cm and ½Af + Cf, that 

is, the correlation between males and females for their combined genetic and shared 

environmental components. This correlation is denoted rmf. Because all monozygotic twin 

pairs are identical for sex, it is not possible to estimate separate correlations for Am and Af

or Cm and Cf. For male monozygotic pairs, their correlation in liability is Am + Cm; for 

female monozygotic pairs, it is Af + Cf. For male dizygotic pairs, the correlation in liability 

is ½Am + Cm, and for dizygotic female pairs, the correlation in liability is ½Af + Cf. For 

opposite-sex dizygotic pairs, the correlation in liability is rmf [(½Am + Cm)(½Af + Cf)]½. 

Liability correlation (and hence variance components) was estimated from the twin 

concordance data. The model also includes the ascertainment probability π, which represents 

the probability that an affected individual is a proband (as described earlier). Models were fit 

to data using maximum likelihood with a grid search algorithm as implemented in Excel 

(Microsoft, Redmond, Washington), and hypotheses about model parameters were based on 

likelihood ratio tests. Best-fitting models were determined by the Akaike Information 

Criterion. Models with a low Akaike Information Criterion are the most parsimonious. 

Details are provided in the eAppendix (http://www.archgenpsychiatry.com).

RESULTS

A total of 1156 pairs fulfilled our initial eligibility criteria. We were unable to establish 

contact with 384 pairs, primarily because the families had lost contact with the regional 

center. Of the 772 remaining pairs, 330 declined participation and 10 pairs were ineligible. 

Of the 432 pairs whose contact information was sent to the Stanford team, 90 pairs declined 

participation in the study. Of the remaining 333 pairs, we completed the assessments for 202 

pairs.

Among the 404 twin individuals, 242 met criteria for ASD (171 of whom also met criteria 

for strict autism), with the remaining 162 failing to meet criteria for an ASD. Comparing the 

study-qualifying diagnosis based on the DDS data with the diagnosis based on the ADI-R 

and ADOS, we calculated the sensitivity for ASD as 229/242 = 94.6% and the specificity as 

137/162 = 84.6%. For strict autism, the sensitivity was 166/171 = 97.1% and the specificity, 

158/233 = 67.8%. The DDS-based diagnosis was therefore a good predictor of the study 

ASD diagnosis based on the ADI-R and ADOS. For 10 twin pairs, neither of the twins met 

Online-Only Material: The eAppendix and eTables are available at http://www.archgenpsychiatry.com.
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study criteria for the broader definition of ASD; these twin pairs were excluded from the 

genetic analyses.

To consider potential bias or differences among the 192 twin pairs who were included in the 

genetic analysis vs those who were not, we compared the 2 groups on a number of 

demographic criteria (eTable 1). The 2 groups were comparable for most variables, except 

that the age of the twins included in the genetic analyses was on average slightly older, birth 

weight of males was somewhat higher, and their mothers and fathers were, on average, 

slightly more educated and more likely to be white and less likely to be African American.

We also examined clinical differences by examining the distribution of DDS categories 

between the 2 groups (eTable 2). The proportional representation of the 6 diagnostic 

categories in the included vs nonincluded twins was comparable ( ; P = .12). We 

also looked to see if there was any correspondence between the 6 DDS diagnostic categories 

and our research diagnoses of strict autism vs ASD (eTable 2). Most DDS categories 

showed a similar distribution of strict autism vs ASD vs unaffected with the possible 

exception of “other,” for which a somewhat higher proportion (50%) was unaffected, 

although the number of individuals in this group was quite small (n = 6).

Of the 192 twin pairs included in the final analysis, 54 were monozygotic (45 male and 9 

female) and 138 were dizygotic (45 male, 13 female, and 80 sex-discordant). The 

monozygotic twins were slightly older and had slightly shorter gestation periods (Table 1). 

In addition, the mothers of the dizygotic twins were older than the mothers of the 

monozygotic twins (Table 1), consistent with the known increase in dizygotic twinning with 

maternal age,22 and more likely to be white and non-Hispanic.

For strict autism (143 pairs), probandwise concordance rates (Table 2) for monozygotic 

twins were similar for 40 male pairs (58%; 95% CI, 42%–74%) and 7 female pairs (60%; 

95% CI, 28%–90%), comparable with those reported in prior studies. However, 

probandwise concordance rates for dizygotic pairs were higher than previously reported, 

with rates of 21% for 31 male pairs (95% CI, 9%–43%) and 27% for 10 female pairs (95% 

CI, 9%–69%) (Table 2). The probandwise concordance rate for 54 female dizygotic co-

twins of male probands was 3.7% (95% CI, 0.5%–13%), which was lower than for 

sexconcordant pairs, while the rate for male dizygotic co-twins of female probands was 50% 

(95% CI, 1%–99%). This latter finding was based on small numbers (n = 2).

For ASD (192 pairs), concordance estimates for both monozygotic and dizygotic twin pairs 

were generally higher. Probandwise concordance for monozygotic twins was 77% (95% CI, 

65%–86%) for 45 male pairs and 50% (95% CI, 16%–84%) for 9 female pairs. Concordance 

rates for dizygotic twins were 31% (95% CI, 16%–46%) and 36% (95% CI, 11%–60%) for 

45 male and 13 female pairs, respectively. Probandwise concordance for female dizygotic 

co-twins of 76 male probands was 5.3% (95% CI, 1.5%–13.0%), while the rate for male 

dizygotic co-twins of 6 female probands was 50.0% (95% CI, 11.8%–88.2%). Again, these 

dizygotic concordance rates are higher than previously reported and have a significant 

impact on the heritability analysis. From logistic regression analysis of concordance, the 
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only factor impacting concordance rates was sex of co-twins in the dizygotic pairs (P value 

= .045), which was formally not significant if adjusted for multiple testing.

We also considered possible ascertainment bias in terms of concordance. Using the DDS 

categories to define affected, we examined the proportion of twin pairs concordant among 

the included pairs vs the nonincluded pairs, stratified by sex (eTable 1). Overall, there was 

no significant difference in proportion concordant (Mantel-Haenszel odds ratio = 1.17; 95% 

CI, 0.80–1.70) between the included and nonincluded pairs.

As described in the eAppendix, twin concordance rates were used to obtain parameter 

estimates for the genetic models; results are presented in Table 3 and likelihood ratio tests of 

different models, in Table 4. In all models, both genetic and shared environmental 

components were significant. The best-fitting models for both strict autism and ASD suggest 

that a large proportion of the variance in liability is due to shared environmental factors in 

addition to genetic heritability. For strict autism, we could conclude that heritabilities in 

males and females were equal and that the shared environmental components in males and 

females were also equal. The best-fitting model had a genetic heritability of 37% (95% CI, 

8%–84%) and a shared environmental variance component of 55% (95% CI, 9%–81%). For 

the broader ASD phenotype, again we could conclude that heritabilities and shared twin 

environmental components were equal in males and females. Heritability was estimated to 

be 38% (95% CI, 14%–67%) and the shared environmental component, to be 58% (95% CI, 

30%–80%). The shared environment component was estimated to be larger than the genetic 

heritability component. The poor fit of a pure heritability model can be attributed primarily 

to the high dizygotic twin concordance relative to the monozygotic twin concordance and 

population prevalence.

COMMENT

To our knowledge, this study is the largest population-based twin study of autism that used 

contemporary standards for the diagnosis of autism. All twin individuals underwent a 

thorough diagnostic and cognitive examination that included a structured interview and 

observation that allowed differentiation between autism and other delays of 

development.13,14 The results suggest that environmental factors common to twins explain 

about 55% of the liability to autism. Although genetic factors also play an important role, 

they are of substantially lower magnitude than estimates from prior twin studies of autism. 

Nearly identical estimates emerged for ASD, suggesting that ASD presents the same liability 

spectrum as strict autism.

The California population, as represented in our twin sample, is highly diverse regarding 

ethnicity, socioeconomic status, and other demographic factors. Hence, our results should be 

readily generalizable, especially as compared with previous twin studies, which were based 

exclusively on individuals from Northern Europe. Even though this study was population 

based, the participation rate was only about 17% of eligible twin pairs. However, 

comparison of demographic and clinical characteristics of twins who did and did not 

participate showed only modest differences, primarily in parental education (eTable 1). 
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Furthermore, concordance rates were not influenced by a range of potential confounding 

factors.

One possible concern is that a higher proportion of concordant dizygotic pairs participated 

than concordant monozygotic pairs. Examination of proband status among the monozygotic 

vs dizygotic pairs suggests this is not the case. Among 28 concordant monozygotic pairs, 24 

had 2 probands, while 4 had 1 proband. By contrast, for the same-sex dizygotic pairs, among 

13 concordant pairs, 8 had 2 probands and 5 had 1 proband. Thus, if anything, there might 

have been some underascertainment of concordant dizygotic pairs.

The ACE model we used has several inherent assumptions. First, it assumes no gene × 

environment interaction. If such a gene × environment effect does exist, it would be 

confounded with the A parameter in our analysis, implying that as an estimate of pure 

genetic effect, A may actually be an overestimate. Similarly, a critical assumption in the 

model is that the shared twin environmental effect is the same for monozygotic and 

dizygotic twins. If, in fact, monozygotic twins share the relevant environment to a greater 

degree than the dizygotic twins, some of the effect included in the parameter A would 

actually be environmental rather than genetic; again, A may actually overestimate the true 

genetic heritability.

Another potential limitation is the validity of the assumptions regarding prevalence rates of 

autism and ASD. We therefore compared heritability and shared twin environment estimates 

obtained by varying assumptions about prevalence. As shown in the eAppendix, we 

examined the impact of both doubling and halving our prevalence assumptions on derived 

parameter estimates. The range of heritability (eg, 41%–56% in males; 13%–16% in 

females) and shared twin environment (eg, 57%–41% in males; 78%–72% in females) 

estimates were similar. Hence, our conclusions regarding the relative importance of genetic 

and shared twin environment are quite robust to prevalence assumptions.

Our study provides evidence that the rate of concordance in dizygotic twins may have been 

seriously underestimated in previous studies and the influence of genetic factors on the 

susceptibility to develop autism, overestimated. Because of the reported high heritability of 

autism, a major focus of research in autism has been on finding the underlying genetic 

causes, with less emphasis on potential environmental triggers or causes. The finding of 

significant influence of the shared environment, experiences that are common to both twin 

individuals, may be important for future research paradigms.23 Increasingly, evidence is 

accumulating that overt symptoms of autism emerge around the end of the first year of life. 

Because the prenatal environment and early postnatal environment are shared between twin 

individuals, we hypothesize that at least some of the environmental factors impacting 

susceptibility to autism exert their effect during this critical period of life. Nongenetic risk 

factors that may index environmental influences include parental age,24 low birth weight,25 

multiple births,26 and maternal infections during pregnancy.27 Future studies that seek to 

elucidate such factors and their role in enhancing or suppressing genetic susceptibility are 

likely to enhance our understanding of autism.23
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INFANTILE AUTISM: A GENETIC STUDY OF 21 TWIN PAIRS 
SusAN FoLSTEIN and MICHAEL RUTTER* 

Department of Child and Adolescent Psychiatry, Institute of Psychiatry, 
De Crespigny Park, Denmark Hill, London SES 8AF 

INTRODUCTION 

IN ms original description of the syndrome of infantile autism, Kanner (1943) noted 
that the condition was distinctive in that, in most cases, the children's behaviour 
had appeared abnormal right from early infancy. He suggested the presence of an 
inborn defect of presumably constitutional origin. Since then, there have been numer-
ous hypotheses concerning the possible nature and origins of this defect (see Ornitz, 
1973; Rutter, 1974). However, in spite of the supposition that the disorder is inborn, 
there have been surprisingly few attempts to investigate possible genetic influences. 

The first set of evidence comes from family studies. There is no recorded case of 
an autistic child having an overtly autistic parent and it is decidedly unusual for a 
family to contain more than one autistic child, although such cases have been re-
ported (Seidal and Graf, 1966; Verhees, 1976). The usually negative family history 
for autism seems to be out of keeping with genetic determination. However, this 
line of reasoning is fallacious. First, i t  is extremely rare for autistic persons to marry 
(Rutter, 1970) and there is only a single published report of one having given birth 
to a child (Kanner and Eisenberg, 1955). This fact alone invalidates the usual 
assumptions about the meaning of a family history. Second, autism is a very un-
common disorder, occurring in only about 2-4 children out of every 10,000 (Brask, 
1967; Lotter, 1966; Wing et al., 1976). I f  the population frequency is very low, the 
rate in relatives will also be low even in conditions with a high heritability (Smith, 
1974; Curnow and Smith, 1975). On both these grounds a strong family history 
would not be expected even if autism was largely genetically determined. 

Moreover, there are two positive findings from family history studies which do 
suggest possible hereditary influences. First, although the best available estimate 
indicates that only about 2 per cent of the siblings of autistic children suffer from 
the same condition (Rutter, 1967), this rate is 50 times that in the general population. 
Second, although a family history of autism is very rare, a family history of speech 
delay is much more common, being present in about a quarter of cases (Bartak 
et al., 1975; Rutter et al., 1971). This last observation raises the possibility that it is 
not autism as such which is inherited but rather that the genetic influence concerns 
some broader linguistic or cognitive impairment of which autism is but one part. 

The second set of evidence comes from twin studies. These were reviewed 10 
years ago (Rutter, 1967), with the conclusion that no valid inferences could be 
drawn. Since then, there have been several further reports (McQuaid, 1975; 
Kotsopoulos, 1976; Kean, 1975), but the conclusion remains the same (Hanson and 

*Requests for reprints to Professor M. Rutter.
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Gottesman, 1976). The problems in interpretation are two-fold. First, the reports of 
monozygotic pairs far outnumber those of dizygotic pairs (22 compared with 10). 
As dizygotic pairs are twice as frequent in the general population, i t  is clear that 
there must have been serious selective biases in reporting.* This is sufficient in itself 
to disregard the findings. Second, excluding two pairs where the autism is associated 
with an overt physical disorder (Kallman et al., 1940; Keeler, 1958) only five papers 
reporting same sexed pairs include both an adequate clinical description and evi-
dence of zygosity (Bakwin, 1954; Kamp, 1964; McQuaid, 1975; Ward and Hod-
dinott, 1962; Vaillant, 1963). For what i t  is worth, these show two out of three 
concordance for monozygotic and one out of two concordance for dizygotic twin 
pairs. In addition, there are two opposite sexed pairs, one concordant (Kotsopoulos, 
1976) and one discordant (Book et al., 1963). The great majority of the remainder 
report concordance in monozygotic pairs, but the papers lack either clinical details 
or evidence of zygosity and many are no more than passing references in publications 
on other topics (Chapman, 1957, 1960; Creak and lni, 1960; Ornitz et al., 1965; 
Polan and Spencer, 1959; Sherwin, 1953; Bruch, 1959; Keeler, 1957, 1960; Lovaas 
et al., 1965; Lehman et al., 1957; Brown, 1963; Weber, 1966; Stutte, 1960). The 
same problems apply to reports of twins with childhood schizophrenia (Havelkova, 
1967; Cline, 1972). O'Gorman (1970) has described two monozygotic pairs con-
cordant for "pseudo-schizophrenia" but the criteria for zygosity were not specified. 

In studying genetic factors, i t  is necessary to bear in mind that autism is probably 
a behavioural syndrome with multiple aetiologies (Rutter, 1974). Certainly, i t  is 
known that the syndrome can develop in association with medical conditions as 
pathologically diverse as congenital rubella (Chess et al., 1971) and infantile spasms 
(Taft and Cohen, 1971). Accordingly, the investigation of possible hereditary factors 
must take account of aetiological heterogeneity. 

The need was apparent for a systematic and detailed study of a representative 
sample of twin pairs containing an autistic child. Because of the possibility that the 
genetic factor might apply to a broader range of disorders than autism per se, it 
would be essential to obtain detailed assessments of social, emotional, cognitive and 
linguistic functions in the non-autistic as well as the autistic twins. This demanded 
a personal study of the twins. Because twins are especially liable to suffer perinatal 
complications and because such complications have been thought to play a part in 
the aetiology of autism, it would also be necessary to obtain obstetric and neonatal 
data in order to check whether the concordance findings were a consequence of 
physical environmental factors rather than heredity. This is what we set out to do, 
and the present paper reports the findings. 

METHODS 
(a) Subject selection 

The first task was to obtain a complete and unbiased sample of same-sexed twin pairs which
included an autistic child. Opposite-sexed pairs were excluded in view of the well-established finding 
that autism is very·much commoner in boys. A list of autistic twin pairs collected over the years by 
the late Dr. M. Carter provided the start. Then we sought, using multiple sources of information, to 
obtain information on all school age autistic twin pairs in Great Britain. Letters and personal 

•Unless MZ twins were peculiarly liable to autism, which seems implausible. 
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approaches were made to psychiatric and paediatric colleagues known to have a special interest in 
autism or who were consultants to special schools which catered for autistic children. A request for 
cases was also made to all members of the British Child Psychiatry Research Club. Through the 
Association of Head Teachers of Schools/Classes for autistic children, approaches were made to those 
running special schools or units for autistic children in Britain. Mrs. Monica White kindly searched 
the records of all children known to the National Society for Autistic Children, to identify all who 
were twins. A request for cases was also published in the Society Newsletter. Finally, a personal 
search was made, using the twin registers at the Maudsley Hospital and at the Hospital for Sick 
Children, London. 

In this way, 33 possible pairs were identified and a detailed scrutiny was made of all available 
case notes and other clinical information. The sample was restricted to cases which might meet the 
clinical diagnostic criteria for autism outlined by Kanner (1943) and further delineated by Rutter 
(1971, 1977), namely, a serious impairment in the development o f  social relationships of the type charac-
teristic of autism (that is with limited eye to eye gaze, poor social responsiveness, impaired selective 
bonding, a relative failure to go to parents for comfort, and, when older, a lack of empathy, a lack of 
personal friendships and little group interaction); together with delayed and deviant language develop-
ment with some of the specific features associated with autism (namely poor language comprehension, 
little use of gesture, echolalia, pronominal reversal, limited social usage of language, repetitive 
utterances, flat or staccato speech and very restricted imaginative play); and also stereotyped, repetitive 
or ritualistic play and interests (as indicated by an abnormal attachment to objects, marked resistance to 
change, rituals, repetitive behaviour, unusual preoccupations and restricted interest patterns). Cases 
with an onset after age 5 years were excluded, but no further restriction was placed in terms of age of 
onset. Because this was a genetic study, children whose autism was associated with a known diag n os-
able neurological disorder (such as tuberose sclerosis or cerebral palsy) were also ruled out. 

TABLE 1. SOURCE OF CASES 

Dr. Carter's list 
National Society 
Schools 
Maudsley Hospital Register 
Hospital for Sick Children Register 
Individual psychiatrists 
Newsletter advert 

Sole source 
1 
0 
0 
2 
0 
3 
1 

Joint source 
7 
9 
4 
3 
3 

12 
0 

On the basis of information in case notes, eight twin pairs were excluded leaving a sample of 25 
twin pairs to be studied in detail. After the children and parents had been seen and interviewed by 
one ofus (SF), diagnoses were then made using all available data. At that final stage, a further four 
pairs were excluded, leaving a sample of 21 same-sexed pairs ranging in age from 5 to 23 years (six 
aged 5-9 years, eight aged 10-14 years and seven aged 15+ years). Table 1 gives the sources of 
selection for these 21 pairs, which constitute the basis of this paper. In a third of cases, the names were 
available from just one source, but most cases were notified by several different sources. It is clear 
that no one source would have been adequate. 

(b) Zygosity 
Zygosity was determined by physical appearance, fingerprints and blood grouping. Attention 

was paid to such detailed physical characteristics as eye colour and pattern of iris; hair colour, 
texture and curliness; and shape of nose, ears and hands as well as general appearance (Gedda, 
1961). In eight of the pairs, the differences between the twins were sufficiently marked to be sure of 
dizygosity without the need for further testing. In two pairs, a desig n ation of monozygosity was made 
on the basis of very close physical similarity plus the results of fingerprint analysis using the ridge 
count method described by Holt (1961). Blood groups testing (Race and Sanger, 1975) was under-
taken for 12 pairs,* nine of which proved to be monozygotic. Thus, the sample consists of 11 mono-
zygotic and 10 dizygotic pairs. 

*In two pairs, the blood tests showed that the parents' view ofzygosity was wrong. 
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( c) Data collection 
In all cases, an attempt was made to interview the parents, using a standardized interview and 

also to interview and examine both twins. Complete information was obtained in 19 pairs. In one 
case, the parents and the autistic twin were interviewed but the normal twin was not seen, in a 
second no interview was undertaken. However, in both cases where personal interviewing was 
incomplete, the children had been previously studied very extensively and detailed descriptions, 
findings and photographs were made available to us. 

Topics covered in detail by the parental interview included a systematic account of the children's 
social, emotional and behavioural development and present status; language development, com-
petence and characteristics; early history and developmental milestones; account of pregnancy, 
labour and perinatal period; illnesses and separations; family characteristics and social circumstances; 
and family history of psychiatric and neurological disorder. Vineland Social Maturity Scale (Doll, 
1947) and Mecham Language Scale (Mecham, 1958) assessments were also undertaken. 

The children were closely observed and interviewed at home or in hospital and all were given a 
detailed neuro-developmental examination. If systematic psychological test findings were not readily 
available, further testing of cognition and language was undertaken using the Wechsler (1949), 
Merrill-Palmer (Stutsman, 1948) and Reynell (1969) scales. 

Paediatric and psychiatric case records were obtained and studied for all hospital admissions and 
attendance. Finally, hospital obstetric records were examined for all but one of the 17 twin pairs 
born in hospital. 
( d) Diagnosis o f  autism 

Systematic biases readily arise in twin research through the possibility of the psychiatric diagnosis 
of one twin being influenced by knowledge on his co-twin and on the zygosity of the pair. Accord-
ingly, rigorous precautions were taken in the study to ensure that such diagnostic contamination 
could not occur. The procedure was as follows. First, one of us (S.F.) prepared a detailed separate 
summary of all available psychiatric and developmental information for each of the twin children 
included in the study. These summaries were then carefully scrutinized to ensure that all possible 
identifying information (such as family characteristics) were deleted. As a further precaution, the 
age of the child was given only in terms of a 5-year grouping. The case histories were then put into 
random order and given a new case number so that it was no longer possible to sort by pairs. These 
randomized case histories without identifying information were then given to the other investigator 
(M.R.) for diagnosis, made "blind" both to pair and to zygosity. His diagnoses are those used for 
the purposes of all analyses. 

Autism was diagnosed on the basis of the strict criteria already outlined. As noted, at this stage, 
the sample was reduced to 21 pairs including 25 autistic children as a result of these "blind'' diagnoses. 
Fourteen children were diagnosed as showing typical and characteristic infantile autism.• A further 
11 met the criteria for autism, but the clinical picture was somewhat atypical in some way. Thus, in 
one child the onset was not until the age of 3½ years; in another child the course was unusual in that 
almost all autistic features were lost by the age of 6 years (interestingly, he was otherwise fairly 
typical except that an air encephalogram showed cortical atrophy); and other children were atypical 
in terms of more social responsiveness or less ritualistic activity than usual. 

A separate diagnosis of cognitive/linguistic impairment was made on the basis of at least one of 
the following features: lack of phrase speech by 30 months, a verbal I.Q. or social quotient of 70 or 
below, grossly abnormal articulation persisting to age 5 years or older and scholastic differences of 
such severity as to require special schooling. All 25 autistic children met at least two of these criteria 
and a further six non-autistic children also did so. 

Finally, a psychiatric assessment was made with respect to any non-autistic disorders which were 
present. In view of its possible connection with infantile autism, particular attention was paid to the 
possible presence of so-called "autistic psychopathy" meaning a condition characterized by gross 
social impairment, obsessive preoccupations or circumscribed interest patterns and poor coordination 
but normal general intelligence (van Krevelen and Kuipers, 1962; van Krevelen, 1963). 

*The original "blind" diagnoses gave only 12 cases, but further information made available later
on one concordant pair caused them to be transferred from the atypical to the typical category. This 
change does not affect the concordance findings. 
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DESCRIPTION OF SAMPLE 
(a) Typical-atypical differentiation 
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In view of the uncertainty whether the typical-atypical differentiation had any
validity or meaning, the clinical features of these two subgroups were systematically 
compared (see Table 2). Very few differences were found apart from the items which 

TABLE 2. COMPARISON OF TYPICAL AND ATYPICAL CASES 
T y p ical 

(n=14) 
Aty p ical 
(n= 11) 

% male 72 81 
% social class I & I I  43 55 
% biological hazards 57 36 
Mean I . Q .  52·9 61-4 
Mean Jang. abn. score* 5·0 4·3 
Mean social abn. scoret 4·6 3·0 
Mean repetitive behav. scoret 3·7 3·0 

*Based on six items: lack of use of gesture, echolalia, steteoty p ed 
speech, repetitive speech, lack of social use of speech, abnormal mode of 
delivery (nine non-speaking children omitted from this analysis). 

tBased on five items: lack of social smiling in first year, lack of eye to 
eye gaze, lack of attachment to parents, abnormal relationship with 
peers, lack of empathy. 

tBased on five items: abnormal attachment to objects, resistance to 
change, stereotyped play or interests, rituals, repetitive movements. 

led to the group being classified as atypical. Thus, there were no marked differences 
in terms of sex, I.Q., language abnormalities or social class, and there were only 
marginally fewer repetitive and stereotyped symptoms. The main difference was 
that the atypical children showed less severe social abnormalities and four of them 
had an onset after 30  months (by definition none of the typical children had such a 
late onset). Also, biological hazards were slightly (but not significantly) less common 
in the atypical group. In  view of the fact that, in most respects, the typical and 
atypical children were so similar, these two subgroupings are combined in presenting 
the results. 

(b) Comparison with non-twin samples
The 2 1 twin pairs gave rise to 25 cases of autism. As is evident from Table 2 and

from the case histories in the Appendix, the behavioural characteristics of the autistic 
twins were closely comparable to non-twin samples. Table 3 shows how other features 
compare with a study of singletons previously undertaken by one ofus (Rutter et al., 
1967). 

O f  the 25 autistic children, 19 were male, giving a male:  female ratio of 3·1 to I 
which is similar to most other studies. The parents came from all social strata but 
were predominantly middle class, which is in line with most other series. Other 
family characteristics were also much as expected. Thus none of the parents suffered 
from schizophrenia and only one (case 19) of the 36 sibs was autistic (a rate of 
2 · 8 % ) .  However, in three of the 21 families ( 1 4 % )  either a parent or sib had ex-
perienced a severe delay in the acquisition of spoken language ( cases 2, 10 and 14).
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Sex ratio 
I.Q.
< 50 
50-69 
70+ 
Social class 
I and II
III 
IV and V

SUSAN FOLSTEIN AND MICHAEL RUTTER 

TABLE 3, SEX, 1.Q. AND SOCIAL CLASS 

Twins 
(this study) 

3·2 : l 

48·0% 
20·0% 
32·0% 

57·0% 
28·5% 
14·5% 

Singletons 
(Rutter et al., 1967) 

4·25: l 

43·0% 
28·5% 
28·5% 

55·5% 
41-3% 

3·2% 

About half the autistic children were severely retarded, but nearly a third had an 
I.Q. in the normal range on non-verbal tests, which again is closely comparable to 
other findings. By definition, none of the children had a diagnosable neurological
condition. However, two-thirds showed impairment on developmental functions
such as motor coordination or had isolated minor signs such as strabismus or chorei-
form movements. Four of the autistic children had developed epileptic fits during
adolescence. In 11 cases, EEGs had been reported as abnormal, but, in most cases,
the abnormalities were of a non-specific nature. Air encephalograms had been
undertaken in three children; these showed left-sided cortical atrophy in one case,
slight dilatation of the right lateral ventricle in a second case and no abnormality
in a third. It may be concluded that, apart from the fact that they are twins, the 25 
autistic children in the sample are closely similar to the autistic children described
in non-twin populations.

R E S U L T S  

(a) Concordance for autism 
Of the IO dizygotic twin pairs, none was concordant for autism, whereas four 

of the 11 monozygotic pairs were concordant (Exact test; P = 0·055). This gives
TABLE 4. PAIRWISE CONCORDANCE BY ZYGOSITY 

MZ pairs DZ pairs MZ-DZ difference 
(n = 11) (n = 10) (Exact test) 

(%) (%) 

Concordance for autism 36 0 P = 0·055 

Concordance for cognitive disorder 
(including autism) 82 10 P = 0·0015 

a 36% concordance rate by pair or a 53% concordance rate by proband for MZ 
pairs and in each case a zero per cent concordance for dizygotic pairs [see Gottesman 
and Shields ( 1976) for a discussion of concordance by pair or by pro band]. 

Two of the concordant MZ pairs ( 1 and 3 *) were closely similar in all respects. 
In each case, the twins were severely retarded and the autism was somewhat atypical 

•Numbers refer to case summaries in the Appendix. 
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in terms of the limited evidence of ritualistic features. However, in both the other 
two pairs, there were important differences between the twins in spite of concordance 
for autism. In one (2) there was an 18 point difference in non-verbal I.Q. and a24 
point difference in Peabody language quotient. The twin with a lower non-verbal 
I .Q.  but higher verbal I .Q.  made much more progress in both social relationships
and use of language. In the fourth pair (4) there was a 39 point I .Q. difference; in
this case, the more intelligent twin was less severely autistic, although the type of
behaviour was closely similar in both. It is also notable that the more intelligent
twin did not develop autism until 3 years of  age, although apart from the late
onset the clinical picture was typical of autism.

(b) Concordance for cognitive or social impairment 
The next question is: what is inherited? Is it autism as such or is it some broader

form of which autism is but one part? To answer this it is necessary to examine the 
pattern of disabilities in the non-autistic co-twins and to determine the concordance 
in MZ and DZ pairs for these disabilities. 

In addition to the 25 autistic children, another six showed some form of cog-
nitive impairment. In all cases, this involved some kind of speech or language deficit 
but the type of deficit varied. Three of the six children (cases 5, 8, and 12) had been 
markedly delayed in early speech development, not using phrase speech until 3 
years or later. One of these (5) was also mildly retarded and attended a special 
school. A further child had markedly abnormal articulation to age 7 years, although 
she had not been delayed in early speech development. Another child (case g) with 
S Q  of 70 had been generally mildly retarded in development and did not use phrase 
speech until 28 months. The sixth child (case 6) had a verbal I.Q. 21 points below 
the non-verbal and attended an ESN school but there had been no speech delay. 

Five of the six children with cognitive impairment were in MZ pairs. Thus, five 
of the seven non-autistic children in MZ pairs had cognitive abnormalities compared 
with only one of the IO non-autistic children in DZ pairs (Exact test; P = 0·0175).
As all the 25 autistic children also met the criteria for cognitive abnormality, the 
concordance rates may be recalculated for all forms of cognitive impairment, both 
autistic and non-autistic (see Table 4). 

The results are striking. Nine of the r r MZ pairs were concordant for some kind 
of cognitive disability, usually involving language, whereas this was so for only one 
out of the IO DZ pairs (Exact test; P = 0·0015).

Only one child (case 8), included in the six just mentioned, had social or be-
havioural problems at all reminiscent of autism, and he was diagnosed as showing 
autistic psychopathy on the basis of little social usage of speech, circumscribed 
interest patterns and a lack of social relationships. 

Three of the other children with cognitive impairments, however, also showed 
some kind of social or emotional disability. One child (7) was painfully sensitive 
and self-conscious, crying over imagined slights; another (6) although friendly and 
sure of himself now, had had a severe and disabling dog phobia when younger, and 
a third (5) was rather shy, sensitive and lacking in confidence. A fourth child ( 13) 
without cognitive impairment developed a psychiatric disorder of uncertain nature 
a t  age 17 years. Because of the overlap with cognitive impairment, the concordance 
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in terms of social/emotional difficulties (including autism) is similar: eight out of 11 
MZ pairs compared with two out of ro DZ pairs. 

( c) Biological hazards and concordance 
The major difference in concordance between MZ and DZ pairs strongly sug-

gests the importance of hereditary influences in the aetiology of autism. However, 
before drawing that conclusion it is necessary first to check whether the concordance 
patterns are explicable in terms of biological hazards associated with the birth 
process. We identified five features known to be associated with brain damage (and 
hence likely to predispose to autism): severe haemolytic disease (Gerver and Day 
1950), a delay in breathing of at least 5 minutes after birth (Drage and Berendes, 
1966; Hunter, 1968), neonatal convulsions (Rose and Lombroso, 1970), a second 
birth which was delayed by at least 30 minutes following the birth of the first twin 
(Dunn, 1965; Kurtz et al., 1955) and multiple congenital anomalies. Such features 
were present in 11 out of the 42 children. 

TABLE 5. CONCORDANCE/DISCORDANCE FOR AUTISM BY PRESENCE OF BIOLOGICAL HAZARDS 

Biological hazards 
Both twins One twin only Neither twin 

Concordant 

Discordant 

0 

2 6 

3 

9 

Table 5 shows the concordance for autism in terms of biological hazards. In 
only two pairs, did both children experience biological hazards and both these pairs 
were discordant for autism. It may be concluded that the concordance is likely to 
be due to genetic factors and certainly is not explicable in terms of the perinatal 
complications on which we had data, and the same applies to the concordance for 
cognitive impairment. In none of the six pairs concordant for cognitive impairment 
but not autism were biological hazards present in both twins. 

(d) Biological hazards and discordance 
The next question is why only some of the children with a cognitive impairment

showed the syndrome of autism. The possible importance of biological hazards in 
this connection was re-examined by focusing on the 17 pairs discordant for autism. 
In six of these pairs one, but only one, of the twins had experienced one of the five 
specified biological hazards. In all six cases, it was the autistic twin who was affected
(see left-hand side of Table 6). However, there were a further 11 cases (see right-

MZ pairs 

DZ pairs 

TABLE 6. BIOLOGICAL HAZARDS AND DISCORDANCE FOR AUTISM 

Biological hazards 
Autistic twin only Other twin only 

2 

4 

0 

0 

Both twins 

0 

2 

Neither twins 

5 

4 
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hand side of Table 6) in which the biological hazards affected neither twin or both 
twins, and so did not account for the discordance. 

TABLE 7. BIOLOGICAL DIFFERENCES AND DISCORDANCE FOR AUTISM 

MZ pairs 

DZ pairs 

Autistic twin 
worse 

2 

4 

Biological differences 
Other twin 

worse 

0 

0 

No difference 

3 

2 

In  order to examine these 11 discordant cases further, a wider definition of 
biological hazard, in terms of a marked difference between the twins, was employed. 
This included a birth weight at least a pound less than the other twin (three cases) 
(Willerman and Churchill, 1967), a pathologically narrow umbilical cord (one 
case), a more severe haemolytic anaemia associated with neonatal apnoea (two 
cases), and a severe febrile illness possibly involving encephalitis (one case).This 
differentiated a further six cases (see Table 7), and again it identified the autistic 
one each time. I t  may be concluded that some form of biological impairment, 
usually in the perinatal period, strongly predisposed to the development of autism. 
The pattern of findings is summarized in Table 8. 

TABLE 8. SUMMARY OF BIOLOGICAL HAZARDS IN DISCORDANT PAIRS 

Hazard 

Definite 

Possible 

None 

Definite 

Possible or 
Difference in severity 

None 

Autistic twin 
MZ PAIRS 

Multiple congenital anomalies 
Neonatal convulsions 

Severe febrile illness 
Pathologically narrow cord 

DZ PAIRS 

Apnoea 
Delay second birth 
Delay second birth 
Delay second birth 

Severe haemolytic disease + apnoea
Severe haemolytic disease + apnoea 
Birth weight 1 ¾ lb lower 
Birth weight I¾ lb lower 

Non-autistic twin 

Delay second birth 
Mild haemolytic disease 

Did the same biological hazards explain the presence of a cogmtive deficit? 
To examine this question, we compared the six non-autistic twins who showed 
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cognitive impairment with the 11 non-autistic twins without a cognitive deficit. The 
only two children (out of these 17) who had experienced a biological hazard were 
both without a cognitive disability. Clearly, biological hazards did not account for 
the presence of cognitive abnormalities. 

( e) P s ychosocial influences 
The final issue was whether psychosocial environmental influences were asso-

ciated with discordance in terms of either autism or cognitive impairment. Because 
both were evident from early life, it was necessary to focus on possible factors in the 
infancy period, which meant that our data were necessarily retrospective in large 
part and often crude. All pairs had been reared together during infancy, although in 
one case ( 11) the autistic child was often in hospital during the first year. In this 
case, the severe early lack of responsiveness was followed by maternal rejection. 
There were no differences between the autistic and non-autistic children in ex-
periences other than those which were associated with the greater frequency of 
neonatal biological hazards. Thus, out of the nine cases in which there was a differ-
ence in time before discharge home after birth, in seven it was the autistic child who 
stayed in hospital longer. In some instances, this involved periods in an incubator or 
some kind of intensive care. 

DISCUSSION 

(a) Sampling and selection 
Before discussing the meaning of the findings 1t 1s necessary to consider the

adequacy of our sampling, as the rest of the results hinge on that. In order to obtain 
as complete a sample as possible we used an unusually large number of sources of 
diverse kinds. As a result, most of the children were reported by several different 
agencies. This in itself provides some indication of the efficiency of our sampling 
techniques. However, two better checks are available. First, there is the monozygotic-
dizygotic pair ratio. For same-sexed pairs surviving the first year, the ratio should be 
approximately 6 : 7 (Slater and Cowie, 1971), which is very close to our observed 
ratio of 1 1 : IO. Second, there is the number of autistic twins found. The Registrar-
General figures for 1964 show that 6176 liveborn same-sexed twins were born that 
year (Slater and Cowie, 1971). Taking a 1-year survival rate of 88·1% (based on 
Gittelsohn and Milham's 1965 figures) that reduces to 5441. Our sampling was most 
thorough for the school years so i f  we multiply that by 13 to obtain the figure for the 
birth years 1958-1970 that makes 70,733 pairs and 141,466 children. The next step 
is to calculate the proportion of autistic children expected. We had to rely on infor-
mation about children referred to clinics or special schools and diagnosed as autistic 
by them and later also by us. For this purpose, the administrative surveys probably 
provide the most appropriate initial guide. In Britain, the Department of Education 
figures showed a prevalence of 1·75 per 10,000 (Wing et al., 1976) and in the U.S.A. 
Treffert's (1970) figure was 2·5 per 10,000. On this basis, we should have had between 
24·8 and 35·4 children. However, as with other studies (Wing et al., 1976), we found 
that not all the cases reported as autistic met our diagnostic criteria. In practice, we 
excluded about a quarter, which brings the expected number of twins in our final 
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sample down to 18·6 to 26·6.* In fact (excluding the four children born before 1958 
and the one living in Scotland) we obtained 20 autistic children who were part of a 
same-sexed pair-which is very close to the expected number. It may be concluded 
that there is every reason to believe that our sample of autistic twins was about as 
complete as it could be. 

It is also necessary to consider whether the choice of a twin sample introduced 
any particular biases. The most obvious possibility concerns the frequency of peri-
natal complications. These tend to be rather commoner in multiple births than in 
single births (Dunn, 1965) and this may have increased the likelihood of our finding 
an association between birth hazards and autism. On the other hand, studies of 
singletons have also suggested that perinatal complications tend to be somewhat 
commoner in autistic children than in other children (see e.g. Lotter, 1967; Whittam 
et al., 1966; Hinton, 1963; Moore, 1972; Knobloch and Pasamanick, 1974; Torrey 
et al., 1975), although not usually to the extent found in this twin sample. It should 
be noted, however, that our sample did not have particularly low birth weights. 
Thirty of the 42 children had a birth weight of over 5 lb and none had a birth 
weight under 3 lb. We may conclude that our choice of a twin sample probably 
increased the likelihood of finding an association between perinatal complications 
and autism, but similar associations oflesser degree have been noted in singletons. 

Similarly, it is well known that delayed acquisition of speech is commoner in 
twins than singletons. It might be suggested that this is why so many of the non-
autistic twins showed impaired language. However, were this simply due to twinning, 
it would be expected to occur with equal frequency in the MZ and DZ pairs 
(Mittler, 1971). In fact, we found that abnormalities of language were much more 
frequent in the MZ than in the DZ twins. Moreover, the abnormalities we found did 
not consist of  just speech delay but rather involved a wider range of cognitive 
functions. 

Finally, there is the question of sample size. How much confidence can be placed 
on the MZ-DZ differences in concordance in view of the relatively small sample size 
of 21 pairs? Obviously, some caution is needed before drawing too sweeping con-
clusions, and clearly replication is required. Nevertheless, as already indicated, 
there are good reasons for supposing that this twin study has avoided the serious 
biases which plague twin research. Moreover, although the sample is small, the 
MZ-DZ differences were large and statistically significant. It seems likely that the 
concordance differences are true ones. 

(b) Hereditary influences 
The MZ-DZ difference in concordance for autism and the much larger difference

in concordance for cognitive disorder clearly points strongly to the importance of 
genetic factors in the aetiology of autism. Indeed, the size of  the MZ-DZ difference, 
together with the population frequency of autism indicate a very high heritability 
or coefficient of genetic determination (Smith, 1974; Curnow and Smith, 1975). The 
finding that concordance is strongly associated with the zygosity of  the twin pairs 

*However, using Lotter's (1966) true prevalence fig u res and also a broader definition of autism 
than we employed, there should be 63 autistic twins in the country who could be identified by means 
of a population survey. 
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and not at all with the presence of physical environmental hazards indicates that 
the concordance truly represents an hereditary influence rather than biological 
damage during the birth process. In this connection, it should be noted that there 
are greater intra-uterine environment differences in MZ than in DZ pairs, as re-
flected, for example, in the greater mean difference in birth weights in MZ pairs 
(Mittler, 1971). 

( c) What is inherited?
The findings clearly point to the conclusion that the hereditary influences are

concerned with a variety of cognitive abnormalities and not just with autism. In 
other words, autism is genetically linked with a broader range of cognitive disorders. 
The results also show that the cognitive deficits linked with autism usually involve 
delays or disorders in the acquisition of spoken language. Thus, of the six pairs 
concordant for cognitive impairment, in three the non-autistic twin was not using 
phrase speech until after his third birthday. One of the remaining three showed a 
lesser degree of speech delay, a second had verbal skills much inferior to visuo-spatial, 
and the third had very abnormal articulation. I t  may be inferred that language 
difficulties of some kind are generally part of the problem. The conclusion is in 
keeping with the extensive evidence for the importance of abnormalities in language 
and symbolization in autism (Rutter, 1974). 

On the other hand, in most of the non-autistic children, it was not usually a 
straightforward isolated developmental delay in language acquisition. First, two of 
the six children also had some general intellectual impairment. Second, in one case, 
the language delay involved echolalia, and in another it involved a lack of social 
usage comparable to that found in infantile autism. I t  seems that a language deficit 
may be a part of the cognitive impairment in most cases but it is not usually a 
"pure" or isolated delay in the acquisition of spoken language. O f  course, it is not 
suggested that all forms of language impairment are genetically linked to autism. 
Indeed, in most respects, the language characteristics of autistic children are very 
different to those of children with a developmental language disorder (Bartak et al., 
1975, 1977). However, it seems that some cases oflanguage abnormality are genetic-
ally linked with autism. Unfortunately, knowledge is lacking on how to tell which 
these are. 

I t  is also necessary to ask whether the social and emotional difficulties which 
were present in most of the children with a cognitive deficit are also part of what is 
inherited. For several reasons, no firm conclusions are possible on this point. In  the 
first place, social difficulties and emotional disturbance are quite common in any 
group of children with language delay (Rutter, 1972; Stevenson and Richman, 
1977), and with a sample as small as ours it was not possible to determine whether 
difficulties were more common in this group. I n  the second place, only one of the 
six children with cognitive impairment had social difficulties of a kind at all similar 
to those shown by autistic children. I t  may be that the shyness, fears and sensitivity 
are part of what is inherited or it may be that, as in other children with language 
delay, they are merely temporary secondary emotional reactions to cognitive and 
communication difficulties. The present data do not allow a choice between these 
two possibilities. 
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A twin study could provide the opportunity to examine possible links between 
autism and schizophrenia. However, very few of the twins in this sample were old 
enough to determine whether autism and schizophrenia ever occur together in 
monozygotic pairs. None of the monozygotic twins had a disorder with any re-
semblance to schizophrenia. But there was one non-autistic dizygotic twin who 
showed social withdrawal at age 1 7 years. The possibility of schizophrenia clearly 
arises, but there was no evidence of thought disorder, delusions, hallucinations or 
any other first rank symptoms. Further follow-up is needed to make a diagnosis. 
Nevertheless, it should be added that, in spite of a large number of twin studies of 
schizophrenia, no case has ever been reported of infantile autism occurring in a 
non-schizophrenic co-twin. 

( d) Mode o f  inheritance 
It  is obvious from the low rate of disorder in the sibs that autism is not a disease 

inherited in clear-cut Mendelian fashion. However, many factors ( e.g. phenocopies, 
genetic heterogeneity, incomplete penetrance, high mutation rate, etc.) may distort 
the simple Mendelian ratios. In  practice, it is extremely difficult on the basis of 
family data to differentiate between monogenic inheritance with incomplete pene-
trance and polygenic or multifactorial effects (Curnow and Smith, 1975). In  the 
case of autism, the sorting out of mode of inheritance is much complicated by the 
fact that autistic children rarely marry and have children. One crucial piece of 
information which is needed is what happens to the offspring of non-autistic sibs or 
twins with cognitive impairment. Unfortunately, no information is available on that 
point and until this is known genetic model building seems premature. 

( e) Environmental influences 
Our findings clearly indicate that, in addition to hereditary factors, environ-

mental hazards involving the risk of brain damage also play an important part in 
the aetiology of autism. Out of the 17 pairs discordant for autism, there were I 2 in 
which autism was associated with some kind of biological hazard or difference 
which affected the autistic child and not his co-twin. In this series, with one exception, 
the biological features were all perinatal in origin. However, it is clear from studies 
of non-twin samples that autism may arise on the basis of quite diverse forms of 
brain pathology, including congenital rubella ( Chess et al., 1971) and infantile 
spasms (Taft and Cohen, 197 I). 

Although both hereditary and environmental influences play an important part 
in the genesis of autism, the findings from this study suggest that they work in rather 
different ways. The MZ-DZ concordance differences showed that the hereditary 
factor(s) were concerned with the genesis of cognitive/linguistic abnormalities 
rather than with just autism as such. But this was not the case with the biological 
hazards at all. They were completely unassociated with non-autistic cognitive deficits 
in spite of a strong association with autism. 

(f) Genetic-environmental interactions 
That difference raises the question of how far hereditary and environmental

influences cause different cases of autism and how far they act in conjunction as part 
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of a multifactorial determination. Our data do not allow any firm conclusions on 
this point but they suggest that both occur. 

The four MZ pairs concordant for autism suggest that, in some cases, genetic 
factors may be sufficient to cause autism. Only one of the eight autistic children in 
these four pairs suffered a hazard at all likely to lead to brain injury-his disorder 
was more severe than that of his co-twin. 

On the other hand, it appears that brain injury alone may also be a sufficient 
cause of autism. This is suggested by the fact that biological hazards occurred with 
much the same frequency in MZ and DZ pairs. I t  is also indicated by the finding 
from other studies that the rate of autism in children with particular forms of brain 
pathology, such as caused by congenital rubella (Chess et al., 1971) is considerably 
higher than that in the sibs of autistic children. 

Nevertheless, many cases of autism appear to result from a combination of brain 
damage and an inherited cognitive abnormality. This is suggested by the finding 
that out of the seven MZ pairs discordant for autism, in four cases the autistic 
child but not his non-autistic co-twin had experienced some form of biological 
hazard liable to cause brain damage. In three of these four cases the non-autistic 
child had a cognitive deficit, suggesting that i t  may have been brain injury that 
converted the deficit into a full-blown autistic syndrome. 

In this regard it is interesting that, over a decade ago, van Krevelen ( 1963) 
suggested that autism might result from the combination of an inherited personality 
deficit plus organic brain damage. The present results are in accord with that general 
hypothesis, but the deficit found involved cognitive/linguistic abnormalities rather 
than the "autistic psychopathy" syndrome postulated by van Krevelen. 

In summary, we may conclude that this systematic study of 21 same-sexed twin 
pairs in which at least one twin showed the syndrome of infantile autism indicates 
the importance of a genetic factor which probably concerns a cognitive deficit 
involving language. I t  also indicates the importance of biological hazards in the 
perinatal period which may operate either on their own or in combination with a 
genetic predisposition. However, uncertainty remains on both the mode of in-
heritance and exactly what it is which is inherited. 

SUMMARY 
A systematic study was made of a representative group of 21 same-sexed twin 

pairs ( 11 MZ and Io DZ) in which at least one twin showed the syndrome of infantile 
autism. There was a 36 per cent pair-wise concordance rate for autism in MZ pairs 
compared with o per cent concordance in DZ pairs. The concordance for cognitive 
abnormalities was 82 per cent in MZ pairs and IO per cent in DZ pairs. I t  was 
concluded that there were important hereditary influences concerning a cognitive 
deficit which included but was not restricted to autism. In 12 out of 1 7 pairs dis-
cordant for autism, the presence of autism was associated with a biological hazard 
liable to cause brain damage. I t  was concluded that brain injury in the infancy period 
may lead to autism on its own or in combination with a genetic predisposition. 
Uncertainty remains on both the mode of inheritance and exactly what is inherited. 
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Case I 

APPENDIX: CASE SUMMARIES OF CASES 

MONOZYGOTIC PAIRS 

Zygosity determined bid. grps. Pair concordant for (aty p ical) autism. Male. Age 22 yr. 
Family. Fa. is industrial engineer. Mo. had one episode untrtd. depression. Three older sibs: 

two had single episodes of severe depression. 
Pregn. Hy p eremesis and fainting throughout. Gestation 36 weeks. 
1st born twin. B. wt. 5 lb 2 oz. Normal neonatal course. Normal motor milestones. Severe eczema 

4-9 months so that ed. not be picked up. Lack of responsiveness noted from 9 months. Lack of eye to 
eye gaze. Rejected comfort and cuddling. Lack of sympathy. No friendships. No babble, speech or 
gesture. Food fads and pica when younger. Strong attachment to skittle up to 12 yr. 0cc .  repetitive 
brick play. No imaginative play. Finger-flicking mannerism and stereoty p ed gait. Head banging and 
wrist biting. Fits since 12 yr. Special school to 14 yr and the mental subn. hosp. EEG non-specific 
abn. Poor coordination, awkward gait. Language age < I yr. Social age 3 yr 7 months. Biochem. 
normal. 

2nd born twin. B. wt. 5 lb 6 oz. Normal neonatal course. Normal motor milestones. Severe excema 
4-9 months. Lack of responsiveness from 9 months. Lack of eye to eye gaze. Minimal parental 
attachment. No friendships. Rejected comfort and cuddling. Normal babble but no speech or 
gesture. V. severe food fads. Upset by changes. Puts objects into rows. No imag. play. Finger-flicking 
mannerisms. Carried string and waved in front of eyes up to 12 yr. Wrist biting. Fits since 16 yr. 
Special school to 14 yr and then mental subn. hosp. EEG non-specific abn. Fair coordination, 
normal gait. Language age < 1 yr. Social age 3 yr 7 months. Biochem. normal. 

Case 2 
Zygosity determined bid. grps. Pair concordant for autism. Male. Age 12 yr. 
Family. Fa. is plumber (born W. Indies), was late talking. Mo. anxious and recurrently depressed 

(untrtd.). Two sibs. (one older, one younger), one behav. diffs. at school. 
Pregn. Anaemia, transfusion. Gestation 40 weeks. 
1st born twin. B. wt. 6 lb 11 oz. Normal neonatal course. Normal motor milestones. Lack of 

responsiveness from I yr. Lack of eye to eye gaze, lack of attachments, avoids contact, no friendships. 
Single words 8 yr; phrases 10 yr. Echolalic, pronominal reversal, stereotyped sp. Poor articulation, 
lack of cadence and irregular rhythm. No gesture. Hands over ears. Fixed routines re walks and meals. 
Repetitive stereoty p ed drawings. Finger-flicking mannerisms, head banging. Attends special school. 
Myopia, poor gross motor coordination. EEG non-specific abn. WISC FS 56. VS 50. PS 75. S.Q.44 
Peabody L.Q.  33. Reynell language comprehension age 7 yr 10 mo. (At C.A. 12· I yr). Neale Reading 
Age Ace 8 yr 4 months. Comprehension No score. Biochem. normal. 

2nd born twin. B. wt. 6 lb 13 oz. Normal neonatal course. Normal motor milestones. Lack of 
responsiveness from 2nd yr. Lack of differentiation people to 5 yr. Minimal parental attachment. 
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Solitary play, no friendships. N o  babble in 1st 2 yr. Single words 2 yr, phrases 5 yr. Echolalia, 
stereotyped phrases, little social speech, lack of cadence up to last 2 yr. Head banging and pica when 
younger. Finger-flicking mannerisms. Strong attachment to toy soldiers (takes to bed). Repetitive, 
stereotyped play and drawing. Upset by changes routine. Bath ritual. Marked improvment after 
age 10 yr so that now friendly with adults and using normal speech appropriately. Lack of friendships 
remain. Attends special school. Myopia, strabismus, poor coordination. E E G  non-specific abn. 
Biochem. normal. W I S C  F S  57. V S  60. PS 57. S . Q . 5 9 ,  Peabody, L . Q . 5 7 .  Neale Reading Age (when 
C . A .  12· l yr). Acc. 9 yr. l month. Comprehension 7 yr 3 months. 

Case 3 
Zygosity determined bld. grps. Pair concordant for (atypical) autism. Male. Age 14 yr. 
Family. Fa. is porter, M o .  nurse. Four older sisters. 
Pregn. normal, 34 weeks, gestation. 24 hr labour. 
1st born twin. Breech. B. wt. 5 lb 10 oz. Normal neonatal course. Normal motor milestones. Severe 

crying and sleep dist. in infancy. Not cuddly, did not come for comfort, lack of differentiation people 
to 5 yr. Normal smiling and eye to eye gaze. N o  group play of friendships. O d d  words only, occ. 
echoing. Upset by noise. N o  gesture. Whirls self and spins knives. Likes shiny objects. Various food 
fads. Pica (total lead intoxication). Wrist biting. Destructive. Restless. Special school to 11 yr and 
then mental subn. hosp. E E G  sharp wave focus. Strabismus, wide-based gait, poor motor coordina-
tion. Mecham language age < l yr. Social age 18 months. 

2nd born twin. Breech. B. wt 5 lb 4 oz. Normal neonatal course. Normal motor milestones. Severe 
crying and sleep dist. in infancy. Not cuddly, lack of differentiation people to 5 yr. Normal smiling 
and eye to eye gaze. N o  group play or friendship. O d d  words only, occ. echoing. V .  upset by noise, 
puts fingers in ears. N o  gesture. Age 3-5 yr severe screaming, aggression, and destruction. Breaks 
windows and furniture. Upset by changes. Attracted shiny objects. Likes to be swung around, likes 
spinning knives. Food fads. V .  severe pica (total lead intoxication). Severe head banging, face slap-
ping, pulled out hair. 0cc .  hand mannerisms. Toe walking when younger. Special school to 11 yr 
and then mental subn. hosp. One recent (major) fit with some social deterioration. E E G  sharp wave 
focus. Strabismus. Poor coordination and wide-based gait. Planter responses equivocal. Mecham 
language < l yr. Social age 18 months. 

Case 4 
Zygosity determined bld. grps. Pair concordant for autism (one atypical). Male. Age 8 yr. 
Family. Fa. univ. teacher. M o .  had one previous pregn.-terminated because hydramnios. 

Bilingual family. 
Pregn. Vomiting early months. Pre-eclamptic toxaemia. Induced 39 weeks. 
1st born twin. B. wt. 6 lb. 10 oz. Low forceps. Normal neonatal course. Normal motor milestones. 

Normal development apart from pronominal reversal until 3 yr when became anxious, tearful, upset. 
Speech deteriorated to poorly articulated monosyllables. After 6 months gradual improvement. 
Normal eye to eye gaze and normal relationship parents. Does not play peers and regarded as odd 
by them. Speech complex but stereotyped and echolalic: pronominal reversal, little appreciation of 
abstract. Upset by changes. Attached to cardboard buses which he carries around. Repetitive 
drawing buses and copying newspaper adverts. Limited imagination. Attends normal school. 
Leiter I . Q .  90, S . Q . 8 9 .  Mecham L . Q .  113. 

2nd born twin. B. wt. 5 lb. Born 30 min after twin, foetal distress and uterine inertia. Given positive 
pressure 0 2, breathed 7 min. Urinary tract infection. Disch. hosp. after 4 weeks. Diffs. feeding. Lack 
of cuddling. Normal motor milestones. Absorbed twiddling cotton reel at 8 months. Blank facial 
expression and lack of eye to eye gaze. Not attached to parents until after 2 yr and then limited. N o  
friendships, some beginning of limited grp. play. Normal babble. First words 58 months-still few 
words only, occ. echolalia. Waves bye-bye. Excellent memory spatial relationships. Dislikes new 
situations. Several attachments to odd objects (e.g. buttons), swings string in front of face. Hand 
twisting mannerism and odd gait. Repetit. stereotyped play. Pica. Attends special school. Biochem. 
normal. M . P .  I . Q .  51. S . Q .  32. Mecham language age < 18 months. 

Case 5 
Zygosity determined bld. grps. Pair discordant for autism, concordant for cognitive and social/ 

emotional disorder. Female. Age 15 yr. 
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.Family. Fa. engineer (univ. grad.). One normal older sister. Mo. also had one still birth at 7 
months. 

Pregn. Bleeding at 2 months. 39 week gestation. Twins not diagn. and delivery at home. 
1st born twin. B. wt. 5 lb 8 oz. Normal neonatal course. Sat 10 months. Walked 21 months. Norm-

ally cuddly responsive baby. Single words 20 months. Phrases 36 months. Normal usage speech. 
Became more passive when tormented by autistic sib. twin. Shy sensitive girl with low self-esteem 
but otherwise normal social relationships-affectionate, sympathetic and has a few friends. Behav. 
normal. Normal school until 11 yr and then special school (ESN). WISC I.Q. FS 51. VS 61. PS 48. 
Reading age 8 yr 10 months. S.Q. 115. Poor coordination. 

2nd born twin. B. wt. 5 lb. Breech. Delay in breathing. Cord v. narrow and white. Haemorrhagic 
disease 2 days. Sat 10 months. Walked 23 months. Lack of responsiveness from infancy: not interested 
in people, distressed by noise, wd. crawl on wood but not carpet. No attachment to parents until after 
5 yr and then minimal. Lack of eye to eye gaze, did not come for comfort. Approaches small children 
but no play with peers and no friendships. Some echoed words at 30 months but no phrases until 
6 yr. Speech still stereotyped and repetitive with much delayed echoing. Marked resistance to all 
changes. Rigid stereotyped play with multiple routines and rituals. Various attachment to odd 
objects. Facial grimaces, hand flapping and mannerism, bouncing gait. Pica in early childhood. Head 
banging and wrist biting age 3-6 yr. Strabismus. Clumsy. Awkward gait. Merrill-Palmer 1.Q. 28. 
S.Q. 40. Mecham 1.Q. 29. 

Case 6 
Zygosity determined bid. grps. Pair discordant for autism, concordant for cognitive and social/ 

emotional disorder. Male. Age 10 yr. 
Family. Fa. tradesman. One normal older sister. Mo. also had one still birth. 
Preg11. Severe vomiting first trimester. Toxaemia last trimester; 2 admissions. 39 week gestation. 
1st born twin. B. wt. 6 lb 7 oz. Normal neonatal course. Normal motor milestones. Severe excema 

in first year-mild since with occ. asthma. Responsive but difficult baby, often crying, v. poor 
sleeper. Did not come for comfort. Variable eye to eye gaze. Often rocks and appears detached. No 
group play, no friendships, some parallel play with twin. Some echoed words at 2 yr but diminished 
at 2-} yr. Now only echolalia and some spont. single words. No social usage sp. Slow to adapt to new 
situations. Lines up objects in rows. Good with constructional toys but no representational or imagina-
tive play. Prefers routines. Severe dog phobia. Finger flicking mannerisms, rocks, grimaces. Pica. 
Head banging up to 5 yr. Attends special school. Pleasant temperament now but v. little reciprocity in 
social interaction. WISC Non-verbal I.Q. 83. S.Q. 34. Mecham language age 18 months. 

2nd born twin. B. wt. 6 lb 4 oz. Normal neonatal course. Normal motor milestones. Excema and 
asthma for 4 months. Phrase speech before 2 yr. Now uses language normally but mild articulation 
defect. Sociable and friendly but rather immature and had severe dog phobia until a year ago. 
Behav. normal. Creative, imaginative play. Has won f riends. Attends special school (ESN). WISC 
VS 79. PS I 00. S.Q. 97. Mecham L.Q.  89. Poor fine motor coordination. Motor overflow. 

Case 7 
Zygosity determined bid. grps. Pair discordant for (atypical) autism, concordant for cognitive 

and social/emotional disorder. Female. Age 12 yr. 
Family. Fa. Business manager. One normal older brother. 
Pregn. Bleeding at 3 and 4 months. 35 week gestation. 
1st born twin. B. wt. 4 lb. In hosp. 21 days for slow wt. gain. Normal neonatal course. Normal 

motor milestones. Cuddly responsive baby. Single words by I yr and phrases before 2 yr. Marked 
articulation defect to 7 yr. Talkative, sociable girl with many friends. V. sympathetic and emotionally 
concerned-befriends children with cliffs. V. sensitive worrier; cries daily with imagined slights and 
failures at school. Apprehensive of new situations. Reluctance to attend school (ordinary). Merrill-
Palmer 1.Q. above av. S.Q. 104. Mecham L.Q.  122. 

2nd born twin. Breech. B. wt. 5 lb 4 oz. In hosp. 14 days. Normal neonatal course. Normal motor 
milestones. Single words 2 yr. Normal develop. apart from immature speech and poor articulation 
until 4½yr when had severe febrile illness and profound change in behav. Lost social responsiveness, 
marked reduction in speech, eating poor, appeared aimless, ceased to play. Until 6 yr lack of personal 
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interaction, blank expression, lack of eye to eye gaze. Now somewhat more responsive but no friends. 
Stereotyped phrases, monotone, no social speech, echoes, poor articulation, excellent word memory. 
Eating rituals, repetitive drawing, rocking. No imag. play. Helps in house. Awkward gait. Attends 
special school. Merrill-Palmer I.Q. (non verbal) 98. S.Q. 41. Mecham I.Q. 29. 

Case 8 
Zygosity determined dermatoglyphics and appearance. Pair discordant for autism, concordant 

for cognitive and social/emotional disorder. Male. Age 10 yr. 
Family. Fa. business manager. One younger sister (4 yr) with echoing and poor articulation. 

Lines up objects. Normal social relationships and normal social usage language. Having psychiat. trt. 
for encopresis. There are several eccentrics in mo.'s family. 

Pregn. Bleeding at 3 months. Hydramnios. 35 week gestation. Both twins born with forceps for 
uterine inertia. 

1st born twin. Face presentation. B. wt. 4 lb I I oz. Normal Apgar score. In hosp. 50 days because of 
feeding cliffs. from cleft palate. LP. I wk pneumonia at 4 months. Several operations for congenital 
anomalies. Sat 9 months, walked 22 months. Not bowel trained until 9 yr. Lack of social smiling and 
responsiveness in first year. Stared at sun, refused to eat at 2 yr. Blank expression and lack of eye to 
eye gaze. No response to parents before 5 yr. No play with children. Echolalic speech 3 yr but no 
meaningful words until 6 yr. Now single words and stereotyped phrases. No social use sp. Marked 
resistance to change of routine or furniture. Carries string and flicks it. Various fixed routines. Likes 
to touch shiny objects. Used to rock and clap hands. No appropriate play. Severe pica. Attends special 
school. Rt. ptosis, fixed pupil and external palsy. Left strabismus and nystagmus. Repaired hare,lip. 
Poor coordination. Merrill-Palmer I.Q. 24. S.Q. 17. Mecham L.Q.  18. 

2nd born twin. Vertex. B. wt. 4 lb 12 oz. Normal Apgar score. In hospital 17 days. Normal neo-
natal course. Normal motor milestones. Cuddly, responsive baby. Single words 24 months, phrases 
after 3 yr. Stutters when excited, v. poor articulation. Vocab. adeq. but limited social speech. 
Normal relationships parents. Only recently started to play peers; does not initiate interaction: 
Anxious. No resistance to change. Series of circumscribed solitary interests ( currently marbles). Also 
imag. play. Clumsy and socially gauche. Attends normal school but had special tutoring in reading 
and spelling. Slow fine motor movements. Shy but friendly boy. WISC VS 108. PS 122. S.Q. 95. 
Mecham L.Q.  70. Diagnosed as ? autistic psychopathy. 

Case 9 
Zygosity determined bid. grps. Pair discordant for autism, concordant for cognitive disorder. 

Female. Age 5 yr. 
Family. Fa. street trader. Mo. LP. 9 months for depression following misc. Nine older sibs and one 

younger. Mo. also had three misc. 
Pregn. 34 wk gestation. 
1st born twin. B. wt. 3 lb 6 oz. Normal neonatal course. In hosp. 3 weeks. Sat 13 months. Walked 

21 months. Single words 2 yr, phrases soon after. Still wet at night. Not as cuddly or responsive as 
sibs in infancy. Normal relationship with parents but slightly less sympathetic and affectionate than 
sibs. Plays well with sibs but less with peers at school. Imag. play. Drawing immature. Normal 
usage of speech but articulation imperfect. Attends normal school. At interview appears friendly, 
responsive, inquisitive girl. Asymmetrical ears. S.Q. 70. Mecham L.Q.  82. 

2nd born twin. B. wt. 4 lb 15 oz. Slow wt. gain. In hospital I month. Sat 15 months. Walked 24 
months. Still wets and soils. During 1st year blank expression, wd. not be cuddled or consoled, 
sensitive to noise and did not respond to voice. Lack of eye to eye gaze, no parental attachment, no 
play with peers. In last year, became more responsive and cuddly. Some parallel play sibs. No 
speech; beginnings of babble. Likes set routines, will drink only from red cups. Routines. Twiddles 
things in front of her eyes. Finger twisting mannerisms and rocking. No imag. play. Attends special 
school. Right strabismus. D.Q. 40. S.Q. 32. Mecham language age < I yr. 

Case IO 
Zygosity determined bid. grps. Discordant pair (atypical autism). Male. 7 yr. 
Family. Fa. accountant: late in speaking, said little before starting school. Odd personality. Mo. 
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trtd. as I.P. for depression. Older bro. did not speak until 2½ yr. Socially awkward and no friends 
until 6 yr. Interested in maps and routes. Mo. also had one misc. 

Pregn. Normal. 39 week gestation. 
1st born twin. B. wt. 6 lb. Normal neonatal course. Normal motor milestones. Single words 18 

months. Phrases 2 yr. Happy sociable infant. A t  3 yr deterioration in speech, lack of emotional 
response, screaming, lack of response to sounds. Now blank facial expression, limited eye to eye gaze, 
no sympathy, no play with sibs or peers. Attached to mother. Stereotyped repetitive speech, echoing, 
monotone. Dislikes changes. Draws repetit. patterns. Puts toys in rows. Used to carry around odd 
objects ( e.g. piece of linoleum). Strictly followed routines. Food fads. Hand and finger mannerisms. 
Rocks. Attends special school. Normal neurol. Merrill-Palmer I . Q .  68. S . Q .  44. Mecham L . Q .  37. 

2nd born twin. B. wt. 5½ lb. Tube fed 24 hr because would not suck but otherwise normal neonatal 
course. Normal motor milestones. Not a partic. cuddly baby but normally responsive and developed 
appropriate parental attachment. Sociable and enjoys his friendships. Good creative play. Single 
words 18 months. Phrases 20 months. Normal level and usage oflanguage. Behav. normal. Attends 
normal school. Merrill-Palmer I . Q .  100. S . Q .  107. Mecham L . Q .  117. 

Case 11 
Zygosity determined by dermatoglypics. Discordant pair. Male 9 yr. 
Family. Fa. business manager. Three older and one younger normal sibs. Parents divorced. 
Pregn. 34 week gestation. Mo. ill in bed most of pregnancy. 
1st born twin. B. wt. 5 lb. Tube fed several days. In incubator I week and left hospital 4 weeks 

after birth. Normal milestones. Phrase speech before 2 yr. Shy child in pre-school yrs. Now plenty 
of friends. No social, emotional or behav. problems. Apprehensive re dentist and medical attention. 
Attends normal school. W I S C  I . Q . F S  107. V S  109. PS 103. Normal language. 

2nd born twin. B. wt. 4 lb 1 oz. One neonatal convulsion. In incubator 1 week. Thrived poorly 
and persistent feeding difficulties. Left hosp. 6 weeks after birth but readmitted twice during next 
18 months. Unresponsive difficult baby, did not smile and did not want to be held. Lack of eye to eye 
gaze. Mother very distressed by difficulties and after a while could not bear to deal with child; no 
relationship with parents until after 6 yr. Lack of sympathy. Now beginning to play with peers. Good 
fine motor coordination but did not walk until 2½ yr. Lack of babble. Single words after 2 yr; phrase 
speech 3 yr 10 months. Early echolalia and stereotyped phrases. Little social speech; poor abstraction 
and conceptualization. Counting rituals when younger. Follows routines. Repetitive stereotyped 
drawings. In psychiat hosp. age 2-5 yr. Since lived with father. Now attends normal school. 1.Q. 
Biret 100. S . Q .  80. Mecham L . Q .  81. Manneristic gait; otherwise neurol. N.A.D. 

D I Z Y G O T I C  PAIRS 

Case 12 
Zygosity on bid. grps. Pair discordant for autism, concordant for cognitive disorder. Male. 5 yr. 
Family. Fa. accountant; rather obsessive personality, no social life. Two paternal uncles with 

definite social oddities; without friends, unusual circumscribed interests, unmarried, fastidious and 
precise. Normal older sister. Older bro. now normal but ? late in onset of speech, also head banging 
and resistance to change as"baby. 

Pregn. High B.P. Mo. I.P. x 3 for rest. 39 week gestation. Mo. is R h  neg. but no antibodies. 
1st born twin. B. wt. 5 lb 12 oz. Dysmature appearance. Bilirubin rose to 10 mg. In special care 

unit. Lowest bld. sugar was 36 mg%- Motor milestones delayed. Walked 23 months. Lack ofrespon-
siveness and social smile in 1st yr. Does not want to be held or picked up. Variable eye to eye gaze. 
No interaction children. Sensitive to noise. Ahn. babble. Single words 3 yr. Echolalia. Lack of social 
speech. Slow to adapt to new situations. Food fads. Various fixed routines (walks, meals, bedtimes). 
Puts toys in rows. No imag. play. Attends special school. Hand-flapping mannerism. Stiff-legged gait. 
Alternating strabismus. Poor gross motor coordination (fine O.K.) .  Merrill-Palmer I . Q .  (non-
verbal) 67. S . Q .  50. Mecham L . Q .  28. 

2nd born twin. Breech. B. wt. 7 lb 9 oz. Normal neonatal course. Motor milestones delayed. Walked 
21 months. Cuddly responsive baby. Single words 30 months. Phrases after 3 yr. Some echolalia. 
0cc. stereotyped repetitive phrases but also social speech. Behav. normal. Some imag. play. Friendly, 
sociable boy. Attends normal school. Merrill-Palmer I . Q .  74. S . Q .  82. Mecham L . Q .  60. 
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Case 13 
Zygosity on marked cliffs. appearance. Pair discordant for (atypical) autism, concordant for 

social/emotional disorder. Male. 18 yr. 
Family. Fa. commercial artist (died when twins 13 yr). Had unusual personality and circum-

scribed interests. No sibs. Bilingual family. 
Pregn. Severe vomiting. Mo. I.P. for 2/52 at 3 months. 41 week gestation. Obstructed labour 24 hr. 

Caesarian section after failed forceps delivery. 
1st born twin. B. wt. 6 lb 4 oz. Normal neonatal course. Normal motor milestones. Played with 

faeces until 3½ yr. Cuddly but less responsive than sib. Sensitive to noise. Babble cliff. from twin. 
Speech delayed but dates not recalled. Echolalia; repetition of phrases; stereotyped stilted speech; 
slow, ponderous way of talking; little social sp. Early lack of attachment to parents and continued 
lack of interaction with peers. First parental concern when did not settle at nursery school age 4 yr. 
Vague expression, limited eye to eye gaze. Slow to adapt to new situations. Markedly attached to 
rubber toy for several yr. Draws soldiers very repetitively. Collects epaulettes which he attaches to 
his clothes. Numerous hand and finger mannerisms. Attended special school to 16 yr. Rocking. Fits 
from 9 yr (only 4 in all). Uncertain variable EEG abn. Neurol. normal. WISC VS 62. PS 75. S.Q. 
S.Q. 43. Mecham L.Q. 30. 

2nd born twin. B. wt. 8 lb. Rectal abscess at 6 weeks. Normal neonatal course. Normal motor 
milestones. Normal social and emotional develop. Did well at school. Passed 'O' levels at 16 yr. At 
17 yr gradually stopped attending school, kept to his room, refused to get job. Surly and unpleasant 
to family. Held job for short while. Accepted at several colleges but attended courses for few days 
only. Spends time lying in bed reading about cybernetics and listening to music. WISC I.Q. 
VS 108. PS 131. Normal social maturity. Normal language. No thought disorder, delusions or 
hallucinations. 

Case 14 
Zygosity determined by bid. grps. Pair discordant. Male. 17 yr. Autistic twin and his caretakers 

seen. Mo. interviewed by 'phone. Normal twin not seen. 
Family. Fa. farm owner. Anxious man prone to depression (not trtd.). Mo. slow to talk and reading 

cliffs. until 10 yr. Two younger sisters, both of whom had exchange transfusions; one having psychiat. 
trt. ( no details). 

Pregn. Mo. Rhesus neg. with antibodies. Mo. had high B.P. and toxaemia-LP. for 5 weeks 
before delivery. Caesarian section at term. 

1st bom twin. B. wt. 6 lb. 9 oz. Poor condition at birth with heavy meconium staining and severe 
jaundice-needed resuscitation. Cord bilirubin 10·8. Three exchange transfusions. Sat 11-12 
months. Walked 20-24 months. Toilet trained after 8 yr. Passive and unresponsive in first year. Lack 
of social smile, blank facial expression, lack of eye to eye gaze when young (now strange fixed stare), 
lack of attachments, ignores people. Lack of response to sounds (hearing normal). No speech. Takes 
hand to indicate needs. Food fads. Will not wear new clothes. Continuously flicks bits of paper in 
front of eyes. Attached to odd objects (boxes, bottles, bits of paper). Twists crinkly paper, jumps, 
pivots and leaps about room. No imag. play. Manneristic gait. In hosp. age 2 yr for l wk measles. 
Attended autistic unit for few years. In mental subn. hosp. since 9 yr. Normal EEG. Poor coordina-
tion. At age 6 yr his Merrill-Palmer I.Q. (non-verbal) was 76 but at age 14 yr his non-verbal I.Q. 
was only 30. S.Q. 13. Mecham language age < I yr. 

2nd bom twin. B. wt. 6 lb 15 oz. Good condition at birth. Cord bilirubin 4·2. Later had two ex-
change transfusions. Normal motor milestones. Phrase speech before 2½ yr. Normal relationships. 
No social, emotional or behav. problems. Attends normal school. Above av. attainment. Obtained 
six 'O' levels. 

Case 15 
Zygosity on basis of marked cliffs. appearance. Discordant pair. Male. 16 yr. 
Family. Fa. draughtsman. No sibs. 
Pregn. Toxaemia. 36 week gestation. 
1st born twin. B. wt. 4 lb. In incubator 10 days. In hosp. 30 days eye infection. Vomited and criecl 

in first months. Slow feeder. Normal motor milestones. Lack of eye to eye gaze and failure to cuddle 
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noted at 6 months. No parental attachment, did not come for comfort, no interaction other children. 
Blank or solemn facial expression. Single words 2½ yr, phrases 5 yr. Speaks little. Stereotyped phrases 
(echolalia when younger)-immature grammar, poor articulation. Some metaphorical Jang. Sing-
song voice. Puts objects in rows. Refuses to go to new places. Various odd attachments (e.g. to ham-
mers and then to soaps-all brands known by smell). At one time wd. only eat square things. Various 
quasi-obsessive interests. Hand and finger mannerisms. Rocks. Shakes string back and forth. Pica. 
No imag. play. Special school to 9 yr and then mental subn. hosp. Strabismus. Dysmorphic appear-
ance. Poor coordination. Ahn. gait. Normal EEG. Cystinuria. Merrill-Palmer I.Q. (non-verbal) 43. 
S.Q. 14. Mecham language a g e <  2 yr. 

2nd born twin. B. wt. 5 lb 8 oz. Not in incubator. Normal neonatal course. Normal motor mile-
stones. Single words l8 months, phrases 2½ yr. Normal usage lang. Normal social, emotional and 
behav. dvelop. Normal, responsive, sltly. shy adolescent. Attends academically selective school and 
has above av. attainments. S.Q. 103. Cystinuria. Optic atrophy left eye--otherwise neurol. normal. 

Case 16 
Zygosity on basis of marked phy sical diffs. Discordant pair. Male. 22 yr. 
Family. Fa. teacher. Two older and one younger sib--all normal and above av. intelligence. 
Pregn. 34 week gestation. Prolonged labour. 
1st born twin. B. wt. 4 lb 6 oz. Normal neonatal course. One febrile convulsion. Normal motor 

milestones. Fully normal development in all respects. Sociable, friendly univ. graduate. Interviewed 
by 'phone. 

2nd born twin. B. wt. 4 Ib JO oz. Born 75 min after twin. Uterine inertia. Fed slowly. Normal motor 
milestones. Lack of social responsiveness after I yr. Detached expression. Lack of interest in people. 
No understanding emotion, no sympathy, still has no sense of socially appropriate. Single words 
5 yr. Phrases 7½ yr. Early echoing and neologisms. Still little social speech, stereotyped Jang., no 
understanding abstract, flat intonation, slow ponderous speech. Strict adherence to daily routines 
which rule family life. Always carries calendar and railway timetable. Plans journeys in excruciating 
detail. Draws very well but v. repetitively. Excellent spatial memory (able to make accurate models 
and floor plans from memory). Hand mannerisms when young, still has odd movements when excited. 
Attended special school. EEG non-specific abn. Air encephalogram basically normal but slight 
dilatation right lat. ventricle. Osteoma right arm. Biochemistry normal. WISC VS 50. PS 93. S.Q. 
62. Mecham L.Q.  34. 

Case 17 
Zygosity on basis of marked physical diffs. Also probably diff. bid. grps. (because only one twin 

had erythrobtastosis foetalis). Discordant pair. Male. 13 yr. 
Family. Fa. electrician (born West Indies). Three older children all normal and of above av. 

attainment (two passed 'O' levels and third not yet at that age). Mo. occ. depressed (not tretd.). 
Pregn. Mo. Rhesus neg. with antibodies. 33 week gestation. 
1st born twin. B. wt. 4 lb 2 oz. Bilirubin 19·5 m g %  on day 3. Exchange transfusion. Apnoea and 

cyanosis day 5. Tube fed through day 7. In hosp. 33 days. Apparently normal motor milestones (dates 
not recalled). Would not be cuddled in early years. Blank expression. Lack of eye to eye gaze. Some 
attachment mother. Ignores other children. No speech. Hands over ears. No gesture. Resists changes 
in furniture and ornaments. Insists on same routes on walks. Mealtime ritual. Carried around bricks 
when younger. Compulsive touching of people's shoulders. Facial grimaces, rocks, finger-flicking 
mannerisms. Bites wrists and bangs head. No imag. play. In mental subn. hosp. Normal physical 
exam. except bilat. undescended testicles. Biochemistry normal. EEG low amplitude spikes right 
temporal region. Merrill-Palmer I.Q. (non-verbal) 43. S.Q. 36. Mecham language age < l yr. 

2nd born twin. B. wt. 3 lb 7 oz. Born 1 hr after twin. Forty days in hospital for wt. gain but not 
jaundiced or transfused. Normal motor milestones. Well behaved social, friendly child without 
problems. Av. attainments at ordinary school. Excels in sports but poor fine motor coordination. 
S.Q. 90. Mecham L.Q.  80. 

Case 18 
Zygosity determined bid. grps. Discordant pair. Female, 12 yr. 
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Family. Fa. factory foreman. Two older bros. both psychiat. normal but one had tutoring for 
reading diffs. 

Pregn. Normal 40 week gestation. 
1st born twin. B. wt. 5 lb 13 oz. Vertex. Sucked poorly and fed slowly, otherwise normal neonatal 

course. Sat 10-11 months. Walked 30 months. Socially unresponsive infant. Screaming, rocking and 
inattention at 12 months. No smiling until 6-7 months. Not cuddly. Lack of eye to eye gaze, blank 
expression. Lack of parental attachment, never came for comfort. No interaction peers. Little babble, 
no speech, no gesture. Very upset by any changes. Puts objects in piles. Insists on set routines. Attach-
ment to kitchen spoon 1-4 yr. Dextrous at spinning plates. Swings string in front of face. Constant 
hand and finger mannerisms, rocking. No imag. play. Pica when younger. Age 4 yr stuck object up 
rectum causing peritonitis. Infectious hepatitus age 12 yr when develop. fits. In mental subn. hosp. 
Left strabismus. Good fine but poor gross motor coordination, awkward gait. Hypotonia. Normal 
EEG. Biochemistry normal. S.Q. 23. Mecham language age < 1 yr. 

2nd born twin. B. wt. 6 lb 10 oz. Normal neonatal course. Normal motor milestones. Normal social, 
emotional and behav. develop. Interesting, enthusiastic and talkative adolescent. Attends ordinary 
school and attainments above average. S.Q. 111. Normal language. 

Case 19 
Zygosity on basis marked physical diffs. Pair discordant (atypical autism). Female. Age 14 yr. 
Family. Fa. printer. Died when twins 10 yr. Two older bros.; one autistic and mentally retarded 

(not seen but no speech, lack of eye to eye contact, hand and finger mannerisms and attachment to 
unusual objects). Strong F.H. on father's side of severe myopia. 

Pregn. Severe vomiting first trimester. 40 week gestation. 
1st born twin. B. wt. 5 lb 9 oz. Vertex. Normal neonatal course. Normal motor milestones. Phrases 

by 12 months. Normal social, emotional and behav. develop. (although verbally precocious). 
Friendly, sociable, attractive adolescent. Attends ordinary school and is top of class. Gross myopia 
from early age. Severe bilat. uveitis age 7 yr requiring extensive hospitalization and trt. with steroids. 
Apart from eyes, normal on examination. S.Q. 125. Normal language. 

2nd born twin. B. wt. 6 lb 6 oz. Born 45 min after twin. Delay in crying but otherwise normal neo-
natal course. Sat 9 months. Walked 26 months. Lack of eye to eye gaze, blank expression, gazed at 
hands in 1st yr. Came for comfort and fond of parents but detached and did not give affection. 
Approaches and joins in with other children but no friendships. No social sense, asks embarrassing Q 
of strangers. Very sensitive to noise but lack of response to voice when young. Single words 2 yr, 
phrases 4 yr. Early echolalia, pronominal reversal to 13 yr, stereotyped phrases, monotone, little 
social speech. Many rituals revolving around time. Repetitive stereotyped play. Attached to partic. 
hat for yrs. Collects bottles. Limited imag. play. Rocks. Attends special school. Left strabismus. Abn. 
right optic disc. Severe myopia. Poor coordination, choreiform movements. Non-verbal I.Q. 59. 
S.Q. 49. Mecham I.Q. 49. 

Case 20 
Zygosity on basis marked physical diffs. Pair discordant. Male. 6 yr. 
Family. Fa. artist. Mo. had psychiat. trt. for emotional dist. One normal younger sib. 
Pregn. Normal. 36 week gestation. 
1st born twin. B. wt. 5 lb 15 oz. Normal neonatal course. Normal motor milestones. Normal social, 

emotional and behav. develop. Attends normal school. Serious, creative, talented and imag. child. 
WISC FS 142. VS 154. PS 121. S.Q. 102. Mecham I.Q. 122. 

2nd born twin. Breech. B. wt. 5 lb 5 oz. Resuscitated. Apnoea 9 min. Poor sucking. Normal motor 
milestones. No social smile until after 9 months. Lack of cuddle, interest, response, and eye to eye 
gaze in first yr. Lack of parental attachment until 3 yr but now relates well to family and beginning 
to play with peers. Slightly socially disinhibited and asks personal questions of strangers. Impulsive. 
V. sensitive to noise. Speech began at 3 yr; at first stereotyped and repetitive but normal level of 
usage in last yr. Marked distress with new situations when younger but not now. Likes routines. 
Finger mannerisms when younger. Repetitive play and lack of imagination until last y r - n o w  normal. 
Attends normal school. Left strabismus. Notched left earlobe. Poor fine motor coordination. Air 
encephelogram showed left cortical atrophy. EEG focal abn. on left. WISC FS 115. VS 125. PS 100. 
S.Q. 81. Mecham L.Q.  104. 
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Case 21 
Zygosity on basis cliffs. in appearance. Pair discordant. Female. 20 yr. Extensive info. from case 

notes and other reports but family not seen. 
Family. Fa. salesman with recurrent manic-depressive illness. 
Pregn. Severe vomiting first trimester. 34 week gestation. 
1st born twin. B. wt. 5 lb 6 oz. Normal neonatal course. Shy and anxious at time of Fa.'s illness 

but otherwise a friendly sociable girl with many friends. No behaviour cliffs. Above av. attainment. 
Currently a univ. student. 

2nd born twin. Breech. B. wt. 4 lb 13 oz. Born 30 min after twin. Slow feeder. Kept in hosp. 5 
weeks. Normal motor milestones but enuretic to age 8 yr. Cried freq. Unaffectionate, unresponsive 
baby. Lack of eye to eye gaze, little interest in people, superficial relationships. Little interaction 
other children, no friendships. Late onset babble. Single words 36 months, phrases 10 yr. Persistent 
echolalia, pronominal reversal, stereoty p ed repetitions of phrases, poor articulation. Repetitive 
representational drawing. No imag. play. Tantrums on change of routine. Various compulsive 
activities. Early attachment to odd objects. Hand flapping. Bites arm. Drinks large quantities. 
Attended special school and then sheltered workshop. Normal EEG and air encephalogram. Hy p o-
tonia, high arched palate-otherwise neurol. normal. Biochemistry normal. WISC FS 45. VS 48. 
PS 50. Peabody I.Q. 55. 

REFERENCES 
BAKWIN, H. (1954) Early infantile autism. J. Pediat. 45, 492-497.
BARTAK, L., RUTTER, M. and Cox, A. (1975) A comparative study of infantile autism and specific 

developmental receptive language disorder. I. The children. Br. J. Ps ychiat. 126, 127-145. 
BARTAK, L., RuTTER, M. and Cox, A. (1977) A comparative study of infantile autism and specific 

developmental receptive language disorders-III. Discriminant functions analysis. J. Autism 
Childhood Schizophrenia (in press). 

BooK, J. A., NICHTERN, S. and GRUENBERG, E. (1963) Cytogenetical investigations in childhood 
schizophrenia. Acta ps ychiat. scand. 39, 309-323. 

BRASK, B. H. ( I 967) The need for hospital beds for psychiatric children: an analysis based on a 
prevalence investigation in the County of Arhus. Ugeskr. Laeg. 129, 1559-1570. 

BROWN, J. L. (1963) Follow-up of children with aty p ical development (infantile psychosis). Am. J. 
Orthops ychiat. 33, 855-861. 

BRUCH, H. (1959) Studies in schizophrenia. Actaps ychiat. neurol. scand. Suppl. 130. 
CHAPMAN, A. H. (1957) Early infantile autism in identical twins. A.M.A. Archs Neurol. Psychiat. 78, 

621-623.
CHAPMAN, A. H. (1960) Early infantile autism. A.M.A. J. Dis. Child. 99, 783-786. 
CHESS, S., KORN, S. J. and FERNANDEZ, P. B. (1971) Ps ychiatric Disorders of Children with Congenital 

Rubella. Brunner/Maze!, New York. 
CLINE, D. W. (1972) Videotape documentation of behavioural change in children. Am. J. Ortho-

psychiat. 42, 40--4 7. 
CREAK, M. and INr, S. (1960) Families of psychotic children. J. Child Ps ycho[. Ps ychiat. l ,  156-175. 
CURNOW, R. N. and SMITH, C. (1975) Multifactorial models for familial diseases in man. J. R. 

statist. Soc. Am. 138, (2), 131-169. 
DOLL, E. A. (1947) Vineland Social Maturity Scale. Educational Test Bureau, Minneapolis. 
DRAGE, J. S. and BERENDES, H. (1966) Apgar scores and outcome of the new born. Pediat. Clin. 

N. Am. 13, 637-643.
DUNN, P. M. (1965) Some perinatal observations in twins. Dev. Med. Child Neurol. 1, 121-134. 
GEDDA, L. (1961) Twins. History and Science. C. C. Thomas, Springfield, IL. 
GERVER, J. M. and DAY, R. (1950) Intelligence quotient of children who have recovered erytho-

blastosis fetalis. J. Pediat. 36, 342-348.
GrTTELSOHN, A. M. and MILHAM, S. (1965) Observations on twinning in New York State. Br. J. 

prev. soc. Med. 19, 8-17. 
GOTTESMAN, I. I. and SHIELDS, J. (1976) A critical review of recent adoption, twin, and family 

studies of school and family studies of schizophrenia: behavioural genetic perspectives. Schizo-
fJhrenia Bull. 2, 360--401. 



320 SUSAN FOLSTEIN AND MICHAEL RUTTER 

HANSON, D. R. and GOTTESMAN, I. I. ( 1976) The genetics, if any, of infantile autism and childhood 
schizophrenia. J. Autism Childhood Schizophrenia 6, 209-234. 

HAVELKOVA, M. (1967) Abnormalities in siblings of schizophrenic children. Can. psychiat. Ass. J. 12, 
363-369. 

HINTON, G. G. (1963) Childhood psychosis or mental retardation: a diagnostic dilemma-II. 
Pediatric and neurological aspects. Can. med. Ass. J. 89, 1020-1024. 

HOLT, S. (1961) The inheritance of dermal ridge patterns. In Recent Advances in Genetics (Edited by 
PENROSE, L.), pp. 101-119. Little Brown, Boston. 

HUNTER, J .  A. (1968) Perinatal events and permanent neurological sequelae. N,Z, med. J. 68, 
108-113. 

KALLMANN, F. J . ,  BARRERA, S. E. and METZGER, H. (1940) The association of hereditary micro-
phthalmia with mental deficiency. Am. J. ment. Dejic. 45, 25-36. 

KAMP, L. N. J .  (1964) Autistic syndrome in one of a pair of monozygotic twins. Folia psychiat. neural. 
neurochir. Neerlt. 61, 143-147. 

KANNER, L. ( 1943) Autistic disturbances of affective contact. Nerv. Child 2, 217-250. 
KANNER, L. and EISENBERG (1955) Notes on the follow-up studies of autistic children. In Psycho-

pathology of Childhood (Edited by HocH, P.H. and ZuBIN, J.). Grune & Stratton, New York. 
KEAN,j. M. (1975) The development of social skills in autistic twins. N.Z,  med. J. 81, 204-207. 
KEELER, W. R. (1957) Stress, experimental psychology, child psychiatry. Discussion of paper pre-

sented by Leo Kanner. APA Psychiatry Rep. 1, 66-76. 
KEELER, W.R. (1958) Autistic patterns and defective communication in blind children with retro-

lental fibroplasia. In Psychopathology of Communication (Edited by HocH, P. H. and ZuBIN, S.),
pp. 64-83. Grune & Stratton, New York. 

KEELER, W.R. (1960) Personal communication. Cited by RIMLAND (1964). 
KNOBLOCH, H. and PASAMANICK, B. (eds.) (1974) Gesell and Amatruda's Developmental Diagnosis, third 

edition. Harper & Row, Hagerstown. 
KoTSOPOULOS, S. ( 1976) Infantile autism in DZ twins: a case report. J. Autism Childhood Schizo-

phrenia 6, I 33-138. 
KuRTZ, G. R., KEATING, W. J .  and LoFTus, J . B .  (1955) Twin pregnancy and delivery. Analysis of 

500 twin pregnancies. Obstet. Gynec. 6, 370-378. 
LEHMAN, E., HABER, K. and LESSER, S. R. (1957) The use of reserpine in autistic children. J. nerv. 

ment. Dis. 125, 351-356. 
LOTTER, V. (1966) Epidemiology of autistic conditions in young children-I. Prevalence. Social 

Ps_vchiat. 1, 124-137. 
LOTTER, V. (1967) Epidemiology of autistic conditions in young children-II. Some characteristics 

of the parents and children. Social Psychiat. 1, 163-173. 
LOVAAS, 0 .  0 . ,  SCHAEFFER, B. and SIMMONS, J .  Q. (1965) Building social behaviour in autistic 

children by use of electric shock. J. exp. Res. Personality 1, 99-109. 
McQuAm, P. E. (1975) Infantile autism in twins. Br. J. Psychiat. 127, 530-534. 
MECHAM, M. J .  (1958) Verbal Language Development Scale. Western Psychological Services, California. 
MITTLER, P. (1971) The Study of Twins. Penguin, Harmondsworth. 
MooRE, M. (1972) A study of the aetiology of autism from a study of birth and family characteristics. 

J. Irish med. Ass. 65, 114-120. 
O'GoRMAN, G. (1970) The Nature of Childhood Autism, 2nd edition. Butterworths, London. 
ORNITZ, E. M. (1973) Childhood autism: a review of the clinical and experimental literature. 

Calif. Med. 118, 21-47. 
ORNITZ, E. M., RITVO, E. R. and WALTER, R. D. (1965) Dreaming sleep in autistic twins. Archs gen. 

Psychiat. 12, 73-79. 
POLAN, C. G. and SPENCER, B. L. (1959) A checklist of symptoms of autism in early life. W. Va. med. 

J. 55, 198-204. 
PoLLIN, W., STABENEAU, J .  R., MOSHER, L. and TUPIN, J .  (1966) Life history differences in identical 

twins discordant for schizophrenia. Am. J. Orthopsychiat. 36, 492-509. 
RACE, R.R.  and SANGER, R. (1975) Blood Groups in Man, 6th edition. Blackwell, Oxford. 
REYNELL, J. (1969) Rr ynell Developmental Language Scales. N.F.E.R., Slough. 
RIMLAND, B. (1964) /11/antile Autism. Appleton-Century-Crofts, New York. 



INFANTILE AUTISM: A GENETIC STUDY OF 2 I TWIN PAIRS 321 

RosE, A. L. and LOMBRoso, C. T. (1970) Neonatal seizure states: a study of clinical, pathological 
and electroencephalographic features in 137 full-term babies with a long-term follow-up. 
Paediatrics 45, 404-425. 

RUTTER, M. ( 1967) Psychotic disorders in early childhood. In Recent Developments in Schizophrenia 
(Edited by CoPPEN, A. and WALK, A.). Br. J. Psychiat., Spec. P,ubl. 1, 

RUITER, M. ( 1970) Autistic children: infancy to adulthood. Seminars in Ps ychiatry 2, 435-450. 
RuITER, M. ( 1971) The description and classification of infantile' autism. In Infantile Autism (Edited 

by CHURCHILL, D. W., ALPERN, G. D. and DE MEYER, M. K.), pp. 8-28. C. C. Thomas, 
Springfield, IL. 

RUITER, M. ( 1972) The effects of language delay on development. In The Child with Delayed Speech 
(Edited by RUTTER, M. and MARTIN, J .  A. M.), pp. 176-188. SIMP/Heinemann Medical, 
London. 

RUITER, M. (1974) The development of infantile autism. Ps ycho[ . .  Med. 4, 147-163. 
RurrER, M. ( 1977) Infantile autism and other child psychoses. In Child Psychiatry: 1vfodem Approaches 

(Edited by RUITER, M. and HERSOV, L.). Blackwell Scientific, Oxford. 
RUITER, M., BARTAK, L. and NEWMAN, S. (1971) Autism-a central disorder of cognition and 

language? In Irifantile Autism: Concepts, Characteristics and Treatment (Edited by RUITER, M.), 
pp. 148-171. Churchill-Livingstone, Edinburgh. 

RUTTER, M., GREENFELD, D. and LOCKYER, L. (1967) A five to fifteen year follow-up of infantile 
psychosis-II. Social and behavioural outcome. Br. J. Ps_vchiat. 113, 1183-1199. 

SEIDAL, U. P. and GRAF, K. A. (1966) Autism in two brothers. Med. O./fr. 115, 227-229. 
SHERWIN, A. C. (1953) Reactions to music of autistic (schizophrenic) children. Am.] .  Psychiat. 109, 

823-831. 
SLATER, E. and Cowrn, V. (1971) The Genetics o f  Aiental Disorders. Oxford University Press, Oxford. 
SMITH, C. (1974) Concordance in twins: methods and interpretation. Am. J. hum. Genet. 26, 454-466.
STEVENSON, J .  and RICHMAN, N. (1977) Behaviour, language and development in three-year-old 

children. ] .  Autism Childhood Schizophrenia, in press. 
STUTSMAN, R. ( 1948) Guide for Administering the Merrill-Palmer Scale o f  Mental Tests. World Books. 

New York. 
STuITE, H. ( 1960) Kinder und J ugend psychiatrie. In Ps ychiatrie der Gegenwort, Vol. II (Edited by 

GRUHLE, H .  'vV. and MAYER-GRoss, W.). Springer, Berlin. 
TAFT, L. T. and CoHEN, H . J .  (1971) Hypsarrhythmia and infantile autism: a clinical report. 

J. Autism Childhood Schizophrenia 1, 327-336. 
TORREY, E. F., HERSH, S. P. and McCABE, K. D. (1975) Early childhood psychosis and bleeding 

during pregnancy: a prospective study of gravid women and their offspring. J. Autism Childhood 
Schizophrenia 5, 287-298. 

TREFFERT, D. W. (1970) Epidemiology of infantile autism. Arclzs gen. Psychiat. 22, 431-438. 
VAILLANT, G. E. (1963) Twins discordant for early infantile autism. Archs gen. Psychiat. 9, 163-167. 
VAN KREVELEN, D. A. (1963) On the relationship between early infantile autism and autistic psycho-

pathy. Acta paedop.rychiat. 30, 303-323. 
VAN KREVELEN, D. A. and KUIPERS, C. ( 1962) The psychopathology of autistic psychopathy. Acta 

paedopsychiat. 29, 22-31. 
VERHEES, B. (1976) A pair of classically early infantile autistic siblings. J. Autism Childhood Schizo-

phrenia 6, 53-60. 
WARD, T. F. and HooDINOIT, B. A. (1962) Early infantile autism in fraternal twins. Can. Psycho[, 

Ass. J. 7, 191-195. 
WEBER, D. (1966) Zur Atiologie autistischer Syndrome des Kindesalters. Praxis der kinder psychologie 

und kinder psychiatric, 15, 12-18. 
WECHSLER, D. ( 1949) Wechsler Intelligence Scale for  Children. The Psychological Corporation, New York, 
WHJITAM, H., SIMON, G. B. and MIITLER, P . J .  (1966) The early development of psychotic children 

and their sibs. Dev. Med. Child Neural. 8, 552-560. 
W1LLERMAN, L. and CHURCHILL,]. A. (1967) Intelligence and birth weight in identical twins. Child 

Dev. 38, 623-629. 
WING, L., YEATES, S. R., BRIERLEY, L. M. and GouLo,J. (1976) The prevalence of early childhood 

autism: comparison of administrative and epidemiological studies. P vchol. !'vied. 6, 89-100. 



This document is a scanned copy of a printed document. No warranty is given about 
the accuracy of the copy. Users should refer to the original published version of the 
material. 



Am. J. Hum. Genet. 71:941–946, 2002

941

On the Twin Risk in Autism
Joachim Hallmayer,1 Emma J. Glasson,3,4,5 Carol Bower,4 Beverly Petterson,6 Lisa Croen,7
Judith Grether,8 and Neil Risch2

Departments of 1Psychiatry and Behavioral Sciences, and 2Genetics, Stanford School of Medicine, Stanford, CA; 3Department of Psychiatry
and Behavioural Sciences, and 4Centre for Child Health Research, Telethon Institute for Child Health Research, The University of Western
Australia, 5Centre for Health and Ageing, Edith Cowan University, Perth, Australia, 6Disability Services Commission, Perth, Australia; 7Kaiser
Permanente Division of Research, Oakland, CA; and 8Department of Health Services, State of California, Oakland

Autism is considered by many to be the most strongly genetically influenced multifactorial childhood psychiatric
disorder. In the absence of any known gene or genes, the main support for this is derived from family and twin
studies. Two recent studies (Greenberg et al. 2001; Betancur et al. 2002) suggested that the twinning process itself
is an important risk factor in the development of autism. If true, this would have major consequences for the
interpretation of twin studies. Both studies compared the number of affected twin pairs among affected sib pairs
to expected values in two separate samples of multiplex families and reported a substantial and significant excess
of twin pairs. Using data from our epidemiological study in Western Australia, we investigated the possibility of
an increased rate of autism in twins. All children born between 1980 and 1995 with autism, Asperger syndrome,
or pervasive developmental disorder not otherwise specified (PDD-NOS) were ascertained. Of the 465 children
with a diagnosis, 14 were twin births (rate 30.0/1,000) compared to 9,640 children of multiple births out of a
total of 386,637 births in Western Australia between 1980 and 1995 (twin rate weighted to number of children
with autism or PDD per year 26.3/1,000). These data clearly do not support twinning as a substantial risk factor
in the etiology of autism. We demonstrate that the high proportion of twins found in affected-sib-pair studies can
be adequately explained by the high ratio of concordance rates in monozygotic (MZ) twins versus siblings and the
distribution of family size in the population studied. Our results are in agreement with those of two similar studies
by Croen et al. (2002) in California and Hultman et al. (2002) in Sweden.

Introduction

Autism (MIM 209850) is a neurodevelopmental disor-
der characterized by impairment of social interactions,
abnormal language, and a lack of imaginative play, in
combination with restricted interests and repetitive be-
haviors. Although individual case reports of autistic-like
disorders had been previously described (see, e.g., re-
views by Carrey 1995; Ssucharewa and Wolff 1996), the
disorder did not find wide recognition until the influ-
ential article by Kanner in 1943. The etiology of the
disorder has been debated since. Theories ranged from
purely psychological and sociological to biological. Dur-
ing the past 3 decades, the notion that genetic factors
strongly influence autism has gained more and more in-
fluence, and today autism is considered by many to be
among the most heritable psychiatric disorders.

In the absence of any known gene or genes conferring
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a higher risk of developing autism (Hallmayer et al.
1996; IMGSAC 1998, 2001; Barrett et al. 1999; Au-
ranen et al. 2000; Buxbaum et al. 2001; Liu et al. 2001;
Phillipe et al. 1999; Risch et al. 1999; Shao et al. 2002),
the main support for autism being genetic is derived
from family and twin studies. Estimates of the preva-
lence of autism in the siblings of probands with autism
in studies utilizing direct assessment have been 1%–6%
(August et al. 1981; Tsai et al. 1981; Baird and August
1985; Ritvo et al. 1989; Gillberg et al. 1992; Szatmari
et al. 1993; Bolton et al. 1994). Szatmari et al. (1998)
calculated the combined sibling risk of the family studies
published so far to be 2.2%. Even though this recur-
rence rate in siblings is modest, it is considerably above
the general population prevalence of 11–25/10,000 chil-
dren (Chakrabarti and Fombonne 2001). There are
three general population-based twin studies of autism,
all of which show a much higher MZ than DZ con-
cordance. A study carried out in Scandinavia (Steffen-
burg et al. 1989) is the only one with nearly complete
ascertainment of twins. The authors reported concor-
dance rates of 90% in MZ twins and of 0% in DZ
twins. The most recent study (Bailey et al. 1995) is an
extension of an earlier study by Folstein and Rutter
(1977), in which concordance rates were 73% in MZ

5.E.4.C https://www.ncbi.nlm.nih.gov/pmc/articles/PMC378547/
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twins, compared with 0% in DZ twins. Taken together,
these studies argue for a substantial MZ-to-DZ con-
cordance ratio. Besides these population-based studies,
a study by Ritvo et al. (1985) found a 95% MZ con-
cordance and 24% DZ concordance; this study was
based on a sample drawn from an advertisement, which
may have led to inflated concordance rates. On the basis
of family and twin studies, the heritability has been
estimated to be 190% (Bailey et al. 1996). The large
difference in concordance rate between MZ and DZ
twins has been interpreted as an indication of oligogenic
or polygenic inheritance.

Greenberg et al. (2001), however, challenged this con-
clusion on the basis of their analysis of families with
more than one family member affected with autism re-
cruited into the Autism Genetic Resource Exchange
(Geschwind et al. 2001). They restricted their analyses
to families in which two siblings were affected. Com-
paring the number of twins among the sib pairs to ex-
pected values, they reported a substantial and significant
excess of twin pairs ( ). They further claim to�6P ! 10
have demonstrated “that to ascribe the excess of twins
with autism solely to ascertainment bias would require
very large ascertainment factors” and estimated that
affected twin pairs need to be, on average, ∼10 times
more likely to be recruited into the study. A recent letter
by Betancur et al. (2002) supports the findings by
Greenberg et al. (2001). They found a similar increase
in the rate of twins among affected sibling pairs with
autism in a sample recruited by the Paris Autism Re-
search International Sibpair (PARIS) study. In contrast
to the original study by Greenberg et al. (2001), the
deviation from population rates was significant only for
MZ twins (14-fold increase).

These results have been interpreted to suggest that
the twinning process itself is an important risk factor
in the development of autism, with major consequences
for our interpretation of twin studies (Greenberg et al.
2001). One possible explanation may be that the genetic
factors are related to genes in the parents rather than
to genes in the offspring (Greenberg et al. 2001). The
results have also been taken as evidence of influences
of maternal effects that occur in the antenatal or early
postnatal periods of life (Korvatska et al. 2002). In ad-
dition, among affected sib pairs, Greenberg et al. (2001)
found a remarkably higher proportion of MZ twin pairs
(more than 10-fold above expected values), compared
to the proportion observed in DZ twin pairs (4- to 5-
fold above expected values). In the data set by Betancur
et al. (2002), only the rate of MZ twin pairs was sig-
nificantly increased (14-fold). These results strongly
suggest estimates of heritability based on concordance
for autism in MZ pairs versus DZ pairs to be
overestimates.

The studies by Greenberg et al. (2001) and Betancur

et al. (2002), because they derive from studies focused
on multiplex affected sibships, do not allow for quan-
tifying the increased risk of autism in twins. Such an
estimate can only be derived from systematic popula-
tion-based samples, collected according to epidemio-
logic principles. In this article, we will discuss twin rates
among individuals diagnosed with autism from epide-
miological studies carried out in Western Australia, Cal-
ifornia, and Sweden. These studies do not support the
idea that being a twin represents a strong risk factor
for autism. We will also demonstrate how the previous
finding of a higher rate of autism among twins can be
entirely explained by restricting the recruitment to af-
fected sib pairs.

Subjects and Methods

Western Australia has a centralized diagnostic and ser-
vice delivery system for people with autism. Nearly all
diagnoses of autism are made at one of five centers. To
develop a retrospective register, diagnostic reports from
all persons diagnosed with autism or having autistic fea-
tures were examined, and a comprehensive listing of all
the people diagnosed in Western Australia between 1986
and 1999 was created. All known individuals diagnosed
with an autism spectrum disorder born between 1980
and 1995 in Western Australia were linked to the Ma-
ternal and Child Health Research Database (MCHRDB)
(Stanley et al. 1994). The MCHRDB contains infor-
mation on every birth in Western Australia since 1980.
The Midwives Form, a statutory form completed on all
births, forms the basis of the MCHRDB. It contains
information on parental demographics and maternal ob-
stetric history; data on pregnancy, delivery, and the ne-
onate; and links to siblings. Information on zygosity of
twin births was not known from the birth records.

The total number of linked subjects was 465 (314
with autism, 67 with Asperger syndrome, and 84 with
pervasive developmental disorder–not otherwise speci-
fied [PDD-NOS]). Two control groups were selected:
The first control group was the unaffected, non-cotwin
siblings of the cases born after 1980; the second group
was the total number of births in Western Australia
1980–1995 ( ).n p 386,637

Results

Among the cases (see table 1) there were 14 twins (rate
30/1,000), including both twins from the sole concor-
dant pair (one autism diagnosis, one PDD-NOS diag-
nosis). Among the 12 discordant pairs, the index case
was diagnosed with autism in 10 instances and with
PDD-NOS in 2 instances. When the phenotype is re-
stricted to autism, the rate of twins among individuals
diagnosed with autism was calculated to be 35/1,000.
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Table 1

Number of Individual Twins (and Higher-Order Multiples) among Individuals Diagnosed with Autism
in Western Australia, among Their Unaffected Nontwin Siblings and among All Births in Western
Australia, 1980–1995

NO. OF INDIVIDUAL TWINS/
MULTIPLES WITH

NO. OF

UNAFFECTED

NON-COTWIN

SIBLINGS

TOTAL

NO. OF

BIRTHS,
1980–1995Autism and PDD Autism Only

Individuals from a multiple birth 14 11 16 9,640a

Singletons 451 303 453 376,997
Twin rate (per 1,000) 30 35 34 26b

a Including 339 triplets, 12 quadruplets, and 5 quintuplets.
b Twin rate weighted to number of children born per year with autism, Asperger disorder, or PDD.

For autism, Asperger disorder, and PDD-NOS com-
bined, the rate of twins was 30/1,000. There were 16
unaffected twin siblings (eight pairs of twins) among the
unaffected, non-cotwin siblings of cases (rate 34/1,000).
The rate of multiples in the total Western Australia pop-
ulation was 24.93/1,000 births. Comparisons between
case and control individuals were nonsignificant, irre-
spective of which control group was used (Pearson’s
x2 ). Both the number of twins born and the num-P 1 .25
ber of children diagnosed with autism, Asperger disor-
der, or PDD-NOS increased during the sampling period.
The twin rate weighted to number of children with au-
tism, Asperger disorder, or PDD-NOS born per year was
calculated to be 26/1,000. Thus, the rate ratio for mul-
tiple births comparing autism to total births is 1.35;
when PDD-NOS, Asperger disorder, and autism are
combined, the ratio is 1.15.

Discussion

The results from our study in Western Australia clearly
do not support the excess of autism among twins re-
ported by Greenberg et al. (2001) and Betancur et al.
(2002). All children known to diagnostic centers and
service providers who were born in the state of Western
Australia between 1980 and 1995 and who had received
a diagnosis of autism, Asperger disorder, or PDD-NOS
were recruited into the study regardless of whether they
had an affected sibling. Twin status was obtained by
electronic linkage to the MCHRDB. (Data from birth
registrations, death registrations, and other sources are
linked to the Midwives data to form the database.) Twin
rates in this population-based sample of autism spectrum
disorders were very similar to—and not statistically sig-
nificantly different from—those in control individuals.
Extending the case definition to include other autism
spectrum disorders, such as PDD-NOS or Asperger dis-
order, did not change the results.

Our results are in good agreement with two recently
published population-based studies (Croen et al. 2002;
Hultman et al. 2002). Croen et al. (2002) investigated

children born in California between 1989 and 1994.
Children with autism were ascertained from the Cali-
fornia Department of Developmental Services, a state-
wide agency responsible for coordinating diagnostic and
remedial services for individuals with developmental
disabilities. They estimated that children enrolled in the
regional center system represent ∼75%–80% of the to-
tal population of California’s children with autistic dis-
order. They electronically linked identifying informa-
tion, including names, on children. In this study,
Asperger disorder, childhood disintegrative disorder,
Rett disorder, and PDD-NOS were not included. They
compared the linked data set (np4,356) to the total
population of California live births (np3,497,870). In
the autism group, 170 individuals were from multiple
births, corresponding to a multiple birth rate of 39/
1,000. The calculated rate of 22 multiple births/1,000
(77,880 multiple births out of a total of 3,497,870) in
the denominator population group was modestly, but
significantly, lower (22/1,000). The estimated adjusted
rate ratio for multiple births compared to singletons was
1.7 (95% CI 1.4–2.0), considerably less than postulated
by Greenberg at al. (2001) or Betancur et al. (2002).

Hultman et al. (2002) conducted a case-control study
comparing 408 children discharged with a main diag-
nosis of autism from any hospital in Sweden from 1987
to 1994 to control children individually matched by sex,
year of birth, and hospital of birth (five children per
case, np2,040). Among the 408 children diagnosed
with autism were 11 twin individuals. The number of
twin individuals in the control group was 46. Differ-
ences between groups were not significant and the odds
ratio for twins compared to singletons was calculated
to be 1.2 (95% CI 0.6–2.4).

The combined sample size of 195 children from mul-
tiple births in these three population-based studies of
autism (or autism spectrum disorder) is certainly suf-
ficient to detect an increase in the risk of the magnitude
reported by Greenberg et al. (2001) or Betancur et al.
(2002) from affected sib-pair samples. In the three stud-
ies, the increase in risk for twins to be diagnosed with
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Table 2

Proportion of Twin Pairs with Both Twins Affected among Affected Sib Pairs

PERCENTAGE

OF FAMILIES

WITH TWO

PREGNANCIES

RESULTING

IN A BIRTH

RESULTS FOR MODEL 1 RESULTS FOR MODEL 2

No. of
Affected
Sib Pairs

Percentage of
Affected Twin Pairs

per Affected
Sib Pairs

Percentage of
MZ Twin Pairs

per Affected
Sib Pairs

No. of
Affected
Sib Pairs

Percentage of
Affected Twin Pairs

per Affected
Sib Pairs

Percentage of
MZ Twin Pairs

per Affected
Sib Pairs

0 44 100.0 87.2 131 100.0 63.7
10 99 44.1 38.4 599 21.8 13.9
20 152 28.7 25.0 1,048 12.5 7.9
30 197 22.2 19.3 1,428 9.1 5.8
40 235 18.6 16.2 1,753 7.4 4.7
50 268 16.2 14.2 2,036 6.4 4.1
60 297 14.7 12.8 2,283 5.7 3.6
70 323 13.5 11.8 2,500 5.2 3.3
80 346 12.6 11.0 2,694 4.8 3.1
90 366 11.9 10.4 2,867 4.6 2.9
100 385 11.3 9.9 3,023 4.3 2.7

NOTE.—In model 1, the parameters are: disorder with a disease frequency of 0.0012, a sibling recurrence risk of 0.03, and a 70% concordance
rate for MZ twins. In model 2, the parameters are: disease frequency of 0.004, sibling recurrence risk of 0.08, and a 37% concordance rate
for MZ twins. The same values for twin birth rates were assumed as used by Greenberg et al. (2002): 1/62.5 for DZ twins and 1/130 for MZ
twins.

autism, in comparison to singletons, is modest at best
and cannot explain the difference in concordance rates
between MZ and DZ twins described in previous studies
(Folstein and Rutter 1977; Steffenburg et al. 1989; Bai-
ley et al. 1995). The genetic inference derived from these
twin studies remains valid.

The question arises how these seemingly contradic-
tory results can be explained. The studies by Greenberg
et al. (2001) and Betancur et al. (2002) compared the
number of affected sib pairs to the “expected” number
of twin pairs with both twins affected. The “expected”
twinning rate per sib pair was calculated as double the
published twinning rate per birth for European popu-
lations. The calculations did not take into account either
the high ratio of concordance between MZ and DZ
twins in autism or the distribution of the number of
siblings in the population.

In the case of autism, the average MZ concordance
has been estimated to be 70%, compared with a DZ
rate of 0% (Folstein and Rosen-Sheidley 2001). The
observed rate of 0% results from the small number of
DZ pairs studied, and the true rate is probably closer
to the sibling recurrence risk of 3%. It is obvious when
recruiting sib pairs that the majority of MZ twins will
be concordant (i.e., both twins will be affected); how-
ever, in the case of siblings and DZ twin pairs, over
95% will be singleton, and in only a small proportion
of families will both sibs be affected. The proportion of
MZ twins is therefore substantially increased when as-
certainment is restricted to families with two affected
siblings.

Equally important is the distribution of the number

of children per family. Twin pairs and sib pairs are con-
fined to families with more than one child. In 2000 in
the United States, the proportion of families with one
child was 41% of all families with children. Another
38% of families have two children, and only 21% of
families have three or more. This leads to a higher pro-
portion of twins among families with two or more chil-
dren. To demonstrate the potential influence, we cal-
culated the proportion of twin pairs with both twins
affected among affected sib pairs for a hypothetical
birth cohort of 10,000,000 individuals (table 2). For
simplicity, we assumed only two types of families. The
first type has exactly one pregnancy resulting in one or
more live births. The second type has two pregnancies.
We varied the percentage of families with two preg-
nancies versus one, as shown in table 2. The parameters
underlying model 1 are based on epidemiological studies
of autism (Folstein and Rosen-Sheidley 2001). Model 2
corresponds to Insulin-Dependent Diabetes Mellitus
(IDDM) (Rich 1990).

In the extreme case that families have only one preg-
nancy, all affected sib pairs are twins. For example, a
side effect of the one-child policy adopted in China is
a very high proportion of affected twins in sib pair
studies. But even at higher proportions of families with
two pregnancies, the percentage of affected twin pairs
among affected sib pairs is substantially higher in com-
parison to the 2.4% “expected” by Greenberg et al.
(2001). In the Greenberg et al. (2001) study, this pro-
portion is 18% for the total sample and 23% for the
narrow diagnostic grouping.

Greenberg et al. (2001) carried out a comparable
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analysis in a sib-pair sample of IDDM, which was re-
ported to be ascertained in a similar way as the autism
sample. The ratio between the concordance rate of MZ
twins and the sibling recurrence risk ratio is substan-
tially lower in this disorder (∼2–5). No increase in the
rate of all twins compared to expectations was found.
The parameters for model 2 are based on studies of
IDDM (Rich 1990). The proportion of affected twin
pairs among sib pairs is substantially lower. For IDDM,
Greenberg et al. (2001) reported 15 twin pairs out of
a total of 649 affected sib pairs (2.3%), which is within
the range of our calculations.

Our calculations suggest that the proportion of af-
fected twin pairs among affected sib pairs is dependent
on a number of population-based parameters, including
twinning rate, family size, sibling recurrence risk, and
concordance rates. Twinning rates and family size vary
considerably, both geographically and in time. A real-
istic estimate of the expected number of affected twins
can only be achieved through systematic ascertainment
based on an epidemiological framework.

Population-based studies in California (Croen et al.
2002), Sweden (Hultman et al. 2002), and Western Aus-
tralia, as reported here, found only a slight-to-moderate
increase in the risk for multiples, compared to single-
tons, to be diagnosed with autism. Even for this rela-
tively small increase, one should not ignore the potential
of ascertainment bias. Twin pairs concordant for the
disorder have a higher chance to be referred to diag-
nostic and treatment centers. There may also be an in-
creased probability of diagnosing autism in the cotwin
of an individual already diagnosed with autism. The
high proportion of twins found in affected sib pair stud-
ies is most likely explained by the high ratio of con-
cordance rates in MZ twins versus siblings and the dis-
tribution of family size in the population studied.

Electronic-Database Information

Accession numbers and URLs for data presented herein are
as follows:

Online Mendelian Inheritance in Man (OMIM), http://www
.ncbi.nlm.nih.gov/Omim/ (for autism [MIM 209850])
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Non-genetic factors play surprisingly large role in determining autism, says study by group 
JUL 42011 

Steve Fisch
Joachim Hallmayer and his colleagues found that environmental factors play a larger role than previously thought in 
autism. 

A new Stanford University School of Medicine study of twins suggests that non-genetic factors play an unexpectedly 
large role in determining autism risk, turning upside down recent assumptions about the cause of this common, 
disabling developmental disorder. 

From prior studies of shared autism in twins, scientists had estimated that 90 percent of autism risk was attributable 
to genes and only 10 percent to non-genetic environmental factors. But the new study — the largest ever of twins in 
which at least one in each pair has autism — shows almost the opposite: It found that genes account for 38 percent 
of autism risk, with environmental factors explaining the remaining 62 percent. 

"It took me a bit by surprise that the heritability of autism was so much lower than previous studies calculated," 
said Joachim Hallmayer, MD, the first author of the new paper, which appears in the July 4 issue of Archives of 
General Psychiatry. "Our work suggests that the role of environmental factors has been underestimated." Hallmayer 
is an associate professor of psychiatry and behavioral sciences at Stanford. The study's senior author is Neil Risch, 
PhD, professor of biostatistics at UC-San Francisco and director of the UCSF Institute for Human Genetics. 

For years, studies of non-genetic autism risk factors focused on the idea that childhood vaccines might trigger autism, 
a theory that extensive research did not support. But it remains an open question how much time and resources to 
devote to other potential environmental risks and how they interact with genetic factors. 

"Our research shows us that we need to be studying both genetic and environmental factors as well as how they 
interact with each other," Hallmayer said. "We need to explore areas of environmental risk that are shared by both 
twin individuals and impact the development of the child." 

Although the study does not identify specific environmental factors, they could include any non-genetic factors that 
influence autism risk. 

The children studied were 192 pairs of twins (384 individuals) identified from a California-wide registry of children who 
receive services for developmental disabilities. The large size of the study and the fact that the subjects were drawn 
from California's entire, highly diverse population means the study's results are more reliable and apply more broadly 
than those from prior studies, which examined small, homogeneous groups of children in Northern European 
countries, Hallmayer said. 

The study included 54 pairs of identical twins and 138 pairs of fraternal twins. At least one child from each pair had 
been diagnosed with full-blown autism or a less severe form of autism spectrum disorder. The scientists conducted 
standardized evaluations to verify the children's diagnoses, a step that many prior studies had omitted. Children 
whose autism was known to be secondary to another disease were not included in the study. 

To calculate the relative contributions of genes and environment to autism risk, the researchers then examined the 
difference in shared autism rates between identical and fraternal twins. Identical twins share all their genes, fraternal 
twins share half of theirs, and both types of twins share most elements of their environment from conception through 
childhood. As the scientists expected for a disease that is partly explained by genes, the identical twins were more 
likely to share an autism diagnosis than the fraternal twins. Identical twins did not always share their diagnosis, 

5.E.4.D https://med.stanford.edu/news/all-news/2011/07/non-
genetic-factors-play-surprisingly-large-role-in-determining-
autism-says-study-by-group.html
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hinting that non-genetic factors contribute to autism. The surprise came, however, in the calculation of environmental 
contributions to autism risk. 

"The dizygotic [fraternal] twins are more similar than you would expect if you take only genetic factors into account," 
Hallmayer said. The higher-than-expected degree of similarity between fraternal twins confirmed that something other 
than genes was at work - in other words, the twins' shared environments helped explain their shared diagnoses. 

To precisely calculate the genetic and environmental contributions to autism risk, the scientists employed a 
mathematical model that used the rate of autism in the general population to estimate the rate at which fraternal twins 
would have been expected to share a diagnosis if autism were purely genetic. This figure was compared with the 
rates of shared autism observed in the twins in the study to arrive at the scientists' final projections. Demographic 
factors found in previous studies to be associated with autism, such as the ages of the twins' parents, years of 
parental education, ethnicity, difference in birth weight between twins and gestational age at birth did not impact the 
rate of shared diagnosis between twin individuals. 

The finding that autism risk is strongly influenced by environmental factors should alert scientists to the need to study 
risk factors they haven't been considering, the researchers said. In recent years, autism research has been focusing 
more on genetics. 

"Scientists need to look for environmental factors," said Linda Lotspeich, MD, a study author, a clinical professor of 
psychiatry and behavioral sciences at Stanford and a child and adolescent psychiatrist who treats children with 
autism at the Stanford Autism Center at Packard Children's Hospital. "But that doesn't take away the fact that autism 
also has a genetic component and is still caused by unknown genes." 

And what might the unknown environmental risk factors be? 

"That's the multimillion dollar question," Hallmayer said. "I think a lot about it." Autism's manifestation in very young 
children points to something that happens in early life, potentially even during pregnancy, he said. 

"Our findings suggest that events during pregnancy should be a focus for future research into the origins of autism," 
said Lisa Croen, PhD, a co-author on the study. Croen is a senior research scientist and director of the Autism 
Research Program at the Kaiser Permanente Division of Research. 

In addition to Hallmayer and Lotspeich, the Stanford researchers who contributed to the project included Jennifer 
Phillips, PhD, clinical associate professor of psychiatry and behavioral sciences; and research assistants Sue 
Cleveland and Andrea Torres. The Stanford team collaborated on the study with scientists at the advocacy 
organization Autism Speaks; the California Department of Public Health; Kaiser Permanente Northern California; UC-
Davis and UCSF. 

The research was funded by grants from the National Institute of Mental Health and Autism Speaks. 

More information about the Department of Psychiatry and Behavioral Sciences, which also supported this work, is 
available at http://psychiatry.stanford.edu/. 
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ORIGINAL ARTICLE

Association of Maternal Exposure to Childhood
Abuse With Elevated Risk for Autism in Offspring
Andrea L. Roberts, PhD; Kristen Lyall, ScD; Janet W. Rich-Edwards, ScD;
Alberto Ascherio, DrPH; Marc G. Weisskopf, PhD, ScD

Importance: Adverse perinatal circumstances have been
associated with increased risk for autism in offspring.
Women exposed to childhood abuse experience more ad-
verse perinatal circumstances than women unexposed,
but whether maternal abuse is associated with autism in
offspring is unknown.

Objectives: To determine whether maternal exposure
to childhood abuse is associated with risk for autism in
offspring and whether possible increased risk is ac-
counted for by a higher prevalence of adverse perinatal
circumstances among abused women, including tox-
emia, low birth weight, gestational diabetes, previous
induced abortion, intimate partner abuse, pregnancy
length shorter than 37 weeks, selective serotonin reup-
take inhibitor use, and alcohol use and smoking during
pregnancy.

Design and Setting: Nurses’ Health Study II, a popu-
lation-based longitudinal cohort of 116 430 women.

Participants: Nurses with data on maternal childhood
abuse and child’s autism status (97.0% were of white
race/ethnicity). Controls were randomly selected from
among children of women who did not report autism in
offspring (participants included 451 mothers of chil-
dren with autism and 52 498 mothers of children with-
out autism).

Main Outcome Measures: Autism spectrum disor-
der in offspring, assessed by maternal report and vali-
dated with the Autism Diagnostic Interview–Revised in
a subsample.

Results: Exposure to abuse was associated with in-
creased risk for autism in children in a monotonically in-
creasing fashion. The highest level of abuse was associ-
ated with the greatest prevalence of autism (1.8% vs 0.7%
among women not abused, P=.005) and with the great-
est risk for autism adjusted for demographic factors (risk
ratio, 3.7; 95% CI, 2.3-5.8). All adverse perinatal circum-
stances except low birth weight were more prevalent
among women abused in childhood. Adjusted for peri-
natal factors, the association of maternal childhood abuse
with autism in offspring was slightly attenuated (risk ra-
tio for highest level of abuse, 3.0; 95% CI, 1.9-4.8).

Conclusions and Relevance: We identify an inter-
generational association between maternal exposure to
childhood abuse and risk for autism in the subsequent
generation. Adverse perinatal circumstances accounted
for only a small portion of this increased risk.

JAMA Psychiatry. 2013;70(5):508-515.
Published online March 20, 2013.
doi:10.1001/jamapsychiatry.2013.447

A LTHOUGH THE ORIGIN OF

autism is mostly un-
known, many hypotheses
focus on the perinatal pe-
riod as potentially critical

for the development of autism in off-
spring. Prematurity,1 low birth weight,1,2

gestational diabetes and hypertension,3

prolonged1 or very short4 labor, maternal
uterine bleeding,5 small size for gesta-
tional age,6 and pregnancy length shorter
than 35 weeks7 have been associated with
elevated risk for autism in offspring. In ad-
dition, maternal smoking,6 use of selec-
tive serotonin reuptake inhibitors (SSRIs),8

and exposure to intimate partner vio-

lence in the prenatal period have been as-
sociated with higher risk for having a child
with autism. Before and during preg-
nancy, women exposed to childhood abuse
are more likely than those unexposed to
experience circumstances and engage in
behaviors that may be detrimental to the
fetus, including smoking,9,10 drug use,10-13

overweight,14,15 stress,10,16 and intimate
partner violence victimization.17-19 Mater-
nal exposure to childhood abuse is also as-
sociated with unintended pregnancy,20 pre-
term labor,21 and low birth weight.10

Therefore, maternal exposure to child-
hood abuse may be a risk factor for au-
tism in offspring. Yet, to our knowledge,
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the association between maternal exposure to child-
hood abuse and risk for autism in children has not been
examined.

In this article, we assess the association between ma-
ternal exposure to childhood abuse and risk for autism
among offspring in a large population-based cohort. We
further examine several perinatal exposures as possible
mediators of the potentially elevated risk for autism in
children of women exposed to childhood abuse.

METHODS

SAMPLE

We use data from the Nurses’ Health Study II, a cohort of 116 430
female nurses originally recruited in 1989 from 14 populous
US states and followed up with biennial questionnaires. We ex-
amine data from 54 963 women who reported whether they had
ever had a child with an autism spectrum disorder and who
answered a supplemental 2001 questionnaire about maternal
childhood abuse. The Partners Healthcare Institutional Re-
view Board approved this research. Completion and return of
questionnaires sent by US mail constitute implied consent.

MEASURES

Selection of Cases and Controls

In the 2005 biennial questionnaire, we asked respondents if they
had a child diagnosed as having autism, Asperger syndrome,
or other autism spectrum disorder. In 2007-2008, we sent a fol-
low-up questionnaire to 756 women currently participating in
the Nurses’ Health Study II who responded that they had a child
with any of these diagnoses, querying the affected child’s sex,
birth date, and diagnoses (636 replied, for an 84.1% response
rate).

Some women initially reporting a child with autism were
excluded based on responses to the follow-up questionnaire.
If women reported any of the following overlapping circum-
stances, they were excluded from the study: the affected child
was adopted (n=9), they did not want to participate (n=20),
they did not have a child with autism (n=32), or they did not
report the child’s birth year (n=71). Eleven women who re-
ported that the affected child had Rett syndrome, Down syn-
drome, 11q deletion disorder, fragile X syndrome, Angelman
syndrome, trisomy 18 syndrome, or Klinefelter syndrome were
also excluded. Herein, we refer to cases as children meeting these
inclusion criteria; we use the term autism to refer to autism spec-
trum disorder. Of the remaining 549 cases, 98 women did not
participate in the questionnaire assessing maternal childhood
abuse, leaving 451 cases. Women who reported in the 2005 ques-
tionnaire that they had a child with autism but were not in-
cluded in the analyses (n=389) were similar to women who
reported that they had a child with autism and were included
in analyses (n=451) on year of birth (median, 1957 for both
groups), marital status (83.0% of excluded women were mar-
ried vs 85.8% of included women), and smoking status at Nurses’
Health Study II enrollment in 1989 (10.3% of excluded women
were smokers vs 11.0% of included women).

Autism diagnosis was validated in a subsample of cases by
telephone interview of 50 randomly selected mothers who in-
dicated willingness to complete the interview (81.4% of moth-
ers were willing to be interviewed) using the Autism Diagnos-
tic Interview–Revised (ADI-R).22,23 Women who agreed to
participate in the validation substudy were similar in the au-
tism spectrum disorder diagnoses reported in their child to

women who were not willing to participate (among women will-
ing to participate, 24.9% reported autism, 50.9% reported As-
perger syndrome, and 25.3% reported pervasive developmen-
tal disorders not otherwise specified; among women not willing
to participate, 25.5% reported autism, 49.0% reported As-
perger syndrome, and 22.6% reported pervasive developmen-
tal disorders not otherwise specified). Women not willing to
participate in the validation study also did not differ from women
willing to participate on the child’s sex, prematurity status, child’s
year of birth, or low-birth-weight prevalence.

In this substudy, 43 children (86.0%; 95% CI, 74.0%-
93.0%) met ADI-R criteria for an autism diagnosis, defined by
meeting cutoff scores in all 3 domains and having onset by age
3 years. The remaining individuals met the onset criterion and
communication domain cutoff and missed full diagnosis by 1
point in 1 domain (n=5) or met cutoffs in 1 or 2 domains only
(n=2). The ADI-R provides an algorithm for full autistic dis-
order but not autism spectrum disorder. All children in the vali-
dation study demonstrated autistic behaviors. Children who did
not meet full ADI-R criteria narrowly missed and may be on
the autism spectrum.

Controls were parous women who reported never having a
child with autism and who responded to the 2001 question-
naire reporting year and sex of each birth and maternal child-
hood abuse. To assure independence of maternal characteris-
tics among controls, we randomly selected 1 birth per woman
with data on maternal childhood abuse from among her live
births (n=52 498). At baseline in 1989, women included in our
analyses were less likely to smoke (29.0% vs 35.6%), more likely
to have ever been pregnant (90.9% vs 68.4%), and more likely
to be of white race/ethnicity (97.0% vs 94.3%) compared with
women not included.

Maternal Exposure to Childhood Abuse

Abuse experiences were assessed in 2001. Combined child-
hood physical and emotional abuse before age 12 years was as-
sessed with 5 questions from the physical and emotional abuse
subscale of the Childhood Trauma Questionnaire24 querying
the frequency of people in the family with the following be-
havior: (1) hitting so hard it left bruises, (2) punishing in a way
that seemed cruel, (3) insulting, (4) screaming and yelling, and
(5) punishing with a belt or other hard object. For each item,
response options included “never,” “rarely,” “sometimes,” “of-
ten,” or “very often true.” Responses were assigned values rang-
ing from 0 (“never”) to 4 (“very often true”) and were summed
according to questionnaire scoring recommendations. In a vali-
dation study, the scale had good internal consistency (Cron-
bach �=.94) and test-retest reliability (intraclass correlation,
0.82) during a 2-month to 6-month interval.24 The resulting
scale was divided approximately into quartiles to calculate risk
ratios and to investigate a possible dose-response relationship
between severity of child abuse and risk for autism in off-
spring.

Sexual abuse occurring in 2 periods was assessed, namely,
before age 12 years and age 12 to 17 years. For each period, 2
questions queried unwanted sexual touching by an adult or older
child and forced or coerced sexual contact by an adult or older
child.25 Response options included “never,” “once,” or “more
than once.” To create a single measure, we assigned 1 point
for each “once” answer and 2 points for each “more than once”
answer. We then grouped these points for analysis as follows:
0 points was considered no abuse; 1 or 2 points, mild abuse; 3
or 4 points, moderate abuse; and 5 or more points, severe sexual
abuse.

Exposure to high levels of both sexual abuse and physical
and emotional abuse could be associated with greater risk for
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autism in offspring than exposure to either type alone. There-
fore, we also created a measure of combined physical, emo-
tional, and sexual abuse by summing the physical and emo-
tional abuse and sexual abuse measures.

Potential Mediators

In 2001, birth weight, smoking and alcohol use during preg-
nancy, and lifetime exposure to intimate partner emotional,
physical, and sexual abuse was assessed. Birth weight was as-
sessed by maternal report in the following 5 categories: below
5.0, 5.0 to 5.4, 5.5 to 6.9, 7.0 to 8.4, 8.5 to 9.0, and 10.0 lb or
higher (to convert pounds to kilograms, multiply by 0.45).
Smoking during pregnancy was assessed with a single ques-
tion: “How many cigarettes did you smoke per day during this
pregnancy?” Responses were dichotomized as any or none. Al-
cohol use during pregnancy was assessed with a question: “On
average, how much alcohol did you drink per week during this
pregnancy?” Because few women had more than 1 drink per
week, response options were coded as none, 1, or 2 drinks or
more per week.26 Lifetime history of intimate partner abuse was
assessed in 2001 with a modified version of the Assessing Abuse
Scale.27 Fear of partner and emotional, physical, and sexual abuse
were each assessed with one question each: “Have you ever been
made to feel afraid of your spouse/significant other?” (fear of
partner). “Have you ever been emotionally abused by your
spouse/significant other?” (emotional abuse). “Have you ever
been hit, slapped, kicked, or otherwise physically hurt by your
spouse/significant other?” (physical abuse). “Has your spouse/
significant other ever forced you into sexual activities?” (sexual
abuse). Following these questions, respondents indicated the
calendar years in which any of the types of abuse occurred. We
included abuse in the year before the birth year as a potential
mediator because abuse in the calendar year before the birth
year has been associated with risk for autism in offspring. Hav-
ing had an induced abortion before the birth of the index child
was coded dichotomously based on lifetime history of in-
duced abortions, including ages at occurrences, assessed in 1993
and updated in 1997, 1999, and 2001. Gestational diabetes was
coded dichotomously from questions regarding history of ges-
tational diabetes and year of diagnosis, assessed retrospec-
tively in 1989 and updated biennially. Lifetime history and age
at occurrence of toxemia or preeclampsia during pregnancy,
defined for the respondent as “raised blood pressure and pro-
teinuria,” were assessed in 1989 and updated biennially.

Selective serotonin reuptake inhibitor use from 1996 to 2007
was assessed biennially.8,28 Women were asked whether in the
past 2 years they had regularly used Paxil (paroxetine hydro-
chloride), Prozac (fluoxetine hydrochloride), or Zoloft (ser-
traline hydrochloride). Women using any of these were coded
as having used an SSRI in the perinatal period for births oc-
curring in the 2 years queried by the questionnaire. Because
the first SSRI (fluoxetine) was available in 1988 in the United
States,29 all women who gave birth before 1988 were coded as
not having used an SSRI during pregnancy. In addition, women
were asked in 1993 whether they had ever used fluoxetine hy-
drochloride or sertraline hydrochloride. Women who re-
ported never having used these substances were coded as not
having used SSRIs during pregnancy in 1993 or earlier. Women
who reported that they had ever used an SSRI and whose child
was born between 1989 to 1993 were excluded from analyses
using this variable. Although these women had used an SSRI
sometime during the 4-year period queried, it is unknown
whether they used an SSRI during the pregnancy that oc-
curred during these years. Maternal age at child’s birth was coded
as follows: younger than 25, 25 to 29, 30 to 34, 35 to 39, or 40
years or older. Year of child’s birth was continuous, and ma-

ternal childhood socioeconomic status was measured by the
maximum of her parents’ education in her infancy.

STATISTICAL ANALYSIS

Using �2 tests, we first ascertained whether maternal sexual abuse,
physical and emotional abuse, and combined physical, emo-
tional, and sexual abuse were associated with risk for autism in
children. We next examined the prevalence of perinatal risk fac-
tors by maternal childhood abuse status. To determine whether
maternal childhood abuse was associated with risk for autism
in children after adjusting for potential confounders, we mod-
eled autism risk with maternal sexual abuse, physical and emo-
tional abuse, or combined physical, emotional, and sexual abuse
adjusted for birth year, child’s sex, maternal age at birth, and ma-
ternal childhood socioeconomic status.

To examine potential mediation by perinatal risk factors,
we modeled autism risk as a function of perinatal risk factors,
potential confounders, and combined maternal physical, emo-
tional, and sexual abuse. We assessed mediation proportion using
SAS Mediate.30,31 Finally, we conducted models stratified by
child’s sex to investigate possible sex-specific relationships be-
tween maternal childhood abuse and autism risk.

We used generalized estimating equations with a log link
and Poisson distribution to estimate risk ratios.32 To calculate
statistical significance for the prevalence of gestational risk fac-
tors by combined childhood physical, emotional, and sexual
abuse, we modeled each risk factor as a dichotomous depen-
dent variable, with maternal childhood abuse as the indepen-
dent variable, using generalized estimating equations with a log
link and binomial distribution. To calculate statistical signifi-
cance for the prevalence of alcohol use during pregnancy, which
was measured in 3 levels, we used ordered logistic regression
with a cumulative logit link and a multinomial distribution.

RESULTS

Approximately 3% of women (1788 [3.4%]) were ex-
posed to serious sexual abuse. Prevalence of autism was
elevated but not statistically significantly among chil-
dren of women exposed to serious sexual abuse com-
pared with children of women unexposed to sexual abuse
(1.3% of children of women exposed had autism vs 0.8%
of children of women unexposed, P=.11). Women ex-
posed to physical and emotional abuse were more likely
to have a child with autism (1.1% had a child with au-
tism among mothers with the highest quartile of abuse;
0.7% had autism among mothers with no abuse, P=.003).
The highest level of mother’s combined physical, emo-
tional, and sexual abuse was associated with the great-
est prevalence of autism among children (1.8% vs 0.7%
of children among women not abused, P=.005).

Mother’s combined childhood physical, emotional, and
sexual abuse was associated with increased prevalence of
almost all adverse circumstances in the perinatal period
in a dose-response fashion (Figure). Compared with
women not exposed to abuse, women exposed to the high-
est level of abuse were more likely to have gestational dia-
betes (5.3% vs 2.7%), smoke during pregnancy (17.4% vs
8.8%), use SSRIs in the perinatal period (0.4% vs 0.2%),
manifest toxemia or preeclampsia (7.7% vs 3.6%), have a
previous induced abortion (15.9% vs 10.0%), have a preg-
nancy length shorter than 37 weeks (9.4% vs 7.1%), use
alcohol during pregnancy (5.1% vs 2.8% had �1 drink per
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week), and experience intimate partner abuse in the year
before the birth year (23.3% vs 6.1%). Women exposed
to childhood abuse were not statistically significantly more
likely to give birth to a child who weighed less than 5.0
lb; however, they were more likely to have a child who
did not weigh 7.0 to 8.4 lb, the birth weight range that has
been associated with lowest infant mortality.33

In models adjusted for demographic variables (but not
perinatal risk factors), women exposed to sexual abuse
or physical and emotional abuse were more likely to have
a child with autism in a monotonically increasing fash-
ion (Table1, models 1 and 2). Combined physical, emo-
tional, and sexual abuse was also associated with risk for
autism among offspring in a monotonically increasing
fashion (Table 2, model 1). The 1124 women exposed
to the highest level of combined physical, emotional, and
sexual abuse in childhood were at greatest risk for hav-
ing a child with autism compared with women unex-
posed to childhood abuse (risk ratio, 3.7; 95% CI, 2.3-
5.8; P� .001).

In the model that included perinatal risk factors, ma-
ternal childhood abuse remained significantly associated
with increased risk for autism in offspring, although risk
ratio estimates were slightly attenuated (Table 2, model
2). The perinatal factors we examined statistically ac-
counted for 7.2% of the association between child abuse
and autism risk in offspring, although this estimate did not
statistically differ from zero. Models stratified by sex showed
similarly elevated risk for autism in female and male chil-
dren of women exposed to childhood abuse, and an
abuse � sex interaction term was not statistically signifi-
cant. Because only 125 women were exposed to SSRIs in the
perinatal period, models that included SSRI use would not
converge. Therefore, we excluded SSRI use as a potential
mediator.

We conducted further analyses to identify which of the
perinatal factors were most important in mediating the
association between maternal childhood abuse and risk
for autism in offspring. We calculated mediation for each
perinatal factor separately, adjusted for maternal child-

hood socioeconomic status and age at birth, as well as the
birth year and sex of the child. In these analyses, we found
gestational diabetes (mediation, 3.5%) and abortion be-
fore giving birth (mediation, 3.0%) to be the strongest
mediators of the relationship between child abuse and
autism in offspring. Smoking during pregnancy medi-
ated 2.3% of the association, and the remaining vari-
ables mediated 1.2% or less.

Because maternal childhood abuse was strongly as-
sociated with most of the perinatal factors examined, we
conducted additional analyses to investigate whether child
abuse might explain the statistical relationship between
the perinatal factors and autism in offspring (ie, whether
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Table 1. Mother’s Exposure to Childhood Sexual Abuse
or Childhood Physical and Emotional Abuse and Risk
for Autism in Her Child From the Nurses’ Health Study II
Among 451 Autism Cases and 52 498 Controlsa

or Childhood Physical and Emotional Abuse and Risk
for Autism in Her Child From the Nurses’ Health Study II
Among 451 Autism Cases and 52 498 Controls

Variable No.

Risk Ratio (95% CI)

Model 1 Model 2

Childhood sexual abuse
None 35 175 1 [Reference] . . .
Mild 12 595 1.2 (1.0-1.5) . . .
Moderate 3391 1.2 (0.8-1.7) . . .
Severe 1788 2.0 (1.3-3.1)b . . .

Childhood physical and
emotional abuse,
quartile

None 18 342 . . . 1 [Reference]
2 11 516 . . . 1.0 (0.8-1.4)
3 10 545 . . . 1.2 (0.9-1.5)
Top 12 546 . . . 1.6 (1.3-2.1)c

Abbreviation: Ellipsis, not applicable.
aModels are adjusted for sex of child, mother’s age at birth, year of birth

of the child, and mother’s socioeconomic status in childhood.
bP � .01, Wald �2 test.
cP � .001Wald �2 test.
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childhood abuse might confound the association be-
tween these factors and autism). We examined the as-
sociation of autism in offspring with each perinatal fac-
tor in separate models and adjusted for demographic
factors, with and without maternal childhood abuse as an
additional independent variable.

In these analyses, the associations between autism
in offspring and prior induced abortion, smoking dur-
ing pregnancy, and intimate partner abuse were some-
what attenuated after adjustment for maternal child-
hood abuse (attenuation range, 12.1%-19.2%). The
association of gestational diabetes and autism in off-
spring was slightly attenuated. The associations of preg-
nancy length less than 37 weeks and low birth weight
with autism in offspring were not attenuated after ad-
justing for maternal childhood abuse. Toxemia and pre-
eclampsia and alcohol use during pregnancy were not as-
sociated with autism in children.

COMMENT

We found that maternal exposure to abuse in childhood
was associated with elevated risk for autism among off-
spring in a monotonically increasing fashion. Notably,
women exposed to the highest level of physical and emo-
tional abuse, comprising one-quarter of the women in our
study, were at 61.1% elevated risk for having a child with
autism compared with women not exposed to abuse. In ad-
dition, we found that an array of perinatal factors were as-
sociated with maternal child abuse history and autism risk
in offspring. However, these factors accounted for only a
small part of the association between maternal abuse his-
tory and autism in children. To our knowledge, no prior
studies have examined early-life maternal exposures to
stressors as possible risk factors for autism in offspring; how-
ever, several maternal stressors in the prenatal period have
been associated with risk for autism in children, such as
stressful life events,34,35 although findings are mixed.36

Our results are consistent with at least 4 possibilities.
First, additional unmeasured perinatal adverse circum-
stances associated with childhood abuse, such as infec-
tion,37-39 poor diet,40 insufficient prenatal care,2 medica-
tion use,8 illegal drug use,10 and stressful life events,16,41,42

may account for all of the associations we found.
Second, the experience of maternal childhood abuse

and its behavioral, psychological, and physical sequelae
may cause alterations to the mother’s biological sys-
tems, including the hypothalamic-pituitary-adrenal (HPA)
axis, the hypothalamic-pituitary-gonadal axis, and the im-
mune system, which may in turn directly increase risk
for autism in children. Childhood abuse has been asso-
ciated with dysregulated HPA axes in women43-45 and in
their infants.46 Dysregulation of the HPA axis has been
observed in persons with autism,47 and it has been hy-
pothesized that dysregulation of the maternal HPA axis
affects the fetal brain.48,49 In addition, exposure to acute
psychosocial stressors may increase secretion of andro-
gen,50,51 and some evidence suggests that exposure to high
prenatal concentrations of androgen is associated with
autistic traits.52,53 However, whether childhood abuse leads
to persistently elevated maternal androgens is un-
known. Immune dysfunction has also been associated with
exposure to childhood abuse.54-59 Immune dysfunction
and inflammation, including neuroinflammation, are more
prevalent among persons with autism.60-65 Maternal in-
flammation affects the developing brain, and maternal
inflammation and immune function66-68 have been hy-
pothesized to be causes of autism.69-73

Third, mother’s exposure to childhood abuse may,
through epigenetic74,75 or other mechanisms, increase her
biological reactivity to physical and psychological stress-
ors through sensitization of the central nervous sys-
tem,44 dysregulation of the HPA axis,76 and effects on the
prefrontal cortex that influence the threat appraisal re-
sponse system.77 Hyperreactivity to stressors may in turn
negatively influence the developing fetus through ef-
fects on the mother and the fetal HPA and hypothalamic-
pituitary-gonadal axes and immune system function.78

Fourth, maternal exposure to abuse in childhood may
be an indicator of genetic risk for autism in offspring; men-

Table 2. Mother’s Exposure to Combined Childhood
Physical, Emotional, and Sexual Abuse and Risk for Autism
in Her Child (Unadjusted and Adjusted for Perinatal
Risk Factors) From the Nurses’ Health Study II
Among 447 Autism Cases and 52 478 Controlsa

Variable No.

Risk Ratio (95% CI)

Unadjusted
Model 1

Adjusted
Model 2

Childhood physical,
emotional, and
sexual abuse

None 14 008 1 [Reference] 1 [Reference]
1 11 551 1.1 (0.9-1.5) 1.1 (0.8-1.4)
2 10 045 1.2 (0.9-1.6) 1.1 (0.9-1.5)
3 9969 1.5 (1.2-2.0) 1.4 (1.0-1.8)
4 4497 1.6 (1.1-2.3) 1.3 (0.9-1.9)
5 1731 1.7 (1.0-2.9) 1.4 (0.9-2.4)
6, Most severe 1124 3.7 (2.3-5.8)b 3.0 (1.9-4.8)b

Birth weight, lb
�5.0 . . . . . . 2.2 (1.2-3.7)
5.0-5.4 . . . . . . 1.3 (0.6-2.9)
5.5-6.9 . . . . . . 1.2 (1.0-1.6)
7.0-8.4 . . . . . . 1 [Reference]
8.5-9.9 . . . . . . 1.1 (0.9-1.4)
�10.0 . . . . . . 1.3 (0.8-2.2)

Gestational diabetes . . . . . . 1.8 (1.3-2.5)b

Smoking . . . . . . 1.3 (1.0-1.8)
Prior abortion . . . . . . 1.3 (1.0-1.6)
Alcohol use, drinks

per wk
None . . . . . . 1 [Reference]
1 . . . . . . 0.8 (0.6-1.2)
�2 . . . . . . 0.9 (0.5-1.6)

Toxemia . . . . . . 0.9 (0.6-1.4)
Partner abuse . . . . . . 1.4 (1.0-1.8)c

Pregnancy, wk . . . . . .
�37 . . . . . . 1.1 (0.8-1.6)
37-42 . . . . . . 1 [Reference]
�43 . . . . . . 0.9 (0.6-1.3)

Abbreviation: Ellipsis, not applicable.
SI conversion factor: To convert pounds to kilograms, multiply by 0.45.
aModels are adjusted for sex of child, mother’s age at birth, year of birth

of the child, and mother’s socioeconomic status in childhood.
bP � .001, Wald �2 test.
cP � .05, Wald �2 test.
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tal illness in parents is associated with child abuse per-
petration,79-81 and the results of studies7,82-85 have sug-
gested that genetic risk for autism may overlap with
genetic risk for other mental disorders. Therefore, per-
petration of child abuse by the grandparents and expe-
rience of abuse in childhood by the mother may be in-
dicators of genetic risk for autism in the child.

Our study identifies an intergenerational association
between a woman’s childhood exposure to violence and
risk for a severe developmental disorder in her children.
Given the numerous sequelae of the adverse perinatal cir-
cumstances we examined,86-91 it is likely that children of
women who were exposed to childhood abuse experi-
ence a higher prevalence of a constellation of additional
health problems compared with children of women who
were not abused. Prior studies92,93 of the association be-
tween childhood abuse and perinatal risk factors have gen-
erally been conducted in small samples, with a limited
range of outcomes examined. Therefore, the present study
is the most comprehensive examination to date of the re-
lationship between maternal childhood abuse and peri-
natal risk factors in a large population-based sample.

Our results should be considered in light of 2 impor-
tant limitations. First, child’s autism, maternal child-
hood abuse, and maternal gestational exposures were by
participant self-report. Report of autism was validated by
the ADI-R, an instrument with good reliability and va-
lidity.23,94 While this approach is consistent with a large
body of epidemiological research, it does not constitute
a diagnosis. Self-report of health-related circumstances
in this cohort of professional nurses has been highly ac-
curate in multiple validation studies.95-97 Nevertheless,
misreporting of autism, childhood abuse exposure, or ges-
tational exposures may have biased our results. Second,
women reported their exposure to childhood abuse af-
ter knowing that they had a child with autism. If knowl-
edge of their child’s autism status affected their report
of experience of childhood abuse, this may have biased
our results. However, women’s experience of childhood
abuse was not queried in the context of her children’s
autism status. Maternal childhood abuse and autism in
offspring were assessed in separate questionnaires 4 years
apart, reducing the likelihood of bias.

If the association we identify herein between mater-
nal childhood abuse and autism in offspring is in part
due to direct or indirect effects of abuse (as opposed to
shared genetic risk for abuse exposure and autism), this
has several implications for clinical practice. First, we pro-
vide another compelling reason to increase efforts to pre-
vent childhood abuse. Second, we identify a population
at elevated risk for having a child with autism, namely,
women with a history of moderate or serious childhood
abuse. Third, given the suggestion of mediation of au-
tism risk in offspring through adverse perinatal circum-
stances, we suggest a possible means of reducing autism
risk in children of these women through prevention of
adverse perinatal circumstances.

In terms of research, studies examining perinatal risk
factors for autism in offspring should consider potential
confounding by maternal childhood abuse. Maternal abuse
was strongly associated with almost every perinatal risk
factor we examined, and adjustment for abuse attenu-

ated the associations of several perinatal risk factors with
autism in children. If maternal abuse increases the risk
for autism in offspring through mechanisms not medi-
ated by perinatal risk factors or if maternal abuse is an
indicator of genetic risk for autism in children, studies
examining perinatal risk factors may find statistical as-
sociations with autism even if the factors have no causal
role in the origin of autism. If maternal childhood abuse
is associated with autism in offspring primarily through
shared genetics, mental disorders that specifically in-
crease the risk for child abuse perpetration may overlap
genetically with those that increase risk for autism in chil-
dren. Future work should further investigate causal
mechanisms by which maternal child abuse may be as-
sociated with autism in offspring.
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Abstract
Siblings of children with autism have an increased risk for autism spectrum disorders (ASD). As
children with autism often exhibit an atypical trajectory of head circumference (HC) growth, HC
may be an indicator of vulnerability to autism. This study investigated whether infant siblings of
children with ASD (n = 77) with an atypical trajectory of HC growth were more likely than those
without an atypical HC trajectory to develop autism symptoms. Results showed that infants who
had larger HC at 12 months, and whose HC growth rate decelerated more rapidly between 12 and
24 months were more likely to exhibit autism symptoms than infants with more typical HC
trajectories. Among infant siblings of children with autism, atypical HC growth might alert
pediatricians to provide screening and/or referral for further evaluation.

Keywords
Autism; Head circumference; Infant siblings

Head Circumference as an Early Predictor of Autism Symptoms in Younger
Siblings of Children with Autism

Autism is a lifelong neurodevelopmental disorder characterized by impaired social
interaction and communication, and repetitive and stereotyped behaviors (DSM-IV TR;
American Psychiatric Association 2000). Approximately 3–4 males are diagnosed with
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autism for every female (Scott et al. 2002; Wing 1981; Lord et al. 1982; Baird and August
1985; Volkar et al. 1993).

Although a diagnosis of ASD is not typically given until age 3 years or later in the United
States, (Wiggins et al. 2006; Chawarska et al. 2007; De Giacomo and Fombonne 1998), a
reliable ASD diagnosis can be rendered in children as young as age 2 (Lord et al. 2006; Cox
et al. 1999). Early diagnosis for children with autism is critical, as early intensive behavioral
intervention is associated with improved outcomes including higher rates of placement in
typical educational settings (Rogers 1998; McEachin et al. 1993; Smith et al. 2000). Early
age of intervention is considered an important factor in optimal outcomes (Harris and
Handleman 2000; McGee et al. 1999).

Most parents of children with autism report that they had concerns by the time their child
was 18 months of age (Wiggins et al. 2006; De Giacomo and Fombonne 1998). One study
reported that parental concerns typically begin when their infant is 14–15 months of age
(Chawarska et al. 2007). Symptoms of autism can be identified as early as 8–12 months of
age. Communication impairments are one of the earliest indicators of ASD (Woods and
Wetherby 2003) and at 12 months of age may include lack of pointing, orienting to name,
showing objects, looking at faces of others, and gaze monitoring. Home videotape studies
indicate that infants later diagnosed with autism can be distinguished from children with
mental retardation or typical development by 12 months by how often they attend to people,
orient to their names, smile at others, vocalize, seek physical contact, and engage in joint
attention (Maestro et al. 2002; Osterling et al. 2002). Failure to respond to name
distinguishes infants later diagnosed with autism from typically developing infants as young
as 8–10 months (Werner et al. 2005; Baranek 1999; Osterling and Dawson 1994). By age
two clear impairments in language development and social communication are evident
including difficulties in making complex and single word vocalizations and sharing attention
(Mars et al. 1998; Maestro et al. 2001; Werner and Dawson 2005).

Autism is highly heritable disorder and, as such, siblings of children with autism have a risk
of developing autism of 2.8–7% (August et al. 1981; Bailey et al. 1996; Smalley et al. 1988;
Veenstra-Vanderwheele and Cook 2003), while the general population has approximately a
0.6% prevalence of ASD (Fombonne 2005). Delays in language, social impairment and use
of gestures are also present in siblings of children with autism, even in siblings who do not
have an autism diagnosis (Piven et al. 1990; Toth et al. 2007; Mitchell et al. 2006; Cassel et
al. 2007). As many as 30% of siblings of children with autism score below average on
measures of IQ and language (Toth et al. 2007; Gamliel et al. 2007), although one study
found the cognitive delays to be limited to the toddler and preschool period (Gamliel et al.
2007). Given this increased risk of an autism diagnosis and related autism symptoms, early
detection and screening are important for siblings of children with autism. Despite this,
siblings are not typically screened for autism as part of standard practice health care.

Bristol-Power and Spinella (1999) have stressed the need for routine developmental
screening specifically for autism as part of well-child care. The Modified Checklist for
Autism in Toddlers (M-CHAT) was developed as a 23-item parent report measure that
assesses autism symptoms and can be administered easily by pediatricians. In the initial
analysis six of the items were the best discriminators between children who did and did not
develop autism; these were labeled critical items. In an initial study, 1,293 children were
screened using the M-CHAT, of whom 58 were evaluated and 39 met criteria for an ASD
(Robins et al. 2001). Adequate sensitivity and specificity have been reported for this
measure. An early screening tool such as the M-CHAT is critical to ensuring each child with
autism is diagnosed as soon as possible, not only to increase the probability that children
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receive intervention, but because a delay in diagnosis causes additional distress to parents
(Robins et al. 2001).

Head Circumference
Macroencephaly in autism was first noted by Kanner (1943), the first person to describe the
disorder. Recent studies indicate that autism is associated with enlarged total cerebral
volume, abnormal electroencephalograms, increased white matter, and decreased gray
matter (Mouridsen et al. 2000; Courchesne et al. 2003). Abnormalities in the medial
temporal lobe, cerebellum, and amygdala have been observed (Sparks et al. 2002).

Head circumference in children younger than age 6 is a good index of total brain volume (r
= 0.93; Bartholomeusz et al. 2002). Head circumference in children with autism is often
smaller than normal or normal at birth (Courchesne et al. 2001, 2003; Dawson et al. 2007),
yet increases faster than normal at around 4 months of age (Courchesne and Pierce 2005;
Redcay and Courchesne 2005; Gilberg and de Souza 2002). Approximately 60% of children
with autism show this atypical trajectory to an extreme degree, while only 6% of typically
developing children show this atypical trajectory (Courchesne et al. 2003). As noted in a
study by Courchesne et al. (2003), at ages 2–4 years, 90% of boys with autism had larger
than normal brain volumes, and 37% met criteria for developmental macroencephaly
(measurement above 97th percentile). The trajectory appeared to be early overgrowth
followed by abnormally slow growth (Courchesne et al. 2001). Fidler et al. (2000) found an
increased prevalence of macroencephaly not only in children with autism, but in their first-
degree relatives. In a longitudinal study of head growth in autism, Dawson and colleagues
(2007) found that accelerations in head growth appear to occur between 6–12 months, but
that after 12 months, the rate of head growth decelerates and is not significantly different
from normal rates of head growth. Thus, children with autism may be characterized by small
or normal head size at birth, rapid growth in the first year, followed by a deceleration in rate
of HC growth, reaching normal rates during the toddler years.

Some studies have examined whether atypical HC growth is associated with specific autism
symptoms. Deutsch and Joseph (2003) examined associations between HC and language
ability, IQ, and executive function in a sample of children with ASD. Head circumference
was measured at one discrete time point between 4 and 14 years of age; the only significant
association was between HC and discrepancies between verbal and nonverbal IQ.
Courchesne et al. (2003) found that smaller head circumference at birth was associated with
worse verbal scores among children who had functional language, while HC increase during
infancy was associated with worse scores on a repetitive behavior scale. Fidler et al. (2000)
also found an association between macroencephaly and stereotyped behavior, but did not
find any other symptom associations. In contrast to these findings Mraz et al. (2007) sample
showed a relation between HC and symptoms related to social impairment. More research is
needed to clarify the relationship between specific symptom domains and HC growth
trajectories in autism.

The present study represents a unique contribution to the literature by examining early
patterns of HC trajectory in very young siblings of children with autism in relation to autism
symptoms evident in toddlerhood. We investigated two specific hypotheses. First, in an
independent sample of infants at risk for autism, we sought to replicate the Dawson et al.
(2007) finding that among infants who were later diagnosed with autism, an atypical
acceleration in HC trajectory growth during the first year is followed by a deceleration by
12–24 months such that rates of HC growth during toddlerhood do not differ from normal
rates. Second, we tested the hypothesis that in a sample of infants at risk for autism, infant
siblings who exhibited an atypical trajectory of HC growth during the infant–toddler period
would be more likely to develop autism symptoms by toddlerhood. If this hypothesis is
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supported, pediatricians and other health professionals following infant siblings could then
use HC data regularly collected at well-baby check-ups as an early warning sign of risk for
autism. Children thus identified as at-risk could be closely monitored and later referred for
diagnostic and early intervention services if appropriate, potentially decreasing the average
age of diagnosis by a year or more.

Methods
Participants

Participants were 77 younger siblings of children with ASD. The younger siblings initially
entered into the study at 18–24 months of age. Participants were recruited from the Center
on Human Development and Disability, the UW Autism Center, local public health
agencies, pediatric offices, and Birth-to-Three Centers. Children born premature were
excluded from the sample.

Instruments
The Modified Checklist for Autism in Toddlers (M-CHAT)—The M-CHAT, which
consists of 23 yes/no items assessing early symptoms of autism, is a reliable measure
designed to detect children at risk for autism/PDD by 18 months of age. Children pass or fail
the M-CHAT based on the number of symptoms endorsed by their parent indicating whether
they are at risk for autism. The M-CHAT yields a total item score and a critical item score
(critical items are those found to be the best discriminators of autism versus no autism in the
initial study). Internal reliability for the entire checklist (α = 0.85) and for the critical items
(α = 0.83) is adequate. Sensitivity has been found to be 0.87 and specificity has been found
to be 0.99 (Robins et al. 2001).

Early Developmental Interview (EDI)—The EDI is a retrospective parent interview that
assesses symptoms across four domains in the first 2 years of a child’s development. Parents
are asked to report on their infant’s social responsiveness, language and communication
skills, sensory-motor behaviors, and regulatory behaviors at 3-month time points from birth
to 2 years of age. Children with autism, developmental delay, and typical development
significantly differ on the EDI beginning at 12–15 months (Werner et al. 2005).

Records Review—Developmental and diagnostic evaluation records were requested for
the older sibling in order to confirm a diagnosis of ASD. All older siblings were given a
diagnosis of autism, PDD, or Asperger’s by a psychologist, neurologist, or developmental
pediatrician based on DSM criteria.

Medical records and well-baby records for the younger sibling were requested and used to
derive HC measurements taken at well-baby check-ups by the infant’s pediatrician.
Measurements were extracted for each time point available during the first 2 years, with a
minimum of four HC data points necessary for inclusion in the sample. Each measurement
was independently entered into the database by two different research assistants and a third
researcher resolved any discrepancies in the data.

Procedure
Parents who agreed to participate completed the M-CHAT when the younger sibling was
18–24 months old. If the child failed the M-CHAT, the parent was called by a clinician and
asked specific follow-up questions for items endorsed (Robins et al. 2001). A phone
interview was conducted with parents to collect data using the EDI when the younger sibling
was 2–4 years old. Release of information forms were obtained to request medical records of
well-baby check-ups for each participating child.
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Data Analyses
Head circumference measurements were converted to z-scores for the child’s age based on
the most recent Center for Disease Control reference data (2002) developed by the National
Center for Health Statistics. Multilevel modeling analyses, conducted using the Hierarchical
Linear Modeling software package (HLM; Bryck and Raudenbush 2002) were used to
determine the association between infant–toddler patterns of HC trajectories and behavioral
symptoms of autism at 18–24 months as assessed by the M-CHAT, and between 22 and 24
months as measured by the EDI. The growth trajectories of HC for each child were modeled
with three parameters: a slope for HC between 0 and 12 months, the slope for HC between
12 and 24 months and the Level 1 intercept for the model which was placed at 12 months.
Thus, each child’s HC measurements were repeated as the rate of change from 0 to 12
(slope), absolute level at 12 months (intercept), and rate of change from 12 to 24 months
(slope). Symptom measures and sex were entered at Level 2 when examined. Controlling the
HC measurements for height did not change the pattern of results, so height was not
included in the reported analyses. Data were available on HC and M-CHAT scores for 77
children and on all measures for 71 children.

Results
Overall Sample

Early Developmental Interview communication scores at 22–24 months had a mean raw
score of 1.49 (SD = 2.16) and EDI social scores at 22–24 months had a mean of 1.65 (SD =
2.73). The mean M-CHAT critical items score was 0.82 (SD = 1.40) and 29.9% of subjects
failed the M-CHAT. The average age at administration was 33 months for the EDI and 20
months for the M-CHAT.

Head circumference values at 12 months of age (Level 1 intercept term) were significantly
higher than CDC norms in this high risk sample. One-sample, two-tailed t-tests were run on
the z-scores at intercepts 6, 8, 10, and 12 months. The z-scores at each time point were
significantly greater than zero (HC was significantly greater than the average), and the mean
z-score increased with age. The minimum z-score was 0.45 and the minimum t was 4.49 (p
< 0.05).

Head circumference z-scores increased at a rate of .078 z-score points per month between 0
and 12 months of age, a slope that was significantly higher than the CDC normative data,
t(76) = 8.57, p < 0.001). Between 12 and 24 months, however, the slope or rate of growth in
HC for the at-risk sample as a whole was compared to CDC norms using a one-sample t-test
and was not found to be significantly different, t (76) = 0.46, p = 0.650; see Table 1.

Sex Differences
Since autism affects more boys than girls, further analyses were conducted to determine if
HC patterns were different for boys versus girls. The rate of change in HC from 12 to 24
months (coeff. = 0.04, p = 0.02) and intercept at 12 months (coeff. = −0.55, p = 0.03) were
significantly different for boys versus girls, even when taking into account the differing HC
norms for boys and girls when converting into z-scores (Table 2, Fig. 1). Head
circumference growth for boys increased more rapidly until 12 months, and then leveled off
more steeply than for girls.

Independent samples t-tests were performed to examine levels of communication symptoms,
t(df) = 1.886, p = 0.064, and social symptoms, t(df) = 2.130, p = 0.037 on the EDI and the
M-CHAT critical items score, t(df) = 1.789, p = 0.079 for boys versus girls. The only
significant difference was in social symptoms between 22 and 24 months on the EDI, with
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boys exhibiting more symptoms than girls. However, when the rate of change for HC was
re-examined after controlling for M-CHAT critical items, trajectories for boys versus girls
were no longer significantly different. Between 0 and 12 months there was a significant M-
CHAT pass/fail by sex interaction for slope such that girls who failed the M-CHAT had a
lower intercept at birth and a slope that increased much more rapidly (coeff. = −0.03, p =
0.07). The HLM analysis was rerun including only the significant findings (Table 3).

Head Circumference Association with Symptoms
Head circumference slopes and intercepts were significantly associated with EDI social
symptoms and communication symptoms at 22–24 months, and M-CHAT critical item
scores (critical items on the M-CHAT are largely made up of social and communication
symptoms). The rate of change between 12 and 24 months (coeff. = −0.01, p = 0.048) was
associated with social symptoms on the EDI at 22–24 months. The slope of HC between 12
and 24 months leveled off more steeply for children exhibiting more social symptoms (Table
4, Fig. 2). Figure 2 illustrates the change in HC z scores over time. To illustrate this and in
subsequent figures we chose three high frequency scores. EDI communication symptoms at
22–24 months showed significant differences at the 12 month intercept (coeff. = 0.13, p =
0.04) and at the slope between 12 and 24 months (coeff. = −0.01, p = 0.01). Children with
higher levels of communication symptoms had a larger HC at 12 months and a slope that
leveled off more rapidly between 12 and 24 months (Table 5, Fig. 3).

The intercept at 12 months was significantly different for children with differing numbers of
M-CHAT critical item totals (coeff. = 0.19, p = 0.02). Children with more critical symptoms
on the M-CHAT had a larger HC at 12 months (Table 6). To illustrate the relationship
between M-CHAT and slope of HC, see Fig. 4 which plots that relationship at three different
levels of M-CHAT scores as an illustrative example.

Discussion
We replicated the finding of Dawson et al. (2007) that autism or autism symptoms are
associated with an increased acceleration of HC growth from 6 to 12 months, followed by a
deceleration of HC growth from 12 to 24 months such that rates of HC during toddlerhood
are not different from the general population. Furthermore, results of this study supported
the hypothesis that atypical HC growth trajectories may serve as an indicator of vulnerability
for the development of autism symptoms. Infant siblings who exhibited larger HC at 12
months and showed a greater deceleration of HC growth from 12 to 24 months were more
likely to exhibit autism symptoms by toddlerhood. This was true with respect to the
development of social and communication symptoms, but not repetitive behaviors. This may
be because the children in this sample were very young, and repetitive behaviors are not
often evident until children become older (Lord 1995).

Infant siblings who were male were more likely to show atypical HC trajectories than were
female infant siblings, even after accounting for sex differences in normative HC growth.
This difference in HC trajectories may be because boys have a higher risk of developing
autism than girls, and therefore may exhibit more symptoms (Wing 1981; Lord et al. 1982;
Baird and August 1985). However, the results of this study may not be fully explained by
the higher risk of autism in boys given that symptom levels in this sample were essentially
the same for boys versus girls.

There are several limitations that should be considered when interpreting the results of this
study. Parents who were interested in participating in the study may be more likely to be
concerned about their child’s development than parents not interested in the study; therefore
an ascertainment bias is possibly present in our sample. The results of this study may not be
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representative of the entire population of younger siblings with children with autism. Also,
the younger siblings did not undergo diagnostic evaluations as part of this study. Despite
these limitations, there was a variety of symptom levels present in the younger siblings and
those symptoms were associated with atypical head circumference trajectories.

Siblings deemed at-risk on the M-CHAT were more likely to show more rapid HC growth
from birth to 12-months and a more rapid decline in rate of HC growth from 12 to 24
months. If these findings are replicated with prospective data, siblings of children with
autism who are at risk for autism might be detected at earlier ages than is currently possible.
Infant siblings who regularly see a pediatrician might be screened for HC at well-baby
checkups with their pediatrician and, if an atypical pattern of HC is found, subsequent
screening with the M-CHAT or other appropriate early autism screening tools would allow
for an earlier referral for diagnosis and treatment, if needed. This potentially could decrease
the average age of diagnosis of autism by a year or more by using a practical and low cost
procedure with data that are widely available and routinely used in regular visits to
pediatricians. With such screening methods, it is hoped that more children with autism will
be detected and referred for more extensive evaluation at a very early age, ultimately leading
to earlier intervention and improved outcomes for children with autism.
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Fig. 1.
Sex differences in head circumference trajectories
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Fig. 2.
HC trajectories at varying levels of EDI social symptoms, 22–24 months (raw scores of 0, 3,
6)
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Fig. 3.
HC trajectories at varying levels of EDI communication symptoms, 22–24 months (raw
scores of 0, 3, 6)
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Fig. 4.
HC trajectories at varying levels of M-CHAT critical items total (raw scores of 0, 2, 4)
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Table 1

HLM growth trajectory model of Head Circumference (HC) Z-scores

Growth parameter Coefficient SE t (df) p

HC z-score at 12 months   0.84 0.12   6.83 (76) <0.01

Slope (birth to 12 months)   0.08 0.01   8.57 (76) <0.01

Slope (12–24 months) −0.01 0.01 −0.46 (76)   0.65
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Autism is a heterogeneous disorder with multiple behavioral and
biological phenotypes. Accelerated brain growth during early
childhood is a well-established biological feature of autism. Onset
pattern, i.e., early onset or regressive, is an intensely studied be-
havioral phenotype of autism. There is currently little known,
however, about whether, or how, onset status maps onto the
abnormal brain growth. We examined the relationship between
total brain volume and onset status in a large sample of 2- to 4-y-
old boys and girls with autism spectrum disorder (ASD) [n = 53, no
regression (nREG); n = 61, regression (REG)] and a comparison
group of age-matched typically developing controls (n = 66). We
also examined retrospective head circumference measurements
from birth through 18 mo of age. We found that abnormal brain
enlargement was most commonly found in boys with regressive
autism. Brain size in boys without regression did not differ from
controls. Retrospective head circumference measurements indicate
that head circumference in boys with regressive autism is normal
at birth but diverges from the other groups around 4–6 mo of age.
There were no differences in brain size in girls with autism (n = 22,
ASD; n = 24, controls). These results suggest that there may be
distinct neural phenotypes associated with different onsets of au-
tism. For boys with regressive autism, divergence in brain size
occurs well before loss of skills is commonly reported. Thus, rapid
head growth may be a risk factor for regressive autism.

MRI | neurodevelopment | trajectory | macrocephaly

Autism is a neurodevelopmental disorder with hallmark def-
icits in social interaction and communication, with restricted

interests and repetitive behaviors (1). It is a behaviorally defined
disorder that is typically diagnosed during early childhood. The
prevalence of autism spectrum disorders (ASD) in the United
States is estimated to be 1 in 110 children (2). Autism is di-
agnosed more frequently in males than females at a ratio of 4–1.
Current research suggests that autism is a heterogeneous disor-
der (3, 4), with a broad range of severity and intellectual ability
as well as a variety of comorbid conditions, such as epilepsy,
anxiety, and gastrointestinal conditions (5, 6). The heterogeneity
of this disorder is one of the major roadblocks to establishing
etiologies that could then lead to more effective prevention and
intervention. In the context of an ongoing, multidisciplinary ef-
fort to establish distinct autism phenotypes (the Autism Phe-
nome Project, APP), we have examined the relationship between
a behavioral feature of autism, onset status, and a commonly
reported biological feature of autism, accelerated head growth
and abnormal brain enlargement.
There is now ample evidence suggesting that brain growth in

children with autism is accelerated, leading to an abnormally en-
larged brain in early childhood (7). Studies using retrospective
head circumferencemeasurements as a proxy for brain size suggest
that whereas children with autism are born with normal or slightly
smaller brain size, the trajectory of growth accelerates during the
first year of life (8–10). Several MRI studies of very young children

with autism report a 5–10% abnormal enlargement in total brain
volume that persists into early childhood (11–13).
An altered trajectory of brain growth is now widely cited as

central to the neuropathology of autism (3). However, several
additional questions remain to be explored. Little is known about
how generalized the finding of brain enlargement is across all
individuals with autism. Both microcephaly and macrocephaly
have been reported in autism (14), and increased variability in
head size is also observed (15). Does brain enlargement occur in
the majority of individuals with autism or does it occur in just a
subset of individuals? Are there any clinical correlates to brain
enlargement? Also, studies of typical development have docu-
mented sex differences in the developing brain (16, 17). How-
ever, there is very little known about whether brain development
in children with autism is sexually dimorphic as well.
To address these issues, we initiated a large-scale, multidisci-

plinary study, the APP, to explore potential biological and be-
havioral phenotypes in autism. The goal of the APP is to enroll a
large sample of children and to carry out a comprehensive lon-
gitudinal analysis to begin to identify more homogeneous sub-
groups or phenotypes within the autism spectrum disorder
population. Extensive behavioral and biological data are col-
lected on all participants to correlate changes in brain growth
with other biological and behavioral facets of autism. One ex-
ample of a behavioral phenotype in autism is onset status.
Whereas some children exhibit symptoms of autism in the first
year of life, others experience a regression or loss of previously
acquired skills in language and/or social domains. Although
there are a number of complexities in determining onset status
(18), children with autism can be characterized as regression
(REG) or no regression (nREG), using parent report of early
development. The neural underpinnings of onset status remain
unclear because only one study has yet examined this question,
in a small sample (19).
We have studied the relationship between brain size and au-

tism onset status. We hypothesized that the classification of ei-
ther regression or no regression may map onto particular
trajectories of brain growth and brain size. Specifically, we
evaluated total cerebral volume (TCV) using magnetic reso-
nance imaging at age 3 y and retrospective head circumference
measurements from birth through 18 mo of age. These data
allowed us to produce brain growth trajectories in a large sample
of children with autism relative to age-matched typically de-
veloping controls. Our sample size of 180 subjects allowed us to
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analyze sex differences in brain size and growth trajectories re-
lated to onset status as well.

Results
Participant characteristics are presented in Table 1. A total of
180 children, 2- to 4 y of age, participated in this study, 114 with
ASD (101, autistic disorder; 11, pervasive developmental disor-
der-not otherwise specified) (PDD-NOS) and 66 age-matched
typically developing (TD) controls. Of the children with ASD,
54% had ASD-REG and 46% ASD-nREG. There were no sig-
nificant differences in age between any of the groups. There were
also no sex differences in autism severity or developmental
quotient (DQ). As expected, DQ was significantly higher in TD
controls than children with ASD (P < 0.01). There was no sig-
nificant difference between the ASD-REG and ASD-nREG
groups on the Autism Diagnostic Observation Schedule-Generic
(ADOS-G) severity score, which allows for comparison of autism
severity across participants tested with different ADOS-G
modules (P > 0.10). There was a marginally significant difference
in DQ between the two groups of children with different onset
status (P = 0.05). Groups were matched on gestational age,
ethnicity, and socioeconomic status.

Total Cerebral Volume. Table 2 provides results and effect sizes
from our cross-sectional analysis of TCV. Fig. 1 depicts group
differences in TCV for males and females separately. Volumetric
differences between ASD-nREG, ASD-REG, and TD groups
were analyzed using ANCOVA for males and females separately,
as well as combined in a single model with sex as a covariate. The
models assign separable variability to each covariate to avoid
mistaking contributions from a secondary covariate (e.g., age) as
arising from the covariate of interest (group), thus providing
more accurate and precise estimates of true effects. Covariates
analyzed include age, body mass index (BMI), DQ, age × group,
and group × sex interactions (for the combined sex model). We
report effect sizes equal to the t statistics that provide the P
values, where each is equal to the magnitude of the effect divided
by its SE from the model. Roughly, any effect size greater than 2
may be considered large, because its significance value is P =
0.05 or smaller. In males, TCV increased by 8.6 cm3 (0.8%) per
month. In females, TCV increased by 6.1 cm3 (0.6%) per month.
TCV was unrelated to BMI and DQ.

In males, relative to TD controls, the ASD-REG group had a
significant increase in TCV of 63.4 cm3 (6.2%), whereas the
ASD-nREG group did not differ from TD controls (Fig. 1).
There were no age × group interactions. In females, there were
no group differences nor any age × group interactions (Fig. 1).
Results of the combined model confirmed those of sex-
stratified models.
As a secondary analysis, we also examined the rate of mega-

lencephaly in ASD-REG and ASD-nREG groups relative to the
TD controls in males. We defined megalencephaly as TCV
greater than 2 SDs above the TD mean (male TD control mean
984.7; SD 72). Out of 51 males in the ASD-REG group, 22% had
megalencephaly. Out of 41 males in the ASD-nREG group, 5%
had megalencephaly.
Finally, we also explored the relationship between TCV and

autism severity. In children with ASD, there was no correlation
between TCV and ADOS severity score (r = 0.05).

Head Circumference, Birth Through 18 Mo. Cross-sectional analysis.
Retrospective head circumference measurements were avail-
able from a subset of 120 subjects (n = 42 TD, n = 34 ASD-
nREG, n = 44 ASD-REG). A total of 717 measurements were
obtained from birth through 18 mo of age. Head circumfer-
ence measurements from TD participants fell within the in-
terquartile ranges of the World Health Organization (WHO)
Child Growth Standards at each time point. Thus, this TD
sample is representative of the general population, and all ASD
group comparisons were evaluated relative to the current
TD sample.
Fig. 2 depicts cross-sectional head circumference measure-

ments at various age intervals from birth through 18 mo. Table 3
provides results and effect sizes from our cross-sectional
ANCOVA analyses including age, sex, and group as covariates at
2- to 3-mo increments. As anticipated, sex had a strong effect on
head circumference. Head circumference measurements in
males were, on average, between 2.4–3.7% larger than female
head circumference across this age span.
After isolating sex differences to focus on group and age

effects only, the model showed a pronounced increase in cross-
sectional head circumference in the ASD-REG group relative
to TD controls beginning at 4.0–5.9 mo of age that persisted
through 18.9 mo of age. The ASD-REG group had an average
head circumference enlargement of 2–3% above TD controls
from 4 to 18.9 mo (except during 13–15.9 mo), reaching a dif-
ference of 5.3% between 16 and 18.9 mo. Head circumference
in the ASD-nREG group did not differ from TD controls,
except a modest 1.5% difference during the 10- to 14-mo cross-
sectional interval.
Longitudinal analysis. We examined individual longitudinal changes
in head circumference between birth and 18 mo of age in a subset
of children having at least three head circumference measure-
ments (n = 95; 77 male, 18 female). Due to the paucity of re-
peated measurements in females, we restricted these analyses to
males (ASD-nREG n = 26, ASD-REG n = 19, TD n = 32).
Fig. 3 depicts individual changes in head circumference over

time (shaded lines) and results from a piecewise linear longitu-

Table 1. Participant characteristics

TD ASD-nREG ASD-REG

N (male/female) 66 (42/24) 53 (41/12) 61 (51/10)
Age, mo 36.3 (4.9) 35.7 (5.4) 37.7 (5.3)
Range, mo 26.8–46.2 25.7–48.1 25.9–46.5
ADOS severity — 7.4 (1.8) 7.9 (1.7)
DQ 104.8 (11) 66.7 (22) 59.1 (18)

ASD-nREG, autism with no regression; ASD-REG, regressive autism; TD,
typical development; ADOS, autism diagnostic observation schedule; DQ,
development quotient. Age, ADOS severity score, and DQ: mean (SD).

Table 2. ANCOVA results for total cerebral volume

Males Females
984.7 (72.1) 923.2 (73.5)

TD volume (cm3) Difference (%) Effect Size P value Difference (%) Effect size P value

ASD-nREG 17.9 (1.8) 1.06 NS 1.2 (0.1) 0.05 NS
ASD-REG 63.4 (6.2) 4.01 0.0001 −2.4 (−0.2) 0.09 NS

See Table 1 legend for definitions. TD volume, mean (SD). Difference is cm3 from TD mean. Covariates include
age, body mass index, and DQ.
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dinal model fit to each clinical group (bold lines). Table 4 pro-
vides the results of the comprehensive model including all
groups. On the basis of preceding cross-sectional analyses sug-
gesting that ASD-REG group divergence begins between 4 and 6
mo of age, we examined age- and group-dependent longitudinal
head circumference growth before and after 4.5 mo of age.
As indicated in Table 4, age is a highly significant predictor of

head circumference. Age acquires more predictive importance
when group differences are taken into account. We found an
average increase in head circumference of 1.80 cm per month in
all subjects during the first 4.5 mo of life (P < 0.001), followed by
more gradual increase of 0.44 cm per month thereafter (P <
0.001). Average head circumference in the ASD-REG group was
1.13 cm larger than that of the TD group (P < 0.001) across the
entire age range. We found that the rates of growth relative to
TD differed slightly between the ASD groups before 4.5 mo, with
0.21 cm/month in the ASD-nREG group (P = 0.003) and 0.14

cm per month in the ASD-REG group (P = 0.021). The age ×
group interaction was not significant after 4.5 mo of age.

Discussion
The results presented in this report indicate that abnormal brain
enlargement is not generalized across all individuals with autism.
Accelerated head growth and brain enlargement was most con-
sistently observed in the subset of children who had regressive
autism. Specifically, total brain volume in 3-y-old males with
regressive autism was ∼6% larger than that of age-matched
typically developing controls. Indeed, 22% of boys with re-
gressive autism had megalencephaly, whereas only 5% of boys
without regression had megalencephaly. When did this abnormal
enlargement occur? Analysis of head circumference data, which
is a reliable proxy for total brain volume in young children (20),
indicates that the divergence in head size began around 4–6 mo
of age. Brain size and growth trajectory of children without
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Fig. 1. Total cerebral volume (TCV) is enlarged in males with regressive autism (ASD-REG) relative to typical development (TD) (ANCOVA with group, age and
Fisher post hoc corrections). TCV in the autism without regression group (ASD-nREG) did not differ from TD. There were no group differences for the females.
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Nordahl et al. PNAS | December 13, 2011 | vol. 108 | no. 50 | 20197

N
EU

RO
SC

IE
N
CE



regression did not differ from typically developing controls.
Moreover, brain enlargement was not observed in girls with
ASD, regardless of autism onset status. These findings provide
suggestive evidence that the biological underpinnings of early
onset and regressive forms of autism are different.

Behavioral Correlates of Abnormal Brain Enlargement. Although
there is ample evidence for an altered trajectory of brain growth
during the first years of life (7), relatively little is known about
the behavioral correlates of this altered trajectory. There is some
evidence that increased head circumference is associated with
increased autism severity and that macrocephaly may be asso-
ciated with a delay in the onset of language (15), but clear and
consistent associations have not been reported. MRI studies of
brain enlargement in young children also have not shown any
clear correlations with autism severity (12).
In the current study, we found an association between brain

enlargement and regressive autism. The rate of regression in our
sample of children with autism was 54%, which is similar to that
of recent large-scale population-based studies (21, 22). Our head
circumference findings are consistent with the notion that ac-
celeration of head growth precedes onset of behavioral symp-
toms (10). We observed an increase in rate of head growth in
children with regressive autism as early as 4–6 mo of age. By 18
mo of age, head size was 5% larger in children with regressive
autism than typically developing controls. At age 3, total brain
volume remained about 6% larger. Thus, accelerated growth
appears to have taken place during the first 18 mo and thereafter
the rate of further growth came in line with that of typically
developing children. Importantly, these differences in brain size
were observed even after controlling for age, sex, body mass
index, and DQ.
To our knowledge, onset status has not been investigated in

relationship to brain volume in previously published MRI studies
of autism. One head circumference study of 28 males with autism
(11 with regression) did not report an association between onset
status and rate of head growth in the first year of life (19). It is
likely that the substantially larger sample size and retrospective
longitudinal data in the present study provided greater statistical
power to detect differences in the pattern of head growth.

Brain Development in Girls with Autism. Very little is known about
the neuropathology of autism in females. There is some pre-
liminary evidence suggesting that girls have similar (23) and
possibly even more pronounced volumetric differences than boys
(13, 24, 25). However, sample sizes in these studies are quite
small, with fewer than 10 girls with autism in each study. The
sample size of girls in the current study is the largest reported to
date (n = 22 ASD, 24 TD). Interestingly, we found no

differences in growth trajectory or brain size from birth to 3 y of
age regardless of onset status. Clearly, additional studies with
even larger sample sizes are needed to elucidate the neuropa-
thology of autism in females. On the basis of available literature
and results from the current study, it is likely that the pattern of
pathology is different in females than in males.

Limitations. One limitation of the present study is the sole re-
liance on parent report for establishing onset status. Recent
papers have pointed out significant complexities in defining and
measuring the onset of autism symptoms (18). Studies have
demonstrated relatively low correspondence between parent
report of onset and home videotape evidence of symptom tra-
jectories (26), with one study showing that 45% of participants
clearly demonstrated a regression on videotape that was not
reported by parents (27). Similarly, a recent prospective study
found that regression was evident in many infants who were
developing autism but was reported by only a minority of parents
(28). It may be, therefore, that some of the children character-
ized in the no-regression group in the current study may more
appropriately be considered to be in the regressive group. Thus,
we must be cautious in our interpretations of the current data,
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represent the growth trajectories of the brains of individuals in this study.
Bold lines indicate the piecewise linear longitudinal model fit to each clinical
group separately. Results from the longitudinal analysis confirm that the
ASD-REG group is larger than the TD and ASD-nREG groups.

Table 3. Cross-sectional differences in head circumference (cm) from typical development
adjusted for age, group, and sex

Age, mo 0.0–1.9 2.0–3.9 4.0–5.9 6.0–7.9 8.0–9.9 10.0–12.9 13.0–15.9 16.0–18.9

ASD-nREG cm — — — — — 0.72 — 2.02
% — — — — — 1.55 — 4.32
Effect size — — — — — 1.82 — 1.56
P value* NS** NS NS NS NS 0.0363 NS 0.0611
ASD-REG cm — — 0.856 1.035 1.452 1.10 0.54 2.46
% — — 2.02 2.35 3.15 2.37 2.86 5.27
Effect size — — 2.35 3.03 2.96 3.58 1.45 2.80
P value* NS NS 0.023 0.003 0.005 0.0006 0.154 0.007
Sample size TD 87 34 31 30 14 32 25 14
ASD-nREG 64 21 19 17 18 19 20 18
ASD-REG 77 31 29 27 18 29 18 18

ASD-EO, early onset autism. For other definitions, see Table 1 legend. *Uncorrected, two-sided; **NS, P > 0.20.
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and replication, preferably using prospective direct observational
methods of classifying onset, is needed. Nevertheless, parent
report remains the most practical method of defining autism
onset at the present time. Moreover, our strategy of using both
the Autism Diagnostic Interview- Revised (ADI-R) and Early
Development Questionnaire (EDQ) with additional parent
interviewing to reconcile differences hopefully increased the
reliability of parent report in the current study. The robust dif-
ferences in brain growth trajectory of the different onset groups
suggest there may well be an association between onset and
neurobiological underpinnings that has emerged despite poten-
tial noise in the assays.
In addition, further exploration of head growth trajectories in

the first 2 y of life is needed. The sample sizes for the head
circumference analyses in the current study cover the first 2 mo
of life predominantly. A more comprehensive study of longitu-
dinal head circumference measurements would be informative.

Implications and Future Directions. This study highlights the com-
plexity and heterogeneity of autism. We have found that a com-
monly reported biological feature of autism, abnormal brain
enlargement, is mainly present in a subset of male children with
regressive autism. Investigations of how different genetic under-
pinnings or immunological profiles may map onto our findings are
important next steps. In fact, the overarching goal of this research
is to identify more homogeneous subgroups of individuals with
autism to facilitate analysis of the etiology of each type. Ongoing
imaging studies with this cohort of subjects that examine additional
aspects of brain structure and function, such as white matter mi-
crostructure and connectivity, will very likely shed light on addi-
tional neural phenotypes that may relate to other behavioral or
biological aspects of autism. Thus, whereas the children with early
autism onset did not differ from typically developing controls with
respect to brain growth trajectory and total brain volume at age 3,
this does not imply that these children have normal brain de-
velopment, but rather that changes are likely more subtle than
what is detectable with these relatively gross volumetric measures.
Similarly, females with autism did not exhibit abnormal brain en-
largement or trajectory of growth, but another aspect of brain
development or function must be altered.
The major finding of this study is that a subset of boys with

regressive autism have normal head circumference at birth,
which diverges from normality around 4–6 mo of age, well before
any loss of skills were documented. Thus, rapid head growth
beginning around 4–6 mo of age may be a risk factor for future
loss of skills. Furthermore, whereas behavioral regression in
autism usually occurs between 12 and 24 mo of age, we found
that the brain changes that are associated with this form of au-
tism begin as early as 4 mo of age. This calls into question the
association of pediatric vaccinations, in particular the measles,

mumps, and rubella (MMR) vaccine, administered close to the
time of regression as a causal factor in the disorder. Clearly,
additional studies need to be conducted to elucidate the precise
neural underpinnings of this rapid head growth that precedes the
behavioral onset of regressive autism.

Materials and Methods
Participants. Subjects were enrolled in the Autism Phenome Project. At study
entry, height, weight, and occipitofrontal circumference were measured by
trained study personnel. Diagnostic instruments included the ADOS-G (29, 30)
and the ADI-R (31). Diagnostic criteria for ASD were based on the Collabo-
rative Programs of Excellence in Autism network. Participants met ADOS
cutoff scores for either autism or ASD. In addition, the participants were
over the ADI-R cutoff score for autism on either the social or communication
subscale and within two points of this criterion on the other subscale. An
ADOS severity score was calculated (32), which allows for comparison of
autism severity across participants tested with different ADOS-G modules.

Developmental ability was obtained for all participants using the Mullen
Scales of Early Development (MSEL) (33). A DQ was calculated as the average
of the age equivalent scores on the visual reception, fine motor, receptive
language, and expressive language scales, divided by chronological age,
multiplied by 100.

For TD controls, inclusion criteria were developmental scores within two
SDs on all scales of the MSEL. In addition, TD children were screened and
excluded for autism using the Social Communication Questionnaire (SCQ-
Lifetime Edition) (scores > 11).

All children were native English speakers, ambulatory, and had no sus-
pected vision or hearing problems or known genetic disorders, and/or other
neurological conditions. In the ASD group, one child with fragile X syndrome
and five with a history of abnormal EEGs were excluded. Additional exclu-
sionary criteria included physical contraindications to MRI. This study was
approved by the University of California (UC) Davis Institutional Review
Board, and informed consent was obtained by the parent or guardian of
each participant.

Onset Status. Onset classification was determined using the ADI-R (18). To
be classified in the ASD-REG group, parents had to indicate that their child
had acquired and then lost at least five words and/or demonstrated losses
in social engagement, social responsiveness, and social interest. Parents of
children classified as ASD-nREG, indicated that their child had not lost such
language and social abilities. For validation purposes, the EDQ (34), a set
of 70 questions that detail development and regression over the first 18
mo of life, was also administered. If parents gave inconsistent responses
across the two measures, further parent interviewing was done to resolve
the inconsistencies.

Imaging. Scans were acquired during natural, nocturnal sleep (35) at the UC
Davis Imaging Research Center on a 3T Total Imaging Matrix (TIM) Trio
whole-body MRI system (Siemens Medical Solutions) using an eight-channel
head coil. Success rate in acquiring images during natural sleep was 85%.

For each participant, a 3D T1-weighted magnetization prepared rapid
acquisition gradient echo (MPRAGE) scan (TR 2170 ms; TE 4.86 ms; matrix
256 × 256; 192 sagittal slices, 1-mm isotropic voxels) was obtained. A T2-
weighted scan was also obtained for clinical evaluation when possible (i.e.,
when the child remained asleep). All MPRAGE and available T2 scans were
reviewed by a pediatric neuroradiologist and screened for significant, un-
expected clinical findings. A calibration phantom (Magpham Alzheimer’s
Disease Neuroimaging Initiative; Phantom Laboratory) was scanned at the
end of each MRI session using an MPRAGE pulse sequence matched to the
study sequence. The phantom was used to derive a 3D image distortion map
for each child’s MRI scan. Distortion correction was then carried out on each
participant’s images (Image Owl). This distortion correction step ensures
accuracy in volumetric measurements of TCV by removing any distortion
associated with scanner hardware or head placement.

Total Cerebral Volume. Image preprocessing included removing nonbrain
tissue (36), and correcting inhomogeneity (37). TCV was measured using a
template-based automated method. Each participant image was warped
to a study-specific template. A mask, with the brainstem and cerebellum
removed, was created on the template by carrying out a manual tracing of
the cerebrum (38). The mask was applied to all participant images. Images
were transformed back to native space and TCV was calculated. This auto-
mated protocol was validated by carrying out reliability checks with 10
manually defined volumes. Intraclass correlation coefficient was 0.98.

Table 4. Results of longitudinal mixed-effects model for male
head circumference

TD (mean ± SD) cm

At birth At 4.0–5.0 mo
34.6 ± 1.8 42.8 ± 1.4

Covariate Effect SE P value

ASD-nREG (cm) 0.57 0.37 0.128
ASD-REG (cm) 1.13 0.32 0.001
Age < 4.5 mo (cm/mo) 1.80 0.05 <0.001
Age ≥ 4.5 mo (cm/mo) 0.44 0.02 <0.001
ASD-nREG x age (<4.5 mo) 0.21 0.07 0.003
ASD-REG x age (<4.5 mo) 0.14 0.06 0.021

See Table 1 legend for definitions.
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Head Circumference. Retrospective head circumference measurements were
obtained from pediatric medical records (i.e., well-baby visits) obtained
through the APP. Birth head circumference measurements were obtained
from labor and delivery records. Occipitofrontal measurements were ab-
stracted from the medical records.

Biostatistical Analysis. Cross-sectional analyses of TCV and head circumference
were performed by using multiple linear regression (ANCOVA) that included
age, sex, BMI, DQ, and group as covariates. Longitudinal time series of in-
dividual head circumference growth in males from birth through 18 mo
were analyzed using a piecewise linear longitudinal random-effects model
(39). Our model set a change point at 4.5 mo, consistent with the initial
cross-sectional analysis and verified in the longitudinal data. The piecewise
linear model yielded a better and more interpretable fit than did a quadratic
age model of equal complexity (having an equal number of model param-
eters) or higher-order polynomials with change points. An additional

advantage of the piecewise linear model was that a quadratic fit was not
forced at age extremes (birth and 18 mo), thus avoiding potential bias at the
endpoints. For all analyses, a uniform application of the Akaike information
criterion (40) determined the inclusion and exclusion of covariates to yield
the simplest, best-fitting models among all other choices.
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Autism Spectrum Disorder (ASD) 

Signs and Symptoms of Autism Spectrum Disorders 

Español (Spanish)

Example of Range of Symptoms 

Following the chart below – a person 

might have average intelligence, have little 

interest in other people, use limited verbal 

language, experience intense self-

stimulatory behaviors such as hand-

flapping, under-react to pain and over-

react to sounds, have very good gross 

motor skills, and have weaknesses in fine 

motor skills. These symptoms may vary 

widely from person to person. 

Autism spectrum disorder (ASD) is a 

developmental disability caused by 

differences in the brain. Scientists do not 

know yet exactly what causes these 

differences for most people with ASD. 

However, some people with ASD have a 

known difference, such as a genetic 

condition. There are multiple causes of 

ASD, although most are not yet known. 

There is often nothing about how people 

with ASD look that sets them apart from 

other people, but they may communicate, 

interact, behave, and learn in ways that are 

different from most other people. The 

learning, thinking, and problem-solving abilities of people with ASD can range 
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from gifted to severely challenged. Some people with ASD need a lot of help in 

their daily lives; others need less. 

A diagnosis of ASD now includes several conditions that used to be diagnosed 

separately: autistic disorder, pervasive developmental disorder not otherwise 

specified (PDD-NOS), and Asperger syndrome. These conditions are now all 

called autism spectrum disorder. 

ASD begins before the age of 3 and last throughout a person’s life, although 

symptoms may improve over time. Some children with ASD show hints of future 

problems within the first few months of life. In others, symptoms may not show 

up until 24 months or later. Some children with an ASD seem to develop normally 

until around 18 to 24 months of age and then they stop gaining new skills, or 

they lose the skills they once had. Studies have shown that one third to half of 

parents of children with an ASD noticed a problem before their child’s first 

birthday, and nearly 80%–90% saw problems by 24 months of age. 

It is important to note that some people without ASD might also have some of 

these symptoms. But for people with ASD, the impairments make life very 

challenging. 

Possible “Red Flags” 

A person with ASD might: 

 Not respond to their name by 12 months of age

 Not point at objects to show interest (point at an airplane flying over) by 14

months

 Not play “pretend” games (pretend to “feed” a doll) by 18 months

 Avoid eye contact and want to be alone

 Have trouble understanding other people’s feelings or talking about their own

feelings

 Have delayed speech and language skills

 Repeat words or phrases over and over (echolalia)

 Give unrelated answers to questions

 Get upset by minor changes

 Have obsessive interests

 Flap their hands, rock their body, or spin in circles



 Have unusual reactions to the way things sound, smell, taste, look, or feel

Social Skills 

Social issues are one of the most common symptoms in 

all of the types of ASD. People with an ASD do not have 

just social “difficulties” like shyness. The social issues they 

have cause serious problems in everyday life. 

Examples of social issues related to ASD: 

 Does not respond to name by 12 months of age

 Avoids eye-contact

 Prefers to play alone

 Does not share interests with others

 Only interacts to achieve a desired goal

 Has flat or inappropriate facial expressions

 Does not understand personal space boundaries

 Avoids or resists physical contact

 Is not comforted by others during distress

 Has trouble understanding other people’s feelings or talking about own

feelings

Typical infants are very interested in the world and people around them. By the 

first birthday, a typical toddler interacts with others by looking people in the eye, 

copying words and actions, and using simple gestures such as clapping and 

waving “bye bye”. Typical toddlers also show interests in social games like peek-

a-boo and pat-a-cake. But a young child with an ASD might have a very hard 

time learning to interact with other people. 

Some people with an ASD might not be interested in other people at all. Others 

might want friends, but not understand how to develop friendships. Many 

children with an ASD have a very hard time learning to take turns and share—

much more so than other children. This can make other children not want to play 

with them. 

People with an ASD might have problems with showing or talking about their 

feelings. They might also have trouble understanding other people’s feelings. 

Many people with an ASD are very sensitive to being touched and might not 



want to be held or cuddled. Self-stimulatory behaviors (e.g., flapping arms over 

and over) are common among people with an ASD. Anxiety and depression also 

affect some people with an ASD. All of these symptoms can make other social 

problems even harder to manage. 

Communication 

Each person with ASD has different communication skills. Some people can speak 

well. Others can’t speak at all or only very little. About 40% of children with an 

ASD do not talk at all. About 25%–30% of children with ASD have some words at 

12 to 18 months of age and then lose them.1 Others might speak, but not until 

later in childhood. 

Examples of communication issues related to ASD: 

 Delayed speech and language skills

 Repeats words or phrases over and over (echolalia)

 Reverses pronouns (e.g., says “you” instead of “I”)

 Gives unrelated answers to questions

 Does not point or respond to pointing

 Uses few or no gestures (e.g., does not wave goodbye)

 Talks in a flat, robot-like, or sing-song voice

 Does not pretend in play (e.g., does not pretend to “feed” a doll)

 Does not understand jokes, sarcasm, or teasing

People with ASD who do speak might use language in unusual ways. They might 

not be able to put words into real sentences. Some people with ASD say only one 

word at a time. Others repeat the same words or phrases over and over. Some 

children repeat what others say, a condition called echolalia. The repeated words 

might be said right away or at a later time. For example, if you ask someone with 

ASD, “Do you want some juice?” he or she might repeat “Do you want some 

juice?” instead of answering your question. Although many children without an 

ASD go through a stage where they repeat what they hear, it normally passes by 

three years of age. Some people with an ASD can speak well but might have a 

hard time listening to what other people say. 

People with ASD might have a hard time using and understanding gestures, body 

language, or tone of voice. For example, people with ASD might not understand 
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what it means to wave goodbye. Facial expressions, movements, and gestures 

may not match what they are saying. For instance, people with an ASD might 

smile while saying something sad. 

People with ASD might say “I” when they mean “you,” or vice versa. Their voices 

might sound flat, robot-like, or high-pitched. People with an ASD might stand 

too close to the person they are talking to, or might stick with one topic of 

conversation for too long. They might talk a lot about something they really like, 

rather than have a back-and-forth conversation with someone. Some children 

with fairly good language skills speak like little adults, failing to pick up on the 

“kid-speak” that is common with other children. 

Unusual Interests and Behaviors 

Many people with ASD have unusual 

interest or behaviors. 

Examples of unusual interests and 

behaviors related to ASD: 

 Lines up toys or other objects

 Plays with toys the same way every time

 Likes parts of objects (e.g., wheels)

 Is very organized

 Gets upset by minor changes

 Has obsessive interests

 Has to follow certain routines

 Flaps hands, rocks body, or spins self in circles

Repetitive motions are actions repeated over and over again. They can involve 

one part of the body or the entire body or even an object or toy. For instance, 

people with an ASD might spend a lot of time repeatedly flapping their arms or 

rocking from side to side. They might repeatedly turn a light on and off or spin 

the wheels of a toy car. These types of activities are known as self-stimulation or 

“stimming.” 



People with ASD often thrive on routine. A change in the normal pattern of the 

day—like a stop on the way home from school—can be very upsetting to people 

with ASD. They might “lose control” and have a “melt down” or tantrum, 

especially if in a strange place. 

Some people with ASD also may develop routines that might seem unusual or 

unnecessary. For example, a person might try to look in every window he or she 

walks by a building or might always want to watch a video from beginning to 

end, including the previews and the credits. Not being allowed to do these types 

of routines might cause severe frustration and tantrums. 

Other Symptoms 

Some people with ASD have other symptoms. These might include: 

 Hyperactivity (very active)

 Impulsivity (acting without thinking)

 Short attention span

 Aggression

 Causing self injury

 Temper tantrums

 Unusual eating and sleeping habits

 Unusual mood or emotional reactions

 Lack of fear or more fear than expected

 Unusual reactions to the way things sound, smell, taste, look, or feel

People with ASD might have unusual responses to touch, smell, sounds, sights, 

and taste, and feel. For example, they might over- or under-react to pain or to a 

loud noise. They might have abnormal eating habits. For instance, some people 

with an ASD limit their diet to only a few foods. Others might eat nonfood items 

like dirt or rocks (this is called pica). They might also have issues like chronic 

constipation or diarrhea. 

People with ASD might have odd sleeping habits. They also might have abnormal 

moods or emotional reactions. For instance, they might laugh or cry at unusual 

times or show no emotional response at times you would expect one. In addition, 

they might not be afraid of dangerous things, and they could be fearful of 

harmless objects or events. 



Development 

Children with ASD develop at different rates in 

different areas. They may have delays in language, 

social, and learning skills, while their ability to walk 

and move around are about the same as other 

children their age. They might be very good at 

putting puzzles together or solving computer 

problems, but they might have trouble with social 

activities like talking or making friends. Children 

with an ASD might also learn a hard skill before 

they learn an easy one. For example, a child might 

be able to read long words but not be able to tell 

you what sound a “b” makes. 

Children develop at their own pace, so it can be difficult to tell exactly when a 

child will learn a particular skill. But, there are age-specific developmental 

milestones used to measure a child’s social and emotional progress in the first 

few years of life. To learn more about developmental milestones, visit “Learn the 

Signs. Act Early,” a campaign designed by CDC and a coalition of partners to 

teach parents, health care professionals, and child care providers about early 

childhood development, including possible “red flags” for autism spectrum 

disorders. 
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Abstract 
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Introduction 

That the occurrence of autism has risen steadily in the last decades is not in dispute. Prior to the 1930's and the introduction of 

vaccinations autism was unknown. By 1968 in the UK, when Polio and DPT vaccines were given at 6 and 7 months autism was 

very rare. In 1988, when Polio and DPT was given at 3 months, DPT at 5 months and MMR at c13 months autism rates were still 

low. In 1996, when Polio and DPT/HIB injections were given at 2, 3 and 4 months, followed by MMR at c13 months autism 

rates began rising rapidly. By 2006 the occurrence of autism had reached pandemic proportions. In the period shortly before the 

1980's the occurrence of autism was estimated to be circa 3-5 per 10,000; the majority having autism from birth[1]. Since the 

introduction of multiple vaccines the prevalence of autism has increased to an estimated 1 in 166 i.e. 60 per 10,000. Furthermore 

the trend is that of a continued increase. Some British teachers are claiming to see ASD in one in every 86 children[2]. This is 

supported by research which suggests that one in 100 British children may have some form of autism[3] and that ASDs are more 

prevalent than hitherto imagined[4] i.e. only severe cases of autism are recorded in the statistics. Such claims have been 

dismissed as mere speculation on the basis that there is not yet definitive proof of such claims however the perceived lack of 

evidence does not indicate that proof does not exist[5,6]. It may indicate that the understanding of the condition remains ‘beyond 

the prevailing level of knowledge’ (Table 1) [7]. 

Table 1 
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By 1985 the incidence of regressive autism had equalled that from birth. By 1997 both types had increased although the 

regressive form was now >75% of the total occurrence. This suggests that an acquired condition was overtaking birth defects or 

purely genetic conditions. Autism affects four boys to every girl[10]. By contrast Autism appears not to occur in communities 

which do not use vaccines[11]. It occurs in immigrants from tropical climates who appear to have greater familial predisposition 

to autism[12] e.g. among Somali students in Minneapolis there was a rate of 1 in 28 (which compares with the local average of 1 

in 56). This is more than five times the national rate of 1 in 150. Since the 1960's the number of vaccines given to a child before 

entering school has risen to c33. In children born to military families the occurrence of autism may now be as low as 1 in 67. In 

the vast majority of cases, the emergence of autistic indications appears to happen in children who had developed 

normally[10,13,14], and before three years[15,16]. The development of normal immune function appears to cease in the second 

year and is linked to the schedule of vaccines[17] and/or the MMR vaccine[18,19]. The consequences to society are estimated at 

c£2.4M in an autistic child's lifetime[20] which, if it continues to increase as many predict, will impose an unsustainable financial 

burden upon healthcare, education and social welfare systems. 
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The Systemic Nature of Physiology and Function 

The body is a bio-dynamic, wholistic 

and systemic organism. It responds to 

sensory input which enables the 

autonomic nervous system thereby 

influencing behavior, the regulation 

of physiological systems, and 

function of the visceral organs (Fig. 

1). The established association 

between visual perception, the 

autonomic nervous system, 

physiological systems, and 

biochemistry[21] raises issues which 

may be relevant to autism research. 

 Different diseases are

associated with

differing colour

perception[22] e.g. a

yellow-blue deficit in

diabetes[23], etc

 Different drugs are

associated with altered

color perception[24].

 Enzymes/Proteins are

active in the visual

spectrum[25,26].

 Suppressed immune

function affects

cognition[27]. In

particular, t-cell

deficiency (a common

indicator of stress) is

linked to cognitive

dysfunction.

Any form of biochemical variation 

must therefore influence sense 

perception, sensory coordination and 

cognitive function. The existence of 

the physiological systems is not in 

doubt although there is not universal 

agreement on their structure. There is 
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wide recognition that they regulate the function of organs (in each system), and that there are higher and lower levels for each 

system (homeostatic limits), however such systems remain an elusive and under-researched area of medicine. The Russian 

researcher I.G.Grakov[28,29] has mathematically modelled the consequences of cognition upon the autonomic nervous system 

and physiological systems. This included identifying and mapping the nature and structure of the physiological systems (Table 

2). 

Table 2 

Typical Physiological Systems 

Go to: 

Physiological Systems 

Sleeping, Breathing, Digestion, Excretion, Osmotic Pressure, Blood Pressure, Blood Cell Content, Blood Volume, Blood Glucose 

, Sexual Function, pH, Temperature, Posture and Locomotion. See Table 2. 

Such an explanation is highly inclusive and complete by comparison to the currently accepted but exclusive and limited 

explanation. The essential functions of temperature, sleeping and pH are now included; excretion is not limited to urination; 

whilst blood cell content (and other related systems) comprise what has hitherto been regarded as the immune system. Absorption 

of nutrients is influenced by system function including (but not limited to) blood pressure, blood volume, blood cell content, pH, 

temperature, etc. Elimination of toxins is similarly influenced by the complexities of system function. 

The brain manages the autonomic nervous system and the function of the physiological systems. In addition, the brain waves are 

in a dynamic relationship with molecular biochemistry illustrating how drugs can be used to influence the body's biochemistry in 

order to act upon the symptoms of disease and how brain wave technologies such as neurofeedback can be used to alter the brain 

waves, physiological systems, organs, cells and molecular bio-chemistry. 

Such systems regulate the function of the body's biochemistry e.g. (1) Most enzymatic reactions in the body are temperature 

dependent and catalysed by Magnesium. (2) The body requires maintenance of pH within a narrow operating range, and also the 

supply of minerals and vitamins/cofactors, to catalyse protein-substrate reactions in the body. (3) Appropriate blood volume, 

blood pressure, blood cell content and pH are required to ensure optimal absorption of minerals, vitamins, fatty acids from the 

intestines. 

It is increasingly accepted that the synchronised activity of groups of neurons[30] in functionally coherent structures (the 

physiological systems), which exist in the brain and the body, synchronise their electrical impulses[31]. This may be evident 

when noting the evoked visual potentials, indicative of neural synchronisation, which are atypical in autism[32] and which may 

be part of the processes influencing sense perception (figure 1), sense coordination, memory[33], learning, etc. If so, this 

indicates that sensory input through the neurovisual pathways is integrated into actions, behaviour and movement and that 

learning requires synchronised activity between the brain, sensory organs[34–36], and visceral organs. This is severely disrupted 

in the autistic[37]. Autism affects the function of all of the brain[38–40]. It is a neurobiologic, multi-systemic disorder i.e. 

affecting the function of every organ but not necessarily its structures[41]. It affects all aspects of the autonomic nervous system 

and hence influences all aspects of brain's function including that of neural networks involved in learning, memory, the function 

of the senses and the visceral organs. 

The cerebellum, considered to be implicated in autistic spectrum disorders[42] comprises an estimated 50% of the brain's total 

processing capacity yet its role is not clear or understood[43]. It is involved in the accumulation of sensory data from the internal 

environment, including the organs in the body and those in the brain (including the sensory organs), thus distinguishing between 

sensory input from the external environment (a significant function of the cerebrum) and that of the biochemistry affecting the 

function of every organ (a significant function of the cerebellum), including the cerebellum. Such a role includes the processing, 

regulation and distribution of this data, through structures such as the Purkinje cells in the cerebellum which are attached by 

nervous structures to every part of the body. This includes the receipt of biosignals involved in the processes of movement, 

coordination and balance. Impaired flow of data to the brain via the cerebellum (and brainstem) may lead to functional problems 

affecting the body's fine control of e.g. balance, coordination, etc. Movement and balance involve the coordinated function of all 

body systems and organs and are coordinated by (1) sensory feedback from the external and internal environments and (2) the 

allocation of energy resources to and from each organ. They are dependent upon the precise nature, and timing, of data about 

each organ being provided to and by the cerebrum andcerebellum. This illustrates how the brain determines behaviour and 

actions appropriate to developing situations. It illustrates how changes at the organ, cell or molecular level influence brain 

function and vice-versa. 
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There are indications of cerebellar dysfunction in autism[44]. Inhibited flow of data to the cerebellum may be followed by 

developmental decay, cerebellar dysfunction[45,46], and reduced size of brain-stem. This is equivalent to the ‘use it or lose it’ 

phenomena affecting muscle tone and function. 

Without cognitive input the brain cannot and does not function. Disease and drugs create cognitive dysfunction, altered sense 

perception, in particular affects visual perception. Accordingly, vaccines must also influence sense perception and coordination. 

Vaccines have a long-term influence and hence may have a more pervasive influence upon sense perception. 

Our cognitive function depends upon the extent and coordination of sense perception i.e. between the eyes, ears, nose, mouth and 

skin. Genetic and/or environmental influences affect sense perception, the degree of sensory coordination and ultimately our 

connectedness with the surrounding world. Visual function is linked to the primary mechanism (rods, cones and pigments) but is 

also influenced at the biochemical level – noted by how pathology and drugs alter color perception[22,47] and affect the 

magnocellular and parvocellular neurovisual pathways which alter color perception and visual contrast. This influences the 

stability and function of the autonomic nervous system[48] and alters the processes of memory fixation, concentration, and 

behavior[49]. 

Anyone contracting disease e.g. measles, mumps, rubella, tetanus, etc; experiences altered visual perception therefore a 

weakened strain of the disease e.g. in vaccines, must also influence visual perception/cognition. Chronic disease is also 

accompanied by significant cognitive dysfunction and influences the coordination and processing of sense signals by the brain. 

The greater the number of illnesses, drugs or vaccines[50] the greater the alteration to the body's biochemistry therefore the 

greater its influence upon sense function and the degree of sensory distortion. It influences the autonomic nervous system and 

physiological systems and hence the coordination and function of every organ – visceral and sensory. This is a significant feature 

of autism[51,52]. 

Almost all diseases are linked to cognitive and behavioral disorders. Conversely, behavioral traits are influenced by biochemistry 

e.g. testosterone, oestrogen, cortisol, oxytocin, adrenaline, etc. Oxytocin influences the formation of social bonds influencing

social engagement and attachment - which are dysfunctional in the autistic child[53–57].
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Autonomic nervous system dysfunction? 

In general problems with the stability of the autonomic nervous system[21,58] can be expected to be manifest as follows: 

 Loss of Sense perception and Sensory Coordination

 System dysfunction (e.g. influencing breathing, blood pressure, heart rate, etc)

 Behavioural dysfunction (including learning problems, information feedback)

 Problems with Diet and Elimination (of toxins and wastes)

 Impaired and/or Delayed Neural Development

 Atypical brain waves

These are prevalent in autism. 
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Evidence of Systemic Dysfunction in Autism 

Multi-systemic dysfunction is associated with a wide range of physiological disorders e.g. diabetes and obesity[59], cancer, 

cardiovascular disorders, pre-eclampsia, dyslexia[60], depression, etc. It affects the central[39] and autonomic nervous system in 

autistic children[61]. Systemic dysfunction in Autism includes that of temperature, blood cell content and immune function[62], 

blood pressure[63,64], digestion, excretion, posture and locomotion, sleep[65–67], pH, breathing; respiration rates, lower skin 

temperature. Each influences metabolic rate[68]. Autonomic dysfunction has also been linked to problems with appetite, 

swallowing food, nausea, recurrent vomiting, and abdominal bloating; constipation or diarrhoea; dry eyes, dilated pupils; dry 

skin, flushed skin following a meal, abnormal sweating, and unexplained high fevers; sleep apnoea, insomnia; bed-wetting, 

difficulty urinating, difficulty potty-training; altered perception of pain, sensory defensiveness, poor socialisation skills, anxiety, 

phobias, tics, emotional instability; and light intolerance. That autistic seizures are often linked to neural blood flow[69–71] is 

supported by fact that medications used to raise or lower blood pressure can alter the occurrence of seizures and improve sleep in 

the autistic child. 
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Autism affects sensory processing and sensory coordination[72] which is manifest in various ways e.g. tactile perception[73], 

vision[74], hearing[75], and smell. Autistic children may also display synaesthesia in which sensations become confused with 

one another[76]. Sounds may be experienced as touch or as visual stimulation e.g. autistic children may cover their eyes when 

they hear a loud sound. That autistic children have such sensory synaesthesia and sensitivity may indicate that their brains have 

extreme problems with sensory processing, regulation and coordination[77,78,60]. 

Go to: 

Vaccines and Vaccine Side-effects 

Background 

The introduction of modified live viruses as vaccines enable the virus to attach its genetic material into the cell which replicates 

i.e. the host cell continues to function whilst producing the viral protein. This stimulates the production of antibodies. Under

normal circumstances exposure to a viral disease would be countered (in vivo) at various levels enabling the body to steadily

increase its immune response. By contrast, the injection of vaccines directly into the blood system overpowers the normal

immune response leading to its rapid depletion. It is now suspected that long-term persistence of viruses and other proteins may

produce chronic disease i.e. instead of producing a genuine immunity the vaccines are altering the body's systemic and

biochemical stability, suppressing the production of differing types of white blood cells and hence immune function. Furthermore

the introduction of many vaccines (up to 30 in a typical vaccination schedule) introduces a large number of foreign proteins

which may be sufficient to ensure that immune function never returns to baseline and/or that immune biochemistry is

fundamentally altered[62]. Consequently there now exists a growing concern which links immunizations to the huge increase in

recent decades of auto-immune diseases[79] e.g., rheumatoid arthritis[80,81], multiple sclerosis, lupus erythematosus, lymphoma,

leukemia, autoimmune demyelinative optic neuritis, diabetes mellitus, etc.

Vaccinations influence the balance of viral scavengers[82,83]. They suppress the production of b-cells, t-cells, etc. The 

synergistic action of these cells impairs antibody formation and becomes less effective in phagocytosis. This influences 

recognition of viral pathogens, leads to the progressive failure of immune function and hence to the increased incidence of auto-

immune disease which we note as allergies[84–86] and immunodeficiency[87]. 

Some vaccinations have a greater effect than others e.g. Hib vaccine, pertussis vaccine[88–90], measles vaccine[91], etc. Indeed 

some articles indicate that the use of such vaccines can reliably induce asthma[92] by moderating adrenergic function[93]. 

Modified live viruses alter the structure and function of DNA. Each virus is a large molecule therefore its spatial arrangement 

must be influenced by its biochemistry which influences cross-helical structures and linkages within the DNA helix. Accordingly 

it is inevitable that the steady accumulation of such foreign proteins arising from an intensive vaccine programme will reach the 

stage where it significantly weakens DNA, gene, and chromosome structure and function. The prevailing reaction conditions - the 

consequence of protein expression which has been influenced by previous vaccines - will also affect the introduction of each 

modified live virus. Each will depress immune function. The greater the number of viruses and foreign proteins (1) the greater the 

influence upon immune function and the time required for recovery from each vaccination; (2) the greater their influence upon 

DNA, gene and chromosome structure and function, the greater will be the risk of protein inhibition, system dysfunction, 

reproduction, etc. 

The greater the amount of vaccines, introduction of foreign proteins and hence of alterations to the body's biochemistry the 

greater the risk that the body's immune function no longer recognizes or responds to existing vaccines or diseases[94] and/or that 

its immune response has been altered[95] and/or that sugar chains attached to an antibody alters its ability to bind to its 

receptors[96]. This may lead to mutated forms of disease[97–104] e.g. the reemergence of whooping cough[105], and a 

differentiated disease profile e.g. up to 30 per cent of individuals with a persistent cough are infected with B. pertussis[106]. 

Furthermore enhanced susceptibility to virus infection by vaccines is documented[107]. This could enable tougher strains to 

flourish[108]. 

Vaccines are not entirely safe. The currently used vaccines are merely less unsafe than previous vaccines[109,110] e.g. 

 The Urabe strain of mumps vaccine in the MMR vaccine was replaced by the Jeryl Lynn mumps strain in

response to reports from Japan linking the Urabe strain used, in the MMR vaccine, with high levels of

meningoencephalitis.

 The Pluserix-MMR and Immramax-MMR vaccines were withdrawn because of reports of mild transient

meningitis. The withdrawal of the smallpox vaccination led to a reduction in the incidence of TB.

 The Rubini vaccine continues to be used in some European territories although discredited[111].

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref72
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref73
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref74
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref75
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref76
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref77
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref78
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref60
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref62
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref79
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref80
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref81
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref82
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref83
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref84
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref86
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref87
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref88
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref90
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref91
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref92
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref93
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref94
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref95
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref96
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref97
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref105
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref106
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref107
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref108
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref109
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref110
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref111


 Leningrad-Zagreb strain is commonly used in developing countries, and may have superior efficacy when used

during epidemics[112,113].

 Different strains of disease have different safety profiles[114]

 Different strengths of vaccine[115] carry risks which affect age groups or sexes differently.

 There are concerns over the use of whole-cell vaccines[116,117] although some argue that acellular vaccines are

less effective[118].

 Sudden Infant Death Syndrome has been largely eradicated following withdrawal of the pertussis vaccine in

Sweden and Japan.

 Side-effects arising from vaccination are associated with the onset of autoimmune disease[79,119], arthritis,

diabetes mellitus, autoimmune demyelinative optic neuritis, etc.

 Sensory defects are a common side-effect of vaccines[120–122] e.g. sensori-neural hearing loss induced by the

MMR vaccine.

 Drugs inhibit the effectiveness of vaccines (see 3.3.2). Systemic glucocorticoids (steroids) suppress the immune

system and create risk of disseminated infection from live virus vaccines[123]. Vaccines may also be influenced

by levels of immune function, dietary factors, and stress[124]. Many parents of autistic children and a number of

medical experts believe the MMR vaccine is the culprit behind autism. In c15-20% of children it causes fever 7-

12 days following immunization.

Go to: 

What are the risks from the diseases against which a vaccine is meant to protect? 

Diphtheria, Polio, Tetanus, Meningitis, Pertussis 

Diptheria[125], Polio and Pertussis have largely been eradicated in the developed world although there may now be mutated 

forms of disease, a differentiated disease profile and/or an altered immune profile, which may be responsible for further 

outbreaks in vaccinated children and adults. Diphtheria is an upper respiratory tract infection characterized by sore throat and 

minor fever. It affects the central and peripheral nervous systems leading to deterioration of myelin sheaths, loss of motor control 

and sensation. Fatality rates are 5-10% although the rate of mortality may be higher for those under 5 years and over 40 years. It 

can be treated by antibiotics which prevent its transmission e.g. using erythromycin, procaine penicillin G, rifampin or 

clindamycin. Other minor complications including neck swelling, nausea, vomiting, listlessness, pallor, and a racing heart beat; 

lead to long term effects e.g low blood pressure, cardiac myopathy and peripheral neuropathy. Poliomyelitis is an infectious viral 

disease. Although c90% of polio infections are symptom-free, if the virus enters blood circulation this may lead to further 

complications. In c1% of cases, where the virus enters the central nervous system, it infects and/or destroys motor neurons 

thereby leading to muscle weakness and paralysis, usually involving the legs. Tetanus infection occurs through open wounds. It 

occurs commonly in hot, damp climates with soil rich in organic matter. It creates muscle spasms in the jaw, difficulty in 

swallowing, muscle stiffness and spasms throughout the body. The neonatal form of the disease is a significant public health 

problem in the developing and/or agricultural economies. There are about one million cases of tetanus reported each year, mainly 

in the developing world, causing an estimated 300,000 to 500,000 deaths. In the United States, there are about five deaths from 

tetanus each year. Tetanus is the only disease that is infectious but not contagious. Pertussis is a highly contagious disease. There 

are 10–90 million pertussis cases and about 600,000 deaths per year. Sixty percent of all cases occur in the developing world. In 

children it is characterized initially by mild respiratory infection symptoms before developing into the characteristic ‘whooping’ 

cough. Other complications may include encephalitis, pneumonia, and secondary bacterial infections. Naturally-acquired disease 

caused by Hib (H. influenza) appears only to occur in humans with low natural immunity[126]. In infants and young children, H. 

influenza type b may cause pneumonia, and acute bacterial meningitis. Both H. influenza and S. pneumonia can be found in the 

upper respiratory system of humans i.e. both reside naturally in the body. Alterations in the immune response; attributed to poor 

nutrition, stress or transmission; enable their proliferation with potentially serious outcomes. 

Measles, Mumps and Rubella 

Measles is largely a consequence of compromised immunity arising from poor diet and is linked to high levels of mortality[127] 

in the developing world. In developed countries, most children are immunized against measles by the age of 18 months, generally 

as part of the triple vaccine treating measles, mumps and rubella (children younger than 18 months usually retain measles 

antibodies (Immunoglobulins (Ig)) transmitted from the mother during pregnancy). The rate of mortality from measles is 

typically 0.3% however in the developing world this may be as high as 28%. The classical symptoms of measles are typically 
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fever (up to 40C), cough, coryza and conjunctivitis. Complications include mild diarrhoea, pneumonia, encephalitis, SSPC, and 

corneal ulceration or scarring. They are usually more severe amongst adults. Permanent hearing loss or damage to vision is 

recognized complications of measles. Measles has been known to occur in children with congenital rubella syndrome, and has 

been implicated in the etiology of inflammatory bowel diseases (IBDs). The more common symptoms of mumps are parotitis, 

fever (typically 38.3C), headache and orchitis[128] Other symptoms of mumps include sore face and/or ears, and loss of voice. 

Known complications of mumps include infection of other organ systems, sterility in older men, mild forms of meningitis, 

encephalitis, sensorineural hearing loss, pancreatitis, inflammation of the ovaries, and risk of spontaneous abortion during 

pregnancy. Rubella is a mild disease which often passes unnoticed[129]. The primary reason for the introduction of a vaccine is 

to prevent infection during pregnancy. The common symptoms of rubella are the appearance of a rash on the face, trunk and 

limbs (after an incubation period of 14-21 days) which usually fades after several days. Other symptoms include fever (typically 

38C), swollen glands (post cervical lymphadenopathy), joint pains, headache and conjunctivitis. Rubella is generally a mild 

disease, rare in infants or those over the age of 40. The older the person the more severe the symptoms e.g. some women 

experience arthritis type symptoms. Children exposed to rubella in the womb may show developmental delay, inhibited growth, 

hearing disabilities, diabetes, glaucoma, schizophrenia, etc. If infected during the first 12 week period of pregnancy this may lead 

to congenital rubella syndrome (CRS), which is manifest as a series of complications including spontaneous abortion and, in the 

neonate: cardiac, cerebral, ophthalmic and auditory side-effects. Known complications include prematurity, low birth weight, and 

neonatal thrombocytopenia, anemia and hepatitis. CRS is the main reason a vaccine for rubella was developed. It increases the 

risk of miscarriage or still birth in mothers who contract rubella shortly before or early in pregnancy. If the baby survives, it may 

have heart disorders, blindness, deafness, etc. CRS is manifest as sensorineural deafness, eye problems, heart disease. Other 

complications include low birth weight, mental retardation, problems with the spleen, liver and bone marrow, etc. Hepatitis B is 

difficult to catch and comes from blood or sexual contact with an infected carrier. Further, vaccine-derived immunity is thought 

to be short-lived. Hpv , an infection transmitted during sexual intercourse, clears naturally after several months/years. Mumps 

and Rubella may occur without the patient being aware that they have the disease. 

Some diseases may confer natural immunity e.g. the mumps virus may confer a degree of immunity against ovarian cancer[130–

133]. 

In summary, disease side-effects reflect the effect of the disease upon the body's functional systems i.e. upon temperature, 

digestion, excretion, etc. Typical viral fevers are circa 1-2C above the body's normal body temperature. Measles is particularly 

noteworthy because fever may reach 40C (or higher), some 3-4C above normal body temperature and just 1C below the point 

where proteins denature and at which brain death commences. 

What are the risks from the Vaccine? Typical vaccine side-effects 

There is evidence that BCG and measles vaccinations administered singly reduce child mortality[134] but that this is unrelated to 

the incidence of measles or measles deaths[135,136]. By contrast the pertussis vaccine is associated with a negative effect[137]. 

Dtap: Recorded common side-effects with the DtaP vaccine include fever, tiredness, poor appetite, vomiting and inflammation. 

Less common and more severe side-effects include distress (crying), seizures, lowered consciousness or coma, brain damage. 

MMR: Recorded common side-effects with the MMR vaccine include fever, swelling of the lymph glands, tiredness, poor 

appetite, and abhorrence of bright lights. More severe problems include low platelet count, pain and stiffness in the 

joints/inflammation. Less common and more severe side-effects include distress (crying), seizures, deafness, lowered 

consciousness or coma, brain damage. 

Tdap: Recorded common side-effects with the Tdap vaccine include pain, chills, fever, headache, tiredness, poor appetite, 

stomach ache, vomiting, diarrhoea and inflammation 

The above listed vaccine side-effects are indicative of systemic instability affecting most physiological systems – temperature 

(chills and fever), excretion (inflammation of the lymph glands), blood cell content (low platelet count), excretion (diarrhoea), 

digestion (poor appetite, vomiting), sleep (coma), and metabolic rate (tiredness, lowered levels of consciousness). In addition 

there is evidence of altered sense perception, indicative of problems with the autonomic nervous system, which affects hearing, 

visual perception (abhorrence of bright lights), smell and touch. 

Significant vaccine side-effects have been linked to swine flu vaccine (Guillain-Barre paralysis); in RSV vaccine[138]; in the 

measles, mumps and MMR vaccines[139]; hepatitis A and B vaccine[140]; tetanus vaccine; smallpox vaccine; polio vaccine; 

pertussis vaccine[141], etc. The incidence of vaccine side-effects may now be sufficiently great to question the claims that the 

risks from the disease exceed that of vaccines[109]. 

The MMR vaccine has been linked to autism, Crohn's disease, inflammatory bowel disease[142,143] and other serious chronic 

stomach problems[144], epilepsy, brain damage including meningitis[145,146], cerebral palsy, pancreatitis[147] and diabetes 

mellitus[148–150], encephalopathy, encephalitis[151,152], hearing and vision problems, arthritis, behavioural and learning 
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problems, chronic fatigue syndrome, diabetes, Guillain-Barre syndrome, idiopathic thrombocytopaenic purpura, subacute 

sclerosing panencephalitis (SSPE), leukaemia, multiple sclerosis, and death. 

There is evidence that in cases of immune deficiency that viruses continue to persist in the body[143,153–155]. The measles 

virus is known to persist in patients with subacute sclerosing panencephalitis (SSPE), measles inclusion body encephalitis 

(MIBE)[156] and multiple sclerosis[157]. Since the introduction of measles vaccines, vaccine-associated SSPE has increased in 

the USA. Furthermore patients with B or T-cell immunodeficiencies have cognitive side-effects[27] and are advised against 

vaccination due to the risk of severe and/or fatal infection (Merck). That viruses persist in the body and are linked to autoimmune 

disorders is a feature of rubella virus[158–160], anthrax vaccination[161], hepatitis B[162], etc. There is a reported increased risk 

of death with combined vaccination DPT and polio[134]. 

In summary, vaccine's side-effects reflect the vaccine's influence upon the body's functional systems i.e. upon temperature, 

digestion, excretion, blood cell content, etc. 

The Cumulative Effect of Vaccines 

There is concern that the cumulative effect of vaccines upon the body's function has not been properly assessed[137]. 

Unvaccinated children appear to have less exposure to disease[84,85], delaying vaccination reduces exposure to disease[163], 

contracting the disease naturally leads to less disease in future[164], and that excessive vaccination is considered ineffective and 

dangerous[165]. 

Vaccine-vaccine and Vaccine-drug interactions 

In general, vaccines may be influenced by antibiotics[166], immunoglobulins, immunosuppressants, monoclonal antibodies, 

anticoagulants and corticosteroids. The interaction between a vaccine and a drug has been reported only with influenza vaccine 

and four drugs (aminopyrine, phenytoin sodium, theophylline, and warfarin sodium), and with BCG vaccine and theophylline. 

The clinical significance of vaccine-drug interactions is not fully determined[167]. There is further evidence of interactions 

involving most vaccines e.g. HPV Vaccine: (http://hpv.emedtv.com/hpv-vaccine/drug-interactions-with-the-hpv-vaccine.html); 

Shingles Vaccine: An Introduction: (http://senior-health.emedtv.com/shingles-vaccine/drug-interactions-with-the-shingles-

vaccine.html); yellow fever vaccine; polio vaccine (neomycin, streptomycin, phenoxy ethanol, formaldehyde), rotavirus vaccine, 

etc. 

Vaccines are not subject to double blind clinical trials despite the evidence of vaccine-drug interactions and perhaps also of 

vaccine-vaccine interactions. 

Effectiveness of Vaccines/Vaccines are not 100% effective 

Whooping cough is becoming increasingly prevalent[168–170]. Although claimed to be 88 per cent effective among children of 

7-18 months, during a nationwide epidemic of whooping cough in 1993, a group of researchers discovered that 82 per cent had

completed their full complement of DPT vaccines[171]. Others have commented that the whooping cough vaccine is only to be

36% effective[109].

Many studies show that the measles vaccine isn’t completely effective[172–175] and that a significant proportion of those 

infected in measles outbreaks (>60%) had been vaccinated. There is also a lack of consensus concerning the effectiveness of 

whole or acellular vaccines, each having their own side-effects and effectiveness[176] e.g. vaccine efficacy was estimated at 

75.4% for an acellular 5 component vaccine, 42.4% for an acellular two component vaccine and 28% for a whole cell DTP 

vaccine[177]. The whole-cell vaccine was associated with different levels of side-effects including significantly higher rates of 

crying, cyanosis, fever, and local reactions than the other three vaccines. 

There is evidence of declining vaccine immunity[178] illustrated by transmission of mumps[179], measles[180,181], 

rubella[182], polio[183], Hib[184,185], Hepatitis B[186,187], smallpox, diphtheria, varicella[188], whooping cough[189], etc. 

Effect upon Learning 

One in 14 children i.e. up to half of all children starting school, have problems with speech, language and communication[190]. 

Is this significant bearing in mind[4] that the occurrence of autism may be more widely spread than has hitherto been considered 

possible i.e. that only the most severe and chronic cases of autism are recorded? Learning problems are a significant problem in 

autism[191]. It affects the body's processing of data from the external and internal environments. This affects, in the autistic, the 

ability of the autonomic nervous system to regulate organ function and hence influences their ability to make sense of the 

external world. The problem may be part of a spectrum of biochemical disorders[60] influencing all aspects of the learning 

process e.g. including memory, concentration, sense perception and sense coordination. 
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Go to: 

Biochemical Evidence 

Biochemical Instability 

Indications of almost complete physiological instability are manifest in the autistic as a proliferation of biochemical deficiencies 

e.g. (1) Fatty acid deficiency[192]; (2) a distinctly different immune response[62] including reduced natural killer cell

activity[193], decreased immunoglobulins and T cells and altered lymphocyte functions[194,195–197], (3) Vitamin D

deficiency[198]. Vitamin D regulates the levels of glutathione which may explain the link between heavy metals and autism.

Depleted levels of glutathione increase oxidative stress, suppress the detoxifying effect of liver enzymes e.g. P450, reduce the

elimination of heavy metals, and increase the neurodegenerative effects of heavy metals. Mercury inhibits the enzyme methionine

synthase which converts homocysteine into methionine. Accordingly, levels of cysteine, glutathione and metallothionine are low.

This illustrates that the methionine pathway may be faulty in many with autism and supports earlier suggestions that redox

imbalances[199–200] and detoxification are impaired. (4) Vitamin A deficiency[201–202] is a commonly observed symptom of

measles. The severity of complications have been linked to the degree of Vitamin A deficiency; (5) Carnitine deficiency[203]; (6)

increased norepinephrine levels and decreased dopamine-hydroxylase activity[204]; (7) demonstration of inter- and intra- species

differences in serotonin binding sites by antibodies from an autistic child[205]; (8) the levels of gut flora[206]; (9) Enterocolitis

in Children with Developmental Disorders[207]; (10) Adenosine Deaminase Activity Decreased in Autism[208,209]; (11) Small

intestinal enteropathy with epithelial, IgG and complement deposition in children with regressive autism[210]; (12)

Mitochondrial disorder[211]. Findings suggest that mitochondrial dysfunction, including abnormal enzyme function,

mitochondrial structure, and mitochondrial DNA integrity, may be present in children with autism[212].

Other biochemical deficiencies/chromosomal abnormalities include: 

Phosphoribosylpyrophosphate (PRPP) synthetase superactivity, Adenylosuccinate lyase deficiency, Histidinemia, Lesch-Nyhan 

disease, Fragile X syndrome, Rett Syndrome, Dihydropyrimidine dehydrogenase (DPD) deficiency, Tuberous sclerosis, 

Superactivity of pyrimidine 5’-nucleotidase (P5N), etc. 

The use of Drugs 

Biochemical instability is a feature of autism. Accordingly, drugs are used to mitigate autistic symptoms e.g. (1) Lofexidine[213] 

has been shown to improve prefrontal cortical function in nonhuman primates. This is consistent with the view that the prefrontal 

cortex regulates executive/system function. (2) An open trial[214] suggested that methylphenidate use in autistic hyperactive 

children may ameliorate hyperactivity, and impulsivity in autistic children. (3) Neuroleptics e.g. haloperidol, are mildly effective 

in reducing hyperactivity, impulsivity, and inattention in children with autistic disorder[215]; clonidine is used in the treatment of 

tic disorders and ADHD[216]. Other drugs used include Tianeptine[217]; Galanthamine[218]; Immunoglobulins[219]; 

melatonin[220]; and beta-blockers[221]. 

The Cause of Autism 

The occurrence of autism is due to a significant genetic insult[222] but it is not considered to be an inheritable condition. How 

and when this occurs can be debated however, for a young child with a developing immune system, there are few factors which 

could be held responsible other than vaccines and/or the related and damaging effect of exposure to high levels of mercury. No 

other factor or explanation has been offered as a viable alternative explanation for the occurrence of regressive autism. The 

evidence indicates there is alteration to chromosome structure and/or function. It indicates the influence of external stressor(s) 

influencing mitochondrial structure and DNA, chromosomal instability and translocation, which ultimately influences protein 

expression. The combined effect influences system stability, organ function, the prevailing levels of biochemistry, sense 

perception, behavior, etc. It influences protein expression and the rate and completeness of subsequent protein-substrate reactions 

leading to lowered immune function, reduced absorption of nutrients, slowed metabolism, impaired development[262], etc; i.e. 

the body's biochemical processes do not proceed as they should. 

Go to: 

Is this an indication of chromosomal damage? 

Viruses are able to infiltrate cells, inserting their genetic material into them. As outlined earlier (see 4.1) there are biochemical 

markers of vaccine damage. That it affects four boys to every girl[10] illustrates that the condition is largely due to a defect with 

the X-chromosome and leads to consideration of the factors which could influence at the genetic/chromosomal level. In general, 

chromosomal damage is linked to radiation e.g. due to adverse nuclear events which leads ultimately to birth defects. The 

prevailing evidence appears to suggest the influence of e.g. proteolytic enzymes or temperature[223,224] which may alter 
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chromosome structure. Little evidence has been offered for the 1 in 5 occurrence experienced by girls although this appears likely 

to be the consequence of a chromosomal stressor. 

It is widely recognised that genetic predisposition and protein expression can be influenced by environment influences[7], and 

that genetic damage can be the result of exposure to radiation, however the evidence being offered appears to suggest a subtle 

form of genetic alteration - associated with the wider use of vaccines[17] - which may not necessarily be inherited but is 

responsible for altered system stability and function and consequently of altered biochemistry and function. There is evidence 

that system function is intact but dysfunctional i.e. that homeostasis is severely compromised. Such findings are supported by 

research into Gulf-War Syndrome (GWS) in which[225] untypical RNA was found in the blood of sick GW veterans. This 

illustrates that the viral encephalopathies originated from RNA-viruses and hence from vaccines. That immunosuppression, 

shown to be a factor in GWS[226] and autism, is associated with the concentrated use of vaccines[227] is further supported by 

the fact that French soldiers who were not vaccinated yet who served in the gulf war did not get GWS however American and 

British soldiers[228], irrespective of whether they served in Iraq or not, reported a significantly greater incidence of autistic-

spectrum disorders and GWS. 

Go to: 

The Effect of Heavy Metals 

Heavy Metals and Mercury in particular, affects the function of the CNS and are extensively documented and associated with 

autism[229]. Amongst a variety of side-effects mercury decreases lymphocyte viability, and in the brain: dysfunction in the 

amygdala, hippocampus, basal ganglia, and cerebral cortex; destruction of neurons in the cerebellum; and brainstem 

abnormalities. Demyelination is evident in such conditions. The brain's electrical patterns are similarly abnormal. 

The most significant contributors to the increased mercury burden are: Mercury in vaccines (e.g. DTP (at typically 25 

micrograms of mercury per dose), Tetanus, Hepatitis B & (most) influenza vaccines), contamination of fish[230], wild/bush fires; 

and emissions from power stations[231] and industrial chimneys including incinerators, waste-burning cement works, crematoria, 

etc. The characteristics of autism and mercury poisoning are extremely similar which suggests that autism arises from mercury 

poisoning[232,233]. Children with autism have greater amounts of mercury and other heavy metals in their system[234]. For 

these children the exposure route is considered to be predominately via childhood vaccines, most of which contain thimerosal. 

Vaccinated children of circa 10-20 kgs are exposed to an adult overdose of mercury, over 62.5 micrograms of mercury within the 

first three months, which significantly increases a child's risk of developing some form of neuro-developmental disorder such as 

impaired development, speech and language, autism, stuttering and attention deficit disorder. 

Children living downstream of coal-fired power stations have a greater incidence of autistic spectrum disorders[231]. This 

indicates that the innate physiological processes, which the body uses to eliminate heavy metals, are being overcome by 

overexposure. 

Mercury poisoning is an insidious process. In general the symptoms do not appear immediately upon exposure, although they 

may in especially sensitive individuals or in cases of excessive exposure. The initial preclinical stage is followed by the 

development of symptoms of mercury poisoning over a period which may last from weeks, months, and years[235–237]. 

Consequently, mercury given in vaccines to very young children would not be expected to lead to a recognizable disorder, except 

for subtle signs, before age 6-12 months, and might not emerge for several years[233]. 

In autistic children, the initial signs occur shortly after the first injections, and consist of abnormalities in motor behavior and in 

the sensory systems, particularly touch sensitivity, vision, and numbness in the mouth[15,238]. These signs are followed by 

parental reports of speech and hearing abnormalities appearing before the child's second birthday[10]. Finally, there is the 

development of autistic-like traits and a continuing regression or lack of development in subsequent years. These symptoms 

change[239] depending upon the circumstances surrounding each child. 

Most autistic children have impaired liver detoxification. Many have low levels of metallothionine, conceivably the consequence 

of a deficiency of Zinc, which is indicative of a lowered capacity to chelate mercury and other heavy metals. Mercury is a 

powerful oxidant which depletes cellular antioxidants, especially glutathione. The P450 detoxifying enzymes of the liver rely 

heavily on adequate availability of glutathione. EthylMercury the active component in thimerosal causes apoptosis of the t-

cells[240–242]. 

Although the withdrawal of mercury from vaccines has not resulted in an overall decline in the occurrence of autism this does not 

mean that the problem does not lie with thimerosal[243,263]. It may indicate that the problem is associated with the elimination 

of mercury[244] i.e. affecting function of the lymphatic system and excretion[245]. This is supported by noting evidence of urea 

cycle dysfunction. Problems with the urea cycle, conceivably the consequence of mercury poisoning, have been linked to autism. 

A child with ornithine transcarbamylase (OTC) deficiency is likely to be lacking in energy, have appetite problems, poorly-

controlled breathing rate and/or body temperature, and slow development. Significantly, OTC deficiency is an X-linked recessive 
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disorder (http://www.merck.com/mmpe/sec13/ch164/ch164a.html) one of a number of primary immunodeficiencies associated 

with vaccine use. 

As in autism, onset of Hg toxicity symptoms is gradual in some cases, sudden in others[232,233]. In the case of poisoning, the 

first signs to emerge are abnormal sensation and motor disturbances. As exposure increases, these signs are followed by speech 

problems, and hearing deficits[246]. Upon removal of the mercury the symptoms tend to recede except in instances of severe 

poisoning, which may lead to death[232]. As in autism, epilepsy arising from Hg exposure is also associated with a poor 

prognosis[247]. Mercury acts upon the catecholamines and influences the function of the autonomic nervous system[245]. This 

affects cognitive performance[248], spatial vision[249], etc. 

Other metals have been implicated in adverse neurodevelopmental outcomes in children e.g. lead and mercury[250,251], with 

exposure to cadmium, arsenic, antimony and chromium also a concern. Studies have found adverse effects of prenatal lead 

exposure on growth and development, but little research has examined an association with autism. Whilst Mercury is of concern, 

because of evidence for neurotoxic effects and the fact that it has become so prevalent in the wider environment[250], Aluminum 

also shares common mechanisms with mercury e.g. it interferes with cellular and metabolic processes in the nervous system. 

Children given the recommended vaccinations are injected with nearly 5 mg of aluminum by the time they are just 1.5 years old, 

almost 6 times the safe level. Furthermore the nature of the Aluminium affects the prevailing blood levels and is also increasingly 

implicated, through their use as vaccine adjuvants, in autism[252]. 

Go to: 

Current Therapeutic Approaches used to Treat Autism 

There is evidence that autism is a treatable disease and that some therapies can mitigate the effects of autism[253,254]. Although 

there is no recognised method of treatment, or of significant and/or proven outcomes, autistic children appear to respond to 

therapies which enhance the function of the breathing , to enhance oxygen levels[255], and excretory system e.g. by 

osteopathy[256]. Moreover a commonly observed side-effect with autistic children is that when a child has an elevated 

temperature, perhaps resulting from a fever, the autistic symptoms appear to recede and the child behaves normally[41]. Autistic 

children suffer from adverse sleep patterns. In the US autistic children are often treated by chelation therapy and 

biofeedback[257–259]. 

Dysfunction of the Excretory or lymphatic system leads to long-term exposure to mercury which under normal circumstances 

would have been rapidly eliminated from the body. This may also lead to higher neural temperatures which will inevitably 

influence brain function. 

Further evidence of biochemical deficits[260] and of the benefit of biochemical based supplements e.g. vitamin B6 and 

magnesium; melatonin; methylcobalamin; vitamin A, C & D supplements; dimethylglycine (DMG) and trimethylglycine (TMG). 

DMG provides building blocks that are required for purine nucleotide synthesis. DMG comes from TMG when TMG methylates 

homocysteine. Significantly, absorption of Vitamin A Palmitate requires an intact gut mucosa at the appropriate pH and in the 

presence of bile for metabolism. Many autistic children have damaged mucosal surfaces therefore they have impaired capacity to 

absorb vitamin A[261]. 

That some children can become normal when their temperature increases above normal levels e.g. due to a viral infection,[41] 

may illustrate that the levels of the homeostatic mechanism affecting the physiological systems have been reset at what can be 

considered to be abnormal levels[47]. This may indicate that autism is treatable - perhaps to a greater degree than has hitherto 

been considered possible. 

Go to: 

Discussion 

The mass of scientific evidence compiled by researchers clearly indicates that the incidence of autism occurs following 

vaccination and is most closely associated with the schedule of vaccines culminating in the MMR vaccine. That vaccines 

suppress natural immune function is not in dispute e.g. those with naturally low levels of immune function (immigrants from 

tropical climates) show greater predisposition to autistic spectrum disorders. 

The immediate effect arising from vaccination influences gene function and protein expression. This leads to lower levels of 

white blood cells including e.g. lymphocytes, immunoglobulins, t-cells, b-cells and/or neutrophils, and disturbs their synergistic 

action and hence their ability to memorize and respond to immune responses when challenged. This impairs the ability to kill 

pathogens thereby predisposing to further infections. The short and long-term outcome is to the neural mechanisms regulating 

system function affecting e.g. pH, the excretory system, temperature, and the elimination of toxins and heavy metals. This 

explains why the discontinuation of thimerosal in vaccines was followed by a steady increase in the incidence of autism and 

hence that researchers did not find a correlation between the incidence of autism and the use of thimerosal-containing 
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vaccines[263]. This may also explain the effect of multiple vaccines, in particular the MMR vaccine, and the greater 

predisposition to autistic spectrum disorders in military families. 

In most autistic children brain structures are initially unaffected but become steadily underdeveloped as a consequence of 

exposure to mercury and other heavy metals. This evolves into a neurodevelopmental problem leading to chromosomal 

abnormalities, affecting myelination, the subsequent degeneration of the cerebellum, etc. 

The MMR triple vaccine may inhibit normal immune function which, directly or indirectly, ultimately leads to chromosomal 

and/or genetic damage and/or dysfunction. The occurrence of GWS in adults, a condition with many features which are common 

with autism, indicates the problem may be due to the number and/or intense schedule of vaccinations however this does not 

excuse the measles or MMR vaccine from suspicion. The combined vaccine raises body temperature whilst lowering immune and 

system function. This may make a mild measles vaccine more virulent which may increase fever to an abnormally high level. It 

suggests (1) single vaccines may pose less risk than triple vaccines; (2) some vaccines pose a greater risk than others e.g. 

pertussis and measles; and (3) the way in which vaccines are administered will be accompanied by different side-effects e.g. if 

pertussis is followed by measles or vice-versa, if BCG gives a beneficial effect to be followed by pertussis, if vaccines are given 

in combination, etc. Increased disease loading is the inevitable consequence of multiple vaccine or lots of single vaccines or triple 

vaccines e.g. of asthma, autoimmune disease, etc. It suggests that adherence to the vaccine schedule is the problem – too many 

vaccines, too quickly. 

Vaccines cause an inflammatory response in some e.g. for those with an inadequately developed or artificially lowered immune 

system, for those genetically predisposed, or perhaps due to viral or bacterial infection. This creates genetic damage and/or 

dysfunction and hence influences the brain's ability to regulate the physiological systems, and especially to the lymphatic system 

and its ability to excrete mercury and heavy metals, would lead to long-term damage and problems processing sensory/cognitive 

input. This would inevitably affect the brain's ability to maintain a regulated temperature below that which affects brain damage 

(41° C). This inevitably influences the autonomic nervous system and the stability of all related physiological systems including 

temperature, blood pressure, blood cell content, blood glucose, digestion, excretion, sleeping, etc. 

Further evidence of multi-level dysfunction is evident from unusual brain-wave stability, aberrant sleep patterns, loss of sense 

perception and coordination, mirror neuron dysfunction, lower pain thresholds, mental and physical deterioration, short periods 

of concentration, etc. That it is a problem of systemic dysfunction is further supported by noting how it can be treated using 

sensory therapies which may facilitate the re-establishment of some degree of physiological stability. 

Where is the proof that vaccines are safe? The argument has never been that they are completely safe but that the consequences 

are less than having the disease. Now it is illustrated that the consequences of intensive vaccination schedules pose a greater risk 

than could ever have been imagined. This leads to the evolution of new viral strains, an unsurprising development when the 

environment to which it is exposed is being altered by new proteins, structural variants and altered DNA. 

Vaccines are an essential component of preventative healthcare however it may be necessary to review the ways in which 

vaccines are used, administered and regulated[141,264] i.e. 

 As drugs are tested in the clinical environment to assess their interaction with other drugs, the cumulative use of

vaccines including that of multiple vaccines should be researched and shown, through double-blind placebo

controlled clinical trials, to be free from any such interactions i.e. of one single vaccine with another single or

multiple vaccine or drug. It has been considered unethical to select a control group of children which would

otherwise not be vaccinated yet such is the levels of conscientious objectors in the industrialized world and

through circumstances of impoverishment in the underdeveloped countries that such statistics must currently

exist.

 Measures to assess the suitability of children for vaccination i.e. how to assess whether a child has a greater

predisposition to an adverse vaccine reaction and the subsequent development of autism?[265]

 The time when vaccinations should be given and the time between vaccinations e.g. giving mumps and rubella

vaccinations later in childhood.

 Are some vaccines necessary in the industrialized world e.g. mumps, rubella, Hib, Hpv, etc? With more than 200

other vaccines under development this must be an issue of review.

The risks from disease and vaccinations differ upon location. In the developed world, there is an estimated 0.1-0.3% risk of 

mortality from measles which compares with a 0.6% risk and rising (with some estimates at 1-2%) of autism. This excludes the 

cost of treating the wide range of side-effects which must clearly be attributed to the use of vaccines. The cost of treating 

vaccine-related side-effects may now be far greater than the diseases against which the vaccine(s) were designed to protect. 

Furthermore, in the developed world there is a highly developed social structure which is able to assist parents to deal with the 

condition. By comparison, what are the implications for an autistic child in the developing world where there is absence of 

resources to deal with the condition? 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3364648/#ref263
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Abstract
Autistic spectrum disorders can be associated with mitochondrial dysfunction. We present a singleton
case of developmental regression and oxidative phosphorylation disorder in a 19-month-old girl.
Subtle abnormalities in the serum creatine kinase level, aspartate aminotransferase, and serum
bicarbonate led us to perform a muscle biopsy, which showed type I myofiber atrophy, increased
lipid content, and reduced cytochrome c oxidase activity. There were marked reductions in enzymatic
activities for complex I and III. Complex IV (cytochrome c oxidase) activity was near the 5%
confidence level. To determine the frequency of routine laboratory abnormalities in similar patients,
we performed a retrospective study including 159 patients with autism (Diagnostic and Statistical
Manual of Mental Disorders-IV and Childhood Autism Rating Scale) not previously diagnosed with
metabolic disorders and 94 age-matched controls with other neurologic disorders. Aspartate
aminotransferase was elevated in 38% of patients with autism compared with 15% of controls (P < .
0001). The serum creatine kinase level also was abnormally elevated in 22 (47%) of 47 patients with
autism. These data suggest that further metabolic evaluation is indicated in autistic patients and that
defects of oxidative phosphorylation might be prevalent.

The autism spectrum disorders comprise a heterogeneous group of patients who exhibit similar
behavioral phenotypes. The etiologies of autism remain idiopathic in most cases despite
comprehensive investigations. Others have reported functional mitochondrial abnormalities in
patients with autism and epilepsy,1 mitochondrial DNA G8363A transfer ribonucleic acid
(Lys) mutation,2 chromosome 15q inverted duplication,3 and A3243G mitochondrial DNA
mutation or mitochondrial DNA depletion.4 Patients with Rett syndrome are known to have
mitochondrial ultrastructural abnormalities,5 as well as abnormalities in oxidative
phosphorylation enzymes.6 We describe a female patient in whom developmental regression
and autism followed normal development and subtle laboratory abnormalities suggesting
mitochondrial dysfunction led to a diagnostic muscle biopsy.

Address correspondence to Dr Andrew W. Zimmerman, Kennedy Krieger Institute, 707 N. Broadway, Baltimore, MD 21205. Tel:
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Case Report
A 19-month-old girl was born after a normal full-term pregnancy. There was no family history
of autism or affective, neuromuscular, or hearing disorders. Her development was progressing
well, with normal receptive and expressive language and use of prelinguistic gestures, such as
pointing for joint attention. Imaginary play and social reciprocity were typical for age. She
used at least 20 words and could point to five body parts on command. Several immunizations
were delayed owing to frequent bouts of otitis media with fever.

Within 48 hours after immunizations to diphtheria, tetanus, and pertussis; Haemophilus
influenzae B; measles, mumps, and rubella; polio; and varicella (Varivax), the patient
developed a fever to 38.9°C, inconsolable crying, irritability, and lethargy and refused to walk.
Four days later, the patient was waking up multiple times in the night, having episodes of
opistho-tonus, and could no longer normally climb stairs. Instead, she crawled up and down
the stairs. Low-grade intermittent fever was noted for the next 12 days. Ten days following
immunization, the patient developed a generalized erythematous macular rash beginning in the
abdomen. The patient’s pediatrician diagnosed this as due to varicella vaccination. For 3
months, the patient was irritable and increasingly less responsive verbally, after which the
patient’s family noted clear autistic behaviors, such as spinning, gaze avoidance, disrupted
sleep/wake cycle, and perseveration on specific television programs. All expressive language
was lost by 22 months. The patient continued to have chronic yellow watery diarrhea
intermittently for 6 months, which was evaluated with negative testing for Clostridium
difficile, ova/parasites, and culture. Four months later, an evaluation with the Infant and
Toddlers Early Intervention program for possible autism was initiated. Along with the
regression, her appetite remained poor for 6 months and her body weight did not increase. This
resulted in a decline on a standard growth chart for weight from the 97th to the 75th percentile.

Evaluation at 23 months showed atopic dermatitis, slow hair growth, generalized mild
hypotonia, toe walking, and normal tendon reflexes. The Childhood Autism Rating Scale
(CARS) score was 33 (mild autism range), and she also met Diagnostic and Statistical Manual
for Mental Disorders-IV criteria for autism. Laboratory findings included repeated
measurements of aspartate aminotransferase 40 IU/L (normal < 31 IU/L), serum bicarbonate
20 mmol/L (normal 21–31 mmol/L), serum creatine kinase level 203 IU/L (normal < 170 IU/
L), and fasting lactic acid 3.3 mmol/L (normal 0.5–2.2 mmol/L). Quantitative urinary organic
acid analyses showed trace amounts of dicarboxylic acids (adipic, suberic, octenedioic acids)
and small amounts of ethylmalonic and methylsuccinic acids, consistent with a fatty acid
oxidation dysfunction. Quantitative plasma amino acids were all within the normal range;
however, the alanine to lysine ratio (a surrogate marker for pyruvate; Dr Richard Kelley,
personal communication, 2001) was elevated at 3.2 (normal 1.5–2.5). Cranial magnetic
resonance imaging, otoacoustic emission testing, overnight electroencephalography with slow-
wave sleep, serum lead, chromosomes, and fragile X by DNA testing were all normal.

The patient was referred for muscle biopsy (J.S.) because of persistent mild lactic acidosis,
elevated serum creatine kinase level, and increased aspartate aminotransferase. A fresh vastus
lateralis biopsy was performed and examined as described previously.7,8 The biopsy showed
abnormal histology with type I myofiber atrophy, increased myofiber lipid content, and reduced
cytochrome c oxidase activity. Oxidative phosphorylation enzymology showed markedly
reduced complex I, I + III, and III activity. Complex IV activity was near the 5% confidence
limit of the control group (Table 1). Mitochondrial DNA sequencing of the skeletal muscle
was normal.

Now 6 years old, our patient has been treated with vitamin supplements since 2½ years of age.
Even before starting supplementation, the patient began speaking again at 23 months old and
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had a four-word vocabulary of “bubbles,” “ball,” “drink,” and “cracker.” Levocarnitine 250
mg and thiamine 50 mg three times per day were initiated when the patient was 29 months old.
Coenzyme Q10 was added at age 33 months. Although she still exhibits mild autistic behaviors,
our patient has continued to improve in language functions and sociability such that she now
attends a regular kindergarten with an aide. There have been slow yet steady improvements in
muscle tone, motor coordination, and gastrointestinal symptoms with occupational therapy,
applied behavioral analysis interventions, and mitochondrial enzyme cofactor supplements.
After the age of 2 years, growth trajectory has continued along the 75th percentile for both
height and weight. Laboratory tests were repeated at ages 2 years and 10 months (aspartate
aminotransferase 47 IU/L, normal < 38 IU/L; alanine transferase 20 IU/L, normal < 40 IU/L;
serum creatine kinase level 105 IU/L, normal < 194 IU/L), 4 years old (aspartate
aminotransferase 36 IU/L; alanine transferase 19 IU/L; serum creatine kinase level 169 IU/L),
and 6 years old (aspartate aminotransferase 36 IU/L; alanine transferase 21 IU/L; alanine to
lysine ratio 1.58, normal < 1.5 to 2.5). During an acute illness owing to C difficile, the aspartate
aminotransferase was on one occasion elevated to 50 IU/L; however, the serum creatine kinase
level remained normal at 169 IU/L. Urine organic acids and serum amino acids have been
normal at ages 3 and 6 years. Childhood Autism Rating Scale scores since beginning
kindergarten have been under 30.

Additional Studies
The subtle laboratory abnormities identified in this case led us to retrospectively evaluate the
laboratory records of other patients with autism. Records from the Kennedy Krieger Institute
between January 1995 and September 2002 were selected. Available laboratory tests processed
by the Johns Hopkins Hospital clinical laboratory were reviewed in 159 patients with autism
and 94 patients of a similar age with other neurologic disorders. Patients with autism met both
Diagnostic and Statistical Manual of Mental Disorders-IV and Childhood Autism Rating Scale
criteria. Only a subset of laboratory values could be analyzed owing to sample size limitations.
Liver function tests were available in a reasonable number of subjects. Serum levels of aspartate
aminotransferase, but not alanine transferase, were significantly higher in autistic patients
compared with control patients (autism vs control mean [standard error]: aspartate
aminotransferase 36.3 [1.2] vs 29.7 [3.0]; alanine transferase 24.6 [3.0] vs 20.6 [2.5]; t-test:
aspartate aminotransferase P = .00005; alanine transferase P = .22). Chi-square analysis also
demonstrated that significantly more autistic patients demonstrated abnormal values for
aspartate aminotransferase but not alanine transferase (autistic vs control: aspartate
aminotransferase 46% vs 22%; alanine transaminase 6% vs 7%; chi-square: aspartate
aminotransferase 20.8, P = .000005; alanine transaminase 0.1, P > .50). Too few laboratory
values for the serume creatine kinase level were available from control subjects to directly
compare this laboratory value between autistic and control patients. However, the number of
abnormal serum creatine kinase level values was unusually high for the autistic group (22 of
46 [47%]; binomial probability: P < 1 × 10−14).

Discussion
To our knowledge, this is the first description of an autistic child with mitochondrial
dysfunction, growth failure, and abnormal muscle histopathology without seizures or a defined
chromosomal abnormality. This patient exemplifies important questions about mitochondrial
function in autism and developmental regression. It is unclear whether mitochondrial
dysfunction results from a primary genetic abnormality, atypical development of essential
metabolic pathways, or secondary inhibition of oxidative phosphorylation by other factors. If
such dysfunction is present at the time of infections and immunizations in young children, the
added oxidative stresses from immune activation on cellular energy metabolism are likely to
be especially critical for the central nervous system, which is highly dependent on
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mitochondrial function. Young children who have dysfunctional cellular energy metabolism
therefore might be more prone to undergo autistic regression between 18 and 30 months of age
if they also have infections or immunizations at the same time. Although patterns of regression
can be genetically and prenatally determined,9 it is possible that underlying mitochondrial
dysfunction can either exacerbate or affect the severity of regression. Abnormalities of
oxidative phosphorylation can be developmental and age related and can normalize with time.
10

Our findings of mildly increased aspartate aminotransferase and serum creatine kinase level
in children with autism might reflect abnormal mitochondrial function in skeletal muscle since
alanine transaminase and other liver enzymes were normal. Without muscle biopsy data, it is
not entirely possible for us to exclude that false-positive laboratory results contribute to our
high rate of aspartate aminotransferase and serum creatine kinase level abnormalities. As
pointed out by others, children who struggle during venipuncture can skew the results of blood
analysis.11 However, our laboratory uses a hemolysis index that specifically avoids falsely
elevated aspartate aminotransferase. Further prospective biochemical studies are needed to
evaluate mitochondrial function in children within the autistic spectrum. There is a need for
reliable laboratory markers to detect abnormalities of mitochondrial function, which will then
facilitate further clinical investigations in this subgroup of children with autism.
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Table 1
Skeletal Muscle Oxidative Phosphorylation Enzymology Results

Complex Assay Patient Results* Mean SD 5% Level

Complex I (n-decyl coenzymeQ) 0 106 46 33
Complex I assay (coenzymeQ1) 47 209 59 93
Complex I + III 35 262 93 105
Complex II + III 283 526 140 276
Complex III 527 1377 367 735
Complex IV (freeze/thaw) 794 1151 324 589
Complex IV (sonicated) 941 1583 370 923

*
Units of enzyme activity are expressed as nanomoles of substrate/min/mg mitochondrial protein.
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The objective of this study was to estimate the prevalence of
autistic spectrum disorder (ASD) and identify its clinical
characterization, and medical conditions in a paediatric
population in Portugal. A school survey was conducted in
elementary schools, targeting 332808 school-aged children in
the mainland and 10910 in the Azores islands. Referred
children were directly assessed using the Diagnostic and
Statistical Manual of Mental Disorders (4th edn), the Autism
Diagnostic Interview–Revised, and the Childhood Autism
Rating Scale. Clinical history and a laboratory investigation was
performed. In parallel, a systematic multi-source search of
children known to have autism was carried out in a restricted
region. The global prevalence of ASD per 10000 was 9.2 in
mainland, and 15.6 in the Azores, with intriguing regional
differences. A diversity of associated medical conditions was
documented in 20%, with an unexpectedly high rate of
mitochondrial respiratory chain disorders. 

Autism spectrum disorder (ASD) is a syndrome with a wide
clinical phenotype, characterized by impairments in social
interaction and reciprocal communication, and by patterns of
stereotyped behaviours. The term ASD is used here to define a
broad concept of autism, manifested as a spectrum of behav-
ioural, cognitive, and linguistic problems that include autistic
disorder, Asperger syndrome, and pervasive developmental
disorder not otherwise specified (PDDNOS). ASD is a chronic
and severe neurodevelopmental disorder with a significant
social impact.1

Prevalence estimations for this pathology have increased
over the last decade, with studies reporting values between
1.1 and 12 per 1000.2–7 The reason for the increase in report-
ed rates is not well understood. It may represent a true
increase in prevalence, or it may be due to an increased
awareness of the problem, in combination with the establish-
ment in recent years of more inclusive diagnostic criteria.8

Other variables could also be implicated in the variation in
prevalence rates over the years, such as the methods of study
or differences in the population sample (age range, mean
cognitive level, frequency of associated medical disorders, or
geographic location).7,8

Until the 1990s, ASD was seldom diagnosed in Portugal,
and there was no specific policy on education or health pro-
vision for individuals with autism. Today, developmental out-
patients’ clinics in the main Portuguese hospitals use a set of
formal instruments for ASD diagnosis, and there is govern-
mental support for educational units in regular schools
specifically for children diagnosed with autism. To our
knowledge, the prevalence of ASD has not been estimated in
Portugal or other southern European countries; such infor-
mation is fundamental to the provision of adequate medical
and educational resources for the affected children. The pre-
sent study was a country-wide epidemiological study that
aimed to survey a large target population and in which all
children identified with ASD were directly observed using
structured diagnostic instruments. It also investigated the
population-based estimation of the frequency of medical
conditions associated with autism and the clinical characteri-
zation of these paediatric patients. 

Method
PARTICIPANTS

Portugal has a population of about 10 million, including 
240000 inhabitants in the Azores islands. The mainland is sub-
divided into five major geographic regions: Norte, Centro,
Lisboa e Vale do Tejo (Lisboa VT), Alentejo, and Algarve.

The study targeted children born between 1990 and 1992,
living in mainland Portugal or the Azores, and attending ele-
mentary school (age 6–9y) in the school-year 1999 to 2000.
In Portugal, elementary school is mandatory and free and the
percentage of children attending school in this age group is
100%. Children in this age range can attend three types of
schools: public and private elementary schools, and special
education schools. The survey was, therefore, directed at
these three types of schools and was expected to include all
children in the autism spectrum in this age group.

Given the large number of schools in mainland Portugal
(Table I), we opted for surveying approximately 20% of main-
land public and private elementary schools, randomly cho-
sen and distributed by district and geographic region (see
Appendix I), and all special education schools. In the Azores,
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given the smaller number of schools, we surveyed all elemen-
tary schools; there are no special education schools in these
islands. The schools were identified using a government data-
base. The total target population of children attending all
schools in the 1999 to 2000 school year, and born from 1990 to
1992 was 332808 in the mainland and 10910 in the Azores
(Table I). 

SURVEY METHOD

The survey took place in May 2000. The selected schools were
sent a mailing that included a letter to the school Director
introducing the study and its objectives, an information leaflet
on the behavioural and developmental characteristics of chil-
dren with ASD, and a checklist questionnaire (Appendix II).
Teachers of children born between 1990 and 1992 were asked:
(1) the total number of children in the specified age range
attending their class; (2) whether there were any children in
that age range in their class with the characteristics described in
the information leaflet; and (3) to answer a 12-question check-
list (Appendix II) for each child who exhibited any of the char-
acteristics described in the information leaflet. 

The questions in the checklist were based on the 12 clinical
criteria for autistic disorder outlined in the Diagnostic and

Statistical Manual of Mental Disorders (4th edn; DSM-IV),1

generally covering the whole range of autistic manifestations.
The questions were simplified to facilitate understanding. At
the time of the survey, teachers had had extensive daily contact
with the children for at least 8 months. 

As a pilot test, the survey had been sent to eight mainland
schools, selected on the knowledge that children with autism
did or did not attend these schools. In total, 356 children in
the defined age range attended these schools, six of whom had
a previous diagnosis of ASD. All schools responded and all
children with autism, but only the six children previously
known to have autism were identified by their teachers. 

To estimate the validity of the survey method, we conduct-
ed a simultaneous systematic search for all children born
from 1990 to 1992 (n=56 325) in the Centro region and reg-
istered in educational, social, and health services with a diag-
nosis of ASD. Centro comprises about 20% of the Portuguese
population. 

CASE DEFINITION, DIAGNOSIS OF ASD, AND COGNITIVE AND

MEDICAL EVALUATION

Children referred by teachers were selected for evaluation
when they scored more than three positive items on the
12-question checklist. To make sure that this cut-off was

adequate, all children referred by the teachers in Centro
were observed to establish whether any children with less
than four positive answers could be diagnosed with ASD.
Observation of the referred children took place within 1 year
after the survey.

Diagnosis and assessment of the children followed an in-
depth evaluation protocol by a clinical team with extensive
experience in observation of children with autism, comprising
a developmental paediatrician, two psychologists, one special
education teacher, and a social worker. The paediatrician col-
lected the clinical history and observed all the children, which
entailed extensive interaction and semi-structured activities in
a clinical setting. Children were diagnosed with ASD using the
Autism Diagnostic Interview–Revised (ADI-R),9 the Childhood
Autism Rating Scale (CARS),10 and following the criteria for
autistic disorder of the DSM-IV. Diagnosis of ASD required that
the child met the ADI-R cut-off for autism and/or fulfilled DSM-
IV criteria for autistic disorder, and had a functional level equal
to or above 12 months in performance or autonomic skills,
which were assessed using the Griffiths Scales of Mental
Development.11 The paediatrician, who had obtained reliabil-
ity on the ADI-R, directly observed all children and reviewed
comprehensive clinical material, including the ADI-R, CARS,
and DSM-IV criteria on every case. The remaining team mem-
bers obtained reliability on the ADI-R with the paediatrician. A
consensus clinical diagnosis, including the coding of DSM-IV
and ADI-R items, was achieved among the clinical investiga-
tion team.

Clinical assessment included history-taking, medical
examination, and functional evaluation. Developmental or
intellectual quotients were determined using the Griffiths
Mental Scale–II11 for children with a cognitive age below
their chronological age, or the Portuguese version of the
Wechsler Intelligence Scale for Children (WISC)12 for chil-
dren with a cognitive age near their chronological age. 

Socioeconomic status was evaluated using the Graffar
scale and the results obtained for the population with autism
were compared with the social class distribution obtained
for a group of 110 school-age children with global develop-
mental delay. This control group consisted of children
observed for the first time at the Centro de Desenvolvimento
do Hospital Pediátrico in the years 2001 and 2002, for which
a social evaluation was routinely performed by the same
team of social workers using the same method. There are no
available statistics on social class distribution of children in
Portugal so no comparison was attempted with children in
the general population.

Table I: Number of schools and target population in mainland Portugal and the Azores in school-year 1999 to 2000a

Type of school Nr of schools Nr of children in schools Nr of schools selected (%)

Mainland Portugal Public elementary 8774 299 329 1788 (20.4)
Private elementary 524 32 400 127 (24.2)
Special education 248 1079 248 (100.0)

Total 9546 332 808 2163 (22.7)

Azores islands Public elementary 249 10 260 249 (100)
Private elementary 5 650 5 (100)

Total 254 10 910 254 (100)

aStatistics taken from government registries.



PREVALENCE CALCULATION

The prevalence study in the mainland was conducted in
three population clusters: a random sample with a target
population of students attending public elementary schools
(N1) with the number of students surveyed (n1); a random
sample with a target population of students attending pri-
vate elementary schools (N2), and the number of children
surveyed (n2); and all children attending special education
schools (N3) equal to the number of students studied (n3).
For the estimation of prevalence of the total target popula-
tion (P) we used the following formula: 

P = (N1/N x P1) + (N2/N x P2) + (N3/N x P3);

in which N represents the target number of children in the cho-
sen age range attending all types of schools (N1+N2+N3). P1
represents the prevalence in a sample studied in public ele-
mentary schools (P1=number of children with autism in pub-
lic elementary schools [n1]); P2 represents the prevalence in a
sample studied in private elementary schools (P2=number of
autistic children in private elementary schools [n2]); and P3
represents the prevalence in a sample studied in special educa-
tion schools (P3=number of children with autism in special
schools [n3]). For these prevalence rates, 95% confidence
intervals (CI) for large samples were determined.13

SCREENING FOR ASSOCIATED MEDICAL CONDITIONS

Children with autism with no previous diagnosis of associat-
ed medical conditions underwent a broad laboratory investi-
gation, including testing for fragile X mutations (FRAXA and
FRAXE); chromosomal abnormalities (karyotype study); neu-
rocutaneous syndromes (skin observation and computer-assist-
ed tomography or nuclear magnetic resonance neuroimaging);
endocrine (thyroid function screening); and metabolic dis-
orders (analysis of plasma lactate and pyruvate, amino and
organic acids, oligosaccharides and mucopolysaccharides,
purine and pyrimidine metabolites, guanidinoacetate and
creatine metabolism, and congenital glycosylation carbohy-
drate deficient transferrin). Children with high levels of plas-
ma lactate were further tested, as previously described,14 to
assess the possibility of mitochondrial disorder.

The Ethical Committee at the Hospital Pediátrico de Coimbra
approved the collection of data and biological specimens
from patients for research purposes. All parents or their legal
representatives gave their informed consent.

Results
PREVALENCE OF ASD IN MAINLAND PORTUGAL AND THE AZORES

In mainland Portugal, a response rate of 87.7% was obtained,
which corresponds to 1898 responses from the 2163 elemen-
tary and special education schools surveyed. Thus, 19.9%
(1898 out of 9546) of all registered schools were surveyed, cor-
responding to 59478 surveyed children (17.9% of the target
population). The schools that did not respond were evenly dis-
tributed throughout the country, without any regional or
demographic clustering, indicating that they did not have dif-
ferent characteristics from the study sample. The number of
children referred by the teachers (i.e. identified with at least
one positive item in the checklist) was 226. In the Azores we
had a response rate of 85% (216/254) with 8317 children sur-
veyed (76.2% of the target population). The number of chil-
dren referred by the teachers was 25. Table II and Table III show
the number of children surveyed and the number of children
referred by teachers, distributed by geographic region, and by
school type respectively.

In the mainland, 198 out of 226 (87.6%) referred children
were selected for observation, according to the previously
determined criteria (Table II). The clinical team directly
assessed 182 (91.9%) of the children selected (16 declined
assessment) of whom 107 (58.8%) met criteria for ASD. In
Centro, none of the five children with less than four positive
items in the checklist fulfilled criteria for ASD. In the Azores, 24
children were selected for evaluation; one declined to further
participate in the study, so the clinical team assessed 23 chil-
dren (Table II). The criteria for ASD were met in 13 of 23 chil-
dren (56.5%). In total (mainland and Azores), 120 out of 205
assessed children were diagnosed with ASD. In this sample of
120 children with ASD, 115 fulfilled DSM-IV criteria for autistic
disorder (the remaining five met the cut-off for autism in the
three domains of the ADI-R and fulfilled DSM-IV criteria for
PDDNOS) and 111 met the cut-off for autism in the ADI-R (the
remaining nine fulfilled DSM-IV criteria for autistic disorder). 
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Table II: Number of children in Portugal surveyed, referred by teachers, selected for assessment, observed, and diagnosed with
ASD, and prevalence estimates per 10 000 children in target population for school-year 1999 to 2000 by geographic region 

Geographic region Surveyed Referred Selected Children Children Prevalence of ASD 

children, n children, n children, n observed, n diagnosed per 10000 children

(% referred) (% selected) with ASD, n (95% confidence 

(% observed) interval)

Norte 24 386 73 60 (82.2) 55 (91.7) 28 (50.9) 6.0 (5.0–7.5)
Centro 10 585 46 46 (100.0) 45 (97.8) 23 (51.1) 12.5 (9.6–15.0)
Lisboa e Vale do Tejo 19 359 90 78 (86.7) 70 (89.7) 50 (71.4) 12.3 (10.0–14.0)
Alentejo 2895 9 6 (66.7) 5 (83.3) 3 (60.0) 7.0 (3.0–11.0)
Algarve 2090 8 8 (100.0) 7 (87.5) 3 (42.9) 2.4 (0.3–5.0)
Unknowna 163 – – – – –
Mainland total 59 478 226 198 (87.6) 182 (91.9) 107 (58.8) 9.2 (8.1–10.0)
Azores 8317 25 24 (96) 23 (95.8) 13 (56.5) 15.6 (8.0–23.0)

aUnknown represents children surveyed but for whom information on school origin was missing in reply. None of these children were referred
with four or more positive items in questionnaire.



The global prevalence of ASD in the target population from
the mainland was 9.2 per 10 000 cases (95% CI 8.1–10.0).
The distribution of prevalence in the target population by
geographical regions and school type is shown in Tables II
and III. Prevalence is higher in Lisboa VT and in Centro than
in Norte, Alentejo, and the Algarve. In the Azores the global
prevalence of ASD in the target population was 15.6 per 
10 000 cases (95% CI 8.0–23.0), the highest in the country
(Table II). The prevalence in Norte, the most populated region
in Portugal (around 40%), is significantly lower (p<0.001)
than in other less populated regions of Portugal where CIs
obtained were still considered adequate for comparison
(Lisboa VT, Centro, and the Azores).

The large majority of the children diagnosed with ASD were
regularly followed in healthcare facilities (94.2%), although
autism had not been diagnosed in a third of the children
(34.2%). More than half the children (55%) attended special
education schools exclusively. The distribution of the chil-
dren with autism by social class (Graffar class I: 18%; class II:
6.7%; class III: 24.8%; class IV: 41%; class V: 9.5%) was differ-
ent from that of a control group of children with global devel-
opmental delay (Graffar class I: 2%; class II: 6%; class III:
22%; class IV: 63%; class V: 7%); specifically, we found that
children with autism were significantly more prevalent in the
most affluent social class (Graffar class I), and less prevalent
in the lower social class (Graffar class IV).

SENSITIVITY OF THE SURVEY METHOD AND PREVALENCE IN

REGISTERED CASES IN CENTRO

The systematic search for children with autism registered in
the school-year 1999 to 2000 in educational, social, and health
services in Centro identified 42 patients from 56 325 chil-
dren born from 1990 to 1992. Nine children, identified and
diagnosed with ASD through the school survey in Centro,
were not included in health, social, or educational registries.
The school survey in this region targeted 10 585 children in
the specified age range. In 23 out of the 46 children referred
by teachers, the diagnosis of ASD was confirmed (23 true
positive cases). Only one child who attended a surveyed

school was found in the registries, but had not been referred by
the teachers in the survey, and was, therefore, the single false
negative case for the school survey in Centro. The sensitivity
rate was 95.8% (95% CI 87–100). The prevalence of ASD in that
region, determined by the search of health, social, and educa-
tional registries, was 7.5 per 10000 cases (95% CI 5.0–9.0).
This value was lower than the 12.5 per 10000 cases (95% CI
9.6–15.0) obtained by the school survey study in that region. 

CLINICAL HISTORY AND FUNCTIONAL ANALYSIS OF THE 120

CHILDREN DIAGNOSED WITH ASD

In total, 120 children were diagnosed with ASD. The ratio of
males to females was 2.9:1. The median age at observation
was 9 years 11 months. Most children were healthy and pre-
sented no other problems. Epilepsy (at least two convulsions
without fever) was documented in 19 children (15.8%).

Parents or caregivers reported developmental problems
within the first year of their child’s life in 55% of children,
while problems were only apparent in the second year for
38%, and in the 3rd year in 7% of cases. Signs were noticed
before 36 months in all children. In 11.7% of the children
parents reported language regression (loss of at least five
words that had been used regularly for 3 months before).

Current developmental or intellectual level was evaluated
in 90.8% of the children. The remaining children either pre-
sented very low functional levels or behavioural disturbances
that were not compatible with direct assessment. In such cases,
adaptive behaviour was evaluated by interviewing parents or
caregivers. Cognitive functioning was within the normal range
(IQ≥70) in 20 children (17%), and the remaining 100 (83%)
had learning disability* (IQ <35–69). The ratio of males to
females was higher in the group with normal IQ (5.7:1) and
lower in the group with learning disability (2.6:1).

From the 205 children assessed in-depth, 85 (41.5%) were
not diagnosed with ASD. In this group, the male to female ratio
was 2:1, and the percentage of learning disability, 38.8%, was
much lower than in the ASD group (83.3%).
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Table III: Number of children surveyed, referred by teachers, selected for assessment, observed, and diagnosed with ASD, and
prevalence estimates per 10 000 children for school-year 1999 to 2000 by school type in mainland Portugal and the Azores

Public Private Special

elementary schools elementary schools education schools

Mainland
Children surveyed, n 51 109 7290 1079
Children referred, n 128 4 94
Children selected, n (% referred) 107 (83.6) 4 (100) 87 (92.6)
Children observed, n (% selected) 96 (89.7) 2 (50) 84 (96.6)
Children identified with ASD, n (% observed) 40 (41.7) 1 (50) 66 (78.6)
Prevalence of ASD per 10 000 (95% CI) 7.8 (5.4–10.3) 1.4 (1.3–4.1) 611.2 (468.2–754.0)

Azores
Children surveyed, n 7686 631 0
Children referred, n 24 1 0
Children selected, n (% referred) 23 (95.8) 1 (100) 0
Children observed, n (% selected) 22 (95.6) 1 (100) 0
Children identified with ASD, n (% observed) 12 (54.5) 1 (100) 0
Prevalence of ASD per 10 000 (95% CI) 15.6 (6.8–24.4) 15.8 (15.0–46.0) 0

ASD, autism spectrum disorder; CI, confidence interval.

*North American usage: mental retardation.



SCREENING FOR MEDICAL CONDITIONS ASSOCIATED WITH ASD:
HIGH PREVALENCE OF MITOCHONDRIAL DYSFUNCTION IN PATIENTS

WITH AUTISM

At the outset of the study, 15% of the patients (18/120) had a
previously identified associated medical disorder (Fig. 1):
chromosomal abnormalities in five patients (four cases of tri-
somy 21 and one of microdeletion on chromosome 15q11-
q13); molecular mutations on the FMR-1 gene in three
patients; previous brain infections in four children (two pre-
natal); malformative syndromes in four patients; and septo-
optic dysplasia and hypoxic–ischemic encephalopathy in
one patient each. These patients did not undergo any further
aetiological investigation.

For the remaining 102 children (with apparently idiopath-
ic autism) we planned the laboratory investigation protocol
previously mentioned. The full pre-defined investigation
protocol could only be applied to 56 patients; in the remain-
ing 46 children only some of the tests were or had previously
been performed (the parents or caregivers declined to par-
ticipate in the full aetiological investigation).

Laboratory test results were within the normal range in all
patients except for the karyotype study, which was abnormal
in one of the 82 tested children (1.2%), and for levels of plas-
ma lactate, which were abnormal (≥2.5mmol/L) in 14 of the
69 tested children (20.3%; Fig. 1).

The abnormal karyotype was a deletion in the short arm of
chromosome 9 (syndrome 9p-) in a male with normal IQ and
no obvious dysmorphism. Fluorescent in situ hybridization
detected a deletion (9p24→pter) in the specific region with
the telomeric probe (PAC43N6). 

The lactate/pyruvate ratio was measured in 11 of the 14
children with hyperlactacidemia, and was found to be elevat-
ed in nine patients. Mitochondrial respiratory chain (MRC)
function in mitochondria isolated from deltoid muscle was
studied in 11 patients. Deficiency of one or more respiratory
chain complexes, most frequently of complexes I, IV, and V,
was confirmed in six patients. None of the tested mitochon-
drial DNA (mtDNA) deletions or mutations was found in
these children. According to established criteria for mito-
chondrial disorder, five of these 11 patients were classified as
definite MRC disorder cases.14

Discussion
In this study, the prevalence of ASD in a southern European
country was estimated for the first time through the survey of
a large target population and direct observation of children,
applying formal diagnostic instruments. In this population-
based study, the frequency of medical conditions associated
with ASD was determined, uncovering a high frequency of
mitochondrial dysfunction in the children with autism.

The prevalence obtained for ASD in children in Portugal
was close to 10 per 10 000, which is lower than values
obtained for the most recent regional studies.3–7,15 The nar-
row confidence interval (95% CI 8.1–10.0) indicates that the
sample studied allowed the prevalence estimation in this tar-
get population with a good degree of precision. Various
hypotheses can be put forward to explain the discrepancies
in prevalence estimation among studies which include bias-
es in survey methodology, differences in diagnostic criteria,
or characteristics inherent to the population studied, and are
discussed below. 

For this prevalence study, surveying the school system was
judged preferable to a multisource search of previously
known ASD cases in health, educational, and social reg-
istries. First, because there is no efficient central health or
social registry in Portugal, and second, because formal diag-
nostic instruments were not at the time employed by the
majority of health professionals, leading to heterogeneous
diagnosis criteria. As a control, however, a comprehensive
search of previously diagnosed ASD cases in educational,
social, and health registries in Centro, which represents
approximately 20% of the country’s population, was carried
out. The prevalence estimation by the school survey was
higher than the value estimated by the search of registered
cases, indicating that the school survey had a better sensitivity
than the multisource registry search. These results are in agree-
ment with previous studies showing that prevalence estima-
tions based on population surveys are more reliable than those
based on the search of registered cases, which may lead to
prevalence underestimation, particularly if good quality reg-
istries are not available.16 We opted to survey school-aged chil-
dren as opposed to preschool children or adolescents because
clinical diagnosis at this age is known to be more reliable.6,16,17

In addition, in Portugal virtually all children in this age range
are enrolled in the school system, whereas the enrolling rates
for earlier or later levels of schooling are lower. The choice of
age range may explain the lower prevalence results to a certain
extent, as studies in younger cohorts tend to report a higher
prevalence of autism.7,8,15

The response rate to the survey was very high, demonstrat-
ing that teachers were aware of the importance of the problem.
One possible question arising from this survey method is that
teachers might not identify the children with milder problems
and with better cognitive levels. Learning disability was indeed
found in a very high percentage of cases (83%), contradicting
recent reports of a trend towards decreased rates of learning
disability in groups of children in the autistic spectrum.3,5,15

However, while we acknowledge that a bias towards referral of
more severe cases could not be controlled for, 41.5% of the
children referred by the teachers were not diagnosed with ASD
after assessment, and over half (61.2%) of these children with-
out autism had a normal cognitive level. These observations
indicate that teachers tended to refer most cases, even if only
slight problems were apparent. We believe, therefore, that
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Figure 1: Distribution of associated medical conditions in

this population sample.
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such a bias would not significantly affect prevalence estima-
tion. The finding of a higher prevalence in the school survey
than that estimated by the search of registered cases further
assured us that the identification by teachers was inclusive and
thorough.

The participation rate in the assessment phase of this study
was 92.3%. Even though some children identified by the
schools could not be observed and, therefore, were not
accounted for, this was a relatively small percentage (7.7%) and
could not significantly change the prevalence. All patients were
directly assessed, which is considered the best methodology in
prevalence studies.6 To our knowledge, few epidemiological
studies have been carried out with direct observation of such a
large number of children. The pre-defined protocol for diagno-
sis included extensive individual interaction with the children
by an experienced clinical team, and subsequent fulfillment of
the CARS and of DSM-IV criteria, the ADI-R structured diagnos-
tic interview with the parents, and formal functional evaluation
of the children. The diagnosis criteria were narrow, as they
required that at least either the ADI-R or DSM-IV criteria were
positive for autism or autistic disorder respectively. The most
recent studies reporting much higher prevalence rates some-
times include cases that do not fully meet the cut-off of any
standard diagnostic instrument, but for which ASD diagnosis
relies on assessments by several experienced experts and con-
sensus clinical diagnosis.15 In the present study, however, it is
striking that the diagnosis of ASD was excluded in 41.5% of the
assessed children, and that in this group the ratio of males to
females was 2:1, even though more than half of these children
had a normal cognitive level. This observation suggests that in
the non-autistic group we did not overlook a significant num-
ber of cases with ASD, because, generally, in the sub-groups of
ASD in children with normal intelligence, the ratio of males to
females is still higher. The prevalence obtained is within the
range of previous studies in which stricter diagnosis criteria
were applied.18,19

Determination of the prevalence per region of children with
autism is essential to the provision of educational and health
resources for them. However, we found some intriguing differ-
ences in regional prevalence rates: they were significantly
lower in the Norte region compared with Centro, Lisboa VT,
and the Azores. These discrepancies in prevalence estimations,
obtained with the same methodology of study, raise the ques-
tion of whether differences in the frequency of autism in
diverse populations are a real phenomenon which may have a
genetic basis. Support for this hypothesis comes from a recent
report showing the absence of autism cases in the Inuit popula-
tion of Northern Quebec.20 In the Portuguese population, Y
chromosome, mtDNA, and mutation prevalence studies sug-
gest that there are different genetic influences in the northern,
southern, and Azorean populations.21,22 It is, for instance,
known that in mainland Portugal the prevalence of the main
mutation for hereditary hemochromatosis shows a north-to-
south gradient compatible with the origin of this mutation in
the Celtic/Nordic populations which colonized the northern
areas, while Arabic populations, which occupied the central
and southern regions of Portugal for many centuries, have a
very low frequency of this disease.23 In the Azores, consanguin-
ity levels are very high, explaining why many recessive genetic
disorders are more common in these islands. It is plausible,
therefore, that population genetic specificities are involved in
the regional variation of ASD prevalence within Portugal. 

The distribution of children with ASD by social class shows
an intriguing higher prevalence of children with autism in the
most affluent social class. This is unexpected, given the social
class distribution of a control group of children with global
developmental delay recruited through the same central pae-
diatric hospital and assessed during the same time period
using the same social scale. Although it is not possible to com-
pare these results directly with the social class distribution in
Portuguese children in general, due to the unavailability of
such demographic data, we know that a high prevalence of
autism in the most affluent social class is far from the reality of
the general population in this country. This control group also
had the added benefit of allowing us to assess the specificity of
this distribution for autism among the neurodevelopmental
pathologies. The observation indicates that poverty-related fac-
tors do not have an impact in disease aetiology, which is com-
patible with the lower prevalence of autism in the poorest
region of the country, the Norte region. Conversely, though, it
may suggest an impact of wealth-related factors. Given that this
distribution was obtained in a population-based survey which
covered all social classes, awareness of the problem from fami-
lies with a higher educational level cannot significantly bias the
result. This observation is worthy of further analysis. 

Neurodevelopmental symptoms in this group of patients
were noticed at an early age: over half of the parents were wor-
ried in the first year and one-third in the second year. This is in
agreement with the literature which reports that in 75 to 88%
of cases, onset occurs up to the age of 2 years.24 Regression of
language or social interaction in the second year of life was
found in 11.6% of the children, as reported in other studies.5,24

A defined medical condition associated with ASD was found
in 20% of the cases, a rate superior to that reported in most epi-
demiological studies, in which, however, a systematic laborato-
rial investigation was not carried out.5 The most frequent
medical disorders associated with ASD were chromoso-
mopathies, in a similar percentage to that found by others.24

Among these, a partial deletion in the short arm of chromo-
some 9 was found in a male without obvious dysmorphism
and with normal intelligence. The 9p- syndrome, with genet-
ic variability of chromosomal region in monosomy, has previ-
ously been described and characterized by learning disability
and craniofacial abnormalities, without reference to ASD.25

However, a previous report has described a male patient
with ASD, an IQ of 60, and a deletion in the short arm of chro-
mosome 9,26 a phenotype similar to our patient.

Unexpectedly, five cases of definite mitochondrial disease
were identified and definite mitochondrial respiratory chain
deficits were the second most frequent disorder associated
with ASD (4.2%). This rate may be higher, as plasma lactate
and pyruvate levels were determined in only 69 out of 120
children, and three patients with increased lactate levels did
not undergo MRC functional study.14

Conclusion
The prevalence estimation of ASD for mainland Portugal and
the Azores was close to 10 per 10 000 children. It is intriguing
that there is a regional variation in prevalence, which could
not be fully explained by methodological differences. This
observation suggests that genetic population characteristics
or regional environmental factors may contribute to the dis-
crepancies found in prevalence estimations of ASD across
studies. Repeating this study in the near future, to assess
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whether there is a trend for prevalence increase in Portugal
over time, would be very interesting. This population-based
work further shows the heterogeneity of medical conditions
associated with ASD and the utility of an exhaustive laborato-
rial investigation for the identification of non-idiopathic cases;
this is particularly important for genetic studies. Finally, the
original finding of a frequent diagnosis of MRC disease asso-
ciated with ASD opens new perspectives for the aetiological
investigation of this disorder.

Accepted for publication 17th July 2007.
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Appendix I: Distribution of schools and children (total and surveyed) by geographic district throughout mainland Portugal 

Mainland Total number Total number Regular schools Regular schools Children surveyed 

districts of regular of children randomly selected surveyed n (% of total)

(public and private) in schools n (% of total) n (% of total)

schools

Aveiro 661 25850 142 (21.5) 125 (18.9) 4740 (18.3)
Beja 241 5367 42 (17.4) 36 (14.9) 686 (12.8)
Braga 788 33655 176 (22.3) 151 (19.2) 5765 (17.1)
Bragança 440 4250 82 (18.6) 67 (15.2) 815 (19.2)
C Branco 259 5873 46 (17.8) 43 (16.6) 766 (13.0)
Coimbra 592 12758 119 (20.2) 106 (17.9) 2394 (18.8)
Évora 154 5147 30 (19.4) 27 (17.5) 883 (17.2)
Faro 288 12759 64 (22.2) 50 (17.4) 2080 (16.3)
Guarda 435 5264 89 (20.4) 78 (17.9) 771 (14.6)
Leiria 599 15043 124 (20.7) 116 (19.4) 2616 (17.4)
Lisboa 1024 68846 204 (19.9) 172 (16.8) 11669 (16.9)
Portalegre 127 3734 24 (18.9) 21 (16.5) 648 (17.4)
Porto 1014 65937 203 (20.0) 175 (17.3) 11460 (17.4)
Santarem 543 13262 110 (20.2) 92 (16.9) 2806 (21.2)
Setubal 338 24889 73 (21.6) 63 (18.6) 4188 (16.8)
V Castelo 353 7894 74 (20.9) 58 (16.4) 1450 (18.4)
V Real 627 7472 135 (21.5) 119 (19.0) 1687 (22.6)
Viseu 815 13729 178 (21.8) 161 (19.8) 2812 (20.5)
Unknowna – – – 11 163
Total Mainland 9298 331729 1915 (20.6) 1671 (18.0) 58399 (17.6)

Data shows that 20% of regular schools randomly selected are evenly distributed throughout the country, and that the percentage of children
surveyed are approximately proportional to the percentage of schools surveyed. aUnknown represents schools and corresponding children
that were surveyed but for which information on the school origin was missing in the reply.

Appendix II: 12-item checklist questionnaire

The child: Yes No

1. Shows marked impairment in the use of multiple non-verbal behaviours normally required for human communication 
and interaction (e.g. eye-to-eye gaze, facial expression and body expression are impaired or unusual), or does not even 
interact with other people �� ��

2. Does not develop peer relationships appropriate to developmental level (e.g. does not play with other children, prefers 
the company of adults) �� ��

3. Does not spontaneously seek to share enjoyment, interests or achievements with other people (e.g. does not show or call 
attention to what brings her joy) �� ��

4. Shows an inadequate response to the emotional cues from other people (e.g. may be indifferent to the arrival or departing 
of relatives, does not share the joy or sadness of others) �� ��

5. Has a delay or total lack of spoken language, and does not attempt to compensate through alternative modes of communication
such as gesture or mime (e.g. pointing at what she wants or showing it through gesture) �� ��

6. Speaks, but is not capable of initiating or sustaining an adequate conversation with others (e.g. spoken language is focused 
on herself and not on the other person) �� ��

7. Speaks, but language is idiosyncratic (e.g. repeats what she heard, reverts pronouns and refers to herself in the 2nd or 3rd 
person, phrases are stereotyped and/or out of context, or uses a peculiar tone or rhythm, like a robot) �� ��

8. Lacks make-believe play or a poor imitative play not appropriate to developmental level �� ��

9. Shows abnormal interests with particular objects or activities, peculiar or too intense (e.g. excessive interest for traffic signs,
car license plates or brands, numbers, movies) �� ��

10. Needs to maintain specific routines or rituals that are not functional (e.g. the door has to be open, the toy cars have to be
aligned, likes to spin objects) �� ��

11. Shows abnormal stereotyped and repetitive movements (e.g. hand flapping, grimaces, jumping, mannerisms) �� ��

12. Is preoccupied with parts of objects but does not explore them functionally (e.g. rotates a car wheel or looks at an object 
from a specific angle) �� ��
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Similarities in features of autism and asthma and a possible link
to acetaminophen use
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Abstract
Autism and autism spectrum disorders are enigmatic conditions that have their origins in the
interaction of genes and environmental factors. In this hypothesis, genes statistically associated
with autism are emphasized to be important in inflammation and in innate immune pathways,
including pathways for susceptibility to asthma. The role of acetaminophen (paracetamol) in an
increased risk for asthma is described and a possible similar link to an increased risk for autism is
suggested.

Keywords
autism; asthma; acetaminophen; innate immunity

Introduction
Autism is a complex and heterogeneous disorder, and the etiology is unknown. Although
numerous theories of early initiating events in the development of autism have been
proposed, two areas of active scientific interest are immune dysregulation and genetic
predisposition. In this report we compare immune and genetic aspects of autism. We then
describe acetaminophen's link to asthma and suggest a link with acetaminophen to immune
anomalies in autism.

Immune and inflammatory observations in autism
There are an increasing number of reports that anomalies in the immune system may play a
role in autism. This has been found at the molecular, pathological, and epidemiological
level. Altered levels of immunoglobulins 1-3, cytokines4 and, inflammatory markers have
been identified in the serum5, cerebral spinal fluid6, and autopsy brain tissues2 of autistic
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patients. Gastrointestinal inflammation in autism7 as well as pathological evidence of
neuroinflammation involving activation of brain microglia has been shown8. An increase in
head circumference in autistic children9, a consistent finding in autism, may involve
neuroinflammation. Abnormalities in macrophages8,10 and mast cells in autism have also
been noted11. Differential monocyte responses to Toll-like receptors have been found in
children with autism spectrum disorders suggesting involvement of innate immune
pathways12 Interestingly, activation of TLR2 has been shown to inhibit embryonic neural
progenitor cell proliferation resulting in cortical dysgenesis in vitro and in utero in a mouse
model (unpublished).

In addition, epidemiological evidence of immune involvement has been shown through an
increased frequency of autoimmune disorders in family members of autistic patients13-15.
Comparisons to early events between childhood asthma and autism have been suggested,
including an increase in head circumference and male preponderance, among others16. There
is no evidence of T cell mediated autoimmune tissue destruction as found in classical
autoimmune disorders. Immune involvement in autism has recently been reviewed17-19.
Interestingly, alterations in fever have been hypothesized to be involved in the etiology of
autism20 and fever has recently been shown to transiently improve both behavior and
language in autistic patients21. Also, low levels of breastfeeding could decrease immune
protection in infants by decreasing mother to child transfer of IgA. Breastfeeding has been
linked to autism risk in the authors' previous work22.

Genes implicated in autism and asthma: macrophages, mast cells, and innate immunity
Although autism has been shown to be highly heritable, the genetic underpinnings of autism
are complex and unclear2123. The relationship of genetic findings to the etiology,
pathobiology, disease incidence in the population, or clinical course of the disease is obscure
and speculative. While several important genes identified in genetic association studies in
autism are often discussed in the context of synaptogenesis and brain development, a
number of these autism candidate genes are central to the genetics or immunobiology of
inflammatory disorders, including asthma and macrophage or mast cell dysfunction23, 24

These genes include PTEN25,26, MET23,27, SERPINE128, PLAUR29,30, ITGB330,31,
ADRB2 32,33 and MIF34-36.

PTEN, phosphatase and tensin homolog, is an important regulatory checkpoint in the
inhibition of the PI3K/Akt/mTOR pathway24 which is central to innate immunity as well as
mast cell25 and macrophage biology26. PTEN has been associated with autism spectrum
disorders and macrocephaly27 and autism related phenotypes in a mouse model28.

MET, the met proto-oncogene also known as hepatocyte growth factor receptor, has been
associated with autism in multiple studies2930. MET has also been shown to be a regulator
of mast-cell activation as a co-receptor with α2β1 integrin31. In addition, both SERPINE1
and PLAUR, two genes involved in the MET signaling cascade and in the fibrinolytic
system, have both been genetically associated with autism32 and asthma33. Both PLAUR
(uPAR) and SERPINE1 (PAI-1) have been shown to be highly expressed in macrophages,
activated brain microglia34, as well as in mast cells 35. Both PLAUR and SERPINE1 may
play an important role in the pathogenesis of asthma36,37.

Integrin beta 3 (ITGB3) on chromosome 17 codes for a cell surface molecule involved in
cell-surface mediated signaling and cell adhesion. Polymorphisms in ITGB3 have been
associated with multiple disorders including autism38 and asthma33,39 in genetic association
studies. ITGB3 (CD61) is found on the surface of mast cells where it is involved in binding
vitronectin and mast cell activation40,41 and cell signaling in macrophages42.
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ADRB2, the beta-2 adrenergic receptor, is a G protein-coupled receptor that is expressed
ubiquitously and influences many pathological states including asthma, obesity and Type 2
diabetes. The Glu27 allele of ADRB2 been associated with autism43 in the AGRE44 cohort
as well as in dizygotic twins45. This polymorphism of ADRB2 is also associated with asthma
disease severity and drug response46.

MIF, or macrophage migration inhibitory factor, codes for a cytokine involved in
immunoregulation and inflammation47 in T lymphocytes, pituitary cells, astrocytes,
macrophages, smooth muscles cells, endothelial cells, and mast cells48. Polymorphisms in
the promoter of MIF have recently been associated with autism spectrum disorders49, as
well as in allergic asthma50, and have been shown to be required for allergic inflammation in
a mouse model of asthma50. In addition, polymorphisms in MIF have been associated with
Hereditary Periodic Fever (HPF) syndromes as well as regulating serum MIF
concentrations51. Interestingly, in all three cases, autism, asthma, and HPF, the – 173G/C
promoter polymorphism which alters levels of MIF gene transcription was an associated
allele. Importantly, the metabolite of acetaminophen, N-acetyl-p-benzoquinone imine
(NAPQI), inhibits the isomerase and the biological activities of MIF52.

The genes described above having been commonly identified in autism, asthma, and
inflammation suggests an overlap in genetic susceptibility factors between these disorders.
This raises the possibility that environmental factors acting through gene-environment
interactions may act in similar ways in both disorders.

Acetaminophen
Acetaminophen (paracetamol) is a widely used over-the-counter pain reliever and fever
reducer (antipyretic) that was introduced in the US in 1955 2256. Acetaminophen largely
replaced aspirin for the treatment of pediatric fever after the CDC advisory in 1980 to
physicians and parents regarding an association between aspirin and Reye's syndrome.
Acetaminophen overdose is a leading cause of hepatotoxicity and acute liver failure.
Activation of liver Kupfer cells (phagocytic macrophages of the liver) by acetaminophen
metabolites have been shown to activate cytokines and alter innate immunity in liver
injury53. Acetaminophen has been suggested to alter the Th1/Th2 cytokine balance in
acetaminophen induced liver injury54 and to act through TLR455 and TLR9 56. In addition,
acetaminophen has recently been shown to alter protein levels and phosphorylation of PTEN
and S-nitrosylated Akt in a chronic rat model of muscle aging57.

Most importantly, acetaminophen use in the first year of life has been strongly associated
with a later increased risk of asthma, and related phenotypes of asthma58. This association
was recently found to have a dose dependent risk of childhood asthma, rhinoconjuctivitis,
and ezcema in children aged 6-7 years, in a large multinational study 59. Moreover,
increased risk of asthma due to acetaminophen use in late pregnancy has also been shown60.
The exact molecular mechanism of this increased risk of asthma and allergic disorders due
to acetaminophen use is not known 61, although mechanistic theories include alterations in
glutathione levels, effects on serotonin, suppression of COX2, and specific effects of
acetaminophen breakdown products 62 such as NAPQI. Importantly, acetaminophen use
after MMR vaccination has recently been associated with autism in a small case controlled
study63; this association was not seen with ibuprofen.

Moreover, acetaminophen affects glutathione levels as well as pathways involved in
transsulfuration. Glutathione metabolism is fundamental to many biological processes and
alterations in glutathione homeostasis are implicated in numerous human diseases including
immune and inflammatory disorders64. Polymorphisms in glutathione pathways have been
associated with both autism and inflammatory disorders64-67. Glutathione reductase has
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been shown to be inhibited through acetaminophen-glutathione conjugates68. The
transsulfuration pathway converts cysteine to homocysteine through the intermediate
cystathione. Transsulfation metabolism has been shown to be altered in children with
autism69 and parents of children with autism70.

Interesting inflections in disease prevalence curves
Numerous studies have attempted to measure the prevalence of autism and asthma in the
population71-73. Both asthma and autism have had a similar apparent rise in the number of
cases since approximately 1980, over the past 30 years, and in both disorders these have
been repeatedly referred to as “epidemics”. In autism, this apparent rise in cases is highly
controversial74 and may be whole or in part due to increased disease awareness and/or
expansion and reclassification of diagnostic criteria.

The following discussion is not intended to judge the validity of disease prevalence studies
in asthma or autism; it is simply to point out interesting minor anomalies in those curves. In
disease prevalence curves of both autism and asthma in the US, the sharp rise in cases began
in approximately 1980. In the period from 1980 to 1990 there were two slight downturns in
the slope of the curves, after 1982 and after 1986. Both curves continue markedly upward
after 1988 into the 1990s (see Figures 1 and 2). In addition, there are similar slight
downturns in slopes of the curves at the same times from independent and geographically
disparate studies in both asthma and autism including; hospitalizations75, autism cases in
Minnesota76, autism in north east London77, and autism in an urban area in Sweden78 (see
supplemental figures 1-4).

Four significant events related to acetaminophen use occurred between 1980 and 1990. The
first was the CDC caution in 1980 concerning the relationship of aspirin to the risk of Reyes
Syndrome which was followed by a public and professional warning by the United States
Surgeon General regarding a possible Reyes Syndrome-aspirin association79. These cautions
against the use of aspirin as a fever reducer in children were largely responsible for the
replacement of aspirin by acetaminophen as a pediatric antipyretic80.

In 1982 and again in 1986 there were product tampering cases where acetaminophen tablets
were laced with cyanide resulting in eight deaths. Acetaminophen sales collapsed after each
tampering event, but recovered in less than a year in each case81-83. These dates roughly
correspond to the slight downturns in asthma and autism cases mentioned above.

Hypothesis
The discussion above provides multiple lines of evidence for overlap in genetic
susceptibility, molecular pathways, and other features associated with early preclinical
etiological events in autism and asthma. A number of these features including biological,
genetic, and epidemiological evidence may converge in aspects of inflammation or innate
immunity, often involving macrophages or mast cells.

There is strong epidemiological evidence that acetaminophen use in late pregnancy and/or in
the first year of life increases the risk of subsequently acquiring childhood asthma and
related allergic disorders. This may be due to direct effects on immunological pathways or
secondary effects such as through alterations in blood serotonin, glutathione, or
transsulfuration. Fever has been shown to have a modifying effect on behaviors in autism,
and acetaminophen is widely used to treat childhood fever as well as symptoms associated
with childhood infections and childhood vaccines. Acetaminophen use has been shown to be
associated with autism in a preliminary study63.
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It is proposed that widespread use of acetaminophen in late pregnancy or early childhood
may significantly alter subtle immune processes, through direct or indirect mechanisms,
increasing the risk for autism. It is suggested that a large scale population based
epidemiological study be conducted to determine the role, if any, of acetaminophen in the
risk for autism.

Limitations
No evidence is presented here that acetaminophen in any way causes autism. Readers of this
hypothesis should not conclude that acetaminophen is central to the etiology of autism or
speculate beyond what is presented here. This hypothesis is largely based on multiple lines
of often weak evidence. It is hoped that further research can clearly strengthen or disprove
the ideas presented here.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Number of enrolled persons with autism in California by year of birth* with addition of
events in the history of acetaminophen. The post-1982 and post-1986 downward inflections
are circled.
*Adapted from: Changes in the population of persons with autism and pervasive
developmental disorders in California's developmental services system: 1987 through 1998.
A report to the legislature (DDS, 1999). Figure 1, page 8. Available at:
http://www.dds.cahwnet.gov/Autism/docs/autism_report_1999.pdf
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Figure 2.
Asthma prevalence in US children 0-17 years, 1980-2007. The post-1982 and post-1986
downward inflections are circled.
Adapted from: US EPA-Report on the environment. Exibit 5-31 Asthma prevalence in US
children 0-17 years, 1980-2007 84; Adapted from Akimbami, 2006; NCHS, 2007b; NCHS,
2008.
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Acetaminophen Use for Fever in Children Associated with 
Autism Spectrum Disorder

Stephen T Schultz* and Georgianna G Gould
Department of Physiology, School of Medicine, University of Texas Health Science Center San 
Antonio, 7703 Floyd Curl Drive, San Antonio, TX 78229, USA

Abstract

Autism Spectrum Disorder (ASD) is characterized by persistent deficits in social communication 

and restrictive behavior, interests, and activities. Our previous case-control study showed that use 

of acetaminophen at age 12–18 months is associated with increased likelihood for ASD (OR 8.37, 

95% CI 2.08–33.7). In this study, we again show that acetaminophen use is associated with ASD 

(p = 0.013). Because these children are older than in our first study, the association is reversed; 

fewer children with ASD vs. non-ASD children use acetaminophen as a “first choice” compared to 

“never use” (OR 0.165, 95% CI 0.045, 0.599). We found significantly more children with ASD vs. 

non- ASD children change to the use of ibuprofen when acetaminophen is not effective at reducing 

fever (p = 0.033) and theorize this change in use is due to endocannabinoid system dysfunction. 

We also found that children with ASD vs. non-ASD children are significantly more likely to show 

an increase in sociability when they have a fever (p = 0.037) and theorize that this increase is due 

to anandamide activation of the endocannabinoid system in ASD children with low 

endocannabinoid tone from early acetaminophen use. In light of this we recommend that 

acetaminophen use be reviewed for safety in children.

Keywords

Autism; Autism spectrum disorder; Acetaminophen; Anandamide; Endocannabinoid; 
Cannabinoid; Fever; Medication

Introduction

Autism Spectrum Disorder (ASD), as defined by the Diagnostic and Treatment Manual for 

Mental Disorders, Fifth Edition (DSM-5), is characterized by persistent deficits in social 

communication and interaction and restricted-repetitive patterns of behavior, interests, or 

activities. These symptoms manifest in early childhood, and produce clinically significant 

developmental impairment [1]. Many children with ASD share traits of Attention Deficit/
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hyperactivity disorder (ADHD) and epilepsy is comorbid with ASD in an estimated 20–25% 

of cases [1–4]. Some features of ASD, commonly called autism or autistic disorder, are seen 

in genetic and chromosomal abnormalities such as fragile X syndrome, Down syndrome, 

and genomic insertions and deletions; however, most cases of ASD have an unknown 

etiology. Two of the prominent clinical features of ASD are immune system dysregulation 

and abnormal brain connectivity [5–7]. The US Centers for Disease Control and Prevention 

(CDC) estimates that ASD occurs in one of every 68 children in the US, while the National

Health Interview Survey puts the estimate of ASD higher with one child affected out of

every 45 children aged 3–17 years in the US [8,9].

Recently it has been shown that more than half of ASD cases are attributable to 

environmental factors [10]. A subset of children with ASD undergo a period of apparently 

normal development followed by a regression in development [11]. Since children with 

regression in development did not initially manifest ASD features, they may have been more 

likely influenced by drugs or other environmental exposures. In our own data, regression 

was featured in 38% of cases, and we were able to show an increased likelihood for ASD 

from acetaminophen use, which was higher in children with regression [12]. Prenatal and 

perinatal use of acetaminophen, also known as paracetamol, was linked to ASD in an 

ecological study [13]. We have theorized that acetaminophen disruption of the 

endocannabinoid system may underlie some of the increased likelihood for ASD, 

particularly in children with genetically compromised primary conjugation pathways that 

normally metabolize this drug [14].

Acetaminophen is one of three analgesics derived from aniline dye; the others, acetanilide 

and phenacetin, have been discontinued due to side effects [15]. Although acetaminophen 

has been used as an analgesic for more than a hundred years, its mechanism of action was 

unclear. It has now been shown that acetaminophen produces analgesia by acting in the brain 

as an indirect agonist at cannabinoid receptors through conversion of the acetaminophen 

metabolite p-aminophenol to N-arachidonoylaminophenol (AM404) which inhibits the 

reuptake of anandamide [15–17]. Blocking cannabinoid receptors completely eliminates the 

analgesic effect of acetaminophen [15,18].

We have shown in a case-control study that use of acetaminophen early in life is associated 

with increased likelihood for ASD [12]. We showed in this study that children who used 

acetaminophen at age 12 to 18 months vs. those who did not were eight times more likely to 

have ASD when all children were considered and nearly 21 times more likely to have ASD 

when limiting cases to children with regression in development. Ibuprofen use at age 12 to 

18 months was not significantly associated with ASD for either of these groups.

In a later report we showed that the events in the history of acetaminophen use were related 

to the number of children with ASD [19]. In this report, acetaminophen history was linked 

with the number of eligible persons with autism by birth year from a 1999 report to the 

legislature by the California Department of Developmental Services. We showed that the 

number of children with ASD greatly increased after the CDC issued a warning against 

using aspirin for children’s fever in 1980. We further showed separate decreases in the 

number of children with ASD born after highly publicized incidents in 1982 and 1986 where 
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acetaminophen capsules were laced with cyanide in the US. These incidents caused 

precipitous declines in acetaminophen sales.

To continue investigating whether ASD is associated with acetaminophen use, we searched 

for available data which described acetaminophen use in older children with and without 

ASD. In 2015, we discovered data to re-test our ASD-acetaminophen link in children. The 

current study was undertaken to determine if acetaminophen use for fever in older children 

was associated with ASD.

Materials and Methods

Our data source was the National Database for Autism Research (NDAR) of the National 

Institute of Mental Health (NIMH) which is one of the institutes in the National Institutes of 

Health (NIH) in the US. Approval for use of this data was obtained from NIMH and the 

University of Texas Health Science Center San Antonio. The data we chose to use was from 

the study entitled “Association between pupillary light reflex and sensory behaviors in 

children with autism spectrum disorders.” This de-identified data contained information on 

ASD diagnoses and over-the-counter medications used to treat fever. The selection criteria 

for these children may be found in the 2013 paper by Daluwatte et al. [20].

The diagnosis of ASD in our data was listed as confirmed by testing the children with the 

Autism Diagnostic Observation Schedule (ADOS) or the Autism Diagnostic Interview-

Revised (ADI-R). In order to focus on the effect of environmental exposures, only children 

with ASD and without known genetic disease were included as cases. Genetic diseases 

linked to ASD which were excluded include fragile X syndrome, Down Syndrome, tuberous 

sclerosis, Rett Syndrome, and known ASD-linked chromosome insertions and deletions. 

After these exclusions, we obtained information concerning 155 children with ASD and 154 

non-ASD children. We further limited our data analysis to the individuals for whom 

information regarding acetaminophen use for fevers was available which yielded 118 case 

children with ASD and 79 control children.

SPSS version 23 for Windows was used for all statistical analyses unless otherwise noted. 

Chi square tests were used to determine whether fever medication use was associated with 

ASD. Age at time of interview was tested for association with ASD by ANOVA. Logistic 

regression modeling was used to produce age-adjusted models for levels of fever medication 

use in children with ASD compared to children without ASD.

Results

Table 1 shows the characteristics of children in our study. We limited our dataset to children 

with information regarding acetaminophen use for fevers. However, some of the other 

questions analyzed were answered by fewer respondents. Therefore for clarity, the number 

of cases and controls available for analysis of each question is listed in the table. There was 

no significant difference in the ages of the children, mean 131 months for cases and 135 

months for controls. Acetaminophen use for fevers was significantly different for cases 

compared to controls (p = 0.013). Ibuprofen use for fevers was not significantly different 

between cases and controls (p = 0.570). Aspirin use for fevers was extremely low in both 
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cases and controls; a total of four children were reported to ever use aspirin, and no 

comparative analysis was possible for aspirin use. Compared to control children, the 

frequency of fevers showed a trend for increasing rate in case children (p = 0.057), and case 

children were significantly more likely to show better social interaction when experiencing a 

fever (p = 0.037).

Table 2 shows the results of age-adjusted logistic regression models for three levels of 

acetaminophen and ibuprofen use compared to never or rarely use in case children with ASD 

vs. control children without ASD. Using acetaminophen as a first choice was 83% less likely 

in children with ASD (OR 0.165, 95% CI 0.045, 0.599) while use of acetaminophen if other 

medication doesn’t bring down fever was 82% less likely in children with ASD (OR 0.183, 

95% CI 0.050, 0.675). Using only acetaminophen for fever showed a non-significant 

negative trend with a p value of 0.065. There was no significant difference in the three levels 

of ibuprofen use between cases and controls.

Table 3 shows the use of ibuprofen if acetaminophen doesn’t bring down fever vs. rarely or 

never use ibuprofen for children with ASD vs. non-ASD children while limiting the analysis 

to children who use acetaminophen as first choice. A significantly higher number of children 

with ASD vs. non-ASD children used ibuprofen to bring down their fever vs. rarely or never 

using ibuprofen (p = 0.033). This result indicates that significantly more children with ASD 

vs non-ASD children switch to the use of ibuprofen if acetaminophen does not bring down 

their fever.

Discussion

As seen in Table 1, the use of acetaminophen in children with ASD compared to control 

children was still significantly different in the current study as it was in our 2008 study. 

However, as seen in Table 2, the association direction seen in our current study for 

acetaminophen use is opposite to our previous results which asked about acetaminophen use 

in young children. In our current study, older children with ASD compared to control 

children were significantly less likely to use acetaminophen for fever; whereas, in our 2008 

study, younger children with ASD compared to control children were significantly more 

likely to use acetaminophen at 12–18 months of age and after the MMR vaccination. If we 

consider that early use of acetaminophen may be responsible for endocannabinoid system 

dysfunction, this could result in acetaminophen losing effectiveness. In this case, the results 

we found in older children are to be expected.

We have shown that the acetaminophen metabolites AM404 and p-aminophenol are toxic for 

mouse embryonic cortical neurons [21]. AM404 increases brain endocannabinoid levels by 

decreasing the re-uptake of anandamide [15]. We have further shown that acetaminophen 

differentially changes social behavior in adult male black and tan brachury tufted (BTBR) 

mice, a commonly used mouse model of behavioral traits of autism [22]. Neonatal exposure 

to acetaminophen affects cognitive function and reduces its analgesic and anxiolytic 

response in adult male mice and in our lab produced long-lasting immune system changes 

[23–25].
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As we saw in our 2008 study, the use of ibuprofen in the current study is not significantly 

different for children with ASD vs. non-ASD children, although the use of ibuprofen has 

now increased from 56% to 87%. The children in our current study are older on average than 

our first study, 11 years vs. 7.5 years, and parents would have time to switch to a different 

anti-pyretic drug for their children if acetaminophen is no longer effective. We have shown 

in Table 3 that children with ASD vs. non-ASD children are significantly (p = 0.033) more 

likely to switch to the use of ibuprofen if acetaminophen doesn’t bring down their fever. The 

reasons for this reversal in analgesic use seen in our current study for children with ASD vs. 

non-ASD children could be a decrease in acetaminophen effectiveness due to 

endocannabinoid system dysfunction.

The endocannabinoid system plays a key role in the development of the central nervous 

system and its activation can induce long-lasting functional alterations [26]. Use of the 

exogenous cannabinoid tetrahydrocannabinol in the still-maturing brain may produce 

persistent alterations in brain structure and cognition [27]. Animal models have revealed the 

danger of both cannabis abuse and exposure to cannabinoid drugs during brain development 

[28,29].

Dysfunction of the endocannabinoid system can occur through either of the two classic 

cannabinoid receptors, CB1 or CB2. CB1 receptors are primarily located in the central 

nervous system (CNS) and are concentrated in the cerebellum, hippocampus, and the basal 

ganglia which are areas in the brain implicated as dysfunctional in ASD [30,31]. It has been 

demonstrated that during fetal life, CB1 receptors and their associated endocannabinoids 

provide axon guidance cues and are responsible for synaptogenesis [32–34]. Children with 

ASD have been shown to have abnormal brain connectivity which could be due to lack of 

CB1 axon guidance [7].

CB2 receptors are primarily located on immune system cells and serve a regulatory function. 

CB2 receptors have been shown to control the movement of inflammatory cells to the site of 

injury, and CB2 receptors’ reverse agonists may serve as immune system modulators [35]. 

CB2 receptor agonists reduce transendothelial migration of monocytes by interfering with 

endothelial adhesion [36]. It has been shown in many studies that children with ASD have 

immune system dysregulation [37–43]. This dysregulation includes differential monocyte 

responses, abnormal cytokine levels, decreased T cell mitogen response, decreased numbers 

of lymphocytes, and abnormal serum immunoglobulin levels. Other studies have shown that 

children with ASD exhibit abnormal antibodies against brain and central nervous system 

proteins [44–50] and increased plasma pro-inflammatory cytokine levels [51]. These 

problems could be due to dysregulation of the immune system through CB2 receptors.

Siniscalco et al. in a 2013 landmark paper were able to confirm endocannabinoid system 

dysfunction in ASD vs healthy subjects by showing in peripheral blood mononuclear cells 

that the mRNA and protein for CB2 was significantly increased and mRNA for the gene that 

synthesizes anandamide, N-acylphosphatidyl-ethanolamine-hydrolyzing phospholipase D 

(NAPE-PLD), was significantly decreased [52]. This upregulation of CB2 receptors and 

downregulation of NAPE-PLD in these immune system cells indicates endocannabinoid 

system dysfunction in children with ASD. This dysfunction could result from insufficient 
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endocannabinoid system tone. Also in 2013, Földy et al. found that neuroligin-3 mutations 

associated with autism commonly disrupt tonic endocannabinoid signaling, providing 

further evidence of endocannabinoid system involvement in ASD [53].

The endocannabinoid system participates in fever generation by increasing anandamide 

activation of CB1 receptors [54,55]. We have shown in Table 1 that fever is associated with a 

significant increase in social interaction in children with ASD compared to non-ASD 

children. The increase in social interaction seen in this study could be due to fever producing 

a normalization of endocannabinoid tone in a system that has been made dysfunctional by 

acetaminophen use in children with ASD.

Kerr et al. have demonstrated dysfunction in the endocannabinoid system in the rat valproic 

acid model of autism. Alterations include reduced expression in the frontal cortex of PPARα 
and GPR55 and in the hippocampus of PPARγ and GPR55, which are additional receptor 

targets of the endocannabinoids. They found increased tissue levels of anandamide and 

palmitoylethanolamide (PEA) in the hippocampus after social interaction [56]. PEA is found 

abundantly in the central nervous system, especially in neurons and glial cells, and is a 

dietary supplement available without a prescription in Europe [57]. Administration of PEA 

has been shown to increase tissue levels of anandamide and increase activation of the 

endocannabinoid system [58]. PEA attenuates seizures in rats through CB1 and CB2 

cannabinoid receptors [59]. Antonucci and colleagues in 2015 reported two case studies of 

boys with ASD in which PEA supplementation reduced inflammatory markers and produced 

rapid clinically significant improvements. With the success of these cases, they have 

recommended appropriate double-blind controlled clinical trials to further explore the 

potential of PEA as a treatment for ASD [60].

The warning in 1980 by the CDC against aspirin use in children has been very effective. As 

physicians began recommending acetaminophen as an alternative antipyretic drug, sales of 

children’s aspirin precipitously declined beginning in 1980 and were replaced with sales of 

acetaminophen [61]. As seen in our current study only four children were ever given aspirin 

for fever. However, since the initial CDC warning against the use of aspirin for fever in 

children, reports have been published casting doubt on the initial studies which associate 

children’s use of aspirin with Reye Syndrome [62–64]. As reported in an excellent review by 

Schrör in 2007, the attribution of Reye Syndrome to aspirin use in children was not 

sufficiently supported by research [65,66]. We have shown that the current rise in cases of 

autism began in 1980 in the US, which is the same year that the CDC warned against the use 

of aspirin in US children [19]. There is no good evidence that acetaminophen is superior to 

aspirin for use in children, and we have shown evidence that acetaminophen use is 

associated with ASD. We recommend that the use of acetaminophen in children be reviewed 

for safety. Also, the strong warning against the use of aspirin for fever in children should be 

reviewed.

Conclusion

In summary, we have presented evidence for the association of acetaminophen use with 

ASD. Our theory of how this may occur can be explained in the following illustration. 
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Suppose a susceptible young boy has a fever due to a viral infection or after the MMR 

vaccination. His parents give him acetaminophen which increases endocannabinoid 

stimulation in his brain making him feel better and bringing down his fever. But the 

increased activation of the endocannabinoid system also decreases immune system function 

which prolongs the illness and leads to even more acetaminophen use. Eventually, the boy 

recovers but his endocannabinoid system has been dysregulated to a lower level to 

compensate for the prolonged over-activation. Now the neurons in his brain are not getting 

the proper guidance for their growth through CB1 receptors and further suffer from 

increased inflammation due to lack of CB2 regulation in immune system cells. The boy 

develops ASD. When the boy gets a fever, his parents again give him acetaminophen but it 

no longer works well since his endocannabinoid tone is at a low level, and his parents switch 

to ibuprofen. Also, when he gets a fever, the increased anandamide levels briefly increase 

endocannabinoid tone and improve his sociability. After the fever, the endocannabinoid tone 

again drops back to low levels and his sociability decreases again. His condition, however, 

may be reversible with new cannabinoid medications to increase endocannabinoid system 

activation and allow his brain to slowly recover. Research needs to be conducted to see if 

PEA, cannabidiol, or other cannabinoids will be effective treatments for ASD.
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Table 1

Characteristics of children in the 2015 ASD -acetaminophen study by case-control status.

Variable Cases Controls p value*

n = Cases, Controls Mean (SD) Mean (SD)

Age (months) (n = 118, 79) 131.3 (43.6) 134.9 (39.6) 0.5631

% (n) % (n)

Acetaminophen use for fever (n = 118, 79) 0.0132

Only use this 15.3 (18) 12.7 (10)

First choice 35.6 (42) 46.8 (37)

Use if other medication doesn’t bring down fever 31.4 (37) 36.7 (29)

Rarely or never use 17.8 (21) 3.8 (3)

Ibuprofen use for fever (n = 110, 73) 0.57

Only use this 9.1 (10) 4.1 (3)

First choice 44.5 (49) 50.7 (37)

Use if other medication doesn’t bring down fever 33.6 (37) 32.8 (24)

Rarely or never use 12.7 (14) 12.3 (9)

Aspirin use for fever (n = 90, 51) 1.0002

Only use this 1.1 (1) 0.0 (0)

First choice 0.0 (0) 0.0 (0)

Use if other medication doesn’t bring down fever 2.2 (2) 2.0 (1)

Rarely or never use 96.7 (87) 98.0 (50)

Frequency of Fevers (n = 117, 78) 0.057

Rarely (< 4 times / year) 85.5 (100) 93.6 (73)

Sometimes (5–8 times / year) 10.3 (12) 6.4 (5)

Often (>12 times / year) 4.3 (5) 0.0 (0)

Social Interaction Better with Fever (n = 118, 79) 0.0372

No 81.4 (96) 92.4 (73)

Yes 18.6 (22) 7.6 (6)

*
p values by Pearson chi square unless otherwise noted. A p value of less than 0.05 was considered significant and is marked in bold.

1
F test p value.

2
Fisher’s exact test p value, two sided.
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Table 2

Age adjusted associations of acetaminophen or ibuprofen use for fever in children with ASD compared to 

control children by logistic regression.

Variable B Odds Ratio 95% Confidence Interval p value*

Acetaminophen use for fever compared to rarely or never use:

Only use this − 1.352 0.259 0.062, 1.088 0.065

First choice − 1.804 0.165 0.045, 0.599 0.006

Use if other medication doesn’t bring down fever − 1.697 0.183 0.050, 0.675 0.011

Ibuprofen use for fever compared to rarely or never use:

Only use this 0.782 2.186 0.467, 10.235 0.321

First choice −0.16 0.852 0.333, 2.183 0.739

Use if other medication doesn’t bring down fever 0.001 1.001 0.374, 2.679 0.998

*
p value by logistic regression likelihood ratio with a value less than 0.05 considered significant and listed in bold.
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Table 3

Use of ibuprofen if acetaminophen doesn’t bring down fever vs. rarely or never use ibuprofen for children with 

or without autism spectrum disorder while limiting the analysis to children who use acetaminophen as first 

choice.

For children who use acetaminophen as first choice:

Use of ibuprofen if acetaminophen doesn’t bring down 
fever Rarely or Never use ibuprofen p value* 0.033

Children with ASD 33 0

Children without ASD 22 4

*
p value by mid-P exact test, OpenEpi Open Source Epidemiologic Statistics for Public Health, Version 3.03a
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Did Acetaminophen Provoke the 
Autism Epidemic?

Peter Good

Abstract
Schultz et al (2008) raised the question whether regression 
into autism is triggered, not by the measles-mumps-rubella 
(MMR) vaccine, but by acetaminophen (Tylenol®) given for its 
fever and pain. Considerable evidence supports this contention, 
most notably the exponential rise in the incidence of autism 
since 1980, when acetaminophen began to replace aspirin 
for infants and young children. The impetus for this shift – a 
Centers for Disease Control and Prevention warning that 
aspirin was associated with Reye’s syndrome – has since been 
compellingly debunked. If aspirin is not to be feared as a 
cause of Reye’s syndrome, and acetaminophen is to be feared 
as a cause of autism, can the autism epidemic be reversed 
by replacing acetaminophen with aspirin or other remedies?
(Altern Med Rev 2009;14(4):364-372)

Introduction
In the May 2008 issue of the journal Autism, 

Schultz et al reported an association between autism 
and acetaminophen (paracetamol, Tylenol®) given chil-
dren for fever, pain, and other adverse reactions to the 
measles-mumps-rubella (MMR) vaccine, usually ad-
ministered between 12 and 15 months of age. Children 
given acetaminophen after the MMR vaccine were sig-
nificantly more likely to become autistic than children 
given ibuprofen.1

Although distribution studies detected no as-
sociation, the MMR vaccine has long been suspected 
of provoking autism, especially by parents whose seem-
ingly normal child regressed into autism not long after 
receiving the vaccine.2-4 Schultz et al, however, raised 
the intriguing question whether the trigger for autism is 

not the MMR vaccine, but acetaminophen given for its 
subsequent fever and pain. An online survey of parents 
yielded 83 children with autism and 80 control chil-
dren ages 1-18 years. Children with autism had more 
adverse reactions to the MMR vaccine and were more 
likely to have been given acetaminophen than ibuprofen 
for those reactions. Compared to controls, children ages 
1-5 years with autism were eight times more likely to
have gotten sick after the MMR vaccine, and were six
times more likely to have taken acetaminophen. Chil-
dren with autism who regressed in development were
four times more likely to have taken acetaminophen
after the vaccine. Illnesses concurrent with the MMR
vaccine were nine times more likely in autistic children
when all cases were considered, and 17 times more like-
ly after limiting cases to children who regressed.1

Interestingly, no parent in the survey reported 
giving aspirin after a child’s MMR vaccination. This 
may reflect awareness that aspirin is no longer consid-
ered safe for infants and young children, after being 
implicated in Reye’s syndrome (liver and brain dam-
age after viral infection) in the 1980s. Because Reye’s 
syndrome virtually disappeared worldwide after aspirin 
was replaced by other antipyretics and analgesics during 
the 1980s, parents, pediatricians, and hospitals today 
commonly give infants and young children acetamino-
phen or ibuprofen for fever and pain.

Orlowski et al offered compelling arguments, 
however, that aspirin was not the cause of Reye’s syn-
drome. Although salicylates like aspirin have been used 
to alleviate fever and pain since the beginning of the 
20th century, Reye’s syndrome was not reported until 
the early 1950s. Furthermore, Reye’s syndrome disap-
peared from countries like Australia that had not giv-
en aspirin to children since the 1950s, as well as from 
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countries like France and Belgium that continued to 
give aspirin throughout the 1970s, 80s, and 90s. Closely 
examining U.S. Public Health Service studies between 
1980 and 1987 that associated aspirin with Reye’s syn-
drome, Orlowski et al found serious problems in all – 
even doubt that the researchers were actually studying 
Reye’s. They noted other studies worldwide that showed 
no association between aspirin and Reye’s syndrome. As 
for the argument that Reye’s disappeared after aspirin 
use declined in infants and young children, Orlowski et 
al showed that the incidence of Reye’s syndrome was al-
ready falling by 1979.5

Synchronicity of Acetaminophen and the 
Autism Epidemic

The most compelling evidence linking acet-
aminophen use and autism is their rapid synchronous 
rise in recent decades. “The incidence of autism has 
risen 10-fold since the early 1980s,” Previc concluded, 
“with most of this rise not explainable by changing diag-
nostic criteria.”6 Until about 1980, approximately 50-60 

 percent of autistic children were abnormal from birth, 
and 40-50 percent regressed into autism at approxi-
mately 18 months.4

“Around 1980,” Pangborn stated, “all this be-
gan to change. The total frequency of occurrence dou-
bled, doubled again, and by 1995 was approximately 
10 times that of 1980. Furthermore, while the onset-
at-birth type had increased 3 to 4 times, the onset-at-
18-months type had skyrocketed to considerably more
than 10 times its 1980 level.” Pangborn concluded that
most of the autistic population now appeared to have
“an acquired disease caused by something that we were
not doing 20 years ago.”4

Pangborn’s conclusions were based on thou-
sands of cases collected by the Autism Research Insti-
tute (ARI) since the 1960s (Figure 1).2-4 When Rim-
land founded the ARI in 1967, parents were already 
reporting that their child deteriorated into autism 
soon after the diphtheria, pertussis, tetanus (DPT) 
vaccine.2,3 Rimland suspected the increase in autistic 
regression at 18 months was due to wider use of the 

Figure 1. Incidence of Autism Types
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MMR vaccine – part of an accelerated effort to eradi-
cate measles that began in 1978.7 On the other hand, 
the 1980s was also the decade when acetaminophen 
largely replaced aspirin for infants and young children. 
In 1980, studies under the auspices of the U.S. Public 
Health Service and its Centers for Disease Control and 
Prevention (CDC) reported that aspirin was associated 
with Reye’s syndrome8 – a rare but often fatal disease 
in young children after a bout of flu or chicken pox. 
The impact of these studies on the public’s perception 
of aspirin for children was dramatic9 – perhaps abetted 
by the makers and vendors of acetaminophen.10 Arrow-
smith et al compared nationwide sales of aspirin and ac-
etaminophen during that time, finding sharp decreases 
in the purchase and use of children’s aspirin between 
1980 and 1985 and a reciprocal increase in sales of chil-
dren’s acetaminophen products.11

Schultz compared the nationwide shift from as-
pirin to acetaminophen against the number of children 
with autistic disorders eligible for services in California 
born before and after 1980. Decreased nationwide sales 
of children’s aspirin and increased sales of children’s 
acetaminophen products beginning about 1980 were 
associated with an increased number of California chil-
dren with autistic disorders born after 1980. Schultz 
also found that certain critical events in the history of 
acetaminophen use were soon followed by inflections in 
autism rates. In 1977 the Food and Drug Administra-
tion warned that acetaminophen could damage the liver. 
California children born in 1977 were less likely to be 
diagnosed with autism than children born in previous 
years. In autumn of 1982 seven people died after ingest-
ing Tylenol capsules laced with cyanide; in 1986 one 
person died after ingesting Tylenol capsules similarly 
tampered with. These events precipitated sharp declines 
in nationwide sales of acetaminophen, accompanied by 
declines in the numbers of California children with au-
tistic disorders born in 1984 and 1987 (Figure 2).12

Schultz adapted his graph from a 1999 graph 
by California’s Department of Developmental Services 
(DDS), which depicted a steep rise in the number of 
California children with autistic disorders born af-
ter 1980.13 The 2003 update to the 1999 DDS report 
stated without equivocation: “The 1999 Report docu-
mented that beginning in the early 1980s California be-
gan to see an increasing and dramatic rise in the number 
of persons with ASD [autistic spectrum disorders].”14 

The 1999 DDS graph looks remarkably similar to 
Rimland’s graph of autism incidence (Figure 1) based 
on thousands of cases collected by the ARI.2-4 A graph 
in the 2003 DDS update depicting prevalence rates in-
stead of incidence confirms that autistic disorders be-
gan to increase dramatically in California children born 
during the 1980s.

Toxicity of Acetaminophen
Because infant’s Tylenol is three times more 

concentrated than children’s Tylenol,15 and parents may 
not realize children’s cold remedies often contain acet-
aminophen, acetaminophen overdose in young children 
is not uncommon.16,17 Schultz et al noted that sulfation 
by the liver is the primary pathway to detoxify and 
excrete acetaminophen in children younger than 10.1 
When sulfation is impaired, acetaminophen oxidizes to 
the toxic metabolite N-acetyl-p-benzoquinone imine, 
which is then detoxified by glutathione.18 Acetamino-
phen overdose depletes the liver’s supplies of sulfate 
and glutathione, impairing its ability to detoxify and 
excrete harmful substances.19 The American Academy 
of Pediatrics warned that clinical signs of liver disease 
– fever and abdominal pain – are often treated with
acetaminophen. Many cases of severe liver poisoning
in children have been attributed to cumulative toxic-
ity from repeated therapeutic doses of acetaminophen
rather than acute toxicity from a single massive over-
dose.16 Furthermore, evidence indicates that acetamino-
phen, although an effective analgesic, does not reduce
fever significantly.20

Abnormal Sulfate Metabolism in 
Children with Autism

Parents and autism support groups commonly 
report that autistic episodes are triggered when these 
children eat wheat, corn, sugar, apples, bananas, choco-
late, cheese, and other dairy products.21 Because many 
of these “trigger” foods are high in phenolic amines (e.g., 
dopamine and serotonin) that depend on sulfate for 
excretion,19 Waring et al studied sulfate metabolism in 
children with autism. The liver uses sulfate derived from 
the amino acid cysteine to make a variety of foreign 
and domestic substances soluble for excretion.19 The 
liver also uses cysteine to synthesize the antitoxin and 
antioxidant glutathione,22 as well as metallothionein, 
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which transports zinc and copper and binds mercury 
and other toxic metals.23 Liver detoxification is almost 
universally impaired in children with autism.19

O’Reilly and Waring studied 40 autistic chil-
dren intolerant of certain foods and chemicals. All had 
very low levels of phenolsulfotransferase (PST), an en-
zyme that sulfates phenols and amines for excretion. To 
probe the sulfation pathway they administered 500 mg 
acetaminophen to these children, then collected urine 
over the next eight hours. Most children had reduced 
urine output over the eight hours and were feverish and 

“generally off-colour.” The researchers warned about 
this effect of acetaminophen in these children, given 
relatively freely for minor illness.24

Alberti et al subsequently used acetaminophen 
to probe the relative contributions of the sulfate and 
glucuronide pathways of excretion in low-functioning 
children with autism. They too found these children 
were less able than normal children to sulfate phenols 
and amines, and suggested this might lead to accumula-
tions of unmetabolized catecholamine neurotransmit-
ters (dopamine, norepinephrine, and epinephrine) in 
the brain, with neurotoxic effects.21 

Figure 2. Number of Enrolled Persons with Autistic Disorder in California by Year of Birth and Significant 
Events in the History of Acetaminophen Use
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Kidd concluded that these studies by Waring 
et al amount to “direct proof ” that children with autism 
are less able to sulfate foreign and native phenols and 
amines.19

Pangborn measured plasma amino acids in 32 
children with autism, detecting marginal to subnormal 
levels of cystine (two cysteine molecules linked by sulf-
hydryl groups) in 60 percent. Hundreds of follow-up 
analyses found cystine/cysteine levels low in autistic 
children 1-5 years old, although older children often had 
normal or even high levels. Pangborn noted, however, 
that Waring found higher than normal levels of plasma 
cysteine in children with autism, as well as higher ratios 
of cysteine to sulfate (suggesting a cysteine utilization 
disorder), and after administering paracetamol (acet-
aminophen), lower than normal levels of paracetamol 
sulfate. Pangborn also suggested that vitamin B6/mag-
nesium supplements may benefit autistic children partly 
because the bioactive form of B6 (pyridoxal 5’-phos-
phate) is necessary for the conversion of methionine 
to cysteine.4 James et al detected significantly reduced 
plasma levels of methionine, cysteine, and glutathione 
and reduced methylation capacity in 80 children with 
autism; plasma cysteine was severely reduced in more 
than 65 percent.25

Sulfation and Acetaminophen in 
Mothers of Autistic Children

One critical sulfation reaction during preg-
nancy converts the adrenal androgen and estrogen 
precursor dehydroepiandrosterone (DHEA) to its sul-
fate DHEAS, a storage or reservoir form of DHEA26 
that takes 15 times longer to clear from the blood.27 
DHEAS from the fetal adrenal cortex is the most com-
mon precursor of the placental estrogens so vital to fetal 
growth and maturation.28 Geier and Geier found that 
children with autistic spectrum disorders had higher 
levels of serum/plasma DHEA and testosterone, and 
lower levels of methionine, cysteine, glutathione, and 
other cysteine metabolites. They noted that DHEA can 
convert to androstenedione and then testosterone, or 
be sulfated to the “normally favored storage molecule” 
DHEAS. Because sulfation of DHEA requires glu-
tathione as a cofactor, they proposed that glutathione 
deficiency in these children causes less DHEA to con-
vert to DHEAS and more to androstenedione and tes-
tosterone.29 A similar shift of adrenal steroid  synthesis 

 occurs in mother and fetus during complications of 
pregnancy, and in adults under stress, increasing cortisol 
at the expense of DHEAS.30 Strous et al found plasma 
DHEAS significantly low in adults with autistic spec-
trum disorders.31 Croonenberghs et al detected a high 
ratio of plasma cortisol to DHEAS in autistic adoles-
cents.32 Sulfation is also important for the excretion of 
steroids, including DHEA and testosterone.4,19

Mothers of autistic children commonly suffer 
more bacterial and viral infections33 and fevers6 during 
pregnancy, for which they commonly take acetamino-
phen.34 If their babies are born cysteine-deficient, new-
born boys may be more vulnerable because their uptake 
of cysteine takes longer to mature.35 Acetaminophen 
given infants before the MMR vaccine may also set the 
stage for autism, notably when given for reactions to the 
diphtheria, tetanus, and acellular pertussis (DTaP) vac-
cine at ages two, four, and six months – a vaccine “with 
the most fever/pain.”36

Acetaminophen impairing sulfation before 
and after birth may explain why children with autism 
have smaller brains at birth (estrogen deficiency), then 
an accelerated and prolonged growth spurt of male-
specific brain structures within a few months of birth 
(androgen excess).37,38 The testosterone-dependent 
amygdalae are larger than normal in these children and 
the estrogen-dependent corpus callosum dispropor-
tionately smaller.38,39 These anomalous brain structures 
in autism, and the characteristic personality, behavior, 
and aptitudes they beget, have been termed the “extreme 
male brain” by Baron-Cohen et al.38 Impaired sulfation 
of DHEA to DHEAS before and after birth, reducing 
estrogens and increasing testosterone, together with im-
paired sulfation/excretion of testosterone, may explain 
these anomalies.

Current Potential Remedies
Because these children lack capacity to metab-

olize and excrete foreign and native toxins of all kinds, 
the most effective general countermeasure may be to 
increase their sulfur substrate, e.g., via magnesium sul-
fate (Epsom salts) in bathwater and/or careful doses in 
orange juice. Oral magnesium sulfate, which is poorly 
absorbed, draws water into the intestines, potentially 
causing diarrhea; whereas, well-absorbed magnesium 
taurate provides magnesium as well as sulfur from tau-
rine.40 Almost half of autistic children and adults  benefit 
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when given oral vitamin B6 plus magnesium (optimal 
daily dose on average: 8 mg vitamin B6/lb body weight 
plus 4 mg magnesium/lb).41 

Other good sources of sulfur are cabbage, on-
ions, garlic, dried fruit,42 oral supplements like whey 
protein23 and methylsulfonylmethane (MSM),43 and a 
high-protein diet. Cysteine supplements, however, ap-
pear unsafe. Quig noted that high doses of cysteine (e.g., 
500 mg 3 times daily) may transport mercury into the 
brain.23 Pangborn warned that a sudden influx of cys-
teine may mobilize toxins the body is not ready or able 
to excrete.4 When acetaminophen overdose depletes the 
liver’s supplies of sulfate and glutathione and toxicity 
develops, the current treatment is N-acetylcysteine to 
replenish intracellular glutathione.44 Kidd concluded 
that N-acetylcysteine and oral glutathione were safer 
than oral cysteine, and noted that ascorbate (vitamin 
C) may protect against glutathione depletion.22 Because
molybdenum supplements improved behavior in 14 of
38 autistic children,42 further investigations seem war-
ranted. Torres recommended that fever suppressants be
reserved for severe fevers in young children, on grounds
that fever helps mature the immune system.34 Large tri-
als have shown that low-dose aspirin during pregnancy
is relatively safe for mother and child.45

Giving aspirin to children with autism, how-
ever, may tax the liver as much as acetaminophen, al-
though salicylates are usually metabolized as glucuro-
nides.46 Alberti et al noted that salicylates are primary 
biochemical offenders in autistic children, and high-
dose aspirin inhibits the sulfating enzyme PST.21 The 
Feingold Association has received parent reports of sig-
nificant improvements in behavior of autistic children 
after removing gluten (wheat) and casein (dairy) prod-
ucts from their diets, as well as salicylates naturally 
present in fruits and vegetables. Director Hersey con-
cluded: “I cannot say if  aspirin causes more problems 
than acetaminophen for autistic kids. The reason why 
we suggest acetaminophen in place of aspirin is because 
aspirin is a ‘salicylate’ and a known troublemaker for 
many people. . . . Many of our members use various ho-
meopathic remedies – they’re a very good option since 
they don’t contain unwanted additives such as artificial 
dyes and flavorings. Another choice would be to ask a 
compounding pharmacist to make up a product to fit 
the child’s needs. . . . For a child with autism . . . it might 
be wise to stay off salicylates for a longer period of time 
since these kids are likely to be very sensitive.”47

Contrary Arguments
1. Cox and McDowell challenged the methods

Schultz et al used to gather participants and controls 
for the online survey, arguing they were biased and 
insufficiently random, and no estimate of sample size 
was given. These writers also suspected that parents 
might not accurately recall years after the MMR vaccine 
whether their child was given acetaminophen.48 Schultz 
replied that asking parents of autistic children to have 
their friends with normal children take the survey was 
an excellent way to select controls, because they repre-
sented the population studied, yet did not have autism. 
The original paper by Schultz et al pointed out several 
reasons the population of autistic children in the sur-
vey might not have been random.1 Schultz’s reply also 
noted that the effects of acetaminophen were so great 
they were significant even for the relatively small sam-
ple. To minimize recall bias they had analyzed a smaller 
group of children ages 1-5 years, thinking that parents 
of younger children would better remember whether 
their child was given acetaminophen after the MMR 
vaccine. The association of autism with acetaminophen 
was highly significant even for this smaller group.49

2. Could the epidemic of autistic regression be
due to factors in the MMR vaccine itself (e.g., its at-
tenuated live viruses), which came into wider use in 
1978 in an effort to eradicate measles? Dales et al calcu-
lated that the incidence of autism in California children 
born from 1980 onward increased more rapidly than 
the use of the MMR vaccine.50 Rimland noted that the 
DPT vaccine also provoked autistic regression.2,3 In any 
case, greater use of the MMR vaccine does not explain 
three times more cases of autism present at birth. The 
mercury-containing preservative thimerosal in vaccines 
also depletes glutathione,51 but thimerosal was never a 
component of the MMR vaccine.52 Furthermore, the 
incidence of autism continues to rise even though thi-
merosal is no longer used to preserve most pediatric 
vaccines.53 On the other hand, in some states children 
still receive thimerosal-preserved vaccines.54 Haley also 
noted that the oxidation of sulfite to sulfate requires a 
molybdenum cofactor inhibited by mercury.54 Urinary 
sulfite is high in autistic children, and molybdenum 
supplements improved clinical symptoms.42

3. If replacing aspirin with acetaminophen pro-
voked the autism epidemic, why is its prevalence in the 
United States comparable to its prevalence in France,55 
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where children continued to receive aspirin through-
out the Reye’s epidemic? Deligne et al reported that in 
2003, 90 percent of more than 500,000 prescriptions 
for fever in French infants less than three months old 
were written for paracetamol (acetaminophen).56

4. If the MMR vaccine is usually given at 12-
15 months, why does autistic regression usually occur 
at about 18 months? Schultz pointed out that regres-
sion often develops gradually, over a period of months. 
Acetaminophen given for the vaccine, he suggests, may 
weaken a child’s immune system, so the child gets sick 
again and takes more acetaminophen, thus “slowly re-
gressing into autism.”57 This scenario may also apply to 
acetaminophen poisoning the liver. By depleting sulfate, 
glutathione, and metallothionein, acetaminophen may 
make a child more vulnerable to a variety of substances, 
even the phenolic amines and salicylates in food. Red-
dening of the face and ears (a common response to trig-
ger foods) may be mistaken for fever, prompting more 
acetaminophen, which eventually reaches toxic levels. 
Fever and abdominal pain from unsuspected liver dam-
age are commonly treated with acetaminophen.16

Testing the Hypothesis
Levels of cystine/cysteine in hair or blood may 

reveal the extent of depletion after acetaminophen. Yet 
can it be ethical to administer acetaminophen to a child 
whose ability to detoxify acetaminophen may be criti-
cally impaired? One alternative: when parents become 
sufficiently wary of giving acetaminophen to infants 
and young children, the same kind of “natural study” 
may occur as when acetaminophen replaced aspirin in 
the 1980s.9 When enough parents stop giving (and tak-
ing) acetaminophen, and give aspirin or another remedy 
instead, any effect on the incidence of autism may be 
apparent within several years.

Conclusions
The synchronicity Schultz detected between 

the onset of the autism epidemic and the surge in acet-
aminophen use after the CDC’s 1980 warning against 
aspirin seems unlikely to be artifact or coincidence. The 
Autism Research Institute also concluded that autism 
rates began to multiply around 1980, especially regres-
sion after the MMR vaccine. Schultz et al found  that 
children given acetaminophen for reactions to the 
MMR vaccine were more likely to become autistic than 

children given ibuprofen. Because acetaminophen sup-
presses the immune system as well as depletes the liver’s 
supplies of detoxifying agents, the question remains 
open which pathology is more decisive. Immune sup-
pression inducing more illness thus more acetamino-
phen may eventually result in toxic levels. Impaired sul-
fation of DHEA and testosterone before and after birth 
may explain the extreme male brain.

For autism, the critical distinction between as-
pirin and acetaminophen may be the difference between 
aggravation and provocation. Although aspirin and oth-
er salicylates can worsen behavior in children already 
autistic, they have not been implicated in autistic regres-
sion in previously normal children. Acetaminophen, by 
contrast, has been so implicated. Acetaminophen taken 
during pregnancy may provoke autism present at birth; 
acetaminophen given after birth (e.g., for vaccine reac-
tions) may provoke autistic regression. If aspirin is not 
to be feared as a cause of Reye’s syndrome, and acet-
aminophen is to be feared as a cause of autism, the most 
direct countermeasure may be low-dose aspirin to re-
lieve pain and high fever in infants and young children 
(and mothers during pregnancy). If acetaminophen 
provokes autistic regression after vaccines, parents have 
less reason to fear vaccines. If mercury in vaccines also 
provokes regression, mercury should be feared, not vac-
cines.
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Background Increased autism prevalence rates have generated considerable
concern. However, the contribution of changes in diagnostic prac-
tices to increased prevalence rates has not been thoroughly exam-
ined. Debates over the role of diagnostic substitution also continue.
California has been an important test case in these controversies.
The objective of this study was to determine the extent to which
the increased prevalence of autism in California has been driven
by changes in diagnostic practices, diagnostic substitution and diag-
nostic accretion.

Methods Retrospective case record examination of 7003 patients born before
1987 with autism who were enrolled with the California
Department of Developmental Services between 1992 and 2005
was carried out. Of principal interest were 631 patients with a
sole diagnosis of mental retardation (MR) who subsequently
acquired a diagnosis of autism. The outcome of interest was the
probability of acquiring a diagnosis of autism as a result of changes
in diagnostic practices was calculated. The probability of diagnostic
change is then used to model the proportion of the autism caseload
arising from changing diagnostic practices.

Results The odds of a patient acquiring an autism diagnosis were elevated
in periods in which the practices for diagnosing autism changed.
The odds of change in years in which diagnostic practices changed
were 1.68 [95% confidence interval (CI) 1.11–2.54], 1.55 (95% CI
1.03–2.34), 1.58 (95% CI 1.05–2.39), 1.82 (95% CI 1.23–2.7) and
1.61 (95% CI 1.09–2.39). Using the probability of change between
1992 and 2005 to generalize to the population with autism, it
is estimated that 26.4% (95% CI 16.25–36.48) of the increased
autism caseload in California is uniquely associated with diagnostic
change through a single pathway—individuals previously diagnosed
with MR.

Conclusion Changes in practices for diagnosing autism have had a substantial
effect on autism caseloads, accounting for one-quarter of the observed
increase in prevalence in California between 1992 and 2005.

Introduction
A wide spectrum of studies conducted in numerous
locales suggest that the measured prevalence of
autism, a condition characterized by impairments in
social interaction and communication, has increased
markedly over the past 40 years.1 Consistent with
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previous studies, data from the California Department
of Developmental Services (DDS) show that between
1987 and 2003 the number of autism cases handled
by the California DDS increased by 634%.2 The gen-
eral consensus is that these increases are striking.
Equally striking is the absence of consensus regarding
the degree to which changes in diagnostic standards,
practice and procedures, and/or diagnostic substitu-
tion have contributed to increased prevalence rates.

Some scholars have suggested that diagnostic sub-
stitution plays a significant role in the increasing
prevalence of autism.3–8 Diagnostic substitution
occurs when an individual, net of changes to diagnos-
tic standards, practices and procedures, or individual
condition, is diagnosed with one condition at one
time and subsequently with another condition at
some further point in time. One reason why diagnos-
tic substitution seems plausible is that autism is
difficult to diagnose since there are no known bio-
logical markers and the symptoms are hard to
assess, especially among persons with cognitive
impairments. Evidence in support of the diagnostic
substitution hypothesis arises from recent studies
which have shown that increased autism rates are
accompanied by concurrent declines in the prevalence
of mental retardation (MR) and other developmental
disabilities.3,5,7 At the same time, other studies have
found no evidence of diagnostic substitution.9,10

Independent of diagnostic substitution, some scho-
lars have argued that changes in diagnostic practices
lie behind the increased prevalence of autism. Of
course, these scholars also note that changing diag-
nostic practices and procedures may both accompany
and be implicated in a process of diagnostic substitu-
tion. Since Kanner first described autism in 1943,
diagnostic standards, practices and procedures have
changed considerably.8,11,12 Some local studies have
shown that changing diagnostic practices has a
demonstrable effect on autism incidence rates, for
example, in Olmstead County, Minnesota.13 A study
applying current autism diagnostic criteria to adults
who had a history of developmental language disor-
der, found that 32% (12/38) of adults qualified for an
autism spectrum diagnosis under the new standards.5

Similarly, a recent study examining population inci-
dence rates in California found that changes in diag-
nostic criteria may account for as much as one-third
of the increased prevalence in the state.14 Hence,
there is some evidence that both changes in diagnos-
tic standards and diagnostic substitution are driving
part of the observed increase in prevalence. What is
less well understood is how these two processes are
related and the effect they may have on the preva-
lence of autism.

Much of the controversy over diagnostic substitution
and diagnostic change has focused on data from the
California DDS. Analyses and subsequent re-analyses
differ in the extent to which they contend that
the increase in measured prevalence arises from

diagnostic substitution and/or changes in diagnostic
standards. Croen et al.15 initially suggested that
much of the increase in prevalence could be attributed
to diagnostic substitution. However, Blaxill et al.16

identified several concerns in the paper by Croen
et al., including problematic analysis of trend informa-
tion and evidence of ascertainment bias in younger
cohorts. Rethinking these issues from the original
paper, Blaxill et al. concluded that there was little evi-
dence to support the idea that diagnostic substitution
played a significant role in increasing autism preva-
lence.16 Croen et al. agreed, concluding, ‘[d]iagnostic
substitution does not appear to account for the
increased trend in autism prevalence’.17 Likewise, a
separate study of special education records concluded
that diagnostic substitution is not occurring in
California, though it does appear to be happening in
the majority of other states.7 In sum, although several
studies have found that diagnostic substitution
appears to be occurring in several locations, the evi-
dence suggests that it is not occurring in California.

Comparing aggregated prevalence rates for autism
and MR or other disabilities, rather than looking at
changes in individual cases, has hampered previous
studies. In fact, with only one exception,5 studies
have looked at aggregated prevalence rates to identify
diagnostic substitution, despite the fact that diagnos-
tic substitution happens at the level of the individual.
Comparing aggregated prevalence rates to identify
diagnostic substitution can lead to erroneous conclu-
sions. For instance, in contexts where the overall MR
caseload was increasing and diagnostic substitution
was occurring, a comparison of MR and autism
caseloads would lead to the faulty conclusion that
diagnostic substitution was not taking place. Unfortu-
nately, one can learn little about the dynamics of
diagnostic change by focusing solely on the macro
level.

In this article, we consider the effect of diagnostic
change at both the individual and macro levels. At the
individual level, one form of diagnostic change
is diagnostic substitution in which there is a switch
in diagnosis (X!Y). A second form of diagnostic
change at the individual level is what we identify as
diagnostic accretion. Diagnostic accretion occurs when
an individual initially diagnosed with one disorder
subsequently acquires a second diagnosis, but retains
the first diagnosis as a co-morbidity (X!XþY).
Diagnostic accretion, should it be occurring, would
impact the autism caseload but would have no dis-
cernable affect on the MR population, thus making
the process difficult to identify in the aggregate.
At the macro level, diagnostic change refers to
changes in diagnostic standards and practices that
propel either substitution or accretion. Here too, we
note that the aggregation of cases without disaggre-
gating micro and macro level processes can obscure
the effect that diagnostic changes may have on
autism caseloads.
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We seek to estimate the impact of diagnostic change
on the prevalence of autism. Recall that diagnostic
change captures diagnostic substitution and accretion,
which may reflect changes in diagnostic practices.
Changing diagnostic practices may include changes
in diagnostic standards, such as a change to the
Diagnostic and Statistical Manual of Mental Disorders
(DSM), as well as the procedures or guidelines used
when making a diagnosis. In many administrative
systems, such as special education classifications,
clients are assigned a single diagnosis. In contexts
such as these, clinicians are allowed to check one
box, and we would observe pure diagnostic substitu-
tion if persons who would have previously been diag-
nosed with one disorder are now diagnosed with
autism. However, in the California DDS systems,
clients may maintain multiple diagnoses. Thus, to
observe diagnostic accretion, we can look for clients
who enter the system with a single diagnosis and
subsequently acquire a second diagnosis.

We are particularly interested in when these clients
experience diagnostic substitution or accretion, as one
of the central research questions that confronts us is
whether or not changes in diagnostic practices impact
individuals’ diagnostic state. For instance, if an indi-
vidual had a sole diagnosis of MR under the DSM-III
guidelines, but was later additionally diagnosed with
autism under DSM-IV criteria, resulting in MR–
autism co-morbidity, we would observe a diagnostic
accretion as the result of a change in diagnostic stan-
dards. Similarly, if an individual was diagnosed with
MR under one diagnostic regime and under a later
diagnostic regime had a sole diagnosis of autism,
this would be a diagnostic change (as a diagnostic
substitution) catalysed by changing diagnostic stan-
dards or practices.

Relevant for this study are changes in diagnostic
practices in California since 1987, that is, since pub-
lication of the DSM-III-R. Diagnostic standards were
changed in 1994 (DSM-IV), 1998, 2000 (DSM-IV-TR)
and 2001–02. The 2000 DSM-IV-TR changed the
criteria for pervasive developmental disorder—not
otherwise specified (PDD-NOS), which could influ-
ence autism diagnoses, though the revision did not
specifically address the diagnostic criteria for autism.
The 1998, 2001 and 2002 revisions were changes in
practices specific to California. Beginning in 1998 and
continuing through 2002, a series of changes in diag-
nostic practices were implemented by the DDS. In
1998, the first ‘Best Practices’ guide was published by
the Department of Developmental Services and the
California Department of Education. In 2001, increas-
ing attention was directed to the diagnostic compo-
nent of best practices as dictated by Assembly Bill 430
(effective August 2001), which required the DDS to
develop evaluation and diagnostic procedures for
the diagnosis of autistic disorder, as well as to
create a training program for the utilization of the
new diagnostic guidelines. The bill was passed on

10 August 2001 and required the DDS to develop
evaluation and diagnostic procedures by 1 April
2002 and implement the training program by 1 July
2002. A rough proxy for the complexity of the
diagnostic practice is the manual’s length—it is 180
pages long.

Throughout this process the diagnostic practices
and procedures underlying the autism spectrum as a
whole have changed and the boundaries of autism
spectrum disorders have blurred. In this article, we
examine the increasing prevalence of autistic disorder
(DSM 299.00). When references are made to autism
spectrum disorders, including Asperger’s Disorder and
PDD-NOS, we will be explicit. In all other instances,
autism refers to autistic disorder.

Methods
Source data
Data for this study come from the California DDS
Client Development and Evaluation Report (CDER).
The DDS coordinates diagnoses, services and support
for persons with developmental disabilities, including
MR and autism, living in California. The DDS only
provides services to patients with autistic disorder.
Services are not available based on a diagnosis of
Asperger’s disorder, childhood disintegrative disorder,
Rett’s disorder or PDD-NOS. MR diagnoses are based
on standardized age-appropriate general cognitive
aptitude tests and adaptive behaviour ratings.
Although enrolment with the DDS is optional, it is
estimated that 75–80% of persons with autism in
California are enrolled.15

A CDER is maintained for all persons enrolled with
the DDS. The DDS is unique in that it maintains
computerized records on all of its clients. The CDER
consists of two portions, a diagnostic element and an
evaluation element. The diagnostic element contains
information on a client’s diagnosis, the level of sever-
ity of the primary disability, and potential etiological
information. The evaluation element describes the
client’s level of functioning in five areas: motor
skills, independent living, social interaction, cognition
and communication. Client CDERs are required to be
updated at least once every 3 years or when clients
experience a significant change in state. Over the
course of this study, 80% of cases were reviewed
annually. CDER updates may or may not include a
review of diagnosis but serve as a regular point of
contact with a clinician who has the discretion to ini-
tiate a diagnostic review.

Study population
To examine the effect of changes in diagnostic stan-
dards on autism prevalence rates, we examined com-
puterized DDS records of all clients with a CDER on
file between 1992 and 2005. All clients were screened
by trained diagnosticians upon entry to the system,
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as well as at repeated intervals. From the DDS
records, we selected the 7003 clients born before
1987 who at any point in their case history received
a diagnosis of autism, indicated by an autism code 1
(full syndrome) or code 2 (residual state) on the
CDER. The study population was restricted to persons
born before 1987, so we could observe them through-
out the series of diagnostic changes that began to
occur in 1994. Restricting our observations based on
birth year had two advantages: (i) clients were all
born into the DSM III-R diagnostic regime; and (ii)
were at least 8 years of age in 1994 and therefore
should have been diagnosed before the implementa-
tion of the DSM IV if they met the criteria under the
previous diagnostic regime. Additionally, because of
their age, patients’ conditions should be relatively
stable and ascertainment bias should be minimal. In
sum, our study examines all individuals with autism
in the DDS system 48 years of age in 1994, and
included 631 individuals who entered the DDS
system with a sole diagnosis of MR but later received
a diagnosis of autism.

Measures

Outcome measure
The CDER contains diagnostic information on all
individuals in the DDS system. From the CDER we
ascertained whether patients experienced a change
in diagnostic status. Occasionally patients diagnosed
with autism lost their diagnosis, but this only
occurred in 89 cases. Thus, clients were roughly
seven times more likely to acquire than lose an
autism diagnosis. We modelled change in diagnosis
from a sole diagnosis of MR to a diagnosis of
autism or autism with MR co-morbidity. In 95% of
cases, clients acquired an autism diagnosis, making
their diagnosis autism–MR. Only 5% of clients experi-
enced pure diagnostic substitution from a sole diag-
nosis of MR to a sole diagnosis of autism. By
examining when patients experienced diagnostic sub-
stitution or accretion—i.e. acquired a diagnosis of
autism—we gain a better understanding of the con-
tribution of diagnostic change to increasing autism
prevalence. The year of diagnostic change was cap-
tured by the date of the CDER first reporting a
change in diagnostic status.

Changes in diagnostic practices
To assess the importance of changes in diagnostic
standards for diagnostic change, period effects for
each year were included. The reference group for the
period effects was 2005. By using the last year avail-
able in our analyses we captured the year in which
there was greatest awareness about the disorder and
administrative diagnostic systems had the greatest
opportunity to fully develop. By using period effects
with a reference year of 2005, we ascertained whether
in years in which the DSM or DDS diagnostic

standards changed, the probability of observing indi-
vidual diagnostic changes increased relative to 2005.

Control variables
Using data from the evaluation element of the CDER,
we controlled for changes in evaluation relevant for
an autism diagnosis including one-on-one interaction
patterns, friendship formation and maintenance, re-
petitive behaviours, participation in group and social
activities, whether social behaviours were acceptable,
receptive and expressive language skills, and word
usage. The measurement details for each of these
elements are summarized in Appendix 1 (see IJE
online). A lower score on these elements is consistent
with the criteria for autism. To develop a composite
evaluation score, we summed the scores for each of
the elements listed above. The ability to include a
measure of patient status is critical for the analysis
since it allowed us to observe how changes in diag-
nostic standards net of changes in individual condi-
tions related to changes in individual diagnosis.
In addition, we included controls for race, institution-
al status, level of MR, sex and year of birth.

Analyses
We first conduct an empirical analysis to ascertain the
likelihood that an individual obtained their diagnosis
through diagnostic change. To predict the odds that
an average individual in a given year would acquire
their diagnosis through diagnostic change, associa-
tions are estimated using generalized estimation
equations (GEE) with a logit link function. The GEE
method is a form of logistic regression for panel data
that improves standard error estimates and produces
efficient estimates of coefficients in data in which
individuals are observed repeatedly.18 An exchange-
able correlation matrix was used. While this is a
fairly strong assumption, we felt that it was appropri-
ate given the nature of the data and would provide
the most conservative estimates. To test the sensitivity
of our results to the choice correlation structure, we
conducted robustness checks with alternative specifi-
cations. The robustness checks produced identical
results. We first calculated the odds of change with
period effects only. Then the odds of change were
adjusted for other potentially relevant variables,
including evaluation scores. The period effects allow
us to examine whether individuals were more likely
to obtain their diagnosis through diagnostic change
(for the vast majority of instances, through accretion)
in years in which diagnostic criteria changed.

We then engage in a thought experiment designed
to answer the question: if we could observe these
effects filtering through the population born after
1987, what would be the cumulative effect of diag-
nostic change? To do so, we use a prediction equation
to generalize the results for the population born
before 1987. For the population born after changes
in diagnostic criteria are underway, it is impossible
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to directly observe the effect that changes in criteria
may have had, since persons who enter with an
autism diagnosis are unlikely to be administered a
standardized intelligence-quotient test, the foundation
of an MR diagnosis. This is particularly true for chil-
dren. Accordingly, directly estimating the effect of
diagnostic change on the MR pathway from the popu-
lation that enter with an autism diagnosis is impos-
sible. Thus, we used a small portion of the MR
population as a proxy for the unobserved population
that would have been at risk for diagnostic change
along the MR pathway. Thus, this calculation rests
on the assumption that the processes that applied to
a certain portion of the MR population born before
1987 would apply to a similar proportion of the popu-
lation that do not enter the system until later. [Details
of the calculation can be found in Appendix 2 (see IJE
online.)] To model this process, we use the following
equation:

Increase in caseload

¼ AutjMRð Þ MR�1992ð Þ p�1992 � p�B1992ð Þ

þ AutjMRð Þ MR�1993ð Þ p�1993 � p�B1993ð Þ

þ . . . AutjMRð Þ MR�2005ð Þ p�2005 � p�B2005ð Þ

Here the increase in caseload due to diagnostic
change is calculated by multiplying the hypothetical
population at risk for diagnostic change in each
period by the probability of change in that period
and summing across the years. The probability of
change (p�) is derived from the prediction equation
taking into account the period effect coefficients. In
order to ascertain the increase in caseload due only to
diagnostic change, we net out the influence of other
factors in our analysis that might affect the probabil-
ity of change, such as evaluation scores, by taking
into account the non-period effect coefficients in our
prediction equation (p�t – p�tb), where p�t is the
probability of change including the period effects
and p�tb are the effects of all other variables, except
the period effects. The subscript is used to designate
the year. Summing across the years gives us the pre-
dicted increase in caseload due to changing diagnostic
standards and practices.

The hypothetical population at risk for diagnostic
change is calculated from the MR, autism and
co-morbid caseloads reported by the DDS. In
greater detail, the rate of co-morbidity at the
last date in which a change in practices occurred
(Aut2003|MR2003) was multiplied by the total popula-
tion of persons with MR not yet diagnosed with
autism (MR�) yielding an estimate of the population
at risk for receiving an autism diagnosis at any
given point in time. In 2003, after all changes in diag-
nostic practices had occurred, �8% of the MR popu-
lation had a diagnosis of autism (Aut2003|MR2003).
Assuming changes in diagnostic practices now cap-
ture previously under-ascertained cases, the rate of
co-morbidity under the most recent, and presumably

most accurate, system of practices should more pre-
cisely reflect the true rate of co-morbidity in the
population. Thus, an 8% rate of co-morbidity is used
in our calculation of the size of the hypothetical popu-
lation that would have previously been diagnosed
with MR but now comes in directly with an autism
diagnosis. The results of our experiment are influ-
enced by the assumed rate of co-morbidity, which is
unobservable. To the extent that it is too high or too
low, we over- or underestimate the caseload that is
attributable to diagnostic change. We later test the
effect of this assumption on our results.

Since diagnostic practices change over time, the risk
of receiving a diagnosis of autism changes over time
as well. Seen positively, diagnostic change means that
individuals’ true diagnostic state is uncovered as the
practices expand to capture them. To account for the
differential rate of case identification due to changing
diagnostic practices, we multiplied the probability of
change in a given year, which is derived from the
prediction equation using the GEE estimates by the
number of unrealized co-morbid cases. The unrealized
co-morbid population is the number of co-morbid
cases that will eventually be diagnosed but have not
been captured at a given time and is calculated by
multiplying (Aut|MR)� (MR�).

Results
Case records from the California DDS for the years
1992 until 2005 revealed that 25% (7003/27 697) of
cases of autism occurred in patients born before 1987.
Among this population, 9% (631/7003) of cases arose
from diagnostic accretion or substitution. This figure
accords with a medical record review of 75 children
born between 1983 and 1985 in the DDS system,
which found that 10% of children with a sole diagno-
sis of MR ‘qualified’ for a diagnosis of autism under
new standards.15

Figure 1 reports the frequency of diagnostic accre-
tion and substitution by year. The vertical arrows
denote years in which the practices for diagnosing
autism changed. A cursory inspection of Figure 1 sug-
gests that in periods in which the diagnostic practices
for autism changed, changes in diagnostic status
occurred with greater frequency. Changes were most
frequent between 1998 and 2003, the periods sur-
rounding numerous changes in diagnostic practices
in California. The cumulative probability of change
over the period was 14.5%.

In Table 1, the unadjusted odds confirm the insight
arising from visual inspection of Figure 1. The odds of
change in years in which diagnostic practices change
are significantly different—and higher—from the
reference year. Controlling for changes in individual
evaluation, sex, race, level of MR, aetiology of MR,
institutional status and birth year, the adjusted odds
ratios (ORs) in years in which the DSM diagnostic
standards changed were 1.68 in 1994 (DSM-IV) and
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1.58 in 2000 (DSM-IV TR). For the years in which the
California diagnostic practices changed, we observe
comparable increased odds of changed diagnosis, spe-
cifically, 1.55 (1998), 1.82 (2001) and 1.62 (2002).
In the years surrounding the period of diagnostic
change, 1999 and 2003, the odds of changes were
also elevated, suggesting a modest lag between imple-
mentation of changes in diagnostic standards and
changes in diagnostic status.

Examining the control variables, we see that the level
of intellectual impairment of clients had a significant
effect on the likelihood of observing diagnostic change.
The relationship between severity and the odds of
change appears to be non-linear with moderate and
profound severity to be at greatest risk for diagnostic
change. Changes in evaluation scores, which capture
many of the requirements for an autism diagnosis,
surprisingly had little discernable effect on the likeli-
hood of diagnostic change [OR 1.02; 95% confidence
interval (CI) 1.00–1.04]. Finally, race and year of
birth were also significantly associated with the odds
of change. Persons born in later years, who were
younger, were more likely to experience diagnostic
accretion or substitution. Finally, African–Americans
were considerably less likely than Caucasians to have
a change in diagnostic status.

Using a prediction equation, we ascertained the
cumulative probability of an individual acquiring an
autism diagnosis in a given year. The cumulative
effect of changes in diagnostic practices is reported
in Figure 2, which graphically represents the param-
eter estimates obtained from the GEE estimation
reported in Table 1.

The line at the bottom of Figure 2 marked with a
triangle reports the predicted cumulative probability

of change for an average person, not allowing for
changes in diagnostic practices but adjusting for
changes in the underlying population distribution
(adjusted odds¼ 0.003–0.004). While diagnosis is
relatively fixed in the absence of macro level diagnos-
tic changes, there is still always some room for mobi-
lity, but it is very muted. In contrast, the solid line
reports the cumulative probability of change for an
average person allowing for the effects of changes in
diagnostic practices as well as changes in the under-
lying population distribution. The probability of obser-
ving a change in diagnosis, as marked by the line
with an asterisk, increases steeply to 0.13 once these
cumulative effects are taken into account.

The effect of changing practices on caseload
We now turn to the effect of changing diagnostic
practices on the overall autism caseload. Figure 3,
based on the observed data for MR and autism popu-
lations in the dataset, illustrates changes that
occurred in the autism and MR populations. As
before, the focus remains on the pathway from MR
to autism. The population with MR in California (and
elsewhere) is significantly larger than the population
with autism. Over time, the proportion of MR cases
with autism increases. The resulting increased co-
morbidity of autism among individuals diagnosed
with MR has a substantial effect on the overall
autism caseload. Figure 3 schematically represents
these processes. Each circle is scaled to the observed
number of cases. Thus, comparing 1992 with 2005,
one can observe that the number of cases of autism
and MR both expand, although the number of autism
cases increased at a much more rapid rate. Simulta-
neously, the rate of co-morbidity of MR within the
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autism population decreased (from 0.73 to 0.37),
though the number of co-morbid cases increased, as
did co-morbidity within the population with MR
(Aut|MR).

Figure 4 illustrates a theoretical experiment desig-
ned to show what proportion of the autism caseload
might be attributed to changing diagnostic criteria if
we had been able to observe these changes taking
place. This figure takes the results from the popula-
tion born before 1987 and generalizes to the total
population with autism. This is necessary since per-
sons born after 1987 enter into the system as

diagnostic changes are underway. From Figure 4 we
can observe diagnostic change thus accounted for
26.4% (95% CI 16.23–36.48) of the increased autism
caseload.

These estimates take into account the effect of chan-
ging diagnostic practices on the population that may
have previously been diagnosed with MR under prior
diagnostic regimes.

Robustness checks
Our estimate is sensitive to the choice of the level of
co-morbidity (Aut|MR) since the actual co-morbidity
of autism within the MR population is not directly
observable due to ascertainment bias. The observed
co-morbidity in our data varies between 0.05 and
0.09. If the level of co-morbidity is set at the actual
level of co-morbidity in any given year (Autt|MRt),
rather than at the level observed after all changes in
diagnostic practices had taken place (Autt13|MRt13),
our results are virtually unaltered. Using the
observed changing levels of co-morbidity, 25.9% of
the caseload increase is accounted for by diagnostic
change. Assigning a level of co-morbidity of 5 and
10%, to generate lower and upper bounds, produces
estimates that account for 16.9 and 33.82% of the
caseload increase, respectively. This provides further
support for the idea that roughly one in four cases
of autism are the product of diagnostic change oper-
ating on the MR pathway.

The appropriate population at risk for a change
in diagnosis are MR patients who eventually received
an autism diagnosis, since this population expressed
symptoms consistent with an autism diagnosis under
2005 diagnostic standards and practices. However,
using a broader conception of who is at risk for an
autism diagnosis, one could argue that anyone with
MR may be at risk for a change in diagnosis since
differential diagnosis is difficult.19 This would
assume that autism and MR diagnoses are inter-
changeable, which is not the case. However, since
our analysis requires us to make several assumptions
about the population at risk, we wanted to test the
validity of our assumptions by conducting a supple-
mentary analysis. To test whether the definition of
the population at risk had any effect on our results,
we conducted a supplementary analysis examining
the probability of change from a sole MR diagnosis
to autism or autism–MR diagnosis using the entire
MR population. We then used the probabilities of
change obtained from the GEE in a prediction equa-
tion to estimate the caseload increase arising from
diagnostic change along the MR pathway. The results
of this supplementary analysis, which appear in
Appendix 3 (see IJE online), are similar to the results
obtained using the population with autism. The prob-
ability of observing a change in diagnosis was heigh-
tened in years in which the criteria for diagnosing
autism changed. Collectively, these changes in criteria
could account for close to one-third of the observed

Table 1 Results of GEE estimation of odds of experiencing
diagnostic change (accretion or substitution)

Unadjusted OR
(95% CI)

Adjusted OR
(95% CI)

1993 1.23 (0.79–1.93) 1.14 (0.71–1.82)

1994 (DSM IV) 1.75 (1.16–2.64) 1.68 (1.11–2.54)

1995 1.05 (1.16–2.64) 0.99 (0.63–1.56)

1996 1.05 (0.64–1.72) 1.00 (0.63–1.60)

1997 1.42 (0.92–2.18) 1.38 (0.89–2.12)

1998 (DDS-ASDI) 1.62 (1.07–2.44) 1.55 (1.03–2.34)

1999 1.67 (1.10–2.51) 1.67 (1.10–2.51)

2000 (DSM IV-TR) 1.63 (1.08–2.46) 1.58 (1.05–2.39)

2001 (AB 430) 1.86 (1.26–2.75) 1.82 (1.23–2.70)

2002 (AB 430) 1.62 (1.09–2.39) 1.62 (1.09–2.39)

2003 1.42 (0.94–2.14) 1.39 (0.92–2.10)

2004 0.93 (0.59–1.46) 0.94 (0.61–1.44)

2005 (reference) – –

Evaluation score 1.02 (1.00–1.04)

MR of unknown
origin

0.97 (0.81–1.16)

Level of MR

None 0.11 (0.07–0.16)

Mild (reference) –

Moderate 1.26 (1.02–1.57)

Severe 1.16 (0.88–1.53)

Profound 1.93 (1.39–2.70)

Unspecified 0.32 (0.19–0.56)

Institutionalized 1.12 (0.92–1.31)

Birth year 1.03 (1.02–1.04)

Male 0.84 (0.71–1.01)

Race

African–American 0.71 (0.55–0.92)

Hispanic 1.03 (0.81,1.30)

Other 1.52 (0.86–2.69)

Caucasian (reference) –

The first column presents the unadjusted results and the second
column includes covariates. The OR is adjusted for all other
variables. The 95% CI is reported in parentheses.
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increase in caseload (7410/22 767). These supplemen-
tary analyses confirmed the importance of changes in
diagnostic practices for changes in diagnostic status.

Discussion
This study makes two different contributions. Most
critically, using empirical data, we examined the
likelihood that an individual obtained their autism

diagnosis through diagnostic change. We found that
in years in which the criteria for diagnosing autism
change, it was more likely that an individual would
obtain their diagnosis through diagnostic change. In
the second part of the article, we engage in a thought
experiment to assess the potential impact that diag-
nostic changes may have had as they filtered through
the population. We estimate that one-quarter of the
increase in measured autism prevalence is the result
of diagnostic change. This of course leaves the
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remaining three-quarters unexplained. This study,
however, has several limitations.

While diagnostic change likely affects prevalence
rates throughout the USA, our estimate of the effect
size of these process is limited to the state of
California. California has an exceptionally well-
developed service delivery programs and extensive
diagnostic resources. The state’s diagnostic capacity,
which includes continual re-evaluation of patients
with developmental disabilities, could lead to higher
rates of diagnostic change than would be observed
elsewhere. Moreover, much of the diagnostic change
modelled in this study is the result of state-specific
policies. Arguably, the state’s vigilance at identifying
autism cases should produce an upper bound estimate
of the effect of diagnostic change. Selection issues
may also be pushing our estimate upwards. It is esti-
mated that at least 75–80% of the persons with
autism in California are receiving services from the
DDS.15 If the other 25% are less impaired, particularly
less cognitively impaired, the resultant selection bias
would lead to an overestimation of the influence of
diagnostic change on the MR pathway. However, sev-
eral studies have argued that diagnostic substitution
is not occurring in California, though it accounts for
much of the increased prevalence in other states.
Against this background, California is a conservative
test case. These countervailing tendencies make gen-
eralizing beyond the state difficult.

Furthermore, many of the changes in diagnostic
practices have applied to the higher functioning end
of the spectrum, particularly with the addition of
Aspergers to the DSM in 1994. However, the DDS
does not serve patients with a sole diagnosis of
PPD-NOS or Aspergers. Thus, our attempts to produce

an estimate of the effect of changing diagnostic
practices applicable to the non-cognitively impaired
portions of the spectrum are limited. Diagnostic sub-
stitution and accretion along the MR pathway is likely
contributing to the lower functioning portion of
the autism spectrum. Diagnostic substitution and
diagnostic accretion along other pathways, such as
developmental language disorder or other learning
disabilities, may be contributing to an increase in
higher functioning cases. In a study applying contem-
porary diagnostic standards and practices to persons
with a history of developmental language disorder
21% (8/38) of the individuals met the criteria for
autism and 11% (4/38) met the criteria for milder
forms of ASD.5 Thus, there are multiple pathways to
an autism diagnosis from multiple disorders that con-
tribute to increases along various parts of the spec-
trum. In this article, we have considered only one
pathway and one part of the spectrum.

Our ability to ascertain the increased risk associated
with changes in practices was limited to the use of
period effects. As in all analyses, period effects are sen-
sitive to the choice of reference year. The frequency of
diagnostic changes reported in Figure 1 provides an
indication of the overall distribution of changes. Our
analysis is, of course, sensitive to this distribution.
However, at this basic level, the frequencies indicate
that the likelihood of an individual acquiring an
autism diagnosis was elevated in years in which the
diagnostic practices for autism change. Period effects
are also imperfect measures of what they are attempt-
ing to capture. Here, we use the year in which diagnos-
tic practices change, as a proxy for the changing
practices. Ideally, we would have had a more refined
measure of the diagnostic changes.
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Finally, our estimate of the increase in caseload
attributable to diagnostic change uses the results
from one population, persons born before 1987, to
generalize to later cohorts. This is necessary since
we cannot observe the entire diagnostic history of
later birth cohorts. To the extent that the childhood
population may differ from the adult population, cau-
tion is warranted in interpreting the estimated in-
crease in caseload. Two additional caveats about this
experiment may be warranted. First, the ‘true’ rate of
autism in the MR population is unobservable. In our
projection, we assume it to be 8%. To the extent that
this is too high (or too low) we overestimate (under-
estimate) the impact of diagnostic change on case-
load. However, the positive association between
birth year and diagnostic change assuages our con-
cerns about this assumption, as does the considerable
number of instances of diagnostic accretion among
later birth cohorts (n¼ 1101) despite the uneven
and limited exposure to diagnostic change faced by
these cohorts. As would be expected, given the cen-
soring in this population, the likelihood of diagnostic
accretion and substitution increase over time.

Taking these limitations into consideration, we have
estimated that 26.4% (95% CI 16.25–36.48) of the
increased autism caseload in California can be attrib-
uted to the effects of changing diagnostic practices
and diagnostic accretion and substitution, which we
refer to as diagnostic change. Diagnostic accretion is
similar to diagnostic substitution in that persons who
would have historically been included in one diagnos-
tic category are now included in a different or add-
itional diagnostic category. Both processes can have
a substantial impact on caseload. Our findings are
consistent with a recent study using data from
California by Hertz-Picciotto and Delwiche which
found that changes in diagnostic criteria may account
for as much as one-third of the increased autism
prevalence.14

We have estimated that one in four children who are
diagnosed with autism today would not have been
diagnosed with autism in 1993. This finding does not
rule out the possible contributions of other etiological
factors, including environmental toxins, genetics or
their interaction to the increased prevalence of
autism. In fact, it helps us to recognize that such fac-
tors surely play an important role in increasing preva-
lence. There is no reason to believe that any of these
frameworks are wrong and many reasons to believe
that the increase in autism prevalence is in fact the
outcome of multiple self-reinforcing processes.
However, this study demonstrates that subsequent
explanations for the increased prevalence of autism
must take into account the effect of diagnostic change.

Supplementary data
Supplementary data are available at IJE online.
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King and Bearman1 are to be congratulated on their
sophisticated analysis of the Californian Department
of Developmental Services (DDS) database. In con-
trast with previous attempts to examine diagnostic
substitution and diagnostic accretion (both in the
same data source2 and in national administrative
data sources3), which allowed time trends but not
individual child-level diagnostic substitutions and
accretions to be examined, they demonstrated that
children previously classified with ‘mental retarda-
tion’ account for one-quarter of the measured increase
in autism prevalence in the DDS. However, King
and Bearman highlight the fact that this leaves
nearly three-quarters of the increase to be explained

by other factors. The information available in admin-
istrative databases such as the DDS do not allow for
any test of what these ‘other factors’ might be. Thus,
their analysis does not answer the ‘great questions’
that have engaged both the scientific community
and the general public: has there been a real increase
in incidence and, if so, why? What has been the
impact of changes in diagnostic practice, public and
professional awareness of autism and other method-
ological factors (e.g. broadening of our concept of
autism, different methods of ascertainment, inclusion
of individuals with average IQ and those with other
neuropsychiatric and medical disorders) that likely
account for much of these dramatic time trends?

Service administration databases are not prevalence
studies and changes in recorded need might reflect
changes in entitlement or availability of particular
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ORIGINAL ARTICLE

The Rise in Autism and the Role of Age at Diagnosis
Irva Hertz-Picciottoa,b and Lora Delwichea

Background: Autism prevalence in California, based on individuals
eligible for state-funded services, rose throughout the 1990s. The
extent to which this trend is explained by changes in age at diagnosis
or inclusion of milder cases has not been previously evaluated.
Methods: Autism cases were identified from 1990 through 2006 in
databases of the California Department of Developmental Services,
which coordinates services for individuals with specific develop-
mental disorders. The main outcomes were population incident cases
younger than age 10 years for each quarter, cumulative incidence by
age and birth year, age-specific incidence rates stratified by birth
year, and proportions of diagnoses by age across birth years.
Results: Autism incidence in children rose throughout the period.
Cumulative incidence to 5 years of age per 10,000 births rose
consistently from 6.2 for 1990 births to 42.5 for 2001 births.
Age-specific incidence rates increased most steeply for 2- and 3-year
olds. The proportion diagnosed by age 5 years increased only
slightly, from 54% for 1990 births to 61% for 1996 births. Changing
age at diagnosis can explain a 12% increase, and inclusion of milder
cases, a 56% increase.
Conclusions: Autism incidence in California shows no sign yet of
plateauing. Younger ages at diagnosis, differential migration, changes
in diagnostic criteria, and inclusion of milder cases do not fully explain
the observed increases. Other artifacts have yet to be quantified, and
as a result, the extent to which the continued rise represents a true
increase in the occurrence of autism remains unclear.

(Epidemiology 2009;20: 84–90)

Autism is a pervasive developmental disorder involving
deficits in 3 domains: social skills, communication, and

repetitive behaviors or restricted interests, all before the age
of 36 months.1,2 Current estimates of prevalence for all
pervasive developmental disorders are in the range of 20 to
80 per 10,000 individuals.3–5 Numbers of diagnoses have

been rising in recent decades, but the relative contributions
from heightened awareness, changes in definitions, more
complete ascertainment, younger age at diagnosis, greater
funding for services, and an increased desire of parents to
seek services for affected children are difficult to determine.

In California, the Lanterman Developmental Disabili-
ties Services Act, passed in 1969 and amended numerous
times over the subsequent 6 years, guarantees that all indi-
viduals with developmental disabilities can receive age-ap-
propriate services for specified conditions (autism, mental
retardation, cerebral palsy, and epilepsy).6 During that period,
the paradigm for services to individuals with disabilities was
shifting from the medical model to the developmental model,
a change implemented by state and national policies. By
1976, 21 Regional Centers were established in California to
administer and coordinate those services in a community rather
than institutional setting. Administrative databases from these
Regional Centers are now compiled centrally by the Department
of Developmental Services (DDS) and have been analyzed to
track trends in developmental disabilities.7–10

Croen et al7 demonstrated an increasing prevalence of
autism among births in 1987 through 1994; the trend was
independent of maternal age, education, race, ethnicity, and
parity. Similar patterns were reported for cumulative inci-
dence of autism to the age of 48 months.11 Although the
authors initially concluded that the increase was due to a shift
of diagnoses from the category of mental retardation, a
reanalysis demonstrated that diagnostic substitution could not
explain the increase. The state caseload data were recently
used to argue that autism incidence in California began to
decline in 2002.12 However, caseload statistics do not provide
valid information about individuals newly diagnosed. A re-
cent study analyzing DDS data reported consistent increases
in prevalence of autism from birth years 1989–2003 for each
estimated age above 2 years.13 However, an error-prone
method was used to assign age at diagnosis, leading to serious
underestimates for young ages.

To clarify the most recent trends in autism incidence in
California and to evaluate the contribution of declines in age
at diagnosis, we analyzed DDS data from 1990 through 2006,
as well as Census and birth data. We conducted 2 sets of
analyses, evaluating the following: (1) quarterly incidence
rates by using Census population estimates and (2) cumula-
tive incidence proportions, as well as age-specific incidence
rates and proportions, by year of birth, based on California
births only. The protocol for this study was approved by
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Institutional Review Boards for the Protection of Human
Subjects of the State of California and of the University of
California, Davis. Unlike Schecter and Grether,13 our goal
was not to conduct an ecologic correlation analysis with any
particular exposure but to quantify the trends in autism by
using rigorous methodology - focusing on cumulative inci-
dence to an age beyond which few cases are diagnosed. We
also identified faulty assumptions (especially regarding age at
diagnosis) in a simulation study that attempted to assess the
contributions to time trends in autism from artifacts such as
changes in definition, age at diagnosis, and ascertainment.

METHODS

Identification of Autism Cases in California
Clients of the DDS Regional Centers aged 3 years and

older undergo periodic evaluations that are recorded on a
Client Development Evaluation Report. These electronic files
were obtained from DDS for the period 1990 through 2006.
Records for the Early Start Report, used for children below 3
years of age, were obtained from the program’s startup phase
in 1993–1995 through the end of 2006. Clients who met any
of the following criteria were included as cases of autism: (1)
an autism level of 1 (full syndrome autism) on any Client
Development Evaluation Report; (2) an International Classi-
fication of Diseases (ICD) code of 299.0 (autistic disorder) in
any field in which ICD codes could be noted on either a
Client Development Evaluation Report, or an Early Start
Report; or (3) a checkmark for “autism” under developmental
disabilities in an Early Start Report. For each child, we used
the earliest date on which one of the criteria was met. A total
of 31,307 cases up to age 10 years had a first report of autism
during the period 1990 through 2006. Of these, 30,832
(98.5%) had an autism designation on the Client Develop-
mental Evaluation Reports, whereas 475 (1.5%) had an au-
tism designation on an Early Start Report only. Among
children aged 4 years or older at the end of 2006, 87% of
those who ever had an autism designation on an Early Start
Report also had it on a Client Development Evaluation
Report, that is, after their third birthday.

Calculation of Population Incidence Rates
Dates of onset of autism were not known. Month and

year of diagnosis were recorded on 87% of the Client Devel-
opment Evaluation Reports; 74% of these records were
within 3 months of the diagnosis, whereas 93% were within
12 months. Because of missing diagnosis dates, we used the
earliest date of a DDS record with autism noted. Population
incidence rates were determined for children aged 0–4 years
and 5–9 years by using Census data to derive denominators.
For the numerator, we multiplied the number of newly re-
ported cases of autism in the age group during each quarter by
4 to give an equivalent annual rate for the quarter. Annual
California population estimates were obtained from the US

Census Bureau, including intercensal estimates. Given that
we used full population data (ie, no sampling), random error
would not be present; hence, standard errors were not calcu-
lated. We applied the SAS14 Loess nonparametric method for
estimating regression curves for both age ranges. The aver-
aging period for each data point is chosen so that the neigh-
borhood contains a specified percentage of the data points.

Matching Cases With Birth Records
For the California birth cohort analyses, it was neces-

sary to exclude children with autism in the DDS database
who were born outside California. Confidential birth records
were obtained from the California Department of Health
Services for the years 1990 through 200315 as well as the
Client Master File from DDS. For each autism case born in
those years, we conducted a computerized search for a match
based on child’s first and last name, and date and place of
birth; mother’s first name and maiden name, date of birth, and
social security number; and father’s first name, date of birth,
and social security number. Father’s first name and parents’
social security numbers were not available from 1990 through
1995. Questionable matches were reviewed by hand. Match
rates (excluding children known to be born outside Califor-
nia) for birth years 1990–1995 were 88%, 89%, 90%, 89%,
90%, and 90%. Match rates for years 1996–2003 were 92%,
94%, 94%, 95%, 95%, 95%, 95%, and 95%. The overall
match rate was 93%. Of the cases not matched, the DDS
record indicated that 15% were born in California, 55%
outside California, and the remainder not recorded. We ex-
cluded unmatched cases from the cohort analysis rates, but
inclusion had a negligible impact (differences for each year
were �1.1 per 10,000 individuals) on results. A total of
26,761 children with autism born 1990 through 2003 were
matched with their California birth record.

Birth Cohort Analyses
Cumulative incidence by age and birth cohort for years

1990 through 2003 was determined for the first 10 years of
life, that is, through age 9 years, or up to the age achieved on
their birthday in 2006 for birth years 1997 or later. We
subtracted infant deaths from the number of live births to
calculate denominators.15,16 Age at diagnosis was defined as
age at first appearance in the DDS Regional Center system
with an autism diagnosis. For each birth year, the number of
children with autism diagnosed before each age (2–10 years)
was divided by the total number of children at risk (births
minus infant deaths) in that birth cohort.

Trends in age-specific incidence rates for birth cohorts
for 1990–2003 were examined for children aged 2 through 9
years. For each birth year, the number of children in whom
autism was diagnosed at each age was divided by the total
number of children at risk in the birth cohort. We assessed the
trends in the proportion of diagnoses at each age as a fraction
of all diagnoses by age 10 years.
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We excluded from the case group, children with their
first autism designation in the DDS system at age 10 years or
older. Births to mothers living outside California at the time
of delivery were excluded from both the numerator and
denominator.

RESULTS
Table 1 shows numbers of new autism cases at ages

0–4 years, the size of the population, and annual incidence
rates for each year from 1990 to 2006. These data as well as
quarterly figures for this age and for 5- to 9-year olds
demonstrate a slow rise in new cases of autism in children
younger than 10 years of age during the early 1990s, followed
by a steeper rise in the late 1990s and early 2000s (Fig. 1).
The rates for 0- to 4-year olds continued to rise through 2006,
whereas those for 5- to 9-year olds were leveling off by 2003.

Cumulative incidence proportions are shown for each
birth cohort, 1990 to 2003, as it ages from 1 to 9 years (Fig.
2). With each successive year of births, cumulative incidence
increased, and this was true at every age above 2 years. For
instance, at age 6 years, the cumulative incidence of autism
was 8.9 in the 1990 birth cohort, 22.2 in the 1994 birth cohort,
and 40.3 in the 1998 birth cohort. Increasing trends were
observed for all races, all categories of mother’s or father’s
age, both sexes, all education levels of parents, and any
payment method for delivery of child (data not shown).
Age-specific incidence rates (Fig. 3) indicate the steepest rise
over time in children aged 3 years, followed by 2-year olds,
4-year olds, and successively older ages. The proportional
shift in age at DDS report of autism is shown explicitly in

Figure 4: Children are appearing at California’s Regional Cen-
ters at younger ages, even as total diagnoses have been increas-
ing. For example, the proportion diagnosed by the fifth birthday
rose from 54% for 1990 births to 61% for 1996 births.

DISCUSSION
Based on administrative data from the California DDS

Regional Center system, the annual number of new cases of
autism has continued to rise in California, especially among

TABLE 1. Annual Numbers and Rates of New Cases of
Autism in the California DDS System, 1990–2006, for
Children Aged Below 5 Years

Year No. Rate Population Estimate 0–4 Yrs

1990 205 0.8 2,534,451

1991 213 0.8 2,664,214

1992 266 1.0 2,752,513

1993 370 1.3 2,807,471

1994 519 1.8 2,829,617

1995 662 2.4 2,797,903

1996 816 3.0 2,726,617

1997 1029 3.9 2,635,231

1998 1189 4.7 2,557,813

1999 1227 4.9 2,499,258

2000 1403 5.6 2,491,907

2001 1817 7.3 2,503,706

2002 2022 8.0 2,527,918

2003 2221 8.6 2,574,005

2004 2482 9.5 2,621,554

2005 2757 10.4 2,663,441

2006 3011 11.2 2,678,019

Rates are per 10,000 person-years.

FIGURE 1. Annual incidence rates of autism based on the ad-
ministrative database of the California Department of Develop-
mental Services, 1990 through 2006, by quarter. Each point
represents the number of new cases in each quarter divided by
the population of children in the respective age group at the
midpoint of the year (an estimate of the number of child-quarter-
years), and then multiplied by 4 to obtain an annualized rate. The
fitted lines represent smoothed Loess curves and the vertical line
at year 2003 quarter 3 is the time at which access to state services
became more restrictive (see Discussion).

FIGURE 2. Cumulative incidence of autism by birth cohort
from 1990 to 2003, at ages 1–9 years, California Departmental
of Developmental Services database.
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preschool aged children. These trends are generally consis-
tent with a recent analysis of the state’s Client Developmental
Evaluation Record data.13 However, because we used data
from the Early Start Reports for younger children in addition
to the data on children aged 3 years and older, and because we
used the true age of the child rather than a crude estimate
based on date of record archival, our rates for 2- and 3-year
olds are more accurate. Our analysis shows substantially
higher rates of autism among 3-year olds than those previ-
ously published.

Changes in Definitions and Ascertainment
The rise in autism incidence has occurred during a time

of diagnostic and legislative changes affecting the definition
of autism and the availability of services for developmental
disabilities. In the late 1980s, a revision of Diagnostic and

Statistical Manual of Mental Disorders (DSM-III) denoted
DSM-III-R, expanded the definition of autism. However, this
expansion was considered “overly broad,”17 and the 1994
implementation of the ICD-101 was more restrictive and
considered appropriately reflective of clinicians’ practices.17

The DSM-IV criteria matched closely with the ICD-10, but
used a more compact set of qualifying behaviors.2,17 A study
in northern Finland compared the prevalence proportions
obtained using a Kanner definition to those obtained from
ICD-10 and DSM-IV criteria in approximately 1000 children
and adolescents with autism or other developmental or psy-
chiatric conditions.18 The application of 2 sets of criteria to
the entire sample indicated a 2.2-fold higher prevalence,
using the more recent diagnostic criteria (12.2 vs. 5.6 per
10,000 individuals). A meta-analysis of 37 studies of autism
prevalence found a 3.6-fold higher risk from DSM-IV or
ICD-10 criteria versus other criteria, but this figure would
have been confounded by the year of study.19 Thus, an
expanded definition potentially increased the numbers in
California who met the criteria for autism and may have been
partially responsible for changes from the early 1990s to
2006, as it can take years for practitioners, as a group, to
adopt new diagnostic standards.

In the third quarter of 2003, the state eligibility criteria
changed from having a condition that results in “a major
impairment of cognitive and/or social functioning” to addi-
tionally having “significant functional limitations, as deter-
mined by the regional center, in 3 or more of the following
areas of major life activity, as appropriate to the individual’s
age: receptive and expressive language, learning, self-care,
mobility, self-direction, capacity for independent living, and
economic self-sufficiency.” Despite these additional qualify-
ing criteria, the autism incidence continued to rise in pre-
school age children. It has, however, leveled off above age 4
years, possibly reflecting fewer severe functional limita-
tions20 in those diagnosed at a later age.

The inclusion of milder cases has been suggested as an
explanation for the increase in autism. Neither Asperger’s
syndrome nor “pervasive developmental disorders not other-
wise specified” qualify under the category of autism in the
DDS system. In the Childhood Autism Risks from Genetics
and the Environment study, which enrolls children from 20
California counties, 64% of the cases of autism recorded in
the state system for 2- to 5-year olds were confirmed by 2
standardized, research-reliable instruments (Autism Diagnostic
Observation Schedule21 and Autism Diagnostic Inventory22),
87% were confirmed by at least one of the instruments, and
98% met the criteria for autism spectrum disorders based on
at least one of the instruments.23 Some children not meeting
the criteria for full syndrome autism may have met the criteria
previously but improved through treatment before the Child-
hood Autism Risks from Genetics and the Environment study
evaluation. These confirmation proportions are only from

FIGURE 3. Age-specific incidence rates of autism, births 1990
through 2003, California Departmental of Developmental Ser-
vices database.
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FIGURE 4. Proportion of cases with first record of autism in the
California Departmental of Developmental Services database
at each age. Ages 1–9 years, by year of birth.
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recent years; in the most extreme scenario, if all cases in the
early years met the criteria on both instruments, these data
might suggest a 56% rise (100%/64%) due to a trend toward
providing services to milder cases.

Age at Diagnosis
A shift toward younger age at diagnosis was clear but

not huge: 12% more children were diagnosed before age 5
years in the 1996 birth cohort (the most recent with 10 years
of follow-up) in comparison with those in the 1990 cohort.
Extrapolation into the later birth cohorts (eg, 2002) would
suggest a 24% rise in the proportion of diagnoses by age 5.
No corresponding decline in diagnoses occurred in school-
aged children, and only in the last few years has the rate of
diagnosis at ages 5–9 years begun to level off. Calculating
cumulative incidence to an older age (such as age 10 years)
minimizes the effect of decreasing age of diagnosis because
diagnoses above this cut-off point are infrequent. Shifts from
above to below this cut-off point would tend to be minimal
and affect primarily mild cases, thus likely playing a minor
role in our analysis.

Inappropriate use of prevalence and other measures of
occurrence can engender the problem of noncomparability.
Prevalence data or incidence data in earlier years in the
younger ages will miss patients who have not yet been
diagnosed. Also, if increasing awareness is a major factor in
time trends, an unknown number of undiagnosed cases in the
oldest age groups will disproportionately affect rates or pro-
portions in the earlier years. Jick and Kaye24 calculated
annual incidence rates in 24- to 59-month-old children in the
large General Practice Research Database from the United
Kingdom within a defined 7-year birth cohort, but as noted
elsewhere,25 the earliest year of the analysis included only
2-year olds, and the most recent births were only 3 years old
in the later years used for the trend analysis. This meant
different opportunities for a diagnosis across time. A later
analysis of this database reported a peak in 1999 with a
leveling off after 2000,26 a pattern quite different from our
population incidence findings of a continued rise throughout
the same period and well beyond. In any case, because of the
relatively young cut-off (59 months), their estimates could
also have been influenced by a change in age at diagnosis.
However, the common practice of calculating prevalence
over a broad age range can also produce biased comparisons
across time. In general, cumulative incidence is a more valid
measure than prevalence for assessment of time trends; it
avoids the problem of noncomparability across years due to
changing age at diagnosis when calculated to an age beyond
which diagnoses are rare.

A simulation study by Wazana et al27 suggests that an
apparent increase of as much as 28-fold could be explained
by the combination of 3 artifacts: a change in case definition,
a decline in age at diagnosis, and better ascertainment. Sev-
eral problems with this analysis detract from its validity and

applicability. First, the data they use for the decline in mean
age at diagnosis are based on noncomparable cohorts. Spe-
cifically, they rely on a reported analysis of DDS data used
follow-up to a specific calendar date rather than to a specific
age. This inflates the decline in age at diagnosis because
children from recent birth cohorts are too young for calcula-
tion of diagnosed at older ages. Using longer follow-up and
equivalent follow-up periods, we recalculated the mean age at
diagnosis for birth cohorts from 1990 to 1996 to be 5.23,
5.16, 5.12, 5.18, 5.02, 4.90, 4.83, a 10-fold smaller shift (0.14
years between 1991 and 1994) than what was assumed in the
simulation study (1.6 years). This shift is evident from our
Figure 4. Secondly, the extremely large increases found in the
simulation are observed only in the analysis of cumulative
incidence to age 4 years (labeled “prevalence” by the au-
thors).27 When the simulation is carried out to age 12 years,
the magnitude of the explained increase is much less. By
this age, the impact of age at diagnosis is largely eliminated,
and the magnitude of artifactual increases that result from the
other 2 assumptions (change in definition and more efficient
ascertainment) combine to a 2.4-fold increase. This prediction is
much smaller than the actual increases in autism rates in the
California DDS data, even if we assume, as Wazana et al did,
that all clinicians were using DSM-III in the early period
(unlikely, given that DSM-III-R had already been adopted) and
all clinicians were using DSM-IV at the end of our study period.

Migration
Our birth cohort analysis assumed that out-migration

was independent of whether a child developed autism. If
out-migration were differential, the population incidence
rates or cumulative incidence proportions could be slightly
under- or overestimated. In either case, out-migration would
not have affected overall trends unless the differential also
varied substantially over time. Domestic out-migration from
California is low—about 1.4% per year among children aged
0 to 10 years.

Access
Programmatic and financial changes implemented in

this time period could have affected access to state-funded
services. In the 1980s, services for persons with developmen-
tal disabilities became Medicaid reimbursable. From the early
1990s to 2006, State of California funding for family services
for persons with developmental disabilities rose from about
$72 to over $400 million, and total spending for individual,
family, and community services increased from $2.8 to $4.9
billion.28 Although these figures include funds for cerebral
palsy, epilepsy, and mental retardation, the population prev-
alence proportions of these other conditions have remained
stable.10 In 1986, state legislation in California mandated
preschool programs for 3- to 5-year olds who have disabilities
or who are at risk. Implementation of the Early Start program
was initiated in 1993, reaching statewide coverage by about
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1995. The federal Education of the Handicapped Act was
amended in 1990 to include children with autism.29

Comparison of DDS Rates With Rates From
Other Populations

A review of studies completed between 1998 and 2001
from several countries concluded that the prevalence of
autism is about 13 per 10,000 individuals and for pervasive
developmental disorders more generally, 37 per 10,000 indi-
viduals.4 Data from educational systems or administrative
databases alone tend to indicate lower proportions, whereas
recent investigations using intensive screening or multiple
ascertainment sources obtain higher figures: a range of 58 to
67 cases of pervasive developmental disorder per 10,000
individuals.3,30–32 The CDC’s Autism and Developmental
Disabilities Monitoring network found prevalence of autism
spectrum disorders (ASD), defined as autistic disorder, As-
perger’s syndrome, and pervasive developmental disorder not
otherwise specified, at age 8 years ranging from 45 to 99 per
10,000 individuals across 6 sites.33 The CDC use of a single
age likely produced data more comparable with our cumula-
tive incidence measure, and by age 8 years, also avoided
much of the bias associated with changing age at diagnosis.
By comparison, the cumulative incidence of autism (not the
broader category of ASDs) through age 9 years, based on the
California State data, was about 30 per 10,000 individuals for
the 1995 California birth cohort, and will certainly exceed 40 per
10,000 individuals for the 2000 and 2001 birth cohorts. These
figures are higher than most published estimates for autism alone
but may be inflated by inclusion of some ASD cases.

However, because the State of California does not
perform active autism surveillance, these figures underesti-
mate the true autism incidence. Although many children with
autism enter the state system well beyond the age of 3 years
(when symptoms are by definition already present), some
may never enter. These include those who receive services
through the educational system, those whose families can
afford private providers, those whose parents are undocu-
mented immigrants (who are eligible for services but may
fear contact with state agencies) or whose parents are men-
tally or physically ill, and others. Underrepresentation of this
type, however, is unlikely to have changed so as to explain
the observed long-term trends: an 8-fold rise in annual new
cases in 16 years, and a 7-fold increase in cumulative inci-
dence over 11 birth cohorts.

One strength of this study relative to many other anal-
yses of time trends is the reliance on a single administrative
database with consistent study methodology over a 12- 15-
year period covering a well-defined geographic region. An-
other is our use of cumulative incidence to a fixed follow-up
age, beyond which few diagnoses occur, to compare birth
cohorts. The data presented here would not be subject to
varying study methods, but would be affected by community
awareness, which has grown in the general public as well as

among health providers. Also, the availability of early treat-
ment programs has sparked hope for improvement of those
affected, which could also contribute to the increased num-
bers seeking services. The increased funding of services may
have attracted more families to the Regional Centers. How-
ever, the demand for services for persons with autism has
tended to outstrip supply, suggesting that the rise is not
simply artifact fueled by federal and state funding. Similarly,
although state funding for Regional Centers increased during
1992–1997 concurrently as the federal government raised the
ceiling on Medicaid eligibility numbers, increases in autism
incidence continued well beyond this period.

In summary, the incidence of autism rose 7- to 8-fold in
California from the early 1990s through the present. Quanti-
tative analysis of the changes in diagnostic criteria, the
inclusion of milder cases, and an earlier age at diagnosis
during this period suggests that these factors probably con-
tribute 2.2-, 1.56-, and 1.24-fold increases in autism, respec-
tively, and hence cannot fully explain the magnitude of the
rise in autism. Differential migration also likely played a
minor role, if any. Wider awareness, greater motivation of
parents to seek services as a result of expanding treatment
options, and increased funding may each have contributed,
but documentation or quantification of these effects is lack-
ing. With no evidence of a leveling off, the possibility of a
true increase in incidence deserves serious consideration. One
approach to this question would be a rigorous investigation to
determine incidence or prevalence in 20- to 30-year olds. If
there has been no true increase and no individuals who were
cured or outgrew their diagnosis, then the application to
adults of criteria equivalent to those being used today in
children should find, for each previously identified autism
case, 4 to 8 undiagnosed cases. Whatever the final determi-
nation with regard to overlooked cases of autism in the past,
the current occurrence of autism, a seriously disabling disor-
der in young children, at rates of greater than 30 per 10,000
individuals—and still rising in California—is a major public
health and educational concern.
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Pediatric traumatic brain injury (TBI) and autism spectrumdisorder (ASD) are two serious conditions that affect youth. Recent data,
both preclinical and clinical, show that pediatric TBI and ASD share not only similar symptoms but also some of the same biologic
mechanisms that cause these symptoms. Prominent symptoms for both disorders include gastrointestinal problems, learning
difficulties, seizures, and sensory processing disruption. In this review, we highlight some of these shared mechanisms in order to
discuss potential treatment options that might be applied for each condition. We discuss potential therapeutic and pharmacologic
options as well as potential novel drug targets. Furthermore, we highlight advances in understanding of brain circuitry that is
being propelled by improved imaging modalities. Going forward, advanced imaging will help in diagnosis and treatment planning
strategies for pediatric patients. Lessons from each field can be applied to design better and more rigorous trials that can be used
to improve guidelines for pediatric patients suffering from TBI or ASD.

1. Introduction

Awareness about autism spectrum disorder (ASD) has con-
tinued to increase over the past few years. One in 110 eight
year olds were on the spectrum in the United States in
2006, which increased to one in 68 children on the spec-
trum in 2010 based on data collected from the Autism and
Developmental Disabilities Monitoring (ADDM) Network
[1]. The percentage of males affected is much higher than
females with some variability between studies [2]. Although
the number of patients diagnosed with autism has increased,
it is unclear if this is actually due to an increased prevalence or
reflective of changes in diagnostic criteria, as the physiologic
changes underlying this disease are not well characterized [1].
Recent evidence suggests that cerebellar injury can contribute
to autism development [3]. Other causes of ASD such as
obstetric complications and neonatal jaundice have also been
reported in the literature but are not the focus of this
paper. Interestingly, the number of reported cases for several
different types of pediatric traumatic brain injury (TBI) has

been increasing during this time period as well [4]. Is it
possible that moderate-to-severe TBI leads to damage that is
rewiring circuits? What is currently known about the shared
mechanisms between moderate-to-severe TBI and autism?
Can lessons from management of each be used to develop
better treatment options? In this review, we discuss what
is currently known about the shared mechanisms between
moderate-to-severe pediatric TBI and ASD and highlight the
importance of advanced imaging to answer these important
questions.

2. Disorders

The Office of Special Education started collecting data for
TBI as a disability category in the same year that it began
collecting data for ASD. The prevalence of both ASD and
TBI among successive births of US school-aged children
showed a marked increase in the period between 1992 and
2001 [5]. Cohort curves suggest that these two disorders
exhibit similar increases in prevalence over that period.
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TBI from nonaccidental head injury may lead to substantial
neurological and developmental deficits. A small study of
children who suffered nonaccidental head injury (due to
intentional abrupt impact or violent shaking) showed speech
and language difficulties consistent with a diagnosis of ASD
[6].

The sequelae of TBI in children include deficits in intelli-
gence, memory, attention, learning, and social judgment [7].
Family and twin studies investigating ASD show that risk
is determined by genetic factors. However, environmental
insults including TBI may also contribute to risk of devel-
oping ASD [8]. Changes to areas in the brain associated
with communication that are observed in TBI patients have
also been noted in children diagnosed with ASD [9]. Ozgen
and colleagues examined external morphological features
in a large population sample of children with ASD versus
normal controls. The results showed a high prevalence
of morphological abnormalities in the patients with ASD
without mental retardation but did not address the cause of
these abnormalities [8]. Minor anomalies and major abnor-
malities are common variants significantly more prevalent in
children diagnosed with ASD or TBI compared to normal
controls [10]. Males showed a trend for more abnormalities
than females. Males have increased risk of TBI, which can
potentially predispose to these morphological anomalies [11].

2.1. Natural Progression of Pediatric TBI. Children with TBI
must be identified and treated in a timely manner in order
to limit secondary brain injury and improve outcomes.
Initial assessment of any traumatic injury patient begins
with completion of the primary survey and stabilization of
potentially fatal conditions related to airway, breathing, and
circulation [12]. This is followed by a secondary survey that
includes a neurological assessment [12].

The Glasgow Coma Scale (GCS) is a grading system used
to assess consciousness and thus grade the severity of TBI
by stratifying the sum of three tests: verbal, eye, and motor
responses [51]. The GCS describes the severity of TBI as
follows:mild (GCS 13–15),moderate (GCS score of 9–12), and
severe (GCS score of 8 or less) [51]. Since its inception, the
original GCS has been modified for use in children [52].

Neurologically intact patients with a GCS of 14 or greater
may be discharged home under the supervision of a respon-
sible adult with instructions on discharge to seek immediate
medical care in the event of worsening headaches or signs of
neurological injury. Pediatric patients with a GCS of less than
13 should undergo a computed tomography scan to evaluate
traumatic intracranial injury and be admitted [53].

Patients with an intracranial hemorrhage without sig-
nificant mass effect should be admitted to the pediatric
intensive care unit for close monitoring. An intracranial
pressuremonitor should be placed in patients with severe TBI
and a poor GCS score to evaluate intracranial hypertension
[54]. Intracranial hypertension reflects a sustained increase
in intracranial pressure and warrants intervention. Initial
management should focus on conservative measures such as
optimizing head position to ensure adequate venous outflow,
ensuring adequate pain control and sedation [12]. Further
escalation of care would involve administering hyperosmolar

therapy, mild hyperventilation, and CSF diversion with a
ventriculostomy drain [12].

Patients with intracranial hypertension refractory to the
aforementioned therapies may benefit from a craniotomy
to evacuate a hematoma or a decompressive craniectomy
[55]. Surgical treatment should also be considered in patients
with subdural, epidural, or intraparenchymal hematomas or
posterior fossa mass lesions with associated mass effect [56,
57].

2.2. Important Considerations for Autism. Children with
autism display unusual responses to environmental stim-
uli (e.g., loud sounds), problems making friends, difficulty
understanding nonverbal social cues, blunted response to
pain, and a focus on geometric patterns. The diagnosis of
autism is often delayed despite the fact that parents often
note concerning behavior by 18 months of age and less
than 10% of children are diagnosed at initial presentation
[58, 59]. A qualitative impairment in social interaction and
communication as well as the presence of repetitive and
stereotypic actions must be present for a diagnosis of autism
[59]. Patients with autism often exhibit profound anxiety and
this is exacerbated in the setting of traumatic injury [13].
Strategies to reduce anxiety include social stories and the
use of games for distraction, as well as using favorite drinks
to disguise medications. It is helpful to have a discussion
with parents to help identify what may exacerbate or mollify
anxiety in patients with autism [17].

2.3. Shared Symptoms. TBI and ASD share similar deficits
in neurodevelopmental abilities and social dysfunction
(Table 1). Because of this link in symptoms between TBI
and ASD, novel treatment approaches used to regain social
judgment and communication skills in ASD patients may
be applicable to TBI patients. In 2007, Radice-Neumann and
colleagues reviewed the long-term effects of TBI focusing on
emotional and interpersonal relationship deficits. Following
TBI, many areas of functioning are impaired: emotional
decision-making, self-regulatory behavior, emotional per-
ception difficulties, and facial affect recognition [13]. Neu-
roanatomical changes that occur with TBI can result in
deficits of facial recognition [13]. These are the same deficits
that define ASD. This suggests that interventions, which are
currently standard of practice for ASD, can be incorporated
into the treatment paradigm for TBI patients to increase their
social function and improve quality of life. We discuss a few
of these interventions in a later section.

An impairment of language is a cardinal feature in the
diagnosis of ASD. Not surprisingly, neural activation during
language tasks is altered following moderate-to-severe TBI
in young children as well. Interestingly, genetic studies show
susceptibility of certain individuals to brain injury and the
subsequent impairment of language [60]. A small feasibility
study of 8 children with TBI and 12 matched controls used
fMRI imaging to define the network of brain region deficits
following TBI [15]. They examined differences in neural
activation during a language task in childrenwith TBI relative
to a matched group of children with orthopedic injuries.
Performance status on standardized language tasks as well as
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Table 1: Shared behavioral symptoms between ASD and pediatric
TBI.

Symptom ASD Pediatric TBI Refs
ADHD X [13]
Anxiety/stress X X [13]
Balance/coordination X X [14]
Communication deficits dx X [15]
Depression X∗ [13]
Emotional-empathy lacking X [13]
Emotional dysregulation X [13]
Emotional recognition X X∗ [13]
Executive function impaired X X [16]
Family relationships X [13]
Headaches X [12]
Language deficits/delays dx X [17]
Mental retardation X [11]
Repetitive behaviors dx [3]
Restricted Interests dx [18]
Seizures X X [19]
Self-regulation behavior
impaired X X [13]

Sensory dysfunction dx [20]
Social-loneliness and isolation X [21]
Social interaction/skills dx X [13]
X: highly prevalent; dx: part of diagnostic criteria; ∗: greatest area of deficit
in TBI.

activation patterns in language circuitry centers allowed the
researchers to make conclusions about the concise areas of
brain damage. Activation was noted to differ in the patients
with TBI for the right superior temporal gyrus (BA22) and
the right middle temporal gyrus (BA21). The data analyzed
supports that a child’s brain function differs significantly
following TBI and that language task dysfunction may be
reflective of differences in neuropsychological task perfor-
mance [15]. This suggests that cortical reorganization in
children after TBI may be similar to the clinical presentation
seen with ASD. The deficits in each may have similar neural
underpinnings.

Executive function relating to social skills, language,
and attention is decreased in children diagnosed with ASD.
Studies examining deficits in executive function as it relates
to location and severity of cerebral damage in children
after TBI have produced mixed results [16]. Power and
colleagues investigated the effects of location and severity of a
lesion on executive function in early childhood TBI patients
evaluating neuroimaging and clinical report measures for
36 patients. They were able to identify functional deficits
regarding inhibitory control, including self-monitoring and
self-regulation. These functional deficits were observed in all
subjects with TBI, regardless of location or the site of damage
[16]. Self-regulation deficits were also observedwithin groups
for those diagnosed with ASD. Additional research is nec-
essary to further evaluate the developmental progression of
children who have suffered TBI in early childhood years.

3. Shared Biochemical Mechanisms

There are several mechanisms of nervous system dysregu-
lation present in both autism and pediatric TBI which may
contribute to similar symptoms present in both diseases.
These common manifestations encompass gastrointestinal
disorders, learning difficulties, seizures, and difficulties in
sensory processing [14]. Further work is needed to delineate
symptom manifestations between children diagnosed with
ASD and those experiencing TBI. A likely reason for the
difficulty in diagnosis is that both ASD and TBI share
similar comorbidities [61]. Because of these comorbidities, it
becomes increasingly important to investigate shared mech-
anisms that lead to symptom manifestations.

3.1. Gastrointestinal Disorders. A prominent area of ongoing
research is disruption of the enteric nervous system. ASD is
frequently associated with decreased viability of traditional
gut microflora [62]. The connections defining the gut-brain
axis fail to form correctly in some autistic individuals [63].
Without sufficient diversity ofmicroflora in the intestines, the
brain does not receive appropriate feedback and development
is hindered [64]. In pediatric TBI, global metabolism is
slowed leading to decreased survivability of microflora [65].
The underlying cause of microflora demise is partly mediated
by the release of high mobility group box 1 protein from
necrotic tissue in the intestines [66]. The release triggers a
cytokine storm, which causes an inflammatory cascade [67].
The inflammatory cascade leads to increased permeability
in the intestine, which further exacerbates the microbiome
disruption [68]. To offset this sudden loss ofmicroflora diver-
sity, probiotic therapy has been administered with success in
some individuals [69]. Future work is needed to elucidate
if the microbiome is similar or different between chil-
dren diagnosed with ASD compared to those experiencing
TBI.

3.2. Learning Difficulties. It is well known that a subset of
children diagnosedwith ASDhave severe learning difficulties
[70]. The underlying cause has been postulated as a deficit
in cortical plasticity mechanisms [18]. Additionally, poor
communication skills limit the child from receiving adequate
social feedback necessary for learning [71]. The learning
deficits in children with ASD are therefore multifactorial
and depend on both deficits in attention processing as
well as the inability to attend to salient stimuli [72]. At a
molecular level, neuroligin deficits contribute to decreased
long-term potentiation in children with ASD [73]. TBI
similarly disrupts the learning cascade by increasing attention
deficits [74]. Not surprisingly, working-memory processing
speed in children is also slowed following TBI [75]. The
molecular process for pediatric TBI is based heavily upon
the activation of secondary injury cascades following acute
blood brain barrier disruption [76]. These cascades damage
neuronal tissue forcing the brain to rewire in order to
compensate [77]. How this rewiring contributes to per-
manent learning disability has yet to be elucidated but
warrants further investigation especially in the context of
ASD.



4 Behavioural Neurology

3.3. Seizures. Abnormal gray andwhitematter volume distri-
bution is common in autism [19]. It is likely that this disrupted
development contributes to epileptic activity. In a mouse
autismmodel, astroglial glutamate transporter deficiency led
to increased seizure activity [78]. Similarly, a downregulation
of Pten phosphatase triggered hyperexcitability within the
temporal cortex [79]. Seizure is also common following
TBI in children. Approximately 12% of children experience
seizure following moderate TBI [80]. The use of animal
models has shown that dysfunction in lipid peroxidation
contributes to the generation of epileptic foci [81]. Ultimately,
structural damage leads to abnormal neurological findings
[82]. In both autism and posttraumatic epilepsy, overac-
tivation of the phosphatidylinositol-3-kinase/AKT pathway
contributes to cellular mutations in epileptic regions [83].
Early life seizures can cause learning disabilities throughout
life [84].Understanding themechanics ofmorphologic devel-
opment may aid in improving treatment options for seizure
in children with autism or who experience TBI [85].

3.4. Sensory Processing Disruption. For children with ASD,
over 90% experience some type of sensory processing dis-
ruption [20]. The most common are visual and auditory
[86]. The majority of these sensory disruptions are due
to prolonged event-related potentials [87]. These prolonged
potentials lead to delayed stimulus response latency [88].
Mouse studies have shown that these prolonged potentials
may be due to loss of MeCP2 function [89]. Similarly,
loss of Gabrb3 gene signaling is associated with deficits in
sensory processing [90]. Post-TBI changes in plasticity can
also lead to sensory processing deficits [91]. The sensory
processing deficits observed following TBI are statistically
different compared to the normal range seen in noninjured
children [92]. Ongoing preclinical and clinical studies must
be performed to determine the underlying causes of these
deficits following TBI. It is likely that the deficits are closely
related to location of injury, but it has yet to be determined
whether they are due to prolonged event-related potentials as
seen with ASD or due to another independent mechanism.

4. Advanced Imaging Correlations

4.1. Imaging for Autism. Functional magnetic resonance
imaging (fMRI) has been used to determine functional con-
nectivity for patients withASD.Glerean and colleagues found
both hypo- and hyperconnectivity in the ventrotemporal-
limbic subnetwork.This system rewiring accounts for distinct
connectivity differences compared to normotypical controls
[93].

Additionally, diffusion-weighted MRI in ASD patients
revealed increased anisotropy in the caudate and decreased
signaling in the superior temporal pole, further support-
ing the idea of disconnectivity in patients with ASD [94].
Similarly, anisotropy is decreased in the internal capsule,
corpus callosum, and cerebellum, indicating white matter
damage [95]. Not surprisingly, children with ASD also have a
decreased myelin water fraction [96]. This decreased axonal
water fractionmay indicate axonal injury and has been linked
to decreased extra-axonal diffusivity [97].

Recently, it has been shown that disruption between the
subcortical region and sensory cortical centers can lead to
behavior disruptions such as poor social communication,
behavioral inflexibility, and atypical sensory processing [98].
Going forward, it is essential that further research be con-
ducted to link structural differences to functional changes in
behavior.

4.2. Imaging for Pediatric TBI. Diffusion tensor imaging
(DTI) has shown that children with acute injury have
decreased fractional anisotropy indicating white matter dis-
ruption similar to that seen in ASD [99]. These deficits
have been linked to decreased sensory processing speeds
and rewiring of circuitry [100]. Metabolomic studies have
provided even further evidence of white matter disruption.
TheNAA/creatine and NAA/choline ratios were significantly
reduced in white matter tracts following injury and were
associated with significant cognitive dysfunction [101]. MRI
has been used to show significant atrophy of the corpus
callosum after injury, but whether this atrophy is due to
axonal shearing or loss of myelin integrity is unknown [102].
Magnetization transfer imaging can be used to determine
changes in themyelin integrity, but its use is still experimental
and warrants further investigation [103].

Similar to ASD, sensory processing is a primary concern
for pediatric TBI patients. Susceptibility weighted imaging
(SWI) has been used to determine the expected behavioral
dysfunction, decreased social interaction, and intellectual
performance that is to be expected after injury [104]. When
SWI is used concurrently with DTI, adequate detection of
acute hemorrhage and diffuse axonal injury can be obtained
[105]. Axonal injury can contribute to impaired sensory
integration, which can be detected through visual and audi-
tory exams [106]. Not surprisingly, Galvin and colleagues
reported that the majority of children score outside the range
of typical sensory processing when administered a sensory
profile following TBI [92]. Future investigation will examine
how biomarkers correlate with functional changes observed
on imaging and behavioral changes detected on exam. Korley
and colleagues found significant serum changes of brain-
derived neurotrophic factor in children with functional
imaging changes following TBI indicating increased suscep-
tibility for depression [107]. Further studies are necessary to
determine if sensory processing deficits are linked to changes
in mood.

5. Behavioral Treatment Approaches
5.1. Autism. Applied behavioral analysis (ABA) is one of
the most effective ways to help children with ASD [108].
B. F. Skinner originally targeted the application of ABA
to help with the verbal aspect of behavior, but over time
the approach has evolved to deal with the multiple deficits
seen in ASD [109]. The purpose of ABA is to redirect a
behavior that would be seen as unacceptable or harmful to
a behavior that is something both useful and beneficial for
the child with autism [110]. It is most successful when started
at a young age because it can be used to redirect negative
behaviors before they become lifetime habits [108]. ABA has
many adaptive arms that address specialty situations such
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as social awkwardness, sensory overloads, and aphasia [111].
ABA benefits from echoic learning requiring the participant
to verbalize what is heard. Through this process, the child
builds upon repetitive intraverbalizations and over time puts
emphasis on a given response to a nonverbal stimulus.
Eventually, the child learns to ask for wants and needs
contingent upon an extrinsic reinforcer [112].This progressive
learning process is very important in the treatment of verbal
dysfunction associated with ASD but can also be applied to
other behaviors such as attention and learning.

While ABA is the most widely used treatment for ASD,
other therapy techniques are emerging [108]. The pivotal
response therapy is an early-stage intervention tactic empha-
sizing a response to multiple cues. Similar to ABA, the older
the child is at start of treatment, the harder it becomes to
break habits that have already been conditioned for long
periods of time [113]. Pivotal response therapy is an ongoing
therapy and must be used at continuous intervals. The main
focus of pivotal therapy is to adjust how parents and children
respond to the multiple environmental cues that are part of
their everyday lives. Pivotal therapy is practiced when the
child is in his or her natural environment rather than a clinical
setting offering an advantage over traditional approaches
by enhancing motivation [114]. Another frequently used
treatment is verbal behavior therapy. Verbal behavior therapy
focuses on improving aspects related to the quality and
expression of language. The primary goal is to help rewire
connections in the brain to improve language understanding.
By understanding language, the child is able to use it for
effective communication [109].These therapies are often used
in conjunction with ABA to enhance child responsiveness
[113].

5.2. Pediatric TBI. Because pediatric TBI produces similar
deficits to those seen in ASD, ABA has recently been utilized
to readapt children to their home environment after injury
[115]. As was the case with ASD, the earlier the therapy is
initiated, themore likely it will be effective [109]. For children
suffering severe TBI, the benefit of therapy is progressive and
behavior can continue to improve at extended time points
[115]. ABA is multidimensional and can be used to target
social interactions, communication, and activities of daily
living [21]. Additionally, pivotal response therapy can be
used in conjunction with ABA to allow the child to respond
in the environmental setting that best suits him or her. It
places less stress on the child and allows for him or her to
receive the proper attention that might be needed following
a severe TBI [116]. Similar to ABA, pivotal response therapies
provide incremental stepwise improvements over time for
TBI patients. These improvements are best maintained with
multitherapy treatment approaches [117].

6. Pharmacologic Treatment Approaches
6.1. Autism. Though many theories on the origins of autism
have been put forth and specific brain regions have been
consistently implicated in the past decades, the etiology of
autism remains largely elusive because many cases arise from
a mixture of multiple environmental and genetic factors [118,

119]. Hence, many current interventions target the secondary
behavioral symptoms of autism [120]. These targeted symp-
toms include insomnia, anxiety, depression, mood swings,
agitation, repetitive motor behaviors, obsessive-compulsive
symptoms, impulsivity, hyperactivity, aggression, and self-
injurious behavior. No medications are currently available
that directly impact the core social and cognitive impair-
ments.

6.2. Neuroleptic Agents. Risperidone and aripiprazole are the
only two US FDA-approved medications for autism and
specifically for only the treatment of irritability, such as
aggression, self-injurious behavior, temper tantrums, and
mood swings [118, 121]. Risperidone is approved for patients
that are at least five years old. It is an atypical antipsychotic
that acts as an antagonist of both dopamine (D

2
) and

serotonin (5HT
2A and others) receptors [122, 123]. Adverse

events associated with risperidone use include including
weight gain, increased appetite, fatigue, drowsiness, drooling,
tremor, and constipation [118, 124–127].

Aripiprazole is approved for ages six and up. It is also
an atypical antipsychotic drug, impacting the dopamine and
serotonin systems. Distinct from risperidone, which is a
potent D

2
antagonist, aripiprazole may act as D

2
agonist,

partial agonist, or antagonist depending on cellular location
of D
2
receptor [128].This theory of functional selectivity con-

fers aripiprazole the unique ability to be a dopamine agonist
where levels are too low and a dopamine antagonist where
levels are too high [129]. Because of its unique mechanism
of action, aripiprazole may have a more favorable side-effect
profile compared to risperidone [130]. Mild and transient
effects such as sedation, drooling, tremors, and weight gain
were noted in patients taking aripiprazole [131].

6.3. Selective Reuptake Inhibitors (SRI). In autistic individu-
als, anxiety and repetitive and ritualistic behavior can hinder
social interaction and learning [132, 133]. SRIs in general
are effective in treating anxiety and obsessive-compulsive
symptoms [134, 135]. In addition, accumulating evidence
shows that serotonin system abnormalities may contribute
to the etiology of autism [136–139]. Consequently, these
agents have been increasingly used in treating the disruptive
behaviors in autistic individuals [140, 141]. A recent meta-
analysis of the published literature provides support for a
small but significant effect of SRI in the treatment of repetitive
behaviors in ASD [140]. There is also some evidence to
suggest that SRIs may be helpful for the proper management
of comorbid anxiety in ASD [141]. However, to date, the
clinical trials examining the use of SRIs in autism have
been mostly limited by small sample sizes and mixed results,
warranting the need for additional randomized controlled
trials.

6.4. Other Therapies. At the neurochemical level, apart from
dopamine and serotonin, abnormalities in a number of other
key neurotransmitters and/or receptors have been implicated.
This includes glutamate [142], GABA [143], the neuropeptide
oxytocin [144–146], and nicotinic acetylcholine receptors
[147, 148] (Table 2).
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6.5. Pediatric TBI. TBI can result in a variety of neurological
and behavioral disturbances, including seizures, impulsivity,
and cognitive decline. In recent years, there has been a
rapid increase in the number of pharmacological targets
evaluated in various animal models of TBI, many with
significant positive outcomes. Unfortunately, their proven
efficacy in the clinical setting are still lacking for both the
adult and pediatric population [149, 150]. Table 3 summarizes
selected clinical studies examining the therapeutic potential
of pharmaceutical agents following pediatric TBI. With
an increased understanding of the cellular and molecular
mechanisms underlying the pathophysiological events after
TBI, however, hope remains regarding the development of
novel pharmaceutical therapies to better address the long-
term patient outcomes [151].

6.6. Future Directions. No single agent likely will become the
“magic bullet” in treating pediatric TBI and autism. As for
pharmacologic research for the neurological sequela follow-
ing TBI and the core symptoms of autism advances, a greater
emphasis on a holistic approach, combining behavioral and
pharmacologic therapy, may emerge. Currently, the only
empirically supported behavioral treatments for autism are
based on ABA [108], which has been combined with pharma-
cologic treatment in at least one trial [152]. In this study, the
combination of an atypical antipsychotic and parent training
resulted in greater reduction of serious maladaptive behavior
thanmedication alone in childrenwithASD [152].No studies,
to our knowledge, have been conducted in adults or children
following TBI using this combined therapy approach. In
addition to combined pharmacology and behavioral therapy,
it may be advantageous to use a polypharmacy approach
and/or a drug with multiple and pleiotropic mechanism due
to the complexity and heterogeneity present in TBI and
autism [120, 153].

7. Conclusions

Children diagnosed with ASD or suffering pediatric TBI
share similar symptoms based on pathophysiologic changes
within the brain. In this review, we discussed several shared
symptoms including dysfunction in communication, loss of
executive function, and deficits in memory and intellectual
processing. Not surprisingly, pediatric TBI patients and ASD
patients share several underlying pathophysiologic changes
that contribute to these symptoms and cause increased
susceptibility for sensory processing dysfunction, seizures,
and gastrointestinal disorders. Advanced imaging modalities
are being used to track changes within the brain related
to symptom manifestations. The similarities between TBI
and ASD warrant continued investigation and improved
classification criteria. Treatment approaches including ABA
and pharmacologic agentsmay benefit patients with pediatric
TBI or ASD. Future work will delineate the subtle differences
between these spectrum disorders.
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Background

Autism involves early brain overgrowth and dysfunction, which is most strongly 
evident in the prefrontal cortex. As assessed on pathological analysis, an excess of 
neurons in the prefrontal cortex among children with autism signals a disturbance 
in prenatal development and may be concomitant with abnormal cell type and 
laminar development.

Methods

To systematically examine neocortical architecture during the early years after the 
onset of autism, we used RNA in situ hybridization with a panel of layer- and cell-type–
specific molecular markers to phenotype cortical microstructure. We assayed 
markers for neurons and glia, along with genes that have been implicated in the 
risk of autism, in prefrontal, temporal, and occipital neocortical tissue from post-
mortem samples obtained from children with autism and unaffected children 
between the ages of 2 and 15 years.

Results

We observed focal patches of abnormal laminar cytoarchitecture and cortical dis-
organization of neurons, but not glia, in prefrontal and temporal cortical tissue 
from 10 of 11 children with autism and from 1 of 11 unaffected children. We ob-
served heterogeneity between cases with respect to cell types that were most abnor-
mal in the patches and the layers that were most affected by the pathological features. 
No cortical layer was uniformly spared, with the clearest signs of abnormal expres-
sion in layers 4 and 5. Three-dimensional reconstruction of layer markers confirmed 
the focal geometry and size of patches.

Conclusions

In this small, explorative study, we found focal disruption of cortical laminar 
architecture in the cortexes of a majority of young children with autism. Our data 
support a probable dysregulation of layer formation and layer-specific neuronal 
differentiation at prenatal developmental stages. (Funded by the Simons Founda-
tion and others.)
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A utism is, in part, a heritable devel-
opmental disorder involving macroscopic 
early brain overgrowth in the majority of 

cases1-7 and dysfunction8 that affects several cor-
tical and subcortical regions mediating autistic 
symptoms, including prefrontal and temporal 
cortexes.4,9-11 The underlying cortical defects re-
main uncertain. Despite the early diagnosable 
onset, in more than 40 studies, the average age of 
patients with autism in postmortem analyses 
was 22 years.4

Three previous case studies that evaluated 
Nissl-stained sections of brains obtained from 
patients with autism ranging in age from 4 to 
60 years described individual instances of hetero-
topias, slight focal laminar disorganization,12,13 
and subependymal dysplasia,14 but a common 
developmental neuropathological defect has not 
been reported. Moreover, by young adulthood, 
the brains of autistic persons are no longer en-
larged15,16 and instead often show signs of corti-
cal thinning and neuronal loss,4,7,15,17 suggest-
ing that studies involving adults with autism 
may not reveal abnormalities in neural develop-
ment that are present in the brains of children 
with autism. The molecular, cellular, and organi-
zational anomalies that are present in the brains 
of children with autism remain largely unstudied, 
and the bases of early brain enlargement and 
dysfunction remain speculative.

Recently, we discovered abnormal expression of 
genes and gene pathways that govern cell-cycle 
regulation (and consequently the number of neu-
rons), DNA integrity, cell differentiation, and corti-
cal patterning in the prefrontal cortex in young 
children with autism.18 We also discovered that 
among children between the ages of 2 and 16 years, 
those with autism, as compared with unaffected 
children, had abnormally heavy brains and a 
relative increase of 67% in the overall number of 
neurons in the prefrontal cortex.3 Although a 
transient increase in the number of cortical neu-
rons is expected during the second trimester of 
pregnancy,19,20 this increase has usually disap-
peared by birth or in the several months after 
birth,19-21 during which there is maturation in 
cortical laminar development and cortico–cortical 
and cortico–subcortical circuitry.22 Although the 
cause of this increased number of neurons in the 
prefrontal cortex among patients with autism is 
unclear, such abnormality appears to be prenatal 
in origin and may be expected to produce a dis-
ruption in early cortical development that is 

similar to disruptions in certain other disorders, 
such as lissencephaly, polymicrogyria, schizen-
cephaly, and several cortical heterotopias23 that 
arise from defects in cell-cycle processes, neuro-
nal migration, pruning, and apoptosis, as well 
as in cell fate specification.22 We hypothesized 
that such a disturbance is present in the neocor-
tex of children with autism and that it is detect-
able in the prefrontal and temporal cortexes, as 
reported in previous studies of children with 
autism that used magnetic resonance imaging 
(MRI),2,4,10,11 functional MRI,8 gene expression,18 
and neuron count.3,24

To test this hypothesis, we used a standardized 
colorimetric RNA in situ hybridization platform 
to systematically examine the expression of a 
large panel of highly selective molecular markers 
in postmortem brain samples obtained from 
children with autism and from unaffected chil-
dren. These markers include specific subtypes of 
excitatory (layer-enriched) and inhibitory neurons, 
microglia and astroglia, and a set of autism can-
didate genes.

Me thods

Marker Selection

Using in situ hybridization, we analyzed the ex-
pression patterns of 63 genes, including cortical 
layer–specific markers, genes implicated in the 
pathogenesis of autism, and putative cell-type 
markers (interneurons releasing γ-aminobutyric 
acid, glia, and oligodendrocytes) in samples of 
dorsolateral prefrontal cortex obtained from two 
unaffected boys who were 10 and 16 years of age 
(Table S1 in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org). 
On the basis of the results of this analysis, we 
selected 25 of the 63 genes for further analysis in 
children with autism, because these genes had ro-
bust, consistent, and specific expression patterns 
in the cortex. This final set of 25 markers included 
probes that selectively labeled one or more cortical 
layers or fell into one or more cell-type–specific 
groups.

Postmortem Tissue Acquisition

We obtained 42 fresh-frozen postmortem corti-
cal tissue blocks (1 to 2 cm3) from the superior or 
middle frontal gyrus of dorsolateral prefrontal 
cortex, posterior superior temporal cortex, or oc-
cipital cortex (Brodmann’s area 17) from children, 
2 to 15 years of age, with autism (case samples) 
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or without autism (control samples) (Table 1, and 
Table S2 in the Supplementary Appendix, with 
details including cause of death). There was no 
preselection for either case or control samples 
with specific clinical endophenotypes. Selected 
case samples represented nearly the entirety of 
tissue suitable for study at the Brain and Tissue 
Bank for Developmental Disorders at the Nation-
al Institute of Child Health and Human Develop-
ment and the Harvard Brain Tissue Resource 
Center (see the Supplementary Appendix for a 
further description of exclusionary criteria). 
Samples that passed quality-control measures in-
cluded 22 blocks of dorsolateral prefrontal cortex 
(from eight boys and three girls in each group), 
5 blocks of posterior superior temporal cortex 
(2 case samples from boys and 3 control sam-
ples from boys), and 6 blocks of occipital cortex 
(3 case samples from boys and 3 control samples 
from boys) (mean [±SD] RNA integrity number, 
7.10±1.74 for case samples; 7.04±1.71 for control 
samples) (Fig. 1A).

Marker-Based Phenotyping

Study I
Each sample of dorsolateral prefrontal cortex 
(8 case samples and 8 control samples from 
boys) was serially cryosectioned (20-μm thick-
ness) in a plane of section containing all corti-
cal layers (Fig. 1B). Sections were grouped into 
10 series of 30 sections per series; 24 sections 
were labeled with the use of markers for in situ 
hybridization, 2 sections were Nissl-stained for 
gross anatomic and cellular cytoarchitectural 
analysis, and 4 sections were left unstained for 
future use. We modified the methods for auto-
mated high-throughput in situ hybridization and 
acquisition of whole-slide digital imaging for 
processing postmortem samples of young hu-
man postnatal fresh-frozen brain tissue.25

Study II
We serially sectioned each block and used in situ 
hybridization to label samples of dorsolateral 
prefrontal cortex from the 3 case samples and 
3 control samples from girls, plus tissue from 
temporal cortex from boys (2 case samples and 
3 control samples) and occipital cortex from 
boys (3 case samples and 3 control samples) to 
assay the expression of five genes: CALB1, RORB, 
PCP4, PDE1A, and NEFL. These genes represent a 
subset of the genes that showed robust changes 
in the case samples from boys that were ana-

lyzed in study I. (See the Methods section in the 
Supplementary Appendix for further details re-
garding the gene selection.)

Rating of Marker Expression

We scored all data obtained by in situ hybridiza-
tion for each gene on each specimen using a 
3-point scale: 0 for normal, 1 for mild abnormal-
ity, and 2 for severe abnormality. A specimen was 
considered to be abnormal if we identified at 
least one of the following three criteria in three 
or more adjacent sections: the intensity of gene 
expression appeared to be reduced or disrupted, 
as compared with that in controls; gene expres-
sion was abnormal owing to a qualitative change 
in the number of labeled cells, as compared with 
the number in adjacent areas; or the pattern of 
gene expression that was specific to the cell type 

Table 1. Clinical Data on the 11 Patients with Autism in the Study.*

Patient 
No. Age Sex

Score on Autism Diagnostic 
Interview–Revised

Intellectual 
Disability†

Social Communication

Restrictive 
and 

Repetitive

yr

12 2 M 14 9 (NV) 6 No

13 4 F 26 13 (NV) 3 Yes

14 5 M NA NA NA Yes

15 5 F 24 20 (V) 7 Yes

16 7 M 22 18 (V) 8 Yes

17 8 M 19 14 (NV) 4 No

18 8 M NA NA NA Yes

19 8 M 24 10 (NV) 10 Yes

20 9 M 24 20 (V) 6 No

21 14 M 22 14 (NV) 8 Yes

22 15 F 22 21 (V) 5 No

* To meet the diagnostic classification of autism, the patient must have met
cutoff scores in each of three areas of the Autism Diagnostic Interview–
Revised (Western Psychological Services): the Qualitative Abnormalities in
Reciprocal So cial Inter action section (with a cutoff score of 10), the Quali-
tative Abnormalities in Commu nication portion (with a cutoff score of 7),
and the Restricted, Repetitive, and Stereo typed Patterns of Behavior section
(with a cutoff score of 3). All patients met or exceeded cutoffs for a diagnostic
classification of autism on the basis of this instrument, except for Patients 14
and 18, for whom no scores were available (NA). The diagnosis of autism in
these patients was verified by brain banks and confirmed by a review of re-
cords by a research psychologist independent of the brain banks. Additional
 diagnostic details regarding the patients with autism (listed here) and the
controls (Patients 1 to 11) are provided in Table S2 in the Supplementary
Appendix. NV denotes nonverbal, and V verbal.

† Intellectual disability status was determined on the basis of available standard-
ized IQ scores for Patients 12 through 16 and of a review of available patient 
records without a standardized IQ measure for Patients 17 through 22.
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or layer appeared to be abnormal, as compared 
with controls. One investigator examined and 
scored all sections in every case, and a second 
investigator at a different location, who was un-
aware of the scores of the first investigator, inde-
pendently examined and scored all sections. The 
two sets of scores were then compared and eval-
uated for the degree of concordance. (Details re-
garding scoring are provided in the Methods sec-
tion in the Supplementary Appendix.)

Expression Overlay and Three-Dimensional 
Reconstruction

To visualize coregistered regions of abnormal ex-
pression across genes, multicolor overlays were 
created by thresholding and manually registering 
and compositing series of images on in situ hy-

bridization with the use of Adobe Photoshop CS5 
(Adobe Systems). Pseudoexpression density rep-
resentations were created for each image on in 
situ hybridization and aligned to form an inter-
polated image volume. The image volumes were 
rendered in a molecular visualization tool (UCSF 
Chimera26) to capture the full three-dimensional 
microstructure of cortical layering within the tis-
sue block.

R esult s

Expression Analyses

To provide an initial description of the disease in 
the cortex of children with autism, we conducted 
in situ expression analyses, using an exploratory 
design that made use of sparse sampling across 
a wide range of areas within the dorsolateral pre-
frontal cortex, posterior superior temporal cortex, 
and occipital cortex of children with and children 
without autism.

Laminar Expression Profiles in Control Cortex

Laminar expression patterns that were examined 
in the 11 samples from unaffected children ap-
peared to be similar to those in unaffected adults, 
as described previously27 (Fig. 1C), with one ex-
ception. A sample from a 9-year-old unaffected 
girl (Patient 6) showed a focal abnormality: a 
patchlike region (6 mm in length) of reduced la-
beling of multiple markers in layers 3, 4, and 5 of 
dorsolateral prefrontal cortex (Fig. S2 in the Sup-
plementary Appendix).

Aberrant Laminar Expression Patterns

Focal regions of reduced expression or unusual 
patterns of markers on in situ hybridization were 
identified in 10 of 11 case samples by independent 
raters (86% interrater concordance for detection 
and 75% agreement on specific level of severity 
for 181 ratings) (Fig. 2). These regions, hereafter 
referred to as patches, were identified by the 
presence of patchlike abnormalities ranging from 
5 to 7 mm in length in one or more independent 
markers, adjacent to regions of apparently unaf-
fected cortex (i.e., cortex that appeared to be very 
similar to that of unaffected children). The presen-
tation of aberrant labeling extended through mul-
tiple sections and most often involved a local reduc-
tion in the expression of a subset of cellular markers. 
In samples obtained from 3 of the 11 children 
with autism, we observed areas containing in-

Figure 1 (facing page). Methods and Results of Marker-
Based Phenotyping of Autism Case Samples and Control 
Samples.

Panel A shows the locations of the dorsolateral pre-
frontal cortex (from which case and control samples 
were obtained from eight boys [M] and three girls [F] 
each), posterior superior temporal cortex (from which 
case samples were obtained from two boys, and con-
trol samples from three boys), and occipital cortex 
(from which case and control samples were obtained 
from three boys each). Panel B shows the sectioning 
and labeling procedure, in which blocks of tissue mea-
suring 1 cm3 were cut from frozen slabs and sectioned 
into 10 series of 30 sections per series with a section 
thickness of 20 μm. Each section was then labeled and 
imaged at 1 μm per pixel, with sections analyzed by 
means of in situ hybridization (ISH, in orange) or Nissl 
staining (in blue). The remaining sections were kept un-
stained for future use. Panel C shows raw images  labeled 
with the use of ISH with the nearest Nissl-labeled im-
ages for anatomical reference. Laminar expression pat-
terns appear to be similar in unaffected adults (top row), 
which have been described previously, and in unaffected 
children in our study (bottom row). Annotations de-
marcate regions of layer-specific expression labeling. 
Panel D shows raw images of an identified patchlike 
region of aberrant laminar expression in a sample ob-
tained from Patient 20, which was labeled with the use 
of ISH. Arrows show decreased or absent expression 
across neuronal markers in layers 2 or 3 through 5, 
with normal-appearing expression for marker CTGF in 
deep layer 6b. The nearest Nissl-labeled image also 
shows indications of polymicrogyria. Panel E shows a 
false-color image overlay generated from multiple 
markers, indicating a focal region of aberrant expres-
sion adjacent to normal-appearing cortex. Panel F 
shows a detailed view of the inset area in Panel E, in-
dicating the transition region from normal-appearing 
cortex to a patch region.
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creased density of labeled cells immediately adja-
cent to patch regions (data not shown).

We identified the majority of patches using 
markers specific for layers 4 and 5. However, no 
two patches were identical in presentation. 
Patches within one case sample had a similar 

pattern of labeling. We observed heterogeneity 
between case samples with respect to the layers 
and the cell types that were most abnormal. 
Samples obtained from a 9-year-old boy with 
autism (Patient 20) showed the clearest presen-
tation of a patch phenotype, with reduced ex-
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Figure 2. Comprehensive View of Identified Expression Abnormalities.

The left panel shows the genetic markers and their classification: laminar layer, cell type, and whether the data are from study I (in which 
dorsolateral prefrontal cortex from boys was assayed) or study II (in which the expression of a subset of genes was evaluated in both sexes 
and additional regions). The middle panel shows expression abnormalities as identified by an aggregate decision by two independent in-
vestigators after initial examination, according to the brain region. The intensity of the blue color indicates the affected level. The charts 
below and to the right of the investigators’ ratings show the proportion of markers that were examined that fell into one of two catego-
ries of severity (severe or either mild or severe), according to the cell type (below) and brain location (at right). More intense red color 
indicates greater severity. A single asterisk indicates Patient 6, a 9-year-old unaffected girl who was the only control in whom a patch was 
identified. Double asterisks indicate Patient 16, a 7-year-old boy with autism in whom investigators found no patch in the dorsolateral 
prefrontal cortex but a clear patch in the posterior superior temporal cortex. Triple asterisks indicate Patient 21, a 14-year-old boy with 
autism in whom no patch was identified.
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pression found across multiple independent 
markers within a 5.8-mm diameter patch of 
cortex (Fig. 1D, 1E, and 1F).

Patches were identified in both dorsolateral 
prefrontal cortex (in 10 of 11 case samples) and 
posterior superior temporal cortex (in 2 of 2 case 
samples) (Fig. 2). No abnormal expression pat-
terns of any markers were identified in the oc-
cipital cortex in 3 case samples or in the poste-
rior superior temporal cortex or occipital cortex 
in 3 control samples.

Three-Dimensional Reconstruction 
of Laminar Defects

To better describe the complete microstructure 
of the patch phenotype, we performed three-
dimensional reconstruction of laminar organi-
zation in regions of patches, using four layer-
specific markers for four samples of dorsolateral 
prefrontal cortex (two case samples and two con-
trol samples). This method enabled visualization 
of marker distribution independent of the origi-
nal plane of section and confirmed that patch 
regions of multiple markers were closely aligned. 
Figure 3 shows the surface reconstruction of cor-
tex in a child with autism (Patient 20 from Fig. 1) 
with a prominent pathological patch spanning 
several independent markers immediately adja-
cent to typical-appearing cortex.

Marker Expression in Patch Regions

A deficit in the expression of markers of excit-
atory cortical neurons was the most robust indi-
cator of a patch region, although abnormalities 
were identified in three of the four cell-type–
specific groups that were examined (Fig. 2). 
Markers that were encoded by each of the five 
autism candidate genes showed mild patch ab-
normalities across the majority of case samples 
that were examined. Most interneuron markers 
(e.g., PVALB and CALB1) showed mild abnormal-
ities, which were inconsistently present within 
patches across case samples, with a few excep-
tions (e.g., GAD1 and VIP) that appeared to be rela-
tively unaffected in all case samples that were 
analyzed.

With one exception (SLC1A2 in Patient 12), 
glia-specific markers showed the same labeling 
patterns in case samples and control samples 
across the different regions of cortex, including 
tissue that contained patch abnormalities in other 
markers (Fig. S9 in the Supplementary Appendix). 
This finding supports the premise that features 

of patches cannot be attributed primarily to the 
global down-regulation of gene expression.

No Reduction in Neuron Density

To determine whether expression abnormalities 
across multiple genes were due to a reduction in 
the number of neurons at discrete locations, we 
performed post hoc blinded stereologic density 
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Figure 3. Three-Dimensional Reconstruction of a Patch Region in Cortical 
Microstructure.

Panel A shows a three-dimensional reconstruction of the four markers, as seen 
on in situ hybridization of samples obtained from Patient 20 (as shown in Fig. 1, 
Panels D, E, and F). Panel B shows a cross section of the reconstructed struc-
ture at the original slice plane for the same four markers. Panel C shows angled 
renderings of individual layer-specific markers, indicating a focal patch of sub-
stantially reduced or absent expression. Panel D shows an angled reconstruc-
tion indicating a patch region with an independent, conserved location across 
several markers. The dashed oval indicates the patch region.
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measurements using Nissl sections adjacent to 
sections showing patches in dorsolateral pre-
frontal cortex. We measured pan-laminar neuro-
nal and glial density across two regions (one con-
taining the patch and the other distant to the 
patch) per sample across a minimum of five Nissl 
sections that spanned a minimum of 3 mm of 
cortex. We observed a small but significant in-
crease in the average neuronal density in the 
patch regions in case samples as compared with 
control samples (P = 0.01 by two-tailed t-test). In 
case samples, there was a small but nonsignifi-
cant increase in the neuronal density in patch 
regions as compared with the region of adjacent 
cortex (P = 0.10). On the basis of these results, we 
infer that regions of focal patches were not the 
result of a reduced number of neurons (Fig. S8 in 
the Supplementary Appendix).

Quantitative Validation of Findings

We performed a quantitative reverse-transcriptase–
polymerase-chain-reaction (RT-PCR) assay to vali-
date the semiquantitative findings on in situ hy-
bridization. We examined additional tissue blocks 
obtained from the four case samples with the 
most severe patches from study I. In these sam-
ples, we further identified one severe patch and 
one mild patch. Focusing on the case sample 
with the severe patch, we used laser capture micro-
dissection guided by in situ hybridization to iso-
late the patch and adjacent regions of interest 
and used RT-PCR to assay messenger RNA tran-
script levels of CALB1. Consistent with the results 
obtained on in situ hybridization, we observed 
that the CALB1 signal was greatly decreased (by a 
mean factor of 11.02±1.51 in three samples) in 
the isolated patch, as compared with the region 
of adjacent cortex (Fig. 4).

Discussion

Using a large panel of highly selective markers 
for specific cell subtypes and a subset of autism 
candidate genes, we detected discrete pathologi-
cal patches of abnormal laminar cytoarchitecture 
and disorganization in the majority of analyzed 
samples of prefrontal and temporal cortexes, but 
not occipital cortex, obtained from the boys and 
girls with autism who were included in our study. 
Serial analysis and three-dimensional reconstruc-
tion of multiple cellular markers revealed these 

regions to be focal patches of abnormal gene ex-
pression measuring 5 to 7 mm in length and 
spanning multiple contiguous neocortical layers. 
These patches were characterized by a decrease 
in the number of cells expressing layer- or cell-
type–specific markers that are normally present 
in fully differentiated cortical neurons, as well as 
decreased expression of certain autism candidate 
genes.

The presentation of the patches was consis-
tent within case samples but varied across cases. 
No cortical layer was uniformly spared, and the 
clearest evidence of abnormal expression was 
found in layers 4 and 5. Reduced marker expres-
sion was not due to a reduced number of neu-
rons; the identity of the unlabeled neurons in 
the patches remains to be determined. These 
neurons may be layer-appropriate neurons that 
failed to express the marker, neurons in an im-
mature or perturbed developmental state, or 
layer-inappropriate neurons. Our data are con-
sistent with an early prenatal origin of autism or 
at least prenatal processes that may confer a 
predisposition to autism.

Although our data suggest a novel pathologi-
cal mechanism in autism, they do not identify 
the mechanism. The identified laminar disorga-
nization could result from migration defects re-
sulting in the failure of cells to reach their tar-
geted destination and the accumulation of such 
cells in nearby regions, as has been seen in 
mouse models.28 Alternatively, patches could 
reflect de novo changes early in neurodevelop-
mental processes, potentially in gene sequence 
or epigenetic state, which yield patch regions of 
affected progenitor cells adjacent to regions of 
unaffected progenitor cells. To test either model, 
a targeted analysis across large regions of neo-
cortical tissue obtained from children with autism 
would be required, with detailed comparisons 
of gene sequence, methylation state, and ex-
pression profiles in identified regions with cor-
tical patches, as compared with regions without 
such patches.

Even though we did not preselect for specific 
clinical endophenotypes, we identified patho-
logical cortical patches in 10 of 11 case samples 
(91%) and in 1 of 11 control samples (9%). Be-
cause we sampled only small portions of cortex 
yet observed focal patches in nearly every case 
sample, the most parsimonious explanation is 
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that pathological patches are widespread across 
prefrontal and temporal cortex in children with 
autism. Given the well-described phenotypic 
heterogeneity in autism, the presence of a rela-
tively similar pathological feature across cases 
was unexpected. However, the features that we 
describe here may explain some of the hetero-
geneity of autism: disorganized patches in differ-
ent locations could disrupt disparate functional 
systems in the prefrontal and temporal cortexes 
and potentially influence symptom expression, 
response to treatment, and clinical outcome. 
Within this model, the observation of an appar-
ent patch in one control sample also raises the 
possibility of a subclinical patch phenotype.

We did not observe in the patches obvious 
abnormalities of marker expression specific to 
either microglia or astroglia, a finding that 
shows that the lack of in situ signal was not a 
nonspecific-tissue or processing artifact affect-
ing messenger RNA integrity in general. The 
post hoc RT-PCR experiment guided by in situ 
hybridization further confirmed our original 
finding that patch regions represent areas of 
quantitative decrease in signal rather than arti-
facts from processing.

The strength of the standardized high-
throughput colorimetric in situ hybridization 
used here is the reproducibility of labeling 
across large gene panels and the sensitivity of 
the method to label the soma of expressing cells 
in serial thin-tissue sections. This platform has 
been used extensively for genomewide mapping 
of brainwide transcript distributions in mouse 
brain25 and for targeted analysis in brain tissue 
obtained from nonhuman primates and from 
humans (www.brain-map.org). Our study design 
was informed by the accumulated knowledge of 
cell-type–specific gene expression and was test-
ed to show similar specificity in a subset of 
genes that, when expressed, selectively label tis-
sues in children’s brains. Although in situ hy-
bridization is semiquantitative, we were able to 
identify focal differences in cellular (laminar) 
distributions and decreased expression levels 
across cortical regions. We advise caution, how-
ever, in defining any nonpatch region as “nor-
mative” autism cortex, because previous studies 
have shown widespread pathological features 
(e.g., overabundance of neurons) in the prefron-
tal cortex of children with autism.3

Although our sample size was small in com-
parison with postmortem studies of adult dis-
eases, it is as large as or larger than that in most 
previous postmortem studies of autism. The 
study was not limited by tissue quality, since 
frozen blocks obtained from each patient were 
evaluated and selected for high RNA integrity 
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In a post hoc experiment, laser-capture microdissection was performed on 
a frozen tissue block of dorsolateral prefrontal cortex obtained from severely 
affected patients with autism. Panel A shows a Nissl-stained tissue section 
indicating the location of a patch (green box) and an adjacent region of in-
terest (red box). Panel B shows the corresponding CALB1 image on in situ 
hybridization, with a region of decreased expression (green box) and adja-
cent cortex (red box). Panel C shows a magnified view of the patch region 
with decreased CALB1 expression. Panel D shows a magnified view of an 
adjacent region with normal CALB1 expression. The approximate location 
of cortical layers 2 through 6 are indicated. Panel E shows the difference in 
expression between the patch region and the adjacent region on RT-PCR 
assay, indicating the factor reductions in CALB1 expression in the patch 
 region, as compared with the adjacent region. The I bar indicates the stan-
dard deviation.
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numbers before being sectioned and stained on 
in situ hybridization. Interpretation was not con-
founded by other variables of interest: patho-
logical cortical patches were present in boys and 
girls, in high- and low-functioning children, and 
regardless of the cause of death or postmortem 
interval. The only two children with autism who 
had a history of medical complications were those 
with the least severe patch defects: Patient 21, 
the only child with autism in whom we did not 
detect patches, was the only child in our study 
with a history of severe seizures, and Patient 16, 
who had in utero exposure to cocaine and hero-
in, had the mildest pathological features with 
respect to patches (Table S2 in the Supplemen-
tary Appendix). Otherwise, prenatal and peri-
natal developmental histories were unremark-
able and did not involve prematurity.

In conclusion, we identified discrete patches of 
disorganized cortex in the majority of postmor-
tem samples obtained from young autistic chil-
dren that we examined. These patches occurred 
in regions mediating the functions that are dis-
turbed in autism: social, emotional, communica-
tion, and language functions. Such abnormalities 
may represent a common set of  developmental 
neuropathological features that underlie autism 

and probably result from dysregulation of layer 
formation and layer-specific neuronal differentia-
tion at prenatal developmental stages.
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Cerebellar research has focused principally on adult motor function. However, the cerebellum also maintains
abundant connections with nonmotor brain regions throughout postnatal life. Here we review evidence
that the cerebellum may guide the maturation of remote nonmotor neural circuitry and influence cognitive
development, with a focus on its relationship with autism. Specific cerebellar zones influence neocortical
substrates for social interaction, and we propose that sensitive-period disruption of such internal brain
communication can account for autism’s key features.
In recent decades, much neuroscience research has focused

narrowly on the cerebellum’s role in balance, posture, and motor

control. This framework has been explored in the greatest detail

in cases where input pathways convey sensory information to

the cerebellum, and outputs influencemotor effectors. Emerging

from this program is the view that the cerebellum acts as a pro-

cessor that uses a variety of inputs to guide movement.

Receiving much less emphasis has been the role of the cere-

bellum in higher function. This idea is not new: cognitive roles for

cerebellum have been discussed since the mid-19th century (re-

viewed in Steinlin andWingeier, 2013), with a resurgence of inter-

est in recent years (D’Angelo and Casali, 2012; Koziol et al.,

2014; Mariën et al., 2014). Evidence for cerebellar lesions leading

to nonmotor deficits has come from adult cases showing subtle

cognitive and affective changes (Stoodley et al., 2012) and

congenital cerebellar defects, where deficits aremuchmore pro-

nounced (Basson and Wingate, 2013; Steinlin and Wingeier,

2013).

Two facts have stood in the way of wider recognition of the

nonmotor aspects of cerebellar function. First, the most promi-

nent deficits in acute cerebellar injury in adults are of a motor na-

ture. Monitoring the short-term results of injury does not capture

long-term consequences that can accumulate over time. The

consequences of cerebellar deficit are highly dependent on

when the outcome is assessed. Second, cerebellar connectivity

is highly differentiated, and focal injury typically leads to focal

deficits (Romaniella and Borgatti, 2012). While some cerebellar

regions project predominantly to sensorimotor cortex, homolo-

gous connections project to cognitive and affective regions

and comprise a large fraction of cerebellar connectivity (Strick

et al., 2009). Recently, the extension of this parcellated mapping

to nonmotor brain structures has become clearer using modern

methods (Buckner et al., 2011; Strick et al., 2009). The cerebellar

cortex and nuclei have a distinctive circuit structure that is

repeated in a modular fashion throughout the cerebellum and

is highly conserved among vertebrates (Apps and Hawkes,

2009). This has led to the proposal that the cerebellum performs

a common algorithm upon a variety of inputs, whether sensory,

motor, cognitive, or affective.

In this Perspective, we outline a development-based frame-

work for understanding the nonmotor roles of cerebellum. A va-

riety of observations can be explained by the following unified
518 Neuron 83, August 6, 2014 ª2014 Elsevier Inc.
hypothesis: in addition to its role in the mature brain, the cere-

bellum acts in early life to shape the function of other brain

regions, especially those relating to cognition and affect. We

propose that the cerebellum takes an early role in processing

external sensory and internally generated information to influ-

ence neocortical circuit refinement during developmental

sensitive periods. We end by describing how new methods for

imaging, mapping, and perturbing neural circuits can be used

to explore the complex role of the cerebellum in guiding nonmo-

tor function.

As part of this framework, we propose that cerebellar

dysfunction may disrupt the maturation of distant neocortical

circuits. To summarize the concept of developmental influ-

ence between brain regions, we use the term developmental

diaschisis. Diaschisis (yd�ı-as’-kə-səsy; Gr. dia: across, schi-

sis: break) is an existing neurological term indicating a sharp in-

hibition in activity at a site that is distant from a site of injury

but is anatomically connected with it through fiber tracts. For

example, prefrontal injury has been shown to lead to abrupt de-

creases in blood flow to the contralateral cerebellum and vice

versa. In the same way, we define developmental diaschisis

as a phenomenon in which disruptions in activity in a particular

brain area, such as the cerebellum, can affect the organization

and function of other, remote brain sites over developmental

time. As a central example, we will focus on autism spectrum

disorder (ASD), for which the developmental diaschisis hypoth-

esis can resolve some longstanding puzzles regarding the cer-

ebellum’s role.

Autism-Related Gene Coexpression Identifies
Cerebellar and Neocortical Sites of Disruption
ASD, one of the most strongly heritable major neurodevelop-

mental disorders (Abrahams and Geschwind, 2008), has at-

tracted tremendous research interest. Usually diagnosable by

the age of 2 (http://cdc.gov/ncbddd/autism/data.html and re-

viewed in Daniels et al., 2014), ASD is highly heterogeneous

and encompasses a wide range of deficits including social

impairment, communication difficulties, and repetitive and ste-

reotyped behaviors. A Web of Science literature search reveals

over 34,000 scientific publications mentioning autism since Kan-

ner’s original description (Kanner, 1943), more than half of which

have been published since 2008.

mailto:sswang@princeton.edu
http://dx.doi.org/10.1016/j.neuron.2014.07.016
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Figure 1. The Cerebellum as a Mediator of
ASD Risk
(A) Patterns of ASD gene coexpression show
specific expression in cerebellum during early
postnatal years (image adapted from Menashe
et al. (2013) (see also Willsey et al., 2013).
(B) Risk ratios for ASD for a variety of probable
genetic (light blue) and environmental (dark blue)
factors. Risk ratios were taken directly from the
literature except for the largest four risks, which
were calculated relative to the U.S. general-pop-
ulation risk. At 363, cerebellar injury carries the
largest single nonheritable risk. For explanation of
other risks, see text.
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Generally speaking, fetal brain development is guided by a

genetic program that canbedrivenoff trackbygenetic or environ-

mental perturbations. One theme emerging from the consider-

able autism research literature is the idea that fetal brain develop-

ment can be perturbed by any of hundreds of autism risk alleles

(SFARI GENE; https://gene.sfari.org). Inherited genetic variation

accounts for �40% of the risk for ASD (Stein et al., 2013), with

each allele contributing a small fraction to the total risk. In most

cases, each allele is a variant of an essential gene, and its pres-

ence most often leads to normal-range function (Leblond et al.,

2012; O’Roak et al., 2011). Thus, most autistic children have

two neurotypical parents. First-degree relatives of persons with

ASD often show distinctivemental traits, including unusual social

andemotional characteristics (Sasson et al., 2013) andan interest

in technical subjects (Baron-Cohen et al., 1998; Campbell and

Wang, 2012), indicating that ASD risk genes may drive variations

of outcomewithin the normal range. In this sense, development is

robust, and combinations of genes are likely to work together to

trigger ASD. However, despite this booming literature, it is not

yet established how genetic risks drive specific missteps in the

maturation of brain circuitry.

Three recent computational studies have used aggregated

gene expression patterns to ask when and where ASD genes

are expressed (Figure 1A; Menashe et al., 2013; Parikshak

et al., 2013; Willsey et al., 2013). Some ASD susceptibility genes

show a high degree of coexpression with one another in mouse

and human brain, allowing the identification of specific gene net-

works or ‘‘cliques’’ (Menashe et al., 2013). ASD-related coexpres-

sion networks have been found during two distinct periods of

development. First, during human gestational weeks 10–24 and

mouse postnatal days 0–10 (P0–P10), expression occurs in a

broadly defined somato-motor-frontal region (Willsey et al.,

2013) especially in layer5/6cortical projectionneurons (Parikshak

et al., 2013;Willsey et al., 2013) and other layers (Parikshak et al.,
Neuron 8
2013). Second, in humans from neonatal

to age 6, cerebellar network expression

is strong (Willsey et al., 2013), particularly

in the cerebellar granule cell layer (Me-

nashe et al., 2013). The third recent study

examining aggregated gene coexpres-

sion patterns did not examine cerebellum

(Parikshak et al., 2013).

Taken together, these patterns iden-

tify two regions where genetically driven
ASD-related developmental programs can go off track: the sec-

ond-trimester frontal/somatomotor neocortex and the perinatal/

postnatal cerebellar cortex. Based on gene ontology classifica-

tion, many of the coexpressed ASD susceptibility genes are

involved in synaptic plasticity, development, and neuronal differ-

entiation (Parikshak et al., 2013), indicating disruptions in neural

circuit formation and plasticity as targets for investigation.

Perinatal Risks for Autism Highlight a Role for the
Cerebellum
The diverse body of autism research provides an opportunity to

quantify the contribution of a wide range of risks, with the goal of

identifying putative neural substrates and mechanisms. Just as

there are twomajor periods of ASD gene coexpression, epidemi-

ological and clinical literature reveal two major time windows for

environmental risk. These time windows, identified indepen-

dently from the gene expression analysis, suggest a postnatal

period when the cerebellummight influence ASD-like outcomes.

To illustrate both genetic and environmental risk factors for

autism in quantitative perspective, we show a variety of associ-

ated risk ratios in Figure 1B. The highest risk ratio is found for

identical twins with a substantially lower risk for fraternal twins,

a finding that formed the original basis for the idea of genetic

causation. Yet, ASD is also affected by environmental factors

occurring before birth, demonstrating the potential of environ-

mental risk factors to impede the maturation of social function.

A large body of research has investigated the hypothesis that

the developing brain may be particularly vulnerable to maternal

stress and other environmental insults before, at, and after birth

(McEwen, 2007; Kinney et al., 2008b). The effects of maternal

infection during pregnancy, especially the second and third

trimester (Atladóttir et al., 2010), suggest that activation of the

maternal stress response, including glucocorticoid signaling

and the immune response (Patterson, 2012), may disrupt brain
3, August 6, 2014 ª2014 Elsevier Inc. 519
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development. Experimentally, brain development in rodent

pups, which closely resembles brain development in humans

during the second and third trimester (Workman et al., 2013), is

influenced by stress due to variation in maternal care, leading

to epigenetic variation (Gudsnuk and Champagne, 2011) and

long-term changes in behavior (Moriceau et al., 2010). Stress

in rodent pups alters the excitable properties of CNS neurons

(Schneider et al., 2013), decreases hypothalamic-pituitary-

gonadal axis reactivity (McEwen, 2007), and impairs cerebellar

learning in adulthood (Wilber et al., 2011). Speculatively, in the

case of ASD such mechanisms might underlie the effects of pre-

mature birth (Moster et al., 2008), elective cesarean section

(Glasson et al., 2004), being born to mothers caught in a hurri-

cane strike zone (Kinney et al., 2008a), maternal emigration

(Magnusson et al., 2012), andmaternal posttraumatic stress dis-

order (Roberts et al., 2014), all of which have been shown to be

positively correlated with risk for autism in the offspring. All of

these autism risks are larger than the risk associated with

advanced maternal or paternal age and suggest a period of

stress sensitivity that starts before birth.

All of the nongenetic ASD factors shown are associated with

risk ratios between 2 and 7, with one notable exception: injury

to the cerebellum. Early disruption of the cerebellar circuitry

has been shown to be positively correlated with autism (Bevers-

dorf et al., 2005; Courchesne et al., 2001; Hashimoto et al., 1995;

Limperopoulos et al., 2007). Damage to the cerebellum at birth

(Limperopoulos et al., 2007) leads to high scores on the M-

CHAT and Vineland autism screening inventories with a risk ratio

as high as 40. These studies suggest that cerebellar insult is a

very strong risk factor for ASD, affecting a wide range of cogni-

tion and warranting follow-up using rigorous diagnostic methods

(Chlebowski et al., 2013). The risk ratio is at the high end for

exogenous risks and is comparable to that of genome-wide

twin risk and to the highest-risk single mutations for autism. As

a point of quantitative comparison, cigarette smoking increases

the risk of lung cancer by a factor of 20 to 40 (Pope et al., 2011).

These findings suggest that after birth, the cerebellum plays an
520 Neuron 83, August 6, 2014 ª2014 Elsevier Inc.
essential role in the development of basic social capabilities.

This idea is consistent with the fact that the cerebellum is among

themost frequently disrupted brain regions in autistic patients, at

both microscopic and gross levels (Courchesne et al., 2005; Pal-

men et al., 2004). Indeed, cerebellar defects in ASD are seen

throughout life, and if they arise by birth are often sufficient to

cause the disorder (as reviewed in detail in the next section).

A second time window of vulnerability to ASD occurs in the

postnatal years and suggests a role for experience. Autism

becomes apparent during early childhood, usually in what devel-

opmental psychologists define as the sensorimotor stage of

development (Piaget, 1983). Social and/or sensory deprivation

during early childhood can also lead to autism-like social deficits

in adulthood. In a study of children adopted from abusive Roma-

nian orphanages into UK families, a high fraction of children who

underwent long-term deprivation developed social deficits that

closely resembled autism, which could be reversed by place-

ment in a normal adoptive home (Rutter et al., 1999; Smyke

et al., 2009). The longer and later the children stayed in deprived

conditions, the more severe and difficult to reverse were the

behavioral changes. Thus, experience-dependent mechanisms

are likely to guide the formation of social capacities during the

critical first years of life.

These identified risks are likely to share some common mech-

anisms. Genetic risks and epidemiologically identified environ-

mental factors most likely act by influencing the developmental

program of the nervous system. These risk factors are triggers

that act upon as-yet-unidentified neural substrates. In this

context, is early-life brain injury a general ASD risk factor, or is

the cerebellum a special point of vulnerability?

Are Autism-like Outcomes from Early Injury Specific to
the Cerebellum?
Because ASD arises early in development and eventually in-

volves multiple brain structures, focal brain injury studies in early

postnatal life can provide valuable information about how ASD

unfolds. Although focal brain injury is not thought to be a prin-

cipal cause of developmental disorders, such cases provide an

approach to systems-level perturbation that deepens the signif-

icance of gene expression studies. Here we present focal pertur-

bation data to identify candidate subsystems that may drive the

maturation of brain capacities.

Of particular interest for ASD are sites at which early-life injury,

but not adult injury, leads to a long-term deficit; we call these

developmental upstream drivers. We call sites at which adult

injury leads to long-term ASD-like deficits downstream targets

(Figure 2). A classical example of an upstream driver is the role

of retina and thalamus in shaping the circuitry of a downstream

target, the primary visual cortex. In this example and others,

early-life deprivation during a sensitive period can lead to com-

mitments that are difficult to reverse at later ages. More complex

functions tend to have sensitive periods that come even later

during development (Knudsen, 2004), so the primary visual cor-

tex is itself an upstream driver in the later maturation of yet more

complex visual functions.

In this classification scheme, many brain regions would be

expected to fall into the downstream category for ASD, since

cognitive and social functions engage neural substrates
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throughout the brain. A third category, which we call compensat-

able, encompasses brain regions in which an acute injury’s

effects diminish over time due to plasticity mechanisms for

recovering function.

We will now apply this downstream/upstream/compensatable

framework to ASD-like social outcomes. We focus on the

core deficits of autism: impaired social interaction and emotional

reciprocity, impaired verbal and nonverbal communication,

restricted interests, and repetitive or stereotyped actions or

thoughts. These symptoms are distinct from ‘‘higher’’ social def-

icits in which dysfunctions require the ability to react to a social

situation in the first place: examples include persistent increased

irritability (e.g., orbitofrontal syndrome; Chow, 2000), difficulties

maintaining friendships (e.g., damage to the prefrontal cortex;

Eslinger et al., 2004), social fear or anxiety (e.g., generalized anx-

iety disorder; De Bellis et al., 2000), and inappropriateness of

social interaction (e.g., Williams Syndrome; Meyer-Lindenberg

et al., 2005). We will consider a number of brain areas that

have known probable roles in supporting cognition and affect

(Figure 3). The general principle emerging from these studies is

that with the exception of the cerebellum, ASD-like deficits

arising from early-life lesions are to a large degree recoverable

over time.

Amygdala, Hippocampus, and theMedial Temporal Lobe

The importance of the amygdala in emotional response triggered

considerable initial interest in investigations of ASD (Baron-

Cohen et al., 2000). As a test of the amygdala’s involvement as

an upstream cause of ASD dysfunctions, ibotenic acid injections

have been done in macaque monkeys to specifically lesion cells

while sparing fibers of passage (reviewed by Bliss-Moreau et al.,

2011). Using this method, early damage to the amygdala does

not alter fundamental features of social development, including
the development of mother-infant interactions and the ability

to interact with peers. Selective deficits eventually appear,

including stereotypies, blunted processing (with recognition

intact) of emotionally evocative video stimuli, and reduced social

fear. In humans, complete congenital absence of the amygdala

on both sides leads to relatively mild social deficits and low

scores on standardized ASD inventories (Paul et al., 2010). Adult

amygdala lesion in macaques also leads to decreased anxiety

and social fear and increased social confidence. In short,

although the amygdala is important in affective processing, it is

not needed for the capacity to identify socially meaningful con-

texts. Nonetheless, both anatomical and functional abnor-

malities in the amygdaloid complex are observed in a variety of

neuropsychiatric disorders (Schumann et al., 2011), including

ASD. This pattern of evidence suggests that a dysfunctional

amygdala may be a downstream target in the etiology of ASD,

with a possible upstream role in the case of stereotypies.

Broader lesions reveal that when damage encompasses

neighbors of the amygdala, more profound symptoms emerge

(Bliss-Moreau et al., 2011; Machado and Bachevalier, 2006).

Adult and neonatal lesions to the hippocampus, which has close

connections to other parts of the MTL, lead to only limited social

defects (Bliss-Moreau et al., 2011). However, combined lesion in

2-week-old macaques of amygdala, hippocampus, and the

overlying medial temporal cortex, a structure implicated in

Klüver-Bucy syndrome, leads to severe social symptoms by

6 months of age and persisting into adulthood. These symptoms

include failure to initiate social contacts, failure to accept social

approaches by peers, and failure to make eye contact. Neonatal

lesions to MTL produce more severe core social deficits than

adult lesions, indicating that MTL structures as a whole may

act in a developmentally upstream fashion in the emergence of
Neuron 83, August 6, 2014 ª2014 Elsevier Inc. 521
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social capacities. Also, these findings do not rule out an up-

stream role for the medial temporal cortex acting by itself.

Inferior Temporal Cortex

One structure related to the medial temporal structures is the

inferior temporal cortex, which is involved in face recognition.

Adult lesion of this structure leads to face blindness and

behavioral abnormalities such as hyperorality and decreased

aggression, but if the lesion is done neonatally, these signs

fade considerably over time (Málková et al., 2010). Thus, inferior

temporal cortex, which is well studied in ASD patients, might

be regarded as a structure whose contributions to core social

capacity are compensatable.

Frontal Neocortical Regions, Including the Anterior

Cingulate Cortex

Disruptions to the structure of frontal neocortex have been re-

ported in ASD (Courchesne et al., 2011a; Girgis et al., 2007;

Stoner et al., 2014). However, perturbation of prefrontal and

orbitofrontal cortex do not lead to ASD-like symptoms. In the

orbitofrontal cortex (OFC), which is heavily connected to the

amygdala, both neonatal and adult damage in humans and in an-

imals impair the regulation of emotions in social situations and

emotion-based decision making, and responsiveness to chang-

ing social and behavioral environments, but no disability in basic

social interactions (Bachevalier and Loveland, 2006; Bachevalier

et al., 2011; Machado and Bachevalier, 2006). Although neonatal

damage results in fewer initiated social interactions in nonhuman

primates, it remains unknown whether this deficit persists into

adulthood; other studies of OFC damage suggest that adult

damage leads to more severe cognitive consequences than

neonatal damage (Bachevalier and Loveland, 2006). A similar

case may occur with the prefrontal cortex, in which perinatal

damage leads to persistent increased irritability, difficulties

maintaining friendships, and lack of empathy and fear, but

ASD-like social dysfunction is absent (Eslinger et al., 2004).

One region linked to more serious deficits in basic affective

interaction is the anterior cingulate cortex (ACC), which is

strongly connected with amygdala and OFC. Adult lesion to

the ACC in nonhuman primates produces lack of interest in so-

cial situations, loss of emotional regulation, and inability to

recognize social and emotional cues (Devinsky et al., 1995; Had-

land et al., 2003). Thus, the ACC is necessary in the mature brain

to carry out core social functions and is therefore not an up-

stream structure. Because neonatal lesions of ACC have not

been reported, at the time of this writing it is unresolved whether

its contribution is downstream, or if it is compensatable by other

brain regions.

Cerebellum

In adults, cerebellar lesions are unlikely to result in profound

social deficits. However, damage can produce cerebellar cogni-

tive-affective syndrome, which is characterized by disturbances

of planning, decision making, and working memory, deficits

in visuospatial reasoning, speech-generation deficits, verbal

reasoning defects, personality changes, anxiety, and blunted

or inappropriate social behavior (Koziol et al., 2014; Schmah-

mann, 2004; Wolf et al., 2009). This syndrome is predominantly

reported after injury to the posterior cerebellum, with cognitive

symptoms associated with the cerebellar hemispheres and

affective symptoms with the vermis (Stoodley et al., 2012).
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Lesions at earlier ages lead to more conspicuous cognitive

and affective changes, and the nature of the developmental

delay depends on the area that is injured. Damage to the hemi-

spheres results in language delay and visual and verbal

reasoning deficits, and damage to the vermis results in with-

drawn social behavior, impaired gaze, anxiety, and stereotyped

behavior (Wells et al., 2008). In children ages 6 to 13, posterior

fossa damage, particularly to the posterior vermis, has been

known to produce cerebellar mutism, a syndrome in which lan-

guage capacities regress by years, sometimes leading to total

loss of the power of speech (Riva and Giorgi, 2000). Language

deficits appear to go beyond purely problems of phonological

speech production, as they involve specific loss of grammar

and/or vocabulary. Mutism is often not permanent, indicating

the existence of compensatory mechanisms elsewhere in the

brain.

This trend toward cognitive and affective deficits is particularly

striking when cerebellar damage occurs near the time of birth.

Perinatal damage to the cerebellum due to premature birth or

as a secondary consequence of surgery produced social deficits

and high scores on ASD inventories at a rate of 37%–59% (Bol-

duc et al., 2012; Limperopoulos et al., 2007). Hypoplasia of the

posterior cerebellar vermis strongly predicted autism evaluation

scores (Bolduc et al., 2012), and perinatal cerebellar damage led

to a relative reduction in volume of the contralateral prefrontal

cortex at age two (Bolduc et al., 2012; Limperopoulos et al.,

2014). In addition, a number of cerebellar malformation syn-

dromes have ASD-like signs, including Joubert syndrome,

Dandy-Walker malformation, and pontocerebellar hypoplasia,

all of which often include substantial delays in intellectual, cogni-

tive, and social function in cases where the vermis is malformed

(Boltshauser, 2004). In Joubert syndrome, 25% of cases are

diagnosed with ASD (Geschwind and Levitt, 2007). These find-

ings indicate that neonatal damage to the cerebellum can have

persistent structural and functional consequences.

Structural analysis from live imaging and postmortem studies

shows that in ASD, cerebellar abnormalities are present in early

life and persist until adulthood (Abell et al., 1999; Becker and

Stoodley, 2013;Wegiel et al., 2010). Persistent cerebellar volume

differences emerge starting in the first two years of life (Hashi-

moto et al., 1995; Stanfield et al., 2008). Patients as young as 2

to 3 years old showvermal hypoplasia but increases inwhitemat-

ter relative to gray matter in the cerebellar hemispheres (Courch-

esne et al., 2001, 2011b). Cerebellar undergrowth—particularly in

the vermis—has been associated with increases in frontal vol-

ume in 3- to 9-year-old ASD boys (Carper and Courchesne,

2000; Sparks et al., 2002). Meta-analyses of structural imaging

studies have shown cross-sectional area decreases in the poste-

rior vermis (lobules VI-VII) across ASD patients, particularly in

children under the age of 10 (Courchesne et al., 2011b; Stanfield

et al., 2008). In addition, a subregion of vermis shows hypoplasia

in adults diagnosedwith infantile autism (Courchesne et al., 1988;

Kaufmann et al., 2003; Scott et al., 2009). Some of these abnor-

malities decline or reverse at later ages (Courchesne et al.,

2011b). Gross cerebellar abnormalities are matched by cellular

abnormalities in Purkinje cells and the cerebellum’s major input

and output structures, the inferior olive and the deep nuclei (Pal-

men et al., 2004), differences that are apparent by age 4 (Bailey
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et al., 1998). In summary, starting from the earliest ages when

core ASD deficits appear, the cerebellum shows both gross

and cellular defects, especially in the vermis.

Importantly, effects of early-life cerebellar damage on cogni-

tive and affective function have been successfully modeled in

animal studies (Becker and Stoodley, 2013). In rats, midline

(i.e., vermis) cerebellar lesions in pups and juveniles result in later

perseveration abnormalities in social behavior and vocalization

(Al-Afif et al., 2013;Bobée et al., 2000). A recent genetically based

example comes fromamousemodel of tuberous sclerosis,which

in humans shows cerebellar pathology and a 25% rate of autism

diagnosis (Smalley, 1998). Purkinje cell-specific knockout of the

tuberous sclerosis gene TSC1 leads to autism-like deficits,

including deficient social interaction with other mice, increased

repetitive self-grooming, diminished mother-pup interaction,

and perseveration when the rule is switched on a T-maze (Tsai

et al., 2012). These deficits were rescued by the administration

of rapamycin (a drug that epistatically rescues the TSC1 deletion)

at postnatal day 7. The TSC1 study is an example of experimen-

tally induced developmental diaschisis and provides an impor-

tant demonstration that early-life cerebellar development can

play a necessary role in acquiring core social capacities.

The demonstration that cerebellum-specific insult is sufficient

to generate ASD-like symptoms brings added meaning to global

transgenics, in which all cells are affected. Cerebellar disruption

and behavioral abnormality occur together in a number of mouse

ASD-related models, including CAPS2 (Sadakata et al., 2007,

2012), Engrailed-2 (Brielmaier et al., 2012), Fragile X (Koekkoek

et al., 2005), Mecp2 (Ben-Shachar et al., 2009), and neuroligin-3

(Baudouin et al., 2012). In addition, region-specific differences in

cerebellar structure have been found in five autism mouse

models (Ellegood et al., 2010, 2014; Steadman et al., 2014). A

broader bioinformatic examination of mouse models suggests

that linkages between cerebellum and ASDmay be fairly general:

in an analysis of gene-phenotype associations (Meehan et al.,

2011), ASD-related genes were found to be associated with a

group of phenotypes that included not only social defects but

also abnormal motor behavior and cerebellar foliation. These

results collectively open the possibility that in a broad array of

ASD mouse models, cognitive dysfunction may arise in part

from cerebellum-specific dysfunction.

The Cerebellum Can Influence Cognitive and Affective-
Related Forebrain Structures via Long-Distance Loops
The cerebellum occupies a relatively constant fraction of the

mammalian brain, independent of the proportions of other com-

ponents (Clark et al., 2001). Since the cerebellum is connected

with many brain regions, its role in integrative brain function is

likely to be general and similar across species. The cerebellum’s

circuit architecture repeats nearly identically throughout its

extent. Thus, it may execute a single canonical circuit computa-

tion—but with functional consequences that will vary depending

on where it sends its output and on the stage of development.

In the case of neocortex, a general organizational principle is

that of cerebello-thalamo-cortical loops (Figure 4). Cerebello-

thalamo-cortical loops (Figures 4A and 4B) have long been

appreciated for motor functions (Prevosto et al., 2010; Strick

et al., 2009; Voogd et al., 2012). This loop organization also en-
compasses brain regions known to contribute to cognitive and

affective processing (Strick et al., 2009). For example, transsy-

naptic viral tracing in monkeys and electrical stimulation in rats

(Watson et al., 2009) reveals a bidirectional loop joining the

dorsolateral prefrontal cortex with lateral crus II and vermal lob-

ules VII and IX (Kelly and Strick, 2003) on the contralateral side.

An even broader picture of the map between neocortex and cer-

ebellum comes from human resting-state functional imaging

measurements of covariation between neocortex and cere-

bellum (Figure 4C). Thesemeasurements reveal that nearly every

part of neocortex has a cognate region in the cerebellum (Buck-

ner et al., 2011; Krienen and Buckner, 2009). The representations

are approximately proportional, so that larger functional areas

in the neocortical sheet have larger partners in cerebellum

(Figure 4C). Notably, cerebellar regions associated with autism

communicate with frontal regions of neocortex. Prefrontal cortex

is associated with the posterior cerebellar hemispheres (Krienen

and Buckner, 2009), and lobules VI and VII of the vermis are

associated with midfrontal regions that appear to encompass

ACC in humans (Buckner et al., 2011) and homologous regions

in rats (Galgliani, 2012; Suzuki et al., 2012).

As another example of cognitive/affective-related connectiv-

ity, the cerebellar nuclei project to parts of the basal ganglia

associated with reward. The cerebellum sends indirect connec-

tions to basal ganglia via the thalamus (Hoshi et al., 2005). In

addition, a long line of evidence using both transported tracers

(Phillipson, 1979; Geisler and Zahm, 2005) and viruses (Wa-

tabe-Uchida et al., 2012) shows that the deep nuclei project

monosynaptically to the ventral tegmental area, a structure cen-

tral to the signaling of reward (Schultz, 2002). In the descending

direction, the basal ganglia send a pathway from the subthalamic

nucleus back to the contralateral cerebellar hemisphere (Bostan

and Strick, 2010). Thus, long-distance cerebellar loops may

participate in shaping dopamine-based reward and other unex-

pected events that influence reinforcement learning.

Several locations in cerebello-thalamo-cortical loops are po-

tential targets of ASD-related gene expression. As previously

stated, the cerebellum is a site of coexpression in early postnatal

years, especially in granule cells (Menashe et al., 2013; Willsey

et al., 2013). A second site for ASD gene coexpression is

deep-layer projection neurons of the neocortex during the sec-

ond trimester (Willsey et al., 2013). Corticopontine projections

originate from layer 5, suggesting that this arm of the cere-

bello-thalamo-cortical loop may be vulnerable to ASD genetic

risks. Therefore, the concept of developmental diaschisis ex-

tends beyond focal lesion and includes the possibility that dis-

ruptedmolecular signaling pathways can interrupt long-distance

guidance of neural circuit refinement.

Do Cerebellar Brain Pathways Drive Sensitive-Period
Maturation of Associative Neocortex?
The foregoing findings point to a role during early life for the cer-

ebellum to shape the eventual organization of mature brain func-

tions. The consequences of early-life damage to the cerebellum

are similar to the effects of social deprivation. Both abnormal

processing within the brain and deprivation of external social

input could disrupt the maturation of downstream circuits in a

similar fashion.
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Figure 4. The Cerebellum and Forebrain Are Bidirectionally Linked in an Orderly Mapping
(A) The general structure of cerebello-thalamo-cortical loops. Each projection indicates a monosynaptic pathway. The pontine-cerebellar and deep nuclear-
thalamic projections cross the midline to the contralateral side.
(B) Regions are mapped precisely to form closed loops as demonstrated using classical and viral tracing methods in rodents and nonhuman primates, after Strick
et al. (2009). Loop-specific connectivity through the thalamus and pons connects the anterior cerebellum, cerebellar crus II/lobules VII–IX, and cerebellar lobules
VI/VII with motor cortex (M1), dorsolateral prefrontal cortex (DLPFC) (Kelly and Strick, 2003), and areas of the neocortex (NEO) (Suzuki et al., 2012), respectively.
An ascending pathway projects monosynaptically from the cerebellar nuclei to the ventral tegmental area (VTA) (Phillipson, 1979; Watabe-Uchida et al., 2012). A
descending pathway joins the subthalamic nuclei (STN) with cerebellar-cortical hemispheric lobule VII and crus II, while an ascending pathway joins the cerebellar
nuclei with the striatum and globus pallidus (Hoshi et al., 2005; Bostan and Strick, 2010).
(C) In human brains, spontaneous waking activity measured using fMRI reveals a parcellated relationship of covarying activity between corresponding zones of
cerebellum and neocortex. The coloredmaps at left indicate seven zones in which a single color denotes regions of neocortex and cerebellar cortex with strongly
covarying activity. The plot at right indicates the fraction of neocortex in each zone of a 17-zone map, plotted against the fraction of cerebellar cortex in the
corresponding zone. This plot indicates that representation in the neocortical and cerebellar cortical sheets is approximately proportional. Reproduced from
Buckner et al. (2011).
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Strikingly, the cognitive and social consequences of cerebellar

injury show an opposite age dependence from the motor conse-

quences. When motor-related cerebellar regions are lesioned,

adult injury leads to ataxia, dysarthria, dysphagia, and other

problems of muscular coordination and timing (Timmann et al.,

2008). Thesemotor dysfunctions attenuate with time. In children,

acquired lesions of the cerebellar hemispheres lead to motor

development that is normal or only moderately delayed (Tavano

et al., 2007). In very preterm children, no correlation has been

observed between the volume of the underdeveloped cere-

bellum and motor function later in childhood (Allin et al., 2001).

Long-term compensation is unlikely only in cerebellar agenesis,

in which motor function remains underdeveloped throughout life

(Timmann et al., 2003). Thus, the cerebellum is compensatable

with respect to motor functions, but cognitive and social func-

tions are specifically vulnerable to early-life perturbation of cere-

bellum—suggesting a sensitive-period mechanism.

Normal experience is an essential component of brain devel-

opment (Figure 2). Activity in one brain area can induce nearly
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irreversible changes in another brain area through structural

and synaptic plasticity mechanisms (Hensch, 2005). Long-range

projections are sculpted by local circuit dynamics, the best-

known case being that of thalamocortical systems. In primary

visual cortex, mismatch of visual input due to monocular depri-

vation during the sensitive period for ocular dominance column

formation leads to an overrepresentation of the nondeprived

eye and a failure to create a binocular map. Similarly, a sensitive

period has been observed for auditory processing in mice

(Barkat et al., 2011; Yang et al., 2012). Overall, in the process

of experience-expectant plasticity, developing brains go through

sensitive periods (Knudsen, 2004; Wiesel, 1981) during which

they require a minimum level of normal experience. In light of

these findings, cerebellar-thalamic-neocortical communication

may also shape the refinement of neocortical circuitry.

Dendritic and Axonal Mechanisms for Sensitive-Period

Refinement

A characteristic pattern of cellular growth during sensitive

periods is initial exuberant growth of dendritic and axonal
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arborizations, followed by activity-dependent pruning of un-

wanted connections. These phenomena have been observed

in diverse systems that include mammals, songbirds, and barn

owls (reviewed in Knudsen, 2004). In activity-dependent plas-

ticity, incoming information is a driver of circuit refinement. The

same principle may apply to developmental disorders. For

example, cerebral palsy can be modeled in animals by blocking

corticospinal activity on one side in early postnatal life (Friel and

Martin, 2007). In this case, descending corticospinal projections

normally undergo an initial period of bilateral mapping, after

which Hebbian activity-dependent competition leads to the pref-

erential elimination of ipsilateral projections. Blockade of activity

prevents this process and the functional separation of the two

tracts does not occur.

Failures of neocortical pruning might be expected to have

volumetric correlates. In infants who later go on to develop

autism, increased net brain growth is apparent by age 1, as

quantified by increased head circumference (Stigler et al.,

2011). Extreme head growth is associated with the most severe

clinical signs of autism (Courchesne et al., 2005). In volumetric

MRI measurements, ASD brains grow faster on average than

neurotypical brains in the first two postnatal years (Redcay and

Courchesne, 2005). By age 2.5, brain overgrowth is visible as

enlargement of neocortical gray and white matter in frontal, tem-

poral, and cingulate cortex (Schumann et al., 2011). Since this

abnormal growth comes after the time of neurogenesis, volume

differences are likely to arise either from disruption of progres-

sive (growth) or regressive (pruning) events. Disruption to either

of these processes could account for perturbations in the trajec-

tory of gross volume changes. Additional contributions could

also come from changes in glial volume or number (Schumann

and Nordahl, 2011). Finally, overgrowth in ASD brains is followed

by premature arrest of brain growth after age 4. These abnormal-

ities would be expected from defects in plasticity mechanisms—

for example, dendritic growth and pruning or axonal branching.

Such a deficit in sensitive-period circuit refinement could arise

in two ways. First, inappropriate input, as originally described by

Hubel and Wiesel, could fail to instruct developing circuitry

through Hebbian plasticity mechanisms. This could occur if

subcortical structures, including the cerebellum, were per-

turbed. For example, reduced numbers of Purkinje cells, which

are inhibitory, could allow abnormally high levels of firing by

deep-nuclear projection neurons. Second, plasticity mecha-

nisms themselves could be perturbed by specific alleles of the

genes that govern those mechanisms. Both cases amount to a

failure of postnatal experience to have its normal effects on the

neocortex. Such a failure could contribute to the blunting of

regional differences in gene expression across neocortical re-

gions that is seen in autistic subjects (Voineagu et al., 2011).

Sensitive Periods for Cognitive and Social Function

Higher sensory capabilities are thought to undergo sensitive pe-

riods once lower sensory structures have matured (Knudsen,

2004). A similar principle is likely to apply to cognitive functions.

One illustrative example is the ontogeny of reading (Turkeltaub

et al., 2003). In early readers, activated brain regions are distrib-

uted on both sides of the neocortex and cerebellum. Between

childhood and adolescence, these regions come to exclude

auditory regions, leaving amore focused, largely left-hemisphere
network that includes the visual word form area. Notably, in

readers who first learn to read as adults, activity patterns are

more bilaterally distributed (Dehaene et al., 2010) and are remi-

niscent of literate children starting to read, indicating that adult

circuitry has considerably less capacity for refinement.

The sensitive-period concept also applies to social develop-

ment. In social isolation experiments by Harry Harlow and others

in the 1960s, infant monkeys were raised under conditions in

which the birth mothers were replaced with artificial surrogates

for the first six months of their lives. At later ages, these deprived

monkeys displayed rocking behavior, perseveration, and

inability to communicate or socially bond with other monkeys

(Novak and Suomi, 2008). This work supported a critical period

hypothesis for social function, and it was later found that tar-

geted interventions using peer monkeys could partially rescue

the effects on previously isolated monkeys.

Like the plight of the Romanian orphanage children, the Har-

low experiments are disturbing because the degree of depriva-

tion is extreme. The developmental diaschisis hypothesis raises

the possibility that ASD has similarly profound effects on fore-

brain circuit maturation. The difference is that the flow of infor-

mation is interrupted not externally but internally to the brain.

In this way, developmental diaschisis of information flow to the

neocortex could lead to long-term effects that resemble those

of severe early-life deprivation, even under normal environmental

conditions.

Contributions of the Cerebellum to Learning and
Plasticity
In the control of movement, the cerebellum has been suggested

to provide an internal model needed to provide outputs that

refine the accuracy of a movement. In the cognitive domain,

the cerebellum might refine the accuracy of mental operations

(Ito, 2008). The uniform microarchitecture of cerebellar circuitry

suggests the possibility that both domains are governed by a

common computational model.

The cerebellum is widely believed to be a site for supervised

learning (Figure 5). Unexpected events are thought to be signaled

via the inferior olive’s climbing fibers, which strongly innervate

Purkinje cells to drive a dendritic calcium-based action potential.

This dendrite specificity allows the instructive signal to be sepa-

rated from the effects of the mossy fiber pathway, which drives

the Purkinje cells’ output, somatic and axonal sodium spikes.

The climbing fiber signal drives plasticity of a high-dimensional

input from themossy fiber pathway, the feedforward architecture

of which is well suited to support the supervised learning of

specific mossy fiber/granule cell patterns (Raymond et al.,

1996) carrying predictive value on a subsecond timescale. The

learned information is then transferred to the deep nuclei. Such

architecture is capable of fine discrimination of stimulus features

and transforming multisensory information to predictive output.

Multisensory learning tasks requiring the cerebellum are well

studied in the motor domain. Delay eyeblink conditioning (Ray-

mond et al., 1996) is a form of learning in which an initially neutral

stimulus (e.g., a tone or a light flash) becomes associated with a

strong teaching stimulus (corneal airpuff or periorbital shock)

that, by itself, evokes an unconditioned blink response. The un-

conditioned stimulus is conveyed to cerebellar cortex and nuclei
Neuron 83, August 6, 2014 ª2014 Elsevier Inc. 525



Figure 5. Circuitry for Instructed Learning in the Cerebellar Cortex
Purkinje cells (black) receive the two major excitatory streams of input to the
cerebellum: the mossy fibers (red), which synapse onto granule cells (green),
and climbing fibers (blue). Mossy fibers and climbing fibers also send collat-
erals to the cerebellar deep nuclei. Cerebellar granule cells represent
approximately half the neurons of the rodent or primate brain and convey
sensory, motor efference, and other information to the cerebellar cortex. They
give rise to parallel fibers (green) that then converge massively onto Purkinje
cells. Climbing fibers act as an instructive signal that can drive plasticity at
recently active parallel fiber synapses. In this way, learning in the cerebellar
cortex can integrate multiple sensory modalities with precise timing in the
subsecond range. The sole output of the cerebellar cortex is Purkinje cell in-
hibition to the cerebellar deep nuclei, which in turn project to thalamus and
many other brain regions.
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via the inferior olive and its climbing fibers. Neutral (conditioned)

stimuli are conveyed to the cerebellum via the mossy fiber

pathway. After hundreds of closely timed pairings of conditioned

and unconditioned stimuli, eventually the conditioned stimulus

alone evokes a blink at the predicted time of the unconditioned

stimulus. In this paradigm, different modalities (e.g., corneal air-

puff and tone) are associated with one another. The cerebellum

plays a similar role in vestibulo-ocular reflex gain adaptation

(vestibular input and retinal slip signal).

In the case of social learning, making sensory discriminations

and predictions is important because most sensory information

initially has little intrinsic social valence (Cohn and Tronick,

1987). A mother’s smile is unlikely to be intrinsically rewarding

to a new baby, but instead must be paired with other information

such as food or touch (Stack andMuir, 1992). Similarly, play also

delivers social reward whose value must be learned (Panksepp

et al., 1984). It has been postulated that in autism, difficulties

attending to socially salient stimuli may arise from an impairment

of assigning reward to the stimuli (Dawson et al., 2002). Broadly,

the cerebellum’s potential role in acquiring the ability to asso-

ciate a sensory pattern with an innately rewarding or aversive

event, can contribute to information processing—and even drive

learning—in the neocortex. Such a role is potentially supported
526 Neuron 83, August 6, 2014 ª2014 Elsevier Inc.
by the monosynaptic projections that lead from the cerebellar

nuclei to VTA.

For associating an innately rewarding stimulus with other sen-

sory events, a principal computational function of the cerebellum

might be that of detecting closely timed associations. Eyeblink

conditioning and vestibulo-ocular reflex gain control have spe-

cific timing requirements for the instructive (climbing fiber) stim-

ulus to come within a few tenths of a second after the learned

(mossy fiber) stimulus. This timing relationship is reflected in

the temporal order requirements for parallel fiber-Purkinje cell

synaptic plasticity (Wang et al., 2000). Thus, a major computa-

tional function of the cerebellum in social learning might be the

ability to associate a fast social cue (sensory feedback) with a

reward outcome. In this way, the role of cerebellum in processing

timing information across sensory modalities (D’Angelo and De

Zeeuw, 2009) might be of specific relevance for social learning.

Cerebellar supervised learning has also been proposed as a

means of acquiring internal models (both forward and inverse)

about the environment (Wolpert et al., 1998). The cerebral cortex

can also learn predictive models of the environment, but it does

so using very different circuit architecture, one that is rich in

loops and recurrent excitation. Due to these markedly contrast-

ing architectures, it has been proposed that the cerebellar and

cerebral cortex differ in their learning algorithm, with the cere-

bellum performing supervised learning, while the cerebral cortex

performs unsupervised learning (Doya, 1999). The cerebellum

thus may play a complementary functional role to neocortex,

whether in motor or nonmotor function (Ito, 2008). If the cere-

bellum and neocortex are suited for different types of learning,

cerebello-thalamo-cortical loops would provide a substrate for

tasks to be processed by two very different architectures work-

ing together. Such hybrid architecture is potentially quite power-

ful, as it could combine the strengths of the two respective

learning approaches.

Indeed, patterns learned by one structure could be passed to

theother structure.Such transfer isanexampleofmemoryconsol-

idation. In memory consolidation, the acquisition of a memory re-

quires rapid adaptation in one brain region coupled with gradual

plasticity in a second brain region, where the memory is stored

(Krakauer and Shadmehr, 2006). This process has been observed

between the cerebellar cortex and the deep cerebellar nuclei for

cerebellum-dependent behaviors such as eyeblink conditioning,

inwhich theexpressionofmotormemory (butnot its timing) comes

to require the interposednucleus but not the cerebellar cortex (Att-

well et al., 2002). A similar process has been observed for motor

skill learning, in which the motor cortex consolidates input from

the cerebellum after many trials of learning (Krakauer and Shad-

mehr, 2006). Thus, changes in cerebellum may, over time, drive

changes in corresponding cortical areas.

For example, regions encompassing lobules VI and VII, where

abnormalities have been reported in ASD (Carper and Courch-

esne, 2000), show strong covariation of resting-state functional

connectivity with contralateral midfrontal regions that appear

to encompass ACC (Buckner et al., 2011). ACC roles include

motivating and attending responses, detecting errors to those

responses, and switching flexibly between cognitive and

affective tasks (Devinsky et al., 1995). Autistic persons show def-

icits in response monitoring, making adjustments to optimize



Neuron

Perspective
outcome, and the ability to monitor one’s self (Mundy, 2003), and

ASD patients who score high on repetitive behavior show

abnormal signaling in rostral ACC (Thakkar et al., 2008). We sug-

gest that during development, ACC and lobule VI-VII may pass

information to one another as part of the acquisition of emotional

and social capacities.

The timing of cerebellar maturation is also consistent with the

developmental diaschisis hypothesis. The cerebellum reaches

its mature volume within months of birth in humans (Rice and

Barone, 2000). In humans the cerebellum develops throughout

pregnancy with rapid growth in the third trimester and in the first

postnatal year (Limperopoulos et al., 2007; ten Donkelaar et al.,

2003; Zervas et al., 2005). Cerebellar circuitry is vulnerable in the

days and weeks following birth (ten Donkelaar et al., 2003), a

period during which the cellular makeup and the quantity of in-

puts changes quickly (Wang and Zoghbi, 2001) and ASD genes

are coexpressed in cerebellum (Willsey et al., 2013). In contrast,

cortical areas continue to mature for a longer period of years

(Rice and Barone, 2000). Thus, the cerebellum grows during

a period of known genetic and environmental vulnerability and

reaches full size in time to potentially guide the refinement of

neocortical structures.

A Sensory Hypothesis for Developmental Disorders
Just as sensory areas are organized by experience, cognitive

and social processing may also be guided by structures that

process sensory and other internally generated information to

extract useful parameters. In this context, the cerebellum, which

is thought to integrate sensory information (Bower, 1997) to

modulate movement (Thach et al., 1992), is a candidate to play

a similar role in nonmotor function (Ito, 2008). The architecture

of the cerebellum appears to be well suited to learn to make

fine discriminations, especially in the domain of multisensory

learning. Such learningmight be of considerable use to the social

and cognitive brain, as a coprocessor to other brain structures

(D’Angelo and Casali, 2012).

Language acquisition and the formation of social capacities

are among the hardest problems that the human brain must

solve, yet most babies master them effortlessly (Meltzoff et al.,

2009). For example, extracting the structure contained in lan-

guage requires statistical learning and attending to awide variety

of nonverbal cues (Romberg and Saffran, 2010). In both lan-

guage and social development, considerable meaning is carried

in the juxtaposition of events from multiple senses occurring

on short timescales. In this process, supervised learning of

temporal relationships by the cerebellum is likely to play an

essential role.

The cerebellum integrates many converging multimodal sen-

sory inputs via themossy fiber pathway, which convergewith un-

expected events as transmitted by the climbing fiber pathway.

Mossy fibers synapse onto cerebellar granule cells, which

comprise approximately half the neurons of the human brain.

Many different sensory receptive fields are found near one

another in the granule cell layer; as granule cell axons give rise

to parallel fibers, multisensory information is thoroughly mixed

and distributed across many Purkinje cells. Notably, ASD-

gene-associated coexpression networks have the strongest

expression in the cerebellar granule layer (Menashe et al.,
2013), where information from multiple sensory modalities can

be integrated (Huang et al., 2013). Thus, multisensory integrative

tasks would be one area where ASD and cerebellar function

may meet.

It should be emphasized at this point that the foregoing frame-

work does not require triggers of developmental diaschisis to be

exclusively cerebellar in origin. Similar consequences would be

expected for any early-life brain defect that impeded statistical

learning mechanisms. Abnormal processing of any type that

affected necessary sensory integration could impede early-life

cognitive development. In this way a variety of subcortical abnor-

malities could lead to ASD.

Multisensory Defects in ASD Suggest Cerebellar

Dysfunction

Atypical sensory responsiveness in ASD children can be de-

tected as early as 4–6 months of age (Zwaigenbaum et al.,

2005). Autistic individuals show abnormalities in eyeblink condi-

tioning (Oristaglio et al., 2013; Sears et al., 1994; Tobia and

Woodruff-Pak, 2009). Mouse models of ASD also show disrup-

ted eyeblink conditioning, including Fragile X (Koekkoek et al.,

2005). Thus,multisensory learning deficits appear to be recurring

features of both human ASD and animal models of ASD.

Consistent with the importance of subcortical sensory

processing is the observation that from infancy onward, autistic

children (and often their siblings) show atypical sensory respon-

siveness (Markram and Markram, 2010). Visual orienting la-

tencies to nonsocial stimuli are atypically slow in 7 month olds

who later meet ASD criteria (Elison et al., 2013). At later ages,

sensory abnormalities persist (Leekam et al., 2007) and more

complex deficits emerge. Klin and colleagues (Klin et al., 2009)

reported that 2-year-old autistic children attendedmore strongly

to multisensory simple synchrony than more complex combina-

tions associated with natural biological motion. ASD patients

show unreliable evoked neocortical responses to simple, nonso-

cial sensory stimuli (Dinstein et al., 2012). These abnormalities

are potentially causative, since sensory responsiveness and

social symptoms are strongly correlated in high-functioning

autism patients (Hilton et al., 2010). Consistent with a cere-

bellar-dysfunction hypothesis, motor dysfunctions are large

(effect size = 1.2 SDs) and occur at a rate of approximately

80% in ASD (Fournier et al., 2010). Together, this evidence sug-

gests that abnormal sensory preprocessingmay arise early in the

etiology of ASD and perhaps play a causative role.

Finally, cerebellar learning deficits could affect not only sen-

sory information arriving in cerebellar cortex but could also

disrupt the processing of nonsensory information. The cerebellar

mossy fiber pathway has a considerable corticopontine compo-

nent, which conveys efference copy for motor—and perhaps

nonmotor (Huang et al., 2013)—information. Considering the

self-similarity of cerebellar circuitry, any cerebellar deficits would

be expected to have similar effects on the processing of all infor-

mation arriving via the mossy fiber pathway.

A Roadmap for Testing the Developmental Diaschisis
Hypothesis
Although it seems likely that the cerebellum shapes cognitive

and affective domains during development, the evidence to

date comes largely from lesion experiments and clinical
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observations. These results provide a starting point and an op-

portunity to use newer and more powerful tools to map, image,

and manipulate brain circuitry. The development of these tools

is likely to accelerate with projects such as the Brain Research

through Advancing Innovative Neurotechnologies (BRAIN) Initia-

tive in the United States. Technologies drawn from molecular

biology, physical sciences and engineering, statistics, and

computation (Bargmann et al., 2013; Sun et al., 2012) will enable

probing nonmotor and developmental roles of the cerebellum to

new scientific depths.

Tests of the developmental diaschisis hypothesis fall into the

following three categories. These tests can be conducted to

probe a variety of upstream triggers: not only the cerebellum

but also other brain structures, as well as specific molecular

defects associated with genetic susceptibility loci.

(1) Does Early-Life Disruption of Upstream Triggers

Have Selective Effects on Adult Cognitive and Affective

Function?

Lesion experiments are irreversible and are defined spatially, en-

compassing all cells within reach of a burn or chemical injection.

It is now possible to express inactivating receptors (Asrican

et al., 2013; Nielsen et al., 2012; Wess et al., 2013) in specific

cell populations, which do not act unless exposed to a ligand

or light. These tools can target defined nuclei and cell types

and are reversible on timescales into the subsecond range. Inac-

tivation can even be performed during specific behaviors.

Such tools can be used to test when in development, and under

what circumstances, a region perturbs cognitive and affective

behavior and disrupts the anatomy and physiological function

of neural circuitry at remote sites. In the case of cerebellum,

it should be possible to target specific subregions (for instance,

lobules VI/VII) and cell types, as well as smaller structures

throughout the brain (for instance, the deep nuclear-VTA

pathway).

(2) In Adult Life, Do Specific Cerebellar Regions Have

Specific Influences on Remote Counterparts in

Neocortex and Vice Versa?

One major technological priority for the BRAIN initiative is

monitoring neural activity at multiple regions. Already, neural

activity can be optically monitored in behaving mice using

two-photon microscopy and whole-cell single-cell recording.

Social and cognitive interactions can be probed using head-

fixed tasks or using miniaturized microscopes in freely moving

animals.

Once specific brain locations and cell types of interest have

been identified, it will be useful to map the exact circuitry

to which each location connects throughout the brain. A variety

of transsynaptic tools have been developed to achieve

controlled labeling of circuitry. Reconstruction is somewhat

limited by the time required for sectioning and tracing. Tissue

clearing and automated tracing methods should allow viral

tracing efforts to be accelerated considerably. As an example,

it would be of great interest to know what type of information is

passed between lobules VI/VII and ACC. ACC is thought to

participate in exploration and exploitation of an animal’s environ-

ment, and the role of cerebellar learning and discriminative sen-

sory processing in this process remains to be investigated. It will

also be of interest to compare normal and pathological interac-
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tions in both human disease and in mouse models, not just for

autism but also other disorders with a cognitive component.

(3) Is the Upstream Region a Potential Target for Rescue

in Mouse Models of Developmental Disorders?

The availability of mouse models for developmental disorders

opens the possibility that adult dysfunctions in these animals

could be rescued by early-life interventions. If dysfunction in an

identified circuit drives the maturation of brain circuitry off track,

it might be possible to rescue a normal trajectory by boosting or

restoring the circuit’s function. Tests of rescue should include

behavioral, anatomical, and circuit functional measures. Opto-

genetic, pharmacogenetic, flexible electrode, or noninvasive

technologies could be used to inactivate or enhance the output

or effectiveness of an upstream brain region such as the cere-

bellar cortex or nuclei.

In addition, until recently it was believed that once a sensitive

period closes further modifications to the circuit become

extremely difficult if not impossible. Recently, however, it was

shown that critical periods can be reopened (Bavelier et al.,

2010). It remains to be determined whether this is true for social

capacities, which would be expected to have later sensitive

periods.

In summary, we propose that the concept of developmental

diaschisis may be of general utility in the understanding of pedi-

atric neurology, in which it is commonplace knowledge that

early-life damage to a brain region can have very different conse-

quences than adult cases (Stiles et al., 2005; Swaiman et al.,

2012). Bridging this gap requires new experimental tests to fill

in a conceptual framework for how the cerebellum may guide

other regions in the process of constructing the functions of

the brain.
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By SHARYL ATTKISSON CBS NEWS September 10, 2010, 10:44 AM 

Family to Receive $1.5M+ in First-Ever Vaccine-
Autism Court Award 

The first court award in a vaccine-autism claim is a big one. CBS News has 
learned the family of Hannah Poling will receive more than $1.5 million dollars 
for her life care; lost earnings; and pain and suffering for the first year alone. 

In addition to the first year, the family will receive more than $500,000 per year 
to pay for Hannah's care. Those familiar with the case believe the compensation 
could easily amount to $20 million over the child's lifetime. 

Nine-year-old Hannah Poling.  AP PHOTO/ATLANTA JOURNAL-

CONSTITUTION, JOHN SPINK

Hannah was described as normal, happy and 
precocious in her first 18 months. 

Then, in July 2000, she was vaccinated against nine 
diseases in one doctor's visit: measles, mumps, 
rubella, polio, varicella, diphtheria, pertussis, 
tetanus, and Haemophilus influenzae. 

Afterward, her health declined rapidly. She developed high fevers, stopped 
eating, didn't respond when spoken to, began showing signs of autism, and began 
having screaming fits. In 2002, Hannah's parents filed an autism claim in federal 
vaccine court. Five years later, the government settled the case before trial and 
had it sealed. It's taken more than two years for both sides to agree on how much 
Hannah will be compensated for her injuries. 

Read Sharyl Attkisson's 2008 report on Hannah Poling 

In acknowledging Hannah's injuries, the government said vaccines aggravated an 
unknown mitochondrial disorder Hannah had which didn't "cause" her autism, 
but "resulted" in it. It's unknown how many other children have similar 
undiagnosed mitochondrial disorder. All other autism "test cases" have been 
defeated at trial. Approximately 4,800 are awaiting disposition in federal vaccine 
court. 

5.E.11.A https : //www.cbsnews.com/news/family-to-receive-15m-plus- in-f irst-ever-vaccine-
autism-court-award/
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Time Magazine summed up the relevance of the Poling case in 2008: ...(T)here's 
no denying that the court's decision to award damages to the Poling family puts a 
chink -- a question mark -- in what had been an unqualified defense of vaccine 
safety with regard to autism. If Hannah Poling had an underlying condition that 
made her vulnerable to being harmed by vaccines, it stands to reason that other 
children might also have such vulnerabilities." 

Then-director of the Centers for Disease Control Julie Gerberding (who is now 
President of Merck Vaccines) stated: "The government has made absolutely no 
statement indicating that vaccines are a cause of autism. This does not represent 
anything other than a very specific situation and a very sad situation as far as the 
family of the affected child." 

Read the newly-released decision on Hannah Poling's compensation. 

© 2010 CBS Interactive Inc. All Rights Reserved. 

http://www.time.com/time/health/article/0,8599,1721109,00.html
http://www.uscfc.uscourts.gov/sites/default/files/CAMPBELLSMITH.%20DOE77082710.pdf


Case Study: Autism and Vaccines 
By Claudia Wallis Monday, Mar. 10, 2008 

W.A.Harewood / AP

Hannah Poling, left, stands with her parents 

Terry and Jon Poling, right, at a news 

conference in Atlanta on March 6, 2008. 

Government health officials have conceded that 

childhood vaccines worsened a rare, underlying 

disorder that ultimately led to autism-like 

symptoms in Hannah, and that she should be 

paid from a federal vaccine-injury fund. 

What happened to little, red-haired 

Hannah Poling is hardly unique in the world of autism. She had an uneventful birth; she seemed to 

be developing normally — smiling, babbling, engaging in imaginative play, speaking about 20 words 

by 19 months. And then, right after receiving a bunch of vaccines, she fell ill and it all stopped. 

Hannah, now 9, recovered from her acute illness but she lost her words, her eye contact and, in a 

matter of months, began exhibiting the repetitive behaviors and social withdrawal that typify autism. 

"Something happened after the vaccines," says her mom, Terry Poling, who is a registered nurse and 

an attorney. "She just deteriorated and never came back." 

Parents of kids like Hannah have been fingering vaccines — and, in particular, the mercury-based 

vaccine preservative thimerosal — as a cause of autism for over a decade, but researchers have 

repeatedly failed to find a link. 

What's unique about Hannah's case is that for the first time federal authorities have conceded a 

connection between her autistic symptoms and the vaccines she received, though the connection is 

by no means simple. A panel of medical evaluators at the Department of Health and Human Services 

concluded that Hannah had been injured by vaccines — and recommended that her family be 

compensated for the injuries. The panel said that Hannah had an underlying cellular disorder that 

was aggravated by the vaccines, causing brain damage with features of autism spectrum disorder 

(ASD). 

5.E.11.B content . t ime.com/time/health/art ic le/0 ,8599,1721109,00.html



A special federal vaccine court has yet to award damages, but the recommendation, made public last 

week, is causing a sensation in the autism advocacy community. The Polings, who live in Athens, Ga., 

were originally part of a group of nearly 5,000 families with autistic children seeking damages 

through the National Vaccine Injury Compensation Program. The other cases remain before the 

court. 

The Poling case is also causing deep concern among public health officials, eager to reassure parents 

that vaccines are safe and, indeed, hugely beneficial. In a public statement on Friday, Dr. Julie 

Gerberding, director of the Centers for Disease Control and Prevention (CDC), insisted that "the 

government has made absolutely no statement about indicating that vaccines are the cause of 

autism, as this would be a complete mischaracterization of any of the science that we have at our 

disposal today." 

Gerberding and other health authorities point out that the benefits of vaccines far exceed their risks. 

They also note that thimerosal was eliminated from routinely administered childhood vaccines 

manufactured after 2001, and yet autism rates have continued to climb. The current CDC estimate is 

that 1 of 150 American children has an autism spectrum disorder. 

Nonetheless, there's no denying that the court's decision to award damages to the Poling family puts 

a chink — a question mark — in what had been an unqualified defense of vaccine safety with regard 

to autism. If Hannah Poling had an underlying condition that made her vulnerable to being harmed 

by vaccines, it stands to reason that other children might also have such vulnerabilities. 

But there are circumstances that make Hannah's case a bit unusual. For one thing, she received an 

unusually large number of vaccines in 2000 (when thimerosal was still in use). Because of a series of 

ear infections, Hannah had fallen behind in the vaccine schedule, so in a single day she was given five 

inoculations covering a total of nine diseases: measles, mumps, rubella, polio, varicella, diphtheria, 

pertussis, tetanus, and Haemophilus influenzae. "That was just too many vaccines," says Terry 

Poling. "I didn't find out for several months that they had thimerosal, which contains mercury, a 

powerful neurotoxin. Had I known, I never would have allowed it to be injected into my child." 

Another confounding issue in Hannah's case is the finding that she suffers from a mitochondrial 

disorder — a dysfunction in basic cell metabolism. Mitochondria serve as power generators for each 

cell in the body, converting food and oxygen into energy. There are a wide range of these disorders, 

http://www.hrsa.gov/vaccinecompensation/


causing symptoms that vary widely but can include muscle weakness, cardiac or liver disease, 

diabetes, developmental delays and susceptibility to infection. In Hannah's case, the vaccine court 

determined that the underlying dysfunction of her mitochondria put her at an increased risk of 

injury from vaccines. 

That decision, however, comes as a surprise to experts on mitochondrial disorders. In response to 

the Poling case, the United Mitochondrial Disease Foundation has released a statement saying, 

"There are no scientific studies documenting that childhood vaccinations cause mitochondrial 

diseases or worsen mitochondrial disease symptoms." 

Dr. John Shoffner, the Atlanta-based neurologist who identified Hannah Poling's mitochondrial 

disorder, is "genuinely puzzled" by the court's judgment. Shoffner, who has been studying and 

treating these disorders for 20 years, says it's impossible to say whether Hannah's mitochondrial 

disorder was, in fact, a pre-existing condition that set the stage for her autism (as the government 

contends) or if it developed along with her autism. A specialist in mitochondrial disorders, he is 

investigating the relationship between autism and these disorders and plans to present a paper on 

the topic at the annual meeting of the American Academy of Neurology in April. "In some subset of 

people with ASD — a small group of patients, I think — mitochondrial dysfunction is an important 

part of their disease. But it's too early to say whether it gets the ball rolling or if it comes about after 

the ball got rolling." 

Experts on autism spectrum disorders believe that most cases are caused by a combination of genetic 

vulnerabilities and environmental factors. There may be hundreds of roads to autism, involving 

numerous combinations of genes and external factors. 

Could thimerosal or some other aspect of vaccines be one of these factors? "It's always possible that 

there's a small subset of kids that have this vulnerability," says Dr. Isaac Pessah, director of the 

Center for Children's Environmental Health and Disease Prevention at the University of California, 

Davis. Pessah's lab is looking at dozens of possible environmental factors, including pesticides, 

plastics and flame-retardants. "This is a very emotional debate," he says, "and we need more research 

directed at these questions." 

It's difficult to draw any clear lessons from the case of Hannah Poling, other than the dire need for 

more research. One plausible conclusion is that pediatricians should avoid giving small children a 



large number of vaccines at once, even if they are thimerosal-free. Young children have an immature 

immune system that's ill-equipped to handle an overload, says Dr. Judy Van de Water, an 

immunologist who works with Pessah at U.C. Davis. "Some vaccines, such as those aimed at viral 

infections, are designed to ramp up the immune system at warp speed," she says. "They are designed 

to mimic the infection. So you can imagine getting nine at one time, how sick you could be." In 

addition, she says, there's some evidence, that children who develop autism may have immune 

systems that are particularly slow to mature. 

Van de Water worries that current vaccine schedules may be overly aggressive for some children. She 

suggests that parents who are concerned about vaccine safety ask their pediatricians to give fewer at 

a time. And, she adds, don't vaccinate a child when he or she is ill. 

Hannah Poling is now a third grader in public school, working one-on-one with teachers in a special-

ed classroom. She continues to struggle with the effects of autism and also has seizures. Her parents 

are hoping her case will spur additional research into the causes of autism, including the roles of 

vaccines and mitochondrial disorders. 

"My daughter's case raises more questions than it answers," concedes her father, Dr. Jon Poling, a 

neurologist who also has a Ph.D. in biophysics. Poling believes in the importance of vaccinating 

children: "Vaccines are one of the most important advances in the history of medicine," he says, "but 

people need to know there is a risk to every medicine. There may be a small percentage of people 

who are susceptible to injury." He and his wife would like to see thimerosal eliminated from flu 

vaccines, which continue to be given to children and pregnant women, a fact that, he thinks, could be 

one reason autism rates haven't declined. And he urges pediatricians to take a hard look at the 

schedule on which vaccines are given. "I think we need a grassroots movement among pediatricians 

to be more conservative, and not give so many shots at once." 

© 2019 TIME USA, LLC. All rights reserved. 



 Petitioner is reminded that, pursuant to 42 U.S.C. § 300aa-12(d)(4) and Vaccine Rule 18(b), a petitioner has
1

14 days from the date of this ruling within which to request redaction "of any information furnished by that party (1) that

is trade secret or commercial or financial information and is privileged or confidential, or (2) that are medical files and

similar files the disclosure of which would constitute a clearly unwarranted invasion of privacy." Vaccine Rule 18(b).

Otherwise, "the entire decision" may be made available to the public per the E-Government Act of 2002, Pub. L. No.

107-347, 116 Stat. 2899, 2913 (Dec. 17, 2002).

 The statutory provisions governing the Vaccine Act are found in 42 U.S.C. §§300aa-10 et seq. (West 1991
2

& Supp. 1997).  Hereinafter, reference will be to the relevant subsection of 42 U.S.C.A. §300aa.

In the United States Court of Federal Claims
OFFICE OF SPECIAL MASTERS

No. 02-0738V

Filed: 20 July 2007

*   *   *   *   *   *   *   *   *   *   *   *   *   * *
BAILEY BANKS, by his father *
KENNETH BANKS, *

*
Petitioner, * PUBLISHED

*
 v. * Non-autistic developmental delay; Acute 

* Disseminated Encephalomyelitis; Expert
SECRETARY OF THE DEPARTMENT * Credibility; Evidentiary Reliability;
OF HEALTH AND HUMAN SERVICES, * Scientific Validity; Burden of Proof;

* Causation in Fact; Proximate Causation
Respondent.      *

*   *   *   *   *   *   *   *   *   *   *   *   *   * *
Michael G. McLaren, Esq., Black & McLaren, Memphis, Tennessee, for Petitioner;
Alexis B. Babcock, Esq., United States Department of Justice, Washington, D.C., for Respondent.

ENTITLEMENT RULING1

ABELL, Special Master:

On 26 June 2002, the Petitioner filed a petition for compensation under the National
Childhood Vaccine Injury Act of 1986 (Vaccine Act or Act)  alleging that, as a result of the MMR2

vaccination received on 14 March 2000, his child, Bailey, suffered a seizure and Acute Disseminated

5.E.11.C http://big .assets .huff ingtonpost .com/BANKS_CASE.pdf



Acute disseminated encephalomyelitis (ADEM) is “an acute or subacute encephalomyelitis or infiltration and
3

demyelination; it occurs most commonly following an acute viral infection, especially measles, but may occur without

a recognizable antecedent....It is believed to be a manifestation of an autoimmune attack on the myelin of the central

nervous system.  Clinical manifestations include fever, headache, vomiting, and drowsiness progressing to lethargy and

coma; tremor, seizures, and paralysis may also occur; mortality ranges from 5 to 20 per cent; many survivors have

residual neurological deficits.”  DORLAND 'S ILLUSTRATED MEDICAL D ICTIONARY (30th ed. 2003) (SAUNDERS) at 610.

 Pervasive Developmental Delay describes a class of conditions, and it is apparent from the record that the
4

parties and the medical records are referring to Pervasive Developmental Disorder Not Otherwise Specified (“PDD-

NOS”):

Pervasive Developmental Disorder, Not Otherwise Specified (PDD-NOS) is a ‘subthreshold’

condition in which some - but not all - features of autism or another explicitly identified Pervasive

Developmental Disorder are identified.  PDD-NOS is often incorrectly referred to as simply “PDD.”

The term PDD refers to the class of conditions to which autism belongs.  PDD is NOT itself a

diagnosis, while PDD-NOS IS a diagnosis.  The term Pervasive Developmental Disorder - Not

Otherwise Specified (PDD-NOS; also referred to as "atypical personality development," "atypical

PDD," or "atypical autism") is included in DSM-IV to encompass cases where there is marked

impairment of social interaction, communication, and/or stereotyped behavior patterns or interest, but

when full features for autism or another explicitly defined PDD are not met.

It should be emphasized that this ''subthreshold'' category is thus defined implicitly, that is, no specific

guidelines for diagnosis are provided.  While deficits in peer relations and unusual sensitivities are

typically noted, social skills are less impaired than in classical autism.  The lack of definition(s) for

this relatively heterogeneous group of children presents problems for research on this condition.  The

limited available evidence suggest that children with PDD-NOS probably come to professional

attention rather later than is the case with autistic children, and that intellectual deficits are less

common.

The Yale Child Study Center's Developmental Disabilities Clinic Webpage, article on PDD-NOS, available at

http://www.med.yale.edu/chldstdy/autism/pddnos.html.  See also  D IAGNOSTIC AND STATISTICAL MANUAL OF MENTAL

D ISORDER, (4th ed. 2000) at 69 et seq.  In the interest of consistency, the Court will follow the convention adhered to

by the medical records and by the parties in this case, and this condition will be referred to herein as “PDD”.  

-2-

Encephalomyelitis (“ADEM”),  which led to Pervasive Developmental Delay (“PDD”),  a condition3 4

from which he continues to suffer (the "Petition").  By the terms of the Petition itself, Petitioner
brought this action under an actual causation theory of recovery, as the seizure was alleged to have
occurred on 30 March 2000, sixteen days after the vaccination date, and outside of the time periods
set on the Table.  Petition at 2.  

This petition was reassigned to my chambers on 22 December 2004.  Eventually, a telephonic
evidentiary hearing on the ultimate issue of entitlement for compensation was held on 1 June 2006.
Hearing Transcript ("Tr.") at 1.  Whereupon, the Court heard from medical expert witnesses for both
parties: Dr. Ivan Lopez for the Petitioner and Dr. John MacDonald for the Respondent.  Subsequent
to that hearing, the parties filed closing briefs with the Court, and the case is now ripe for a ruling.

As a preliminary matter, the Court notes that Petitioner has satisfied the pleading requisites
found in § 300aa-11(b) and (c) of the statute, by showing that: (1) he is a valid legal representative
of the injured party, Bailey Banks; (2) the vaccine at issue is set forth in the Vaccine Injury Table
(42 C.F.R. § 100.3); (3) the vaccine was administered in the United States or one of its territories;
(4) no one has previously collected an award or settlement of a civil action for damages arising from
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the alleged vaccine-related injury; and, (5) no previous civil action has been filed in this matter.
Additionally, the § 300aa-16(a) requirement that the petition be timely filed has been met.  On these
matters, Respondent tenders no dispute. 

The Vaccine Act authorizes the Office of Special Masters to make rulings and decisions on
petitions, which include findings of fact and conclusions of law. §12(d)(3)(A)(I).  In order to prevail
on a petition for compensation under the Vaccine Act, a petitioner must show by preponderant
evidence that a vaccination listed on the Vaccine Injury Table either caused an injury specified on
that Table within the period designated therein, or else that such a vaccine actually caused an injury
not so listed. § 11(c)(1)(c).  

I. FACTUAL RECORD

Despite their accord on certain factual predicates contained in Bailey’s medical records, there
is, unsurprisingly, a pronounced conflict between the parties as to the following issues: whether a
biologically plausible link exists between ADEM and pervasive developmental delay (PDD) in a
direct chain of causation, whether Bailey did in fact suffer from ADEM, and ultimately whether the
administration of the MMR vaccine to Bailey actually caused ADEM which would then cause PDD
that currently besets Bailey today.  Considering these disputes and the Court’s commission to resolve
them, it behooves the Court to explain the legal standard by which factual findings are made.

It is axiomatic to say that the Petitioners bear the burden of proving, by a preponderance of
the evidence – which this Court has likened to fifty percent and a feather – that a particular fact
occurred.  Put another way, it is required that a special master, "believe that the existence of a fact
is more probable than its nonexistence before [he] may find in favor of the party who has the burden
to persuade the [special master] of the fact's existence."   In re Winship, 397 U.S. 358, 371-72 (1970)
(Harlan, J., concurring).  Moreover, mere conjecture or speculation does not meet the preponderance
standard.  Snowbank Enterprises v. United States, 6 Cl. Ct. 476, 486 (1984). 

This Court is authorized by statute to render findings of fact and conclusions of law, and to
grant compensation upon petitions that are substantiated by medical records and/or by medical
opinion.  §§ 12(d)(3)(A)(i) and 13(a)(1).  

Medical records are afforded substantial weight, as has been elucidated by this Court and by
the Federal Circuit:

Medical records, in general, warrant consideration as trustworthy evidence.
The records contain information supplied to or by health professionals to
facilitate diagnosis and treatment of medical conditions.  With proper
treatment hanging in the balance, accuracy has an extra premium.  These
records are also generally contemporaneous to the medical events.

Cucuras v. Secretary of HHS, 993 F.2d 1525, 1528 (Fed. Cir.1993). 
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Medical records are more useful to the Court’s analysis when considered in reference to what
they include, rather than what they omit:

[I]t must be recognized that the absence of a reference to a condition or circumstance
is much less significant than a reference which negates the existence of the condition
or circumstance. Since medical records typically record only a fraction of all that
occurs, the fact that reference to an event is omitted from the medical records may
not be very significant.

Murphy v. Secretary of HHS, 23 Cl. Ct. 726, 733 (1991), aff'd, 968 F.2d 1226 (Fed. Cir. 1992), cert.
denied sub nom. Murphy v. Sullivan, 113 S. Ct. 263 (1992) (citations omitted), citing Clark v.
Secretary of HHS, No. 90-45V, slip op. at 3 (Cl. Ct. Spec. Mstr. March 28, 1991). 

A. MEDICAL RECORDS

The Court turns first to the recorded facts drawn from the sources offered by the parties in
this case.  There is no dispute regarding the following facts, which are referenced to one degree on
another in both parties’ closing briefs: 

1. Bailey Banks was born 26 October 1998. Petitioner’s Exhibit (“Pet. Ex.”) 2, 3.
Bailey’s development before his vaccination (both before and after birth) was normal
and healthy.  Pet. Ex. 1, 5, and 11.

2. At Bailey’s fifteenth month check-up on 14 March 2000, no health concerns were
noted, and he received the MMR vaccination at issue, his first.  Pet. Ex. 11 at 2, Pet.
Ex. 5 at 25.

3. Bailey then experienced a seizure 16 days later, on 30 March 2000, during which
Bailey’s mother witnessed his eyes rolling back and him choking, and he was taken
to the Emergency Room.  Pet. Ex. 4 at 5, 16, 52-54.  At the Emergency Room, Bailey
was found to be afebrile and irritable and to have vomited three times.  Id. at 52.  The
treating doctor at the time characterized Bailey’s condition as “new onset seizure”
and Bailey was admitted to the hospital for observation, where he remained
apparently healthy for the remainder of his stay there.  Id. at 4, 14, 53.

4. The following day, on 31 March 2007, an MRI scan was taken of Bailey’s brain,
which was interpreted by the treating radiologist, Bret Sleight, M.D., as “most
consistent with a demyelinating process of immune etiology such as may be seen
with ADEM or perhaps post-vaccination.”  Pet. Ex. 4 at 36-37.

5. Bailey then underwent, on 10 April 2000, a full neurological examination,
administered by another neurologist, Bryan Philbrook, M.D.  Pet. Ex. 5 at 40-42.



 Esotropia is “strabismus in which there is manifest deviation of the visual axis of an eye toward that of the
5

other eye,” also known as “cross-eye”.  DORLAND 'S, supra, at 644.

 Strabismus is “deviation of the eye which the patient cannot overcome,” wherein “[t]he visual axes assume
6

a position relative to each other different from that required by the physiological conditions.”  DORLAND 'S, supra, at 1766.
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The examination revealed “slight left esotropia”  and “gait and coordination [that5

was] extremely immature in that his gait was wide based.  There was also some
hyperextension of both knees noted with poor balance and frequent falling.”  Id.
Based on these observations, Dr. Philbrook concluded that Bailey suffered from
“mild gross motor developmental delay” and strabismus,  and recommended further6

lab tests, ophthalmology consultation and physical therapy evaluation of Bailey’s
gait.  Id.  Dr. Philbrook also noted his medical opinion that “[w]e reviewed the
patient’s MRI and felt that moderate hypomyelination was more likely than a
demyelinating process like ADEM, but cannot rule out the latter with certainty.”  Id.

6. An EEG performed while Bailey slept on 5 May 2000 was unremarkable.  Id. at 3.
Also, a brain MRI performed on 5 January 2001 evidenced in the same results as the
MRI performed on 31 March 2000, with no significant changes since then.  Id. at 16-
18, 24.

7. On 22 January 2001 Bailey was examined by another neurologist, Frank Berenson,
M.D., who noted that Bailey was suffering from global developmental delays, which
included features associated with pervasive developmental delay.  Id. at 46-48.  His
conclusion was based on his examination of Bailey, in which he observed that Bailey
continued to assume a toddling gait, speech delays, and social interactive difficulties
(e.g., poor eye contact and biting), despite suffering no additional seizures since the
one suffered on 30 March 2000.  Id.  Dr. Berenson noted some cognitive progress
since Bailey’s last neurology visit, including speaking up to ten words, better
comprehension, following simple directions, and identifying individual body parts.
Id. at 46.  Additionally, Bailey’s motor skills had improved such that Bailey assisted
with dressing and drank from a cup.  Id.  However, he added that “[s]ocially there
continues to be difficulty.  His eye contact is variable.  He has limited to no
imaginary pretend play.  He continues to bite excessively....”  Id.  Furthermore, even
though Bailey remained alert during the visit, his speech development was found to
be delayed.  Id.  Lastly, Bailey continued to walk with a “somewhat toddling gait”
that Dr. Berenson described as “somewhat puppet-like” in appearance.  Id.

Beyond the medical records mentioned above, Petitioner’s brief references several others,
engendered between 2001 and the present, that support the claim that Bailey continued to display
neurological developmental delays requiring therapeutic services.  Petitioner’s Closing Brief at 4-7.
Only by 24 September 2002, in a “Speech and Language Evaluation” report, were there clear signs
of unequivocal improvement: Despite a severe language delay, some of Bailey’s linguistic, social
and cognitive elements for further development seemed emergent.  Pet. Ex. 11 at 16-17.  



“An autism spectrum disorder is a brain disorder affecting a person’s ability to communicate, form
7

relationships, and/or respond appropriately to the environment. Such disorders sometimes result in death.  The ‘spectrum’

of such disorders includes relatively high-functioning persons with speech and language intact, as well as persons who

are mentally retarded, mute, or with serious language delays. Symptoms may include, but are not limited to, avoidance

of eye contact, seeming ‘deafness,’ abrupt loss of language, unawareness of environment, physical abusiveness,

inaccessibility, fixation, bizarre behavior, ‘flapping,’ repetitive and/or obsessive behavior, insensitivity to pain, social

withdrawal, and extreme sensitivity to sounds, textures, tastes, smells, and light.” Autism General Order # 1, (Fed. Cl.

Spec. Mstr. Jul. 3, 2002), quoting National Institute of Mental Health, Publication 97-4023.  

 Ataxia is a “failure of muscular coordination; irregularity of muscular action.”  DORLAND 'S, supra, at 170.
8
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Among the physicians treating Bailey, a neurologist named Dr. Ivan Lopez personally
examined Bailey and diagnosed Bailey as follows:

This patient has developmental delay probably secondary to an episode of acute
demyelinating encephalomyelitis that he had at 18 months of age after the vaccine.
He certainly does not ___ [sic] for autism because over here we can find a specific
reason for his condition and this is not just coming up with no reason.  

Pet. Ex. 44 at 2.  As Petitioner’s testifying expert witness, Dr. Lopez maintained, reiterated, and
elaborated upon this threshhold diagnosis.

Dr. Lopez’s diagnosis appears to conflict with the diagnosis given by Bailey’s pediatrician
on 20 May 2004, who saddled Bailey’s condition with the generalized term “autism”;  however, that7

pediatrician later acknowledged that use of the term autism was used merely as a simplification for
non-medical school personnel, and that pervasive developmental delay “is the correct [i.e. technical]
diagnosis.”  Pet Ex. 35.  Another pediatrician’s diagnosis noted that Bailey’s condition “seems to
be a global developmental delay with autistic features as opposed to an actual autistic spectrum
disorder.”  Pet. Ex. 30 at 4.   

B. EXPERT TESTIMONY AT THE ENTITLEMENT HEARING

1. Ivan Lopez

Dr. Ivan Lopez is certified by the American Board of Psychiatry and Neurology in the field
of Neurology, with specific subspecialty in the area of Child Neurology, and has been since 2000.
Transcript (“Tr.”) at 18.  It is Dr. Lopez’s professional medical opinion that “Bailey’s neurological
deficit stem[s] from the vaccine he received on March 14, 2000.”  Tr. at 29.

Dr. Lopez explained to the Court that ADEM occurs when a subject “has been exposed to
a foreign protein, in this case [the] vaccine,” which causes the body to produce antibodies
(specifically T-cells), such that the body’s antibodies “turn against [the myelin sheathing covering
the nerves] and destroy it.”  Tr. at 30.  

Dr. Lopez explained the clinical indicia that Bailey exhibited, indicia that support a diagnosis
of ADEM.  He mentioned ataxia,  stating that “ataxia is one of the symptoms or signs of ADEM,8
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but...it’s not specific for ADEM.”  Tr. at 36.  The same can be said, according to the doctor, for
vomiting and irritability.  Id.  

Dr. Lopez then discussed the medical records created around the time of Bailey’s seizure.
He explained that Dr. Sleight’s MRI notations were consistent with a diagnosis of ADEM, as were
also the MRI films themselves, which Dr. Lopez himself personally examined in preparations for
this case.  Tr. at 37.  He elaborated further, explaining that, using the “T2 technique” of analysis, the
MRI showed an increased signal, indicating that “the white matter in between the ventricles of the
brain and the cortex” had taken on a more “whitish” appearance than is normal, and such a result is
consistent with ADEM.  Id.  

Dr. Lopez explained further to the Court that ADEM is a “monophasic condition,” meaning
that “it only appears once.”  Tr. at 38.  He noted during direct examination that, in like manner,
Bailey “only had one episode of acute neurological deficits” as well, which were “followed by the
sequela of this condition” (i.e., the PDD).  

Direct examination of Dr. Lopez concluded with addressing potential alternative diagnoses
and explanations for Bailey’s condition.  Considering Respondent’s Expert’s proffered hypothesis,
that of a glucose disorder or a glucose deficiency, he gave three reasons for his disagreement: (1) that
Bailey would have shown evidence of such a disorder in his first few months, not in the second year
of his life; (2) that those suffering from glucose transporter 1 deficiency have microcephaly,  a9

condition which Bailey does not have; and (3) that glucose transporter 1 deficiency is an “autosomal
dominant”  disease, such that one of Bailey’s parents would necessarily have the condition as well,10

which they do not.  Tr. at 40-41.

Moving on to the alternative hypothesis/diagnosis of autism, Dr. Lopez distinguishes autism
as a more generalized condition without a known etiology, and contrasted it to Bailey’s condition,
which he says is clearly attributable to demyelination based on neuroimaging evidence.  Tr. at 41-42.
Dr. Lopez also differentiated Bailey’s condition from autism, because Bailey has been affected  in
more than one developmental skill area; he clarified by stating that Bailey has “induced pervasive
developmental delay...due to ADEM.”  Tr. at 32.  He noted that the conflation of designations
resulted from a medical convention created for the sake of explanation to laymen, but that the two
are not properly interchangeable, but actually quite distinct.  Id.  Speaking more directly, Dr. Lopez
stated that “Bailey does not have autism because he has a reason for his deficits.”  Tr. at 42.  

Dr. Lopez finished his direct examination testimony by averring that his opinion testimony
in support of the Petition was given “to a reasonable degree of medical certainty.”  Id.  

http://www.nlm.nih.gov/medlineplus/ency/article/002049.ht
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On cross-examination, Dr. Lopez acknowledged that ADEM cannot be diagnosed based
solely on a radiographic reading, but must be correlated with supportive clinical findings.  Tr. at 45.
However, he took issue with Respondent’s line of questioning regarding whether the correlative
symptoms must necessarily precede onset of ADEM, opining that “oftentimes those symptoms
precede the onset of the disease, but it’s not a must,” and that “if [Bailey] hadn’t thrown up three
times,” it would not change his medical opinion and diagnosis.  Tr. at 47.  He stipulated that “prior
to the seizure it appeared that Bailey was healthy,” and that, hypothetically, Bailey’s three vomiting
bouts could have resulted just from the afebrile seizure.  Tr. at 49.  

Responding to questions posed by the Respondent, Dr. Lopez noted that the other treating
neurologists in the medical records did not diagnose Bailey with ADEM.  Tr. at 60-61.  Dr.
Philbrook “felt” hypomyelination was more likely than ADEM, a demyelinating condition, Doctors
Berenson and Pearlman could not ascertain or simply did not state an etiology, and in December of
2004 Dr. Trasmonte noted a prior diagnosis of Bailey’s condition as pervasive developmental delay,
without concluding whether Bailey had suffered from either hypomyelination or demyelination.  Tr.
at 52-60.  However, Dr. Lopez was quick to add:

[J]ust because this neurologist didn't say specifically that Bailey has ADEM doesn't
mean that he doesn't.  As a matter of fact, it is not saying that he doesn't have ADEM.
All of them are saying that he has pervasive developmental delay, to which I agree,
and they just leave it right there.

Tr. at 60. 

As to the alternative diagnosis of autism, Respondent questioned Dr. Lopez whether Dr.
Kartzinel’s assessment of Bailey’s condition was autism (see Pet. Ex. 7 at 8), and Dr. Lopez agreed.11

On Redirect Examination, Dr. Lopez agreed that, despite several neurological examinations,
no one heretofore has made a definitive diagnosis of Bailey’s condition other than PDD, but that
both radiologists–Doctors Sleight and Barnes–concluded from studying the MRI films that they were
consistent with a finding of ADEM.  Tr. at 63-64.  

2. John MacDonald

Dr. John MacDonald is a pediatric neurologist and has been board certified in neurology with
special competence in child neurology since 1980.  Tr. at 67-68.  Due to the nature of his work, he
stated that he sees patients with ADEM on a fairly regular basis, considering the rarity of the
affliction.  Tr. at 68-69.  After perusing the Record in this case, Dr. MacDonald offered his opinion,
to a reasonable degree of medical certainty, that Bailey’s current neurological symptoms are not
related to the MMR vaccine administered on 14 March 2000.  Tr. at 71.  
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After first addressing why this Petition does not qualify for one of the conditions entitled to
a statutory presumption, Dr. MacDonald stated that unprovoked, afebrile seizures like the one that
Bailey suffered are “relatively common” and that “[t]he vast majority of these are of unknown
cause.”  Tr. at 72-73.  He disagrees with Dr. Lopez’s opinion that Bailey suffers from ADEM, but
agrees that ADEM “is typically a monophasic illness,” which appears “relatively quickly” and then
peaks after two days.  Tr. at 73.  He describes the progress of the illness thusly:

The child is generally quite sick with several symptoms.  Seizures may be included,
but most of the symptoms are much more physically dramatic -- paralysis, ataxia,
coma.

Then as the picture evolves, you do the brain scan and it typically does show some
changes, and then it runs its course.  Most of these children are, if you suspect that
diagnosis, are treated with high doses of intravenous steroids for at least three days.
Many will make a partial improvement.

But it's an acute onset disorder of the central nervous system that presents several
symptoms over several days.  The children are generally quite ill, and it just does not
-- in my experience and reading the literature -- a single isolated seizure in which the
patient recovers immediately is not hardly an acute let alone a disseminated
encephalomyelitis.

Tr. at 73-74.  Also, Dr. MacDonald confirmed what had been heard throughout the proceeding, that
doctors do not diagnose ADEM based solely upon MRI results.  Tr. at 74

When questioned by the Court regarding his opinion on “what could have initiated the
seizure,” Dr. MacDonald noted that he does have some thoughts on the topic, but that they do not
relate to ADEM, and that he sees no relationship to the administration of the MMR vaccine.  Tr. at
74. His perspective is that the seizure’s temporal proximity to the vaccine administration was purely
happenstance, and “does not directly relate to the vaccine at all.”  Tr. at 74-75.  When the Court
inquired further, on whether there was a relationship between the seizure and the diagnosed PDD,
Dr. MacDonald responded that “[s]eizures in general, isolated seizures can be seen in patients with
PDD, but they are usually not the presenting symptoms,” after noting that that is “a more difficult
question.”  Tr. at 75.

Moving back into direct examination, Dr. MacDonald agreed that, but for the single seizure,
Bailey did not present with “the multiplicity of signs and symptoms that we associate with the typical
ADEM case.”  Tr. at 75-76.  He ruled out the presence of ataxia at the time of the seizure, citing the
physical examination statement upon discharge was “totally normal.”  Tr. at 76.  However, he
conceded that Dr. Philbrook had noted in his findings that “[Bailey’s] gait was somewhat immature,
wide based,” but he believes that this circumstance is attributable to being a young child of a
toddler’s age, when children learn to walk.  Id.  He went further, stating, “Ataxia during ADEM
comes immediately with the onset.  It doesn’t show up later.”  Id.  He distinguished ataxia from what
he believes to be merely “delays in...fine and gross motor [skills],...neurological signs, coordination
issues [which caused Bailey] to have an odd gait,” which, he avers, “occurs in about 15 percent of
the normal population.”  Tr. at 77.  Continuing further, he did state that such a condition is “common
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in people with PDD.”  Id.  He also agreed that Dr. Philbrook did not diagnose ataxia in his analysis.
Id.  

Moving on to Bailey’s MRI scans, Dr. MacDonald does not think that they are consistent
with a diagnosis of ADEM, because they both “look pretty clear,” and indicate a consistent, bilateral
white matter abnormality, whereas, he said, “ADEM tends to be much more asymmetric.”  Tr. at 77-
78. He elaborated further that MRI scans typically “improve dramatically” following ADEM
(however, some occasionally deteriorate), but, at any rate, “they change over time.”  Tr. at 78.  He
opined that “the fact that they are unchanged really over years to me is more typical for the
hypomyelination,” adding that the issues apparent in the MRI scans, “in and of themselves are
nonspecific.”  Id.  He went on to explain the difference between demyelination and hypomyelination:
where the former indicates the loss of myelin which had previously existed, the latter expresses the
circumstance where there is a slowed development or accrual of myelin over the nerve fibers.  Tr.
at 79.

Dr. MacDonald next addressed his postulated theory to describe Bailey’s injury: glucose
transporter 1 deficiency.  When he first examined Bailey’s records, he became concerned because
the glucose levels in Bailey’s spinal fluids were “quite low” at a value of 26.  Tr. at 79-80.  He
admitted that he is “always looking for rare disorders,” expressing that, when he suspects “a rare but
treatable condition,” he feels it is his duty “to pursue that vigorously.”  Id.  He explained this rare
deficiency as one where there is a critical shortage of important transporter enzymes that are
responsible for bringing metabolic fuel (glucose) to the brain, across the blood-brain barrier, due to
a genetic abnormality.  Tr. at 80.  He described the effect of this deficiency, saying, “all the initial
cases presented with epilepsy in the first months of life, and a progressive neurological deterioration
unless they were treated,” adding that “there are milder forms,” in that “[s]ome do not even have
epilepsy...[but] only changes in their mental status.”  Id.  He summarized his opinion by saying,
“[W]hen I look at this picture, this is a problem with glucose metabolism of the brain,” which could
be responsible for “pervasive developmental disorder, which is a global brain dysfunction of
neurons...”.  Tr. at 81.  He disputed the earlier argument of Dr. Lopez, regarding whether this
condition is “autosomal dominant”: “Well, in a subtle sense it is [autosomal dominant], but there are
at least 30 mutations of the genes; the parents can carry it but don't have to express it.”  Tr. at 82. 

Regarding the medical records that indicated that Bailey was or is autistic, Dr. MacDonald
said, “I think he falls into that autistic spectrum pervasive developmental disorder category, and that
seems to be fairly consistent.”  Tr. at 84.  He noted, however, that a majority of people “use these
terms somewhat interchangeably.”  Id.  

When questioned about the existence of medical literature which establishes a “relationship
between MMR and autism or PDD,” Dr. MacDonald indicated his thought that “all the medical
literature is negative in that regard.”  Tr. at 85.  Also, he referenced a dearth of known literature to
explain why he sees no connection between ADEM and PDD:

I can find no literature relating ADEM to autism or pervasive developmental
disorder, and by its nature ADEM is a primary demyelinating disorder of the nervous
system....PDD is a problem with the neurons, not the white matter of the brain, so it
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doesn't make sense that autistic children would have had a demyelinating disorder
before.  In fact, MRI scans [that] have been done repeatedly in children with
PDD/autism don't show demyelination, so there is no connection.  Even if one
believes the child has ADEM, there is no connection to the diagnosis of PDD.

Tr. at 85-86.

When questioned by the Court on the existence of “one overarching etiology for Bailey’s
condition,” Dr. MacDonald again referenced his proffered theory of glucose deficiency, but
ultimately concluded that “Bailey falls into the large group of children with autism/PDD in which
by our current evidence-based medicine we rarely can make a specific diagnosis.”  Tr. at 86.  

Turning to cross-examination, Dr. MacDonald admitted that, in describing Bailey’s post-
seizure, toddling gait, Dr. Philbrook had expressed that “the gait and coordination were ‘extremely
immature.’” Tr. at 90.  When asked if ataxia is definitionally a “lack of coordination,” he clarified
that ataxia manifests as a “pronounced instability of gait that's not age-appropriate.”  Tr. at 90-91.

When asked during cross-examination, Dr. MacDonald agreed that Dr. Sleight had analyzed
the MRI scan results as “most consistent with a demyelinating process of immune etiology such as
may be seen with ADEM,” but he disagreed with this conclusion, admitting such disagreement was
a necessary element of his ultimate conclusion in opposition to the Petition.  Tr. at 91-92.  However,
later in cross-examination, Dr. MacDonald agreed that the IOM has reported a demonstrable
biological plausibility for a causal relationship between the measles vaccine and demyelinating
diseases, of which ADEM is one.  Tr. at 101-02.  

When questioned regarding his theory of hypomyelination due to a glucose transporter
deficiency, Dr. MacDonald thought it would be likely that a scan performed several months before
the seizure would have manifested the same results, but admitted that there was no indication in any
of Bailey’s medical records that there was anything irregular with his health until after the seizure.
Tr. at 98-99.  He added that he assumed that the hypomyelination process was present for some time
before Bailey received the vaccine, but said “there is no way to know that.”  Tr. at 99.  He agreed
that “until the seizure there is [sic] no medical records or factual findings that indicate Bailey had
any problems whatsoever.”  Id.  What this means is that, if Bailey suffered from hypomyelination
before the vaccination, it would not be the cause of those conditions afflicting Bailey immediately
after the seizure, which could have resulted entirely from some other cause.  Tr. at 99-100.  Lastly
on the theory of glucose transporter deficiency, Dr. MacDonald agreed with the Court’s
characterization of his opinion on this topic: “He sees this as something that has to be looked at as
a possible, not necessarily a probable diagnosis, but that he is not holding this out by a
preponderance of the evidence more likely than not.”  Tr. at 101.  

The Court asked Dr. MacDonald whether he would advise the Respondent to concede if, in
fact, the diagnosis of ADEM was indisputable, to which he responded (a) that he is aware of no
supportive medical literature that indicates ADEM leading to the pervasive developmental delays
from which Bailey suffers; (b) that symptoms of ADEM are felt immediately, and do not aggravate
with the passage of time; and (c) that ADEM affects motor ability and/or control, and would not have
rendered the effects to Bailey’s mental status seen in the facts of this case.  Tr. at 104.  



-12-

3. Ivan Lopez

Dr. Lopez was recalled by the Court sua sponte to offer more testimony on his opinion in
support of the Petition.  Tr. at 107.  The Court specifically asked Dr. Lopez to explain the causative,
logical link between the disputed occurrence ADEM and the undisputed PDD from which Bailey
now suffers.  Id.  Dr. Lopez conceded that “the majority of patients with ADEM improve
significantly,” but added that “the exception to this rule is when patients have been exposed to
measles, just like in the case of MMR vaccine,” in which case “sequela may occur in up to 50
percent of patients.”  Tr. at 107-08.  He elaborated that such sequela potentially include “mental
syndromes such as PDD and others, focal deficits, [and hemiparesis],” and opined that “up to 50
percent of patients...who have had ADEM will show[,] as a consequence of this monophasic
condition[,] PDD.”  Tr. at 108.  

C. POST-HEARING SUBMISSIONS

At the conclusion of the hearing, Petitioner was adjured to file certain additional supportive
materials with the expectation that another hearing might be necessary to give both parties’ experts
an opportunity to comment thereupon.  Whereupon, Petitioner filed the treating records completed
pursuant to Bailey’s visit with Dr. Ivan Lopez, followed by certain medical literature texts and a
supplemental expert opinion report from Dr. Lopez.  These were followed by a supplemental expert
opinion report from Dr. MacDonald, followed by more medical literature from Petitioner, followed
by yet another medical expert report from Dr. MacDonald, and followed finally with more medical
literature from Petitioner.  After these several filings, the parties agreed that a further hearing would
be unnecessary, and opted instead to address any outstanding issues in closing briefs.  Wherefore,
the Court set a briefing schedule, which has since run its course, and this case is ripe for a ruling on
the issue of entitlement.

II. ULTIMATE FINDINGS OF FACT

A. THE PARTIES’ ARGUMENTS

Petitioner argues that the MMR vaccination Bailey received 14 March 2000 initiated a bout
of ADEM, which led acutely to Bailey’s seizure and eventually caused pervasive developmental
delay that affects Bailey to this day.  

Petitioner references an article from 2000, filed as Pet. Ex. 26, which seems to contradict
statements made by Respondent’s expert.  That study notes that ADEM can follow measles
infections, and mentions that the “most common presenting feature” is ataxia, followed by (inter
alia) hemiparesis.  Pet. Ex. 26 at 1310.  It states:

Although regarded as a monophasic condition, a characteristic feature of ADEM is
the evolution of symptoms and signs over time.  Ten children in this series
deteriorated after admission to the hospital, with many developing new neurologic
signs.  Ataxia was usually present at the outset and did not develop later in the
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illness....Although ADEM is typically described as a monophasic illness lasting from
2 to 4 weeks, relapses have been reported.

Id. at 1310-11.  Also, of particular note, the article later states that “MRI is highly sensitive in
detecting white matter abnormalities and is the investigation of choice in ADEM.”  Id. at 1311.

Petitioner also cites in their Brief to an article of older vintage which, discussing ADEM,
states:

Patients may recover completely or be left with residual symptoms, which may be
mild or severe.  There may be only slight motor disturbances or pronounced spastic
paraplegia and impairment of sphincter control.  In children[,] recovery from the
acute stage is sometimes followed by a permanent disorder of behavior, mental
retardation or epilepsy.  

Pet. Ex. 27 at 530.  

Citing to Doctor Lopez’s initial expert report, Petitioner seeks to establish a biologically
plausible temporal connection between vaccination and the seizure and a means of showing the
injury suffered:

ADEM most commonly occurs in 3 to 15 days following vaccinations....The onset
may be abrupt with seizures or less explosive with residual behavioral abnormalities,
dementia, or motor deficits....Brain magnetic resonance imaging (MRI) generally
reveals extensive abnormalities of white matter compatible with demyelination.  

Pet. Ex. 18 at 1.  

Likewise, Petitioner adds comments from the expert report of Dr. Patrick Barnes, a
radiologist, who, in reviewing several of Bailey’s CT and MRI scans concluded that, “These
findings, although not specific, are most consistent with a post-viral or post-vaccinal encephalopathy
(e.g., Acute Disseminated Encephalomyelitis - ADEM),” but added that, “Such findings must be
correlated with the clinical findings.”  Pet. Ex. 16.  Petitioner argues that Dr. Barnes’ opinion
supporting ADEM, coupled with the treating opinions of Dr. Lopez and Dr. Sleight all support this
explanation, and that, in order to hold Dr. MacDonald’s contrary view, one must negate or ignore
the professional opinions of these three doctors.  Pet. Closing Brief at 12.  Petitioner then argues in
detail as to why the facts support a finding of ADEM.  Stipulating that ADEM is monophasic,
Petitioner notes that Bailey’s condition was not multi-episodic, but a continuous causal chain, from
vaccine, to demyelination, to stunted development resulting from the demyelination.  Id.  

Petitioner cites to two previous cases heard by this Court where the Special Master found that
the MMR vaccine had caused ADEM: Tufo v. Secretary of HHS, No. 98-0108V, 2001 WL 286911,
2001 US Claims LEXIS 46 (Fed. Cl. Spec. Mstr. Mar. 2, 2001) and Lodge v. Secretary of HHS, No.
92-0697V, 1994 WL 34609, 1994 US Claims LEXIS 19 (Fed. Cl. Spec. Mstr. Jan 25, 1994).
Petitioner also cites to the 1994 report of the IOM, which found the theory that a vaccine can
“induce...an autoimmune response...by nonspecific activation of the T cells directed against myelin
proteins” to be “biologically plausible.”  See Pet. Ex. 36 at 19; see also Id. at 25 (stating “measles
virus is associated with demyelinating disorders”).  However, Petitioner concedes that “there is a



-14-

paucity of medical literature on the issue of whether ADEM can result in a diagnosis of PDD,” but
argues (without citation) that “there is medical literature that supports the association.”  Pet. Closing
Brief at 18.  

To bolster the Court’s current gathered knowledge that “PDD is more descriptive than it is
an actual diagnosis” (Tr. at 64), Petitioner references the Diagnostic and Statistical Manual of Mental
Disorder, 4  ed., filed in part as Pet. Ex. 49:th

The clinician using [that manual] should therefore consider that individuals sharing
a diagnosis are likely to be heterogeneous even in regard to the defining features of
the diagnosis and that boundary cases will be difficult to diagnose in any but a
probabilistic fashion....Nonclinical decision makers should also be cautioned that a
diagnosis does not carry any necessary implications regarding the causes of the
individual’s mental disorder or associated impairments.  Inclusion of a disorder in the
Classification...does not require that there be knowledge about its etiology.

Pet. Ex. 49 at 10-12.

Finally, Petitioner cites the data in Table 4 of the Tenembaum study (filed as Pet. Ex. 46)
which indicates that three children within the study group (4% of those studied) suffered mental
handicap as a residual deficit or neurologic syndrome after suffering from ADEM.  Pet. Closing
Brief at 22, citing Pet. Ex. 46 at 1229, Table 4.  

Moving now to Respondent’s Post-Hearing Memorandum, the Court notes that Respondent’s
analysis hinges primarily upon legal arguments of burden of proof and credibility assessments.
Respondent agrees with Petitioner that Bailey suffers currently from PDD and that ataxia is the most
commonly manifesting feature of ADEM.  However, Respondent contests that Bailey did not
experience ataxia, that Bailey’s PDD was not caused by ADEM, and that the PDD was not related
to the MMR vaccination at issue.  

Respondent relates the description of PDD from the same reference source as Petitioner used
to describe PDD:

Pervasive Developmental Disorders are characterized by severe and pervasive
impairment in several areas of development: reciprocal social interaction skills,
communication skills, or the presence of stereotyped behavior, interests and
activities.  

Pet. Ex. 49 at 18-19.  Respondent argues, based upon this quote, that “PDD is the impairment of
specific areas of development and does not refer to any cognitive abnormality,” adding that “[w]hile
there is no dispute that ADEM may leave survivors with ‘permanent neurological sequelae’ [(Pet.
Ex. 37 at 1)], Respondent is not aware of any documented instances of ADEM being associated with
PDD.”  Resp. Post-Hearing Memorandum at 16.  

Respondent makes a similar point by reiterating Dr. MacDonald’s opinion seeking to
distinguish Petitioner’s injury from the findings of the Tenembaum study:
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The Tennenbaum [sic] study does refer to a small group of children with ADEM that
later developed what they call ‘mental handicap’.  Such a designation is very non-
specific and not germane to our discussion of the well-defined neuro[-]behavioral
disorder (PDD), which is diagnosed by psychologists utilizing standard DSM-IV
criteria.  The ‘mental handicap’ category is obviously vague and non-diagnostic of
a specific neuro-behavioral disorder such as PDD, then they would have designated
it as such in their conclusions.

Resp. Ex. I.

Respondent next argues that the type of injury associated with ADEM is not the type
observed in PDD, such that Respondent’s expert “does not see even a theoretical basis for an
association between ADEM and PDD.”  Resp. Post-Hearing Memorandum at 17.  Respondent
concludes, therefore, that “[w]ithout any observed overlap in the presentation of these conditions,
it is highly illogical to posit a causal association.”  Id.  

Finally, Respondent’s Post-Hearing Memorandum argues throughout that the law places a
burden on Petitioner to disqualify by logical elimination all potential alternative causata in order to
prove their theory of actual causation, and that, since alternative theories have been proffered by
Respondent and were not wholly discredited by Petitioner, Petitioner has failed to carry such a
burden.

In his surresponsive post-hearing memorandum, Petitioner frames the issue of dispute thusly:
“Respondent acknowledges that Bailey experienced many symptoms that are recognized clinical
features of ADEM, but argues that the symptoms did not present in a typical fashion....The
possibility that Bailey’s symptoms may not have manifest in a typical fashion certainly does not rule
out ADEM.”  Id. at 4.

B. THE COURT’S CONCLUSIONS

In sorting out the disputed issues presented above, the Court first notes certain matters that
appear not to be in dispute.  Both parties agree that ADEM is a monophasic illness or condition that
reaches its apex quickly.  Tr. at 38 and 73; Pet. Ex. 18 at 1.  Both agree that ADEM should be
diagnosed based upon a combination of radiographic scanning results and clinical examination
findings.  Tr. at 45 and 74; Pet. Ex. 16.  The parties even agree that the IOM has cited demonstrative
evidence of a biologically plausible relation between the measles vaccine and demyelinating diseases
such as ADEM.  Tr. at 101-02; Pet. Ex. 26 at 1310.  

Both experts are personally and professionally credible; that premise is beyond a cavil of
doubt in the Court’s mind.  However, the Court must analyze the differences between the opinions
offered  to determine whether Petitioner has established a logical sequence of cause and effect that
is biologically plausible to tie together the factual sequence and explain Petitioner’s injury.  See
Walther v. Secretary of HHS, __ F.3d. __, 2007 WL 1247047, 2007 U.S. App. LEXIS 10006, (Fed.
Cir. May 1, 2007); Althen v. Secretary of HHS, 418 F.3d 1274, 1278 (Fed. Cir. 2005).  
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On its face, Petitioner has proffered a credible theory that, if the Court accepts its component
parts, evidences a chain of logical and biological connection.  It seems that Respondent’s challenge
in disputing and denying Petitioner’s case in chief is a question of degree not kind: whether Bailey’s
lack of balance amounts to ataxia, whether Bailey’s PDD constitutes a mental handicap, etc.
Respondent acknowledges that Bailey currently suffers from PDD,  and that the MMR vaccine can12

cause ADEM.  The only link on the logical “chain” of Petitioner’s theory that Respondent really
disputes, as it relates to the question of “can it?” (i.e., biologic plausibility), is whether ADEM can
lead to PDD.  Most of Respondent’s contentions focus more narrowly on the issue of “did it?”: i.e.,
was the mechanism proffered by Petitioner’s expert really at work in this individual in this set of
facts?

The Court first refers to the original treating records rendered by those individuals who were
present to experience in a first-hand, sensory fashion the indicia of the injury which Bailey suffered.
The first point worth noting is that Bailey was seen by a handful of neurologists, but not one of them
actually diagnosed Bailey with ADEM.  One, Dr. Philbrook, even cast aspersions on the conclusion
of ADEM rendered by the treating radiologist.  The plain truth, though, is that no diagnosis was
given after Bailey’s acute post-vaccinal incident because no etiology could be determined.  Only later
on was a diagnosis given, and that diagnosis was merely descriptive, not etiological: that of PDD,
which is the condition both parties acknowledge that Bailey currently experiences.  Even Dr. Lopez’s
treating diagnosis focuses on PDD as the continuing diagnosis, even while ascribing its development
as “probably secondary to an episode of acute demyelinating encephalomyelitis that [Bailey] had at
18 months of age after this vaccine.”  Pet. Ex. 44 at 2.  

Since most of the clinical symptoms of ADEM are nonspecific to ADEM, it is apparent from
the medical literature filed that the primary diagnostic mechanism for ADEM is neural imaging
scans, such as the MRI scan.  These scans are administered by doctors with special skill and training
in doing so: radiologists.  As all have agreed, a full diagnosis of ADEM is best arrived at as a joint
conclusion made between such a radiologist and a neurologist, the latter of whom can observe
clinical indicia of the (admittedly nonspecific) symptoms associated therewith, in reaching that
conclusion.  However, it is clear that the MRI scan, administered by the radiologist, provides the
most effective means of diagnosing ADEM.  It is therefore very instructive to the Court that both
radiologists opined that the results of the neural imaging were most consistent with a diagnosis of
ADEM.  Dr. Lopez, Bailey’s treating neurologist and Petitioner’s expert witness, has himself
reviewed the MRI scans, and, for the reasons he explained,  agrees with a diagnosis of ADEM.  Tr.
at 37.  

Also apparent from the medical literature filed is that ataxia is the most consistent clinical
sign associated with ADEM.  It is statistically logical to presume that if Bailey suffered from ADEM
in the period following his vaccination, symptoms would include ataxia, and that a treating clinician
would look for such a sign as pertinent to diagnosis.  Although Bailey visited several neurologists
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since March 2000, only one viewed Bailey during the time closest to the seizure, when acute signs
of ADEM would be most apparent.  Dr. Philbrook examined Bailey 11 days after his seizure and
noted that Bailey’s “gait and coordination [was] extremely immature in that his gait was wide based.
There was also some hyperextension of both knees noted with poor balance and frequent falling.”
Pet. Ex. 5 at 40 et seq.  Respondent attempts to distance these observations from ataxia, which is
defined in Dorland’s Medical Dictionary as a “failure of muscular coordination [and/or an]
irregularity of muscular action.”  Id. at 170.  Respondent maintains that, Dr. Philbrook knew what
ataxia is, and could have used that term in his records if he thought it was pertinent, but he did not
use that term.  Dr. MacDonald also points to the physical examination record following the seizure
that stated, upon discharge, that Bailey was “totally normal.”  Tr. at 76.  

As noted above, Respondent’s distinction seems one of degree, not of type, and strikes as a
trifle semantic.  As the rule cited in Murphy, supra, states, the Court looks more centrally at what a
medical record does say, vis-a-vis what a record does not say.  Respondent’s expert quibbled that
Bailey’s “toddling” gait was not far outside normal ranges, as he was of the toddler age grouping,
when children are beginning to learn to walk.  This interpretation ignores the notation that Bailey’s
coordination was “extremely immature”.  Indeed, this was the notation made by the neurologist, the
doctor most attuned to Bailey’s precise condition, and this doctor did not pronounce Bailey “totally
normal.”  Presumably, Dr. Philbrook was basing his judgment on maturity–not by comparing Bailey
to a mobile, fully-developed adult, but through comparison to a child of the same age range.  Bailey’s
coordination was immature for his age in comparison to standardized norms of development, and,
according to Dr. Philbrook, “extremely” so.  The fact that Bailey’s extremely immature coordination
caused “poor balance and frequent falling” no doubt qualifies Bailey’s condition as a “failure of
muscular coordination [and/or] an irregularity of muscular action”.  The Court therefore finds that
Bailey experienced ataxia in the days or weeks following his post-vaccinal seizure, and that this
atactic condition (or its residual effects) was described by Dr. Philbrook in the notes referring to
Bailey’s 10 April 2000 visit.  

There is likewise some dispute regarding whether Bailey’s poor health was an acute,
monophasic condition, or whether it was merely one increment in a generally retarded biologic
process: whether Bailey suffered from demyelination or from hypomyelination.  Were his symptoms
more consistent with the destruction of existing myelin structures, or were they the result of a failure
to build or develop those structures?  No one disputes that ADEM would fit correspondingly with
the former of the two alternatives, but that it is not consistent with the latter.  

It appears from the Record that Bailey’s condition significantly worsened after the seizure
and ataxia.  Dr. MacDonald argued that his condition did not present with “the multiplicity of signs
and symptoms [associated] with the typical ADEM case, but the literature filed indicates that while
symptoms may vary, ataxia is by far the most common symptom.  By all accounts, Bailey was a
healthy child with no reported health problems or developmental delays of medical significance
before his MMR vaccination.  Then, beginning with his seizure sixteen days later, he began steadily
to retrogress, before eventually improving gradually to his current condition.  What was only “mild
gross motor developmental delay” at the time of Dr. Philbrook’s examination eleven days after the
seizure had then retrogressed into global developmental delays, which included features associated
with pervasive developmental delay, by the next neurological visit on 22 January 2001.  By the time
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of that visit, Bailey was already showing gradual improvement and development (despite still
showing significant residua from the developmental delay), which, altogether, was more consistent
with a monophasic condition of limited duration, less so than a permanent, fixed disease of
congenital origins.  

This series of circumstances, corroborated by the medical records prepared by treating
doctors, fits much more closely with the monophasic illness of ADEM than it does with any other
etiology proffered by either party.  Combined with the radiologists’ analysis of the MRI scans, and
the Court’s finding of ataxia, the Court accepts that Petitioner has met the burden of proof in
showing the fact that Bailey more likely than not suffered from ADEM.  

A finding of ADEM is not inconsistent with the medical records from the treating physicians
in this case.  The notations from both radiologists support this finding.  At first glance, Dr. Philbrook
seems to contradict this finding, but within his notes he gives only an impression, but no conflicting
diagnosis; even though he doubted the diagnosis of ADEM, he was unable to rule it out.

Dr. MacDonald argued that Bailey did not have ADEM because Bailey’s prognosis remained
unimproved for a longer period, whereas ADEM cases almost always “improve dramatically” to
benign effect, but that, in any event, “they change over time.”  Tr. at 78.  This argument is repudiated
by the medical records and medical literature filed in this case.  First, as noted above, Bailey did
slowly improve in some areas, after significant time had passed since his post-vaccinal seizure.
Secondly, the medical literature noted that the monophasic nature of ADEM simply means that, after
a precipitous period of acute symptoms, the patient either improves gradually, or retains residual
effects.  See Pet. Ex. 27 at 530 and Pet. Ex. 46 at 1229, Table 4.  From the facts presented to the
Court in medical records, this fits most closely with Bailey’s clinical history.  In contrast, even Dr.
MacDonald realizes that his hypothesis of glucose transporter deficiency would have required that
Bailey experience early-onset epilepsy within the first months of life and progressive neurological
deterioration.  Tr. at 80.  This description does not jibe with Bailey’s medical records.

That being said, the Court turns just for a moment to Respondent’s proffered hypothesis of
glucose transporter deficiency.  This hypothesis, which Respondent’s expert declined to incorporate
as a plausible, probable theory of explanation, was used by Respondent to blunt Petitioner’s theory
of ADEM.  However, this hypothesis was not given to a reasonable degree of medical probability
or certainty, and Respondent’s expert admitted that it was merely “a possible, not necessarily a
probable diagnosis, but that he is not holding this out by a preponderance of the evidence more likely
than not.”  Tr. at 101.  Moreover, this hypothetical explanation does not square with the facts in the
Record.  Dr. MacDonald himself noted that, as a general rule, “all the initial cases presented with
epilepsy in the first months of life, and a progressive neurological deterioration unless they were
treated.”  Bailey’s epilepsy was composed of one seizure event, when Bailey was a year-and-a-half
old, and Bailey has since improved despite a notable delay in that progress.  As such, the Court does
not accept that Respondent has proffered, much less proved to a preponderance, a theory that a
glucose transporter deficiency caused Bailey’s condition and Petitioner’s injury.

The next issue facing the Court is to determine whether the vaccine caused the ADEM from
which Bailey suffered.  The Court notes the Vaccine Program cases, the IOM report, and the several
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articles of medical literature referenced by Petitioner’s brief that have found that the MMR can
directly cause ADEM.  

In Lodge v. Secretary of HHS, No. 92-0697V, 1994 WL 34609, 1994 US Claims LEXIS 19,
31 (Fed. Cl. Spec. Mstr. Jan. 25, 1994), Special Master French found that ADEM had been tied to
natural measles, mumps, and rubella infections, as well as to measles, mumps, and rubella vaccines.
As such, she ruled that the Petitioner’s injury was “vaccine-related and compensable under the
Vaccine Program.”  Id. at 54.  In Tufo v. Secretary of HHS, No. 98-0108V, 2001 WL 286911,  2001
US Claims LEXIS 46, 33-34 (Fed. Cl. Spec. Mstr. Mar. 2, 2001), Special Master Millman found that
the MMR vaccine had caused ADEM because a theory that “measles vaccine [can cause] ADEM
is biologically plausible,” there was a medically appropriate temporal association (2.5 weeks after
vaccination), and the injured party’s symptoms corresponded with the accepted symptomatology for
ADEM.  In Saunders v. Secretary of HHS, No. 97-0808V, 2001 WL 1135035, 2001 U.S. Claims
LEXIS 225, 9 (Fed. Cl. Spec. Mstr. Sep. 4, 2001), Special Master Hastings denied an ADEM claim,
reasoning that if the injured party had suffered from ADEM, such injury “would have been obvious
upon examination of the MRI,” specifically through analyzing the brain’s white matter.  

In reviewing these cases, the Undersigned is benefitted from the transcribed wisdom of these,
my august colleagues.  The first two add credence to a finding of ADEM, and establish that the time
period involved in this case fits within a time frame that those cases established to support a
medically plausible temporal association.  It is also significant that, in the Saunders case, the Court
decided on whether the injured party had suffered from ADEM based upon MRI findings, vis-a-vis
nonspecific clinical indicia.  All of these findings are corroborated by medical literature supplied by
the Petitioner in this case (see Section II-A, supra), and the Court accepts all of these materials as
persuasive in making a factual finding here.  Therefore, the Court finds that the MMR vaccine can
cause ADEM, and that the MMR vaccine received by Bailey did in fact cause Bailey to develop
ADEM.  

Having suffered from ADEM, it remains to be discussed if and how the ADEM led directly
to PDD as a sequela.  

As a preliminary matter, even though Respondent conceded during briefing that Bailey
suffers from PDD, Respondent’s expert, Dr. MacDonald characterized Bailey’s condition as autism;
however, he at one point conflated the two as of one or of like kind.  Tr. at 84-86.  Despite his
comments to that effect, the Court is inclined to view Bailey’s condition as accurately as the medical
records will allow; that is, to find that Bailey more likely than not suffers from PDD, and not from
autism.  

When asked, Petitioner’s expert, in explaining the connection between ADEM and PDD,
stated that almost half of the people who suffer from ADEM experience sequelae such as PDD.  Tr.
at 108.  He acknowledged that “the majority of patients with ADEM improve significantly,” but
added that “the exception to this rule is when patients have been exposed to measles, just like in the
case of MMR vaccine,” in which case “sequela may occur in up to 50 percent of patients.”  Tr. at
107-08.  Such sequelae potentially include “mental syndromes such as PDD.”  Tr. at 108.
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In response, Respondent’s expert stated that, although ADEM may result in “permanent
neurological sequelae,” nevertheless “all the medical literature is negative in that regard;” however,
soon thereafter, he corrected this statement by clarifying, “I can find no literature relating ADEM to
autism or [PDD].”  Tr. at 84-85.  It may be that Respondent’s research reveals a dearth of evidence
linking ADEM to PDD, but that is not the same as positive proof that the two are unrelated,
something Respondent was unable to produce.  Therefore, the statement that “all the medical
literature is negative” is incorrect.  Also, as noted above, Respondent’s expert “does not see even a
theoretical basis for an association between ADEM and PDD.”  Resp. Post-Hearing Memorandum
at 17.  

The Court notes the difference in opinion between the experts in this case, and realizes that
there may not have been a specific study linking a tumultuous episode of ADEM specifically to the
polymorphous category of symptoms encompassed by the term “pervasive developmental delay.”
That being said, the literature filed in this case is instructive: “In children[,] recovery from the acute
stage [of ADEM] is sometimes followed by a permanent disorder of behavior [or] mental
retardation...” (Pet. Ex. 27 at 530), and 4% of the Tenembaum study group suffered “mental
handicap” as a residual deficit or neurologic syndrome (Pet. Ex. 46 at 1229, Table 4).

Respondent disputes that these sequelae fit the “definition” of PDD, and calls into question
the applicability of the Tenembaum study.  Respondent’s expert averred that PDD is a “well-defined
neuro[-]behavioral disorder,” diagnosed using “standard” categorical criteria, and should not be
conflated with the more general term ‘mental handicap’ used by the Tenembaum study authors, to
which Petitioner referred.  Resp. Ex. I.

Both Petitioner and Respondent vouch for the credibility of the Diagnostic and Statistical
Manual of Mental Disorder, referenced supra, and that source is very forthright in describing its own
limitations in describing PDD with both accuracy and precision.  The Court does not accept the
quibble posited by Respondent, and follows the caveat stated by the authors, who acknowledge the
heterogeneity found in the general classification PDD.  The same authors are quick to note that PDD
carries no assumed etiology, and that Petitioner’s theory of causation makes equal and greater logical
sense than any other etiology that is apparent from the medical records.

In sum, the Court’s factual findings are fourfold:

1. Bailey did show evidence of ataxia in the period surrounding his seizure, following his
vaccination;

2. Such ataxia, when considered in conjunction with the radiological results and some other
“soft indicia”, together support the Court’s finding that Bailey did, in fact, suffer from ADEM.

3. Bailey’s ADEM was caused-in-fact and proximately caused by his vaccination.  It is well-
understood that the vaccination at issue can cause ADEM, and the Court finds, on the record filed
herein, that it did actually cause the ADEM.
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4. Bailey’s ADEM was severe enough to cause lasting, residual damage, and retarded his
developmental progress, which fits under the generalized heading of Pervasive Developmental
Delay, or PDD.  Additionally, this chain of causation was not too remote, but was rather a proximate
sequence of cause and effect leading inexorably from vaccination to Pervasive Developmental Delay.

III. CONCLUSIONS OF LAW

As aforementioned, the Court is authorized to award compensation for claims where the
medical records or medical opinion have demonstrated by preponderant evidence that either a
cognizable Table Injury occurred within the prescribed period or that an injury was actually caused
by the vaccination in question. § 13(a)(1).  The Petitioner has not claimed to have suffered a "Table"
injury, which §13(a)(1)(A) assigns the burden of proving such by a preponderance of the evidence.
While the Petitioner is not entitled to a presumption of causation afforded by the Vaccine Injury
Table, this petition may prevail if it could be demonstrated to a preponderant standard of evidence
that the vaccination in question, more likely than not, actually caused the injury.  See §
11(c)(1)(C)(ii)(I) & (II); Grant v. Secretary of HHS, 956 F.2d 1144 (Fed. Cir. 1992); Strother v.
Secretary of HHS, 21 Cl. Ct. 365, 369-70 (1990), aff’d, 950 F.2d 731 (Fed. Cir. 1991). The Federal
Circuit has indicated that, to prevail, every petitioner must:

show a medical theory causally connecting the vaccination and the injury.
Causation in fact requires proof of a logical sequence of cause and effect
showing that the vaccination was the reason for the injury. A reputable
medical or scientific explanation must support this logical sequence of cause
and effect.

Grant, 956 F.2d at 1148 (citations omitted); see also Strother, 21 Cl. Ct. at 370. 

Furthermore, the Federal Circuit recently articulated an alternative three-part
causation-in-fact analysis as follows:

[Petitioner's] burden is to show by preponderant evidence that the vaccination
brought about [the] injury by providing: (1) a medical theory causally
connecting the vaccination and the injury; (2) a logical sequence of cause and
effect showing that the vaccination was the reason for the injury; and (3) a
showing of a proximate temporal relationship between vaccination and
injury.

Althen v. Secretary of HHS, 418 F.3d 1274, 1278 (Fed. Cir. 2005). 

Under this analysis, while Petitioner is not required to propose or prove definitively  that a
specific biological mechanism can and did cause the injury, he must still proffer a plausible medical
theory that causally connects the vaccine with the injury alleged. See Knudsen v. Secretary of HHS,
35 F.3d 543, 549 (1994). 
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Of importance in this case, it is part of Petitioner's burden in proving actual causation to
"prove by preponderant evidence both that [the] vaccinations were a substantial factor in causing the
illness, disability, injury or condition and that the harm would not have occurred in the absence of
the vaccination.  Pafford v. Secretary of HHS, 451 F.3d 1352, 1355 (Fed. Cir. 2006)(emphasis
added), rehearing and rehearing en banc denied, 2006 U.S. App. LEXIS 28907, cert. den., 168 L. Ed.
2d 242, 75 U.S.L.W. 3644 (2007)., citing Shyface v. Secretary of HHS, 165 F.3d 1344, 1352 (Fed.
Cir.1999).  This threshhold is the litmus test of the cause-in-fact (a.k.a. but-for causation) rule: that
petitioner would not have sustained the damages complained of, but for the effect of the vaccine.
See generally Shyface, supra.  

A. DETERMINING CREDIBILITY

In their closing briefs, the parties discussed the respective weight to be afforded each medical
expert.  Respondent seized the initiative in his Post-Hearing Memorandum.  After referencing
general authority for undisputed rules, Respondent argues that Dr. Lopez’s opinion “cannot be
viewed as reliable or credible,” and that, even though “Dr. Lopez is certainly qualified to testify in
this case,” nevertheless, his opinion “should be afforded little weight.”  Id. at 8.  Respondent bases
this strong assertion primarily on the fact that Dr. Lopez believes Bailey suffered from ADEM, in
disagreement with Dr. Philbrook, another treating neurologist.  Id.  Respondent seeks to bolster Dr.
Philbrook, and to give him alone the credibility of a treating doctor, exclusive of Dr. Sleight as a
contemporaneously treating radiologist (“radiologists are not directly involved with the care of the
patients whose scans they interpret”) and Dr. Lopez as another treating neurologist at a later time
(“the opinions of Dr. Lopez also do not merit consideration commensurate with that of a treating
physician” as his treatment of Bailey “occurred more than three years after Bailey was treated for a
seizure”).  Id. at 13-14.  In undercutting Dr. Lopez’s opinion, Respondent states, “In order to draw
his conclusion about the etiology of Bailey’s PDD, Dr. Lopez would have been forced to rely upon
the same reports and medical records available to any other physician.”  Id. at 14.  

Petitioner attacked this position of Respondent in his surresponsive post-hearing brief.
Petitioner first points out, “Respondent erroneously states that Dr. Lopez’s diagnosis of ADEM
contradicts the diagnosis of the neurologist that was treating Bailey at the time of his first seizure,
Dr. Philbrook.”  Id. at 2.  Petitioner rebuts Respondent’s position by countering that Dr. Philbrook
“never diagnosed Bailey,” such that “[t]here are no inconsistencies between Dr. Lopez’s and Dr.
Philbrook’s opinions.”  Id.  

Secondly, Petitioner takes issue with Respondent’s criticism that Dr. Lopez examined Bailey
too late to adequately diagnose an etiology for the PDD: “The passage of time in this case, however,
only strengthens Dr. Lopez’s conclusions.  Dr. Lopez’s ability to view Bailey’s three year clinical
and radiological history, which both support a diagnosis of ADEM, adds more weight to his
opinion.”  Id. at 2-3 (emphasis added).

Next, Petitioner turned the spotlight back towards Respondent, and Respondent’s expert: “If
little weight is to be afforded to a witness that testified in this matter, it should be the testimony of
Respondent’s witness, Dr. MacDonald,” because he “never physically examined Bailey, but has
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merely reviewed his medical records, ruled out a diagnosis of ADEM, which was never excluded
by any other of Bailey’s treating physicians.”  Id. at 3.  

The Court briefly pauses to point out the similarities between this case, and the case of
Walther v. Secretary of HHS, __ F.3d. __, 2007 WL 1247047, 2007 U.S. App. LEXIS 10006, (Fed.
Cir. May 1, 2007) (slip opinion), another case where a petitioner alleged that the alleged injury was
caused by a vaccine-related bout of ADEM.  In that case, as here, there was no dispute that the
vaccination at issue could cause ADEM, but Respondent disputed whether the petitioner did actually
suffer from ADEM.  The Special Master initially hearing the case  ruled that the petitioner’s expert
“was not credible on the causation issue” and rejected the expert testimony (as Respondent advocates
here) “because he harbored significant concerns regarding the quality and the substance” of such
testimony.  Id., Slip Opinion at 4.    According to the Federal Circuit’s interpretation, the Special
Master excluded that testimony because of its probative weight, rather than its admissibility.  Id.  The
Federal Circuit vacated that Decision, and remanded the case for further proceedings.  

Respondent has argued, as it has in other cases, that this Court should apply de facto the
standards set forth in Daubert v. Merrell Dow Pharmaceuticals, Inc., 509 U.S. 579 (1993), even if
this Court is not technically bound to apply the analysis followed there de jure.  This Court has
indeed done so upon occasion, to the approval of the Federal Circuit.  See Terran v. Secretary of
HHS, 41 Fed. Cl. 330 (1998), aff’d, 195 F.3d 1302 (Fed Cir. 1999), rehearing and rehearing en banc
denied, (2000).  Specifically, Respondent states that “the Supreme Court crafted four proposed
criteria” to determine the admissibility of expert opinion evidence: “testing; peer review and
publication; known or potential error rate; and, general acceptance in the scientific community.”
Respondent’s Post-Hearing Memorandum at 6.

The Daubert opinion addresses a trial court’s “gatekeeper” function, to protect the fact-finder
from unreliable testimony that will confuse, rather than inform, the fact-finding process. 509 U.S.
at 595-597.  The Supreme Court there connected the precondition that testimony comport as
“scientific knowledge”  to “a standard of evidentiary reliability.”  Id. at 590.  The Court then linked13

evidentiary reliability to a supportive foundation of scientific validity.  Id., note 9.  A proposition or
theory is scientifically valid where it supports the conclusion that “it purports to show.”  Id.  

The Court in Daubert readily distinguished, as a separate component, the issue of relevance.
Id. at 591.  Unsurprisingly, evidence is only admissible in the first place when it is relevant, but even
potentially relevant testimony is excluded as inadmissible under the Daubert analysis of FRE 702
whenever it is not reliable.  Id. at 592-93.  Therefore, the two are distinct, and not to be conflated.

The Daubert opinion states that, prior to determining the relevance of expert opinion
evidence, a trial judge must first assess “whether the reasoning or methodology underlying the
testimony is scientifically valid and [] whether the reasoning or methodology properly can be applied
to the facts in issue.”  Id. at 592-93.  The Court gives guidance for this determination by way of some
factorial examples, but leaves the determinative process to the logic and reason of the trial judge:
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We are confident that federal judges possess the capacity to undertake this review.
Many factors will bear on the inquiry, and we do not presume to set out a definitive
checklist or test.  But some general observations are appropriate.

Id. at 593.  The Court proceeds to list the four examples referenced by Respondent above (Id. at 593-
94), but reiterates such an inquiry remains “a flexible one,” focused not on a mechanistic weighing
of predetermined factors, but on the scientific validity of the opinion offered.  Id. at 594-95.  

Later in the decision, the Daubert Court assuaged the fear that such a result would allow
materials to be considered which might technically comport to the reliability standard, but which are
only minimally relevant (i.e., of slight probative value).  Id. at 595-96.  The Court’s assurance was
that the assaying process of trial would sufficiently test, weigh, and prove the proper amount of
weight to be afforded to such testimony.  This reassuring concept makes clear that even if a proffered
theory is not “generally accepted”, it may still be admissible, and will be left to the winnowing
analytical process of the fact-finder to assign an ultimate probative value.  

Applying these rules, it appears that Respondent’s argument conflates two very distinct
concerns: admissibility and probative weight.  Respondent seems to argue that, by Respondent’s
estimation, Petitioner’s expert’s theory is not convincing, and should therefore be excluded in toto.
The cases discussed above militate against this result.  So long as the testimony from Dr. Lopez is
relevant, it is admissible, unless some concern of evidentiary reliability requires its exclusion.  As
Dr. Lopez gave the perspective of a physician who actually treated Bailey, who is commenting on
Bailey’s condition in light of the medical record extant, and who argues that such condition is
vaccine-related, it is eminently relevant.  If believed, such testimony covers much distance in
carrying Petitioner’s burden of proof.  Moreover, his testimony follows the scientific method.  If the
Court as fact-finder accepts the premises proffered by Petitioner, the logical theory offered by
Petitioner’s expert supports a conclusion that Bailey’s injury is vaccine-related, the conclusion such
theory seeks to prove.  There is nothing inherently unreliable or nonsensical in Petitioner’s theory,
and hence, nothing to require the Court to exclude from the appropriate body of evidence in this
case.  Therefore, the Court will not exclude the testimony of Dr. Lopez, and moves on to assign a
degree of relative probative weight in determining the final conclusion of this case.  

As Respondent references at page 6 of his prehearing memorandum, the Federal Circuit has
ruled that “treating physicians are likely to be in the best position to determine whether ‘a logical
sequence of cause and effect show[s] that the vaccination was the reason for the injury.’” Cappizano
v. Secretary of HHS, 440 F.3d 1317, 1326 (Fed. Cir. 2006), quoting Althen v, Secretary of HHS, 418
F.3d at 1280.  Dr. Lopez was indeed a treating physician, and rendered an opinion supporting the
Petition in his contemporaneous medical notations.  He did so well before this Petition was filed,
presumably with no knowledge that such a cause of action would be brought before this Court.
Unlike the other treating neurologists that treated Bailey, he did render a diagnosis for Bailey’s
condition as well as a likely etiology to explain his diagnosis.  His position on these matters has
remained unchanged since that initial treating diagnosis, and the Court can see no reason to gainsay
such medical opinion from a treating physician.  The Court therefore takes quite seriously the
opinion testimony given by Dr. Lopez.
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B. APPORTIONING PROCEDURAL BURDENS

Respondent argues at length that a burden should be borne by Petitioner to disprove all other
potential causata as a component of proving the causa proffered by Petitioner: namely, the MMR
vaccine.  Respondent argues that, “in an actual causation case, the question of whether a factor other
than the vaccinations was responsible for the condition is necessarily subsumed in petitioner’s basic
burden: proving that the vaccine was the most likely cause of the condition.  Respondent’s Post-
Hearing Memorandum at 5.  Respondent reads Pafford, supra, to collapse subsections (A) and (B)
of 42 U.S.C. § 300aa–13(a)(1), the general rule for recovery in actual causation cases in the Vaccine
Program, such that Petitioner’s burden is, in essence, to prove that the vaccine actually caused the
injury suffered by also proving that such injury was not caused by factors unrelated to the vaccine.

On 1 May 2007, in the case of Walther v. Secretary of HHS, supra, the Federal Circuit
clarified the rule in Pafford so as to correspond squarely with the Vaccine Statute, which is the only
authority conferring jurisdiction upon this Court.  

The Vaccine Statue text reads as follows:

(a) General rule

(1) Compensation shall be awarded under the Program to a petitioner if the
special master or court finds on the record as a whole—

(A) that the petitioner has demonstrated by a preponderance of the evidence
the matters required in the petition by section 300aa–11 (c)(1) of this title,
and

(B) that there is not a preponderance of the evidence that the illness,
disability, injury, condition, or death described in the petition is due to factors
unrelated to the administration of the vaccine described in the petition.

The special master or court may not make such a finding based on the claims of a
petitioner alone, unsubstantiated by medical records or by medical opinion.

42 U.S.C. § 300aa–13(a)(1)(A)-(B).  Vaccine cases follow the Restatement (2d) of Torts, which
requires a petitioner to prove actual causation, which is bifurcated into causation in fact, also known
as “but-for” causation; and proximate or non-remote causation, sometimes referenced as “substantial
factor” causation.  Walther, slip op. at 8-9; see also Shyface v. Secretary of HHS, 165 F.3d 1344
(Fed. Cir.1999).  If a petitioner proves actual causation thus defined,  Respondent is shouldered with
task of proving a “factor unrelated” under subsection (B), above.  Id.

The Federal Circuit in Walther states a general legal principle, and a common-sensical truth:
that “our legal system rarely requires a party to prove a negative,” and therefore, it is not a
component of a petitioner’s burden “to prove that ‘there is not a preponderance of the evidence.’”
Id., slip op. at 9.  Applying traditional legal techniques of statutory interpretation the Federal Circuit
also resolved that the reading urged by Respondent would render § 300aa–13(a)(1)(B) a legal
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(2005), aff’d 451 F.3d 1352, 1356 (2006) (“this court perceives no significant difference between
the Special Master's test and that established by this court in Althen and Shyface”), rehearing and
rehearing en banc denied, 2006 U.S. App. LEXIS 28907, cert. den., 168 L. Ed. 2d 242, 75 U.S.L.W.
3644 (2007).  
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redundancy or superfluity, which is contradicted by the interpretive canon against reading statutory
text as redundant or superfluous.  Id. at 9-10.  

In stating the general rule for the case, the Walther court explained that “[Respondent] bears
the burden of establishing alternative causation by a preponderance of the evidence once the
petitioner has established a prima facie case....[T]he text and structure of the Vaccine Act separates
the inquiry for alternative etiologies from the inquiry for causation,” and so “[t]hese are two separate
inquiries under the statute.”  Id. at 11, quoting Grant v. Secretary of HHS, 956 F.2d 1144, 1149 (Fed.
Cir. 1992) (internal marks omitted).  

In a footnote, the court in Walther noted that, for the purpose of proving proximate causation
(a.k.a. “substantial factor” causation), a petitioner may still bear a burden to address other potential
causata, if significant, but that such a petitioner need not disprove that these other factors caused the
injury suffered: “Where multiple causes act in concert to cause the injury, proof that the particular
vaccine was a substantial cause may require the petitioner to establish that the other causes did not
overwhelm the causative effect of the vaccine.”  Slip Op. at 11, note 4; see also Whitecotton v.
Secretary of HHS, 81 F.3d 1099 (Fed. Cir. 1996).  

The Federal Circuit concluded the Walther decision by holding “that the petitioner does not
bear the burden of eliminating alternative independent causes.”  Id. at 12.  That holding directly
applies in this case.

In light of the clear explanation given by the Federal Circuit to aid in reading the operative
portions of the controlling statutory provisions, this Court now holds that Petitioner bears no burden
to disprove, as a component of his case in chief, the glucose transporter deficiency hypothesis raised
by Respondent.  Petitioner’s burden under the Vaccine Act, as well as the controlling cases
interpreting the Act, is to prove that, “but for” the consequential effect(s) of the vaccine, the alleged
injury would not have been suffered, and that the vaccine’s effect was a substantial, proximate (i.e.,
non-remote) cause of that injury.

C. APPLYING THE LAW TO THE FACTS

As a matter of elucidation, the Undersigned takes note of the following two-part test, which
has been viewed with approval by the Federal Circuit,  and which guides the Court’s practical14

approach to analyzing the Althen elements: 
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The Undersigned has often bifurcated the issue of actual causation into the "can it"
prong and the "did it" prong: (1) whether there is a scientifically plausible theory
which explains that such injury could follow directly from vaccination; and (2)
whether that theory's process was at work in the instant case, based on the factual
evidentiary record extant.

Weeks v. Secretary of HHS, No. 05-0295V, 2007 U.S. Claims LEXIS 127, *64, slip op. at 25, n. 15
(Fed. Cl. Spec. Mstr. Apr. 13, 2007).

The Court found, supra, that Bailey’s ADEM was both caused-in-fact and proximately caused
by his vaccination.  It is well-understood that the vaccination at issue can cause ADEM, and the
Court found, based upon a full reading and hearing of the pertinent facts in this case, that it
did actually cause the ADEM.  Furthermore, Bailey’s ADEM was severe enough to cause lasting,
residual damage, and retarded his  developmental progress, which fits under the generalized heading
of Pervasive Developmental Delay, or PDD.  The Court found that Bailey would not have suffered
this delay but for the administration of the MMR vaccine, and that this chain of causation was not
too remote, but was rather a proximate sequence of cause and effect leading inexorably from
vaccination to Pervasive Developmental Delay.  

Based upon that finding of fact, it follows as a natural conclusion that Petitioner has carried
his burden of proving to a preponderance that the MMR vaccine at issue actually caused the
condition(s) from which Bailey suffered and continues to suffer.  Inasmuch as the other elements of
§ 300aa–11 (b) and (c) have already been satisfied, the Court holds that Petitioner has met his burden
on his case in chief.

These facts likewise satisfy the Althen test set forth above.  Petitioner’s theory of PDD
caused by vaccine-related ADEM causally connects the vaccination and the ultimate injury, and does
so by explaining a logical sequence of cause and effect showing that the vaccination was the ultimate
reason for the injury.  Also, the timetable in this case for the onset of ADEM fits within the range
found to be reasonable in the cases addressing the same question.  See Lodge v. Secretary of HHS,
No. 92-0697V, 1994 WL 34609, 1994 US Claims LEXIS 19, 31 (Fed. Cl. Spec. Mstr. Jan. 25, 1994),
Tufo v. Secretary of HHS, No. 98-0108V, 2001 WL 286911, 2001 US Claims LEXIS 46, 33-34
(Fed. Cl. Spec. Mstr. Mar. 2, 2001), and Saunders v. Secretary of HHS, No. 97-0808V, 2001 WL
1135035, 2001 U.S. Claims LEXIS 225, 9 (Fed. Cl. Spec. Mstr. Sep. 4, 2001).

In contrast, the Court found, as a matter of fact, that Bailey did not suffer from glucose
transporter deficiency, or any other factor unrelated to vaccination.  Without such a finding, based
upon preponderant proof, Respondent has not satisfied his burden under § 300aa–13(a)(1)(B).  To
paraphrase a citation provided in Respondent’s own Prehearing Memorandum, the “possibility” of
a causal relationship between a factor unrelated and a condition does not support a finding in
Respondent’s favor.  Duncan v. Secretary of HHS, No 90-3809V, 1997 WL 75429 *4,  1997 U.S.
Claims LEXIS 73 (Fed. Cl. Spec. Mstr. Feb. 6, 1997).  
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III. CONCLUSION

Therefore, in light of the foregoing, the Court rules in favor of entitlement in this matter.  The
parties are to contact the Court as soon as practicable to schedule a status conference on the issue
of damages.

IT IS SO ORDERED.

Richard B. Abell
Special Master
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(Entered: 06/27/2006) 
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08/14/2006 11 SCHEDULING ORDER: Petitioner's counsel shall fileA:ffidavit due by 10/25/2006. 
Signed by Special Master Patricia E. Campbell-Smith. (mij,) (Entered: 08/16/2006) 

10/23/2006 12 NOTICE OF FILING: AFFIDA VIT(s) Exhibits #17-18 by SAEID B MOJABI, 
P ARIV ASH V ARABI, RY AN B MOJABI. Service: 10/20/06.(tjk, ) (Entered: 
10/23/2006) 

11/07/2006 13 ORDER re On or before 11/17 /06, counsel are directed to contact chambers to 
schedule the next status conference in this matter. Signed by Special Master Patricia E. 
Campbell-Smith. (tjk, ) (Entered: 11/13/2006) 

11/13/2006 14 STATUS CONFERENCE ORDER: Telephonic Status Conference set for 11/20/2006 
11 :00 AM before Special Master Patricia E. Campbell-Smith. Signed by Special 
Master Patricia E. Campbell-Smith. (tjk,) (Entered: 11/15/2006) 

11/21/2006 Minute Entry for proceedings held before Special Master Patricia E. Campbell-Smith: 
A telephonic Status Conference was held on 11/20/2006 from 11 :00 until 11 :20 AM. 
Mr. David Terzian represented petitioner and Mr. James Reistrup represented 
respondent. ( cc2, ) (Entered: 11/21/2006) 

11/21/2006 15 STATUS CONFERENCE ORDER: Status Conference set for 11/22/2006 11:00 AM 
before Special Master Patricia E. Campbell-Smith. Signed by Special Master Patricia 
E. Campbell-Smith. (tjk,) (Entered: 11/28/2006)
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12/06/2006 16 ORDER re On or before 1/26/06, petitioner's cmmsel shall file supplemental filings from 
his clients, including: 1) an affidavit from Dr. Goudzarzi, 2) telephone logs, 3)travel 
documents, 4) medical records from Tehran, 5)affidavits from other witnesses. Signed 
by Special Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 12/07/2006) 

12/07/2006 17 ERRATA: In the 1612/06/06 Order, the undersigned's order incorrectly reflected that 
petitioner's filing was due on 1/26/06. Accordingly as discussed at the status conference: 
On or before 1/26/07, petitioner's counsel shall file supplemental filings from his clients. 
Counsel shall contact chambers to schedule the next status conference on or before 
2/09/07. Signed by Special Master Patricia E. Campbell-Smith. (tjk,) (Entered: 
12/10/2006) 

12/18/2006 18 NOTICE of Appearance by Traci R Patton for SECRETARY OF HEALTH AND 
HUMAN SERVICES. Service: 12/18/06.(tjk,) (Entered: 12/24/2006) 

01/17/2007 19 SCHEDULING ORDER: Petitioner's counsel shall file Supplemental filings from his 
clients, including: 1) an affidavit from Dr. Goudarzi 2) any telephonic logs regarding 
pediatrician, 3) travel documents, 4) medical records, 5) and affidavits from other 
witnesses are now due by 3/30/07. This is pursuant to petitioner's counsel's oral request 
for a two month enlargement of time. The parties shall contact the undersigned's law 
clerk and provide three mutually agreedable dates for the next status conference by 
4/13/07. Signed by Special Master Patricia E. Campbell-Smith. (tjk,) (Entered: 
01/21/2007) 

01/23/2007 20 ORDER re: the statutory 240-day time period for the special master's issuance of a 
decision in this case has expired. Petitioner may submit a notice continuing or 
withdrawing the petition and such notice shall be filed within 30 days. Signed by Special 
Master Patricia E. Campbell-Smith. (tjk,) (Entered: 01/25/2007) 

02/02/2007 21 NOTICE OF INTENT to Remain in the Program by Petitioner. Service: 1/30/07.(tjk,) 
(Entered: 02/08/2007) 

03/22/2007 22 NOTICE OF FILING Exlnbits #19-23: Supplementalletter from Dr. Goudzrzi, 
telephone logs, travel documents, Affidavit of Dr. Allami, Affidavit of Soheila Javid by 
SAEID B MOJABI, P ARIV ASH V ARABI, RY AN B MOJABI. Service: 3/20/07. 
(tjk, ) (Entered: 03/26/2007) 

04/05/2007 23 STATUS CONFERENCE ORDER: Telephonic Status Conference set for 4/23/2007 
02:00 PM before Special Master Patricia E. Campbell-Smith. Signed by Special 
Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 04/13/2007) 

04/25/2007 Minute Entry for proceedings held before Special Master Patricia E. Campbell-Smith: 
A telephonic Status Conference was held on 4/23/2007 from 1 :45 until 2:15 PM. Mr. 
David Terzian represented petitioner and Ms. Traci Patton represented respondent. The 
parties discussed the need for a fuct hearing and identified potential dates for such a 
hearing. ( cc2, ) (Entered: 04/25/2007) 

04/26/2007 24 SCHEDULING ORDER: Status Report due by 6/29/2007. As soon as reasonably 
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practicable, petitioner's cmmsel shall file the letter from Ryan's pediatrician to which 
cmmsel referred during the status conference. Respondent's counsel shall provide 
petitioner's counsel with a list of questions for Ryan's pediatrician regarding his record 
keeping and charting practices. Signed by Special Master Patricia E. Campbell-Smith. 
(N ea], Alonzo) (Entered: 04/27/2007) 

05/02/2007 25 NOTICE OF FILING Petitioners' Exhibit ''24" Letter from Barry Armstrong, M.D. by 
SAEID B MOJABI, P ARIV ASH V ARABI, RY AN B MOJABI. Service: 4/30/07. 
(N ea], Alonzo) (Entered: 05/04/2007) 

06/14/2007 26 STATUS REPORT, filed by SAEID B MOJABI, P ARIV ASH V ARABI, RY AN B 
MOJABI. Service: 6/11/07.(Neal, Alonzo) (Entered: 06/14/2007) 

07/16/2007 27 NOTICE OF FILING Exlnbit A (Letter to Dr. Armstrong) by SECRETARY OF 
HEALTH AND HUMAN SERVICES. Service: 7/16/07.(tjk,) (Entered: 07/17/2007) 

07/23/2007 28 SCHEDULING ORDER: Status Conference set for 7/23/2007 03:00 PM before 
Special Master Patricia E. Campbell-Smith. Signed by Special Master Patricia E. 
Campbell-Smith. (N ea], Alonzo) (Entered: 07/24/2007) 

07/24/2007 Minute Entry for proceedings held before Special Master Patricia E. Campbell-Smith: 
A pre-hearing Status Conference was held on 7/23/2007 from3:00 lllltil 3:15 PM. Mr. 
David Terzian represented petitioner and Ms. Tracy Patton represented respondent. 
The parties discussed arrangements for the upcoming :fact hearing in San Jose, CA. 
( cc2, ) (Entered: 07/24/2007) 

07/25/2007 29 PREHEARING ORDER: Hearing set for 8/14/2007 09:00 AM before Special Master 
Patricia E. Campbell-Smith. Petitioner's counsel shall file petitioners' anticipated witness 
list on or before 8/7 /07. Also on or before petitioner's counsel shall file the affidavits, if 
not previously filed, of any testifying witnesses. If however, a party intends to rely, on 
any documents other than those already filed with the court, those documents shall be 
filed and served by 8/7 /07. Signed by Special Master Patricia E. Campbell-Smith. 
(N ea], Alonzo) (Entered: 07/25/2007) 

08/06/2007 30 Petitioners Witness List, filed by SAEID B MOJABI, P ARIV ASH V ARABI, RY AN 
B MOJABI. Service: 8/2/07.(Neal, Alonzo) (Entered: 08/07/2007) 

08/21/2007 Minute Entry for proceedings held before Special Master Patricia E. Campbell-Smith: 
A :fact hearing was held on 8/14/2007, in San Jose, California. Mr. David Terzian 
represented petitioner and Ms. Traci Patton represented respondent. ( cc2, ) (Entered: 
08/21/2007) 

08/22/2007 31 ORDER re As soon as reasonably practiable, counsel shall confer with Dr. Armstrong 
to determine three nrutually agreeable dates and times on which Dr. Armstrong will 
provide his :fact testimony by video conference. Counsel shall apprise the court of the 
determined dates and times. On or before 10/19/07, petitioner's counsel shall file his 
Proposed Findings ofFacts. Respondent shall file her Proposed Findings of Facts due 
by 11/16/07. The parties shall contact the lllldersigned's law clerk by 12/07 /07 to 
propose three mutually agreed upon dates for the next status conference. Signed by 

https://ecf .cof c.uscourts.gov /cgi-bin/DktRpt.pl?767672768664112-L_ 452_0-1 5/18 



1/12/13 CM/ECF Live System, USCFC, District Version 4.2 

Special Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 08/24/2007) 

08/22/2007 Set Deadlines/Hearings: Petitioners Brief[Proposed Findings of Fact] due by 
10/19/2007. Defendant Brief[Proposed Findings ofFact] due by 11/16/2007. (tjk,) 
(Entered: 08/24/2007) 

09/13/2007 32 TRANSCRIPT of Proceedings (pages 1-125) held on August 14, 2007 before Special 
Master Patricia Campbell-Smith. (dwl) (Entered: 09/14/2007) 

09/17/2007 Minute Entry for proceedings held before Special Master Patricia E. Campbell-Smith: 
A telephonic Status Conference was held on 9/13/2007 from4:45 until 5:00 PM. Mr. 
David Terzian represented petitioner and Ms. Traci Patton represented respondent. The 
parties discussed the posthearing briefing schedule for the parites' respective findings of 
facts in light of the fact that it has been established that the parties would like to hear 
evidence from an additional fact witness, Dr. Armstrong. ( cc2, ) (Entered: 09/17/2007) 

09/19/2007 33 ORDER re On or before 10/19/07, the parties will provide the court with additional 
dates that Dr. Armstrong is available for a videoconference. The dates established in the 
undersigned's 31 Order are vacated as moot and the parties filings are STAYED 
pending the reciept of the transcript from Dr. Armstrong's testimony. 30 days after 
receipt of the transcript of Dr. Armstrong's testimony, petitioner's counsel shall file his 
proposed findings of fact. 30 days after petitioner's filing ofhis findings of fact, 
respondent's counsel shall file her proposed findings of fact. Signed by Special Master 
Patricia E. Campbell-Smith. (tjk, ). (Entered: 09/19/2007) 

09/20/2007 34 ORDER re Petitioner and Respondent's attorneys of record imde an oral request on 
9/18/07 for leave to issue a subpoena. The court, pursuant to its power under Vaccine 
Rule 7( c ), deems the request an oral motion and GRANTS counsel's joint motion 
Signed by Special Master Patricia E. Campbell-Smith. (tjk,) (Entered: 09/24/2007) 

11/07/2007 35 ORDER re The parties will provide to the court, in order of preference, additional dates 
on which Dr. Armstrong is available for a videoconference by 11/23/07. Signed by 
Special Master Patricia E. Campbell-Smith. (tjk,) (Entered: 11/09/2007) 

11/28/2007 36 STATUS REPORT, filed by SECRETARY OF HEALTH AND HUMAN 
SERVICES. Service: 11/28/07 .(tjk, ) (Entered: 11/29/2007) 

11/30/2007 37 SCHEDULING ORDER: Status Conference set for 12/3/2007 02:00 PM in Chambers 
(Telephonic) before Special Master Patricia E. Campbell-Smith. Signed by Special 
Master Patricia E. Campbell-Smith. (N ea4 Alonzo) (Entered: 12/03/2007) 

12/06/2007 Minute Entry for proceedings held before Special Master Patricia E. Campbell-Smith: 
A telephonic status conference was held on 12/3/2007 from2:00 unti12:30 PM. Mr. 
David Terzian represented petitioner and Ms. Traci Patton represented respondent. 
( cc2, ) (Entered: 12/06/2007) 

12/07/2007 38 ORDER and PREHEARING NOTICE: On or before 12/21/07, petitioner's counsel 
shall file any new records that he has identified from the records he received. On or 
before that same date, respondent shall file a Status Report indicating whether there will 
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be substitute cmmsel in California or whether she will conduct her portion of the hearing 
by telephone. Pursuant to the agreement of the parties, a hearing for the purpose of 
securing testimony from Dr. Armstrong shall comnence on 2/11/2008 at 09:00 AM 
(PS 1), in a location that will be determined and provided to the parties as soon as 
possible. Signed by Special Master Patricia E. Campbell-Smith.(tjk,) (Entered: 
12/11/2007) 

12/07/2007 Set Deadlines/Hearings: Medical records due by 12/21/2007. Status Report due by 
12/21/2007 (tjk,) (Entered: 12/11/2007) 

12/11/2007 39 ERRATA correcting 3 9 Order. On or before 12/21 /07, respondent's cmmsel shall file 
any new records that she has identified from the records she received from Kaiser. 
Signed by Special Master Patricia Campbell-Smith. (tjk,) (Entered: 12/12/2007) 

01/04/2008 40 MEDICAL RECORDS [Exlnbit(s) #A Records from Kaiser Foundation Hospital and 
The Permanente Medical Group, Inc.,.] filed by SECRETARY OF HEALTH AND 
HUMAN SERVICES. Service: 1/4/08.(Neai Alonz.o) (Entered: 01/07/2008) 

01/16/2008 41 NOTICE OF FILING,INREGARDS TO FEBRUARY 11,2008 HEARING. by 
SECRETARY OF HEALTH AND HUMAN SERVICES. Service: 1/16/08.(Neai 
Alonz.o) (Entered: 01/18/2008) 

01/25/2008 43 PREHEARING ORDER: Pursuant to the agreement of the parties, an Onset Hearing is 
set for 2/11/08 at 9;00 AM, in the 10th Floor Courtroom of the California Court of 
Appea1s for the 6th Appellate District, Co-America Bank Building located at 3 3 3 West 
Santa Clara, in San Jose, California 95113. If an party intends to reply upon any 
documents other than those already filed with the court, those documents shall be filed 
and served by 1/28/08. Signed by Special Master Patricia E. Campbell-Smith. (tjk, ) 
(Entered: 01/29/2008) 

01/28/2008 42 NOTICE OF FILING Petitioners' Notice ofFiling Exlnbit 25:Photograghs ofRyan B. 
Mojabi by SAEID B MOJABI, P ARIV ASH V ARABI, RY AN B MOJABI. Service: 
1/25/08.(N eai Alonz.o) (Entered: 01/29/2008) 

02/12/2008 Minute Entry for proceedings held before Special Master Patricia E. Campbell-Smith: 
A :fact hearing was held on 2/11/2008 in San Jose, California. Mr. David Terzian 
represented petitioner and Ms. Katherine Esposito represented respondent. ( cc2, ) 
(Entered: 02/12/2008) 

02/15/2008 44 ORDER re During the 2/11/08 hearing, Dr. Armstrong provided the court with copies 
of additional medical records from Kaiser. These records are attached and filed by the 
undersigned as Court Exlnbit No. 1. Signed by Special Master Patricia E. Campbell-
Smith. (tjk, ) (Entered: 02/17/2008) 

02/22/2008 45 POSTHEARING ORDER As discussed at the :fact-hearing held in this case on 
2/11/08: Petitioner shall file a Status Report by 3/07 /08 regarding the call handling 
protocol from Kaiser Permanente; Mr. Mojabi shall file a Supplemental Statement 
regarding the :family's travel in 2004; Dr. Armstrong agreed to forward records or a 
statement ofhis inability to find the records to petitioner's counsel for filing in this matter 
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and on or before 3/21/08 the parties shall contact the lllldersigned's law clerk and 
propose three mutually agreeable dates, occuring after 3/21/08, for the next status 
conference in this case. Signed by Special Master Patricia E. Campbell-Smith. (tjk, ) 
(Entered: 02/27/2008) 

03/06/2008 46 STATUS CONFERENCE ORDER: Telephonic Status Conference set for 3/10/2008 
03:00 PM before Special Master Patricia E. Campbell-Smith. Signed by Special 
Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 03/11/2008) 

03/13/2008 Minute Entry for proceedings held before Special Master Patricia E. Campbell-Smith: 
A telephonic Status Conference was held on 3/10/2008 from 3 :00 lllltil 3 :30 PM. Mr. 
David Terzian represented petitioner and Ms. Traci Patton and Ms. Heather Pearlman 
represented respondent. ( cc2, ) (Entered: 03/13/2008) 

03/13/2008 47 TRANSCRIPT of Proceedings (pages 126-204) held on February 11, 2008 before 
Judge Patricia Campbell-Smith. (dwl) (Entered: 03/14/2008) 

03/18/2008 48 ORDER of CLARIFICATION re Status Conference. On or before 4/28/08, 
petitioner's collllSel shall file both the telephone logs produced by Kaiser and a copy of 
the protocol used by nurses at Kaiser to address incoming phone calls OR in the 
ahernative, a Statement ofUnavailability of the sought documents. Signed by Special 
Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 03/25/2008) 

03/18/2008 49 ORDER re The status conference scheduled for 3/17 /08 is CANCELLED. Signed by 
Special Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 03/25/2008) 

03/19/2008 50 STATUS CONFERENCE ORDER: Telephonic Status Conference set for 3/19/2008 
02:00 PM before Special Master Patricia E. Campbell-Smith. Signed by Special 
Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 03/26/2008) 

03/20/2008 Minute Entry for proceedings held before Special Master Patricia E. Campbell-Smith: 
A telephonic Status Conference was held on 3/19/2008 from2:00 lllltil2:30. Mr David 
Terzian represented petitioner and Ms. Traci Patton and Ms. Heather Pearhnan 
represented respondent. The parties discussed the lllldersigned's March 18, 2008 
Order of Clarification ( cc2, ) (Entered: 03/20/2008) 

03/20/2008 51 ORDER re The lllldersigned conducted a Telephonic Status Conference on 3/19/08 to 
afford collllSel an opportunity to address concerns with the Order of Clarification dated 
3/18/08. By 6/06/08, the parties are directed to contact the lllldersigned's chambers to 
propose three mutually agreeable dates for the next status conference in this matter. 
Signed by Special Master Patricia E. Campbell-Smith. (tjk,) (Entered: 03/27/2008) 

03/20/2008 52 ORDER re 48 Order of Clarification The lllldersigned requests Mr. Clause forward the 
information from Kaiser to the lllldersigned at the United States Court ofFederal 
Claim;, Office of Special Masters, 1440 New York Ave NW, Suite 200, Washington, 
DC 20005. The documents, once received, will be filed by the lllldersigned as court 
exhibits. Signed by Special Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 
03/27/2008) 
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03/25/2008 Minute Entry for proceedingi held before Special Master Patricia E. Campbell-Smith: 
A telephonic Status Conference was held on 3/25/2008 from 2:30 ootil 3:00 PM. Mr. 
David Terzian represented petitioners and Ms. Heather Pearhnan represented 
respondent on behalf of Ms. Traci Patton ( cc2, ) (Entered: 03/25/2008) 

03/26/2008 53 ORDER re Status Conference. Pursuant to the Status Conference held on 3/25/08: 
Petitioner's Cooosel shall continue his efforts to obtain: 1) call records from Kaiser; 2) 
Medical records provided to Dr. Armstrong. Previously established deadlines remain 
intact. Signed by Special Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 
05/13/2008) 

04/28/2008 Minute Entry for proceeding held in Washington, DC on 4/28/2008 held before Special 
Master Patricia E. Campbell-Smith: A telephonic Status Conference was held on 
4/28/2008 from 3 :30 ootil 4:00 PM. Mr. David Terzian represented petitioner and Ms. 
Heather Pearhnan represented respondent.. [Total number of days of proceeding: 1]. 
Proceeding was not officially recorded. (For parties in the case only, click HERE for 
link to Court of Federal Claims web site fonm page for information on ordering: 
certified transcript from reporter or certified transcript of proceeding from official digital 
recording.)( cc2, ) (Entered: 04/28/2008) 

04/29/2008 54 SCHEDULING ORDER: Petitioner's cooosel shall forward to the court and provide a 
copy to opposing cooosel of the received materials due by 5/7/2008. Status Conference 
set for 6/11/2008 03 :00 PM before Special Master Patricia E. Campbell-Smith. Signed 
by Special Master Special Master Patricia E. Campbell-Smith. (Entered: 05/05/2008) 

05/12/2008 55 ORDER re 54 Scheduling Order. The oodersigned is now in receipt of the following 
items: 1) a CD containing five phone calls from the Mojabis to Kaiser during the period 
between 12/2003 and 2/2004; 2) a copy of the call protocol from Kaiser regarding 
incoming calls; 3) a letter from Dr. Armstrong indicating that he has not foood in his 
office any additional medical records. The oodersigned directs the filing of the materials 
as court exhibits and shall be numbered as follows: 1) Index of CD tracks - Court 
Exhibit 2a, 2) CD of telephone call- Court Exhibit 2b; 3) 4/21/08 Armstrong letter -
Court Exhibit 3; 4) 4/22/08 Clause Letter - Court Exhibit 4; 5) Kaiser AJgorithm Scripts 
- Court Exhibit 5. ( a copy of the printed documents accompanying the order was sent to 
DOJ and Petitioner's cooosel along with the Order, by the Clerk) Signed by Special
Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 05/13/2008)

06/12/2008 57 STATUS CONFERENCE ORDER: Telephonic Status Conference is set for 
6/19/2008 02:00 PM before Special Master Patricia E. Campbell-Smith. Signed by 
Special Master Patricia E. Campbell-Smith. (tjk, ) (Entered: 06/23/2008) 

06/19/2008 56 ORDER: Pursuant to the Order of5/12/08, the oodersigned directed that a number of 
items be filed into court record.(!) Index of CD tracks-Court Exhibit 2a, (2)CD of 
telephone call-Court Exhibit 2b,(3) 4/21/08 Armstrong letter-Court Exhibit 3, (4) 
4/22/08 Clause letter-Court Exhibit 4, (5) Kaiser AJgorithm Scripts Court Exhibit 5. 
Signed by Special Master Patricia E. Campbell-Smith. (N ea], Alonzo) (Entered: 
06/23/2008) 
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06/24/2008 Minute Entry for proceeding held in Washington, DC on 6/19/2008 held before Special 
Master Patricia E. Campbell-Smith: A telephonic Status Conference was held on 
6/19/2008 from2:00 wti12:20 PM (eastern time). Mr. David Terzian represented 
petitioner and Ms. Heather Pearhnan represented respondent.. [Total number o f  days o f  
proceeding: 1]. Proceeding was not officially recorded. (For parties in the case only, 
click HERE for link to Court o f  Federal C1aims web site forms page for inforrmtion on 
ordering: certified transcript from reporter or certified transcript o f  proceeding from 
official digital recording.)( cc2, ) (Entered: 06/24/2008) 

06/25/2008 58 MOTION to convert case to ECF, filed by SAEID B MOJABI, P ARIV ASH 
V ARABI, RY AN B MOJABI. (tjk, ) (Entered: 06/27/2008) 

06/25/2008 63 PETITIONERS MOTION FOR LEA VE TO FILE ELECTRONICALLY, filed by 
SAEID B MOJABI, P ARIV ASH V ARABI, RY AN B MOJABI. Service: 
6/20/08.Response due by 7/14/2008. (NeaL Alonzo) (Entered: 07/01/2008) 

06/25/2008 64 NOTICE OF FILING Petitioners notice o f  filing exhibit 26 by SAEID B MOJABI, 
P ARIV ASH V ARABI, RY AN B MOJABI. Service: 6/20/08.(N eaL Alonzo) (Entered: 
07/01/2008) 

06/27/2008 59 ORDER granting 58 Motion to convert case to ECF Signed by Special Master Patricia 
E. Campbell-Smith. (tjk, ) (Entered: 06/27/2008)

06/27/2008 60 NOTICE o f  Designation o f  Electronic Case. (tjk, ) (Entered: 06/27/2008) 

06/27/2008 61 SCHEDULING ORDER:On or before 8/8/08, petitioner's cowsel shall file his 
proposed findings offuct. On or before 9/8/08, respondent's cowsel shall file her 
proposed findings o f  fact. Signed by Special Master Patricia E. Campbell-Smith. ( cc 2, ) 
(Entered: 06/27/2008) 

06/30/2008 62 NOTICE OF FILING Exhibit 26 by SAEID B MOJABI, P ARIV ASH V ARABI, 
RY AN B MOJABI, SECRETARY OF HEALTH AND HUMAN SERVICES. 
{Attachments:# 1 Exhibit 26)(Terzian, David) (Entered: 06/30/2008) 

08/12/2008 65 NOTICE, filed by SAEID B MOJABI, RY AN B MOJABI PETITIONERS' 
PRO POSED FINDINGS OFF ACTS. (Terzian, David) (Entered: 08/12/2008) 

08/20/2008 66 ORDER Respondent's deadline to file respondent's proposed findings offuct shall be 
en1arged to 9/15/2008. Signed by Special Master Patricia E. Campbell-Smith. (yh) 
(Entered: 08/20/2008) 

09/15/2008 67 NOTICE, filed by SECRETARY OF HEALTH AND HUMAN SERVICES re 66 
Order, 65 Notice (Other) Respondents Proposed Findings o f  Fact. (Patton, Traci) 
(Entered: 09/15/2008) 

04/29/2009 68 ORDER entered re 65 filed by RY AN B MOJABI, SAEID B MOJABI, and 67 filed 
by SECRETARY OF HEALTH AND HUMAN SERVICES. On or before 
5/11/2009, the parties shall contact chambers to schedule a status conference to 
address further proceedings in this case. (Signed by Special Master Patricia E. 
Campbell-Smith.)(mlp,) (Entered: 04/29/2009) 
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05/05/2009 62 SCHEDULING ORDER:: Status Conference set for 5/19/2009 at 01:00 PM in 
Chambers (Telephonic) before Special Master Patricia E. Campbell-Smith. Signed by 
Special Master Patricia E. Campbell-Smith. ( cc2, ) (Entered: 05/05/2009) 

05/20/2009 Minute Entry for proceeding held in Washington, DC on 5/19/2009 held before Special 
Master Patricia E. Campbell-Smith: A telephonic Status Conference was held on 
5/19/2009 from 1 :00 until 1 :40 PM. Mr. David Terzian represented petitioner and Ms. 
Traci Patton represented respondent.. [Total mn:nber of days of proceeding: 1]. 
Proceeding was not officially recorded (For parties in the case on1y, click HERE for link 
to Court ofFederal Claims web site forms page for infonnation on ordering: certified 
transcript from reporter or certified transcript of proceeding from official digital 
recording.)(cc2,) (Entered: 05/20/2009) 

05/27/2009 Minute Entry for proceeding held in Washington, DC on 5/21/2009 held before Special 
Master Patricia E. Campbell-Smith: A telephonic Status Conference was held on 
5/21/2009 from 3 :45 until 4:00 PM. Mr. David Terzian represented petitioner and Ms. 
Traci Patton represented respondent.. [Total number of days of proceeding: 1]. 
Proceeding was not officially recorded (For parties in the case on1y, click HERE for link 
to Court of Federal Claims web site forms page for infonnation on ordering: certified 
transcript from reporter or certified transcript of proceeding from official digital 
recording.)(cc2,) (Entered: 05/27/2009) 

05/27/2009 70 ORDER Signed by Special Master Patricia E. Campbell-Smith. (cc2,) (Entered: 
05/27/2009) 

05/29/2009 71 REVISED RULING Regarding Factual Findings, which supercedes Revised Ruling 
Regarding Factual Findings 68 . Signed by Special Master Patricia E. Campbell-Smith. 
( cc2, ) (Entered: 05/29/2009) 

07/08/2009 72 SCHEDULING ORDER:: Expert Report due by 8/27/2009. Signed by Special Master 
Patricia E. Campbell-Smith. (cc2,) (Entered: 07/08/2009) 

08/13/2009 73 MOTION to Issue Subpoena and for  Extension o f  Time, filed by SAEID B 
MOJABI, RYAN B MOJABI.Response due by 8/31/2009. (Attachments:# l Exhibit 
27, # 2 Exhibit 28)(Terzian, David) (Entered: 08/13/2009) 

08/14/2009 74 SCHEDULING ORDER:: Status Conference set for 8/19/2009 at 01:00 PM in 
Chambers (Telephonic) before Special Master Patricia E. Campbell-Smith. Signed by 
Special Master Patricia E. Campbell-Smith. ( cc2, ) (Entered: 08/14/2009) 

08/17/2009 75 NOTICE OF FILING Exhibits 29 - 30 by SAEID B MOJABI, P ARIV ASH 
V ARABI, RY AN B MOJABI. (Attachments:# l Exhibit 29, # 2 Exhibit 30)(Terzian, 
David) (Entered: 08/l 7 /2009) 

08/19/2009 Minute Entry for proceeding held in Washington, DC on 8/19/2009 held before Special 
Master Patricia E. Campbell-Smith: A telephonic Status Conference was held on 
8/19/2009 from 1 :00 until 1 :30 PM. Mr. David Terzian represented petitioner and Ms. 
Traci Patton and Ms. Lynn Ricciardella represented respondent.. [Total number of days 
of proceeding: 1]. Proceeding was not officially recorded (For parties in the case on1y, 
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click HERE for link to Court of Federal Claims web site forms page for infonmtion on 
ordering: certified transcript from reporter or certified transcript of proceeding from 
official digital recording.)( cc2, ) (Entered: 08/19/2009) 

08/19/2009 76 ORDER denying 73 Motion to Issue Subpoena. Signed by Special Master Patricia E. 
Campbell-Smith. (cc2,) (Entered: 08/19/2009) 

08/25/2009 77 REVISED ORDER Ruling on Petitioners' Motion for Issuance of a Subpoena and 
Extension of Time to File Additional Evidence In Support of Their Petition, 
SUPERCEDING 76 Order on Motion to Issue Subpoena issued on August 19, 2009. 
Signed by Special Master Patricia E. Campbell-Smith. (cc2,) (Entered: 08/25/2009) 

08/26/2009 78 OBJECTION to Public Disclosure, filed by SAEID B MOJABI, RY AN B MOJABI. 
(Terzian, David) (Entered: 08/26/2009) 

08/26/2009 79 ORDER ruling on Petitioners' Objection to Public Disclosure. Signed by Special Master 
Patricia E. Campbell-Smith. Redacted Doctnnent Attached. (cc2,) (Additional 
attachment(s) added on 8/26/2009: # 1 Redacted Order) (tjk, ). (Entered: 08/26/2009) 

08/31/2009 80 STATUS REPORT, filed by SAEID B MOJABI, P ARIV ASH V ARABI, RY AN B 
MOJABI. (Terzian, David) (Entered: 08/31/2009) 

09/02/2009 .8.1 ORDER Signed by Special Master Patricia E. Campbell-Smith. (cc2,) (tjk, ). (tjk, ). 
(Entered: 09/02/2009) 

09/03/2009 82 ERRATA ORDER changing a date in the lllldersigned's Revised Ruling Regarding 
Factual Findings issued on May 29, 2009. On Page 4 of the Ruling, the date ofRyan's 
second MMR vaccination should read May 10, 2004. Signed by Special Master 
Patricia E. Campbell-Smith. (cc2,) (Entered: 09/03/2009) 

09/03/2009 83 ORDER regarding weight accorded to affidavits provided in support of petitioners' 
claim Signed by Special Master Patricia E. Campbell-Smith. ( cc 2, ) ( tjk, ). (Entered: 
09/03/2009) 

10/20/2009 84 Ruling on Petitioners' Encephalopathy Claim and an Order to Transfer Claim to the 
Omnibus Autism Proceeding. Signed by Special Master Patricia E. Campbell-Smith. 
( cc2, ) (Entered: 10/20/2009) 

10/20/2009 85 OBJECTION to Public Disclosure, filed by SAEID B MOJABI, P ARIV ASH 
V ARABI, RY AN B MOJABI. (Terzian, David) (Entered: 10/20/2009) 

10/22/2009 86 ORDER granting petitioner's motion to redact identifying infonmtion. Signed by Special 
Master Patricia E. Campbell-Smith. (cc2,) (Entered: 10/22/2009) 

10/22/2009 87 Re-issuance of Redacted Ruling on Petitioners' Encephalopathy Claim and an Order to 
Transfer Claim to the Omnibus Autism Proceeding. Signed by Special Master Patricia 
E. Campbell-Smith. (cc2,) (Entered: 10/22/2009)

11/20/2009 88 STIPULATION for Fees and Costs - Interim, filed by SAEID B MOJABI, 
P ARIV ASH V ARABI, RY AN B MOJABI. (Terzian, David) (Entered: 11/20/2009) 

11/23/2009 89 DECISION on Special Master- InterimAttomey's Fees and Costs. Signed by Special 
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Master Patricia E. Campbell-Smith. (cc2,) (tjk, ). (Entered: 11/23/2009) 

11/24/2009 90 JOINT NOTICE Not to Seek Review, filed by RY AN B MOJABI, SAEID B 
MOJABI, P ARIV ASH V ARABI re 89 DECISION of Special Master - Interim 
Attorney's Fees. (Terzian, David) (Entered: 11/24/2009) 

11/25/2009 91 JUDGMENT entered pursuant to Vaccine Rule 11 (a), that petitioners are awarded 
interim attorneys fees and costs and petitioners out-of pocket expenses in the amount of 
$65,022.16. (lld) (Entered: 11/25/2009) 

06/24/2010 92 SCHEDULING ORDER: Status Conference set for 6/28/2010 at 02:00 PM in 
Chambers (Telephonic) before Special Master Patricia E. Campbell-Smith. Signed by 
Special Master Patricia E. Campbell-Smith. ( cc2, ) (Entered: 06/24/2010) 

06/30/2010 Minute Entry for proceeding held in Washington, DC on 6/28/2010 held before Special 
Master Patricia E. Campbell-Smith: A telephonic Status Conference was held on 
6/28/2010 from2:00 until2:20 PM. Mr. David Terzian represented petitioner and Ms. 
Traci Patton represented respondent.. [Total number of days of proceeding: 1]. 
Proceeding was not officially recorded (For parties in the case only, click HERE for link 
to Court ofFederal Claims web site forms page for infonnation on ordering: certified 
transcript from reporter or certified transcript of proceeding from official digital 
recording.)(cc2,) (Entered: 06/30/2010) 

07/01/2010 93 ORDER memorializing the conduct of a status conference on June 28, 2010. Signed by 
Special Master Patricia E. Campbell-Smith. ( cc2, ) (Entered: 07/01/2010) 

07/01/2010 94 ORDER TO SHOW CAUSE. Show Cause Response due by 7/23/2010. Signed by 
Special Master Patricia E. Campbell-Smith. (cc2,) (Entered: 07/01/2010) 

07/07/2010 95 ORDER granting petitioner's unopposed motion for enlargement of time to file a 
response to the undersigned's show cause order. Signed by Special Master Patricia E. 
Campbell-Smith. (cc2,) (Entered: 07/07/2010) 

07/30/2010 96 RESPONSE TO 94 ORDER TO SHOW CAUSE, filed by RY AN B MOJABI, 
SAEID B MOJABI, P ARIV ASH V ARABI. (Terzian, David) (Entered: 07/30/2010) 

08/18/2010 97 SCHEDULING ORDER:Medicalrecords due by 11/1/2010. Signed by Special 
Master Patricia E. Campbell-Smith. (cc2,) (Entered: 08/18/2010) 

10/28/2010 98 NOTICE OF FILING Exhibits 31 - 34 by RY AN B MOJABI, SAEID B MOJABI, 
P ARIV ASH V ARABI. (Attachments:# l Exlnbit 31, # 2 Exhibit 32, # .3. Exhibit 33, #
1 Exhibit 34)(Terzian, David) (Entered: 10/28/2010) 

11/23/2010 SCHEDULING ORDER: Status Conference set for 11/30/2010 at 12:00 PM in 
Chambers (Telephonic) before Special Master Patricia E. Campbell-Smith. The court 
will contact the parties to initiate the call NON-PDF ORDER. Signed by Special 
Master Patricia E. Campbell-Smith. (cc2,) (Entered: 11/23/2010) 

12/05/2010 Minute Entry for proceeding held in Washington, DC on 11/30/2010 held before 
Special Master Patricia E. Campbell-Smith: A telephonic Status Conference was held 
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on 11/30/2010 from 12:00 lllltil 12:20 PM. Mr. David Terzian represented petitioner 
and Ms. Justine Daigneault represented respondent.. [Total number of days of 
proceeding: 1]. Proceeding was not officially recorded (For parties in the case only, 
click HERE for link to Court of Federal Claims web site forms page for information on 
ordering: certified transcript from reporter or certified transcript of proceeding from 
official digital recording.)( cc2, ) (Entered: 12/05/2010) 

12/07/2010 99 SCHEDULING ORDER:Aflidavit and proposed amendments to :findings of facts due 
by 1/14/2011. Response due by 2/14/2011. Status Conference set for 2/24/2011 at 
12:00 PM in Chambers (Telephonic) before Special Master Patricia E. Campbell-
Smith. Signed by Special Master Patricia E. Campbell-Smith. (cc2,) (Entered: 
12/07/2010) 

01/10/2011 100 NOTICE OF FILING Exhibit 35 by RY AN B MOJABI, SAEID B MOJABI, 
P ARIV ASH V ARABI. (Attachments:# l Exlnbit 35)(Terzian, David) (Entered: 
01/10/2011) 

01/13/2011 101 MEMORANDUM, filed by RY AN B MOJABI, SAEID B MOJABI, P ARIV ASH 
V ARABI. (Terzian, David) (Entered: 01/13/2011) 

02/11/2011 102 Unopposed MOTION for Extension of Time lllltil March 16, 2011 to File Response, 
filed by SECRETARY OF HEALTH AND HUMAN SERVICES.Response due by 
2/28/2011. (Daigneault, Justine) (Entered: 02/11/2011) 

02/15/2011 ORDER granting 102 Motion for Extension of Time to File Response.Response due 
by 3/16/2011. Signed by Special Master Patricia E. Campbell-Smith. (cc2) (Entered: 
02/15/2011) 

03/01/2011 Minute Entry for proceeding held in Washington, DC on 2/24/2011 held before Special 
Master Patricia E. Campbell-Smith: A Status Conference was held on 2/24/2011 from 
12:00 lllltil 12:30 PM. Mr. David Terzian represented petitioner and Ms. Justine 
Daigneault represented respondent. Mr. Vincent Matanoski also attended the call. 
[Total number of days of proceeding: 1]. Proceeding was not officially recorded (For 
parties in the case only, click HERE for link to Court ofFederal Claims web site forms 
page for information on ordering: certified transcript from reporter or certified transcript 
of proceeding from official digital recording.)( cc2) (Entered: 03/01/2011) 

03/02/2011 103 SCHEDULING O RDER:Petitioners' supplemental affidavits due by 4/25/2011. 
Respondent's response due by 5/26/2011. Signed by Special Master Patricia E. 
Campbell-Smith. (cc2) (Entered: 03/02/2011) 

04/20/2011 ORDER Based on an informally comrmmicated and llllopposed request for enlargement 
of time within which to file petitioners' updated affidavits, petitioners' counsel's request is 
GRANTED. Petitioners shall file updated affidavits on or before 5/9/2011. Signed by 
Chief Special Master Patricia E. Campbell-Smith. ( cc2) Copy to parties. (Entered: 
04/20/2011) 

05/05/2011 104 NOTICE OF FILING Exhibits 36 - 42 by RY AN B MOJABI, SAEID B MOJABI, 
PARIVASH VARABI. (Attachments:# l Exlnbit 36, # 2 Exlnbit 37, # .3. Exlnbit 38, #
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:1 Exhibit 39, # 5. Exhibit 40, # .6 Exhibit 41, # 1 Exhibit 42)(Terzian, David) (Entered:
05/05/2011) 

05/05/2011 105 MOTION to Supplement Proposed Findings o f  Fact, filed by RY AN B MOJABI, 
SAEID B MOJABI, P ARIV ASH V ARABI.Response due by 5/23/2011. (Terzian, 
David) (Entered: 05/05/2011) 

05/31/2011 SCHEDULING ORDER: re 103 Scheduling Order: Respondent's cmmsel is granted a 
connnensmate period of time to file response to petitioner's supplemental filing. 
Response due by 6/9/2011. NON-PDF ORDER Signed by Chief Special Master 
Patricia E. Campbell-Smith. (cc2) Copy to parties. (Entered: 05/31/2011) 

06/09/2011 106 NOTICE OF FILING Respondent's Supplemental Rule 4(c) Report by SECRETARY 
OF HEALTH AND HUMAN SERVICES. (Patton, Trac0 (Entered: 06/09/2011) 

06/10/2011 107 DAMAGES ORDER: This case is now ready for the damages phase. Signed by Chief 
Special Master Patricia E. Campbell-Smith. ( cc2) Copy to parties. (Entered: 
06/10/2011) 

07/21/2011 SCHEDULING ORDER: Status Conference set for 7/22/2011 at 11 :00 AM in 
Chambers (Telephonic) before Chief Special Master Patricia E. Campbell-Smith. 
NON-PDF ORDER Signed by Chief Special Master Patricia E. Campbell-Smith. 
( cc2) Copy to parties. (Entered: 07/21/2011) 

07/22/2011 Minute Entry for proceeding held in the District of Columbia on 7/22/2011 held before 
Chief Special Master Patricia E. Campbell-Smith: Status Conference held on 7/22/2011 
at 11 :00 a.m [Total number of days of proceeding: 1]. Proceeding was not officially 
recorded (For parties in the case only, click HERE for link to Court ofFederal Claims 
web site forms page for information on ordering: certified transcript from reporter or 
certified transcript of proceeding from official digital recording.)( tlj) (Entered: 
07/22/2011) 

07/26/2011 108 SCHEDULING ORDER: Joint Status Report regarding the parties' progress towards a 
damages determination is due by 10/28/2011. Petitioners' cmmsel shall file updated 
medical records by 10/28/2011. Signed by Chief Special Master Patricia E. Campbell-
Smith. ( cc2) Copy to parties. (Entered: 07/26/2011) 

09/07/2011 109 NOTICE OF FILING Exhibits 43 - 51 by RYAN B MOJABI, SAEID B MOJABI, 
P ARIV ASH V ARABI. (Attachments:# l Exhibit 43, # 2. Exhibit 44, # .3. Exhibit 45, #
:1 Exhibit 46, # Exhibit 47, # .6 Exhibit 48, # 1 Exhibit 49, # .8. Exhibit 50, # 2 Exhibit 
5l)(Terzian, David) (Entered: 09/07/2011) 

10/28/2011 110 JOINT STATUS REPORT, filed by RY AN B MOJABI, SAEID B MOJABI, 
P ARIV ASH V ARABI. (Terzian, David) (Entered: 10/28/2011) 

10/28/2011 SCHEDULING ORDER: The parties shall file a Joint Status Report regarding the 
progress of settlement efforts on or before 1/26/2012. NON-PDF ORDER Signed by 
Chief Special Master Patricia E. Campbell-Smith. ( cc2) Copy to parties. (Entered: 
10/28/2011) 
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01/26/2012 111 JOINT STATUS REPORT, filed by RY AN B MOJABI, SAEID B MOJABI, 
P ARIV ASH V ARABI. (Terzian, David) (Entered: 01/26/2012) 

01/26/2012 SCHEDULING ORDER: re 111 Joint Status Report filed by RY AN B MOJABI, 
P ARIV ASH V ARABI, SAEID B MOJABI: The parties' request for an en1argement of 
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The Blood-Brain Barrier: Bottleneck in Brain
Drug Development

William M. Pardridge

Department of Medicine, UCLA, Los Angeles, California 90024

Summary: The blood-brain barrier (BBB) is formed by the
brain capillary endothelium and excludes from the brain
!100% of large-molecule neurotherapeutics and more than
98% of all small-molecule drugs. Despite the importance of the
BBB to the neurotherapeutics mission, the BBB receives in-
sufficient attention in either academic neuroscience or industry
programs. The combination of so little effort in developing
solutions to the BBB problem, and the minimal BBB transport
of the majority of all potential CNS drugs, leads predictably to
the present situation in neurotherapeutics, which is that there

are few effective treatments for the majority of CNS disorders.
This situation can be reversed by an accelerated effort to de-
velop a knowledge base in the fundamental transport properties
of the BBB, and the molecular and cellular biology of the brain
capillary endothelium. This provides the platform for CNS drug
delivery programs, which should be developed in parallel with
traditional CNS drug discovery efforts in the molecular neuro-
sciences. Key Words: Blood-brain barrier, endothelium, drug
targeting, biological transport, neurotherapeutics.

INTRODUCTION

The blood-brain barrier (BBB) is the bottleneck in
brain drug development and is the single most important
factor limiting the future growth of neurotherapeutics.1

The BBB problem is illustrated in Figure 1, which is a
whole body autoradiogram of a mouse sacrificed 30 min
after intravenous injection of radiolabeled histamine, a
small molecule of only !100 Da in molecular mass.
Histamine readily crosses the porous capillaries perfus-
ing all peripheral tissues but is excluded from entry into
the brain or spinal cord by the BBB.

The histamine example in Figure 1 refutes a common
misconception that most small molecules readily cross
the BBB. As discussed below, the transport of small
molecules across the BBB is the exception rather than
the rule, and 98% of all small molecules do not cross the
BBB (FIG. 1). Moreover, all large-molecule products of
biotechnology, such as monoclonal antibodies (mAbs),
recombinant proteins, antisense, or gene therapeutics, do
not cross the BBB (FIG. 1). Despite the large number of
patients with disorders of the CNS and despite the fact
that so few large- or small-molecule therapeutics cross

the BBB, there are few pharmaceutical companies in the
world today that have built a BBB drug targeting pro-
gram (FIG. 1). However, even if a pharmaceutical com-
pany decided to develop a BBB program, there would be
few BBB-trained scientists to hire because less than 1%
of U.S. academic neuroscience programs emphasize
BBB transport biology.

Because most drugs do not cross the BBB, and be-
cause the industry is not providing solutions to the BBB
problem, it is not surprising that most disorders of the
CNS could benefit from improved drug therapy (FIG. 2).
For a small-molecule drug to cross the BBB in pharma-
cologically significant amounts, the molecule must have
the dual molecular characteristics of: 1) molecular mass
under a 400- to 500-Da threshold, and 2) high lipid
solubility.1 There are only four categories of CNS dis-
orders that consistently respond to such molecules, and
these include affective disorders, chronic pain, and epi-
lepsy (FIG. 2). Migraine headache may be a CNS disor-
der and could also be included in this category. In con-
trast, most CNS disorders such as those listed in Figure
2 have few treatment options. Parkinson’s disease pa-
tients are given L-dihydroxyphenylalanine (L-DOPA) for
dopamine replacement therapy.2 As discussed below in
the section on BBB carrier-mediated transport, L-DOPA
is an example of a BBB drug targeting strategy. How-
ever, there is no neurotherapeutic that stops the neuro-
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degeneration of Parkinson’s disease. Similarly, there is
no therapy for other neurodegenerative diseases such as
Alzheimer’s disease, Huntington’s disease, and amytro-
phic lateral sclerosis (ALS). Patients with multiple scle-
rosis (MS) are treated with cytokines that work on the
peripheral immune system, but which do not perma-
nently stop the progression of MS.3 The human immu-
nodeficiency virus (HIV) infects the brain early in the

course of acquired immune deficiency syndrome
(AIDS).4 HIV in the periphery has been significantly
reduced with highly active antiretroviral therapy
(HAART) comprised of multiple small-molecule thera-
peutics. However, HAART drugs such as azidothymi-
dine, 3TC, or protease inhibitors are substrates for BBB
active efflux transporters, which are reviewed below, and
HAART drugs have minimal penetration into brain pa-
renchyma. Consequently, the brain remains a sanctuary
for HIV in AIDS even with HAART.4,5 Brain cancer,
stroke, and brain or spinal cord trauma are all examples
of serious CNS disorders for which there is no effective
drug therapy. The childhood disorders including autism,
lysosomal storage disorders, fragile X syndrome, the
ataxis, and blindness, are serious disorders where there is
little effective treatment. In many of these cases, the gene
underlying the disease is known, but BBB delivery is the
rate-limiting problem in gene therapy or enzyme replace-
ment therapy, and no therapeutics have been developed.
Many of the disorders listed in the right-hand column in
Figure 2 could be treated with drugs, enzymes, or genes
already discovered. However, these drugs do not cross
the BBB and cannot enter into brain drug development
because no BBB solutions have been developed by in-
dustry. Given the absence of effective BBB drug target-
ing technology, CNS drug developers are left with the
traditional approaches to solving the brain drug delivery
problem: small molecules, trans-cranial brain drug deliv-
ery, and BBB disruption. A review of these approaches

FIG. 1. Whole body autoradiogram of an adult mouse sacrificed 30 min after intravenous injection of radiolabeled histamine, a small
molecule that readily enters all organs of the body, except for the brain and spinal cord.

FIG. 2. A review of the Comprehensive Medicinal Chemistry
database shows that, of more than 7000 small-molecule drugs,
only 5% treat the CNS, and these drugs only treat four disorders:
depression, schizophrenia, chronic pain, and epilepsy.6,7 There
are few effective small- or large-molecule drugs for the majority
of CNS disorders, with the exception of Parkinson’s disease,
e.g., L-DOPA, and multiple sclerosis, e.g., cytokines.
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shows that none provide solutions to the BBB problem
that could be practically implemented in large numbers
of patients.

SMALL MOLECULES

Most small-molecule drugs do not cross the BBB. Of
over 7000 drugs in the comprehensive medicinal chem-
istry (CMC) database, only 5% of all drugs treat the
CNS, and these CNS active drugs only treat depression,
schizophrenia, and insomnia.6 The average molecular
mass of the CNS active drug is 357 Da. In another study,
only 12% of drugs were active in the CNS, but only 1%
of all drugs were active in the CNS for diseases other
than affective disorders.7

BBB transport of small molecules is limited
Small molecules generally cross the BBB in pharmaco-

logically significant amounts if 1) the molecular mass of the
drug is less than 400-500 Da, and 2) the drug forms less
than 8-10 hydrogen bonds with solvent water.1

The permeation of the drug across the BBB does not
increase in proportion to lipid solubility when the mo-
lecular weight of the drug is increased. BBB permeation
decreases 100-fold as the surface area of the drug is
increased from 52 Angstroms2 (e.g., a drug with molec-
ular mass of 200 Da) to 105 Angstroms2 (e.g., a drug of
450 Da).8 Drug diffusion through a biological membrane
is not analogous to drug diffusion through solvent water.
In contrast to water, diffusion of a drug through a bio-
logical membrane is dependent on the volume of the
drug. The classical Overton rules that relate membrane
permeation to solute lipid solubility do not predict the
molecular weight threshold effect. As noted by Leib and
Stein nearly 20 years ago,9 the molecular weight thresh-
old effect is best predicted by the “hole-jumping” model
of Trauble,10 which posits that solutes undergo a form of
molecular “hitch hiking” across a biological membrane
by moving through small holes in the membrane formed
by kinking of the mobile unsaturated fatty acyl side
chains in the phospholipid bilayer.

Hydrogen bonding
BBB permeation decreases exponentially with the ad-

dition of each pair of hydrogen bonds added to the drug
structure.11 It does not matter whether the functional
group is a hydrogen bond donor or a hydrogen bond
acceptor because each hydrogen bond carries equal
weight. Hydrogen bond donor groups such as hydroxyls
form two hydrogen bonds because a hydroxyl group acts
as both a hydrogen bond donor and hydrogen bond ac-
ceptor, whereas a carbonyl group only acts as a hydrogen
bond acceptor. Once the total number of hydrogen bonds
on the drug exceeds a threshold of 8-10, there is minimal
transport of the drug across the BBB in pharmacologi-
cally active amounts. Both the hydrogen bonding and the

molecular weight of drugs currently emanating from
CNS drug discovery programs generally are higher than
drugs discovered 20 years ago.7 This is because CNS
drug discovery programs now rely extensively on recep-
tor-based high-throughput screening (HTS) programs.
HTS-based drug screening invariably selects for drugs
that have higher molecular weights and higher hydrogen
bonding because these factors enable higher affinity drug
binding to the target receptor.

HTS-based CNS drug discovery
Current CNS drug discovery programs are generally

broken down into four major areas: 1) receptor target
identification, 2) drug “hit” identification, 3) “lead” iden-
tification, and 4) drug lead optimization. After screening
several hundred thousand small-molecule drugs with a
given target, several hundred hits may be found, leading
to a score of potential drug leads. The HTS drug lead
compounds must then be optimized with respect to dis-
tribution, metabolism, and pharmacokinetics (DMPK).12

However, the drugs generally require so much medicinal
chemistry to block polar functional groups that the orig-
inal high receptor affinity is lost in an attempt to produce
a drug with acceptable DMPK properties. The difficulty
in using medicinal chemistry to increase the lipid solu-
bility of a drug is illustrated by considering that there is
not a single drug currently in CNS clinical practice that
is an example of a water soluble drug that was made lipid
soluble with medicinal chemistry optimization such that
the drug then became pharmacologically active in the
brain in vivo.

The pharmacokinetic rule
When medicinal chemistry is used to increase the lipid

solubility of the drug, this may increase penetration
across the BBB, but it also increases penetration across
all biological membranes in vivo. Therefore, the lipidized
form of the drug is rapidly removed from the blood, and
in pharmacokinetic terms, the plasma area under the
concentration curve (AUC) is substantially decreased for
the lipidized form of the drug. Drug action in brain is a
function of drug uptake, expressed as percent of injected
dose (ID) per gram brain, and the % ID/g is equally
dependent on two factors, the BBB permeability-surface
area (PS) product and the plasma AUC:

% ID/g ! "BBB PS product# " "plasma AUC#

(Eq. 1)

Although an increase in lipid solubility of the drug may
increase the BBB PS product, there is a proportional
decrease in the plasma AUC with lipidization. The in-
creased BBB PS product and the decreased plasmid
AUC have offsetting effects, which minimizes the in-
crease in brain uptake caused by lipidization.1
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Medicinal chemistry and brain drug lead
optimization

The use of medicinal chemistry to increase the lipid
solubility of drug to solve the BBB drug delivery prob-
lem is problematical for the reasons listed above. How-
ever, a new approach to the use of medicinal chemistry to
solve the BBB drug delivery problem is discussed below.
Medicinal chemistry can be used to alter the structure of
a lead drug candidate to make that drug transportable on
one of several carrier-mediated transport (CMT) systems
within the BBB. However, redirection of the use of me-
dicinal chemistry to increase the carrier-mediated trans-
port of a drug, as oppose to the lipid-mediated transport
of the drug, requires knowledge on the structural char-
acteristics of a drug that enable CMT across the BBB.
Therefore, a knowledge base in BBB CMT must be
developed before the use of medicinal chemistry to in-
crease drug penetration to the brain via endogenous BBB
carriers.

TRANS-CRANIAL BRAIN DRUG DELIVERY

Trans-cranial brain drug delivery approaches attempt
to bypass the BBB using one of three neurosurgical-
based delivery approaches: intracerebral implantation,
intracerebroventricular (ICV) infusion, and convection
enhanced diffusion (CED). The factor limiting either the
intracerebral or ICV infusion approach is that either
method relies on diffusion for drug penetration into the
brain from the depot site. Solute diffusion decreases with
the square of the diffusion distance.1 Therefore, the con-
centration of drug decreases logarithmically with each
millimeter of brain tissue that is removed from the in-
jection site, in the case of intracerebral implantation, or
from the ependymal surface of the brain, in the case of
ICV infusion. The concentration of a small molecule is
decreased by 90% at a distance of only 0.5 mm from the
intracerebral implantation site in rat brain.13 The loga-
rithmic decrease in drug concentration from the ependy-
mal surface following an ICV infusion was shown in the
1970s in adult Rhesus monkeys; after ICV drug injec-
tion, the concentration of small molecules in brain pa-
renchyma removed only 1-2 mm from the ependymal
surface is only about 1-2% of the concentration in the
CSF compartment.14 The limited diffusion of drug from
an intracerebral implant is shown in Figure 3, which is an
autoradiogram of rat brain taken 2 days after the intra-
cerebral implantation of a wafer embedded with radiola-
beled NGF.15 The size of the wafer is approximately
equal to the magnification bar in the figure, which indi-
cates that there has been minimal penetration of NGF
into brain parenchyma from the implant site. The limited
diffusion of BDNF into brain parenchyma following in-
jection into a lateral ventricle (LV)16 is shown in Figure
3. The BDNF is sequestered by the ependymal surface

but does not significantly diffuse into brain parenchyma.
This limited diffusion of BDNF into brain parenchyma is
not due to the fact that BDNF is a cationic protein, as a
similar logarithmic decrease in brain penetration is found
for any drug following ICV injection.14 This slow rate of
drug diffusion into brain parenchyma is to be contrasted
with the rapid rate of bulk flow of CSF through the
ventricular compartments. CSF is then rapidly absorped
into the peripheral bloodstream at the superior sagittal
sinus. The ICV injection of drug should be regarded as a
slow intravenous infusion rather than a direct adminis-
tration of drug into the brain.17 The rapid rate of cytokine
distribution into blood, but minimal penetration into
brain, following an ICV injection has been demonstrated
in adult rhesus monkeys.18

The effective penetration of drug into brain can be
increased to a treatment radius of a few millimeters when
bulk flow is used to deliver drug into brain parenchyma,
and this is possible by forcing fluid through the brain
with CED. However, the brain has no lymphatic system
and is not designed for a significant intraparenchymal
volume flow. CED in humans with glioblastoma multi-
form causes a preferential flow of the forced fluid along
white matter tracts.19 CED in the adult Rhesus monkey
brain with glial-derived neurotrophic factor involved the
infusion of relatively small volumes of !0.1 ml/day over
a 4-week period.20 This led to diffuse white matter as-

FIG. 3. Trans-cranial drug delivery to the brain. A: Autoradio-
gram of rat brain 48 h after an intracerebral implantation of a
polymer carrying radiolabeled NGF.15 The size of the polymer
approximates the magnification bar, indicating the NGF has not
significantly diffused from the implantation site. B: Autoradio-
gram of rat brain 24 h after an intracerebroventricular injection of
BDNF into an LV.16 The BDNF distributes to the ependymal
surface of the ipsilateral LV and the third ventricle (3V), but not
into brain parenchyma. C: Convection enhanced diffusion in the
primate brain forces fluid through the brain tissue. The direction
of fluid flow, principally via white matter tracts,19 can be traced
with immunocytochemistry using an antibody to GFAP, which
shows an astrogliotic reaction in the path of fluid flow.20 The hole
in the brain left by the catheter is noted by the asterisk. The fluid
moved from the catheter in the putamen (Pu) via the internal
capsule (ic) white matter to the caudate (Cd).
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trogliosis, which was visualized by immunocytochemis-
try of the autopsy primate brain, and immunostaining
with an antibody to GFAP as shown in Figure 3. In
addition, there was a microglial response and demyeli-
nation around the catheter, with extension of the astro-
gliotic reaction from the catheter in the putamen (Pu)
through the internal capsule (ic) to the caudate (cd) (FIG.
3). These findings of an intense astrogliotic reaction
along white matter tracts after CED in the primate brain
raise concerns about the long-term effects of this deliv-
ery approach for humans.

BLOOD-BRAIN BARRIER DISRUPTION

In parallel with trans-cranial brain drug delivery strat-
egies, there has been a significant effort in delivering
drugs to the brain with BBB disruption after the intraca-
rotid arterial infusion of vasoactive agents such as those
listed in Table 1. The intracarotid arterial infusion of 2 M

concentrations of poorly diffusible solutes such as man-
nitol causes disruption of the BBB owing to osmotic
shrinkage of the endothelial cells.21 This is associated
with severe vasculopathy22 and chronic neuropathologic
changes in rodent models23 and is also associated with
seizures in either animal models24 or humans.25 Plasma
proteins such as albumin are toxic to brain cells,26 and
BBB disruption allows for the uptake of plasma into the
brain.

Solvent/adjuvant-mediated BBB disruption
The BBB, like cell membranes in general, is subject to

solvent-mediated disruption with chemicals such as eth-
anol, dimethylsulfoxide (DMSO), or detergents such as
SDS, or Tween 80 also known as polysorbate-80.27–30

There are numerous examples in the literature where the
peripheral administration of a drug, which normally
should not cross the BBB, is followed by pharmacolog-
ical activity in the brain. Such an observation could arise

because the drug is transported across the BBB via an
endogenous transport system. However, an alternative
explanation is that the drug is injected in a diluent that is
membrane destabilizing, and causes BBB disruption. Of-
ten the drug is solubilized in solvents such as ethanol or
DMSO, or surfactants such as SDS, a Tween detergent,
or other surfactants, such as polyethyleneglycol hydroxy
stearate. Doses of solvents such as ethanol or DMSO at
a level of 1-4 g/kg may cause solvent-mediated disrup-
tion of the BBB.27,28 This dose of DMSO or ethanol is
given to animal models with surprising frequency, par-
ticularly small rodent models such as mice, which weigh
only 20-30 g. The administration of just 50 #l of 50%
DMSO to a 20-g mouse is equivalent to 1.25 g/kg
DMSO, and there are examples in the literature of phar-
macologic effects achieved in brain following systemic
administration of drugs that normally do not cross the
BBB. These drugs are administered in solvents such as
ethanol or DMSO and the dose of solvent is such that
BBB disruption may be caused by administration of the
drug/solvent mixture. Tween 80, also known as polysor-
bate-80, is frequently administered in CNS drug formu-
lations. A dose of polysorbate-80 of 3-30 mg/kg will
cause BBB disruption in mice.30 Analgesia with kyotor-
phin, a oligopeptide that normally does not cross the
BBB, is possible following the peripheral administration
of the peptide, providing Tween 80 is coadministered.31

Low doses of another surfactant, SDS, are frequently
included in CNS drug diluents. However, doses of SDS
as low as 1.0 #g/kg can cause disruption of the BBB for
short periods. Immune adjuvants such as Freund’s com-
plete or incomplete adjuvant cause disruption of the BBB
to circulating IgG that can persist for weeks.32 This is
relevant to rodent vaccine models where active immuni-
zation is attempted as a new therapy for the treatment of
brain diseases. The vaccine for Alzheimer’s disease was
based on the administration of the A$ peptide mixed in

TABLE 1. BBB Disruption after Intracarotid Arterial Infusion of Noxious Agents

Method Comments (References)

Hyperosmolar Leads to chronic neuropathologic changes and vasculopathy in the brain and seizures21–25

Vasoactive agents Examples are bradykinin, histamine, and multiple other vasoactive compounds; opens
BBB in brain tumor to greater extent than normal brain72

Solvents BBB is solubilized with high dose ethanol, DMSO, SDS, Tween 80 (polysorbate-80)27–30

Alkylating agents Examples are etoposide and melphalan; may alkylate key sulfhydryl residues similar to
mercury73,74

Immune adjuvants Freunds adjuvant opens BBB to IgG for weeks; enable IgG uptake into brain in rodent
vaccine models, such as Alzheimer’s disease32

Ultrasound The combination of administration of high-dose air bubbles (2–4 #m) and high-dose ul-
trasound (10–1000 watt/cm2) can induce BBB disruption75

Cytokines Intracerebral interleukin-1$ or CXC chemokines can attract white cells from blood and
cause BBB disruption76,77

Miscellaneous Intracarotid acid pH, cold temperatures, or high-dose free fatty acid all cause BBB
disruption78–80
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Freund’s adjuvant to transgenic mice with brain amy-
loid.33 The adjuvant has two effects. First, it recruits the
immune system to the injection site so that antibodies are
made to the target peptide, in this case the A$. Second,
the immune adjuvant causes an inflammatory response
that results in opening of the BBB. This latter property
allows the circulating anti-A$ antibodies to enter the
brain. In the absence of BBB disruption, the circulating
IgG cannot enter the brain. In either active or passive
immunization approaches to brain disorders, the circu-
lating IgG must be enabled to cross the BBB and enter
brain to cause the intended pharmacological effect. IgG
molecules do not cross the BBB, in the absence of spe-
cific transport mechanisms. It is unlikely that active or
passive immunization will be effective in humans, if the
BBB is not disrupted.

If a CNS drug is formulated in a vehicle other than a
physiological buffer, then the amounts of any solvent,
surfactant, or adjuvant, that are included in the formula-
tion should be evaluated critically as to whether drug
treatment is associated with solvent-mediated BBB dis-
ruption. In this setting, there is a high likelihood that
chronic drug administration will have toxic side effects.

TRANS-NASAL DRUG DELIVERY TO
THE BRAIN

The delivery of drugs after intranasal administration is
based on the rationale that drugs can exit the submucous
space of the nose and cross the arachnoid membrane, and
enter into olfactory CSF. It is posited that drug may then
enter the brain from the CSF flow tracts following intra-
nasal administration of drug. There are two points to
consider when evaluating the potential efficacy of trans-
nasal drug delivery to the brain. First, any drug that
enters into olfactory CSF will exit the CSF flow tracts
and enter the peripheral bloodstream like any other ICV
route of administration. The second consideration is that
the arachnoid membrane, which separates olfactory CSF
from the submucous spaces of the nose, has high resis-
tance tight junctions, just like the capillary endothelium
that forms the BBB.34 Therefore, only lipid-soluble small
molecules may cross the arachnoid membrane and enter
into olfactory CSF in the absence of arachnoid mem-
brane disruption. Conversely, if the arachnoid membrane
and other membranes in the nose are physically or chem-
ically disrupted, then drug may enter the CSF from the
nose. The human nasal cavity can only receive about 100
#l per nostril without local injury.35 The volume of drug
administered into the nose is invariably $$200 #l. Mel-
anocyte-stimulating hormone, a seven-amino acid neu-
ropeptide, entered CSF following intranasal instillation
in humans after these subjects ingested 20 consecutive
puffs of drug via an atomizer into each nares.36 When
drug is administered to the nose via volumes that are not

injurious to the nose, then no distribution into CSF is
found for a water-soluble drug such as vitamin B12 or a
relatively lipid soluble drug such as melatonin.35 In the
absence of local injury, distribution of neuropeptides to
olfactory CSF is nil, unless the protein has access to a
specialized transport system that enables movement
across the arachnoid membrane. This was demonstrated
in the case of a conjugate of HRP and wheat germ
agglutinin (WGA). The latter is a glycoprotein that
crosses membranes via absorptive mediated endocytosis,
based on binding to membrane lectin sites.37 Whereas
the HRP alone cannot penetrate the olfactory CSF, the
HRP-WGA conjugate can cross plasma membranes via
absorptive-mediated endocytosis.

TRANSVASCULAR DRUG DELIVERY TO THE
BRAIN VIA ENDOGENOUS BBB

TRANSPORTERS

The complexity of the vascular tree in the cortex of rat
brain is shown with the India ink38 study in Figure 4. The
vascular density in the human brain is even more com-
plex. In the human brain, there are over 100 billion
capillaries. The distance between capillaries is !50 #m.
Therefore, the maximum diffusion distance in brain pa-
renchyma following transvascular delivery is only 25
#m. Even a molecule as large as albumin, 68,000 Da
molecular mass, will diffuse 25 #m in less than 1 s.1

Because the intercapillary distance in brain is so small,
every neuron is virtually perfused by its own blood ves-
sel. The length of capillaries in human brain is !400
miles, and the surface area of the brain capillary endo-
thelium in the human brain is !20 m2. However, the
volume of the intraendothelial space is only 1 #l for
adult rat brain and is only 5 ml for the human brain.
Therefore, the brain capillary endothelial surface, which
forms the BBB in vivo, forms a very broad but thin

FIG. 4. India ink study shows vascular density in the cortex of
adult rat brain. Reprinted with permission from Bar. The vascular
system of the cerebral cortex. Adv Anat Embryol Cell Biol 59:I–VI,
1–62. Copyright © 1980, Springer-Verlag.38 All rights reserved.
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barrier system. The thickness of the endothelial cell is
only !200 nm, which is less than 5% of the thickness of
most cells.

Transport across the BBB involves movement across
two membranes in series: the luminal and abluminal
membranes of the capillary endothelium, separated by
the 200 nm of endothelial cytoplasm. The microvascular
endothelium in brain is completely invested by a base-
ment membrane, but the basement membrane constitutes
no diffusion barrier. Approximately 90% of the brain
side of the capillary is covered by astrocyte foot process-
es,39 although these astrocyte foot processes similarly
constitute no diffusion barrier. Therefore, solutes freely
and instantaneously distribute throughout the entire brain
extravascular volume after transport across the limiting
membrane, which is the capillary endothelial membrane.
The BBB has a very high resistance owing to the tight
junctions, which cement adjacent endothelial cells to-
gether. Due to the presence of the tight junctions, there is
no para-cellular pathway for solute distribution into
brain interstitial fluid from blood. Circulating molecules
can only gain access to brain interstitium via a trans-
cellular route through the brain capillary endothelial
membranes. If a molecule is lipid soluble and has a
molecular mass less than 400 Da and is not avidly bound
by plasma proteins or is a substrate for an active efflux
transport system at the BBB, then the circulating mole-
cule may gain access to brain by lipid-mediated free
diffusion. In the absence of the lipid-mediated pathway,
circulating molecules may gain access to brain only via
transport on certain endogenous transport systems within
the brain capillary endothelium. These endogenous trans-
porters have an affinity for both small molecules and
large molecules and can be broadly classified into three
categories: 1) CMT; 2) active efflux transport, or AET;
and 3) receptor-mediated transport, or RMT.

CMT
CMT systems for hexoses, monocarboxylic acids such

as lactic acid, neutral amino acids such as phenylalanine,
basic amino acids such as arginine, quaternary ammo-
nium molecules such as choline, purine nucleosides such
as adenosine, and purine bases such as adenine, are
shown in Figure 5, which represents the luminal mem-
brane of the brain capillary endothelium. The individual
endogenous nutrients shown in Figure 5 are representa-
tive substrates because each carrier system transports a
group of nutrients of common structure. The CMT sys-
tems shown in Figure 5 are all members of the Solute
Carrier (SLC) gene family (Table 2). The BBB glucose
carrier is GLUT1 (glucose transporter type 1), which is a
member of the SLC2 family; the BBB monocarboxylic
acid transporter is MCT1, which is a member of the
SLC16 family; the BBB large neutral amino acid and
cationic amino acid transporters are LAT1 and CAT1,

respectively, which are members of the SLC7 family;
LAT1 and CAT1 are the light chains of heterodimeric
proteins, and the heavy chain of the dimer is 4F2hc,
which is a member of the SLC3 family; the BBB aden-
osine transporter is CNT2, which is a member of the
SLC28 family (Table 2). Each of the SLC families
shown in Table 2 represent many common genes of
overlapping nucleotide identity and some of the SLC
families are comprised of over 100 different genes.

BBB GLUT1 transports glucose, 2-deoxyglucose,
3-O-methyl-glucose, galactose, and mannose, but not L-
glucose.40 BBB MCT1 transports lactate, pyruvate, ke-
tone bodies, and monocarboxylic acids.41 BBB LAT1
transports the neutral amino acids with preferential af-
finity for the large neutral amino acids.42 BBB CAT1
transports arginine, lysine, ornithine.43 The BBB choline
transporter transports choline, and perhaps other quater-
nary ammonium molecules.44 To date, the BBB choline
transporter has not been cloned. CHT1 is a sodium-
dependent choline transporter member of the SLC5 fam-
ily (Table 2), which corresponds to the sodium-depen-
dent synaptosomal choline carrier. However, the BBB
choline transporter is sodium independent45 and is likely
a member of a different SLC gene family. The BBB
adenosine carrier transports adenosine, guanosine, and
certain pyrimidine nucleosides such as uridine,46 and is
derived from the CNT2 gene,47 where CNT % concen-
trative nucleoside transporter. Purine nucleosides are
also transported by sodium independent or equilibrative
nucleoside transporters (ENT), which are members of the
SLC29 gene family (Table 2). However, BBB transport

FIG. 5. BBB CMT systems are shown for seven different classes
of nutrients, and the genes for five of these systems has been
identified. GLUT1 % glucose transporter type 1; MCT1 % mono-
carboxylic acid transporter type 1; LAT1 % large neutral amino
acid transporter type 1; CAT1 % cationic amino acid transporter
type 1; CNT2 % concentrative nucleoside transporter type 2.
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in vivo on the blood side of the endothelium is sodium
dependent,48 which excludes the role of an ENT carrier
in mediating uptake of circulating adenosine. Pyrimidine
nucleosides are primarily transported by CNT1, and, to
date, there is no evidence that the BBB expresses CNT1.
Purine bases such as adenine and guanine are transported
by a nucleobase transporter (NBT)46 but, to date, no
eukaryotic NBT transporter gene has been cloned.

In addition to the CMT systems shown in Figure 5,
there are many other CMT genes expressed at the BBB,
which enable the BBB transport of water-soluble vita-
mins, thyroid hormones, and other compounds. All of

these CMT systems at the BBB, which may number in
the dozens, are potential portals of entry of drugs to the
brain. The CMT systems comprise highly stereospecific
pore-based transporters, and there are significant struc-
tural requirements for transporter affinity. Therefore, it is
unlikely that a drug, which is normally not transported
across the BBB, would be made transportable by simply
coupling to the drug to another molecule that undergoes
CMT across the BBB. Rather, the structure of the phar-
maceutical should be altered with medicinal chemistry so
that it takes on the structure of a pseudo-nutrient and thus
is able to undergo transport across the BBB via one of the

TABLE 2. Solute Carrier (SLC) Gene Families of Small-Molecule Transporters

Family Substrate Specificity Abbreviations

SLC1 Acidic amino acid transporter EEAT
ASC small neutral amino acid transporter ASCT

SLC2 Glucose transporter GLUT
H&-myo-inositol transporter HMIT

SLC3 Heavy chain of heterodimeric amino acid transporters 4F2hc
SLC4 Bicarbonate/carbonate exchangers and Na& coupled transporters AE, NBC
SLC5 Sodium/substrate cotransporters (glucose, choline) SGLT, CHT
SLC6 Neurotransmitter transporters (GABA, glycine, taurine, monoamines, creatine) GAT, TAUT
SLC7 Cationic amino acid transporter CAT

Light chain of amino acid transporters LAT
SLC8 Sodium/calcium exchanger NCX
SLC9 Sodium/proton exchanger NHE
SLC10 Sodium/bile salt cotransporter NTCP, ASBT
SLC11 Natural resistance-associated macrophage protein NRAMP

Divalent metal-ion transporter DMT
SLC12 Potassium/chloride cotransporter KCC
SLC13 Sodium/sulphate cotransporter NaS

Sodium/dicarboxylate transporter NaDC
SLC14 Urea transporter UT
SLC15 Proton peptide transporter PEPT
SLC16 Monocarboxylic acid transporter (lactate, pyruvate, ketone bodies) MCT
SLC17 Vesicular glutamic acid transporter VGLUT
SLC18 Vesicular amine transporter VAT
SLC19 Vitamin transporters (folic acid, thiamine) THTR
SLC20 Sodium-phosphate cotransporters Pit
SLC21 Organic anion transporters OATP
SLC22 Organic cation transporters OCTN, OAT
SLC23 Sodium/ascorbic acid transporter SVCT
SLC24 Sodium/calcium-potassium exchanger NCKX
SLC25 Mitochondrial carriers MC
SLC26 Anion exchangers CFTR
SLC27 Fatty acid transport proteins FATP
SLC28 Sodium dependent nucleoside transporters CNT
SLC29 Equilibrative nucleoside transporters ENT
SLC30 Zinc efflux transporters ZNT
SLC31 Copper efflux transporters CTR
SLC32 Vesicular neurotransmitter transporters VIAAT, VGAT
SLC33 Acetyl-CoA transporters AT
SLC34 Sodium/phosphate cotransporters NaPi
SLC35 Nucleotide sugar transporters UGT
SLC36 Lysosomal amino acid transporters LYAAT
SLC37 Glucose-6-phosphate transporter G6PT
SLC38 Sodium coupled neutral amino acid transporters SNAT
SLC39 Metal ion transporters ZIP
SLC40 Iron efflux transporter MTP
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CMT systems. For example, the %-carboxylation of do-
pamine results in the formation of L-DOPA, and DOPA,
a large neutral amino acid, is a substrate for the BBB
LAT1. Once across the BBB, the L-DOPA is decarboxy-
lated back to dopamine via aromatic amino acid decar-
boxylase. L-DOPA is the primary example of a pro-drug
that traverses biological membranes, not via lipid medi-
ation, but via carrier mediation.

AET
P-glycoprotein is the prototypic AET system at the

BBB, and accounts for the active efflux of molecules in
the brain to blood direction. P-glycoprotein, which is a
product of the ABC-B1 gene (FIG. 6), is just one of
many members of the ATP binding cassette (ABC) gene
family of transporters. There are several multidrug resis-
tance protein (MRP) transporters, which also belong to
the ABC gene family. The excessive focus on p-glyco-
protein, also called the multidrug resistance (MDR) gene
product, overlooks the fact that P-glycoprotein is just one
member of a large gene family, and many members of
the ABC gene family may participate in BBB AET. A
second consideration is that active efflux in the brain to
blood direction requires the concerted actions of two
different types of transporters: an energy requiring trans-
porter at one membrane of the endothelium, and an en-
ergy-independent transporter, or exchanger, at the oppo-
site membrane of the capillary endothelium. Examples of
energy-independent exchangers are members of the sol-
ute carrier (SLC) transporter gene family and include the
organic anion transporter (OAT) gene family or the or-
ganic anion transporter polypeptide (OATP) gene family
(FIG. 6). OATP and OAT are members of the SLC21
and SLC22 gene families, respectively (Table 2).

Certain drugs are excluded from penetration into brain

because these drugs are substrates for BBB AET sys-
tems. One strategy for increasing brain penetration of
such drugs is the development of “co-drugs” that inhibit
BBB AET systems and thereby allow increased brain
penetration of the therapeutic drug. The development of
pro-drugs to increase brain penetration of therapeutics
might focus on MRP, OATP, or OAT transporters at the
BBB in addition to p-glycoprotein.

RMT
Certain large-molecule peptides or proteins undergo

transport from brain to blood via RMT across the BBB.
There are at least three different types of BBB receptor
systems as depicted in Figure 7. The transferrin receptor
(TfR) is an example of a bidirectional RMT system that
causes both the receptor-mediated transcytosis of holo-
transferrin in the blood to brain direction, and the reverse
transcytosis of apo-transferrin in the brain to blood di-
rection.49,50 The neonatal Fc receptor (FcRn) is an ex-
ample of a reverse RMT system that functions only to
mediate the reverse transcytosis of IgG in the brain to
blood direction, but not in the blood to brain direc-
tion.51,52 The type 1 scavenger receptor (SR-VI) is an
example of a receptor-mediated endocytosis system that
mediates the uptake of modified low-density lipoprotein
(LDL) from the blood compartment into the intraendo-
thelial compartment, and this endocytosis is not followed
by exocytosis into brain interstitial fluid.53

Molecular Trojan horses and BBB RMT
Certain endogenous ligands or peptidomimetic mAbs

that bind exofacial epitopes on BBB RMT systems and
that are endocytosing antibodies can act as molecular
Trojan horses to ferry drugs, proteins, and nonviral gene
medicines across the BBB using the endogenous RMT

FIG. 7. BBB RMT systems are shown for three classes of
systems. An example of a bidirectional RMT system is the en-
dothelial transferrin receptor (TfR), which mediates the transport
of holo-transferrin (Tf) in the blood to brain direction, and the
transport of apo-Tf in the brain to blood direction. A reverse RMT
system such as the neonatal Fc receptor (FcRn) transports IgG
in the brain to blood direction only. An endocytosis system is
illustrated by the type I scavenger receptor (SR-BI), which me-
diates the endocytosis of acetylated low-density lipoprotein into
the endothelial compartment without transcytosis across the
BBB.

FIG. 6. BBB AET systems are comprised of an energy-depen-
dent system at one side of the brain capillary endothelium and
an energy-independent system at the opposite endothelial
membrane. As a hypothetical example, members of the ABC
gene family are shown at the luminal endothelial membrane, and
members of the SLC gene family are shown at the abluminal
endothelial membrane.
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systems. This BBB molecular Trojan horse technology
has been reduced to practice in vivo in the following
systems:

• Vasoactive intestinal peptide (VIP) causes a 60%
increase in cerebral blood flow after intravenous
injection in conscious rats.54

• BDNF causes 100% normalization of the pyramidal
cell density in the CA1 sector of the hippocampus
in adult rats subjected to transient forebrain isch-
emia after delayed intravenous administration.55

• BDNF reduces stroke volume 65-70% in adult rats
with either permanent or reversible middle cerebral
artery occlusion (MCAO) after delayed intravenous
administration.56,57

• FGF-2 causes an 80% reduction in stroke volume in
a permanent MCAO model in adult rats after de-
layed intravenous administration.58

• Epidermal growth factor (EGF) can be used as a
peptide radiopharmaceutical to enable early detec-
tion of brain cancer that overexpresses the EGF
receptor.59

• A$1-40 can be used as a peptide radiopharmaceuti-
cal for the early detection of brain amyloid in Alz-
heimer’s disease.60

• Sequence-specific peptide nucleic acids (PNA) can
be used as antisense radiopharmaceuticals for the in
vivo imaging of gene expression in brain, in either
transgenic mouse models or adult rats with exper-
imental brain cancer.61,62

In all of these studies, the peptide or antisense agent
was ineffective in the brain in vivo after intravenous
administration owing to the lack of transport of the mol-
ecule across the BBB. However, the intended CNS phar-
macologic effect in vivo was achieved after intravenous
administration, owing to conjugation of the peptide or
antisense therapeutic to a BBB molecular Trojan horse.
Molecular Trojan horses can also target liposomes63 and
nanoparticles64 across the BBB. Nonviral plasmid DNA
is encapsulated in pegylated liposomes, which are then
targeted across the BBB and the brain cell membrane
with peptidomimetic monoclonal antibodies that func-
tion as molecular Trojan horses.65 The pegylated immu-
noliposome (PIL) nonviral gene transfer technology has
enabled 100% normalization of striatal tyrosine hydrox-
ylase activity in experimental Parkinson’s,66 and a 100%
increase in survival time of adult mice with experimental
brain cancer.67 After intravenous administration of PILs
carrying an exogenous reporter gene, the exogenous gene
was globally expressed in all regions of the brain of the
adult Rhesus monkey after intravenous injection of a
nonviral formulation.68 Plasmid DNA that produces
short hairpin RNA for the purposes of silencing genes

through a mechanism of RNA interference (RNAi) can
be delivered across the BBB with the PIL gene targeting
technology.69 This resulted in an 88% increase in sur-
vival time in adult mice with experimental human brain
cancer that were treated with DNA-based RNAi thera-
peutics directed against the human EGF receptor.70

CONCLUSIONS

The development of new drugs for brain disorders is a
formidable challenge, and there is no effective treatment
for the majority of brain diseases (FIG. 2). The inability
to treat most brain diseases is incongruous with the tre-
mendous progress made in the molecular neurosciences.
The brain drug discovery sciences have, in fact, been
highly successful, and many new therapeutics have been
discovered, which could potentially be used to treat the
brain, if the BBB problem was solved. However, if the
drugs cannot be delivered across the BBB, then there is
no translation from the lab to the clinic. Step number 1 in
CNS drug development is providing solutions to the
BBB problem (FIG. 8). If no BBB delivery solutions are
in place, which is the standard in the pharmaceutical
industry, then the number of drugs that can be developed
as new neurotherapeutics is less than 2% of small mol-
ecules and is !0% of large molecules. The few small
molecules that do cross the BBB are those drugs that
have high lipid solubility and molecular mass less than
400 Da, and these drugs generally only treat certain CNS
disorders, such as epilepsy, affective disorders, and
chronic pain (FIG. 8). In the absence of an effective BBB
technology, the pharmaceutical industry cannot provide
therapeutics for the majority of patients with brain dis-
orders. It is estimated that the global CNS pharmaceuti-
cal market would have to grow by more than 500% just
to equal the cardiovascular market,71 and there are more

FIG. 8. Step 1 in CNS drug development is the availability of
effective BBB drug or gene targeting technology. In the absence
of a BBB technology, then the CNS drug developer is limited to
lipid-soluble low molecular weight drugs, and only a few CNS
diseases consistently respond to this class of molecule.
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patients with CNS disorders than there are with cardio-
vascular disease. If BBB delivery solutions were in place
for either small or large molecules, then almost any
pharmaceutical could enter clinical drug development
programs and therapies could be developed for most
CNS disorders (FIG. 8).
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1.  INTRODUCTION

At first glance, multiple sclerosis (MS) and autism appear
to have little in common, aside from the fact that both are
neurological diseases. Autism is a condition with prenatal
or early childhood onset, characterized by repetitive
behaviours, impaired social interaction and cognitive
impairment. The male:female ratio for autism is 4:1, while
multiple sclerosis is twice as common in women as in
men; its first symptoms usually begin in early adulthood to
involve impaired lower limb mobility, although in later
stages it affects both mental and physical capabilities. Both
conditions are, however, associated with inflammatory
autoimmune features [1, 2], and both diseases are viewed
as having an environmental and a genetic component [3–6].

A study comparing a population of 658 MS patients
with the general population found an association between
MS and increased rates of asthma, inflammatory bowel
disease (IBD), type 1 diabetes mellitus, pernicious
anaemia and autoimmune thyroid disease [7], all of which

have also been linked to autism [8–11]. These conditions
are all considered to be autoimmune diseases, which can
be triggered through molecular mimicry, where an
antibody responding to a foreign protein that resembles a
native protein becomes sensitized to the native protein as
well [12]. A paper by Shoenfeld and Aron-Maor in 2000
developed the argument that both autism and MS may be
examples of an autoimmune reaction via mimicry
following exposure to an antigenic stimulus, possibly from
an infection or through vaccination [13]. They further
propose specifically that myelin basic protein (MBP) and
other proteins constituting the myelin sheath are attacked
by the immune system in both autism and MS. This has
been recognized by many others in autism [14, 15] and MS
[16–20]. In 1982, Weizman et al. reported a cell-mediated
autoimmune response to human MBP in 76% of the
autistic children studied [16]. Immune sensitization to the
myelin sheath proteins could arise either through mimicry
as a consequence of exposure of the immune system to a
foreign antigen with a similar peptide sequence that is
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Usage of the herbicide glyphosate on core crops in the USA has increased exponentially
over the past two decades, in step with the exponential increase in autoimmune diseases
including autism, multiple sclerosis, inflammatory bowel disease, type 1 diabetes, coeliac
disease, neuromyelitis optica and many others. In this paper we explain how glyphosate,
acting as a non-coding amino acid analogue of glycine, could erroneously be integrated with
or incorporated into protein synthesis in place of glycine, producing a defective product that
resists proteolysis. Whether produced by a microbe or present in a food source, such a peptide
could lead to autoimmune disease through molecular mimicry. We discuss similarities in other
naturally produced disease-causing amino acid analogues, such as the herbicide glufosinate
and the insecticide L-canavanine, and provide multiple examples of glycine-containing short
peptides linked to autoimmune disease, particularly with respect to multiple sclerosis. Most
disturbing is the presence of glyphosate in many popular vaccines including the measles,
mumps and rubella (MMR) vaccine, which we have verified here for the first time.
Contamination may come through bovine protein, bovine calf serum, bovine casein, egg
protein and/or gelatin. Gelatin sourced from the skin and bones of pigs and cattle given
glyphosate-contaminated feed contains the herbicide. Collagen, the principal component of
gelatin, contains very high levels of glycine, as do the digestive enzymes: pepsin, trypsin and
lipase. The live measles virus could produce glyphosate-containing haemagglutinin, which
might induce an autoimmune attack on myelin basic protein, commonly observed in autism.
Regulatory agencies urgently need to reconsider the risks associated with the indiscriminate
use of glyphosate to control weeds.
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protein misfolding, vaccines
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resistant to clearance, or because the proteins
themselves have been altered in some way that renders
them defective, exposed and/or resistant to proteolysis.

Unlike DNA synthesis, protein synthesis is highly
prone to error [21, 22]. It appears that biological systems
have adopted a strategy of allowing coding errors to
survive during active synthesis, but use protein misfolding
as a criterion to mark a defective peptide for degradation
and recycling through ubiquitination. It is estimated that
15% of average-length proteins will have at least one
misincorporated amino acid. Typically, 10–15% of random
substitutions disrupt protein function, mostly because of
misfolding [22]. Such destabilization causes protein–
protein aggregation, and can lead to multiple neurological
diseases and amyloidoses. Drummond et al. propose that
early-forming toxic oligomers of amyloidogenic proteins
are enriched with missense errors [22].

Glyphosate is the active ingredient in the pervasive
herbicide Roundup and in many other formulations of
herbicides used to control weeds on agricultural, residential
and public land worldwide. A recent study based in
Germany involving 399 urine samples from adults not
involved in agricultural work revealed glyphosate residues
above the detection limit in the urine of 32% of the subjects,
and residues of AMPA, a metabolite, in 40% [23]. In a
paper published in 2014, Swanson et al. showed a
remarkable correlation between the rising rate of
glyphosate usage on corn (maize) and soy crops in the
USA and an alarming rise in a number of different chronic
diseases [24]. Additional strong correlations for other
conditions and diseases are provided in two follow-on
papers [25, 26]. While correlation does not necessarily
mean causation, causation becomes much more likely if a
plausible mechanism can be found. Swanson et al. found a
remarkable 0.98 correlation coefficient between the rise in
autism rates in the USA and the use of glyphosate on crops
(P-value ≤ 9.6 × 10–6). The correlation for multiple
sclerosis was not as high, but still highly significant at 0.83
(P-value ≤ 1.1 × 10–5). IBD had a correlation coefficient of
0.94 (P-value ≤ 7.1 × 10–8) (see Table 1 for other diseases).

IBD, especially among children, is an emerging
global epidemic [27] that is linked to autism [28, 29].
Impairment of intestinal barrier function is a core feature
of IBD [30]. Increased intestinal permeability promotes
infiltration of unmetabolized peptides into the lymph
system and general circulation. This provides an
opportunity for an immune antigenic response, which by
molecular mimicry can lead to an attack on crucial
proteins in the brain and spinal column. Disturbances of
collagen texture are a major factor leading to the onset of
diverticular disease and IBD along with the disturbed
wound-healing mechanisms seen in the pathogenesis of
anastomatic leakage following large bowel surgery [31].

In a recent paper [32], we suggested that
glyphosate, a non-coding amino acid analogue of glycine,
could substitute for glycine in error during protein
synthesis. Such misincorporation and disruption of
proteostasis could explain the strong correlations
observed between glyphosate usage and multiple modern
diseases. In this paper, we show that this could be one
of the most important mechanisms by which glyphosate
could induce multiple autoimmune diseases.

A prime site for initiation of the disease process is
the colon, where misfolded collagen, resistant to
degradation, could lead to an autoimmune disease and,
subsequently, a leaky gut. Autoantibodies against type
VII collagen have been detected in up to 68% of IBD
patients [33]. Glycine is the most common amino acid in
collagen, making up one fourth of the residues in the
protein. Proline is also a very common component of
collagen and, as we discuss later in this paper, proline
resists hydrolysis. Incomplete collagen degradation by
matrix metalloproteinases in the gut could lead to the
accumulation of short pro–gly–pro peptides that are
resistant to proteolysis. These could then induce the
infiltration of neutrophils or the activation of resident
immune cells to induce an inflammatory response [34].

An unpublished study conducted by Monsanto and
submitted to the US Environmental Protection Agency
(EPA) traced the accumulation of radiolabeled glyphosate
in various tissues of rats following low-dose oral
administration (10 mg/kg body weight) [35]. By far the
highest accumulation was found in the bones (Table 11 in
[36]). Radioactive levels in the colon were 4–6 times as
high as those in the stomach and small intestine.

The production of novel non-coding amino acids by
plants and microbes wards off predators. The toxicity of
these products may be due to the fact that they replace
coding analogues during protein synthesis. Examples
include: azetidine-2-carboxylic acid (Aze), a proline
analogue [37, 38]; glufosinate, a glutamate analogue that
is also a popular herbicide [39]; β-N-methylamino-L-alanine

Disease Correlation 
coefficient (R) P-value

Autism (prevalence)  0.98 9.6 × 10–6

MS  (deaths)  0.83 1.1 × 10–5

IBD  0.94 7.1 × 10–8

Anaemia 0.90 1.8 × 10–4

Diabetes (prevalence)  0.97 9.2 × 10–9

Thyroid cancer (incidence)  0.99 7.6 × 10–9

Table 1. Correlations between time trends in several diseases
and conditions recorded by the US Centers for Disease Control
(CDC) with glyphosate usage on corn (maize) and soy crops
reported by the USDA. Data reproduced from [23] and [25].

Glyphosate is the active ingredient in the pervasive herbicide Roundup and in many other formulations of herbicides used to control weeds on agricultural, residential and public land worldwide.

While correlation does not necessarily mean causation, causation becomes much more likely if a plausible mechanism can be found. Swanson et al. found a remarkable 0.98 correlation coefficient between the rise in autism rates in the USA and the use of glyphosate on crops

In this paper, we show that this could be one of the most important mechanisms by which glyphosate could induce multiple autoimmune diseases.
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(BMAA), an analogue of serine [40]; and L-canavanine,
a natural analogue of L-arginine that is exploited as an
insecticide [41, 42].

A remarkable true-life story involving a 119-day
Alaskan wilderness experiment conducted by Christopher
McCandless was recounted in the book Into the Wild by
Jon Krakauer (later made into a popular movie) [43].
McCandless was thought to have died in the wilderness
from starvation; however, Krakauer always suspected a
toxin in the seeds of the wild potato, Hedysarum alpinum,
which formed a staple of his diet in his last month of life.
Krakauer had originally suspected a poisonous alkaloid
but, through later research, was able to identify a
significant level of L-canavanine in the wild potato seeds
and published a paper on this analysis with several other
authors in 2016 [42].

A key factor in L-canavanine’s toxicity is its ability to
insinuate itself into peptides in place of L-arginine. L-
canavanine can be assimilated into essentially any protein
to create aberrant canavanyl proteins that can disrupt many
fundamentally important biochemical reactions across a
broad spectrum of organisms [41, 44]. L-canavanine is
exploited in agriculture as a potent insecticide against the
tobacco hornworm [45], although the tobacco budworm
has developed tolerance with a unique enzyme,
canavanine hydrolase, which can quickly metabolize it
[46]. Larvae exposed to L-canavanine incorporate it into
the protein lysozyme, resulting in a 48% loss in catalytic
activity [41]. Furthermore, diptericins B and C of
Protoformia terranovae, but not diptericin A, are
negatively impacted by L-canavanine. The distinction is
that diptericin A has histidine at position 38 instead of the
L-arginine found in the other two diptericins. Presciently,
with respect to glyphosate, Rosenthal wrote: “These
insect studies support the view that the biological effects
of canavanine result from its incorporation into a protein,
resulting in an alteration in protein conformation that
leads ultimately to impairment of protein function” [41].

2.  SHIKIMATE PATHWAY INHIBITION REVISITED

The shikimate pathway enzyme, 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) is believed to be the main
target of glyphosate’s toxicity to plants [47]. A 1991
paper by Padgette et al. describes studies to gain insight
into the mechanism by which glyphosate disrupts EPSPS
[47]. Surprisingly, it is not understood exactly how
glyphosate binds to the active site.

The microbes Klebsiella pneumoniae, Escherichia
coli [47, 48] and Agrobacterium sp. strain CP4 [48, 49]
have all evolved to produce versions of EPSPS that are
glyphosate-resistant. The CP4 variant has been widely
exploited by importing it into genetically modified

glyphosate-resistant crops [48]. Insight can be gained by
investigating the alterations to the peptide sequence that
afforded resistance. All three mutations involved replacing
a glycine residue at the active site with alanine [47, 48].
In the case of E. coli, the mutated enzyme is about 72
times less efficient than the wild-type enzyme, but 69
times more efficient in the presence of glyphosate.
Changing the DNA code from glycine to alanine
completely disables glyphosate’s inhibiting effects on the
enzyme [48].

Substitution of gly-96 at the active site in E. coli by
serine leads to a version of the enzyme that is unable to
bind PEP, most likely due to steric hindrance. The authors
speculated that the hydroxymethyl group of serine
displaces the phosphate of PEP and functions as a
nucleophile. In fact, this mutated enzyme achieves a kind
of reverse reaction, breaking EPSP down into shikimate-
3-phosphate and pyruvate via hydrolysis.

We propose that substitution of gly-96 (gly-100 in the
CP4 variant) by glyphosate during protein synthesis could
explain its disruption of the enzyme’s function. One can
expect that the highly reactive and bulky glyphosate
molecule, if substituted for gly-96, would behave more
like serine than alanine. An additional disruptive factor is
glyphosate’s chelation of manganese, which would
disrupt the catalytic action of EPSPS. A cell containing
both wild-type and glyphosate-substituted forms of the
enzyme would arguably circuitously convert PEP to
pyruvate via EPSP without producing ATP from ADP;
i.e., would waste the energy in the phosphate bond, as
shown in Fig. 1, and end up with excess pyruvate and a
deficiency in EPSP.

Figure 1. Diagram of the hypothetical pathway by which
glyphosate substitution for glycine in EPSPS could result in
the synthesis of pyruvate from PEP without generating ATP;
i.e., wasting the energy in the phosphate group, as discussed
in the text.



Glyphosate and autoimmune diseases   A. Samsel and S. Seneff   11______________________________________________________________________________________________________

JBPC  Vol. 17 (2017)

3.  GLYPHOSATE AS A GLYCINE ANALOGUE

While glyphosate’s main mechanism of toxicity to plants
is considered to be disruption of the shikimate pathway, it
is also likely that it disrupts other biological pathways
where glycine is either a substrate or a ligand, due to the
fact that it is a glycine analogue. It has been proposed
that, through glycine mimicry, glyphosate’s rôle as a ligand
to NMDA receptors in the brain could explain its known
ability to activate NMDA receptors and cause neuronal
damage [49, 50]. In [51], acute exposure of rat
hippocampal slices to Roundup (0.00005–0.1%) for 30
minutes caused oxidative stress and neuronal cell death,
which was attributed to NMDA receptor activation.
Glyphosate also interferes with the synthesis of porphyrin,
a precursor to haem, by disrupting the first step in the
pathway where glycine is substrate [52].

N-substituted glycine “peptoids” are an attractive
class of synthetic molecules that can be constructed by
linking component N-substituted glycines at sequential
nitrogen–carbon bonds; they are directly analogous to the
linking of amino acids into peptides [53]. Glyphosate is of
course an N-substituted glycine, where the nitrogen side
chain is a methyl phosphonyl group. Part of the attraction
of peptoids is that they are highly resistant to proteolysis,
just as is the amino acid proline, in which the carbon side
chain circles back and binds to the peptide nitrogen.
Impaired ability to break down proline-rich gliadin has been
proposed as a contributing factor in coeliac disease and
gluten intolerance [54]. This can explain why common
cereals with high proline contents are especially problematic
to gluten-sensitive individuals [55, 56].

Glyphosate is probably particularly problematic
when it substitutes for N-terminal glycines in proteins
where these glycines are highly conserved and play a
significant rôle. Several proteins rely on an N-terminal
glycine for anchoring to the plasma membrane (e.g.,
endothelial nitric oxide synthase (eNOS) [57]) or to the
cytoskeleton (e.g., Kelch-like ECH-associated protein 1
(KEAP1) [58]). Protein N-myristoylation and prenylation
depend on an amide bond to the N-terminal glycine residue
[59]. For example, myristoylated G proteins involved in
many signaling mechanisms depend on an N-terminal
glycine residue [59]. This would be disrupted if the
nitrogen atom has a side chain through glyphosate
substitution for the terminal glycine.

N-nitrosoamino acids form a reasonable model for
N-nitrosoglyphosate, a carcinogenic derivative of
glyphosate that was of concern to the EPA during
Monsanto’s early studies. N-nitrosoproline is particularly
relevant because proline, like glyphosate, has an extra
carbon atom bound to the nitrogen atom. With respect to
non-coding amino acids, and especially the incorporation

of N-nitrosoamino acids into peptides and proteins,
R.C. Massey remarked: “In addition to their presence as
free N-nitrosoamino acids, species such as N-
nitrosoproline (NPRO) and N-nitroso-4-hydroxyproline
(HONPRO) may exist in a peptide- or protein-bound
form as a result of N-nitrosation of an N-terminal imino
acid residue” [62]. Tricker et al. [63] and Kubacki et al.
[64] devised high performance liquid chromatography–
thermal energy analyser (HPLC–TEA) techniques for
analysis of multiple dipeptides with a nitrosylated N-
terminal, including N-nitrosoprolylalanine (NPROALA),N-
nitrosoprolyl-4-hydroxyproline (NPROHOPRO) and N-
nitrosoprolylglycine (NPROGLY) [63, 64]. Tricker notes
that the average recoveries for NPROALA, NPROHOPRO
and NPROGLY, 200 μg of which was added to cured
meat, were between 69 and 88%. Tricker also used the
method to analyse the nitroso-tripeptide N-nitrosoprolylgly-
cylglycine [65].

Nitrosamines of glyphosate (N-phosphonomethylgly-
cine), its salts and esters include: N-nitrosoglyphosate
(NNG) (Monsanto CP 76976), N-nitrosoiminodiacetic acid
(NNIDA), N-nitrosoglyphosate sodium salt (NNGNa), N-
nitrosoglyphosate isopropylamine ester (NNGIPA), N-
nitrosoglyphosate potassium salt (NNGK), the metabolite
N-nitrosoAMPA (NNAMPA), the metabolites N-nitrosodi-
methyl amine (NDMA) and N-nitrosarcosine (NSAR),
which occur in glyphosate products or may be generated
in vivo or in soils and waterways. N-nitroso compounds
derived from secondary amines are considered carcinogenic.

Monsanto glyphosate documents reveal analysis
and quantification of five nitrosamines of concern [61].
Out of six lots of Roundup analysed for NNG, four lots
contained NNG residues of 0.61 to 0.78 ppm and two lots
had residues from 0.22 to 0.40 ppm NNG. Analysis of six
lots of Monsanto Rodeo revealed NNG residues in the
range 0.13–0.49 ppm.

Recently, a powerful metatranscriptome study on
bacterial gene expression following glyphosate treatment
was conducted on microbes growing within the
rhizosphere of glyphosate-tolerant corn [66]. RNA
transcript abundance was compared between control
and glyphosate-treated samples in order to characterize
which protein genes were upregulated or downregulated.
While they found many changes in gene expression, most
striking to us was the upregulation of genes involved in
both protein synthesis and protein hydrolysis. The
ribosomal proteins L16p (L10e) and Firmicutes ribosomal
L7Ae family proteins involved in the synthesis of the
ribosomal large subunit increased 1.4- and two-fold,
respectively, and the small subunit ribosomal protein S11p
(S14e) increased 1.5-fold. Upregulation of genes involved
in protein degradation was even more dramatic. For
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example, transcripts for a proteasome β 2 subunit (EC
3.4.25.1) increased 4.3-fold and aminopeptidase YpdF
increased threefold. An explanation could be an increase
in the number of proteins that fail to fold properly due to
glyphosate substitution for glycine in the protein. These
authors also suggested a potential shift towards an
increase in glyphosate-tolerant bacteria, a point that will
become important later in this paper.

These results are corroborated by a study on pea
plants grown in hydroponic culture, which revealed that
glyphosate induced a significant increase in two major
systems for proteolytic degradation: the ubiquitin-26 S
proteasome system and papain-like cysteine proteases
[67]. It also increased the total free amino acid content
and decreased the soluble protein in the root system.

4. GLYPHOSATE-CONTAMINATED COLLAGEN AND
PROTEOLYSIS RESISTANCE

We mentioned in the Introduction the gly–pro–gly peptide
sequence that is common in collagen and linked to
autoimmune disease. There are several enzymes in
multiple organisms that are devoted to the proteolysis of
peptide sequences containing proline, particularly the
gly–pro sequence. These include enzymes that detach a
terminal proline, enzymes that detach a dipeptide sequence
where the second residue is a proline molecule and the
first one is often glycine, and enzymes that break apart
the X–pro dipeptide to release two free amino acids, one
of which is proline. Certain pathogens have special
modified versions of these enzymes, and there are genetic
diseases related to pathologies in these enzymes.
Substitution of glyphosate for glycine in this sequence is
likely to cause extra stress to the enzymes that break down
these sequences, potentially leading to autoimmune disease.

Prolyl aminopeptidase is an enzyme that detaches a
terminal proline residue from a peptide. The enzyme is
expressed predominantly by pathogenic bacteria in the
gut, in particular Serratia marcescens, a common
pathogen in the gut as well as in the urinary tract; it is
often multiply antibiotic-resistant and is a serious threat in
hospital-acquired infection [34]. This enzyme is
especially important to the pathogens for degrading
collagen, providing amino acids as fuel. It is conceivable
that the pathogens are able to degrade glyphosate-
contaminated peptides terminating in proline whereas the
human form of the enzyme is not. It is intriguing that the
S. marcescens version of prolyl aminopeptidase is unusual
in having extra space at the active site [34], which could
potentially accommodate the larger glyphosate molecule
adjacent to the terminal proline residue. This might also
contribute to glyphosate’s observed effect on the gut
microbiome: excessive growth of pathogens.

Multiple strains of the toxic mould Aspergillus
secrete an X–prolyl dipeptidyl aminopeptidase (X-PDAP)
that is important for digesting collagen because it can
separate out an X–pro pair to bypass the difficult step of
breaking the X–pro bond. Research has shown that this
enzyme is essential for hydrolysing proline-containing
peptides [69, 70]. It is likely that it becomes even more
essential when X is glyphosate, as the peptoid sequence
glyphosate–proline is likely almost impossible to break.
Since gly–pro is a very common sequence in collagen,
glyphosate–pro is likely to impede the breakdown of collagen
fragments, which may then encourage Aspergillus
infection in both plants and animals. Glyphosate has been
shown to increase the growth rate of Aspergillus [71].

The most disturbing question is, what happens in the
absence of pathogens that can effectively clear collagen
peptides contaminated with glyphosate? As we will see
later in this paper, antibodies to collagen are linked to
antibodies to vaccines. A genetic defect in the enzyme
prolidase, which can break apart the very common gly–pro
dipeptide to release the individual amino acids, leads to a
severe disease with mental deficiencies and multiple skin
lesions [72]. Intriguingly, a common plant pathogen,
Xanthomonas campestris, which causes blight on
multiple plant species has a unique variant of prolidase
with two mutations, a substitution of tyrosine for gly-385
and valine for tyr-387, two highly conserved residues in
the peptide sequence [73]. Is it possible that swapping out
glycine affords protection from glyphosate substitution
for this residue? We hypothesize that peptides derived
from multiple proline and glyphosate-contaminated
proteins, which are highly resistant to proteolysis, are
causing an autoimmmune epidemic that is an important
contributor to autism and other autoimmune disorders.

5.  BMAA AND ALS IN GUAM

β-N-methylamino-L-alanine (BMAA) is another noncoding
amino acid and an analogue of serine [40]. BMAA is
synthesized by cyanobacteria, the microbes responsible
for the toxic algal blooms that occur in lakes experiencing
an accumulation of nitrogen and phosphate nutrients
following hot, rainy weather [74]. An in vitro study by
Dunlop et al. in 2013 demonstrated that BMAA can be
misincorporated into human proteins, causing protein
misfolding that could lead to neurological diseases [40].

BMAA has, in fact, been linked to several
neurodegenerative diseases, including Parkinson’s,
Alzheimer’s and amyotrophic lateral sclerosis (ALS)
[75]. A 2013 study linked an ALS cluster in Chesapeake
Bay to consumption of BMAA-contaminated crabs [76].
A study in France investigated an ALS cluster near a
lagoon that supplied oysters and mussels to the local
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population. The authors demonstrated that the shellfish
were contaminated with BMAA, but also remarked that
there was intensive chemical-based agriculture in the
region [77]. Interestingly, cyanobacteria have been found
to be remarkably resistant to glyphosate [78, 79], and this
could contribute to the recent record-setting algal blooms
in the Great Lakes region, where glyphosate is
extensively used on genetically modified (GM) Roundup-
Ready crops [80].

One likely molecule that could be adversely affected
by BMAA is the glutamate transporter, whose defective
expression has been linked to ALS [81]. Glutamate
excitotoxicity in motor neurons is associated with ALS,
and this could be caused by an impaired glutamate
transport system. Ordinarily, astrocytes quickly clear
glutamate from the synapse, following its release by
neurons, and the transporter is essential for this
clearance. A conserved serine-rich motif in the glutamate
transporter forms a reëntrant loop, similar to a structure
found in many ion channels [82]. This loop is crucial for
the enzyme’s proper function, and would be disrupted by
substitution of BMAA for serine.

An interesting detective story has evolved around an
epidemic of a complex neurological condition termed
amyotrophic lateral sclerosis–Parkinsonism dementia
complex (ALS–PDC), which reached epidemic
proportions during a short interval after World War II
among the native Chamorro people on the small island of
Guam in the South Pacific. At the peak of the epidemic,
the natives had a hundredfold increased risk to ALS and
Parkinson’s disease compared to the risk in the general
human population.

A plausible explanation for this epidemic relates to a
popular native food source: seeds from the cycad trees
[83–85]. Cycad seeds contain BMAA, likely derived
from associated cyanobacteria. However, what is
especially interesting is that the BMAA becomes
concentrated in the skin of fruit bats that feed on the
cycad seeds. Fruit bats were a popular delicacy among
the natives, who ate every part of them, including the
skin. Increased access to firearms from the USA during
the war may have made it easier to kill the bats, on which
the natives then feasted, ultimately leading to the natives’
near-extinction through the accumulation of BMAA in
their brains [86]. Meanwhile the near-extermination of
the bats through the hunting removed the presumed
source of  the epidemic [83].

However, the warfare also led to the accumulation
of many toxic chemicals in the soil, which could have
encouraged the proliferation of cyanobacteria, which are
especially resilient in the face of stressors. The bats’
demise was undoubtedly hastened by the accumulation of

excess BMAA in their tissues. A measurement of the
amount of BMAA in three dried specimens of fruit bats
from Guam taken from a museum in Berkeley found
concentrations between 1200 and 7500 μg/g, which
indicates up to hundredfold bioamplification over the level
in the seeds of the cycad tree [87].

There have been inconsistent results in measuring
the levels of BMAA in different tissue samples, but this
has been explained recently by the realization that any
BMAA incorporated into proteins may be missed in
analysis without sufficient proteolysis. Ince et al. wrote:
“When the insoluble, protein-containing fraction following
TCA (trichloroacetic acid) extraction is further
hydrolysed to release BMAA from protein, there is a
further pool of protein-bound BMAA that is present in a
ratio of between 60:1 and 120:1 compared with the pool
of free BMAA” [84, p. 348]. We believe that this point
has great significance when it comes to glyphosate: we
highly suspect that different methodologies used to
measure glyphosate contamination in any situation where
there is a significant protein-bound component may yield
different results depending on the degree to which protein
hydrolysis is carried out.

6. GLYPHOSATE CONTAMINATION IN COLLAGEN,
ENZYMES, GELATIN AND VACCINES

Gelatin is commonly used as an excipient stabilizer in
vaccines, particularly the live virus vaccines. Gelatin is
derived from animal skin and bone, especially of pigs and
cattle; they may be fed glyphosate-contaminated forages,
including GM Roundup-Ready corn and soy feed, which
are sometimes supplemented with GM Roundup-Ready
beet pulp. Gelatin is mainly derived by partial  hydrolysis
from the collagen in skin and bone. 26% of the amino
acids in collagen are glycine; proline and hydroxyproline
together make up 18% [88]; and glutamate constitutes
6%. All three of these components are problematic. The
proline could be substituted by Aze from the sugar beet,
the glycine could be substituted by residual glyphosate in
the feed, and glutamate is a neurotransmitter but known
to be neurotoxic at high concentrations; it works together
with glycine to excite NMDA receptors in the brain. The
vaccine virus may incorporate some of the noncoding
amino acids into its own proteins to produce versions of
them that resist proteolysis and induce autoimmunity
through molecular mimicry.

One of us (Samsel) analysed a number of animal
protein products for glyphosate. These included the
bones of pigs, cows, horses’ hooves, bees and bee
products, collagen and gelatin products, vitamins, protein
powders, enzymes and vaccines. Results are shown in
Tables 2 and 3. Both high performance liquid

GLYPHOSATE CONTAMINATION IN COLLAGEN, ENZYMES, GELATIN AND V ACCINES

One of us (Samsel) analysed a number of animal protein products for glyphosate. These included the bones of pigs, cows, horses’ hooves, bees and bee products, collagen and gelatin products, vitamins, protein powders, enzymes and vaccines.
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chromatography with tandem mass spectrometry
(HPLC–MSMS) and enzyme-linked immunosorbent
assay (ELISA) methods were utilized. It has been shown
that both HPLC and ELISA are comparable in terms of
accuracy and precision for detection and quantification of
glyphosate in water-based analysis and including
Nanopure, tap and river waters. Water-based solvents for

glyphosate demonstrate a detection limit of 0.6 ng/mL
and a linear functional range of 1–25 ng/mL [200].
However, HPLC was not able to achieve detection
below 5 ppb;1 hence, in cases including water-based
vaccines, analysis using numerous sample runs was
made including using two independent labs to test the
same samples.

1 Parts per (US) billion. To put this into perspective, 1 ppb = 1 μg/kg, and 1 μg of glyphosate (N-phosphonomethylglycine)
contains 3.561 × 1012 molecules of the substance, each one of which could integrate with a protein.

Protein substrate Type Test date Glyphosate 
residue (ppb)1 

GELATIN JELL-O ORANGE #07 JAN 2018 DB02 
02:36  29 July 2016 9.00 

GELATIN POWER-MAX PROTEIN POWDER 
ADVANCED NUTRITION 29 July 2016 14.94 

GELATIN  DISNEY GUMMIES VITAMINS  9 August 2016 8.27 
GELATIN  FLINTSTONES GUMMIES VITAMINS  9 August 2016 5.32 

ORAGEL CHILDREN’S ORAGEL 7.5% 
BENZOCAINE FORMULA 26 September 2016 2.81 

Table 2. Residues of glyphosate found in animal-based products that were reported to the US Food and Drug
Administration (FDA) by Samsel Environmental & Public Health Services. The limit of detection for glyphosate
using hot water extraction is 0.075 parts per billion (ppb).1

HPLC–MSMS was also later used, where the
method detection limit (MDL) permitted, for additional
confirmation and quantification of glyphosate in digestive
enzymes and collagens. Spiked sample recoveries were
done for all samples tested. Freshly prepared glyphosate
standard solutions were run as controls and results were
calculated based on a standard curve.

In 1989, Monsanto researchers conducted an experi-
ment on exposure of bluegill sunfish to 14C-radiolabeled
glyphosate [89]. One of us (Samsel) obtained the
(unpublished) report from the EPA through the Freedom
of Information Act. The researchers had found that, with
EDTA extraction, the amount of radiolabel in tissue
samples was much higher than the amount of detected
glyphosate. They decided to apply a digestive enzyme,
proteinase K, and discovered that this “caused a
substantial improvement in extractability”. It brought the
yield from 17–20% in the case of EDTA to 57–70%
following digestion with proteinase K. They summed up
as follows: “Proteinase K hydrolyses proteins to amino
acids and small oligopeptides, suggesting that a significant
portion of the 14C activity residing in the bluegill sunfish
tissue was tightly associated with or incorporated into
protein” (present authors’ emphasis). In this context it is
important to recall that a 60- to 120-fold higher detection
level of BMAA was obtained following protein
hydrolysis of contaminated proteins [84].

Since Monsanto found bioaccumulation of
glyphosate in all animal tissues, with the highest levels in
the bones and marrow [35, 36], one would expect that all
tissues derived from animals fed a diet containing
glyphosate residues and used for food by people around
the globe would be contaminated. Knowing that the
bioaccumulation of glyphosate would be evident in the
vast majority of animals raised for market and fed a
contaminated diet, as well as their products; and
suspecting the possibility of contamination of even the
digestive enzymes derived from these animals, one of us
(Samsel) decided to analyse random samples.

Results from various gelatin-based products, along
with the results for several different vaccines (discussed
later) were reported to the FDA by Samsel
Environmental & Public Health Services in August 2016.
Table 2 shows results for glyphosate residues found in
these gelatin-based products. The highest level found in a
gelatin sample was almost 15 ppb.1

Having found glyphosate in animal gelatins,
analysing the collagen at the source was a logical next
step. Tissues from pork and cattle obtained from a local
supermarket, commercially available collagen sourced
from industrially-raised swine and oxen, as well as the
purified digestive enzymes pepsin, lipase and trypsin,
derived from pigs, were selected for evaluation. Three
methods of laboratory analysis were used to determine if

Since Monsanto found bioaccumulation of glyphosate in all animal tissues, with the highest levels in the bones and marrow [35, 36], one would expect that all tissues derived from animals fed a diet containing glyphosate residues and used for food by people around the globe would be contaminated.
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glyphosate was present in porcine pepsin and in the
glycine-rich collagen from the tissues of pigs and cattle,
protein sources that are regularly consumed by
Americans. The results are given in Table 3.

Glyphosate integration with enzymes is a serious
consideration, as glyphosate may serve as an enzyme
inhibitor like other phosphonates [90–92]. Inhibition and
immobilization of enzymes may occur via three basic
categories: covalent linkage; adsorption on a carrier; or
entrapment within macromolecules [93].

Inhibition of enzymes may be reversible or
irreversible. Types of reversible enzyme inhibition include
competitive, noncompetitive and uncompetitive.
Irreversible inhibitors covalently bond to the functional
groups of the active site, thus permanently inactivating
catalytic activity. Irreversible inhibition includes two
types: group-specific inhibition and “suicide” inhibition.

The importance of fully functional digestive enzymes
cannot be understated. They are essential for metabolic
function, as they convert food into nutrients and other
molecules that are then available to cells for tissue and
organ growth, maintenance and repair. The precursor
trypsinogen, produced in the pancreas, is enzymatically
transformed into the serine protease trypsin. Trypsin
catalyses the hydrolysis of proteins into peptides and
provides substrates for further enzymatic hydrolysis for
protein absorption.

Pepsin, a primary protease of digestion, is also
responsible for the metabolism of dietary protein.

Pepsin’s cleavage of peptide bonds is responsible for the
availability of the aromatic amino acids phenylalanine,
tyrosine and tryptophan. It is also responsible for the
cleavage and release of several other amino acids,
including valine, glycine, histamine, glutamine, alanine
and leucine.

Lipase participates in cell signaling, inflammation
and metabolism. Pancreatic lipase is the catalyst for the
hydrolysis of dietary lipids, which include fats, oils,
cholesterol esters and triglycerides [94]. Triglyceride
triester is metabolized for utilization as glucose and
three fatty acids. Glyphosate integration into and inhibition
of lipase could induce excessive bioaccumulation of
fatty material in the blood vessels, gut, liver, spleen and
other organs, as well as mimic lysosomal acid lipase
deficiency. It would also allow for an increase in
triglycerides in the blood, leading to numerous disease
cascades, including malabsorption, fatty liver disease,
jaundice, failure to thrive in infants, calcification of the
adrenal gland, anaemia, hypercholesterolaemia, biliary
dysfunction, decreased HDL, increased LDL, blood
clots, fat-enlarged hepatocytes and liver fibrosis and
failure. Samsel found that radiolabeled glyphosate was
not detectable by HPLC–MSMS in samples of lipase
deliberately spiked for analysis, suggesting that
glyphosate may irreversibly inhibit lipase. On the other
hand, pepsin and trypsin had good spike recoveries,
demonstrating reversibility as glyphosate was released
from the protein.

Protein substrate (Method) Type Glyphosate residue (ppb) 
Bone (ELISA) Bovine leg 11.56 
Bone marrow (ELISA) Bovine leg marrow 4.22 
Bone (ELISA) Porcine foot 9.81 
Skin (ELISA) Porcine 0.325 

Gelatin (ELISA) Bovine, Sigma Aldrich, gel strength 
225 Type B 

2.04 

Collagen (ELISA) Bovine I & III 120.18
Collagen (GC-MS) Bovine I & III 130 µg/kg 
Collagen (HPLC-MSMS) Bovine I & III 95 µg/kg 

Pepsin (ELISA) Purified porcine enzyme < 40.00 
Pepsin (GC-MS) Purified porcine enzyme 430 µg/kg 
Pepsin (HPLC-MSMS) Purified porcine enzyme 290 µg/kg 
Trypsin (ELISA) Purified porcine enzyme 61.99 
Lipase (ELISA)  Purified porcine enzyme 24.43 

Bee bread (HPLC-MSMS) Bee bread 2300 µg/kg 
Bees (HPLC-MSMS) Apis mellifera < 10 µg/kg trace 
Honey & comb (HPLC-MSMS) Honey < 10 µg/kg trace 
 a The trace amount found in the bee substrates appeared as a small peak, which directly corresponded to glyphosate, complete
with retention time and molecular features confirming contamination using HPLC–MSMS.

Table 3. Integration of glyphosate residues in various proteins, assessed using three testing methods.a
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Table 3 shows results for various bovine and porcine
products, including enzymes, bone, bone marrow, skin,
collagen and gelatin. Acid hydrolysis was used on the
bovine and porcine skin, bones and marrow, which were
shaken and digested with 0.15 M hydrochloric acid for
24 h. The analysis methods were ELISA, gas chroma-
tography–mass spectrometry (GC–MS) and HPLC–
MSMS. All of the tested products were contaminated,
with the highest level detected being 430 µg/kg in porcine
pepsin (via GC–MS).

Additional evidence of glyphosate accumulation was
found by Samsel in 2015 in the bodies of dead bees, bee
bread and honey from bee hives suspected of colony
collapse disorder (CCD), and these are also shown in
the table. Colony collapse disorder (CCD) is an ever-
increasing problem threatening pollination of crops
globally. It may share a similar aetiology to that of
Alzheimer’s disease with regard to learning and memory
within the bee’s brain. Integration of glyphosate with the
structural proteins and enzymes of the bee may affect
protein folding and function. Additionally, glyphosate may
also affect the digestive enzymes and bacterial
homeostasis within the digestive system, which in turn
may affect the quality of the honey produced. Glyphosate
in bees may become part of their chitin, which has a
structural function, in their bodies, analogous to
glyphosate becoming part of the collagens of humans and
other animals.

The results in Table 3 show ubiquitous contamination
of the bee and bee products. Honey is derived from
nectar and is the source of carbohydrates in the bee diet,
whereas pollen turned into bee bread supplies the fats
and proteins. Royal jelly, made from the secretions of the
glands found in the hypopharynx of the worker bees, is fed
to the queen and developing larvae [96].

Results for nineteen different vaccines, from five
manufacturers, are shown in Table 4. Some vaccines do
not contain live viruses and do not involve gelatin in their
preparation, but many involve the use of eggs, bovine calf
serum, fetal bovine serum or bovine proteins [95].
Engerix Hepatitis B vaccine is manufactured through a
novel procedure, which involves culturing genetically
engineered Saccharomyces cerevisiae yeast cells that
carry the surface antigen gene of the hepatitis B virus.
The procedures result in a product that can contain up to
5% yeast proteins, which could be a source of glyphosate
if the yeast is grown on broths or media that utilize
glyphosate-contaminated nutrient sources such as animal
or plant proteins.

Vaccines that tested negative for glyphosate included
Merck’s Hep-B vaccine, most of the pneumococcal
vaccines and the sterile diluent included as a control.
Gelatin is not listed as an ingredient in any of these
vaccines, nor is bovine serum. In contrast, all of the
vaccines that listed gelatin as an excipient tested positive
for glyphosate, and nearly all of them also included bovine
serum (including Varicella, MMR-II, MMRV and Zoster).

It is significant that MMR-II consistently contained
the highest levels of glyphosate, significantly more than
any of the other vaccines. This vaccine uses up to 12%
hydrolysed gelatin as an excipient–stabilizer; as well as
foetal bovine serum albumin, human serum albumin and
residual chick embryo; all of which are contaminated by
glyphosate during animal production.

7.  EVIDENCE FOR A ROLE FOR COLLAGEN IN VACCINE
ADVERSE REACTIONS

Post-vaccination allergic reactions to MMR and varicella
vaccines have been linked to the gelatin excipient, and
confirmed through observation of induced gelatin-
specific IgE antibodies [97–100]. 24 out of 26 children
with allergic reactions to vaccines (e.g., anaphylactic
shock) had anti-gelatin IgE ranging from 1.2 to 250 μg/mL.
Seven were allergic to gelatin-containing foods. A pool of
26 control children all tested negative for anti-gelatin IgE
[99]. A study from 2009 that looked at gelatin sensitivity in
children who were sensitive to cows’ milk, beef and/or
pork as determined by IgE antibody levels [101] found
that 16% of beef-sensitized children and 38% of pork-
sensitized children had IgE antibodies to beef- or pork-
derived gelatins that were cross-reactive with each other.

In a published case study, a 2-month-old baby
developed Kawasaki disease one day after receiving its
first dose of Infanrix (DTaP-IPV-Hib) and Prevenar, a
pneumococcal conjugate vaccine [102]. Kawasaki
disease is an acute, multisystemic vasculitis whose
occurrence very early in life is extremely rare. Extensive
tests for the presence of infection with multiple bacteria
and viruses were all negative. We suggest that glyphosate
contamination in one or both of the vaccines may have
contributed to the vasculitis through glyphosate uptake
into common proteins such as collagen in the vasculature
to induce the autoimmune reaction.

Kelso (1993) reported the case of a 17-year-old girl
who experienced anaphylaxis within minutes of receiving
an MMR vaccine [98]. The girl described the event as
“kind of like what happens when I eat Jell-O2”. Further
testing found gelatin to be the component of the vaccine

2 Jell-O is a proprietary brand of gelatin-based desserts, popular in the USA, and manufactured by Kraft Foods, part of the Kraft
Heinz Company, headquartered in Chicago.

Results for nineteen different vaccines, from five manufacturers, are shown in Table 4. Some vaccines do not contain live viruses and do not involve gelatin in their preparation, but many involve the use of eggs, bovine calf serum, fetal bovine serum or bovine proteins

all of the vaccines that listed gelatin as an excipient tested positive for glyphosate, and nearly all of them also included bovine serum (including Varicella, MMR-II, MMRV and Zoster).

It is significant that MMR-II consistently contained the highest levels of glyphosate, significantly more than any of the other vaccines. This vaccine uses up to 12% hydrolysed gelatin as an excipient–stabilizer; as well as foetal bovine serum albumin, human serum albumin and residual chick embryo; all of which are contaminated by glyphosate during animal production.

Post-vaccination allergic reactions to MMR and varicella vaccines have been linked to the gelatin excipient, and confirmed through observation of induced gelatin- specific IgE antibodies
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to which the girl was allergic. The connexion may be to
misfolded proteins, which include the collagens and
associated partially hydrolysed gelatins. Indeed, both
Jell-O and vaccines have been contaminated by
glyphosate, as we reported in the previous section.

Puppies immunized with the rabies vaccine and a
multivalent canine vaccine were compared to unvaccinated

Table 4. Glyphosate levels in vaccines determined by ELISA reported to the US CDC, NIH, FDA and UN WHO of the Americas in
September 2016 by Samsel Environmental & Public Health Services.a

Vaccine undiluted Manufacturer Lot number 
Exp date 

Test date 
Lab #

Glyphosate residue 
(ppb) 

% Recovery in 
spiked sample 

DTaP ADACEL SANOFI PASTEUR 
NDC 

58160-820-43  
3-30-2018 

7-15-2016  
LAB #1

0.109 82% 

DTaP SANOFI PASTEUR C50418A 
9-2-2018

5-11-2016  
LAB #1 

< 0.075 81% 

DTaP ADACEL SANOFI PASTEUR NDC 58160-820-43  
3-30-2018 

7-12-2016  
LAB #2 

ND - 

HEPATITIS-B MERCK LO16427         
4-13-2017 

5-11-2016  
LAB #1 

< 0.075 97% 

HEPATITIS 
ENGERIX-B 

GLAXOSMITH- 
KLINE 

NDC 58160-820-43  
6-1-2018

7-15-2016  
LAB #1

0.337 73% 

INFLUENZA 
FLUZONE QUAD 

SANOFI PASTEUR 6762 
6-30-2016 

7-15-2016 
LAB #1 

0.170 95% 

INFLUENZA NOVARTIS 1573 3P 
05/2016 

5-11-2016 
LAB #1 

0.227 106% 

Pneumococcal 
PNEUMOVAX 23

MERCK 700281601       
5-18-2017 

9-19-2016 
LAB #1 

0.112 118% 

MMR II MERCK 7002151400     
9-9-2017

7-15-2016 
LAB #1 

3.740 - 

MMR II MERCK 009545  
3-19-2017 

5-11-2016 
LAB #1 

2.963 - 

MMR II MERCK 7002151400 
9-9-2017

9-19-2016 
LAB #1 

3.154 - 

MMR II MERCK 7002151400 
9-9-2017

7-12-2016 
LAB #2 

2.90 - 

MMRV PROQUAD MERCK 7002305700     
9-12-2017 

9-19-2016 
LAB #1 

0.659 103% 

MMRV  PROQUAD MERCK 7002305700    
9-12-2017 

7-15–2016 
LAB #1 

0.512 86% 

MRV PROQUAD MERCK 7002305700     
9-12-2017 

7-12-2016 
LAB #2

0.43 - 

Pneumococcal 
PNEUMOVAX 23

MERCK 700281601  
5-18-2017 

7-15-2016 
LAB #1 

< 0.075 77% 

Pneumococcal 
PREVNAR 13 

WYETH 73332 
07/2017 

 5-11-2016 
LAB #1 

< 0.075 82% 

Pneumococcal 
PNEUMOVAX 23 

MERCK 7002681601 
5-18-2017 

7-12-2016 
LAB #2 

ND - 

STERILE DILUENT MERCK, SHARP  
& DOHME 

LO 40058 
5-11-2018 

7-15-2016 
LAB #1

< 0.075 97% 

VARICELLA 
VARIVAX 

MERCK 7002025000     
2-8-2018

7-15–2016 
LAB #1

0.556 84% 

MVARICELLA 
VARIVAX 

MERCK 7002025000     
2-8-2018

7-12-2016 
LAB #2 

0.41 - 

ZOSTER 
ZOSTAVAX 

MERCK 7002502401 
6-1-2017

9-19-2016 
LAB #1

0.620 95% 

ZOSTER 
ZOSTAVAX 

MERCK 7002602401 
6-1-2017

7-15-2016 
LAB #1 

0.558 98% 

ZOSTER 
ZOSTAVAX 

MERCK 7002602401 
6-1-2017

7-12-2016 
LAB #2 

0.42 - 

 a Limits of detection for glyphosate in vaccines in parts per billion (ppb):1 0.075 (LAB #1); 0.15 (LAB #2).

control puppies [103]. The vaccinated puppies, but not the
unvaccinated ones, developed autoantibodies to their own
collagen. A follow-up study where either just the rabies
vaccine or just the multivalent vaccine was administered
produced a similar result. The authors suggested that this
could explain issues of joint pain that are currently common
among dogs, particularly as they age.

Puppies immunized with the rabies vaccine and a multivalent canine vaccine were compared to unvaccinated control puppies [103]. The vaccinated puppies, but not the unvaccinated ones, developed autoantibodies to their own collagen.

Table 4. Glyphosate levels in vaccines determined by ELISA reported to the US CDC, NIH, FDA and UN WHO of the Americas in September 2016 by Samsel Environmental & Public Health Services.

Vaccine undiluted DTaP ADACEL DTaP DTaP ADACEL HEPATITIS-B HEPATITIS ENGERIX-B INFLUENZA FLUZONE QUAD INFLUENZA Pneumococcal PNEUMOVAX 23 MMR II MMR II MMR II MMR II MMRV PROQUAD MMRV PROQUAD MRV PROQUAD Pneumococcal PNEUMOVAX 23 Pneumococcal PREVNAR 13 Pneumococcal PNEUMOVAX 23 STERILE DILUENT VARI CELLA VARI VAX MVARICELLA VARI VAX ZOSTER ZOSTAVAX ZOSTER ZOSTAVAX ZOSTER ZOSTAVAX

Glyphosate residue

(ppb)
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8.  MULTIPLE SCLEROSIS (MS)

8.1 Sugar beet and MS

The world obtains 30% of its sugar supply from beet
sugar. While sugar cane is grown in tropical regions,
sugar beet requires a temperate climate. The highest
incidences of MS worldwide are in the USA, Canada and
western Europe [5], where most of the beet sugar is
produced. MS rates are higher in the northern states of
the USA compared to the south, corresponding to the
distribution of sugar beet cultivation. MS rates in Canada
are highest in the Alberta prairie region, at the centre of
the Canadian sugar beet industry [104]. Studies on
migrants have shown that those who move from a low-
risk to a high-risk area tend to adopt high-risk only if they
migrated during childhood [105]. This implicates local
environmental factors acting before adolescence.
Tokachi province in Japan hosts only 0.3% of the
population, but produces 45% of the sugar beet consumed
in Japan [37]; this province has the highest rate of MS
among all Asian populations [106].

A fascinating proposition how sugar beet could
cause MS implicates a unique noncoding amino acid that
is produced by sugar beet, namely Aze. Both proline and
Aze have a unique structure for an amino acid: the side
chain loops back round to connect up to the nitrogen
atom. In the case of Aze, there are only 3 carbons in the
ring instead of the 4 carbons in proline (Fig. 2). It has
been shown experimentally that Aze can be inserted by
mistake into proteins in place of proline [38].

Myelin basic protein (MBP) is an essential protein
for maintaining the myelin sheath, and it interacts with
actin, tubulin, calmodulin and SH3 domains [107]. It

assembles actin filaments and microtubules, binds actin
filaments and SH3 domains to membrane surfaces, and
participates in signal transduction in oligodendrocytes and
myelin. A central proline-rich region in MBP is
functionally significant [108–110] and, in particular, is a
binding site for Fyn-SH3, a key regulatory protein [111].
Proline substitutions of the SH3 ligand decrease its
affinity for the Fyn-SH3 domain [108]. Fyn is localized to
the cytoplasmic leaflet of the oligodendrocyte plasma
membrane, where it participates in numerous signaling
pathways during development of the central nervous
system [112, 113]. Phosphorylation at a polyproline
structure in the Fyn-binding region of MBP affects its
structure.

A study using recombinant murine MBP inserted into
E. coli strains demonstrated conclusively that Aze makes
its way into MBP, substituting for up to three of the
eleven possible proline sites. Molecular modeling of a
proline-rich region of the recombinant MBP illustrated
that misincorporation of Aze at any site would cause a
severe bend in the polypeptide chain, and that multiple
Aze substitutions would completely disrupt the structure
of MBP [114, 115].

A possible concern regarding Aze is that over 90%
of the sugar beet grown in the USA and Canada is
genetically engineered to resist glyphosate. Therefore,
the crops are exposed to significant amounts of
glyphosate. The electronic Code of Federal Regulations
e-CFR 180.364 Glyphosate; Tolerances for Residues,
allows up to 25 ppm residue of glyphosate in dried sugar
beet pulp. In 1999, Monsanto realized that its GM sugar
beet crop well exceeded the upper limit established by
the EPA for glyphosate residues. They requested, and
were granted, a 125-fold increase in the upper residue
limit for dried beet pulp (from 0.2 to 25 ppm). At the same
time, the upper limit for fresh beet was increased fiftyfold
to 10 ppm.

Glyphosate has been shown to increase the risk of
root rot in sugar beet, caused by fungi [116]. Aze has
been demonstrated to have antifungal activity [117].
Plants tend to increase synthesis of toxins under stress
conditions, and it is plausible that an increased potential
for root rot would result in increased synthesis of Aze.
This is especially likely given that plants increase proline
synthesis under a variety of different stress conditions
[118]. However, to our knowledge, whether glyphosate
causes an increase in either proline or Aze synthesis in
sugar beet has not been investigated.

Consumption of milk worldwide is strongly
correlated with MS risk (Spearman’s correlation test =
0.836; P < 0.001) [119]. For the past several decades,
cows’ feed has been supplemented with either beet

Figure 2. Molecular structures of the coding amino acids
proline, L-arginine, glycine and glutamic acid; and their
respective noncoding analogues Aze, L-canavanine,
glyphosate and glufosinate.
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molasses or sugar beet pulp, left as a residue after the
sugar has been extracted [120]. Aze has been
experimentally found in three sugar beet by-products that
are fed to farm animals: sugar beet molasses, and both
shredded and pelleted sugar beet pulp [38]. Casein is
relatively enriched in proline [121]. If cows are exposed
to Aze from the sugar beet, it will likely get inserted by
mistake into casein, causing it to resist proteolysis.
MBP’s critical proline-rich sequence is vulnerable to
misincorporation of Aze. The characteristic plaques of
MS show loss of MBP within lesions in axon sheaths
[107]. It is unclear whether this autoimmune reaction
would arise through molecular mimicry from antibodies to
unmetabolized peptides from casein or as a direct result
of improperly folded MBP due to Aze insertion.

Glyphosate, an analogue of glycine, can be expected
to be found in all tissues, including the milk of all mammals
consuming glyphosate residues in the diet. Radiolabeled
glyphosate studies conducted with lactating goats found
13C and 14C residues of glyphosate (N-phosphono-
methylglycine), N-acetylglyphosate and other radiola-
beled metabolites in milk. Monsanto found daily average
14C residue levels from 19 to 86 ppb, with levels falling
after five days of depuration to 6 ppb prior to sacrifice for
organ examination. Results disseminated by Monsanto
indicate that lactating animals (goats) fed a diet
containing glyphosate and AMPA can be expected to
have measured residue levels in edible tissues and milk
[122]. In 2007 Dupont, in a similar study, examined the
metabolism of N-acetylglyphosate in lactating goats.
Detectable residues of N-acetylglyphosate, glyphosate
and AMPA were detected in milk and other tissues. Milk,
liver and kidney each contained 0.03% of the
administered dose. Individual daily radiolabeled residues
in the milk ranged from 0.030 to 0.036 μg/g [123].

Lactobacillus plays an important rôle in
metabolizing casein in the human gut. A detailed study of
the prolyl aminopeptidase from Lactobacillus revealed
that it is a member of the class of α/β hydrolases.
Multiple sequence alignment has revealed three distinct
highly conserved regions in this family and all three
contain at least two highly conserved glycines [124] that
would be vulnerable to displacement by glyphosate. The
motif gly-x-ser-x-gly-gly characterizes the domain sur-
rounding the catalytic serine residue of prolyl
oligopeptidases in general. The glycine residues in this
motif contribute to the correct positioning of the catalytic
serine with respect to its substrate. A second glycine-rich
domain appears essential to activity, as it likely
corresponds to the oxyanion hole. The function of the
third highly conserved glycine-rich domain, with the motif
asp-x-x-gly-x-gly-x-ser, remains unknown. Lactobacillus

spp. are also highly dependent on manganese to protect
them from oxidative damage, hence glyphosate’s
preferential chelation of manganese likely harms
Lactobacillus [125].

An examination of collagen in the jugular veins of
MS patients undergoing surgical reconstruction revealed
an abnormal collagen structure, characterized by thin,
loosely packed type III fibres [126]. Collagen is rich in
proline. If too many of the prolines in procollagen are
displaced by Aze, the polypeptide does not fold into a
stable triple-helical conformation, which is a prerequisite
for normal secretion of procollagen [127]. This reduces
the release of procollagen and the misfolded molecules
are subjected to proteolysis for recycling. resulting in the
useless expenditure of energy for building and degrading
procollagen molecules. Those that are released can be
expected to produce defective collagen matrices. Collagen
is even more highly enriched in glycine than in proline, as
its core structure consists of a triple peptide repeat, where
glycine is always the third residue of the triplet, and proline
and hydroxproline often occupy the other two positions
[128]. Glyphosate substitution for glycine in structural
proteins; i.e., collagen, elastin, fibronectin and laminin;
would contribute to disrupted folding as well as defective
strength and elasticity.

Conserved prolines also play a crucial rôle in ion
channel gating, the regulation of hypoxia-inducible factor
(HIF) and embroygenesis; in fact, substituting Aze for
proline is a technique used to test whether a particular
proline residue is critical to the protein’s proper
functioning [37].

8.2 Rôle of Acinetobacter and Pseudomonas
aeruginosa in MS

A series of papers by Ebringer et al. have suggested
an important rôle for the Gram-negative bacteria
Acinetobacter and Pseudomonas aeruginosa in MS
[129–131] as well as a proposed link to prion diseases.
Their most recent paper in Medical Hypotheses
presents the evidence to support this idea from multiple
dimensions [130]. First, MS patients were shown to have
elevated levels of antibodies to these two microbes but
not to the common gut microbe E. coli [132, 116]. They
have autoantibodies to MBP and myelin oligodendrocyte
glycoprotein (MOG) [131]. MS patients are also prone to
sinusitis and Acinetobacter is one of the most common
microbes found in nasal sinuses. Ebringer et al. also
proposed that the increased prevalence of sinusitis in
colder climates may explain the geographical distribution
of MS in more northerly latitudes [130]. P. aeruginosa
causes upper respiratory infections and it is among the
microbes that have developed multiple antibiotic
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resistance in recent years, presenting a huge problem in
hospital infection [133]. Acinetobacter has also become
resistant to multiple antibiotics [134].

The number of microbial species that can metabolize
glyphosate is quite small. A 1996 study showed that
Acinetobacter is able to fully metabolize both glyphosate
and AMPA and utilize these molecules as a source of
phosphorus [135]. A study of agricultural soil heavily
polluted with glyphosate identified only three species
capable of degrading glyphosate when exposed at a level
of 1000 ppm: Pseudomonas putida, P. aeruginosa and
Acetobacter faecalis [136]. Another study on marine
species identified Pseudomonas as being among the rare
microbial species that can utilize the phosphonate in
glyphosate as a source of phosphorus [137]. It can be
predicted that Pseudomonas and Acinetobacter species
in the nasal or digestive tracts would have a substantial
advantage over other microbes if they can degrade
glyphosate. On the other hand, they would also be heavily
exposed if they actively take it up, and it would not be
unreasonable to assume that some of the glyphosate
might end up in their synthesized proteins by mistake in
place of glycine. Both Pseudomonas aeruginosa and
Acinetobacter strains have recently become a serious
problem in hospitals, and a public health issue, due to their
multiple-antibiotic resistance [138]. Glyphosate has been

shown to induce generic antibiotic resistance in other
microbial species, including E. coli and Salmonella,
through the induction of a generic capability to export
toxic chemicals through efflux pumps [139].

A PEP transferase enzyme synthesized by
Acinetobacter calcaceticus has sequence homology
with a bovine prion sequence, and antibodies against
synthetic peptides containing the structurally related
sequences were found to be significantly elevated in
cattle with bovine spongiform encephalopathy (BSE)
compared to negative controls [140]. Ebringer et al.
(2005) [129] link MS to BSE, also known as “mad cow
disease”, and to the related human disease, Creutzfeldt–
Jakob disease (CJD). Cows suffering from BSE manifest
hindquarters paralysis early after onset, similar to the
mobility issues afflicting MS patients at onset. Ebringer
et al. found elevated levels of antibodies to both
Acinetobacter and Pseudomonas, along with autoanti-
bodies to both white and grey matter components, in
BSE-affected animals, as is also the case for MS [129].

Of particular note are the molecular similarities they
identified between certain peptides found in these two
microbes and peptides in MOG and MBP that are known
to be allergenic. Strikingly, all three of the microbial
sequences they identified and all three of their human
protein analogues contain conserved glycines (Table 5).

a Note that all six peptides have a glycine residue.

Table 5. Amino acid sequences of three peptides from Acinetobacter and Pseudomonas and the
corresponding human peptides from MBP that they mimic.a

Microbe Acinetobacter Acinetobacter Pseudomonas 
Protein 3-OACT-A 4-CMLD Gamma-CMLD
Peptide Leu-Tyr-Arg-Ala-Gly-Lys Ser-Arg-Phe-Ala-Tyr-Gly Thr-Arg-His-Ala-Tyr-Gly 
MBP Leu-Tyr-Arg-Asp-Gly-Lys Ser-Arg-Phe-Ser-Tyr-Gly Ser-Arg-Phe-Ser-Tyr-Gly 

MOG is strongly implicated in the disease pathology
of MS; autoantibodies recognizing MOG have been
found in the CNS of MS patients [141]. One of the major
encephalitogenic peptides in MOG is the sequence from
residue 92 to residue 106, which contains a highly
conserved glycine near its centre [142].

Both diabetes and MS are associated with abnormal T-
cell immunity to proteins found in cow’s milk [143]. In a
study conducted in dairy cows by Monsanto in 1973, 14C-
radiolabeled glyphosate was studied in the distribution of
residues in milk, urine, faeces and other tissues of the
lactating cow. Glyphosate contamination of milk ranged
from 9 to 15 ppb with the highest accumulation in the kidney
and rumen fluid (201 ppb and 109 ppb, respectively) [201].
An epitope of bovine serine albumin found in milk that is
linked to MS but not to diabetes is BSA193. It shows

structural homology with exon 2 of MBP through the peptide
sequence GLCHMYK. Note that the first peptide in this
sequence is glycine. Exon 2 is a target peptide in both MS
autoimmunity and in experimental autoimmune encephalitis
(EAE), an animal model of MS [144–146]. Exon 2 of MBP
is implicated in remyelination [144]. Its expression is largely
restricted to the developing brain and to areas of myelin
reconstruction, notably MS lesions [147].

The gly-ser-gly-lys tetrapeptide is highly conserved
among MBPs from multiple species [148]. The serine
in this sequence is the site of attachment of
polyphosphoinositide. The highly conserved nature of this
sequence suggests that the phospholipidation of MBP is
important biologically. Substitution of glyphosate for either
of the glycines would likely disrupt this modification.



Glyphosate and autoimmune diseases   A. Samsel and S. Seneff   21______________________________________________________________________________________________________

JBPC  Vol. 17 (2017)

9.  MMR VACCINE AND AUTISM

In this section, we make a case for a direct link between
the measles, mumps, and rubella (MMR) vaccine and
autism, via autoantibody induction through molecular
mimicry. In a paper provocatively titled, “Peptide cross-
reactivity: the original sin of vaccines”, Kanduc makes
the point that massive cross-reactivity between antigens
in vaccines and similar sequences in human proteins
makes it almost inevitable that vaccines lead to
autoimmune disease through molecular mimicry [149].
Reported post-vaccination autoimmune diseases include
systemic lupus erythematosus, rheumatoid arthritis,
inflammatory myopathies, multiple sclerosis, Guillain–
Barré syndrome and vasculitis [150].

It is becoming increasingly acknowledged that
autism may be an autoimmune disease. Family members
of autistic children have a significant increased risk to
other known autoimmune diseases such as
hypothyroidism, rheumatic fever and multiple sclerosis
[151]. Several studies on both humans and monkeys have
revealed a potential link between maternal antibodies
directed against specific foetal brain proteins and a future
autism diagnosis in the foetus [152–155]. Furthermore, it
has already been demonstrated that vaccines are capable
of inducing autoimmune antibodies against proteins in the
brain. The narcolepsy epidemic in Europe following an
aggressive immunization campaign against the H1N1 ’flu
virus was eventually conclusively resolved as being
attributed to autoimmune reactions to the hypocretin
receptor through molecular mimicry from a peptide in the
surface-exposed region of the influenza nucleoprotein A
that was present in the H1N1 vaccine [156] (hypocretin
is an important regulator of sleep).

Much controversy surrounds the concept that the
MMR vaccine may be contributing to the autism
epidemic in the USA and elsewhere. In an immune-
compromised child, the live measles virus from the
vaccine is capable of infecting the brain and sustaining a
chronic measles infection, resulting in loss of neurons,
eosinophilic intranuclear inclusions and gliosis, a condition
termed “subacute measles encephalitis”. This can result
in a seizure disorder and developmental delay in language
and motor skills (as was clearly observed in a case study
involving an HIV-positive 2-year-old boy [157]).

Singh et al. have published a series of papers over
the past two decades [14, 158–160] proposing that there
is a subpopulation among the autism community who can
be characterized as suffering from “autoimmune autistic
disorder” [14]. The 1998 study by Singh et al. found that
90% of measles-IgG-positive autistic sera were also
positive for anti-MBP antibodies, supporting the hypothesis
that a virus-induced autoimmune response may be

causal in autism [158]. A follow-on serologic study of
antibodies to viruses associated with autism published in
2003 revealed a statistically significantly elevated level of
measles antibody in children with autism compared to
their siblings (P = 0.0001) or to unrelated children (P =
0.003), but not with antibodies to mumps or rubella [159].
In a later study, 60% of 125 autistic children had
significantly elevated levels of antibodies to measles
haemagglutinin unique to the MMR strain of the virus,
compared to the 92 control children [160]. Over 90% of
the children who had elevated antibody levels also tested
positive for MBP autoantibodies. It was suggested that
this could be linked to virus-induced autoimmunity
through mimicry.

In fact, there is a sequence homology of 78%
between a peptide sequence from MBP
(EISFKLGQEGRDSRSGTP) and one found in a measles
virus protein, MP3 (EISDNLGQEGRASTSGTP) [161,
Table 2, p. 7]. Three of the matches between these two
sequences are glycines. Measles virus-neutralizing
antibodies are mainly directed to haemagglutinin,
implying that it is essential for acquired immunity from
the vaccine [162]; yet over-production, particularly if
the virus penetrates the blood–brain barrier, runs the
risk of inducing an autoimmune response to the myelin
sheath. In fact, high measles antibody titres have been
previously linked to MS [163].

Gonzalez-Granow et al. found high titres of autoanti-
bodies in both the IgG and IgA classes specific to MBP in the
serum of patients with autism [15]. The IgA antibodies in
particular were shown to act as serine proteinases to
degrade MBP in vitro. They also induced a decrease in
long-term potentiation in perfused rat hippocampi.
Reduced long-term potentiation in the hippocampus is a
feature of autism, as has been clearly demonstrated in
studies using mouse models of autism [164].

Dr Andrew Wakefield was the first to reveal a
possible connexion between MMR and autism. His
controversial Lancet paper, published in 1998 and then
later retracted, proposed that this vaccine caused an
acute reaction in children with gut dysbiosis (abdominal
pain, diarrhoea, food intolerances, bloating etc.) [9]. The
paper reported on a group of 12 children who had
experienced developmental delay following an MMR
vaccine and who were diagnosed with autism. These
children suffered from rash, fever, delirium and seizures
following the vaccination with MMR. He and several
colleagues later published additional papers elaborating
the hypothesis that dysbiosis in the gut, combined with
impaired protein hydrolysis, leads to autoimmune lesions
in the duodenum that are associated with extensive colonic
lymphoid hyperplasia. The release of undigested peptides

It is becoming increasingly acknowledged that autism may be an autoimmune disease. Family members of autistic children have a significant increased risk to other known autoimmune diseases such as hypothyroidism, rheumatic fever and multiple sclerosis [151]. Several studies on both humans and monkeys have revealed a potential link between maternal antibodies directed against specific foetal brain proteins and a future autism diagnosis in the foetus

vaccines are capable of inducing autoimmune antibodies against proteins in the brain.

In an immune- compromised child, the live measles virus from the vaccine is capable of infecting the brain and sustaining a chronic measles infection, resulting in loss of neurons, eosinophilic intranuclear inclusions and gliosis, a condition termed “subacute measles encephalitis”. This can result in a seizure disorder and developmental delay in language and motor skills

Singh et al. have published a series of papers over the past two decades

proposing that there is a subpopulation among the autism community who can be characterized as suffering from “autoimmune autistic disorder”

A follow-on serologic study of antibodies to viruses associated with autism published in 2003 revealed a statistically significantly elevated level of measles antibody in children with autism compared to their siblings

In a later study, 60% of 125 autistic children had significantly elevated levels of antibodies to measles haemagglutinin unique to the MMR strain of the virus, compared to the 92 control children

high measles antibody titres have been previously linked to MS
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into the vasculature across a leaky gut barrier and,
ultimately, from the vasculature across a leaky blood–brain
barrier, could induce encephalopathy [165–167].

In an epidemiological study from 1998, encepha-
lopathy was clearly demonstrated as an acute reaction to
measles vaccine, where 48 cases were found following
vaccination, with no cases identified after administration
of either monovalent mumps or rubella [168]. Among
these 48 children, eight died, and the remainder experienced
mental regression, chronic seizures, movement disorders
and sensory deficits in the subsequent months.

The FDA’s vaccine adverse event reporting system
(VAERS) database is a valuable tool for uncovering
trends in vaccine adverse reactions. Our earlier studies on
VAERS comparing MMR with an age-matched, equal-
sized distribution of all other vaccines showed a
significant association of MMR with autism (P < 0.007)
[169]. This was puzzling, because MMR has never
contained either aluminium or mercury, the two prime
candidates for the kind of neurological damage that might
lead to autism [170–174]. Strong associations also appeared
with fever and rash. In that paper, we proposed that the
adverse reaction might be caused by the acetaminophen
administered to the child to try to curb the seizures.

Since glyphosate usage on crops has gone up
dramatically since the GM Roundup Ready crops were

first introduced in 1996, we decided it would be
worthwhile to compare the early data on MMR in
VAERS with the later data. We defined a cutoff date on
1 January 2003, such that the events where MMR was
included as an administered vaccine could be separated
into “early” and “late”, based on whether they were before
or after that date. Each dataset represented a 13-year
interval. We found 10 639 events in the early set and
19 447 events in the late set; thus, the raw number of
events nearly doubled in the later years.

We also tabulated the frequency of different adverse
reactions in the two sets, and used a standard statistical
analysis to compute the significance of any differences
observed: we randomly down-sampled both sets as
needed such that there was an identical total count and an
identical distribution over age in the two datasets. Results
were surprising: many symptoms associated with atopy or
with an allergic reaction were significantly higher in the
later set, and “hospitalization” was highly significantly
overrepresented in the later set [Table 6]. Other
overrepresented symptoms included seizures, dyspnea,
hyperventilation, asthma, eczema, autism, hives,
anaphylatic [shock], and irregular heart rate. Interestingly,
the early set had more frequent occurrences of joint pain
and arthritis, suggesting that the toxic elements in the
vaccine impacted the joints rather than the brain.

Table 6. Frequency of various adverse reactions to MMR before and after January 2003 [US FDA, VAERS]. The P-values
were computed according to a χ2 goodness-of-fit test.

More common before 2003 
Reaction Count < 2003 Count ≥ 2003 P-value
Arthritis 52 18 0.045 
Joint pain  175 75 0.012 

More common after 2002 
Reaction Count < 2003 Count ≥ 2003 P-value
Hospital 132 423 0.00041
Seizures 314 534 0.0055 
Dyspnea 139 279 0.0086 
Hives  444 654 0.011 
Anaphylactic 28 91 0.017 
Eczema  10 47 0.028 
Autism  105 184 0.031 
Hyperventilation  18 57 0.035 
General infection 77 136 0.044 
Asthma  22 58 0.046 
Immunoglobulin G 0 17 0.048 
Ear infection 32 72 0.048 
Heart rate irregular 11 39 0.049 

In an epidemiological study from 1998, encepha- lopathy was clearly demonstrated as an acute reaction to measles vaccine, where 48 cases were found following vaccination, with no cases identified after administration of either monovalent mumps or rubella

Among these 48 children, eight died, and the remainder experienced mental regression, chronic seizures, movement disorders and sensory deficits in the subsequent months.

Our earlier studies on VAERS comparing MMR with an age-matched, equal- sized distribution of all other vaccines showed a significant association of MMR with autism
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To our knowledge, there have been no significant
changes to the formulation of MMR since its
introduction. The explanation for the significant changes
in adverse reactions must, therefore, lie in external
factors, one of which is likely to be glyphosate. We
suggest that both chronic exposure to glyphosate from
food, water and air and direct exposure to glyphosate
residues in the vaccine are relevant factors. A child with
a disrupted gut microbiome due to chronic glyphosate
exposure will also suffer from a leaky blood–brain barrier,
and this will lead to a much greater possibility of measles
antigenic proteins entering the brain and causing
anaphylaxis and seizures.

The measles virus is a member of the family of
paramyxoviruses, which have two highly-conserved
glycine residues at positions 3 and 7 in the hydrophobic
fusion peptide (FP) region of the viral fusion-mediating
glycoproteins [175]. This FP region is the most highly
conserved region of the glycoproteins, and it plays a
critical rôle in destabilizing the membrane of the host cell
to gain entry. Substitutions of other amino acids for either
the G3A or G7A glycines caused increases in both cell–
cell fusion and the reactivity of the protein to antibodies,
leading to both a higher infection rate and increased
chances for an autoimmune reaction. Glyphosate
substitution is likely to do the same, as well as leading to a
form of the protein that would resist proteolysis.

The FPs of both the influenza virus and human
immunodeficiency virus (HIV) gp41 contain numerous
glycine residues at regular intervals, with glycine overall
making up 29 and 26%, respectively, of the total peptide
sequence [175]. Optic neuritis, an immune-mediated
demyelinating injury of the optic nerve, has been
recognized as a side effect of the influenza vaccine that
can lead to blindness [176].

10.  OTHER AUTOIMMUNE DISEASES

10.1 Neuromyelitis optica and aquiporin

Neuromyelitis optica is a rare severe inflammatory
demyelinating disorder of the central nervous system,
which is related to multiple sclerosis but distinctly
different and manifested mainly by paralysis and optic
nerve damage [177, 178]. It has been conclusively
demonstrated that this condition is caused by an
autoimmune reaction to aquaporin-4, which is highly
expressed in the astrocyte membrane [177, 178].

Aquaporins are important membrane proteins,
which can transport water molecules through pores into
the cell while excluding protons [179]. They are highly
expressed by astrocytes, one of whose rôles is to
mediate water flow among the vasculature, the

cerebrospinal fluid and the lymph system [178]. Thus,
aquaporins are implicated in brain oedema [180]. Plants
produce aquaporins as well, and mimicry between plant
and human aquaporins has been proposed as a
mechanism for the development of an autoimmune
sensitivity to this protein [181]. Plants considered to
show aquaporin mimicry notably include corn and soy as
well as tomato, tobacco and spinach [182].

Autoimmune sensitivity to aquaporin has also been
found in association with MS [182]. Vojdani et al. found
significant elevations in antibodies against both human
and plant aquaporin 4, in addition to antibodies against
MB, MOG and S100 calcium-binding protein B (S100B)
in patients suffering from MS.

Among the aquaporins, aquaporin-6 is unique in that
it operates as an anion channel instead of as a water
channel. Analysis of the peptide sequence in comparison
to other aquaporins reveals that aquaporin-6 has an
asparagine substituted in place of a glycine at residue
60. This one small difference completely changes the
way the molecule behaves in the membrane. A glycine
at this position is conserved among all the other
aquaporins. Furthermore, aquaporins are constructed of
α-helices, and there are three sites where the helices
cross. Highly conserved glycine residues are found at all
three sites [57, 183].

Aquaporin is also found in bacteria, although
homology with human aquaporin is only about 20%. The
bacterial aquaporin is a 27 kDa trypsin-resistant protein
called aquaporin-Z, which was originally described in E.
coli [184]. Sequence analysis conducted by Ren et al.
[185] revealed four regions where homology was
considerably stronger (90%, 60%, 50% and 45%
respectively). They convincingly showed cross immunore-
activity between the human and bacterial versions of the
protein. Antibodies to aquaporin Z bind to astrocytes,
activate complement, and cause death.

Ren et al. [185] identified all the residues where the
bacterial and human peptides were identical (Fig. 1 in
[185]). A tally of counts reveals that glycine was by far
the most common among these matched residues,
representing 14 of the total 66 matches. The second most
common amino acid was lysine with 8 matches. Alanine,
isoleucine and valine had 7, 5 and 4 matches respectively,
and all other amino acids had less than four.

Thus, it appears that glyphosate-substituted trypsin-
resistant aquaporin from both gut microbes and from GM
glyphosate-resistant corn and soy foods are plausible
sources of antigens that could induce neuromyelitis optica
and contribute to the disease process in MS through
misincorporation.

both chronic exposure to glyphosate from food, water and air and direct exposure to glyphosate residues in the vaccine are relevant factors. A child with a disrupted gut microbiome due to chronic glyphosate exposure will also suffer from a leaky blood–brain barrier, and this will lead to a much greater possibility of measles antigenic proteins entering the brain and causing anaphylaxis and seizures.
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10.2 Type 1 diabetes

Type 1 diabetes is considered a genetic disease, but its
incidence has been increasing by 3–4% worldwide every
year in the recent past [186, 168]. Although an environ-
mental component is highly suspected, environmental
factors have not yet been identified. An increased
incidence of type 1 diabetes is associated with both MS
[187] and autism [188]. The disease is characterized by
an autoimmune reaction to various proteins expressed in
the pancreatic islet cells. Specifically, antibodies against
glutamic acid decarboxylase (GAD65) are often found
[189]. Cross-reactivity with proteins from foods and
microbes in the gut are both possibilities.

One microbe that may be inducing antibody
production through mimicry is Mycobacterium avium
paratuberculosis (MAP). Blast analysis revealed 75%
homology between a previously identified antigenic region
of GAD65 [190] and a MAP heat-shock protein (HSP65)
[189]. The specific 16-residue matched sequence in
HSP65 centrally contains a pair of glycines which could be
substituted by glyphosate to cause resistance to
proteolysis. This microbe has been linked to numerous
other human diseases including ulcerative colitis, irritable
bowel syndrome, sarcoidosis, Hashimoto’s thyroiditis, MS
and autism [188]. With respect to MS and autism, cross-
reactivity between HSP65 and MBP through mimicry may
provide the link.

Patients with type-1 diabetes commonly have an
antibody reaction to bovine serum albumin, a component
of cows’ milk [191]. The hypothesized explanation is an
autoimmune reaction to a beta-cell specific surface
protein through mimicry.

Insulin-derived amyloidosis is a condition that can
develop following long-term insulin therapy, whereby an
“insulin ball” develops at the site of injection. This hard
mass has been analysed and found to contain
accumulations of insulin fibrils reminiscent of amyloid
β-plaque in the Alzheimer’s brain. Insulin amyloidosis is
more common for animal (cows and pigs)-derived than
human-derived insulin products. Nowadays, cows and
pigs are chronically exposed to glyphosate in their feed.
The rôle of glycine residues in proteins may indeed be to
protect from aggregation into amyloid fibrils [192].
Substitution of glyphosate for any of these conserved
glycines would therefore tend to promote amyloidosis.

Glutamic acid and glycine are by far the largest
component amino acids of bovine proinsulin and make up
25% of the amino acid residues in the molecule [193].
The same is true for human insulin, which differs very
little from the animal versions. The herbicide glufosinate
is a natural noncoding amino acid analogue of glutamic

acid (Fig. 2). Substitution of either glufosinate for
glutamic acid or glyphosate for glycine in insulin is likely to
impair its function, and may also lead to amyloidosis.

The widespread appearance of glyphosate-resistant
weeds among the glyphosate-resistant crops has forced
some farmers to turn to glufosinate as the herbicide of
choice [194]. Glufosinate-tolerant corn and soybean have
been available on the US market since their approval by
the USDA in 1995 and 1996, respectively. A tri-resistant
form of soybean tolerant of glyphosate, glufosinate, and
2,4-D was approved by the FDA in September 2014.
Dual resistance to glufosinate and glyphosate in corn was
approved in November 2015.

10.3 Coeliac disease

Coeliac disease and, more generally, gluten intolerance,
have reached epidemic proportions in the USA in the past
decade [195]. Wheat grown there is being routinely
sprayed with glyphosate for staging and desiccation just
before harvest. This practice clears the field of weeds
prior to harvest and planting of the next crop, but
increases the amount of residual glyphosate in the grain.
The practice has been increasing in popularity in step
with the increase in gluten intolerance. Glyphosate is
systemic in the plant and enters the seed as the plant dies,
hence eventually ending up in wheat-based foods.

Proline residues make up 20% of the first 100 amino
acids of both α- and γ-gliadins [54]. Related proteins from
rye and barley are also unusually proline-rich [56]. As we
implied earlier, proline is inaccessible to most digestive
proteases because the bond between the peptide nitrogen
atom and the side group complicates hydrolytic attack.
As a consequence, specialized prolyl aminopeptidases
detach the amino-terminal proline from a peptide. These
enzymes depend on manganese as a catalyst, and
manganese is one of the metals most dramatically
affected by glyphosate chelation [125]. Unhydrolysed
gliadin peptides bind to HLA-DQ molecules (receptors on
antigen-presenting cells) and trigger pathogenic T-cell
responses [196]. Genetic variants of HLA-DQ are linked
to both coeliac disease and type 1 diabetes [197, 198].

Analysis of the X-ray crystal structure of a human
cytosolic prolyl aminopeptidase worked out in 2008
revealed that it is a dimer with a dependency on two
manganese ions as the catalytic centres [199]. The full
sequence of the catalytic domains of six prolyl peptidases
from both human and microbial species is shown in Fig. 6
in ref. 199. Six of the twenty sites of fully conserved
residues across all species were glycine residues, three
were histidine, two were tyrosine and two were proline.
The remaining seven were seven different amino acids.
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11. CONCLUSION

In this paper, we have shown that widespread
misincorporation of glyphosate for glycine during protein
synthesis could explain the aetiology of multiple
autoimmune diseases that are currently increasing in
incidence in the USA. Misincorporation is plausible by
analogy with multiple known toxins produced by
organisms in defence against pathogens, including Aze,
BMAA, L-canavanine and glufosinate, which work in a
similar manner. We have shown that proteins from foods
such as milk, wheat and sugar beet, as well as peptides
derived from microbes resident in the gut or nasal tract or
introduced iatrogenically through vaccination, are all
potential causes of autoimmune disease induced through
molecular mimicry. It is highly significant that two
microbes linked to MS through molecular mimicry are
among the very few microbes that can fully metabolize
glyphosate. Using the VAERS database, we have shown
that severe adverse reactions to the MMR vaccine have
increased significantly over the past decade in step with
the increased use of glyphosate. Glyphosate in MMR
may originate from growth of the live virus on culture
materials derived from glyphosate-exposed animals and/
or from gelatin used as an excipient stabilizer. We have
confirmed the presence of glyphosate contamination in
MMR and in many other vaccines where the live virus is
cultured in eggs, bovine protein or gelatin, or where
animal products are used as an excipient component.
Notably, some vaccines prepared without live culture on
gelatin were free of glyphosate contamination.
Substitution of glyphosate for glycine during protein
synthesis could yield a peptide that resists proteolysis,
making it more likely to induce an immune response.
Furthermore, enzymes involved in proteolysis are likely
to be disrupted due to their confirmed contamination with
glyphosate. A non-exhaustive list of possible diseases
that can be attributed to this mechanism include autism,
multiple sclerosis, type 1 diabetes, coeliac disease,
inflammatory bowel disease and neuromyelitis optica.
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Aluminum enhances inflammation and decreases
mucosal healing in experimental colitis in mice
G Pineton de Chambrun1,2,3,4,12, M Body-Malapel1,2,3,12, I Frey-Wagner5, M Djouina1,2,3, F Deknuydt6,7,8,
K Atrott5, N Esquerre1,2,3, F Altare6,7,8, C Neut1,2,3,9, MC Arrieta10, T-D Kanneganti11, G Rogler5,
J-F Colombel1,2,3,4, A Cortot1,2,3,4, P Desreumaux1,2,3,4 and C Vignal1,2,3

The increasing incidence of inflammatory bowel diseases (IBDs) in developing countries has highlighted the critical role

of environmental pollutants as causative factors in their pathophysiology. Despite its ubiquity and immune toxicity, the

impact of aluminum in the gut is not known. This study aimed to evaluate the effects of environmentally relevant

intoxication with aluminum in murine models of colitis and to explore the underlying mechanisms. Oral administration of

aluminum worsened intestinal inflammation in mice with 2,4,6-trinitrobenzene sulfonic acid- and dextran sodium

sulfate-induced colitis and chronic colitis in interleukin 10-negative (IL10� /� ) mice. Aluminum increased the intensity

and duration of macroscopic and histologic inflammation, colonic myeloperoxidase activity, inflammatory cytokines

expression, and decreased the epithelial cell renewal compared with control animals. Under basal conditions, aluminum

impaired intestinal barrier function. In vitro, aluminum induced granuloma formation and synergized with

lipopolysaccharide to stimulate inflammatory cytokines expression by epithelial cells. Deleterious effects of aluminum

on intestinal inflammation and mucosal repair strongly suggest that aluminum might be an environmental IBD risk factor.

INTRODUCTION

Inflammatory bowel diseases (IBDs), which include Crohn’s
disease and ulcerative colitis, are chronic diseases characterized
by an excessive uncontrolled intestinal inflammation resulting
from an abnormal immune response to commensal microbiota
in a susceptible host.1 In the past 10 years, genetic research in
IBD has been particularly fruitful. However, among the many
susceptibility genes identified (4100 to date) none were
demonstrated to be necessary or sufficient for disease onset.2,3

The spatial heterogeneity of Crohn’s disease and ulcerative
colitis, their increasing incidence and prevalence with time and
in different regions around the world, the low concordance rate
in monozygotic twins and the increased risk among migrants
from low-incidence to high-incidence areas are strong argu-
ments implying an important role for environmental factors in
the pathogenesis of IBD.4,5 However, besides smoking and
appendectomy and, more recently, exposure to antibiotics in

childhood, no strong environmental factors have been iden-
tified to date.6–9

The increase of IBD in developing countries has focused
attention on the potential role of industrialization and
environmental pollutants as causative environmental factors
in their pathophysiology.10,11 Twentieth century industrializa-
tion has led to an increased accumulation of heavy metals, and
in particular aluminum, in our surrounding ecosystems.
Aluminum is ubiquitous and is the most abundant metal
element in our environment.12,13 In the past 50 years, world-
wide production of aluminum has regularly increased, from
o5 million tons in 1960 to425 million tons in 2002, and deve-
loped countries have raised their current domestic consump-
tion by 350%.14,15 A main route of exposure to aluminum for
the general population is through food and water. The decline
in the use of unprocessed foods and the increased consumption
of cakes, pastries, and sugar-rich foods characterizing ‘food
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westernization’ has resulted in an increased ingestion of
aluminum, which exceeds the tolerable weekly intake of
7 mg kg� 1 per week in a significant proportion of the European
and North American populations.16 For many years, exposure
to aluminum was suggested to favor an abnormal immune
response in different diseases, including autoimmune condi-
tions.17 However, despite this known toxicity and a potential
gut interaction, aluminum and its effect on intestinal home-
ostasis and inflammation have not been investigated so far,
particularly in the physiopathology of IBD.

The aim of our study was to explore the pro-inflammatory
role of aluminum in different models of chemically induced and
chronic colitis in mice. Particular attention was paid to the
interaction between aluminum and epithelial cells and its role
in the immune response against bacteria.

RESULTS

Aluminum worsens colitis induced by 2,4,6-trinitrobenzene
sulfonic acid and dextran sodium sulfate in mice

In a first set of experiments, C57BL6 mice were fed for 4 weeks
with aluminum citrate (AluCi) or aluminum phosphate (AluP)
at a concentration of 1.5 mg Al element kg� 1 per day. These

four weeks’ oral administration of aluminum did not induce
any macroscopic, histological, or molecular colonic inflamma-
tion (Supplementary Figure 1 online). In another set of
experiments, C57BL6 mice were treated with AluCi or AluP for
4 weeks before rectal administration of 2,4,6-trinitrobenzene
sulfonic acid (TNBS; Figure 1a). Four days after colitis
induction, the severity of intestinal inflammation was asses-
sed by macroscopic, histological, and molecular parameters.
Macroscopic Wallace score of colonic inflammation was
significantly increased in both forms of aluminum-treated
mice compared with phosphate buffer saline (PBS)-treated
mice (Figure 1b). Aluminum-treated mice presented more
severe and extended macroscopic inflammation of the colon
with large areas of ulceration (data not shown). Consistently, at
the microscopic level, the histological Ameho score of colonic
inflammation was more severe in both forms of aluminum-
treated mice compared with PBS-treated mice, leading to more
extensive ulceration and necrosis involving 80% of the whole
colon (Figure 1c,d). Myeloperoxidase (MPO) activity reflect-
ing neutrophil infiltration was also significantly higher in
aluminum-treated mice compared with PBS-treated mice
(Figure 1e).

Figure 1 Aluminum worsens 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis. (a) C57BL6 mice (n¼ 14 per group) were fed with
aluminum citrate (AluCi) or aluminum phosphate (AluP) (1.5 mg of Al element kg� 1 per day) or with phosphate buffer saline (PBS) for 31 days. At day 28,
colitis was induced by intrarectal administration of TNBS. Four days after colitis induction, mice were euthanized and colitis parameters were
assessed. (b) The macroscopic Wallace score was determined as described in Methods. (c, d) Histopathological changes in colon tissues were
examined by May-Grünwald and Giemsa (MGG) staining and scoring was performed as described in Methods. (e) Myeloperoxidase (MPO) activity was
measured in colonic lesions. Results are expressed as the percentage of variation compared with TNBS-treated mice.
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To complete our understanding of the detrimental effect of
aluminum observed in TNBS-induced colitis, BALB/C mice
were concomitantly treated by aluminum gavage and oral
administration of dextran sodium sulfate (DSS) 2.5% in
drinking water for 7 days (Figures 2a and 3a). A 2-fold increa-
sed mortality was observed in AluCi-treated mice with DSS-
induced colitis compared with control animals (Figure 2b).
Moreover, mice treated with DSS and AluCi or AluP had more
than a 3- and 2-fold body weight loss, respectively, compared
with DSS and PBS-treated mice (Figures 2c and 3b). The body
weight loss occurred at the lowest aluminum concentration of
0.15 mg kg� 1 per day and was more pronounced with higher
doses such as 1.5 and 15 mg kg� 1 per day (Figure 3b). The
disease activity index (DAI), combining weight loss, stool
consistency, and the presence of rectal bleeding, was also
increased in both forms of aluminum-treated mice compared
with PBS-treated mice with colitis (Figures 2d and 3c). Consis-
tently, colonic MPO activity was increased in aluminum-
treated mice compared with control animals, with colitis
together with a more intense inflammatory infiltrate mainly
located in the mucosal and submucosal layers (Figure 2e,f). To
demonstrate that our results were specific to aluminum, mice
were fed with another metal, namely zinc phosphate (ZnP)
together with colitis induction (Figure 3a). Mice treated
with ZnP experienced the same body weight loss as DSS- and

PBS-treated mice and no difference in DAI was observed
(Figure 3b,c). As a whole, these results demonstrated that two
different forms of aluminum worsened lesions severity in two
distinct models of colitis in mice.

Aluminum worsens chronic colitis in interleukin
10-negative mice

We then investigated the effects of aluminum in a chronic
colitis model. Interleukin 10-negative (IL10� /� ) mice received
AluCi in their drinking water for 7 weeks with a daily dose of
1.5 mg Al element per kg body weight (Figure 4a). Macroscopic
mucosal damage was assessed by mini-endoscopy score
(Figure 4b,c). Mucosa from IL10� /� mice receiving water
showed overt signs of inflammation. IL10� /� mice treated
with AluCi had a mucosa less transparent, a vascular pattern
more altered, more fibrin and a significant increase in
mucosa granularity compared with IL10� /� mice receiving
water. The histological score for IL10� /� mice treated
with AluCi was significantly increased compared with the
water-treated IL10� /� mice (Figure 4d,e). MPO activity was
significantly more elevated in AluCi-treated IL10� /� mice
than in control IL10� /� mice (Figure 4f). Taken together,
these data argued in favor of a worsening effect of
oral aluminum on the development of chronic colitis in
IL10� /� mice.

Figure 2 Aluminum citrate (AluCi) worsens dextran sodium sulfate (DSS)-induced colitis. (a) BALB/C mice (n¼ 10 per group) were treated
with 2.5% DSS and AluCi (1.5 mg of Al element kg� 1 per day) or phosphate buffer saline (PBS) for 7 days. Control mice treated with AluCi or PBS without
DSS were followed for the same period (n¼ 5 per group). (b) Survival of mice was monitored until day 7 after the start of DSS. (c) Body weight
was scored daily. * means Po0.05 between DSS±PBS and DSS±AluCi. (d) A disease activity index that included body weight variation,
the presence of blood in stools, and stool consistency was calculated at day 7. (e) Myeloperoxidase (MPO) activity was measured on colons
harvested at day 7. (f) Histopathological changes of colonic tissues were examined by May-Grünwald and Giemsa (MGG) staining.
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Aluminum increases the inflammatory cytokine expression
in different models of colitis

AluCi significantly increased the expression of Il1b and Il17a
mRNA in the colon of animals 4 days after TNBS adminis-
tration (Figure 5a). The modification of this colonic cytokine
profile induced by aluminum gavage and TNBS administration
was associated with an increased expression of Nlrp3 mRNA
(Figure 5a), a known intracellular innate immune marker of
inflammasome response regulated by aluminum.18 Similar
data were obtained in animals with DSS-induced colitis, where
AluCi administration also significantly upregulated the colonic
expression of inflammatory cytokines and Nlrp3 mRNA
compared with untreated mice with colitis (Figure 5b).
Similar results were observed with AluP (data not shown).

In the chronic model of colitis, mucosal levels of Il1b, Il17a,
and Nlrp3 tended to be higher in the IL10� /� mice intoxicated
with AluCi compared with IL10� /� mice receiving water
(Figure 5c).

Enhanced inflammatory cytokine expression in aluminum-
treated epithelial cells and potentiation by bacterial
components

To investigate the potential inflammatory effect of luminal
aluminum on the first intestinal layer in contact with luminal
antigens and particles, we incubated HT-29 and Caco-2
epithelial cells for 3 h with increased concentrations of
aluminum from 10 to 100 mg of Al element/ml� 1. A dose-
response effect of aluminum was observed in Caco-2 cells,
leading to an increased expression of the inflammatory
cytokines IL8 and IL1b mRNA (Figure 6a). Similar data
were obtained with HT-29 epithelial cells (data not shown).
Co-incubation of Caco-2 cells with a low concentration of

bacterial lipopolysaccharide (LPS, 1 mg ml� 1) and increased
concentrations of aluminum led to a synergistic and dose-
dependent pro-inflammatory effect with an increased
expression of IL8 and IL1b mRNA (Figure 6b). Similar
data were obtained in HT-29 cells (data not shown).

Aluminum extends colitis duration and decreases the
mucosal healing

Besides its effects on colitis severity, we investigated the influ-
ence of oral administration of AluCi at 1.5 mg Al element kg� 1

on colitis duration in C57BL6 mice submitted to one cycle of 2%
DSS for 7 days (Figure 7a). Colonic lesions were evaluated
during the 19-days experiment to investigate the persistence
of lesions during the recovery period. At the end of DSS
administration, mice treated with aluminum continued to
lose weight and presented a slow recovery compared to mice
with colitis receiving the vehicle (Figure 7b). In contrast,
body weight changes were paralleled after day 7 in control mice
with or without DSS-induced colitis receiving the vehicle and
control animals treated with aluminum (Figure 7b). At day 19,
animals with DSS-induced colitis receiving aluminum
presented persistent intestinal inflammation, as demon-
strated by an increase in DAI, colonic MPO activity and
histological lesions (Figure 7c–e). To confirm the deleterious
effect of aluminum on colitis healing, we designed a subsequent
experiment where aluminum was started just after DSS-
induced colitis (Figure 8a). In contrast to control animals,
which completely recovered their initial body weight 10 days
after DSS-induced colitis, administration of AluCi signifi-
cantly delayed weight gain and led to a sustained increase
in colonic weight/size ratio compared with control animals
(Figure 8b,c).

Figure 3 Aluminum phosphate (AluP) but not zinc phosphate (ZnP) worsens dextran sodium sulfate (DSS)-induced colitis. (a) BALB/C mice (n¼10 per
group) were treated with 2.5% DSS and with increasing doses of AluP (0.15, 1.5, and 15 mg of Al element kg� 1 per day) or ZnP (1.5 mg of
Zn element kg�1 per day) or phosphate buffer saline (PBS) for 9 days. (b) Body weight was scored daily. * means Po0.05 between DSS±PBS
and DSS±AluP 1.5 and 15, y means Po0.05 between DSS±PBS and DSS±AluP 0.15. (c) A disease activity index that included body weight
variation, the presence of blood in stools, and stool consistency was calculated at day 9.
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To better evaluate the effects of aluminum on colonic
wound healing, we quantified ex vivo epithelial cell prolifera-
tion and apoptosis in the colon of C57BL6 mice receiving
or not receiving aluminum 10 days after DSS-induced colitis
(Figure 9a). AluCi administration was associated with an
inhibition of epithelial cell proliferation, as assessed by
proliferating cell nuclear antigen (PCNA) immunostaining,
compared with control animals (Figure 9a,b). The mean
fluorescence of terminal transferase dUTP nick end labeling
(TUNEL)-stained colon sections was similar in animals with
colitis receiving or not receiving aluminum (Figure 9c,d).

To confirm the direct influence of aluminum on epithelial
cell proliferation, we performed an explanatory experiment in
HT-29 cells. We showed that aluminum inhibited epithelial cell
proliferation by 440% without modification of cell death
assessed by lactate deshydrogenase release (Figure 9e,f).

Aluminum alters the intestinal barrier and induces
granuloma formation

We next assessed the intestinal effects of aluminum given once a
day (1.5 mg kg� 1) for 4 weeks on epithelial barrier integrity.
The rate of bacterial translocation, reflecting the intestinal

barrier, was very low in the mesenteric lymph nodes (MLN) of
control C57BL6 mice receiving PBS (Figure 10a). In contrast,
more than a 100-fold increased colonization of MLN was
observed in animals receiving AluP (Figure 10a). Tight
junctions of epithelial cells involving occludins, claudins,
and zonula occludens are critical to maintain intestinal barrier
function. A significant decrease in occludin (Ocln) mRNA
expression was observed in the colon of mice treated with
aluminum compared with PBS-treated control animals
(Figure 10b). We then evaluated the effect of aluminum on
colonic flora bulk and composition. Both remained similar in
the colon of mice receiving aluminum or PBS (Figure 10c).
Altogether, these data suggest that aluminum enhanced intes-
tinal permeability leading to an increased load of bacteria
through the intestinal wall without a concomitant increase in
bacterial pressure in the colon.

The number and size of granulomas developed in vitro was
evaluated after a 4-day incubation of human peripheral blood
mononuclear cells (PBMCs) from healthy donors with
increasing concentrations of AluP alone and/or together with
Mycobacterium bovis strain BCG (BCG), adherent/invasive
Escherichia coli strain LF82 (AIEC) and a non-pathogenic

Figure 4 Aluminum citrate (AluCi) aggravates chronic colitis in interleukin 10-negative (IL10� /� ) mice. (a) Eight-week-old IL10� /� mice were
treated with AluCi (1.5 mg of Al element kg�1 per day) in their drinking water (n¼ 15) or with water only (n¼14) for 49 days. (b) The five parameters of the
murine endoscopic index of colitis severity (MEICS) were determined. (c) Mini-endoscopic images were done as described in Methods. (d, e)
Histopathological changes in colon tissues were examined by May-Grünwald and Giemsa (MGG) staining and scoring was performed as described in
Methods. (f) Myeloperoxidase (MPO) activity was measured in colonic lesions.
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Figure 5 Aluminum citrate (AluCi) increases the expression of pro-inflammatory cytokines in colitis. Il1b, Il17a, and Nlrp3 mRNA levels from
homogenized colons of (a) mice treated with 2,4,6-trinitrobenzene sulfonic acid (TNBS) and phosphate buffer saline (PBS) or treated with TNBS and
AluCi, (b) mice treated with dextran sodium sulfate (DSS) and PBS or treated with DSS and AluCi, and (c) interleukin 10-negative (IL10� /� ) mice treated
or not with AluCi.

Figure 6 Aluminum phosphate (AluP) stimulates the expression of interleukin 8 (IL8) and IL1b by intestinal epithelial cells and enhances their
response to bacterial stimuli. (a) Caco-2 cells were incubated with increasing doses of AluP (from 10 to 100 mg of Al element ml� 1). qPCR assay on Caco-
2 cell lysates showed a dose-dependent increase in IL8 and IL1b expression in the presence of aluminum. (b) Caco-2 cells were co-stimulated
with increasing doses of AluP (from 10 to 100 mg ml�1) and lipopolysaccharide (LPS). qPCR assay on Caco-2 cell lysates showed a dose-dependent
increase in IL8 and IL1b expression in the presence of aluminum compared with LPS stimulation alone. *Po0.05 vs. controls.
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Escherichia coli K-12 strain DH5a.19,20 As expected, no granu-
lomas were observed in control wells without aluminum and
bacteria. The granuloma count increased proportionally until

700 granuloma counts per well with the increased dose
of aluminum, with a positive effect beginning at a very
low concentration of aluminum (5 ng Al element ml� 1)

Figure 7 Aluminum citrate (AluCi) extends the duration of dextran sodium sulfate (DSS)-induced colitis. (a) C57BL6 mice (n¼ 10–15 per group)
were treated with 2% DSS for 7 days, followed by regular drinking water for 12 days. In parallel, mice were treated with AluCi (1.5 mg of Al element kg�1

per day) or phosphate buffer saline (PBS) once a day until the end of the experiment. (b) Body weight was scored at baseline, D7, D13, D15,
and D19. * means Po0.05; ** means Po0.01 between DSS±PBS and DSS±AluCi. (c) A disease activity index that included body weight variation,
the presence of blood in stools, and stool consistency was calculated at day 19. (d) Myeloperoxidase (MPO) was measured in colonic samples harvested
on day 19. (e) Histopathological changes in the colon tissues were examined by May-Grünwald and Giemsa (MGG) staining and scoring of
histopathology, as described in Methods.

Figure 8 Aluminum citrate (AluCi) decreases the mucosal repair. (a) C57BL6 mice were treated with 2% dextran sodium sulfate (DSS) for 7 days,
followed by regular drinking water for 10 days. AluCi (1.5 mg of Al element kg� 1 per day) and phosphate buffer saline (PBS) treatment were started only
after DSS discontinuation on day 7. (b) Body weight was scored daily. * means Po0.05. (c) Colon length and weight were measured from mice
euthanized on day 0, day 6, and day 10 after the start of aluminum treatment and the colon weight/size ratio was calculated.
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(Figure 10d,e). Same experiments were performed with Zn
and no granuloma formation was observed, showing a specific
effect of aluminum (data not shown). We then evaluated the
effect of a suboptimal concentration of aluminum (5 ng ml� 1)
on bacteria-induced granulomas. As previously described, non-
pathogenic E. coli, AIEC, and mycobacteria induced granu-
lomas formation, with a mean number per well of 101.5±24.5,
224.5±72.3, and 278.8±47.3, respectively.20 Aluminum at the
dosage of 5 ng ml� 1 potentiated the effect of bacterial infection
on granulomas formation, resulting in an increased number
and a bigger size of granulomas (Figure 10f).

Altogether, these data suggest that aluminum administration
leads to a leaky gut, enhancing intestinal bacterial translocation
and favoring development of granulomas.

DISCUSSION

Our study provides strong evidence that aluminum modulates
intestinal inflammation in vivo in mice. A daily intake of
aluminum at a concentration observed in the environment
increased the severity as well as the duration of intestinal

inflammation with impaired mucosal repair in different models
of colitis in mice. Aluminum mediated intestinal inflammation
through several mechanisms, including inflammatory response
against bacteria, epithelial cell renewal and occludin expression,
which affected the intestinal barrier and favored granulomas
formation.

In humans, the principal route of entry of aluminum is the
ingestion of food or water containing aluminum.12,13 Oral
bioavailability of aluminum is estimated to be o1%.21

Aluminum accumulates in the skeletal system and the brain,
and a link with diseases such as osteomalacia and encepha-
lopathy, Alzheimer and Parkinson’s diseases have been
reported.16,22,23 The low percentage of oral bioavailability of
aluminum is actually misleading. In fact, after oral adminis-
tration, 40% of the ingested dose accumulates within the
intestinal mucosa, which makes the gut the main storage organ
for aluminum in the body.24,25 Intestinal accumulation of
aluminum may be particularly relevant to Crohn’s disease since
it has been identified within macrophages of Peyer’s patches but
also around dilated submucosal lymphatics and in MLN.26–28

Figure 9 Aluminum citrate (AluCi) inhibits epithelial cell proliferation in vivo and in vitro. C57BL6 mice were fed with AluCi or phosphate buffer
saline (PBS) for 10 days after dextran sodium sulfate (DSS)-induced colitis. (a, b) Proliferating cell nuclear antigen (PCNA) immunostaining of
colon sections (a) and its quantification (b) showed a decrease in epithelial cell proliferation in mice having received aluminum as compared with mice
administered phosphate buffer saline (PBS). (c, d) Terminal transferase dUTP nick end labeling (TUNEL) immunostaining of the same colons (c) and its
quantification (d) shows no significant difference in epithelial cell apoptosis. Caco-2 cells were incubated with increasing doses of AluCi (50 and
100 mg ml� 1) for 5 days. (e) MTT assay showed a decrease in epithelial cell proliferation. (f) Lactate dehydrogenase (LDH) activity assay in the
supernatants did not reveal any significant variation.
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In spite of this, the potential toxic role of aluminum in the gut
has been poorly studied. Interestingly, a fatal outbreak of
granulomatous enteritis with many histological similarities
with Crohn’s disease was reported in a group of horses sharing a
common environment. In the evaluation of the cluster, an
unexpected finding was the presence of aluminum excess in
affected tissues.29 Our results are in agreement with a study
reported only in the abstract form, in which oral aluminum
increased histological scores in IL10 knockout mice.30 More-
over, using two different experimental models of chemically
induced colitis developed in mice with different genetic
backgrounds, we here demonstrated that small amounts of
two different forms of aluminum enhanced the intensity and
duration of intestinal inflammation, leading to an increased
mortality, increased body weight loss, more intense macro-
scopic and histological lesions, and enhancement of colonic
MPO activities.

Importantly, the dose (1.5 mg kg� 1) and the route of
aluminum administration used in this study are relevant to
human exposure. Indeed, it was estimated by a US food
additives survey that most Americans ingest from 0.01 to

1.4 mg total aluminum per kg body weight per day. In the same
study, it was estimated that B5% of Americans ingested
495 mg aluminum per day (41.36 mg per kg body weight) as
additives in commercially processed foods and beverages.16

In Europe, it was also estimated that the tolerable intake of
aluminum is exceeded in a significant proportion of the
population, especially in children, who are more vulnerable to
toxic effects of pollutants than adults.31,32 Moreover, these
estimations did not take into account aluminum ingestion
through pharmaceuticals, which is estimated to account for
99% of the aluminum ingested by individuals consuming
aluminum-containing medications.33 Aluminum can be found
naturally in different forms, we thus choose to study an organic
soluble form (citrate) and a particular form (phosphate). Our
results demonstrated that both forms of aluminum worsened
colitis and delayed mucosal healing, excluding a form-based
effect.

The precise mechanisms involved in the detrimental effects
of aluminum on intestinal inflammation are unknown.
Aluminum has potential direct cytotoxic effects at high
concentrations but most of its biological mechanisms of action

Figure 10 Aluminum alters intestinal barrier integrity and induces granuloma formation. C57BL6 mice were fed with aluminum phosphate
(AluP) (1.5 mg of Al element kg� 1 per day, n¼ 9) or phosphate buffer saline (PBS) (n¼ 4) for 4 weeks. Bacterial counts in mesenteric lymph nodes
(MLN) and colon were determined after 4 weeks. (a) Bacterial counts in MLN were significantly higher in aluminum-treated mice than in PBS-treated
mice. (b) RT-qPCR assay of homogenized colons showed a decrease in Ocln mRNA in mice treated with aluminum as compared with PBS-treated
mice. (c) Bacterial count of specific strains in the colonic mucosa showed no difference between aluminum-treated and PBS-treated mice.
(d) Human peripheral blood mononuclear cells (PBMCs) were incubated for 4 days with increasing doses of AluP (from 1 to 100 mg of Al element per
well; 1.5 ml medium per well). Quantitative analysis of the number of granulomas showed a dose-dependent enhancement of granuloma
number in response to aluminum. (e) Representative light microscopy pictures (� 10) of the culture wells after 4 days of reaction revealed large
multicellullar structures (granulomas) in the presence of aluminum. (f) Human PBMCs were incubated for 5 days with non-pathogenic E. coli
K-12 strain DH5a, AIEC strain LF82 or BCG, alone or in the presence of a low dose of aluminum (5 ng of Al element ml� 1). The number of
granulomas according to their size (Index 1, small size, Index 2, big size) was counted. CFU, colony forming unit.
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have been described when looking at its adjuvant effect in
vaccines.34 In the latter case, aluminum-induced inflammation
involves the Nlrp3 inflammasome but also Nlrp3-independent
effects mediated through macrophages, B and T cells, resulting
in an enhanced antigen-specific T-cell response and an
increased production of inflammatory cytokines.35 In the
present study, no direct intestinal cytotoxic effect of aluminum
was detected in control animals fed for 1 month with small
amounts of aluminum, nor when epithelial cells were cultured
with high concentrations of aluminum reaching 0.1 mg ml� 1.
Consistent with previous studies analyzing in the skin or the
lung the immunobiology of intradermal or inhaled aluminum,
oral exposure to aluminum activated Nlrp3 and potentiated the
expression of several inflammatory cytokines.36,37 Further-
more, evidence supporting a key role of epithelial cells in
aluminum-sustained intestinal inflammation was obtained
both in vitro and in vivo and was in line with a previous study
showing that aluminum decreased the transepithelial electrical
resistance of Caco-2 cells.34 Using two different HT-29 and
Caco-2 epithelial cell lines, aluminum, in a dose-dependent
manner and synergistically with bacterial LPS, enhanced the
production of inflammatory cytokines and decreased by440%
their ability to proliferate. The relevance of our in vitro data was
further highlighted by the demonstration that animals treated
with aluminum presented an impaired epithelial wound
healing, with sustained inflammation and an increased
bacterial translocation to MLNs. Another mechanism of action
of aluminum may be through its direct interaction with
bacterial flora. In our experiments, aluminum did not modify
the bacterial composition of the colonic flora of mice. It has
been hypothesized that aluminum, through metal chelating
systems, could gain access to microorganisms and then alter
their pathogenicity and ability to induce an exuberant
granulomatous response.38 We here demonstrated that alu-
minum was indeed capable of stimulating granulomas for-
mation, either alone or when associated with bacteria.

Translation of experimental evidence to human diseases
remains hazardous. Aluminum exposure has already been
implicated in a variety of chronic undetermined inflammatory
diseases, such as multiple sclerosis, myofasciitis, pulmonary
granulomatosis, and rheumatoid arthritis.39–42 Since most
people living in industrialized and emerging countries are
routinely and inevitably exposed to aluminum, future descrip-
tive, genetic, and epidemiological studies will be necessary to
clarify the mechanisms leading to aluminum susceptibility in
patients. An emerging concept suggests that dysfunction of
xenobiotic processing enzymes expression or activity in the
intestinal mucosa may be an important event in the initiation
and progression of IBD.43,44 Indeed, several studies have
identified an association between single-nucleotide poly-
morphism in genes involved in xenobiotics detoxification
and susceptibility to IBD.45,46 New research activities should
now develop standard protocols for measuring aluminum in
intestinal tissues of patients with IBD and controls, and analyze
these data according to the genetic profile of their detoxification
enzymes.

METHODS

Animals. Five- to eight-week-old C57BL6 and BALB/C male mice
were purchased from Janvier Laboratory (Le Genest-St-Isle, France).
Animals were maintained under specific pathogen-free conditions in
the animal facility at the Institut Pasteur de Lille. B6-IL10tm1Cgn
(IL10� /� ) mice were bred in the animal facility of the University
Hospital of Zurich. Animals had access to standard tap water and chow
diet ad libitum. All animal experiments were approved by the local
animal care program and were in accordance with the European
convention on research animal protection.

Aluminum treatment. Aluminum phosphate (AlH6O12P3; Sigma-
Aldrich, Saint-Quentin Fallavier, France) or aluminum citrate
(AlC6O7H5) was diluted in PBS (Lifetechnologies, Saint Aubin, France)
and administered once a day with a gavage needle at a concentration of
1.5 mg Al element per kg body weight, an amount equivalent to the
high end of the total aluminum range ingested daily by humans living
in contemporary urban society.16 The duration of aluminum treat-
ment was dependent on the setting of each experiment and was
detailed in each figure. A dose-response experiment was performed
and AluP was given to mice at a concentration of 0.15, 1.5, and 15 mg
Al element per kg body weight per day. Zinc phosphate (Zn3(PO4)2)
diluted in PBS was used as a control and was orally administered
to mice at a concentration of 1.5 mg Zn element per kg body weight
per day. Stock solutions of aluminum salts or ZnP, adjusted to mice
weight, were prepared weekly. In all experiments, control mice
received PBS by gavage.

For experiments performed with IL10� /� mice, AluCi was
diluted in their drinking water at a concentration of 0.015 mg Al
element ml� 1 to reach a daily exposure of 1.5 mg Al element per kg
body weight.

Induction of TNBS and DSS colitis. TNBS colitis was induced in
anesthetized C57BL6 mice by intrarectal administration of TNBS
(150 mg kg� 1; Sigma-Aldrich) diluted in a 1:1 (v/v) mix of 0.9% NaCl
and 100% ethanol, as described previously.47 Control animals received
an NaCl/ethanol mix using the same technique. Mice were euthanized
4 days after TNBS/ethanol administration.

Acute colitis was induced with 2.5% (w/v) DSS (45 kDa; TdB
Consultancy, Uppsala, Sweden) dissolved in water for 7–9 days. For
recovery experiments, colitis was induced by feeding mice with 2%
(w/v) DSS for 7 days, followed by normal water until the end of the
experiments, 10 or 12 days after DSS discontinuation. At the end of
each experiment, mice were assessed for clinical score and euthanized.

Determination of clinical scores. For TNBS-induced colitis, animals
were euthanized and the colon of each mouse was dissected and cut
longitudinally to reveal the colonic mucosa. The intensity of colonic
lesions was first evaluated macroscopically according to the Wallace
score.48 The Wallace score rates macroscopic lesions on a scale from 0
to 10 based on features reflecting inflammation, such as hyperemia,
thickening of the bowel, and the extent of ulceration. A colon specimen
located within the ulceration was used for histological evaluation. The
other parts of the colon were frozen for subsequent analysis of mRNA
expression and MPO activity quantification.

For DSS-induced colitis, body weight was determined regularly
during DSS and the water administration phase until the end of each
experiment. At the end of each experiment, animals were assessed for
clinical score by recording body weight variation, stool consistency,
and occult blood before being euthanized. A DAI was determined as
previously described and is summarized in Supplementary Table 1
online.49 Rectal bleeding was assessed with the ColoScreen III Lab Pack
(Elitech, Salon-de-Provence, France). The DAI score ranged from 0
(healthy) to 12 (greatest level of colitis). After euthanasia, the colon was
carefully dissected and its weight and size were measured. Circular
sections of the colon were prepared for histological analysis. The other
parts of the colon were frozen for subsequent analysis of mRNA
expression and MPO activity quantification.
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In the model of chronic colitis, IL10� /� animals were anesthetized
intraperitoneally with a mixture of 100 mg ketamine (Vétoquinol,
Bern, Swizerland) and 8 mg of Xylazine (Bayer, Lyssach, Switzerland)
per kg body weight and examined as described previously with
the Tele Pack Pal 20043020 (Karl Storz Endoskope, Tuttloingen,
Germany).50 Colonoscopy was scored using the murine endo-
scopic index of colitis severity scoring system as described previously.51

After euthanasia, circular sections of the colon were prepared for
histological analysis. The other parts of the colon were frozen for
subsequent analysis of mRNA expression and MPO activity
quantification.

Histology. Colons were fixed in 4% paraformaldehyde, and embedded
in paraffin (Labonord, Templemars, France). Tissue sections were
stained with May-Grünwald and Giemsa and evaluated blindly by two
investigators. Histological lesions of mice with TNBS-induced colitis
were quantified using the modification by Ameho of the histo-
pathological grading system of Macpherson and Pfeiffer (ranging from
0 to 6).48 Briefly, histological findings identical to those of normal mice
were scored as 0, mild mucosal and/or submucosal inflammatory
infiltrate and edema, punctate mucosal erosions, and intact muscularis
mucosae were scored as 1, the same histological findings involving 50%
of the specimen were scored as 2, prominent inflammatory infiltrate
and edema, deeper areas of ulceration extending through the mus-
cularis mucosae into the submucosa, and rare inflammatory cells
invading the muscularis propria but without muscle necrosis were
scored as 3, the same histological findings involving 50% of the
specimen were scored as 4, extensive ulceration with coagulative
necrosis with deep extension of the necrosis into the muscularis
propria were scored as 5, and the same histological findings involving
50% of the specimen were scored as 6.

For DSS-induced colitis and chronic colitis, histological lesions were
assessed using a score quantifying the intensity of the inflammatory
cell infiltrate (scores 0–3) and the tissue damage (scores 0–3) as
previously described.49 Briefly, the presence of occasional inflamma-
tory cells in the lamina propria was scored as 0, increased numbers
of inflammatory cells in the lamina propria as 1, confluence of
inflammatory cells extending into the submucosa as 2, and transmural
extension of the infiltrate as 3. For tissue damage, scores were 0, no
mucosal damage; 1, lymphoepithelial lesions; 2, surface mucosal
erosion or focal ulceration; 3, extensive mucosal damage and extension
into deeper structures of the bowel wall. The combined histological
score ranged from 0 (no changes) to 6 (extensive infiltration and tissue
damage).

MPO activity measurement. MPO activity was measured to monitor
the degree of neutrophil infiltration in the colonic lesions during
chemically induced and chronic colitis.52 Colon specimens were
homogenized with an Ultra Turrax T8 (Ika-Werke, Staufen, Germany)
in a phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethyl
ammonium and subjected to two sonication and freeze-thaw
cycles. The suspensions were centrifuged at 14,000� g for 15 min at
4 1C and the supernatants were reacted with 1 mg ml� 1 o-dianisidine
hydrochloride and 0.0005% hydrogen peroxide. The optical density of
each sample was read at 450 nm with a Versamax microplate reader
(MDS Analytical Technologies, Saint-Grégoire, France). One unit of
MPO activity was defined as the amount that degraded 1 mmol pero-
xidase per minute at 25 1C. The results were expressed as absorbance
per total quantity of proteins determined by the Bradford method.

PCNA staining and TUNEL. Ex vivo cell proliferation was assessed by
staining for PCNA. Colonic sections were boiled in 0.1 M sodium
citrate buffer pH 6.0 for 6 min for antigen unmasking. After washing,
sections were blocked for 30 min with 5% bovine serum albumin in
PBS, stained overnight at 4 1C with anti-PCNA antibody (1/50)
(Santa Cruz Biotechnology, Dallas, TX), and incubated with Alexa 488
conjugated secondary antibody (1/100) (Invitrogen, Saint-Aubin,
France) for 1 h. Sections were counterstained with DAPI (Molecular

Probes, Eugene, OR). To ensure specificity of immunostaining, con-
trol sections underwent simultaneous staining with isotype control
antibody.

Detection of apoptosis was performed by TUNEL assay using the
in situ cell death detection kit (Roche, Meylan, France). Sections were
permeabilized with 1% Triton X-100, 0.1% sodium citrate, washed and
stained for TUNEL according to the manufacturer’s instructions.
Sections were counterstained with DAPI.

The quantification of positive TUNEL- or PCNA-stained cells was
performed randomly using the ImageJ processing and analysis software
(NIH, Bethesda, MD). Images were acquired with a DM5500B
microscope equipped with a DFC 310 FX camera (Leica Microsystems,
Nanterre, France) and mucosal layers were photographed at a
magnification of � 10 to measure specific fluorescence intensity.

Cell line stimulation assay. Caco-2 and HT-29 epithelial cells were
cultured in 12-well plates (density of 5� 105 cells per well) with
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (Eurobio, Courtaboeuf Cedex, France) and 1% peni-
cillin-streptomycin (Invitrogen), at 37 1C in 5% CO2/95% humidified
air. Cells were treated with AluP at different concentrations (10–100 mg
Al element ml� 1) with or without LPS (1mg ml� 1; Sigma-Aldrich) for
3–6 h. After the incubation period, cells were washed twice with sterile
PBS, then lysed with RA1 buffer containing 1% b-mercaptoethanol
(Macherey-Nagel, Düren, Germany).

For the determination of cytotoxicity and proliferation, cells
were incubated with aluminum for 5 days. Supernatants were
collected for lactate deshydrogenase measurement (Cytotoxicity
detection kit; Roche) and cell proliferation was assessed using
a colorimetric MTT cell proliferation assay (Interchim, Montluçon
Cedex, France). Optical density was read at 500 and 570 nm,
respectively, with a Versamax microplate reader (MDS Analytical
Technologies).

RNA extraction and real-time qPCR. Total RNA was extracted from
colonic samples with the NucleoSpin RNAII commercial kit
(Macherey-Nagel), as described by the manufacturer. cDNA was
prepared with the High Capacity cDNA Archive kit and RT–qPCR was
performed with SyBrGreen (Applied Biosystems, Saint-Aubin,
France). Beta-actin was used as a reference gene and primer sequences
are listed in Supplementary Table 2.

Microbiologic analysis. Colon samples and MLN were introduced
into pre-weighed vials containing 1.5 ml of cysteinated Ringer’s
solution. After physical disruption of the colon specimens, 10-fold
dilutions were performed in the same diluent (decimal dilutions from
10–2 to 10–5). Each dilution was spread onto plates of non-selective
blood agar (modified Columbia agar) incubated at 37 1C for 1 week
under anaerobic conditions, McConkey plates (BioMerieux, Marcy
l’Etoile, France) incubated at 37 1C for 48 h under aerobic conditions,
and Man, Rogosa, Sharpe plates incubated at 37 1C for 48 h under CO2-
enriched conditions. Total counts were performed, and different types
of colonies were subcultured and identified following established
morphological and biochemical criteria. Quantitative results are
expressed in log colony forming unit(CFU) g� 1. The threshold of
detection is 104 CFU g� 1.

After disruption of MLN in the Ringer’s solution, 1 ml was grown in
brain-heart enrichment broth and 0.1 ml was spread onto plates of
non-selective blood agar and incubated at 37 1C for 1 week under
anaerobic conditions. If the brain-heart enrichment broth became
turbid, then 0.1 ml was spread onto plate of non-selective blood agar
and incubated at 37 1C for 1 week under anaerobic conditions. Sub-
cultured bacteria were identified as above. The threshold of detection
was 102 CFU g� 1. All samples were analyzed in a blind manner.

In vitro granulomas formation. Fresh human blood from healthy
volunteers was obtained from the Etablissement Français du Sang and
was diluted 1/1 (v/v) with RPMI (Invitrogen), layered gently onto a
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ficoll-paque solution (Amersham, Courtaboeuf Cedex, France) and
then centrifuged for 40 min at 1,800 r.p.m. PBMCs were collected and
washed three times in RPMI medium by 10 min centrifugation at
1,800 r.p.m. Cells were counted with a Malassez cell and diluted to a
concentration of 1� 106 cells ml� 1 in RPMI media supplemented
with 7.5% heat-inactivated human AB serum (Sigma-Aldrich).
PBMCs were then incubated in 24-well plates with increasing con-
centrations of AluP or alone for 4–7 days, at 37 1C in a 5% CO2

atmosphere. In each well, the number of granulomas was counted.
Granulomas enumeration was performed using an inverted micro-
scope and a � 4 objective (Olympus CK40, Olympus, Rungis, France).
Pictures were taken using an inverted microscope with a � 4, � 10,
or � 40 objective (Nikon TE300 Eclipse, Champigny-sur-Marne,
France). For experiments with bacterial stimulation, PBMCs were
incubated with 1� 103 non-pathogenic E. coli K-12 strain DH5a,
AIEC strain LF82 or 1� 104 BCG, alone or with AluP (5 ng Al
element ml� 1) for 4 days at 37 1C in a 5% CO2 atmosphere.
Granulomas enumeration was performed as previously described.
Results are represented as the total number of granulomas per well
and the percentage of small size (index 1) and big size granulomas
(indexes 2–4).

Statistical analysis. Data are presented as the mean±s.e.m.
Comparison between different treatment groups for quantitative
variables was performed using the Wilcoxon–Mann–Whitney test.
Two-tailed significance tests were used. Kaplan–Meier analysis
with log-rank statistics was performed in survival during DSS-
induced colitis. A P-value of o0.05 was considered as statistically
significant.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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Abstract

Background: The gut microbiota is critical for intestinal homeostasis. Recent studies have revealed the links
between different types of dysbiosis and diseases inside and outside the intestine. Environmental exposure to
pollutants (such as heavy metals) can also impair various physiological functions for good health. Here, we studied
the impact of up to 8 weeks of oral lead and cadmium ingestion on the composition of the murine intestinal
microbiome.

Results: Pyrosequencing of 16S RNA sequences revealed minor but specific changes in bacterial commensal
communities (at both family and genus levels) following oral exposure to the heavy metals, with notably low
numbers of Lachnospiraceae and high numbers levels of Lactobacillaceae and Erysipelotrichaceacae (mainly due to
changes in Turicibacter spp), relative to control animals.

Conclusions: Non-absorbed heavy metals have a direct impact on the gut microbiota. In turn, this may impact the
alimentary tract and overall gut homeostasis. Our results may enable more accurate assessment of the risk of
intestinal disease associated with heavy metal ingestion.

Keywords: Heavy metal exposure, Gut microbiota, Mice, 16S pyrosequencing, Turicibacter, Denaturing gradient gel
electrophoresis (DGGE)
Background
Chronic ingestion of environmental heavy metals (HMs,
such as lead (Pb) and cadmium (Cd)) is associated with
the occurrence of various diseases. The underlying mech-
anism is thought to be related to excessive local and
systemic oxidative stress or deregulation of immune re-
sponses. Intestinal absorption of HMs leads to accumula-
tion in specific target organs, with severe detrimental
effects on human health. However, high concentrations of
non-absorbed HMs remain in the gut microenvironment,
where they may have a direct impact on the gut ecosystem
and its overall physiology [1,2]. The gut microbiota has
been described as a complex “hidden” organ, which plays
a key role in the maintenance of health; hence, the pres-
ence or absence of specific species can be essential for
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maintaining homeostasis both inside and outside the in-
testinal tract [3,4].
The gastrointestinal epithelium has several essential

functions: constituting a physical barrier, ensuring mu-
cosal immune responses and excluding or detoxifying
harmful intestinal content. These processes are highly
influenced by the microbiota via a complex interplay with
the host [5-7]. Disturbance of the microbiota (dysbiosis) is
associated with an increased risk of developing inflamma-
tory diseases, allergic diseases and metabolic disorders;
hence, it is of the utmost importance to understand micro-
biotal variability if we are to better understand disease
states [8,9]. The most studied factors affecting microbiota
composition are age, genetic background, diet and anti-
biotic consumption [10]. It has also been postulated that
exposure to xenobiotic agents from the environment is an
important factor shaping the gut microbiota. However,
little attention has been given to the potential impact
of bioavailable HMs on the commensal microbiota and
intestinal homeostasis. We thus sought to characterize
possible impact of environmental Pb and Cd on the mi-
crobial ecosystem in mice, in order to better understand
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iginal work is properly cited. The Creative Commons Public Domain Dedication
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the potential role of environmental factors in the etiology
and pathogenesis of gastrointestinal disorders in humans.

Methods
Animals and ethics statement
Twenty-five Balb/C female mice (aged 6 weeks on arrival)
were obtained from Charles River (Saint-Germain-sur-
l’Arbresle, France). The animals were randomly divided
into groups of five and housed in a controlled environ-
ment (a temperature of 22°C, a 12 h/12 h light/dark cycle
and with ad libitum access to food and water). All animal
experiments were performed according to the guidelines
of the Institut Pasteur de Lille Animal Care and Use
Committee and in compliance with the Amsterdam
Protocol on Animal Protection and Welfare and the
Directive 86/609/EEC on the Protection of Animals
Used for Experimental and Other Scientific Purposes
(updated in the Council of Europe’s Appendix A).
The animal work was also compliant with French le-
gislation (the French Act 87–848, dated 19-10-1987) and
the European Communities Amendment of Cruelty to
Animals Act 1976. The study’s objectives and procedures
were approved by the Ethic and Welfare Committee for
Experiments on Animals in France’s Nord-Pas-de-Calais
region (approval number: 04/2011).

Animal exposure procedures and experimental set-up
Mice were exposed to doses of either Cd (20 or 100 ppm)
or Pb (100 or 500 ppm), where ppm correspond to mg
L-1. The metals were administered continuously for
8 weeks by spiking the animals’ drinking water with
CdCl2 or PbCl2 solution, as previously described [11].
In order to cover both “environmentally relevant (low)”
and “critical” doses of Cd exposure and to mimic Pb poi-
soning, the HM doses were selected according to the
respective “lowest observed adverse effect” level (LOAEL)
for chronic exposure in rodents. Control animals received
water with no added CdCl2 or PbCl2. Fecal pellets and
cecal content were collected in tubes and weighed.
Samples were snap-frozen and then stored at −80°C until
nucleic acid extraction was performed, as described previ-
ously [12].

DNA extraction and PCR amplification
16S rRNA genes were amplified using the PCR primers
[13], which target the V5 and V6 hypervariable regions.
The forward primer contained the sequence of the
Titanium A adaptor (5′-CCATCTCATCCCTGCGTG
TCTCCGACTCAG-3′) and a barcode sequence. The
reverse primer contained the sequence of Titanium B
adaptor primer B: (5′-CCTATCCCCTGTGTGCCTT
G-3′). For each sample, a PCR mix of 100 μL contained
1 × PCR buffer, 2 U of KAPA HiFi Hotstart polymerase
blend and dNTPs (Kapabiosystems, Clinisciences, Naterre,
France), 300 nM primers (Eurogentec, Liège, Belgium),
and 60 ng per g DNA. Thermal cycling consisted of initial
denaturation at 95°C for 5 min, followed by 25 cycles of
denaturation at 98°C for 20 s, annealing at 56°C for 40 s
and extension at 72°C for 20 s, plus final extension at 72°C
for 5 min. Amplicons were visualized on 1% agarose. Gels
were stained with GelGreen Nucleic Acid gel stain in 1x
Tris-acetate-EDTA (TAE) buffer and then cleaned with
Wizard SV Gel and PCR Clean-up System (Promega,
Charbonnieres les Bains, France), according to the manu-
facturer’s instructions.

Amplicon quantitation, pooling, and pyrosequencing
Amplicon DNA concentrations were determined using
the Quant-iT PicoGreen dsDNA reagent and kit (Life
Tech, Carlsbad, CA) following the manufacturer’s in-
structions. Assays were carried out using 2 μL of cleaned
PCR product in a total reaction volume of 200 μL in
black, 96-well microtiter plates. Following quantitation,
cleaned amplicons were combined in equimolar ratios in
a single tube .The final pool of DNA was eluted in 100 μL
of nuclease-free water and purified using an Agencourt
Ampure XP Purification Systems, according to the manu-
facturer’s instructions (Agencourt Biosciences Corporation-
Beckman Coulter, Beverly, MA) and then resuspended in
100 μL of TAE 1x. The concentration of the purified pooled
DNA was determined using the Quant-iT PicoGreen
dsDNA reagent and kit (Life Tech, Carlsbad, CA), accord-
ing to the manufacturer’s instructions. Pyrosequencing was
carried out using primer A on a 454 Life Sciences Genome
Sequencer FLX instrument (Roche, Branford, CT) following
titanium chemistry.

16S rRNA data analysis
The sequences were assigned to samples as a function of
their sample-specific barcodes. The sequences were then
checked for the following criteria [14]: (i) an almost per-
fect match with the barcode and primers; (ii) at least 240
nucleotides in length (not including barcodes and
primers); and (iii) no more than two undetermined bases
(denoted by N). By “an almost perfect match”, we mean
that one mismatch/deletion/insertion per barcode or per
primer was allowed. Each pyrosequenced dataset that
passed quality control was assigned to a family with the
RDP classifier (version 2.1, http://rdp.cme.msu.edu) with
a confidence threshold > 80%. The Chao richness esti-
mate was calculated with the Mothur software package
(for more details, see http://www.mothur.org/wiki/Chao).

Denaturing gradient gel electrophoresis (DGGE)
The variable V3 region of the 16S rRNA gene was ampli-
fied using the universal bacterial primers F357-GC and
R518 [15,16]. The PCR and temperature program have
been described elsewhere [17]. The resulting 16S rRNA
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amplicons were analyzed by DGGE fingerprinting analysis
(the D-Code System from Bio-Rad, Nazareth, Belgium)
using 35% to 70% denaturing gels, as previously described
[16]. Each lane received 30 μl of PCR product and electro-
phoresis was performed at 70 V for 990 min. Next, the
DGGE gels were stained for 30 min with 1 X SYBR Gold
nucleic acid gel stain (S-11494; Invitrogen, Merelbeke,
Belgium) in 1 X TAE buffer (Bio-Rad), and the band pro-
files were digitized and visualized with a charge-coupled
device (CCD) camera and Quantity One software (Bio-
Rad). Every fifth or sixth lane contains a reference sample
(containing the V3-16S rRNA amplicons of a taxonomic-
ally well-characterized strain for each of 12 bacterial
species) and fingerprint profiles were normalized using
BioNumerics software (version 5.10, Applied Maths, Sint-
Martens-Latem, Belgium).

Statistics and data analysis
All statistical analyses were performed by comparing
experimental groups with the control group. A non-
parametric one–way analysis of variance, Mann–Whitney
U-tests or Student’s t tests were used as appropriate. Bac-
terial count data are presented as the mean ± standard
error of the mean (SEM). The threshold for statistical sig-
nificance was set to p < 0.05.

Results and discussion
In the present study, groups of wild-type mice under-
went up to of 8 weeks continuous exposure to CdCl2 (20
Cecal flora

CTL Cd 20 Pb 100M

Figure 1 DGGE profiles revealed microbial diversity in the cecum con
salts via their drinking water. The figure shows DGGE gels of the V5-V6 h
in the cecum and the feces of 4 mice treated (or not) with 20 mg L-1 (ppm
or 100 ppm) or PbCl2 (100 or 500 ppm) administered in
their drinking water. In an earlier study, these HM levels
were sub-toxic and not associated with hepatotoxicity or
changes in behavior, organ weights (liver, spleen and kid-
neys), body weight or overall growth (when compared
with regular water-treated mice, [11]. Furthermore, none
of the HM treatments had a detectable impact on our
animals’ food intake, stool consistency or gut motility.
Indeed, this was demonstrated by providing oral exogen-
ous food-grade microorganisms (such as yeasts and lac-
tic bacteria) as feces markers. All the animals exhibited
similar transit times and persistence parameters (data
not shown).
We measured the microbial communities’ profiles in

feces and cecal content. On the basis of the DGGE
results, an 8-week treatment with either Cd or Pb did
not significantly modify the murine microbiota at ei-
ther sampling site (Figure 1). A discriminant analysis
of band classes (performed with Bionumerics soft-
ware) enabled us to distinguish between fecal and co-
lonic samples (Figure 2) and between control samples
and HM-treated samples but did not pinpoint sys-
tematic differences between Pb and Cd treatments or
between low and high concentrations of the HMs
(results not shown). This finding contrasts with a re-
cent report in which oral Cd had harmful effects on
the viability of some components of the mouse
microbiota [18]. This disparity might be explained by
the fact that Fazeli and coworkers used restrictive
Fecal flora

CTL Cd 20 Pb 100M

tent and fecal pellets of mice exposed for 8 weeks to Cd and Pb
ypervariable 16S rDNA region, illustrating the microbiota’s composition
) of Cd or 100 mg L-1 (ppm) of Pb.



Cecal flora Fecal flora

CTL  Cd 20 Pb 100

Figure 2 An unweighted pair group method with arithmetic
mean tree of the same gels. Pairwise similarities were calculated
with BioNumerics software (version 6.6.4), using a Dice coefficient
with 0% optimization, 0.3664% fixed tolerance, exclusion of
uncertain bands and no relaxed doublet matching, fuzzy logic or
area sensitivity.
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conventional culture methods, whereas we used a molecu-
lar approach.
A more in-depth analysis of the cecal and fecal

microbiome was carried out via 454 pyrosequencing
of the V5-V6 region of the 16S rRNA (Table 1, Figures 3
and 4). We generated a dataset consisting of 197,143 fil-
tered, high-quality 16S rRNA gene sequences (mean ± SD
number of sequences per sample: 11,596 ± 6060). With
operational taxonomic unit (OTU) cut-offs of 0.03, 0.05
or 0.10, the samples from the Cd, Pb and control groups
did not differ significantly in terms of microbial richness
(as estimated by the Chao richness index) or biodiversity
(assessed by a nonparametric Shannon index). With an
OTU cut-off of 0.03, the mean number of clusters was
1244 ± 381. The abundance of the two major phyla (the
Firmicutes and Bacteroidetes) was similar in all three
groups, whereas there were few Actinobacteria (Figure 3).
In contrast, treatment with the two HMs was associ-
ated with a change in the composition of the colonic
microbiota at both the family and genus levels. In
fact, eight weeks of oral Cd or Pb treatment caused
small but statistically significant differences in num-
bers of Prevotellaceae and Clostridiaceae (especially in
the feces). Significant differences (p < 0.05) in the rela-
tive abundance of several other families in both cecal
and fecal samples were observed, with low numbers
of Lachnospiraceae and high numbers of Lactobacilla-
ceae and Erysipelotrichaceae in the HM-treated groups
(Figure 4A). Within the Erysipelotrichaceae family, num-
bers of Turicibacter (Figure 4B), coprococci, streptococci,
Blautia, Barneselia and Allistipes were higher in HM-
treated groups than in controls. In general, we observed
lower genus diversity in the HM-treated groups. Low
bacterial diversity and low number of Lachnospiraceae
have been linked to intestinal inflammation and consid-
ered as a predisposition to colitis [19,20]. Whether changes
in Lachnospiraceae, Lactobacillaceae and Erysipelotricha-
ceae are consistently linked with inflammation remains
to be established. However, the frequent literature re-
ports on changes in the abundance of these groups in
the mouse microbiome indicate that these groups are
more sensitive to external factors than other, less abun-
dant groups are. However, cautious interpretation is ne-
cessary because of the low family-level resolution of
metagenomics, which prevents reliable microbial com-
munity analyses under in inflammatory conditions, for
example [21].
The genus Turicibacter was previously detected in the

ileal pouch of an ulcerative colitis patient [22], in human
appendicitis [23] and in infectious states in piglets. Inter-
estingly, high levels of Turicibacter were observed in
mice fed an iron-free diet (in which these bacteria might
favor anti-inflammatory effects) [24] and in colitis-resistant
CD8-knock-out mice (where it is potentially involved in
the anti-inflammatory phenotype) [25]. The ongoing se-
quencing of several Turicibacter spp genomes will
hopefully clarify their function as part of the micro-
biota and elucidate their role(s) in the interaction be-
tween HM exposure and inflammation [26]. Lastly, the
lactobacilli’s apparent ability to tolerate HMs might be
helpful for bioremediation purposes, since some mi-
croorganisms can bind labile metal ions and remove
them from the environment [27]. In theory, HM-
resistant, innocuous strains with anti-oxidant and
anti-inflammatory properties could be used as probio-
tics by combining their chelating properties with tar-
geted treatment of the xenobiotics’ harmful effects on
the host’s microbiota [28,29].
Laboratory mice have a less complex gut microbiota

than humans and there are only slight mouse-to-mouse
variations when groups of individuals are housed to-
gether. Nevertheless, HM-associated differences in the
microbiota were observed in all individual, exposed mice
(data not shown). Our DGGE and metagenomics results
confirmed a clear link between ingestion of HMs and
the composition of the gut microbiota. The marked,
environmentally-induced alteration in the gut microbiota
also suggests a link between HM exposure and inflam-
mation. However, the functional classification of groups
of bacteria as “predisposing”, “colitogenic” or even “pro-
tective” is hotly debated and difficult to investigate [23].
Besides producing quantitative and qualitative changes



Table 1 Relative distributions of bacterial phylotypes, families and genera in (i) the cecum content of mice orally
exposed for 8 weeks to Cd (20 or 100 ppm) or Pb (100 or 500 ppm) salts and (ii) the fecal pellets for mice orally
exposed for 8 weeks to Cd (20 ppm) or Pb (100 ppm)
Phylum Cd0Pb0 Cd20 Cd100 Pb100 Pb500

Cecal content

Actinobacteria 0.25% 0.59% 1.19% 2.27% 0.25%

(range) (0.11-0.40) (0.16-1.30) (0.36-1.84) (0.11-5.39) (0.10-0.40)

SEM 0.049 0.210 0.272 1.113 0.161

P value - 0.0775 0.0045 0.0537 0.478

Bacteroidetes 1.9% 2.58% 1.60% 1.47% 1.36%

(range) s(1.29-2.28) (0.35-7.66) (0.31-4.97) (0.30-3.36) (0.8-2.40)

SEM 0.183 1.328 0.854 0.612 0.3

P value - 0.3131 0.3697 0.2578 0.0869

Firmicutes 97.8% 96.77% 97.2% 96.24% 98.36%

(range) (97.4-98.4) (92.0-99.3) (93.1-98.8) (91.1-99.6) (97.9-99.0)

SEM 0.187 1.297 1.037 1.739 0.272

P value - 0.2269 0.2916 0.1986 0.1755

Fecal pellet

Actinobacteria 0.30% 0.39% 0.24%

(range) (0.18-0.50) (0.13-0.65) (0.08-0.42)

SEM 0.053 0.089 0.058

P value - 0.2304 0.2188

Bacteroidetes 34.4% 38.8% 35.65%

(range) (12.5-50.8) (30.1-7.5) (22.4-51.5)

SEM 6.56 10.84 8.65

P value - 0.3670 0.4553

Firmicutes 64.7% 60.44% 63.85%

(range) (48.2-71.3) (47.5-90.9) (38.2-77.5)

SEM 6.73 10.86 8.72

P value - 0.3736 0.4701

Family Cd0Pb0 Cd20 Cd100 Pb100 Pb500

Cecal content

Lachnospiraceae 72.6% 53.17% 25.9% 43.7% 67.5%

(range) (33.2-88.3) (26.8-76.6) (10.3-28.5) (27.1-61.4) (59.1-75.0)

SEM 10.01 9.24 4.15 6.09 2.62

P value - 0.037 0.0081 0.0378 0.05859

Lactobacillaceae 22.34% 38.20% 54.68% 38.24% 26.1%

(range) (5.6-64.9) (19.01-60.6) (41.6-81.6) (28.7-67.1) (19.2-32.1)

SEM 10.88 8.54 7.06 7.26 2.09

P value - 0.05859 0.0379 0.0379 0.05859

Ruminococcaceae 1.82% 2.15% 2.64% 2.15% 1.14%

(range) (0.72-3.01) (0.76-5.91) (0.81-7.21) (0.63-3.22) (0.58-1.67)

SEM 0.442 0.836 0.876 0.934 0.939

P value - 0.3804 0.2627 0.3106 0.0997
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Table 1 Relative distributions of bacterial phylotypes, families and genera in (i) the cecum content of mice orally
exposed for 8 weeks to Cd (20 or 100 ppm) or Pb (100 or 500 ppm) salts and (ii) the fecal pellets for mice orally
exposed for 8 weeks to Cd (20 ppm) or Pb (100 ppm) (Continued)

Porphyromonadaceae 0.42% 0.63% 0.42% 0.49% 0.41%

(range) (0.0-1.25) (0.0-2.24) (0.0-1.41) (0.0-1.65) (0.05-1.24)

SEM 0.228 0.438 0.433 0.415 0.411

P value - 0.3152 0.4774 0.4139 0.0641

Rikenellaceae 0.51% 0.42% 0.27% 0.21% 0.26%

(range) (0.0-1.32) (0.0-1.32) (0.0-0.92) (0.0-0.6)

(0.0-0.47)

SEM 0.250 0.245 0.259 0.174 0.174

P value - 0.3883 0.2216 0.1564 0.1800

Coriobacteriaceae 0.49% 1.19% 2.38% 4.57% 0.36%

(range) (0.2-0.76) (0.23-2.6) (0.69-4.35) (0.2-11.75) (0.1-0.51)

SEM 0.111 0.0939 0.107 0.433 0.138

P value - 0.1736 0.01414 0.0250 0.3

Streptococcaceae 0.3% 0.14% 0.15% 0.24% 0.04%

(range) (0.0-0.50) (0.05-0.3) (0.0-0.66) (0–0.75) (0–0.1)

SEM 0.102 0.0239 0.0983 0.0894 0.0581

P value - 0.0901 0.1905 0.3711 0.0164

Erysipelotrichaceae 0.1% 2.32% 12.98% 6.89% 3.6%

(range) (0.0-0.24) (0.42-8.02) (3.82-28.12) (2.13-14) (1.73-6.05)

SEM 0.044 0.232 0.219 0.268 0.02236

P value - 0.0182 0.0096 0.0096 0.00051

Family Cd0Pb0 Cd20 Pb100

Fecal pellet

Lachnospiraceae 37.36% 23.67% 12.55%

(range) (18.8-86.9) 1.77-82.9) (3.52-26.6)

SEM 12.81 14.14 17.28

P value - 0.0453 0.023

Lactobacillaceae 32.99% 42.77% 50.88%

(range) (10.3-51.2) (4.49-67.1) (25.1-65.6)

SEM 8.58 8.87 10.02

P value - 0.2782 0.1121

Ruminococcaceae 1.70% 1.4% 0.83%

(range) (0.24-3.46) (0.08-4.58) (0.11-1.61)

SEM 0.65 0.65 0.86

P value - 0.3916 0.1275

Porphyromonadaceae 11.14% 13.01% 12%

(range) (3.46-16.25) (1.60-22.04) (4.88-19.6)

SEM 2.22 3.11 3.84

P value - 0.3447 0.4075

Rikenellaceae 8.36% 4.99% 5.82%

(range) (5.71-14.18) (1.93-16.07) (0.45-18.5)

SEM 1.92 2.47 2.87

P value - 0.1736 0.2626
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Table 1 Relative distributions of bacterial phylotypes, families and genera in (i) the cecum content of mice orally
exposed for 8 weeks to Cd (20 or 100 ppm) or Pb (100 or 500 ppm) salts and (ii) the fecal pellets for mice orally
exposed for 8 weeks to Cd (20 ppm) or Pb (100 ppm) (Continued)

Coriobacteriaceae 0.68% 0.67% 0.41%

(range) (0.03-0.99) (0.32-1.32) (0.16-0.67)

SEM 0.137 0.114 0.159

P value - 0.4841 0.0677

Streptococcaceae 0.27% 0.26% 0.20%

(range) (0.0-0.68) (0.02-0.69) (0–0.36)

SEM 0.127 0.129 0.09

P value - 0.4969 0.3060

Erysipelotrichaceae 0.33% 4.05% 6.56%

(range) (0.0-0.89) (0.48-15.53) (0.44-20.7)

SEM 0.158 0.399 0.4033

P value - 0.0585 0.0107

Prevotellaceae 0.14% 1.06% 0.75%

(range) (0.0-0.25) (0.08-4.14) (0.11-1.22)

SEM 0.058 0.806 0.812

P value - 0.1345 0.049

Clostridiaceae 0.00% 0.675% 1.55%

(range) (0.0-0.00) (0.0-2.17) (0.0-3.06)

SEM 0.0 0.094 0.0940

P value - 0.0628 0.0086

Genus Cd0Pb0 Cd20 Cd100 Pb100 Pb500

Cecal content

Lactobacillus 75.28 84.57% 77.4% 74.8% 83.82%

(range) (60–98.9) (68–91.11) (57.6-93.6) (54.1-90.6) (80.4-89.3)

SEM 7.554 4.419 5.97 7.741 1.589

P value - 0.2229 0.1248 0.1234 0.1503

Blautia 5.39% 2.82% 0.36% 4.90% 0.78%

(range) (0–12.6) (0.45-8.8) (0–0.97) (0–9.2) (0.3-1.22)

SEM 2.58 1.526 0.176 1.990 0.165

P value - 0.2456 0.1085 0.1136 0.2036

Coprococcus 3.49% 3.06% 0.46% 1.65% 0.64%

(range) (0–7.95) (0.22-6.49) (0.14-0.73) (0.7-3.62) (0.32-1.2)

SEM 1.651 1.172 0.110 0.521 0.151

P value - 0.1874 0.2086 0.2677 0.2757

Alistipes 3.42% 1.40% 0.41% 0.40% 0.74%

(range) (0.0-12.5)(0.0-4.0) (0.0-1.49) (0.0-1.16) (0.0-1.34)

SEM 2.40 0.725 0.273 0.232 0.221

P value - 0.2084 0.0439 0.4421 0.0461

Steptococcus 2.84% 0.35% 0.24% 0.47% 0.11%

(range) (0.0-6.67) (0.11-0.80) (0.0-1.05) (0.0-1.45) (0.0-0.24)

SEM 1.235 0.132 0.204 0.274 0.0514

P value - 0.4189 0.0522 0.1590 0.0616
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Table 1 Relative distributions of bacterial phylotypes, families and genera in (i) the cecum content of mice orally
exposed for 8 weeks to Cd (20 or 100 ppm) or Pb (100 or 500 ppm) salts and (ii) the fecal pellets for mice orally
exposed for 8 weeks to Cd (20 ppm) or Pb (100 ppm) (Continued)

Barnesiella 1.56% 0.34% 0.44% 0.66% 0.72%

(range) (0.0-6.67) (0.0-0.8) (0.0-1.35) (0.0-2.6) (0.0-2.27)

SEM 1.295 0.152 0.244 0.503 0.404

P value - 0.1598 0.4157 0.4842 0.1505

Bacteroides 0.95% 0.44% 0.09% 0.11% 0.36%

(range) (0.0-3.33) (0.0-1.6) (0.0-0.37) (0–0.54) (0–1.29)

SEM 0.631 0.292 0.071 0.108 0.236

P value - 0.0401 0.0356 0.0489 0.0229

Turicibacter 0.28% 4.02% 19.63% 14.34% 11.32%

(range) (0.0-1.15) (0.76-11.8) (4.48-41.3) (3.09-22.15) (6.37-15.4)

SEM 0.222 1.987 6.566 4.599 1.749

P value - 0.0492 0.0092 0.0078 0.0001

Genus Cd0Pb0 Cd20 Pb100

Fecal pellet

Lactobacillus 49.31% 58.0% 63.07%

(range) (8.96-73.18) (22.4-88.4) (34.4-82.9)

SEM 10.71 12.14 11.67

P value - 0.3032 0.2053

Blautia 0.73% 0.75% 0.28%

(range) (0.0-2.99) (0.0-3.28) (0.0-0.64)

SEM 0.570 0.634 0.143

P value - 0.4873 0.2331

Coprococcus 1.61% 0.83% 0.14%

(range) (0.0-5.97) (0.0-3.48) (0.0-0.32)

SEM 1.101 0.664 0.065

P value - 0.2795 0.1091

Alistipes 17.5% 8.47% 7.20%

(range) (7.2-29.8) (2.0-19.3) (0.43-24.5)

SEM 3.871 3.822 4.454

P value - 0.0678 0.0495

Steptococcus 0.50% 0.38% 0.28%

(range) (0.0-1.44) (0.1-0.87) (0.0-0.5)

SEM 0.263 0.152 0.094

P value - 0.3494 0.2254

Barnesiella 14.18% 9.13% 7.38%

(range) (6.8-25.3) (5.12-16.7) (2.4-11.8)

SEM 3.049 2.216 1.711

P value - 0.1086 0.0438

Bacteroides 11.17% 12.32% 10.46%

(range) (4.7-19.6) (2.08-39.9) (3.76-24.8)

SEM 3.175 7.419 4.364

P value - 0.4448 0.4492
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Table 1 Relative distributions of bacterial phylotypes, families and genera in (i) the cecum content of mice orally
exposed for 8 weeks to Cd (20 or 100 ppm) or Pb (100 or 500 ppm) salts and (ii) the fecal pellets for mice orally
exposed for 8 weeks to Cd (20 ppm) or Pb (100 ppm) (Continued)

Turicibacter 0.75% 4.81% 8.71%

(range) (0.0-1.49) (0.82-17.6) (2.84-28.24)

SEM 0.307 3.236 4.996

P value - 0.0483 0.0281

Data are expressed as the mean, range and SEM percentage abundance of the total assignment (n = 5 animals per group) and the corresponding p value is given
in italics. The threshold for statistical significance was set to p < 0.05.
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in the gut microbiota, HMs also impact (directly or in-
directly) intestinal homeostasis through their many local
effects (on the epithelia mucosa) and systemic effects.
Indeed, we previously reported that chronic ingestion of
Cd and Pb induced (i) anemia and tissue iron loss from
tissues, (ii) slight but consistent changes in the expres-
sion of transport-related genes, (iii) the small intestine
and colon’s oxidative and inflammatory status and (iv)
genotoxicity [11]. It is difficult to predict the net inflam-
matory balance in this context, since both harmful and
adaptive events occur together. We also recently empha-
sized the key role of the microbiota in the process of
HM absorption and dissemination throughout the body
- illustrating the complex metal-microbe-host interplay
that operates [30]. Our present ecotoxicological results
complement that first attempt to identify the impact of
HMs on the gut’s microbial ecology. This is in line with
the need to develop a more comprehensive view of
environmental exposure, i.e. one that is not restricted
Actinobacteria

Bacteroidetes

Firmicutes

Cecal flora

Control Cadmium
20 ppm 

Fecal flora

Control
Cadmium
20 ppm 

Figure 3 Distribution of bacterial phylotypes in the cecum content an
100 ppm) or Pb (100 or 500 ppm) salts via their drinking water. 16S r
quencing. Data are expressed as the mean percentage abundance of the t
data, most of the bacteria in untreated (control) mice belonged to Firmicu
to the mere entry of xenobiotics into the body but
also takes account of inflammation, oxidative stress,
other gut flora, metabolic processes and a continually
fluctuating chemical environment. Defining this type
of integrated “exposome” may provide a way of caus-
ally linking long-term exposure to the occurrence of
chronic disease [31].

Conclusions
Non-absorbed heavy metals have a direct impact on the
gut microbiota. In turn, this may impact the alimentary
tract and overall gut homeostasis. Our results may en-
able more accurate assessment of the risk of intestinal
disease associated with heavy metal ingestion. Further
studies are needed to understand the complex crosstalk
between the gut microbiota and the host, interpret the
clinical consequences of exposure to xenobiotics and as-
sess the relationship between the environment and dis-
ease susceptibility.
Lead
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Lead
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Actinobacteria

Bacteroidetes

Firmicutes

d fecal pellets of mice exposed for 8 weeks to Cd (20 or
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otal assignment (n = 5 animals per group). In line with the literature
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Figure 4 Distribution of bacterial subgroups in the cecum content and fecal pellets of mice exposed for 8 weeks to Cd (20 or 100 mg L-1)
or Pb (100 or 500 mg L-1) salts via their drinking water. (A) Family-level and (B) genus-level. 16S rRNA-base analyses were derived from
454/Roche multitag pyrosequencing. Data are expressed as the mean percentage abundance (n = 5 animals per group). Only operational
taxonomic units (OTU’s) present in dominant families (> 0.1%) were considered. *: p < 0.05 and **: p < 0.01: significantly different from the control
group (water with no added Cd or Pb) for the corresponding taxa. The color code is defined in the inset on the right of the Figure.
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Abstract The conceptualisation of autistic spectrum disorder
and Alzheimer’s disease has undergone something of a para-
digm shift in recent years and rather than being viewed as
single illnesses with a unitary pathogenesis and pathophysiol-
ogy they are increasingly considered to be heterogeneous syn-
dromes with a complex multifactorial aetiopathogenesis, in-
volving a highly complex and diverse combination of genetic,
epigenetic and environmental factors. One such environmen-
tal factor implicated as a potential cause in both syndromes is
aluminium, as an element or as part of a salt, received, for
example, in oral form or as an adjuvant. Such administration
has the potential to induce pathology via several routes such as
provoking dysfunction and/or activation of glial cells which
play an indispensable role in the regulation of central nervous
system homeostasis and neurodevelopment. Other routes in-
clude the generation of oxidative stress, depletion of reduced
glutathione, direct and indirect reductions in mitochondrial
performance and integrity, and increasing the production of
proinflammatory cytokines in both the brain and peripherally.
The mechanisms whereby environmental aluminium could
contribute to the development of the highly specific pattern
of neuropathology seen in Alzheimer’s disease are described.
Also detailed are several mechanisms whereby significant
quantities of aluminium introduced via immunisation could

produce chronic neuropathology in genetically susceptible
children. Accordingly, it is recommended that the use of alu-
minium salts in immunisations should be discontinued and
that adults should take steps to minimise their exposure to
environmental aluminium.

Keywords Brain . Neuropathology . Aluminum . Alzheimer
disease . Autism spectrum disorder . Autoimmunity

Introduction

Autism spectrum disorder (ASD) refers to an increasingly
common group of heterogeneous disorders identified by the
presence of impairments in social interactions and communi-
cation together with a restrictive range of repetitive and ste-
reotypical behaviours (Zhubi et al. 2014; Ladd-Acosta et al.
2014). Recent analyses have consistently shown that the prev-
alence of ASD is increasing. Estimates vary between one in 68
(CDC) and one in 46 (Pelly et al. 2015) to one in 38 (Kim et al.
2011) during similar time periods. There is some debate as to
the reasons for the precipitous increase in prevalence of ASD
over the past two decades, with some concluding that this is
essentially an artefact stemming from the development of
broader diagnostic categories and increased medical aware-
ness (Rutter 2005; King and Bearman 2009). However, anal-
yses conducted by other research teams have suggested that
other factors aside from diagnostic shift may contribute to this
increase in prevalence (Grether et al. 2009; Hertz-Picciotto
2009). Although early heritability estimates for ASD were
high (approximately 97%), multiple comprehensive genetic
studies have failed to reveal reproducible candidate genes,
and thus far no single gene can account for more than 1% of
ASD cases, although there is a great deal of evidence that
genetic abnormalities play a major role in the development
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of the disorders which is unsurprising given that this is the
case with most if not all illnesses (Siniscalco et al. 2013). It is
also worth noting that only a minority of children with an
ASD diagnosis have an identifiable genetic syndrome
(Siniscalco et al. 2013) and recent studies suggest that the
yield of genetic testing is low even when chromosomal mi-
croarray analysis is combined with whole exome sequencing,
particularly in non-dysmorphic ASD children (Tammimies
et al. 2015). Moreover, some genetic abnormalities which in-
crease the risk of developing ASD are also risk factors for
other neurodevelopmental or neuroimmune conditions, and
are polymorphisms rather than deleterious mutations, being
also present in unaffected individuals (Betancur 2011; Sahoo
et al. 2011). It would appear that these genes appear to confer
vulnerability to a variety of neurodevelopmental disorders
(Betancur 2011; Sahoo et al. 2011; Rapoport et al. 2012).
Furthermore, a recent heritability estimate stemming from
the largest twin study to date yielded a figure as low as 37%
(Hallmayer et al. 2011), although another recent study calcu-
lated an estimate of heritability between 40 and 60% (Klei
et al. 2012).

The concept of ASD as an illness of purely genetic origin
has given way to the view that, at the very least, the
aetiopathogenesis of ASD involves a highly complex interac-
tion between numerous genes and environmental risk factors
(Bushnell 2013; LaSalle 2013). Moreover, it is becoming
increasingly apparent that alterations in the epigenetic land-
scape and dysregulation of epigenetic mechanisms responsi-
ble for gene expression also play a major role in the
aetiopathogenesis of these disorders (Rangasamy et al. 2013;
Flashner et al. 2013; Siniscalco et al. 2013). In a landmark
post-mortem microarray study, Voineagu and fellow workers
identified 444 genes which were differentially expressed in
the cerebral cortex, and two genes which were differentially
expressed in the cerebellum, of children with ASD compared
with neurotypical age- and sex-matched controls. They report-
ed that the dysregulated patterns of expression of immune and
glial gene markers were not associated with any known ASD
risk genes, so that immune changes are likely to be either
secondary phenomena or the result of environmental factors
(Voineagu et al. 2011). In another study, Melnyk and others
examined 68 ASD subjects, 40 unaffected siblings and 54
age- and sex-matched controls, and reported oxidative dam-
age to DNA (indexed by the oxidised DNA adduct 8-oxo-
deoxyguanosine) and proteins in leukocytes combined with
global DNA hypomethylation that was specific to ASD chil-
dren (Melnyk et al. 2012). The phenomenon of global DNA
hypomethylation in the brain as a driver of altered gene ex-
pression in ASD children has also been reported (Ladd-Acosta
et al. 2014; Nardone et al. 2014). It is also of interest that the
latter team reported hypomethylation and consequent upregu-
lation of complement and tumour necrosis factor-alpha
(TNF-α) genes, which are involved in the regulation of the

neurodevelopmental roles of microglia and synaptic scaling
respectively (Nardone et al. 2014).

Further evidence emphasising the importance of epigenetic
abnormalities in the pathogenesis of ASD was published by
Wong and fellow workers (2014). These authors reported differ-
entlymethylatedDNA regionswithin 50monozygotic twin pairs
(i.e. 100 individuals) discordant for ASD that correlated with the
severity of autistic trait scores, emphasising the importance of
epigenetic rather than genetic factors in the pathophysiology
and pathogenesis of ASD (Wong et al. 2014). The role of epige-
netic dysregulation as an important factor in the pathogenesis of
ASD is further supported by evidence of dysregulated
microRNA (miRNA) expression in ASD children (Mundalil
Vasu et al. 2014; Mellios and Sur 2012). A recent post-mortem
study cited evidence of hypomethylated and upregulated miR-
142 in the frontal cortex (Brodmann area 10) in children with
ASD, which is of interest as this miRNA plays a major role in
regulating the neurodevelopmental activities of microglia and
maintaining them in a quiescent state (Mor et al. 2015;
Vaishnavi et al. 2013; Marrale et al. 2014).

When viewed as a whole, it appears that the aetiology of
ASD is multifactorial, involving a highly complex and diverse
combination of genetic, epigenetic, environmental and immu-
nological factors (Flashner et al. 2013; Herbert 2010; Roberts
et al. 2013). Overall, the conceptualisation of ASD has under-
gone a paradigm shift, and rather than being viewed as a single
illness with a unitary pathogenesis and pathophysiology, it is a
clinically heterogeneous syndrome with a complex multifac-
torial aetiopathogenesis (Zhubi et al. 2014; Voineagu et al.
2011; Betancur 2011; Tordjman et al. 2014; Ruggeri et al.
2014; Georgiades et al. 2013). Ultimately, the pathology in
any given child likely has its origins in a dynamic interplay
between a broad range of different environmental agents, pre-
disposing genetic factors and complex epigenetic mechanisms
as discussed above (Zhubi et al. 2014; Voineagu et al. 2011;
Betancur 2011; Tordjman et al. 2014; Ruggeri et al. 2014;
Georgiades et al. 2013).

The view of ASD as an illness or illnesses exclusively
affecting the brain is also changing. While many ASD chil-
dren display evidence of activated microglia and astrocytes,
which are characteristic of many neuroimmune and neurode-
generative diseases (Morgan et al. 2012; Suzuki et al. 2013;
Morgan et al. 2010; Morris and Berk 2015; Morris et al.
2015a), there is also copious evidence of abnormalities in
the peripheral immune system. Such evidence includes data
demonstrating excessive pro-inflammatory cytokine (PIC) ex-
pression, reduced anti-inflammatory cytokine expression,
modulated or increased T-cell responses, altered natural killer
T-cell responses, activated complement responses, major his-
tocompatibility complex (MHC) class I abnormalities and in-
creased autoantibodies in the periphery as well as in the brain
(reviewed in Noriega and Savelkoul 2014; Careaga and
Ashwood 2012; Estes and McAllister 2015; Gottfried et al.
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2015). The pattern of single nucleotide polymorphisms
(SNPs) in immune genes is similar to those seen in several
autoimmune diseases such as multiple sclerosis (MS) (Ramos
et al. 2012). There is also evidence of abnormally robust pat-
tern recognition receptor activity linked to the presence of
SNPs in encoding genes leading to exaggerated immune re-
sponses (Enstrom et al. 2010; Mead and Ashwood 2015). It is
also noteworthy that genes governing immune and inflamma-
tory responses are upregulated in some children with an ASD
diagnosis (Koufaris and Sismani 2015) and that the presence
of such abnormally expressed genes can predict the develop-
ment of ASD in male children with some 83% accuracy
(Pramparo et al. 2015). It is also of interest that polymor-
phisms in cytokine and HLA genes are associated with unusu-
al responses to vaccines (Castiblanco and Anaya 2015). The
evidence of immune abnormalities in many, but by no means
all, children afforded an ASD diagnosis has led to the proposal
of a neuroimmune subtype of ASD (McDougle et al. 2015).
Furthermore, several researchers have reported an association
between initial inflammatory insults and the subsequent de-
velopment of chronic immune disturbances in ASD children
(McDougle et al. 2015; Gottfried et al. 2015; Siniscalco et al.
2013). One possible explanation for this phenomenon is that
an unusually potent and/or prolonged immune response al-
lows for the development of macromolecular or tissue damage
leading to the formation of damage-associated molecular pat-
terns (DAMPs) (Lucas et al. 2015). The formation of such
DAMPs and the resultant chronic stimulation of pattern rec-
ognition receptors (PRRs), leading to the development of an
Bautotoxic loop^ of increasing inflammation and oxidative
stress, is considered to play a major role in the maintenance
and exacerbation of systemic inflammation, neuro-
inflammation and neurodegeneration in a range of autoim-
mune and neurodegenerative diseases such as systemic lupus
erythematosus (SLE), MS and Alzheimer’s disease (AD)
(Venegas and Heneka 2017; Land 2015). Frequent or
prolonged postnatal infections are an obvious source of in-
flammatory insults and such events appear to be associated
with a significantly increased risk of developing ASD
(Abdallah et al. 2012; Hadjkacem et al. 2016). However, other
environmental agents putatively associated with an increased
risk of developing the ASD phenotype, such as organophos-
phates, mercury and aluminium, also have the capacity to
provoke a prolonged and or exaggerated immune response
(Eisenkraft et al. 2013; Kern et al. 2016; Shaw and
Tomljenovic 2013). Aluminium salts in adjuvant form func-
tioning as DAMPs activate PRRs and exert profound stimu-
latory effects on innate immune responses (Powell et al. 2015)
and thus could be candidates for the generation of tissue dam-
age and DAMP formation in children with an underlying ten-
dency to produce an exaggerated immune response. There is
also evidence of increased aluminium levels in the hair and
urine of ASD children compared with unaffected controls

(Yasuda and Tsutsui 2013; Mohamed Fel et al. 2015;
Blaurock-Busch et al. 2012; Blaurock-Busch et al. 2011), al-
though this not an invariant finding (Fido and Al-Saad 2005;
Al-Ayadhi 2005). It should also be noted that aluminium ad-
juvants are becoming a recognised trigger of autoimmune pa-
thology in genetically susceptible individuals (Morris et al.
2015b).

Intriguingly, chronic or cumulative exposure to aluminium
reflected by increased levels in cerebrospinal fluid (CSF) and
serum may be one environmental factor in the pathogenesis
and pathophysiology of MS, Parkinson’s disease (PD) and
AD (Fulgenzi et al. 2014; Exley et al. 2006; Ahmed and
Santosh 2010; Yasui et al. 1992; Exley and Vickers 2014;
Basun et al. 1991). There is a wealth of research examining
the potential association between increased exposure to envi-
ronmental aluminium and the development of the last of these
illnesses. Indeed, a recent meta-analysis involving eight
cohort- and case-controlled studies conducted prior to 2015
involving 10,567 participants concluded that increased alu-
minium exposure increased the risk of developing AD by
some 71% (Wang et al. 2016). This seems a noteworthy find-
ing in the light of evidence indicating that AD is also an
aetiologically heterogeneous syndrome (Lam et al. 2013;
Morris and Berk 2015) as indeed is the case for PD (Klein
and Lohmann 2009; Korczyn and Hassin-Baer 2015) and MS
(Paz Soldan and Rodriguez 2002). Hence establishing an as-
sociation between AD and a single environmental factor in a
cross-sectional study when a multiplicity of such factors may
be involved in different patients is a difficult enterprise. Much
of the in vivo evidence examining the mechanisms underpin-
ning the pathological effects of aluminium exposure has been
obtained in the area of human and animal research into the
pathogenesis of AD. Such evidence includes the induction of
oxidative stress, mitochondrial dysfunction, microglial activa-
tion and functional dysregulation of microglia (Morris and
Berk 2016). This may be highly relevant as many children
with ASD also manifest oxidative stress (reviewed in
Depino 2013; Rossignol and Frye 2014; Frustaci et al.
2012), mitochondrial dysfunction (reviewed by Goh et al.
2014; Chen et al. 2015; Guevara-Campos et al. 2013) and
abnormal microglial activity as discussed above.

In this paper we aim to review the available evidence
purporting to establish an association between increased alu-
minium exposure and an increased risk of developing AD and
the evidence aimed at illuminating the potential pathophysio-
logical mechanisms by which aluminium could be an element
in the development of the illness in at least some people. The
objective of this part of the paper is to inform readers with an
interest in the pathogenesis and pathophysiology of ASD who
might not be aware of concerns regarding aluminium in the
pathogenesis of conditions other than ASD. We also aim to
highlight accumulating evidence suggesting that aluminium
adjuvants can precipitate serious autoimmune or auto-
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inflammatory pathology in genetically susceptible people
which is a growing area of concern. We will then move on
to consider evidence suggesting an association between the
increased use of aluminium salt adjuvants and an increased
incidence of ASD before moving on to touch briefly on the
safety or otherwise of vaccines in people with a predisposition
to autoimmunity and a range of polymorphisms in immune
genes. This would appear to be appropriate in the light of
changes in the conceptualisation of ASD as a syndrome with
a multiplicity of potential causes and increasing knowledge
regarding the effects of genetic variation in the immune sys-
tem and the response to vaccines. The remainder of the paper
will focus on mechanisms by which increased exposure to
aluminium could be an environmental trigger of ASD in at
least some children with a range of abnormalities in the per-
formance of their immune systems.

Section 1. Evidence highlighting the neurotoxic
properties of aluminium

Evidence of an association between chronic aluminium
exposure and the development of AD

The p-block metal aluminium, which is the third most fre-
quently occurring element in the Earth’s crust, occurs natural-
ly in the ore bauxite, various clays and alumino-silicate min-
erals, and has a preferred oxidation state of +3. Several authors
have reported a strong positive correlation between the level of
aluminium in drinkingwater and the incidence ofAD throughout
the world including the United Kingdom, Canada, Norway and
France (Flaten 2001; Kawahara and Kato-Negishi 2011). The
most recently reported association was published by Rondeau
et al. (2009), who demonstrated that high daily consumption of
aluminium in drinking water was associated with a significantly
increased risk of developingmild cognitive impairment or AD in
a 15-year longitudinal French cohort study involving 1925 re-
cruits (Rondeau et al. 2009).

There is considerable in vitro and in vivo evidence demon-
strating that aluminium ions inhibit the dephosphorylation of
tau, potentiate the development of neurofibrillary tangles
(NFTs), cause the accumulation of amyloid beta protein and
accelerate the formation of amyloid plaques (Kawahara 2005;
Exley 2005). Despite such evidence, the enthusiasm for alu-
minium as a factor in the pathogenesis of AD waned largely
based on data suggesting that aluminium levels were no
higher in the brains of AD patients than in healthy controls,
and the failure to detect aluminium in NFTs and amyloid
plaques in post-mortem tissue at higher levels in AD than in
age- and sex-matched controls (Yumoto et al. 2009). In par-
ticular, no evidence of increased brain aluminium levels in AD
was found, using flameless atomic absorption spectrophotom-
etry, in the study of Jacobs et al. (1989). Furthermore, high

aluminium levels in the cores of amyloid or neuritic (senile)
plaques have not been reported in several studies variously
employing scanning proton microprobe analysis (Lovell
et al. 1993), energy-dispersive X-ray microprobe analysis
(Jacobs et al. 1989), electron microprobe analysis (Chafi
et al. 1991) or nuclear microscopy using particle-induced X-
ray emission, Rutherford backscattering spectrometry and
scanning transmission ion microscopy (Landsberg et al.
1992). In contrast, increased plaque core aluminium has been
reported in AD using an energy-dispersive X-ray microana-
lytical system (Edwardson et al. 1986) and a method based on
inductively coupled plasmamass spectrometry combinedwith
flow injection (Beauchemin and Kisilevsky 1998). Similarly,
the findings in relation to increased aluminium in NFTs are
inconsistent, with a positive finding using laser microprobe
mass analysis (Good et al. 1992), negative findings using
electron microprobe and ion microprobe analyses (Chafi
et al. 1991) and an intermediate finding (that is, slight in-
crease) again using laser microprobe mass analysis (Lovell
et al. 1993). A histochemical study of AD hippocampal
neurones reported evidence of aluminium in nucleoli and in
NFTs (Walton 2006).

Notwithstanding the above findings, some recent research
studies usingmore sensitive techniques have detected aluminium
in the brains of AD patients within plaques, NFTs and elsewhere
at significantly higher levels than in age- and sex-matched unaf-
fected controls (Yumoto et al. 2009; Bouras et al. 1997).
Furthermore, a number of studies reporting the effects of alumin-
ium exposure in animals have demonstrated the development of
AD and Alzheimer-like pathology in rodents (Al-Olayan et al.
2015; Abd-Elghaffar et al. 2005; Sumathi et al. 2015; Lu et al.
2014; Exley and Vickers 2014; Exley and Esiri 2006). Animal
studies have also revealed that aluminium administered orally or
via injection significantly decreased reduced glutathione levels
and the activities of catalase, superoxide dismutase, glutathione
peroxidase and glutathione reductase, and increased the levels of
nitric oxide (NO), PICs and lipid peroxidation (Sumathi et al.
2015; Al-Olayan et al. 2015). Moreover, histological examina-
tion has revealed apoptosis of hippocampal and cerebral cortical
neurones and the presence of NFTs, amyloid plaque deposition,
Schwann cell degeneration and nerve fibre demyelination (Abd-
Elghaffar et al. 2005).

Knowledge regarding the possible mechanisms by which
aluminium exposure could provoke some of the characteristic
features underpinning the pathophysiology of AD has also
evolved. In a recent paper, Zhao et al. (2014) reported on the
ability of physiologically realistic levels of aluminium to pro-
voke the aggregation of Aβ42 monomers into dimeric, oligo-
meric, and ultimately fibrillary structures. This team of au-
thors also cited decreased expression of triggering receptor
expressed in myeloid/microglial cells-2 (TREM2) in microg-
lia subsequent to the upregulation of miR-34a as the mecha-
nism underpinning impaired microglial-mediated clearance of
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Aβ42 peptides from the brain caused by prolonged exposure
to aluminium at nanomolar concentrations (Zhao et al. 2014).

Human in vivo studies have also reported specific aluminium-
related abnormalities in the brains of AD patients. The associa-
tion between prolonged exposure to environmental aluminium
and increased levels of phosphorylated tau subspecies in blood
lymphocytes has also been reported in a recent study involving
66 retired aluminium workers (Lu et al. 2014). Moreover, it has
been demonstrated that ferritin in plasma from AD patients, par-
ticularly those with mild AD, contains significantly higher con-
centrations of aluminium compared with plasma ferritin from
age- and sex-matched controls which, given the pivotal role of
this protein in the regulation of metal homeostasis, may be a
crucial finding; the finding of a higher level in mild AD com-
pared with severe AD may also point to a first phase in which
there is an aluminium overload of ferritin, followed by a phase in
which ferritin with reduced functional capacity releases alumin-
ium (De Sole et al. 2013). Interestingly, the capacity of alumin-
ium to disrupt the activity of ferritin and transferrin, with the
subsequent disruption of iron homeostasis, has been demonstrat-
ed in a series of studies implicating aluminium as a
potential causative agent in certain types of breast can-
cer cells as well as in primary invasive breast cancers
and ductal carcinoma in situ (Darbre et al. 2013; Darbre
et al. 2011; Mannello et al. 2013).

It should also be noted that, until recently, an explanation
which could explain the selective effects of AD on various re-
gions of the brain was lacking. However, in a study using elec-
trothermal atomic absorption spectroscopy of the aluminium
content of the arterial walls of eight arteries which supply the
brain, it was found that aluminium concentration is far higher in
the posterior cerebral artery (arteria cerebri posterior), which sup-
plies the hippocampus, in late-stage AD patients than in age- and
sex-matched controls (Bhattacharjee et al. 2013). This study is
particularly intriguing because, when taken as a whole, the data
indicate the presence of biochemical mechanisms in the endothe-
lial cells supplying the cerebral vasculature which enable the
binding of aluminium to selected areas such as the hippocampus,
known to play a major role in the pathogenesis of the illness
(Bhattacharjee et al. 2013).

There is little doubt that the weight of evidence implicating
aluminium in the causation of AD in at least some patients is
increasing. However, at the current time, despite an analysis
using Hill’s causality criteria concluding that aluminium
played a causative role in the development of AD (Walton
2014), there is currently no universal consensus on the subject,
and it seems reasonable to conclude that there is a correlative
link between aluminium and AD but that this association does
not currently amount to a causative relationship. There is,
however, an accumulating body of evidence suggesting that
that aluminium in adjuvant form may provoke systematic and
symptomatic autoimmune conditions in genetically suscepti-
ble individuals and we will now discuss this phenomenon.

The involvement of aluminium adjuvants
in the development of autoimmune syndrome induced
by adjuvants (ASIA)

Evidence demonstrating the development of chronic autoim-
mune or auto-inflammatory conditions following environmental
exposure to aluminium salts, and indeed other adjuvants, is in-
creasingly becoming a cause for concern (Zafrir et al. 2012;
Cerpa-Cruz et al. 2013; Jensen-Jarolim 2015; Willhite et al.
2014). Much of this evidence has been presented in the context
of the Bautoimmune (auto-inflammatory) syndrome induced by
adjuvants^ (ASIA), which encompasses a broad spectrum of
immune-mediated illnesses triggered by exposure to medical,
cosmetic or environmental adjuvants such as aluminium salts,
silicon compounds or indoor mould (Agmon-Levin et al.
2009). ASIA is characterised by specific and non-specific man-
ifestations of autoimmune disease such as chronic fatigue, myal-
gia, arthralgias, neurocognitive impairment, respiratory symp-
toms, gastrointestinal symptoms, dermatological signs and the
development of autoantibodies (Israeli 2012).

Medical conditions considered by some to be part of the syn-
drome include post-vaccination phenomena, Gulf War syn-
drome, macrophagic myofasciitis, antiphospholipid syndrome,
siliconosis and possibly chronic fatigue syndrome (myalgic en-
cephalomyelitis) and fibromyalgia syndrome (Cruz-Tapias et al.
2013; Vera-Lastra et al. 2013). It is interesting to note that data
from animal models suggest that adjuvants may play a role in the
development of syndromic autoimmune diseases such as SLE,
Sjögren’s syndrome and rheumatoid arthritis in some patients
(Cruz-Tapias et al. 2013; Bagavant et al. 2014).

Adjuvants were once thought to pose little or no independent
threat as drivers of pathology. Unfortunately, studies of animal
models and humans have demonstrated the ability of some of
them to induce autoimmunity and immune-mediated diseases
(Agmon-Levin et al. 2009; Elkayam et al. 2011). The mecha-
nisms underpinning adjuvant-induced immunotoxicity appear to
be somewhat varied, but clearly impinge on both innate and
humoral immune responses (Marrack et al. 2009; Kool et al.
2008a; Eisenbarth et al. 2008). It must be stated however that
adjuvant exposure per se does not appear to cause problems for
the vast majority of people and the development of ASIA seems
to depend on genetic predisposition or as yet undetermined en-
vironmental co-factors (Perricone et al. 2013; Esposito et al.
2014; Shoenfeld and Agmon-Levin 2011; Soriano et al. 2015).

Several authors have examined patients diagnosed with
autoimmune or other immune-mediated illnesses following
hepatitis B virus immunisation (Zafrir et al. 2012; Agmon-
Levin et al. 2009; Agmon-Levin et al. 2014). The largest such
study evaluated the medical records of 93 patients and report-
ed prevalence rates of different manifestations as follows: neu-
rological 67%; general symptoms 60%;musculoskeletal 60%;
gastrointestinal 51%; fatigue 42%, ophthalmological 32%;
muco-cutaneous 30%; sleep disturbance 19%; psychiatric
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16%; and local reactions 11% (Zafrir et al. 2012). Elevated
autoantibody titres were also documented in the sera in 80%
of the patients. Several vaccine adjuvants have also been im-
plicated in the development of autoimmune diseases which lie
outside ASIA, notably ASD which is a subject that we now
consider.

Aluminium adjuvants in the pathogenesis of ASD

From the perspective of aluminium adjuvants as a potential
contributory factor in the development of ASD (Shaw and
Tomljenovic 2013), a recent analysis applying Hill’s criteria
for establishing causality reported children living in countries
with the highest prevalence of ASD appear to have the
greatest exposure to vaccine based aluminium. Perhaps more
importantly, the increase in exposure to aluminium adjuvants
displayed a significant positive correlation with the increased
prevalence of ASD in the USA recorded over the last 20 years
(r = 0.92, p < 0.0001). Awider analysis revealed the presence
of significant positive correlation between the levels of alu-
minium in adjuvant form administered to preschool children
at around three to four months old and the existing ASD prev-
alence in seven major Western countries (r = 0.89 to 0.94,
p = 0.0018 to 0.0248) (Shaw and Tomljenovic 2013).

Taylor and colleagues, in a meta-analysis of 10 pre-selected
predominantly retrospective studies, reported no causal rela-
tionship between a range of mercury containing vaccines and
a range of neurodevelopmental conditions such as pervasive
developmental delay (PDD), attention-deficit hyperactivity
disorder (ADHD), autistic disorder and ASD as diagnosed
by several different criteria (Taylor et al. 2014).

It is worth noting that the questions asked by the above two
groups are different, with the first focusing entirely on autism
using current diagnostic criteria while the second used a range
of different case definitions of autism and autism-like conditions
and also included children with PDD. Indeed, one large study
included in the analysis focused entirely on PDD (Smeeth et al.
2004 ) , wh i l e ano the r two focused on gene r a l
neurodevelopmental conditions (Andrews et al. 2004;
Verstraeten et al. 2003). It is also fair to say that the conclusions
of another study (DeStefano 2007) have been challenged and a
re-analysis of the data has revealed a significant association be-
tween a first measles, mumps and rubella (MMR) immunisation
before the age of 36 months in African-American males and a
diagnosis of ASD (Hooker 2014), although it should be noted
that this last study has since been retracted. It would appear that
the statisticians involved in the meta-analysis by Taylor et al.
(2014) viewed PDD, ADHD and ASD as essentially the same
condition, or, the interpretation of this and other data is based on
the concept of ASD as a discrete disease entity which is being
increasingly called into question (Zhubi et al. 2014; Voineagu
2012; Betancur 2011; Tordjman et al. 2014; Ruggeri et al.
2014; Georgiades et al. 2013). However, in spite of these issues

those who believe that adjuvants cause Bautism^ have one ques-
tion which currently remains unanswered, namely that if alumin-
ium or other adjuvants per se provoke chronic central nervous
system and peripheral pathology, why is the prevalence of ASD
not far higher than it is now? Given the ubiquity of vaccination
onewould expect that almost every child would be affected. This
fact alonemeans that adjuvants are highly unlikely to be themain
cause of ASD.However, researchwithin theASIA paradigm and
beyond does suggest that aluminium adjuvants, and indeed vac-
cination per se, can cause serious long-term pathology in people
with a certain genetic vulnerability, especially in the case of latent
or subclinical auto-immune diseases, andwe nowmove on brief-
ly to detail such evidence.

Section 2. Pathological effects of vaccines in people
with a predisposition to autoimmunity

Langer-Gould and colleagues reviewed the medical records of
780 patients with newly diagnosed MS, clinically isolated syn-
drome (optic neuritis, transverse myelitis, andmonofocal or mul-
tifocal clinically isolated syndrome) or acute disseminated en-
cephalomyelitis (ADEM) and concluded that vaccines may ac-
celerate or precipitate the transition between subclinical and overt
symptomatic autoimmune conditions within the first 30 days
post-immunisation, particularly in those aged under 50 years
(Langer-Gould et al. 2014). Several other authors have reported
an association between the quadrivalent human papilloma vac-
cine and the development of several autoimmune diseases in-
cluding Raynaud’s disease, Behçet’s syndrome, type 1 diabetes
mellitus and Hashimoto’s syndrome (Arnheim-Dahlstrom et al.
2013; Chao et al. 2012). However, once again it would appear
that affected patients displayed signs of subclinical autoimmunity
prior to vaccination which may have subsequently triggered ac-
tive disease (Chao et al. 2012; Arnheim-Dahlstrom et al. 2013).
Many research teams reviewing adverse event data have reached
similar conclusions (Pellegrino et al. 2015; Petrovsky 2015;
Guimaraes et al. 2015). Grimaldi-Bensouda and colleagues
found a positive association between a personal and family his-
tory of autoimmune diseases and the development of several
different autoimmune diseases post-vaccination (Grimaldi-
Bensouda et al. 2014). Interestingly, and perhaps reassuringly, a
prospective longitudinal case-controlled study examining initial-
ly unaffected patients with no evidence of overt or covert auto-
immune disease failed to demonstrate any association between
vaccination and the development of ADEM or other autoim-
mune conditions (Scheller et al. 2015). However, as previously
noted, there is considerable evidence that vaccines, ormore likely
vaccine adjuvants, may precipitate specific autoimmune
sequelae in genetically or epigenetically vulnerable peo-
ple (Pellegrino et al. 2015; Petrovsky 2015; Guimaraes
et al. 2015). We will now discuss possible mechanisms
which may underpin this effect.
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Polymorphisms in human leukocyte antigen (HLA)
and Toll-like receptor (TLR) and immune response
to vaccination

There is a vast body of data demonstrating that immune and
inflammatory responses to vaccines such as MMR are heavily
influenced by polymorphisms in the HLA region and in genes
encoding effector proteins such as cytokines and PRRs which
have the capacity to recognise and become activated by con-
served pathogen-associated molecular patterns (PAMPs) to pro-
duce immune response molecules such as PICs and interferons
(Haralambieva et al. 2013; Lucas and Maes 2013). Examples of
PRRs include membrane-bound receptors such as TLRs (e.g.
TLR-4) and cytosolic receptors such as retinoic acid-inducible
gene (RIG)-like receptors (Kumar et al. 2013). Readers interested
in examining the evidence purporting to demonstrate an associ-
ation between HLA polymorphisms and unusual response to the
MMR vaccine are referred to an excellent review by Castiblanco
and Anaya 2015. Extensive research has also revealed that im-
mune responses to vaccines per se in any given individual are
determined by polymorphisms and methylation patterns in the
HLA region, cytokine and TLR genes coupled with the compo-
sition of the microbiome, the presence of co-infections, and a
whole host of environmental variables (review Poland et al.
2013). These observations provide the basis for a mechanism
whereby adjuvants could provoke an abnormal response in peo-
ple with certain polymorphisms and/or methylation patterns in
the HLA region, cytokine and TLR genes leading to excessively
powerful and/or prolonged immune activity resulting in tissue
damage and the generation of DAMPs, such as S100b, with
the subsequent development of chronic immune and inflamma-
tory pathology (Lucas and Maes 2013; Lucas et al. 2015). This
will be the theme developed in the remainder of this paper. First,
however, it is appropriate to consider whether aluminium in en-
vironmental or adjuvant form does indeed possess the capacity to
generate the range of pathology seen in some children with an
ASD diagnosis, which we will now consider.

Section 3. Chronic aluminium exposure
and the development of chronic oxidative stress,
mitochondrial dysfunction and gliopathology

Aluminium exposure provoking PIC and chemokine
production

Aluminium salt-containing adjuvants induce the production of
the interleukins (ILs) IL-1β, IL-8 and IL-18 in TLR-stimulated
dendritic cells and macrophages (Kuroda et al. 2011; Li et al.
2008; Sharp et al. 2009). There are now considerable, albeit
in vitro, data demonstrating that such activation is dependent
upon nucleotide-binding oligomerisation domain-like receptor
pyrin domain-3 (NLRP3) inflammasome activation (Kool et al.

2008a; Franchi and Nunez 2008). Aluminium salts can activate
the NLRP3 inflammasome via a number of different routes.
These include destabilisation of phagosomes, acidification of
lysosomes and increases in reactive oxygen species (ROS) levels
(Kool et al. 2012;Hornung et al. 2008; Sharp et al. 2009). In vivo,
aluminium hydroxide appears to induce dendritic cell and T-cell
activation at least partly via NLRP3 activation (Kool et al. 2008a;
Eisenbarth et al. 2008) although alternative routes such as
immunoreceptor tyrosine-based activation motif (ITAM) and in-
terferon response factor 3 (irf3) activation appear to be involved
(Kuroda et al. 2011; Marichal et al. 2011). Aluminium adjuvants
also provoke an immune response via the generation of DAMPs,
notably uric acid and host DNA (outside cell nuclei and mito-
chondria) (Kool et al. 2012; Kool et al. 2008b). There is a body
of evidence demonstrating that uric acid and DNA are released
in vivo following aluminium hydroxide injection (Marichal et al.
2011; Kool et al. 2008b). Uric acid is a DAMP synthesised
during purine nucleotide catabolism whose concentration in-
creases during cellular stress, such as at the site of injection
(Kool et al. 2008b). The functional relevance of uric acid levels
in increasing T-cell priming and the instigation of humoral im-
mune responses has been repeatedly demonstrated (Kool et al.
2008b; Munks et al. 2010). Both uric acid and aluminium hy-
droxide can independently activate the NLRP3 inflammasome,
inducing the secretion of IL-1β (Kool et al. 2008a; Franchi and
Nunez 2008). Uric acid crystals administered in the form of an
adjuvant can also induce complement responses and a T helper
type 2 (Th2) cell differentiation pattern (Kool et al. 2011; Shi
et al. 2003). Host DNA released into the intracellular space fol-
lowing cellular necrosis also acts as a DAMP. Testimony to the
highly immunogenic nature of double-stranded stranded DNA is
shown by data demonstrating that it can be used as a substitute
for aluminium hydroxide as a vaccine adjuvant (Marichal et al.
2011). Double-stranded cytosolic DNA is sensed by a number of
PRRs including TLR-9, leading to the production of PICs via the
activation of nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-κB) or interferon-beta (IFN-β) via the activa-
tion of irf3 (Stetson andMedzhitov 2006; Thompson et al. 2011).

Aluminium exposure and the generation of oxidative
stress

Oxidative damage as evidenced by increased lipid peroxidation
and depleted anti-oxidant defences induced by prolonged alu-
minium exposure appears to be focused in the prefrontal cortex,
cerebellum, hippocampus and brainstem (Yuan et al. 2012;
Kumar et al. 2011). It is also noteworthy that several authors
have reported a linear relationship between increased cellular
levels of aluminium and concentrations of protein carbonyls
and S100 proteins (Mannello et al. 2013; Darbre et al. 2013;
Darbre et al. 2011). This is of particular interest as these mole-
cules may function as DAMPs and cause chronic stimulation of
PRRs and hence be a source of chronic immune activation as
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discussed above. Increased levels of lipid peroxidation in the
brain with the production of malondialdehyde (MDA), 4-hy-
droxy-2-trans-nonenal (HNE or 4-hydroxynonenal (4-HNA))
and thiobarbituric acid-reactive substances (TBARS) following
oral administration of aluminium chloride is also a common
finding in small-animal studies (Newairy et al. 2009; Albendea
et al. 2007; Yuan et al. 2012; Lu et al. 2013).

Chronic aluminium exposure also exerts profound detri-
mental effects on cellular anti-oxidant defences leading to sig-
nificantly reduced cellular levels of glutathione transferase,
glutathione peroxidase, catalase, superoxide dismutase and
reduced glutathione (GSH) (Nampoothiri et al. 2015; El-
Demerdash 2004; Yousef 2004; Kumar et al. 2011; Newairy
et al. 2009). Aluminium ingestion also decreases GSH levels
in human blood samples (Khan et al. 2011). Interestingly,
aluminium decreases levels of this thiol by inhibiting the ac-
tivity of NADPH-dependent isocitrate dehydrogenase in mi-
tochondria andmalic enzyme and NADPH isocitrate dehydro-
genase in the cytosol (Murakami and Yoshino 2004). This is
of importance as depleted levels of these enzymes make cells
more sensitive to lipid peroxidation and oxidative mitochon-
drial DNA damage from singlet oxygen species in an environ-
ment of chronic oxidative stress (Kim and Park 2003; Lee
et al. 2002; Kochevar 2004). In this context the existence of
oxidative damage to mitochondrial proteins and DNA follow-
ing prolonged aluminium exposure was reported by Sharma
and colleagues (Sharma et al. 2013). Aluminium ingestion
also leads to increased oxidative stress, markers of lipid per-
oxidation and decreased GSH levels in the epithelial cells
lining the small intestine (Orihuela et al. 2005). This depletion
of GSH appears to be affected by reduced activity of GSH
synthase, GSH reductase and as yet undelineated changes to
the plasma membranes resulting in a reduced influx of GSH
from the lumen to the mucosa (Orihuela et al. 2005). This
aluminium-induced depletion of GSH impairs the activity of
calbindin-D9k resulting in decreased transcellular absorption
of calcium ions (Orihuela et al. 2005). Given the positive role
played by calcium ions in maintaining epithelial barrier integ-
rity (Ma et al. 2000; Schepens et al. 2009), depletion of GSH
could well underpin the increases in intestinal inflammation
and intestinal barrier permeability caused by prolonged con-
sumption of aluminium (Pineton de Chambrun et al. 2014).

Aluminium exposure and the development
of mitochondrial dysfunction

Oxidative stress and subsequent mitochondrial dysfunction con-
stitute the major vehicle underpinning aluminium-induced neu-
rotoxicity (for review see Kumar and Gill 2014). Exposure to
aluminium ions leads to a significant decrease in the activity of
cytochrome C oxidase, NADH and succinate dehydrogenase,
and a subsequent decrease in state 3 (ADP stimulated) and state
4 mitochondrial respiration, which are likely caused by

conformational changes in these enzymes as a direct result of
aluminium ion binding (Dua et al. 2010; Mohan et al. 2009;
Mustafa Rizvi et al. 2014; Kumar et al. 2008). Aluminium also
impairs mitochondrial biogenesis by decreasing levels of perox-
isome proliferator activated receptor gamma co-activator 1α
(PGC-1α) activity, either directly or indirectly as a result of in-
ducing elevated levels of oxidative stress (Sharma et al. 2013).
Aluminium ions also display the capacity to bind to the phos-
phate groups of ATP andADP and inhibit the phosphorylation of
the latter molecule and the dephosphorylation of the former, and
this together with the capacity to inhibit a wide range of kinase
and phosphatase enzymes can grossly impair energy homeostasis
(Kawahara and Kato-Negishi 2011).

Aluminium can also impair mitochondrial function indirectly
via mechanisms such as the induction of endoplasmic reticulum
(ER) stress (Mustafa Rizvi et al. 2014; Johnson et al. 2005).
Aluminium also induces mitochondrial dysfunction by provok-
ing release of calcium ions from intracellular stores, and it is
noteworthy that aluminium-induced oxidative damage and dis-
ruption of calcium ion homeostasis is similar in pattern to that
seen in AD (Johnson et al. 2005; Walton 2012). The functional
and physical relationship between the ER and mitochondria is
well documented in the context of apoptosis, but perhaps under-
discussed in the context of ER stress which is sub-lethal to the
cell (Vannuvel et al. 2013). In the latter environment, the unfold-
ed protein response in general, and protein kinase RNA-like ER
kinase activity in particular, leads to a state of chronic mitochon-
drial underperformance rather than cellular death. This is a com-
plex area and readers wishing to delve deeper into such mecha-
nisms are invited to consult the work of Rainbolt et al. 2014.

Calcium dyshomeostasis is equally detrimental to mito-
chondrial function and of vital importance in the maintenance
of neural function by matching mitochondrial energy produc-
tion to demand (Rueda et al. 2014; Llorente-Folch et al. 2013).
In particular, modest elevations of calcium ions in the cytosol
following increases in neural activity act as the Bgas pedal^ (or
Baccelerator^) to increase energy production and maintain
ATP homeostasis, hence impaired calcium homeostasis can
have profound adverse effects on neural function, even in
the absence of frank apoptosis (Gellerich et al. 2013) The
adverse effects of aluminium on calcium homeostasis is likely
one mechanism involved in aluminium-induced neuropathol-
ogy and we now turn to a consideration of other mechanisms
whereby aluminium exposure could result in the type of as-
trocytic and microglial dysfunction seen in many children
with a confirmed diagnosis of ASD.

The above effects of aluminium are summarised in Fig. 1.

Aluminium exposure and glial cell activation
or dysfunction

Chronic or prolonged exposure to aluminium can induce astro-
cyte apoptosis with onemechanism thought to involve DNA and
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chromatin damage, and hence mediated by p53 (Suarez-
Fernandez et al. 1999; Johnson et al. 2005). Another route may
involve inhibition of mitochondrial function and ATP produc-
tion, ultimately causing necrosis, which can have profound and
prolonged neuro-inflammatory consequences (Lemire and
Appanna 2011). Prolonged aluminium exposure can also induce
significant metabolic changes in astrocytes, which can
compromise function even in the absence of degenera-
tion. Such abnormalities include decreasing the activity
of γ-butyrobetainealdehyde dehydrogenase and γ-
butyrobetainealdehyde dioxygenase and reduced levels of
α-ketoglutarate (AKG), leading to low levels of L-carnitine
and subsequently impaired fatty acid beta-oxidation, mito-
chondrial dysfunction, reduced ATP production and in-
creased lipogenesis (Mailloux et al. 2011; Lemire et al.
2011; Han et al. 2013).

The increased lipogenesis subsequent to aluminium-
induced mitochondrial dysfunction via this route is enabled
by significant increases in lipogenic enzymes such as acetyl
CoA carboxylase (Mailloux et al. 2006). The increase in ac-
tivity of these enzymes is accompanied by decreases in the
activity of key enzymes within the electron transport chain
and the tricarboxylic acid (Kreb’s) cycle, such as succinate
dehydrogenase and AKG, leading to a significant decrease
in the levels of ATP produced by oxidative phosphorylation
(Mailloux et al. 2009; Mailloux et al. 2006; Mailloux et al.
2007). The loss of AKG activity in mitochondria and cytosol,
likely caused by sequestration of this molecule by antioxidant
defences, also results in significant negative consequences for
energy generation within the glial cells. Briefly, AKG acts to
stabilise hypoxia-inducible factor-1-alpha (HIF-1α) in the cy-
toplasm and prevents its translocation to the nucleus.
However, in a cellular environment of increased aluminium

cations and subsequently reduced AKG levels, HIF-1α trans-
locates to the nucleus provoking increases in the transcription
of hexokinase, pyruvate kinase, lactate dehydrogenase and
glucose-6-phosphate dehydrogenase, with the ultimate effect
of switching from energy production by oxidative phosphor-
ylation to the phylogenetically more ancient pathway of ener-
gy production via glycolysis (Mailloux and Appanna 2007;
Agrawal et al. 2007).

Aluminium also induces significant alterations to
glutamate/glutamine recycling within astrocytes leading to in-
creased glutamine to glutamate conversion coupled with in-
creased uptake of glutamate and increased intracellular levels
of glutamine (Zielke et al. 1993; Struys-Ponsar et al. 2000).
This has the effect of modulating glutamatergic and GABA-
ergic neurotransmission, but may also have significant bioen-
ergetic consequences given that increased levels of glutamate
within astrocytes act as a further stimulus for increased gly-
colysis (Albrecht et al. 2010; Bouzier-Sore and Pellerin 2013).
These observations are pertinent from the perspective of po-
tentially impaired neurodevelopment as astrocytes play an im-
portant role in the development of the brain by regulating
processes involved in synaptic transmission, neuronal migra-
tion, synaptogenesis and maybe even myelination (reviewed
by Molofsky et al. 2012). The weight of evidence also indi-
cates that the activity of these glial cells is of paramount im-
portance in the development and maintenance of neural net-
works and circuits (Clarke and Barres 2013). Furthermore,
there is now considerable evidence indicating that impaired
astrocyte function plays a pivotal role in the pathogenesis of
neurodevelopmental disorders (Molofsky et al. 2012; Sloan
and Barres 2013; Yang et al. 2013).

Aluminium can activate microglia leading to secretion of
TNF-α, IL-6 and cytokine-inducible nitric oxide synthase
(iNOS or NOS-2) and the development of neuro-
inflammatory PICs and ROS (Bondy 2010; Zaky et al.
2013). This is also an important finding as there is now over-
whelming evidence demonstrating that microglia play an in-
dispensable role in the development of the brain by regulating
processes such as synaptic pruning, synaptic plasticity, synap-
togenesis, neuronal development and other vital processes in
neurogenesis (Kettenmann et al. 2013). Microglial dysfunc-
tion and/or priming provoked by immune challenges, inflam-
matory events or other changes in the brain which interfere
with processes such as synaptic pruning and neural prolifera-
tion is now thought to play a major causative role in the de-
velopment of ASD and other neurodevelopmental disorders
such a schizophrenia (Harry and Kraft 2012; Harry 2013;
Hoeijmakers et al. 2016; Edmonson et al. 2016). The stepwise
development of microglia is regulated by the activity of sev-
eral genes, and disruption in the expression of these genes can
occur as a result of prenatal immune activation or disturbances
in the microbiota (Matcovitch-Natan et al. 2016). Aluminium
can also provoke microglial activation and dysfunction via

Fig. 1 Summary of the effects of aluminium
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several other mechanisms, notably by impairing the function
of the multifunctional molecular complex of the adapter pro-
tein, DNAX activating protein of 12 kD (DAP12) with
TREM2, i.e. DAP12/TREM2, which is expressed on the sur-
face of glial cells (Bhattacharjee et al. 2014; Zhao et al. 2014;
Alexandrov et al. 2013).

The DAP12/TREM2 protein complex plays a major role in
the regulation of central nervous system homeostasis
(Paradowska-Gorycka and Jurkowska 2013; Thrash et al.
2009). TREM2 binds a range of liposaccharides, phospholipids
and polyanions with the subsequent activation of DAP12 and an
array of downstream kinases cumulating in cellular activation
(Poliani et al. 2015; Takahashi et al. 2007). Activation of the
DAP12/TREM2 axis has an important role in limiting PICs
and other neurotoxins following TLR activation by PAMPs
and DAMPs, and promotes the survival and proliferation of mi-
croglia and other cells of the myeloid lineage (Poliani et al. 2015;
Peng et al. 2013). However, in recent years the bulk of research
on the DAP12/TREM2 complex has focused on its role in en-
abling and regulating microglial phagocytosis (Neumann and
Takahashi 2007; Painter et al. 2015). TREM2 acts as a molecular
sensor of macromolecular debris and plays an indispensable role
in its immunogenically silent clearance, thereby resolving poten-
tially inflammatory reactions and acting as an impediment to the
development of neuro-inflammation (Painter et al. 2015;
Takahashi et al. 2005; Takahashi et al. 2007; Hsieh et al. 2009).

Microglial phagocytic processes play an essential role in
removing damaged or stressed neurons and synaptic struc-
tures, apoptotic cells and other cellular debris from the brain,
which have the potential of being immunogenic, and thus
militate against the development of neuro-inflammation.
Hence, this process plays an indispensable role in the mainte-
nance of neural homeostasis (Fu et al. 2014; Jones et al. 2014;
Zhao and Lukiw 2013). Unsurprisingly, several research
teams have reported that failure of these unceasing microglial
phagocytic processes have serious and potentially catastrophic
innate-immune, pro-inflammatory and neuropathogenic con-
sequences (Jones et al. 2014; Koenigsknecht-Talboo et al.
2008). Crucially, as previously noted, microglial apoptosis is
both regulated and enabled by TREM2 (Zhao and Lukiw
2013; Alexandrov et al. 2013; Jones et al. 2014; Wang et al.
2015). Impairment in the activity and/or expression of
TREM2 causes gross impairments of microglial phagocytic
activity leading to a broad spectrum of central nervous system
pathology including neuro-inflammation, synapatic loss, neu-
ronal loss and exaggerated production of PICs (Wang et al.
2015; Hickman and El Khoury 2014; Jiang et al. 2014).

TREM2 expression in turn is regulated by a number of
miRNAs, most notably miR-34a (Zhao et al. 2013; Zhao
and Lukiw 2013; Alexandrov et al. 2013). Microglial miR-
34a expression is upregulated by activation of the pro-
inflammatory transcription factor NF-κB (Zhang et al. 2011;
Hickman and El Khoury 2014; Bhattacharjee et al. 2014).

Aluminium in adjuvant or environmental form upregulates
NF-κB (Pogue et al. 2009; Bondy 2014), and thereby induces
a number of NF-κB-sensitive pro-inflammatory miRNAs, no-
tably miR-34a (Fu et al. 2014; Jones et al. 2014; Hickman and
El Khoury 2014; Zhang et al. 2013; Zhao and Lukiw 2013),
which in turn downregulates TREM2 expression in the mem-
branes of glial cells leading to a profound deficit in their
phagocytic capability (Hickman and El Khoury 2014; Zhao
et al. 2013; Bhattacharjee et al. 2014).

Upregulation of NF-κB induces the synthesis of other in-
flammatory miRNAs such as miR-9, miR-125b, miR-146a
and miR-155, which are recognised drivers of pathology in
several neurodegenerative diseases such as AD (Zhao et al.
2014; Lukiw 2012). While aluminium clearly could provoke
chronic pathology in people with a high or prolonged expo-
sure, it should be further emphasised that the likelihood that
adjuvant use could be the main cause of ASD in children, or
indeed harmful to the vast majority of children with normal
immune responses, appears to be vanishingly small. However,
the situation in children with an abnormal immune system and
a predisposition to autoimmunity may be different, and this
will be the final area of discussion in this paper.

The actions of aluminium on astrocytes and microglia are
summarised in Fig. 2.

Section 4. Consequences of aluminium exposure
in individuals with abnormal immune responses

Polymorphisms in immune effector genes

Abnormalities in the performance of PPRs are increasingly
associated with the development of neurodegenerative and
autoimmune conditions (Moraes et al. 2013; Cook et al.

Fig. 2 Effects of aluminium on astrocytes and microglia
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2004; Marshak-Rothstein 2006; Pradhan et al. 2012; Liu et al.
2014). In particular, functional polymorphisms in the genes
encoding proteins involved in effecting the immune response
following ligation of TLR-4, TLR-7 and TLR-9 increase the
susceptibility to and/or severity of a range of neurological,
auto-immune, inflammatory and infective illnesses, including
SLE, rheumatoid arthritis, asthma, sepsis and hepatitis
(Moraes et al. 2013; Dhaouadi et al. 2013; Fichna et al.
2016; Netea et al. 2012). Unsurprisingly, functional polymor-
phisms in cytokine genes such as those encoding for TNF-α,
IL-β, IL-6, IL-10 and IL-4 also increase the susceptibility to
develop a range of inflammatory, infective and autoimmune
conditions (Morris and Berk 2015).

The presence of these polymorphisms can also heavily in-
fluence the severity and ultimate trajectory of these diseases in
any given individual (Arfanakis et al. 2013; Tunçbilek 2014;
Haukim et al. 2002; Hollegaard and Bidwell 2006). There is
also accumulating evidence that functional polymorphisms in
genes encoding cytokines and/or their receptors increase the
risk of neuro-inflammatory and neurodegenerative pathology
such as stroke, AD, and MS (Ottoboni et al. 2013; Bagnoli
et al. 2007; Miranda-Hernandez and Baxter 2013; Cui et al.
2012). Functional polymorphisms can also lead to altered
structure and function of receptor and effector proteins in-
volved in a broad range of inflammasome responses, and once
again such mutations are also involved in the pathogenesis of
several autoimmune, neuro-immune and neurodegenerative
diseases (Pontillo et al. 2012; Tan et al. 2013; review by
Yang and Chiang 2015). In general, Bpathological^ polymor-
phisms within nuclear localisation leucine-rich-repeat protein-
1 (NLRP1) pathways lead to an exaggerated and/or prolonged
inflammatory response (Levandowski et al. 2013).

It is of interest that recent research has revealed a signifi-
cant association between the cumulative presence of immune
gene polymorphisms and increased risk of developing ASD
(Ramos et al. 2012). Single nucleotide polymorphisms (SNPs)
in immune genes in many children also display a signature
pattern which is characteristic of autoimmune diseases such as
MS (Jung et al. 2011). Unsurprisingly, polymorphisms in the
HLA system, notably HLA-DR4 and HLA-A2, are associated
with a significantly increased likelihood of developing the
syndrome (Mostafa et al. 2013; Torres et al. 2012). It is also
noteworthy that the concomitant presence of abnormally
expressed genes governing the regulation and delivery of im-
mune and inflammatory responses can predict the develop-
ment of ASDwith some 83% accuracy (Pramparo et al. 2015).

There is now copious evidence of dysregulated expression
of genes regulating the innate and adaptive immune response
in children with ASD (Michel et al. 2012; Gupta et al. 2014).
There is also some evidence of functional polymorphisms
coupled with exaggerated PRR responses in at least some
affected children (Bennabi et al. 2015; Enstrom et al. 2010).
There is also an accumulating body of research demonstrating

that immune responses following activation of TLRs are ab-
normal in many children who have received a diagnosis of
ASD (Mead and Ashwood 2015; Gesundheit et al. 2013;
Enstrom et al. 2010). Moreover, several research teams have
adduced evidence indicating that the immune response is ab-
normal in many children with ASD, and in particular that
genes governing the regulation and performance of immune
and inflammatory responses are upregulated allowing for an
excessive and/or prolonged response to an environmental in-
sult (Voineagu and Eapen 2013; Koufaris and Sismani 2015).
It is also noteworthy that several researchers have also report-
ed an association between initial inflammatory insults and the
subsequent development of chronic immune disturbances in
ASD children (Siniscalco 2015; Gottfried et al. 2015;
McDougle et al. 2015). This is particularly noteworthy, as
prolonged and/or excessive activation of immune and inflam-
matory pathways leading to oxidative and nitrosative stress
can have detrimental consequences for cellular and tissue in-
tegrity, which in turn could lead to the chronic activation of
immune and inflammatory pathways and ultimately of mi-
croglia and astrocytes in the brain as we will now discuss.

Prolonged or excessive immune responses
and the production of DAMPs

Oxidative stress activates NFκB and other transcription fac-
tors such as activated protein-1 (AP-1), leading to the synthe-
sis and secretion of PICs, various chemokine species by anti-
gen presentation cells, and activation and proliferation of T
and B lymphocytes (Morris et al. 2015a; Lucas et al. 2015).
Such activation and PIC production leads to the upregulation
of iNOS and NADPH oxidase, leading to the production of
superoxide, NO and peroxynitrite, and hence further increases
in ROS and reactive nitrogen species (RNS) levels (Morris
and Maes 2014; Morris et al. 2015a). This bidirectional and
self-amplifying relationship between the development of
chronic systemic inflammation as evidenced by increased
PIC levels and chronic nitro-oxidative stress as evidenced by
increased levels of ROS and RNS is often labelled an
Bautotoxic loop^ (Reuter et al. 2010; Ortiz et al. 2013).
Excessive levels of ROS and RNS can also lead to the oxida-
tive and nitrosative modification of lipids, proteins and DNA,
leading to misfolded, and consequently immunogenic, pro-
teins, oxidative modification of DNA and lipid peroxidation
of cell membranes, together with the production of highly
reactive ketones and aldehydes (Lucas et al. 2015). The net
result of these processes is the indirect and direct formation of
DAMPs capable of activating pathogen-sensing receptors on
the cell surface, and in the cytoplasm of immune cells (Hwang
2013; Ortiz et al. 2013).

In summary, the presence of the immune abnormalities
discussed allows for an abnormally excessive or prolonged
inflammatory response following exposure to aluminium
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adjuvants, leading to the production of DAMPs and subse-
quent chronic immune activation in genetically susceptible
children. It is noteworthy that several authors have reported
the presence of DAMPs such as protein carbonyls, MDA and
high-mobility group box-1 (HMGB1) protein in at least some
children afforded a diagnosis of ASD, and suchDAMPs could
play a major role in initiating and maintaining a state of im-
mune activation and inflammation seen in many children with
an ASD diagnosis (Babinska et al. 2014; Emanuele et al.
2010; Frank et al. 2016; Napoli et al. 2013).

Chronic engagement of TLRs by DAMPs leads to the de-
velopment of a positive feedback loop, whereby increasing
tissue damage caused by elevated PICs, ROS and RNS per-
petuates and escalates pro-inflammatory responses, leading to
a state of chronic inflammation nitro-oxidative stress, mito-
chondrial dysfunction and glial cell activation (Drexler and
Foxwell 2010; Piccinini and Midwood 2010; Goh and
Midwood 2012; Morris and Berk 2015). Unsurprisingly,
chronic engagement of TLRs, nucleotide-binding
oligomerisation domain (NOD)-like receptors and RIG-like
receptors is implicated in the pathogenesis and pathophysiol-
ogy of SLE, rheumatoid arthritis andMS (review (Drexler and
Foxwell 2010; Piccinini and Midwood 2010; Goh and
Midwood 2012)). Pertinently, the presence of DAMPs can
also lead to the chronic activation of the inflammasome
(Anders and Schaefer 2014) which is also implicated in the
development of neuro-inflammation and abnormal central
nervous system signalling characteristic of neurodegenerative
and neurodevelopmental disorders (Tan et al. 2013; Singhal
et al. 2014). It is also of interest that a recent study has reported
the presence of activated inflammasome complexes in at least
some children afforded a diagnosis of ASD (Saresella et al.
2016) There is now overwhelming evidence that prolonged
and/or chronic activation of peripheral immune and inflam-
matory pathways provokes the development of chronic neuro-
inflammtion and/or microglial priming and a brief explanation
of this process will constitute the final subsection of this paper.

Systemic immune activation primed microglia
and chronic neuro-inflammation

There is ample evidence demonstrating that chronic immune
system activation and systemic inflammation can lead to the
development of chronic neuro-inflammation (Perry and
Holmes 2014; Cunningham 2013). Communication of inflam-
matory signals to the brain is mediated by PICs via a number of
routes, including innervation of the vagus nerve, carrier-enabled
transport across the blood-brain barrier (BBB), activation of en-
dothelial cells within the BBB and perivascular macrophages,
and finally via transport through circumventricular organs devoid
of a functional BBB (Morris and Maes 2012, 2014). The trans-
duced inflammatory signals may lead to the development of
chronic neuro-inflammation via the activation of microglia if of

sufficient intensity and/or duration or lead to the development of
Bprimed^ microglia (Perry and Holmes 2014; Su and Federoff
2014).Microglial priming involves the upregulation of a range of
surface receptors such as MHC class II, CD11b and CD11c
integrins, co-stimulatory molecule CD86 and TLR-4 (Su and
Federoff 2014).

Following the upregulation of these receptors, such mi-
croglia become exquisitely sensitive to subsequent inflamma-
tory stimuli, leading to an exaggerated production of neuro-
toxic molecules that may exacerbate the pre-existing patholo-
gy and may even accelerate the progression of existing neuro-
inflammatory or neurodegenerative diseases (Ferrari and
Tarelli 2011; Lunnon et al. 2011). Activated microglia exert
their neurotoxic effects by releasing PICs, such as TNF-α, IL-
1β, IL-6, and IFN-γ, and free radicals including superoxide,
NO and peroxynitrite, as well as inflammatorymolecules such
as prostaglandin E2. Moreover, TNF-α, IL-1β and IFN-γ can
act as secondary sources of RNS and other inflammatory mol-
ecules by acting as potent inducers of iNOS and via their
capacity to upregulate cyclooxygenase-2 (COX-2) with the
resultant production of prostaglandin E2 (Morris et al.
2015b; Perry et al. 2010). The concept of microglial priming
could change the frame of reference from a consideration of a
single inoculation containing aluminium adjuvant to a cumu-
lative effect caused by a vaccination schedule in which suc-
cessive immune insults over a short period could provoke
chronic pathology either directly, by provoking microglial ac-
tivity, or more indirectly by provoking macromolecular dam-
age which could eventually reach a threshold capable of pro-
voking chronic pathology. It should be noted that there is an
accumulating body of evidence, albeit from animal studies,
that successive and frequent postnatal immune and inflamma-
tory insults play a pivotal role in the advent of microglial
priming and the genesis of neurodevelopmental disorders
(Ibi and Yamada 2015; Nagai 2013). There is also emerging
data implicating the development of microglial priming as a
major factor in the development of several if not all neurode-
generative diseases (Bhattacharya et al. 2016; Zhao et al.
2014; Shastri et al. 2013; Hoeijmakers et al. 2016).

Summary

Evidence of the neurotoxicity of aluminium cations (Al3+) in-
cludes: an association between chronic aluminium exposure
and the development of AD; the involvement of aluminium
adjuvants in the development of ASIA; and epidemiological
evidence pointing to an association between the use of alumin-
ium adjuvants and ASD. There is good evidence to suggest that
immunisation may accelerate or precipitate the transition be-
tween subclinical and overt symptomatic autoimmune condi-
tions within the first 30 days post-immunisation, particularly in
those younger than 50 years of age. The immune response to
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immunisation may be influenced by variations in HLA, TLR
and cytokine genes. Moreover, aluminium exposure is associ-
ated with the production of pro-inflammatory cytokines and
chemokines and with the development of chronic oxidative
stress, mitochondrial dysfunction and glial activation or dys-
function; these changes in turn are associated with ASD.

Conclusions and Future Directions

Aluminium has no known beneficial physiological action in
the human body and some genetic polymorphisms predispose
to a greater susceptibility to its adverse effects. Therefore, a
strong case can be made for avoiding unnecessary exposure to
environmental sources of aluminium salts, especially on the
part of children, pregnant mothers and women of child-
bearing age who may become pregnant. Such avoidance need
not lead to hardship or inconvenience; aluminium cookware
may be replaced by safer alternatives, while aluminium-
containing antiperspirants, potentially implicated in the rise
of cases of breast cancer particularly affecting the upper outer
quadrant of the mammary gland, may be replaced by non-
aluminium versions. The use of aluminium salts in medical
products is a more contentious issue. While antacids are avail-
able which do not contain aluminium salts, the avoidance of
immunisations which do not contain aluminium salts as adju-
vants has wider political and financial implications. It would
seem prudent to try to find an alternative to aluminium adju-
vants as soon as possible and phase out their use.
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A B S T R A C T

Autism spectrum disorder is a neurodevelopmental disorder of unknown aetiology. It is suggested to involve
both genetic susceptibility and environmental factors including in the latter environmental toxins. Human ex-
posure to the environmental toxin aluminium has been linked, if tentatively, to autism spectrum disorder. Herein
we have used transversely heated graphite furnace atomic absorption spectrometry to measure, for the first time,
the aluminium content of brain tissue from donors with a diagnosis of autism. We have also used an aluminium-
selective fluor to identify aluminium in brain tissue using fluorescence microscopy. The aluminium content of
brain tissue in autism was consistently high. The mean (standard deviation) aluminium content across all 5
individuals for each lobe were 3.82(5.42), 2.30(2.00), 2.79(4.05) and 3.82(5.17) μg/g dry wt. for the occipital,
frontal, temporal and parietal lobes respectively. These are some of the highest values for aluminium in human
brain tissue yet recorded and one has to question why, for example, the aluminium content of the occipital lobe
of a 15 year old boy would be 8.74 (11.59) μg/g dry wt.? Aluminium-selective fluorescence microscopy was used
to identify aluminium in brain tissue in 10 donors. While aluminium was imaged associated with neurones it
appeared to be present intracellularly in microglia-like cells and other inflammatory non-neuronal cells in the
meninges, vasculature, grey and white matter. The pre-eminence of intracellular aluminium associated with non-
neuronal cells was a standout observation in autism brain tissue and may offer clues as to both the origin of the
brain aluminium as well as a putative role in autism spectrum disorder.

1. Introduction

Autism spectrum disorder (ASD) is a group of neurodevelopmental
conditions of unknown cause. It is highly likely that both genetic [1]
and environmental [2] factors are associated with the onset and pro-
gress of ASD while the mechanisms underlying its aetiology are ex-
pected to be multifactorial [3–6]. Human exposure to aluminium has
been implicated in ASD with conclusions being equivocal [7–10]. To-
date the majority of studies have used hair as their indicator of human
exposure to aluminium while aluminium in blood and urine have also
been used to a much more limited extent. Paediatric vaccines that in-
clude an aluminium adjuvant are an indirect measure of infant ex-
posure to aluminium and their burgeoning use has been directly cor-
related with increasing prevalence of ASD [11]. Animal models of ASD
continue to support a connection with aluminium and to aluminium
adjuvants used in human vaccinations in particular [12]. Hitherto there
are no previous reports of aluminium in brain tissue from donors who
died with a diagnosis of ASD. We have measured aluminium in brain
tissue in autism and identified the location of aluminium in these tis-
sues.

2. Materials and methods

2.1. Measurement of aluminium in brain tissues

Ethical approval was obtained along with tissues from the Oxford
Brain Bank (15/SC/0639). Samples of cortex of approximately 1 g
frozen weight from temporal, frontal, parietal and occipital lobes and
hippocampus (0.3 g only) were obtained from 5 individuals with ADI-R-
confirmed (Autism Diagnostic Interview-Revised) ASD, 4 males and 1
female, aged 15–50 years old (Table 1).

The aluminium content of these tissues was measured by an estab-
lished and fully validated method [13] that herein is described only
briefly. Thawed tissues were cut using a stainless steel blade to give
individual samples of ca 0.3 g (3 sample replicates for each lobe except
for hippocampus where the tissue was used as supplied) wet weight and
dried to a constant weight at 37 °C. Dried and weighed tissues were
digested in a microwave (MARS Xpress CEM Microwave Technology
Ltd.) in a mixture of 1 mL 15.8 M HNO3 (Fisher Analytical Grade) and
1 mL 30% w/v H2O2 (BDH Aristar). Digests were clear with no fatty
residues and, upon cooling, were made up to 5 mL volume using
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ultrapure water (cond.< 0.067 μS/cm). Total aluminium was mea-
sured in each sample by transversely heated graphite furnace atomic
absorption spectrometry (TH GFAAS) using matrix-matched standards
and an established analytical programme alongside previously vali-
dated quality assurance data [13].

2.2. Fluorescence microscopy

All chemicals were from Sigma Aldrich (UK) unless otherwise
stated. Where available frontal, parietal, occipital, temporal and hip-
pocampal tissue from 10 donors (3 females and 7 males) with a diag-
nosis of ASD was supplied by the Oxford Brain Bank as three 5 μm thick
serial paraffin-embedded brain tissue sections per lobe for each donor
(Table S1). Tissue sections mounted on glass slides were placed in a
slide rack and de-waxed and rehydrated via transfer through 250 mL of
the following reagents: 3 min in Histo-Clear (National Diagnostics, US),
1 min in fresh Histo-Clear, 2 min in 100% v/v ethanol (HPLC grade) and
1 min in 95, 70, 50 & 30% v/v ethanol followed by rehydration in ul-
trapure water (cond.< 0.067 μS/cm) for 35 s. Slides were agitated
every 20 s in each solvent and blotted on tissue paper between transfers
to minimise solvent carry-over. Rehydrated brain tissue sections were
carefully outlined with a PAP pen for staining, in order to form a hy-
drophobic barrier around the periphery of tissue sections. In between
staining, tissue sections were kept hydrated with ultrapure water and
stored in moisture chambers, to prevent sections from drying out.
Staining was staggered to allow for accurate incubation times of brain
tissue sections. We have developed and optimised the fluor lumogallion
as a selective stain for aluminium in cells [14] and human tissues [15].
Lumogallion (4-chloro-3-(2,4-dihydroxyphenylazo)-2-hydroxybenzene-
1-sulphonic acid, TCI Europe N.V. Belgium) was prepared at ca 1 mM
via dilution in a 50 mM PIPES (1,4-Piperazinediethanesulphonic acid)
buffer, adjusted to pH 7.4 with NaOH. Lumogallion staining was per-
formed via the addition of 200 μL of the staining solution to rehydrated
brain tissue sections that were subsequently incubated at ambient
temperature away from light for 45 min. Sections for autofluorescence
analyses were incubated for 45 min in 200 μL 50 mM PIPES buffer only,
pH 7.4. Following staining, glass slides containing tissue sections were
washed six times with 200 μL aliquots of 50 mM PIPES buffer, pH 7.4,
prior to rinsing for 30 s in ultrapure water. Serial sections numbered 1
and 2 for each lobe were incubated in 50 mM PIPES buffer, pH 7.4 or
stained with 1 mM lumogallion in the same buffer, respectively, to
ensure consistency across donor tissues. All tissue sections were sub-
sequently mounted under glass coverslips using the aqueous mounting
medium, Fluoromount™. Slides were stored horizontally for 24 h at 4 °C
away from light, prior to analysis via fluorescence microscopy.

Stained and mounted human brain tissue sections were analysed via

Table 1
Aluminium content of occipital (O), frontal (F), temporal (T) and parietal (P) lobes and
hippocampus (H) of brain tissue from 5 donors with a diagnosis of autism spectrum
disorder.

Donor ID Gender Age Lobe Replicate [Al] μg/g

A1 F 44 O 1 0.49
2 4.26
3 0.33
Mean (SD) 1.69 (2.22)

F 1 0.98
2 1.10
3 0.95
Mean (SD) 1.01 (0.08)

T 1 1.13
2 1.16
3 1.12
Mean (SD) 1.14 (0.02)

P 1 0.54
2 1.18
3 NA
Mean (SD) 0.86 (0.45)

All Mean (SD) 1.20 (1.06)

A2 M 50 O 1 3.73
2 7.87
3 3.49
Mean (SD) 5.03 (2.46)

F 1 0.86
2 0.88
3 1.65
Mean (SD) 1.13 (0.45)

T 1 1.31
2 1.02
3 2.73
Mean (SD) 1.69 (0.92)

P 1 18.57
2 0.01
3 0.64
Mean (SD) 6.41 (10.54)

Hip. 1 1.42
All Mean (SD) 3.40 (5.00)

A3 M 22 O 1 0.64
2 2.01
3 0.66
Mean (SD) 1.10 (0.79)

F 1 1.72
2 4.14
3 2.73
Mean (SD) 2.86 (1.22)

T 1 1.62
2 4.25
3 2.57
Mean (SD) 2.81 (1.33)

P 1 0.13
2 3.12
3 5.18
Mean (SD) 2.82 (1.81)

All Mean (SD) 2.40 (1.58)

A4 M 15 O 1 2.44
2 1.66
3 22.11
Mean (SD) 8.74 (11.59)

F 1 1.11
2 3.23
3 1.66
Mean (SD) 2.00 (1.10)

T 1 1.10
2 1.83
3 1.54
Mean (SD) 1.49 (0.37)

P 1 1.38
2 6.71
3 NA
Mean (SD) 4.05 (3.77)

Hip. 1 0.02
All Mean (SD) 3.73 (6.02)

Table 1 (continued)

Donor ID Gender Age Lobe Replicate [Al] μg/g

A5 M 33 O 1 3.13
2 2.78
3 1.71
Mean (SD) 2.54 (0.74)

F 1 2.97
2 8.27
3 NA
Mean (SD) 5.62 (3.75)

T 1 1.71
2 1.64
3 17.10
Mean (SD) 6.82 (8.91)

P 1 5.53
2 2.89
3 NA
Mean (SD) 4.21 (1.87)

All Mean (SD) 4.77 (4.79)
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the use of an Olympus BX50 fluorescence microscope, equipped with a
vertical illuminator and BX-FLA reflected light fluorescence attachment
(mercury source). Micrographs were obtained at X 400 magnification
by use of a X 40 Plan-Fluorite objective (Olympus, UK). Lumogallion-
reactive aluminium and related autofluorescence micrographs were
obtained via use of a U-MNIB3 fluorescence filter cube (excitation:
470–495 nm, dichromatic mirror: 505 nm, longpass emission: 510 nm,
Olympus, UK). Light exposure and transmission values were fixed
across respective staining treatment conditions and images were ob-
tained using the CellD software suite (Olympus, Soft Imaging Solutions,
SiS, GmbH). Lumogallion-reactive regions identified through sequential
screening of stained human brain tissue sections were additionally
imaged on autofluorescence serial sections, to assess the contribution of
the fluorophore. The subsequent merging of fluorescence and bright-
field channels was achieved using Photoshop (Adobe Systems Inc. US).
When determining intracellular staining the type of cells stained were
estimated by their size and shape in the context of the brain area
sampled and their surrounding cellular environment.

3. Results

3.1. Aluminium content of brain tissues

The aluminium content of all tissues ranged from 0.01 (the limit of
quantitation) to 22.11 μg/g dry wt. (Table 1). The aluminium content
for whole brains (n = 4 or 5 depending upon the availability of hip-
pocampus tissue) ranged from 1.20 (1.06) μg/g dry wt. for the 44 year
old female donor (A1) to 4.77 (4.79) μg/g dry wt. for a 33 year old male
donor (A5). Previous measurements of brain aluminium, including our
60 brain study [13], have allowed us to define loose categories of brain
aluminium content beginning with ≤1.00 μg/g dry wt. as pathologi-
cally benign (as opposed to ‘normal’). Approximately 40% of tissues
(24/59) had an aluminium content considered as pathologically-con-
cerning (≥2.00 μg/g dry wt.) while approximately 67% of these tissues

had an aluminium content considered as pathologically-significant
(≥3.00 μg/g dry wt.). The brains of all 5 individuals had at least one
tissue with a pathologically-significant content of aluminium. The
brains of 4 individuals had at least one tissue with an aluminium con-
tent ≥5.00 μg/g dry wt. while 3 of these had at least one tissue with an
aluminium content ≥10.00 μg/g dry wt. (Table 1). The mean (SD)
aluminium content across all 5 individuals for each lobe were
3.82(5.42), 2.30(2.00), 2.79(4.05) and 3.82(5.17) μg/g dry wt. for the
occipital, frontal, temporal and parietal lobes respectively. There were
no statistically significant differences in aluminium content between
any of the 4 lobes.

3.2. Aluminium fluorescence in brain tissues

We examined serial brain sections from 10 individuals (3 females
and 7 males) who died with a diagnosis of ASD and recorded the pre-
sence of aluminium in these tissues (Table S1). Excitation of the com-
plex of aluminium and lumogallion emits characteristic orange fluor-
escence that appears increasingly bright yellow at higher fluorescence
intensities. Aluminium, identified as lumogallion-reactive deposits, was
recorded in at least one tissue in all 10 individuals. Autofluorescence of
immediately adjacent serial sections confirmed lumogallion fluores-
cence as indicative of aluminium. Deposits of aluminium were sig-
nificantly more prevalent in males (129 in 7 individuals) than females
(21 in 3 individuals). Aluminium was found in both white (62 deposits)
and grey (88 deposits) matter. In females the majority of aluminium
deposits were identified as extracellular (15/21) whereas in males the
opposite was the case with 80 out of 129 deposits being intracellular.
We were only supplied with 3 serial sections of each tissue and so we
were not able to do any staining for general morphology which meant
that it was not always possible to determine which subtype of cell was
showing aluminium fluorescence.

Aluminium-loaded mononuclear white blood cells, probably lym-
phocytes, were identified in the meninges and possibly in the process of

Fig. 1. Mononuclear inflammatory cells (probably lymphocytes) in leptomeningeal membranes in the hippocampus and frontal lobe of a 50-year-old male donor (A2), diagnosed with
autism. Intracellular lumogallion-reactive aluminium was noted via punctate orange fluorescence emission (white arrows) in the hippocampus (a) and frontal lobe (b). A green auto-
fluorescence emission was detected in the adjacent non-stained (5 μm) serial section (c & d). Upper and lower panels depict magnified inserts marked by asterisks, of the fluorescence
channel and bright field overlay. Magnification ×400, scale bars: 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Intracellular lumogallion-reactive aluminium in the vasculature of the hippocampus of a 50-year-old male donor (A2), diagnosed with autism. Aluminium-loaded inflammatory
cells noted in the hippocampus in the vessel wall (white arrow) (a) and depicting punctate orange fluorescence in the lumen (b) are highlighted. An inflammatory cell in the vessel
adventitia was also noted (white arrow) (b). Lumogallion-reactive aluminium was identified via an orange fluorescence emission (a & b) versus a green autofluorescence emission (c & d)
of the adjacent non-stained (5 μm) serial section. Upper and lower panels depict magnified inserts marked by asterisks, of the fluorescence channel and bright field overlay. Magnification
×400, scale bars: 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Intracellular aluminium in cells morphologically compatible with glia and neurones in the hippocampus of a 15-year-old male donor (A4), diagnosed with autism. Lumogallion
reactive cellular aluminium identified within glial-like cells in the hippocampus (a) and producing a punctate orange fluorescence in glia surrounding a likely neuronal cell within the
parietal lobe (b) are highlighted (white arrows). Lumogallion-reactive aluminium was identified via an orange fluorescence emission (a & b) versus a green autofluorescence emission (c
& d) of the subsequent non-stained (5 μm) serial section (white arrow/asterisk). Upper and lower panels depict magnified inserts marked by asterisks, of the fluorescence channel and
bright field overlay. Magnification ×400, scale bars: 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Intracellular aluminium in cells morphologically compatible with microglia within the parietal and temporal lobes of 29-year-old (A8) and 15-year-old (A4) male donors,
diagnosed with autism. Lumogallion-reactive extracellular aluminium (white arrows) producing an orange fluorescence emission was noted around likely microglial cells in the parietal
(a) and temporal lobes (b) of donors A8 and A4 respectively. Non-stained adjacent (5 μm) serial sections, produced a weak green autofluorescence emission of the identical area imaged in
white (c) and grey matter (d) of the respective lobes. Upper and lower panels depict magnified inserts marked by asterisks, of the fluorescence channel and bright field overlay.
Magnification ×400, scale bars: 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Lumogallion-reactive aluminium in likely neuronal and glial cells in the temporal lobe and hippocampus of a 14-year-old male donor (A10), diagnosed with autism. Intraneuronal
aluminium in the temporal lobe (a) was identified via an orange fluorescence emission, co-deposited with lipofuscin as revealed by a yellow fluorescence in the non-stained auto-
fluorescence serial (5 μm) section (c). Intracellular punctate orange fluorescence (white arrow) was observed in glia in the hippocampus (b) producing a green autofluorescence emission
on the non-stained section (d). Upper and lower panels depict magnified inserts marked by asterisks, of the fluorescence channel and bright field overlay. Magnification ×400, scale bars:
50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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entering brain tissue from the lymphatic system (Fig. 1). Aluminium
could be clearly seen inside cells as either discrete punctate deposits or
as bright yellow fluorescence. Aluminium was located in inflammatory
cells associated with the vasculature (Fig. 2). In one case what looks like
an aluminium-loaded lymphocyte or monocyte was noted within a
blood vessel lumen surrounded by red blood cells while another prob-
able lymphocyte showing intense yellow fluorescence was noted in the
adventitia (Fig. 2b). Glial cells including microglia-like cells that
showed positive aluminium fluorescence were often observed in brain
tissue in the vicinity of aluminium-stained extracellular deposits
(Figs. 3 and 4). Discrete deposits of aluminium approximately 1 μm in
diameter were clearly visible in both round and amoeboid glial cell
bodies (e.g. Fig. 3b). Intracellular aluminium was identified in likely
neurones and glia-like cells and often in the vicinity of or co-localised
with lipofuscin (Fig. 5). Aluminium-selective fluorescence microscopy
was successful in identifying aluminium in extracellular and in-
tracellular locations in neurones and non-neuronal cells and across all
brain tissues studied (Figs. 1–5). The method only identifies aluminium
as evidenced by large areas of brain tissue without any characteristic
aluminium-positive fluorescence (Fig. S1).

4. Discussion

The aluminium content of brain tissues from donors with a diag-
nosis of ASD was extremely high (Table 1). While there was significant
inter-tissue, inter-lobe and inter-subject variability the mean aluminium
content for each lobe across all 5 individuals was towards the higher
end of all previous (historical) measurements of brain aluminium
content, including iatrogenic disorders such as dialysis encephalopathy
[13,15,16–19]. All 4 male donors had significantly higher concentra-
tions of brain aluminium than the single female donor. We recorded
some of the highest values for brain aluminium content ever measured
in healthy or diseased tissues in these male ASD donors including values
of 17.10, 18.57 and 22.11 μg/g dry wt. (Table 1). What discriminates
these data from other analyses of brain aluminium in other diseases is
the age of the ASD donors. Why, for example would a 15 year old boy
have such a high content of aluminium in their brain tissues? There are
no comparative data in the scientific literature, the closest being simi-
larly high data for a 42 year old male with familial Alzheimer’s disease
(fAD) [19].

Aluminium-selective fluorescence microscopy has provided indica-
tions as to the location of aluminium in these ASD brain tissues
(Figs. 1–5). Aluminium was found in both white and grey matter and in
both extra- and intracellular locations. The latter were particularly pre-
eminent in these ASD tissues. Cells that morphologically appeared non-
neuronal and heavily loaded with aluminium were identified associated
with the meninges (Fig. 1), the vasculature (Fig. 2) and within grey and
white matter (Figs. 3–5). Some of these cells appeared to be glial
(probably astrocytic) whilst others had elongated nuclei giving the
appearance of microglia [5]. The latter were sometimes seen in the
environment of extracellular aluminium deposition. This implies that
aluminium somehow had crossed the blood-brain barrier and was taken
up by a native cell namely the microglial cell. Interestingly, the pre-
sence of occasional aluminium-laden inflammatory cells in the vascu-
lature and the leptomeninges opens the possibility of a separate mode
of entry of aluminium into the brain i.e. intracellularly. However, to
allow this second scenario to be of significance one would expect some
type of intracerebral insult to occur to allow egress of lymphocytes and
monocytes from the vasculature [20]. The identification herein of non-
neuronal cells including inflammatory cells, glial cells and microglia
loaded with aluminium is a standout observation for ASD. For example,
the majority of aluminium deposits identified in brain tissue in fAD
were extracellular and nearly always associated with grey matter [19].
Aluminium is cytotoxic [21] and its association herein with in-
flammatory cells in the vasculature, meninges and central nervous
system is unlikely to be benign. Microglia heavily loaded with

aluminium while potentially remaining viable, at least for some time,
will inevitably be compromised and dysfunctional microglia are
thought to be involved in the aetiology of ASD [22], for example in
disrupting synaptic pruning [23]. In addition the suggestion from the
data herein that aluminium entry into the brain via immune cells cir-
culating in the blood and lymph is expedited in ASD might begin to
explain the earlier posed question of why there was so much aluminium
in the brain of a 15 year old boy with an ASD.

A limitation of our study is the small number of cases that were
available to study and the limited availability of tissue. Regarding the
latter, having access to only 1 g of frozen tissue and just 3 serial sections
of fixed tissue per lobe would normally be perceived as a significant
limitation. Certainly if we had not identified any significant deposits of
aluminium in such a small (the average brain weighs between 1500 and
2000 g) sample of brain tissue then such a finding would be equivocal.
However, the fact that we found aluminium in every sample of brain
tissue, frozen or fixed, does suggest very strongly that individuals with a
diagnosis of ASD have extraordinarily high levels of aluminium in their
brain tissue and that this aluminium is pre-eminently associated with
non-neuronal cells including microglia and other inflammatory mono-
cytes.

5. Conclusions

We have made the first measurements of aluminium in brain tissue
in ASD and we have shown that the brain aluminium content is ex-
traordinarily high. We have identified aluminium in brain tissue as both
extracellular and intracellular with the latter involving both neurones
and non-neuronal cells. The presence of aluminium in inflammatory
cells in the meninges, vasculature, grey and white matter is a standout
observation and could implicate aluminium in the aetiology of ASD.
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A B S T R A C T

FDA regulations require safety testing of constituent ingredients in drugs (21 CFR 610.15). With the exception of
extraneous proteins, no component safety testing is required for vaccines or vaccine schedules. The dosing of
aluminum in vaccines is based on the production of antibody titers, not safety science. Here we estimate a
Pediatric Dose Limit that considers body weight. We identify several serious historical missteps in past analyses
of provisional safe levels of aluminum in vaccines, and provide updates relevant to infant aluminum exposure in
the pediatric schedule considering pediatric body weight. When aluminum doses are estimated from Federal
Regulatory Code given body weight, exposure from the current vaccine schedule are found to exceed our esti-
mate of a weight-corrected Pediatric Dose Limit. Our calculations show that the levels of aluminum suggested by
the currently used limits place infants at risk of acute, repeated, and possibly chronic exposures of toxic levels of
aluminum in modern vaccine schedules. Individual adult exposures are on par with Provisional Tolerable
Weekly Intake “limits”, but some individuals may be aluminum intolerant due to genetics or previous exposures.
Vaccination in neonates and low birth-weight infants must be re-assessed; other implications for the use of
aluminum-containing vaccines, and additional limitations in our understanding of neurotoxicity and safety le-
vels of aluminum in biologics are discussed.

1. Introduction

Aluminum is used as an adjuvant in vaccines licensed by the US
Food and Drug Administration [1–7] to enhance the immunogenicity of
the vaccine in various forms (e.g., aluminum oxyhydroxide and alu-
minum hydroxyphosphate) [9,10] (Fig. 1). The Center for Biologics
Evaluation and Research (CBER) sets the amount of aluminum per dose
in biological products, including vaccines, to 850 μg aluminum if
measured by assay. Two additional levels are specified by the regula-
tions (1140 and 1250 μg respectively), depending on how the level is
measured [8].

The 850 μg of aluminum per vaccine FDA amount was derived from
data that demonstrated that this amount of aluminum per dose en-
hanced the antigenicity and effectiveness of the vaccine [9,10], but
does not include safety considerations. Current amounts of aluminum
are not adjusted to body weight of an infant. To avoid toxicity asso-
ciated with variation in body weight between adults and children re-
lated to aluminum in vaccines, standard of care dose levels convert mg
to mg/kg for the weight range being considered [28,39]. At the current

time, there are no known or published studies specifically defining le-
vels of Al in any vaccine product based on safety studies of Al.

Safety for aluminum from all sources is based on the No Observed
Adverse Effect Level (NOAEL), Minimal Risk Level (MRL), and the
Lowest Observed Affect Level (LOAEL) [15–20]. The Joint Expert
Committee on Food Additives (JECFA) established a Provisional
Tolerable Weekly Intake (PTWI) for aluminum to be 7000 μg/kg
body weight per week in 1989, which applies to all aluminum
compounds in food, including additives. That level remained in effect
until 2011 when the PTWI was revised to 2000 μg Al/kg per week
[12,13]. The Agency for Toxic Substances and Disease Registry
(ATSDR) had used an MRL of 1000 μg Al/kg per day (7000 μg/
kg per week) [24–27].

We found two important errors in the provenance and derivation of
provisional aluminum intake levels from World Health Organization
(WHO; Supplementary Material) which, unfortunately, led to over-
estimation of safe exposure levels.

Here we consider adjusted child equivalent aluminum doses (CED)
in vaccines by body weight, to determine putative pediatric dose limits
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(PDLs) of aluminum estimated by Clark’s Rule for the pediatric popu-
lation, to investigate further the effect those discrepancies that exist
between the JECFA and ATSDR may have regarding the MRL of alu-
minum in biologics, and to compare relative dosing from dietary and
injected sources in the pediatric population.

2. Materials and methods

2.1. FDA dose amounts of aluminum adjusted by body weight in infants and
adults

FDA regulations require that proteins in vaccines be tested for
safety. Aluminum is a known neurotoxin and it is unfortunate that
additives in vaccines are not required to be subjected to animal safety
studies prior to use on human subjects. Several known methods exist for
pediatric dosing by weight. In Clark’s Rule [28–39] of pediatric dose
calculations, for example, the adult body weight reference is usually (as
published) considered to be 150 bs. (68 kg) with the calculated dose
being converted to mg/kg.

Aluminum toxicity studies use 60 kg as the reference adult body
weight to calculate the MRL and LOAEL [16–18]. For that reason, we
used 60 kg as the adult body weight reference rather than the more
commonly used 68 kg adult body weight reference in Clark’s Rule of
pediatric calculations. Our calculations are thus consistent with past
aluminum toxicity studies [16–18], and more comparable to the toxi-
cities at the No Observed Adverse Effect Level (NOAEL) and Lowest

Observed Adverse Effects Level (LOAEL).
Each of the established FDA-approved doses of 850 μg, 1140 μg, and

1250 μg were converted to the equivalent dose expressed in mg/kg
using Clark’s Rule [28,39]:

= ×Child s Dose Adult Dose BW Child lbs
BW Adult lbs

’ (mg) (mg) ( )
( )

The body weights for infants from birth through 24 months used in
the Clark’s Rule calculation were obtained using calculated monthly
growth velocities obtained from Weight for Age standards in males and
females from the 5th to the 95th percentile [40,41]. The resulting pe-
diatric doses were compared to the same doses in an adult also adjusted
by the body weight of 60 kg.

2.2. Minimal risk level of aluminum in children

Minimal Risk Levels (MRLs) are usually derived for hazardous
substances using the NOAEL/uncertainty factor approach [16,17] to
avoid toxicities [21]. The resulting exposures using the adjusted body
weight calculations are presented by plotting the calculated MRL in
children against the FDA doses of 850 μg adjusted by body weight at the
50th percentile in children birth through 24 months.

We estimated the human equivalent dose (HED) [11,20,21] in a
child first obtaining the adult HED using the equation

HED=Animal dose NOAEL (mg/kg)× [Animal weight (kg)/Human

Fig. 1. Pediatric Vaccine Schedule 2016–2017.
The CDC schedule reflects the expected timing of administration of vaccines containing aluminum (shaded light yellow) as adjuvant at birth, 2, 4, 6, 12, and 18 months. The total amount
of aluminum per vaccine visit (green shaded box below each scheduled interval) is reported from birth through 24 months.
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weight (kg)](1−BSA exponent 0.67)

The HED of the NOAEL/MRL may be calculated using a Km ratio or
Rule of Exponents equation [21] with a provisional additional safety
factor of 10 applied. The results of these two calculations differ sig-
nificantly. The anatomic compartment from which exogenous alu-
minum is absorbed also needs to be taken into consideration (intestinal
vs. intramuscular).

The animal dose reference used by the ATSDR is 260 μg/kg and the
reference animal weight of the mouse is 0.02 kg [15]. The adult human
body weight reference used was 60 kg to be consistent with the pre-
vious ATSDR calculations of MRL [16,17]. A safety factor of 10 is ap-
plied to the final calculation of the adult HED to obtain the Minimal
Risk Level (MRL) for an adult human [21].

To obtain the Child Equivalent Dose (CED) of the adult MRL, we
multiplied the MRL(adult) by the body weight ratio between child and
adult:

CED (mg/kg)=HED(adult) mg/kg×BW(child) (kg)/BW(adult) (kg)

Additionally, we calculated the pediatric equivalent of the daily
provisional tolerable intake using the JECFA adult reference of 286 μg
(2 μg/kg per week JECFA provisional tolerable weekly intake divided
by 7 days converted to micrograms) to establish a revised and corrected
provisional tolerable daily intake from the weekly intake adjusted by
the BW of the child at the 5th through the 95th percentile from birth to
24 months. It should be recalled that animal levels (ATSDR and JECFA
MRL) contributing to these revised estimated levels were based on
enteral (dietary) exposures, and in adult animals.

The only available safety dosing reference point for for large—and
small—volume parenteral exposures of aluminum is from CFR/FDA
21CFR201.323 from intravenous exposure. That safety limit is placed at
4–5 μg/kg/day, without reference to duration of treatment and applies
to individuals with renal dysfunction, a condition that is very common
among premature infants.

3. Results

3.1. FDA doses adjusted by body weight in infants and adults

Each of the FDA doses for aluminum (850 μg, 1100 μg, and 1250 μg)
were divided by the daily body weights per percentile weight class by
age from birth to 2 years and expressed as μg/kg. Similarly, these same
dose limits were divided by the adult body weights of 60 kg for com-
parison (μg/kg).

3.2. FDA 850 μg dose adjusted by body weight in infants and adults

If infants were given 850 μg of aluminum (injected), the exposure
would vastly exceed the only available CFR/FDA 4–5 μg/kg/day safety
limit (Fig. 2). Compared to an adult whose body weight is 60 kg, a male
child at birth receives 254 μg/kg, 152.7 μg/kg at 2 months, 121.4 μg/kg
at 4 months, 107.1 μg/kg at 6 months, 92.8 μg/kg at 1 year, and
69.9 μg/kg at 2 years as compared to 12.5-14.2 μg/kg in an adult. A
female child whose body weight is generally less than the male receives
a slightly higher burden of aluminum comparatively. At the 50th per-
centile body weight, a male child at birth receives 1800% more alu-
minum per body weight as compared to a 60-kg adult male, 1074.6% at
2 months, 954.9% at 4 months, 754.2% at 6 months, 876% at 1 year,
and 493% at 2 years of age more aluminum per body weight as com-
pared to a 60-kg adult (Table 1, Fig. 2).

3.3. FDA 1140 μg dose adjusted by body weight in infants and adults

Compared to an adult whose body weight is 60 kg, a male child at
birth receives 340.7 μg/kg, 204.8 μg/kg at 2 months, 162.8 μg/kg at 4
months, 143.7 μg/kg at 6 months, 124.4 μg/kg at 1 year, and 93.8 μg/

kg at 2 years as compared to 16.8-19.0 μg/kg in an adult. Similarly, a
female child whose body weight is generally less than the male receives
a slightly higher burden of aluminum comparatively.

3.4. FDA 1250 μg dose adjusted by body weight in infants and adults

Compared to an adult whose body weight is 60 kg, a male child at
birth receives 373.5 μg/kg, 224.5 μg/kg at 2 months, 178.5 μg/kg at 4
months, 157.5 μg/kg at 6 months, 136.4 μg/kg at 1 year, and 102.9 μg/
kg at 2 years as compared to 18.4-20.8 μg/kg in an adult. Similarly, a
female child whose body weight is generally less than the male receives
a slightly higher burden of aluminum comparatively.

3.5. Comparison of FDA dose adjusted by body weight between infants and
adults

To define an appropriate modification in the amount of aluminum
per dose in a pediatric vaccine, and separate from the previous HED
based upon the MRL, we applied Clark's Rule at both 68 kg and 60 kg to
the 850 μg FDA dose by assay (0.85 mg per dose by assay). The calcu-
lated 850 μg per dose at the 50th percentile is lower when converting
the adult body weight reference to 60 kg, the adult body weight typi-
cally used in toxicity studies (Fig. 3).

At birth, and in consideration of Clark’s Rule in pediatric dosing
(Adult BW=68 kg), these calculations, based on assumptions, suggest
that a child at the 50th percentile BW should receive no more than
44 μg/kg. That modification in the actual amount of aluminum per dose
of a pediatric vaccine (or vaccines per day) should be at or below the
current adult-based, diet-based MRL. Unfortunately, that would exceed
the calculated MRL of 10.31 μg/kg at birth, and 37.48 μg/kg at 2 years
of age.

3.6. Aluminum daily minimal risk level (MRL) in children, all sources with
applied safety factor

In an adult weighing 60 kg whereby the human Km is 37 and mouse
Km is 3 (Km ratio= 0.081), the Minimal Risk Level (MRL) of 26mg Al/
kg mouse dose (26) would be 26× 0.081=2.11mg/kg/day. Applying
the safety factor of 10 would correct the MRL to 0.21mg/kg/day, not
1mg/kg/day. The application of an additional safety factor of 10 is the
accepted final step prior to establishing first dose during trial dosing
12,13,15-20].

The Km in an 8-year-old child weighing 20 kg is 25 [15]. The cal-
culated pediatric HED of the Minimal Risk Level (MRL)/NOAEL using
the Km ratio formula would be 26mg/kg times 0.12 (Km ratio= 3/25)
divided by the safety factor of 10 would result in an HED of 3.12mg Al/
kg before a safety factor of 10 is applied using the Km ratio. With the
safety factor of 10, the estimated MRL would be 312 μg Al/kg/day in an
8-year-old child weighing 20 kg. That would effectively lower the
ATSDR MRL estimate from 1000 μg Al/kg day to 312 μg Al/kg/day by a
factor of 3.2 with the safety factor applied.

Without a provisional safety factor, the MRL would be greater than
the ATSDR provisional tolerable daily intake of 1mg Al/kg per day, but
less than the JECFA provisional tolerable daily intake of 290 μg Al/kg
which is a concern. With the safety factor of 10, the estimated MRL in
the pediatric population (< 8 years of age) is less than the 500 μg/kg
body weight from all sources including additives range 100–350 μg/day
identified in the JECFA report regarding children 2 years of age.

3.7. MRL based upon rule of Exponents/Safety factor of 10

In consideration that the HED calculated by the Km ratio may not be
appropriate for use in intramuscular exposures [22,23], we used the
Rule of Exponents equation [21]

HED=Animal dose NOAEL (mg/kg)× [Animal weight (kg)/Human
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weight (kg)](1−BSA exponent 0.67)

In an adult weighing 60 kg, the calculated HED using the above
equation would be 1850 μg/kg without a safety factor of 10. Applying
the safety factor of 10 would result in the HED (MRL) of 185 μg/kg,
significantly lower than the current ATSDR MRL/NOAEL of 1000 μg Al/
kg/day. This approximates the corrected 2007 JECFA calculation of
140 μg/kg/day (PTWI of 1000 μg Al/kg per week).

We do not mean to imply this level exposure is safe for pediatric
injection. The corresponding HED in a child should take into con-
sideration the ratio of the BW(child)/BW(adult), such that
MRL(child) =Adult MRL(mg/kg) X BW(child)/BW(adult).

At birth, for 50th percentile body weight males the daily MRL would
be 16.01 μg/kg/day (0.01601mg/kg/day) and 58.12 μg/kg/day at 2
years (See Supplemental Files). As expected, a female child would have
a corrected value of 15.46 μg/kg/day at birth and 54.9 μg/kg/day at 24
months. In a child, that recalculated MRL would be less than the 1989

JECFA provisional tolerable daily intake from dietary and additive
exposures of 140 μg/kg/day and current provisional tolerable daily
intake of 290 μg/kg/day per day both before and after the safety factor
of 10 is applied (Fig. 3).

As an example, using a specific vaccine, the weight-adjusted MRLs
and aluminum exposures from DTaP vaccine (with 625 μg aluminum
per dose) show exposures in children at 2 months that vastly exceed the
dietary adult mouse-derived MRL considering body weight (Fig. 4).

4. Discussion

Aluminum in various forms is commonly used as an adjuvant in
many vaccines licensed by the US Food and Drug Administration
[1–7]. In 2002, the scheduled childhood vaccines that included
aluminum as an adjuvant were limited to Diphtheria-Pertussis-Te-
tanus (DPT) and Hepatitis B (HepB). The amount of aluminum per
vaccine dose ranged from 250 μg/dose (HepB) to 625 μg/dose (DPT).
In 2016, however, the number of individual pediatric vaccines con-
taining aluminum as adjuvant from birth to 36 months has increased
significantly and ranges from 250 to 625 μg/dose [3–6] (Table 1;
Fig. 1). Those vaccines, which contain aluminum as an adjuvant to
increase antigenicity [33,34] include Hepatitis B (HepB)[2], Diph-
theria, Tetanus, acellular Pertussis (DTaP) [3], Haemophilus influ-
enza B (HiB) [4], Hepatitis A (HepA) [5], and pneumococcal con-
jugate (PCV13) [6]. Here, we further discuss the background and
provenance of the derivation of aluminum doses, issues that may be
currently causing unanticipated dose-related toxicity.

The FDA referenced doses of 850 μg, 1140 μg, and 1250 μg have not
been estimated considering body weight of the pediatric population,
nor do they necessarily directly reflect established non-toxic doses in
that population prior to this report. The current aluminum amounts in
vaccines are not sufficiently characterized: the doses of aluminum used
in vaccines, and the per day exposure that results from the CDC vaccine
schedule, are not determined based on animal dose escalation safety
(NOAEL) studies. They are also determined considering neither injected
dose-related toxicity, nor mass differences between adults and infants.
This issue must be addressed.

Our results demonstrate that the aluminum exposure from vaccines
would exceed the calculated Pediatric Dose Limit, or PDL 850 μg alu-
minum/dose by assay, when corrected to 44 μg by Clark’s Rule esti-
mated from the FDA adult dose of 850 μg/dose (850 μg x BW(child) 3.35/
BW(Adult) 68 kg) at birth, 2.5, 4.5, and 6.5 months. It must be empha-
sized that at birth, only the aluminum content in the HepB vaccine is
under consideration. Only at 6.5 months does the combined aluminum

Fig. 2. FDA Doses and exposures adjusted by body weight: Comparison between Infants and an Adult.
In a male child from birth through 36 months at the 50th percentile body weight, the FDA dose of 850 μg adjusted by body weight demonstrates that an adult weighing 60 kg receives
significantly less aluminum per injection per kg compared to a child, particularly those children with lower body weights.

Table 1
FDA Dose Adjusted by Body Weight (μg/kg), Birth through Adulthood, US Population.

MALES (50th Percentile Body Weight)

Age Body
Weight (kg)

850 μg dose
(μg/kg)

1140 μg dose
(μg/kg)

1250 μg dose
(μg/kg)

Birth 3.35 254.00 340.66 373.54
2 months 5.57 152.67 204.76 224.52
4 months 7.00 121.39 162.80 178.51
6 months 7.93 107.13 143.67 157.55
1 year 9.17 88.10 118.16 129.56
2 years 12.15 69.95 93.82 102.87
Adult Reference

(60 kg)
60 14.17 19.00 20.83

Adult Reference
(68 kg)

68 12.5 16.76 18.38

FEMALES (50th Percentile Body Weight)
Age Body

Weight (kg)
850 μg dose
(μg/kg)

1140 μg dose
(μg/kg)

1250 μg dose
(μg/kg)

Birth 3.23 262.98 352.70 386.73
2 months 5.13 165.75 222.30 243.75
4 months 6.42 132.32 177.47 194.59
6 months 7.29 116.49 156.23 171.30
1 year 8.95 94.99 127.40 139.69
2 years 11.48 74.06 99.92 108.91
Adult Reference

(60 kg)
60 14.17 19.00 20.83

Adult Reference
(68 kg)

68 12.5 16.76 18.38
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level fall below the 1140 and 1250 μg/kg calculated dose level at the
50th percentile body weight. This is a clearly significant concern for the
current vaccine schedule, especially in the context of the recommended
(and increasingly strongly enforced) time intervals at birth, 2, 4, and 6
months.

All individual doses are at or below the FDA dose of 850 μg/dose by
assay. However, when administered simultaneously at the re-
commended CDC schedule, the “limit” is significantly exceeded if not
modified in accordance with standard pediatric dose calculations.
These doses are given regardless of body weight. The product data sheet
for DTaP states, for example:

“Each 0.5-mL dose contains aluminum salts as adjuvant not more
than 0.85mg (850 μg) aluminum by assay”

When adjusted to body weight (μg/kg) and compared to a 60–68 kg
adult, the aluminum load is significantly higher in the birth through 24-
month age cohort.

The scheduled pediatric vaccinations in 2016 have significantly

expanded since 2002, and the amount of aluminum per vaccine dose,
particularly the use of TDaP, has changed. The combined doses of
aluminum at 2, 4, and 6 months are 1225 μg, 975 μg, and 1225 μg re-
spectively (Table 2), and are not determined considering infant and

Fig. 3. MRL Males and Females, Birth-24 years (5th-95th Percentile Body Weight).
The most recent daily JECFA MRL of 287 μg/kg/day in a child from birth through 24 months (729 days) was calculated by multiplying the daily Child BW/Adult BW ratio using a
referenced adult body weight of 60 kg and the daily child body weight at the 5th-95th percentile. The final calculation is expressed in μg/kg/day (Y-axis). The 50th percentile body weight
daily calculation is demonstrated with the orange line (see Legend at bottom of graph).

Fig. 4. Comparison of the Calculated Pediatric MRL and the AL Exposures from DTaP Vaccine for Children (and Adults) using Clark’s Rule to Accommodate Pediatric Body Weights (μg/
kg, per day, at 2 months and for Adult).

Table 2
ATSDR References for NOAEL and LOAEL.

Population Year
Published

Route of
Exposure

NOAEL LOAEL Reference

Mice 1989 Dietary 62mg
Al/kg

130mg
Al/kg

Golub et al.
[24]

Mice 2001 Dietary 26mg
Al/kg

130mg
Al/kg

Golub et al.
[25]

Mice 2005 Dietary 53mg
Al/kg

103mg
Al/kg

Colomina
et al. [26]

Mice 2000 Dietary – 100mg
Al/kg

Golub et al.
[27]
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child body weight.
When expressed considering infant and child body weight

(BW(child)) obtained from the CDC growth data sheets, the individual
aluminum levels (μg/kg) in the HepB, DTaP, Hib, and PCV vaccines
remain below the limits of 850 μg/kg, 1440 μg/kg, and 1225 μg/kg at
birth. However, at 2.5 months, 4.5 months, and 6.5 months, the com-
bined aluminum levels (μg/kg) in the scheduled DTaP, HiB, and PCV
vaccines exceed the FDA 850 μg limit by a factor of 1.15.

4.1. The PTWI propagated error

In our review of the provenance of information on Al limits, we
discovered an unfortunate but serious error in the calculation in the
MRL. The JECFA established a PTWI for aluminum to be 7000 μg/kg
body weight per week in 1989. The PTWI applied to all aluminum
compounds in food, including additives which remained in effect until
2011. The provisional tolerable daily intake (all sources) would there-
fore have been around 1000 μg/kg/day.

From 1989 to 2011, the MRL was reported to be 1000 μg/kg/day
from all sources. That number was withdrawn in 2011, therefore the
total provisional tolerable daily intake should be currently 0.29mg Al/
kg per day, based upon the provisional tolerable weekly intake (PTWI)
of 2mg Al/kg week as expressed by the Joint Food and Agriculture
Organization of the United Nations and World Health Organization
(FAO/WHO) Expert Committee on Food Additives (JECFA) in 2011.

In 1996, the Committee on Nutrition in their article on aluminum
neurotoxicity in children reported the 1989 JECFA provisional tolerable
weekly intake of 1000 μg/kg [12] as a provisional daily intake [14]. Un-
fortunately, that error overestimates the provisional tolerable daily intake
of aluminum from all sources in adults by a factor of at least 2. As the
1000 μg/kg/week PTWI was in fact replaced with a PTWI of 2000 μg/kg/
week in 2011, the daily provisional tolerable intake should be around
286 μg/kg per day, and in consideration that the highest mean intake of a
child at 2 years is 500 μg/kg per day [15]. The value 1000 μ/kg/day
would seem to bring the 850 μg per dose into range, but it is off by a factor
of at least 2 and perhaps seven. The role of the reliance on the incorrect
PTWI on public health may be significant, especially for infants, especially
for low-birthweight infants and those born prematurely.

By our calculations, and in consideration of the route of exposure
using the Rule of Exponents to calculate the HED, the correct daily (all
sources, all doses) MRL in the pediatric population should have been
determined to be no more than 10.31-16.01 μg/kg per day at birth to
58.12 μg/kg per day at 2 years of age. Current exposures from pediatric
vaccines exceed these levels; for a median weight (US) 3.3 kg male,
HepB vaccine with 250 μg leads to 75.75 μg/kg/day. The two-month
vaccination visit repeats the excess. Excess exposures in low birth-
weight and neonatal infants is obviously even more problematic. The
use of HepB vaccine in a 2-kg infant (FDA’s unofficial cut-off for vac-
cination in the Neonatal Intensive Care Unit, NICU) leads to 150 μg/kg/
day. Vaccination practices in the NICU must be revisited.

Our results demonstrate that the aluminum load from vaccines
would exceed the estimated PDL 850 μg aluminum/dose by assay, when
corrected to 47.4 μg by Clark’s Rule estimated from the Federal adult
dose limit of 850 μg/dose (850 μg x BW(child)3.35 kg/BW(Adult) 68 kg) at
birth to 24 months. The adjusted dose limits would still be higher than
the calculated MRL per day.

The NOAEL and LOAEL have been established to reduce the in-
cidence of known harmful neurotoxic effects and are based on studies of
adult mice using poorly-absorbed, ingested aluminum not highly-ab-
sorbed injected aluminum. The entire paradigm to aluminum dosing in
vaccines has not been determined considering body weight, based on
NOAEL (not the LOAEL), which is more in line with the universal
standard medical practices during pediatric dosing [28,39]. These
should be calculated per child given their body weight prior to vacci-
nation, and daily limits placed on total aluminum injected considering
all doses and all sources. However, even when the appropriate and

necessary adjustments are made, our results predict an increased risk of
neurotoxicity from birth through 36 months particularly when the ac-
cumulating body burden is taken into consideration at every scheduled
vaccine interval. Although not considered in this current analysis, we
are aware that the accumulated aluminum body burden at each vac-
cination interval will be higher than an individual aluminum level in a
single vaccine. This is because there will be a retained body burden
fraction of aluminum resulting from the previous dosing intervals
considering body weight (in progress) that needs to be considered,
particularly in consideration of potential toxicities.

Mitkus et al. [32]'s calculations were based on the day/week pro-
pagated error. Mitkus et al. [32] published their study in 2011 when the
PTWI was still at 1 mg/kg, further propagating the day/week error.
Thus, current assessments of aluminum accumulation from vaccination
and dietary exposures are not correct. Some dietary sources contain
unacceptably high levels of aluminum, such as certain brands of anta-
cids. Concerned individuals can exercise consumer choice and avoid
food products that include aluminum.

While the effect of our proposed reduction on the final antigenicity
of the vaccine is unknown, the full effects of the high injected doses of
aluminum on the developing brain are also unknown. Indications of
accumulation of aluminum associated with autism were recently pub-
lished [42] in which the majority of tissue samples from post-mortem
brains of patients diagnosed with autism spectrum disorder (ASD) were
found to contain high concentrations of aluminum. Many samples
contained extremely high concentrations, and the study also localized
aluminum in glial cells in the brain, consistent with aluminum-induced
gliosis models of neurodevelopmental disorders.
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The aetiology of neurodegenerative diseases (ND) seems to involve susceptibility genes and environmental factors. Toxic metals are
considered major environmental pollutants. Following our study of a case of multiple sclerosis (MS) improvement due to removal
of aluminium (Al) and other toxic metals, we have examined the possible relationship between Al intoxication and ND. We used
the slow intravenous treatment with the chelating agent EDTA (calcium disodium ethylene diamine tetraacetic acid) (chelation
test) to remove Al and detected it in the urine collected from the patients for 12 hours. Patients affected by MS represented 85.6%
of total ND. Al was present in 44.8% of cases comprehensive of ND and healthy patients. Al levels were significantly higher in ND
patients than in healthy subjects. We here show that treatment of patients affected by Al burden with ten EDTA chelation therapies
(EDTA intravenous administration once a week) was able to significantly reduce Al intoxication.

1. Introduction

Exposure of human populations to toxic metals can result in
damage to a variety of organ systems.

One of the most commonly toxic metals studied, alu-
minum (Al), is implicated in many diseases. Al is a highly
abundant and ubiquitously distributed as environmental and
industrial toxicant and is also contained in many food
products, being involved in skeletal, haematological, and
neurological diseases [1]. Al toxicity is caused by disruption
of homeostasis of metals such as magnesium, calcium, and
iron (Fe): in fact, Al mimics these metals in their biological
functions and triggers many biochemical alterations [2]. In
particular, Al both exerts direct genotoxicity in primary
human neural cells [3] and induces neurodegeneration,
through an increase in Fe accumulation and oxygen reactive
species (ROS) production [4]. Al-induced oxidative damage
to DNA has been previously associated with neurodegen-
eration in different regions of rat brain [5]. In addition,
more recently Al3+ has been shown to provoke transporter-
mediated dopamine neuron degeneration in the nematode
Caenorhabditis elegans [6].

The removal of toxic metal from human body can
represent a useful tool to avoid the beginning or progression
of many diseases related to metal intoxication.

The methods useful to determine some metal content in
biological samples for monitoring purposes were developed
some years ago. Indeed, both toxic and essential metals have
been assayed in blood, urine, and hair by atomic absorption
spectroscopy [7]. Successively, methods for trace-element
analysis in human biological materials have been developed
and inductively coupled plasma mass spectrometry (ICP-
MS) was considered preferable for screening of multiple
elements [8]. However, it seems difficult to show metal
excess in blood and urine in conditions different from acute
metal intoxication. In fact, blood toxic metal increase reflects
only recent exposure to metals [9]. After acute exposure,
toxic metals rapidly move from blood to many tissues,
where they are sequestered, as in central nervous system
(CNS). The only way able to remove accumulated toxic
metals from human organs is to bind these metals by means
of chelating agents, with the aim of forming complexes
able to be excreted in the urine. Toxic metal levels can
be examined in the urine samples collected from patients,
following “challenge” with a chelating agent (“chelation test”).
We have selected, among known chelating agents, calcium
disodium ethylenediamine tetraacetic acid (CaNa2EDTA or
EDTA), which was intravenously administered. The stability
constants of aluminium and other metals of biochemical
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interest with various chelating agents including EDTA have
been previously studied [10]. The development of a set of
metal complex constants served to correlate chemical and
functional properties of the metals and suggested that EDTA
was able to mobilize aluminium.

In the past, toxic levels of Al have been associated with
neurodegenerative diseases (ND). A possible link between
Al and Alzheimer’s disease has been highlighted [11]. In
1991, treatment with low dose intramuscular desferrioxamine
(DFO), a trivalent chelator that can remove excessive iron
and/or aluminium from the body, was reported to slow the
progression of Alzheimer’s disease [12].

In the present work we have decided to study whether
Al was involved in neurotoxicity. Indeed we evaluated the
Al body burden in patients affected or not by ND. We
studied also the possible reduction of this burden following
treatments with the chelating agent EDTA.

2. Materials and Methods

2.1. Study Design and Patient Recruitment. Out of 471 con-
secutive subjects who had undergone a medical checkup
in an outpatient medical center, only 211 were selected and
enrolled for this study due to evidence of their Al burden
and compliance in following the protocol, for example,
receiving chelation therapy once a week by personal choice.
The ND examined in this study were multiple sclerosis
(MS), amyotrophic lateral sclerosis (ALS), Parkinson’s disease
(PD), and Alzheimer’s disease (AD). Many MS patients had
been previously treated with conventional drugs used in
such pathology (e.g., immunosuppressant agents, as mitox-
antrone and azathioprine, broad-spectrum immunomodu-
latory agents, as glatiramer acetate and interferon !, and
monoclonal antibodies, as rituximab andnatalizumab). Some
MS patients had never been previously treated with drugs.
Patients not affected by known diseases (healthy subject or
controls) aswell as patients affected by nonneurodegenerative
pathologies (not ND, which refers to diseases not classified as
ND as fibromyalgia) have also been recruited. Some healthy
patients who had been previously exposed to environmental
or working toxic metals preferred to examine their possible
intoxication by evaluating the presence of such metals in hair
samples. Indeed, they were excluded from the present study.
All patients provided informed consent to participate in this
study.They were between 18 and 75 years old.

2.2. Chelation Test and Evaluation of Urine Al. Patients have
been subjected to the chelation test to show possible Al
intoxication. Indeed, they were invited to collect the urine
samples before and after the intravenous treatment with
the chelating agent EDTA (ethylenediamine tetraacetic acid,
e.g., calcium disodium edetate, 2 g/10mL diluted in 500mL
physiological saline, Farmax srl, Brescia, Italy). EDTA was
intravenously slowly administered (the infusion lasted about
2 hours) to the patients.The time of urine collection following
chelation lasted 12 h. Samples recovered from such collection
were accurately enveloped in sterile vials and transported to
the Laboratory of Toxicology (Doctor’s Data Inc., St. Charles,

IL, USA), where they have been processed. Samples were
acid-digested with certified metal-free acids; digestion took
place in a closed-vessel microwave digestion system. For
sample dilution ultrapure water was used.

To avoid contamination, only plastic materials were used.
All laboratory ware (pipette tips, volumetric flasks, etc.) was
immersed for at least 48 h in a 10% (v/v) HNO3/ethanol
solution and, shortly before use, washedwithMilli-Q purified
water. To avoid contamination from the air, all steps in the
preparation of samples and reagents were carried out on a
class 100 clean bench [13, 14].

Testing was performed via inductively coupled plasma
mass spectrometry (ICP-MS) utilizing collision/reaction cell
methods coupledwith ion-molecule chemistry, a new reliable
method for interference reduction. The method has been
recently used for biomonitoring of 20 trace elements in blood
and urine of occupationally exposed workers [15]. Certified
urine standards and in-house standards were used for quality
control and to validate results. To avoid the potentially
great margin of error that can result from fluid intake and
sample volume, results were reported in micrograms ("g)
per g creatinine. Creatinine was measured by reverse-phase
high-performance liquid chromatography and was used to
correct the total volume of urinary Al for differences in
the glomerular filtration rates of individuals at the time of
the spot sample [16]. The research program entitled “Effects
of Chelation Therapy with EDTA in Patients Affected by
Pathologies Related to Exposition (Acute or Chronic) to
Toxic Metals” has been approved by Ethical Commitment of
The University of Milan (Italy) (number 64/2014).

2.3. Clinical Evaluation of Patient’s Symptom Improvement
in MS. In the absence of a diagnostic test specific for MS,
the neurological community has adopted diagnostic criteria
which were replaced in the time [17]. Magnetic resonance
imaging (MRI), analysis of cerebrospinal fluid, and visual
evoked potential, added to clinical diagnosis, have been
considered to present limitations of sensitivity and specificity.
Successively MRI has gained an importance. However, the
diagnosis of improvement in patient’s symptoms is currently
based on clinical criteria, as reduction of neurological dis-
ability (paresthesia, gait ataxia, spasticity, optic neuritis, and
bladder dysfunction) and fatigue. Sometimes, symptoms of
ALS, as paresis,muscle atrophy, and dysarthria, are associated
with MRI and cerebrospinal fluid abnormalities typical of
MS. Indeed, we have considered the improvement of patient’s
symptoms the recover from clinical disability, for example,
ability to work, reduction of spasticity, relapse delay, and/or
fatigue disappearance.

2.4. Effect of EDTA Chelation Therapy on Al Intoxication.
Patients who revealed Al intoxication (by examination of its
levels in urine samples) were subjected to EDTA chelation
therapy. EDTA (2 g in 500mL physiological saline) was
intravenously infused in each patient in about 2 hours.
Treatment was given once a week and lasted ten weeks. At the
end of treatments urine Al levels were analysed, as previously
described.
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Figure 1: Scheme of enrolled subject’s characteristics.

2.5. Data Analysis. Statistical analysis was performed using
Microsoft Excel 2010 and IBM SPSS Statistics 20 (IBM
Armonk, New York, USA). A logistic regression analysis
was used to examine the relative contributions of several
variables to the operation outcomes.# < 0.05was considered
significant.

3. Results

3.1. Patient’s Characteristics. Figure 1 reports the distribution
of patients who displayed Al intoxication.

The most represented patients affected by ND were those
with MS (85.6% of total ND). Indeed, we compared both the
group of MS patients and the group of ND patients with the
group of healthy patients.

3.2. Al Intoxication. All patients did not showAl intoxication
before EDTAchallenge (data not shown). All patients affected
by ND displayed intoxication by different toxic metals (data
not shown). After challenge with EDTA, Al was present in
44.8% of cases comprehensive of ND and healthy patients.
The levels of Al intoxication, as obtained from evaluation of
"g/g creatinine content of Al in the urine samples collected
following the first intravenous treatment with EDTA (chela-
tion test), are reported in Figure 2. The data indicate that Al
values were significantly higher in the urine samples of SM
and ND patients than in those healthy patients.

3.3. Usefulness of EDTA Chelation Therapy. The effect of
EDTA chelation therapy is reported also in Figure 2. Indeed,
the patients who have shown Al intoxication following chela-
tion test underwent chelation therapy (EDTA intravenous
administration once a week). After ten therapies, the levels
of Al in the urine samples were further evaluated and
compared with that obtained following chelation test. EDTA
administration was demonstrated to be significantly efficient
in removing Al burden, as shown in Figure 2. Our results
showed that reduction in the time of Al intoxication well
related with improved clinical conditions of the patients.
In fact they presented, at different extent, reduction of
neurological disability and fatigue.

Noteworthily, the efficacy of EDTA chelation therapy was
more evident in ND than in healthy patients.

4. Discussion

Toxic metals, pesticides, and phenols are considered major
environmental pollutants [18]. Toxic metals are classified as
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Figure 2: Aluminium (Al) levels evaluated in the urine samples
of examinated subjects, following chelation test (dark) and after
ten chelation therapies with EDTA (light), expressed as mean ±
SEM of "g/g creatinine.The studied subjects were healthy patients,
patients affected by multiple sclerosis (MS), and patients affected
by all neurodegenerative diseases (ND). The levels of Al in both
MS and ND patients were significantly higher with respect to those
obtained in healthy subjects following chelation test (∗#/∗∗# < 0.05
versus healthy). After chelation therapies with EDTA, the levels of Al
were significantly lower than that obtained following chelation test
(## < 0.05 versus ∗# and ##

# < 0.05 versus ∗∗#).
nonbiodegradable substances, as well as plastics and deter-
gents, because they are not degraded by microorganisms.
They represent a global health risk because of their ability to
contribute to a variety of diseases. In this context, Al (which
is a highly reactive element and ubiquitous environmental
contaminant) has been associated with some diseases [1].
In fact, osteomalacia is a skeletal disease related to Al toxic
effects, such as phosphate deficiency, Ca-uptake impairment,
and dysfunctional osteoblast proliferation [19]. Moreover, Al
exposure can impair Fe intestinal absorption, promoting an
anemic state [20]. In addition, Al may play an active role
in the pathogenetic mechanisms of neurological diseases. In
particular, Al has been shown to be responsible for critical
neuropathologic lesions in AD and other related disorders
for its ability to cross-link hyperphosphorylated proteins [21].
Al has been detected in amyloid fibers in the cores of senile
plaques in brains of AD patients [22]. The presence of Al
in biological systems could lead to an important prooxi-
dant activity, by promoting superoxide generation through
Fenton reaction [23]. More recently, Al removal in AD
patients by treatment with DFO has been further proposed
[24]. Successful treatment with DFO (both at low and at
standard dose) has been performed for Al overload among
haemodialysis patients [25]. Moreover, DFO has been shown
to be able to exert protective effects in the brain tissue of
mice against Al-induced structural and metabolic alterations
[26]. However, since some patients can have intolerance to
DFO or develop DFO side effects such as allergic reactions,
neurological symptoms, or obvious gastrointestinal upset, we
decided to use EDTA as a chelating agent. The chelator N-
(2-hydroxyethyl) ethylenediamine triacetic acid (HEDTA),
similar to EDTA, has been shown to be efficient, also
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in association with selenium, against Al-induced oxidative
stress in rat brain [27].

Elevated urinary excretion of Al and Fe has been previ-
ously shown in MS patients [28].

We have previously studied the case of a young man
affected by MS, who has been unsuccessfully treated for
some years with current therapies [29]. Symptoms revealed
by the patient were subacute vision loss, diplopia, and pain
with eye movements as the first symptoms of optic neuritis;
disturbance of fine motor skills; paresthesia and gait ataxia;
bladder dysfunction; and significant tiredness. We examined
his levels of toxic metals in the urine, following intravenous
“challenge” with EDTA.The patient displayed elevated levels
of Al, Pb, and Hg in the urine. Indeed, he was subjected to
treatment with EDTA twice a month. Under treatment, the
patient revealed in time improved symptoms suggestive of
MS remission. In fact, he recovered eye vision and bladder
function and paresthesia disappeared as well as tiredness.
Because the most represented toxic metal in this patient was
Al, we decided to examine the possible relationship of Al
intoxication with ND.

Our results show that Al levelsmeasured in urine samples
of patients affected by both MS separately studied and total
ND studied were significantly higher than that of healthy
patients, as reported in Figure 2. Healthy patients displayed
about 80 "g/g creatinine, as mean Al levels, even if normal
values are 35 "g/g creatinine. These data suggest that Al
intoxication is not necessarily related to onset of ND clinical
symptoms. Moreover, control patients are possibly able to
limit further Al burden through neuroprotective or antioxi-
dant mechanisms which are absent in ND patients. Clinical
evaluations of each patient suggested the presence of an
important relation between Al intoxication and impairment
of movements, paresthesia, ataxia, and other symptoms dis-
played by subjects affected by ND. Indeed, the patients who
displayed maximal values of Al in the urine sample displayed
also the most serious features of disease at clinical level.
The objection that mobilizing (by chelating agents) Al from
relatively safe sites such as bone and depositing this highly
neurotoxic metal in the CNS can be dangerous is opposed by
the consideration that patients affected by ND were affected
by Al burden (responsible for the pathogenesis of the disease)
in CNS before chelation. Moreover, the complexes formed
by toxic metal with chelating agents are well removed by
kidneys. Recent studies demonstrated that severe behavioural
motor deficits and loss of the motor neurons through the
nervous system resulted when an Al vaccine adjuvant was
applied to an animal model. Indeed, mice injected with Al
hydroxide showed a significant increase in cell death in the
spinal cord and motor cortex, primarily affecting the motor
neurons and inducing neuroinflammation.The effects closely
resembled the damage seen in human ALS [30].

As recently reported, the immune system also appears to
be sensitive to Al exposure [31]. Effects of Al on autoimmu-
nity, oral tolerance, CD4+ and CD8+ expression, hypersensi-
tivity, and erythrocyte immune function are suggestive of its
immunotoxicologic activity. It has been suggested that many
of the features of Al-induced neurotoxicity may arise in part
from autoimmune reactions [30].

Finally, in a recent report by Exley C [32] Al is considered
a potential contributor to the onset, progression, and aggres-
siveness of ND, even if it appears to be difficult to establish
when it contributes to disease etiology. However, since Al
represents a risk to humanhealth, it is necessary to implement
measures to reduce its body burden to the lowest practical
limit.

Which strategy for common therapy of injury provoked
by toxic metals can be proposed? Intracellular uptake of toxic
metals would be adequately prevented by relevant inhibitors
(chelators), whereas the ROS generation and ROS-mediated
processes would be prevented or ameliorated by relevant
antioxidant and scavengers of free radicals and Fe.

In our experience, as shown in previous studies and in
the present, removal of toxic metals has induced beneficial
effects by improving patient symptoms [29, 33, 34]. No
adverse effects were observed from EDTA treatments. Metal
removal appeared gradual in the time, and suggested many
chelation therapies. In conclusion, in the present study we
show that EDTA chelation therapy was able to reduce Al
burden in patients affected by ND by ameliorating their
clinical conditions.We hope that in the future such treatment
will be considered as a useful tool to improve ND patient’s
symptoms.
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Abstract
Our previous ecological studies of autism spectrum disorder (ASD) has demonstrated a correlation between
increasing ASD rates and aluminium (Al) adjuvants in common use in paediatric vaccines in several Western
countries. The correlation between ASD rate and Al adjuvant amounts appears to be dosedependent and satisfies 8
of 9 Hill criteria for causality. We have now sought to provide an animal model to explore potential behavioural
phenotypes and central nervous system (CNS) alterations using s.c. injections of Al hydroxide in early postnatal CD
1 mice of both sexes. Injections of a "high" and "low" Al adjuvant levels were designed to correlate to either the U.S.
or Scandinavian paediatric vaccine schedules vs. control salineinjected mice. Both male and female mice in the
"high Al" group showed significant weight gains following treatment up to sacrifice at 6 months of age. Male mice in
the "high Al" group showed significant changes in lightdark box tests and in various measures of behaviour in an
open field. Female mice showed significant changes in the lightdark box at both doses, but no significant changes in
open field behaviours. These current data implicate Al injected in early postnatal life in some CNS alterations that
may be relevant for a better understanding of the aetiology of ASD.
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We have now sought to provide an animal model to explore potential behavioural phenotypes and central nervous system (CNS) alterations using s.c. injections of Al hydroxide

These current data implicate Al injected in early postnatal life in some CNS alterations
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Aluminum oxyhydroxide (alum) is a crystalline compound widely used as an immunolog-
ical adjuvant of vaccines. Concerns linked to the use of alum particles emerged follow-
ing recognition of their causative role in the so-called macrophagic myofasciitis (MMF)
lesion detected in patients with myalgic encephalomyelitis/chronic fatigue/syndrome. MMF
revealed an unexpectedly long-lasting biopersistence of alum within immune cells in pre-
sumably susceptible individuals, stressing the previous fundamental misconception of its
biodisposition.We previously showed that poorly biodegradable aluminum-coated particles
injected into muscle are promptly phagocytosed in muscle and the draining lymph nodes,
and can disseminate within phagocytic cells throughout the body and slowly accumulate in
brain.This strongly suggests that long-term adjuvant biopersistence within phagocytic cells
is a prerequisite for slow brain translocation and delayed neurotoxicity. The understanding
of basic mechanisms of particle biopersistence and brain translocation represents a major
health challenge, since it could help to define susceptibility factors to develop chronic
neurotoxic damage. Biopersistence of alum may be linked to its lysosome-destabilizing
effect, which is likely due to direct crystal-induced rupture of phagolysosomal membranes.
Macrophages that continuously perceive foreign particles in their cytosol will likely reit-
erate, with variable interindividual efficiency, a dedicated form of autophagy (xenophagy)
until they dispose of alien materials. Successful compartmentalization of particles within
double membrane autophagosomes and subsequent fusion with repaired and re-acidified
lysosomes will expose alum to lysosomal acidic pH, the sole factor that can solubilize alum
particles. Brain translocation of alum particles is linked to a Trojan horse mechanism previ-
ously described for infectious particles (HIV, HCV), that obeys to CCL2, signaling the major
inflammatory monocyte chemoattractant.

Keywords: alum, vaccine adjuvants, macrophagic myofasciitis, neurotoxicity, genetics, monocytes, CCL2, MCP1

Billions of humans have been vaccinated and marked regression
or eradication of several severe infectious diseases was observed.
Nowadays, the potential applications of vaccines extend far beyond
prevention of infectious diseases, and vaccination is considered
to be a most promising weapon against a variety of different
conditions. Vaccine safety has been regarded as excellent at the
level of the population (1), but adverse effects have also been
reported (2).

Concerns about the use of aluminum adjuvants have emerged
following (i) recognition of their role at the origin of the so-called
macrophagic myofasciitis (MMF) lesion in 2001 (3, 4), which
revealed fundamental misconception of their adjuvant effect and
pointed out their unexpectedly long-lasting biopersistence (4);
and (ii) demonstration of their apparent capacity to migrate
in lymphoid organs and then disseminate throughout the body
within monocyte-lineage cells and progressively accumulate in the
brain (5).

The present paper will review these emerging characteristics of
alum adjuvant particles that raise concerns about innocuity of this
widely used compound.

ALUM ADJUVANTS ARE LYSOSOME-DESTABILIZING
PARTICULATE COMPOUNDS
Adjuvants have been used in vaccines for their ability to enhance
the adaptive immune response to a co-administered antigen. Par-
ticulate aluminum salts (known as alum) have been the main
approved adjuvants for use in human vaccines for more than
80 years (6). They are currently used in vaccines against tetanus,
hepatitis A, hepatitis B, human papillomavirus, haemophilus
influenzae B, pneumococcal and meningococcal infections, and
anthrax. They mainly include aluminum oxyhydroxide, a crys-
talline compound, aluminum hydroxyphosphate, and amorphous
aluminum phosphate. Alum is able to adsorb vaccine antigens on
its surface. The strongest adsorption phenomenon results from lig-
and exchange,which involves the replacement of a surface hydroxyl
on the adjuvant by a terminal phosphate group of the antigen (7).

Alum induces strong innate immune responses at the site
of injection, as assessed by an influx of neutrophils, mono-
cyte/macrophages, eosinophils, and MHC-II + antigen present-
ing cells, mainly dendritic cells (DCs) (8). Muscle-resident
macrophages mainly located in fascias are among the first cells
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to sense disturbance in muscle homeostasis (9). They alert the
immune system through local production of chemokines, and
recruit other myeloid cells, like neutrophils, and inflammatory
monocytes that differentiate into inflammatory DCs (9). Spe-
cialized for antigen uptake, monocyte-derived inflammatory DCs
have an immature phenotype in the muscle. However, they migrate
to the lymph node T-cell paracortex upon contact with tissue
debris or foreign material, and arrive there as mature cells express-
ing costimulatory molecules (10). Inflammatory DCs may be
crucial for the alum adjuvant activity as assessed by selective deple-
tion studies (11), but eosinophils also appear to play an important
role (12).

Alum has been long believed to ensure a long-lasting immune
response through formation of a depot slowly releasing the antigen
under the influence of the interstitial fluid (13, 14). The view that
the injected adjuvant remains extra-cellular has been challenged
by muscle biopsy findings in immunized patients (4). In contrast
to ancient belief, alum particles are avidly taken up by phagocytic
cells (15). The strong binding of antigen to alum particles increases
antigen uptake by DCs, reduces antigen degradation, and sustains
antigen presentation in vitro (16). Macrophage survival may also
be promoted by alum particle uptake (17). Alum injection induces
in vivo the formation of persistent alum-induced granuloma at site
of previous immunization (4, 18, 19). However, good immuniza-
tion does not require local alum persistence, since no decrease of
antigen-specific T- and B-cell responses were observed in case of
removal of the injection site as early as 2 h after injection (20).

In spite of their long usage, the literature has pointed out that
the adjuvanticity mechanisms of aluminum salts remain basically
unknown despite most active investigation in the field in recent
years (21, 22). Alum is deficient at initiating cell-mediated immu-
nity and skews the immune response toward a T-helper type 2
(Th2) response associated with strong production of IL-4 and
the IgG1 antibody subtype (23). Concerning the mechanisms
of alum adjuvanticity, several explanations have been proposed,
most of them being subsequently challenged (24). Notably, the
NLRP3 inflammasome was shown to be strongly activated by
alum (25, 26), but this finally appeared unessential to the adjuvant
effect (27, 28). It remains true, however, that aluminum hydrox-
ide and other crystals such as silica, urate sodium, and asbestos,
strongly induce NLRP3 activation, IL1b release, and activation
of the downstream inflammatory cascade. More recently, alter-
nate models for alum-mediated immunity have been proposed
on the basis of the link of alum adjuvant effects and the release
of non-cytokine biomolecules, including uric acid (29), double-
stranded DNA (30), and prostaglandin E2 (31). The specificity of
crystal-induced signaling pathways has been proposed to explain
why aluminum hydroxide particles exhibit a much more irritat-
ing effect than soluble aluminum (32). Consistently, alum crystals
bind to and aggress the plasma membrane lipid bilayer (33),
destabilizes lysosomes that degrade endocytosed, phagocytosed,
or autophagocytosed materials (34, 35), and play important role
in immunity. Highly controlled antigen processing functions of
DCs use lysosomal proteases and pH changes optimal for the gen-
eration of peptides, rather than complete protein degradation (36).
It is known that limitation of lysosomal proteolysis of antigenic
proteins increases antigen presentation and immunogenicity (37),

and that the stability of peptide:MHCII complexes allowing their
accumulation on the DC surface is enhanced by lysosome activ-
ity inhibition (38). Alum adjuvant mechanisms may thus involve
alum-induced blockade of lysosomes. Alum lysosomal destabi-
lization remains still uncertain, but the physical rupture of the
membrane may be directly caused by the crystalline structure of
alum itself (39).

MMF IS A BIOMARKER ASSESSING LONG-TERM ALUM
BIOPERSISTENCE IN A GIVEN INDIVIDUAL
In 1998, several French myopathologists described MMF as an
emerging condition of unknown cause characterized by a pathog-
nomonic lesion in muscle biopsy mixing large macrophages with
submicron to micron-sized agglomerates of nanocrystals in their
cytoplasm and lymphocytic infiltrates (3), distinct from other his-
tiocytic diseases and always detected in the deltoid muscle of adults
(40). Cytoplasmic inclusions were constantly found, surrounded
or not by altered lysosomal membranes, and contained aluminum
(4). Their crystalline structure was characteristic of aluminum
hydroxide, and no exposure to aluminum other than that con-
ferred by a prior immunization (100%) could be detected (4). It
is now clear that the rapid emergence of MMF in France reflected
the combination of (i) the replacement of the subcutaneous (s.c.)
by the intramuscular (i.m.) route for vaccine injections in the
early 1990s; (ii) the large-scale campaign of primo-vaccination
of French adults against hepatitis B in the mid 1990s; and (iii)
the preferential choice of the deltoid muscle for routine mus-
cle biopsy in France, contrasting with the preferential use of the
biceps brachialis and quadriceps muscles in other countries. Alum-
containing vaccines may also induce skin pseudo-lymphoma in
humans (41), and fibrosarcoma in cats (42).

Macrophagic myofasciitis has been reproduced experimentally
by i.m. vaccination in mice, rats, and monkeys (4, 18, 19). The
experimental lesion invariably shrinks over time (19),and, in mon-
keys, it begins to disappear completely from the muscle between
6 and 12 months after a DTP injection corresponding to 14- to
21-fold the human DTP-equivalent dose of alum (18).

Because of the unethical character of muscle biopsy in asymp-
tomatic individuals, whether or not longstanding MMF may be
commonly present in a hidden form in healthy individuals could
not be directly determined. This seems very unlikely, however,
as shown in a recent review of 130 consecutive deltoid muscle
biopsies performed for diagnostic purposes in myalgic patients
previously immunized with alum-containing vaccines. This study
revealed that most alum receivers do not have long-lasting MMF.
This could be reliably assessed whereas age, sex ratio, number
of alum-adjuvanted injections, and delays elapsed from the last
injection to deltoid muscle biopsy were similar in the MMF and
non-MMF groups (43). This refutes non-documented belief that
every vaccinee may have long-standing MMF lesions when biopsy
is performed in the deltoid muscle (44). In addition, MMF and
non-MMF patients had clinical differences as developed below.

In light of experimental models, it is important to check the
individual vaccine record in each patient to assess the “unusu-
ally persistent” character of MMF. In a recent evaluation of
583 patients collected from 1994 to 2012 (45), the median time
elapsed between the last alum administration and the biopsy was
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65 months. Compared to our previous reports, this time had grad-
ually increased from 36 months in 2001, i.e., shortly after the peak
of French adult immunization, to 53 months in 2003 (46). An aver-
age number of 5.3 alum-containing shots had been administered
during the 10 years prior to biopsy detecting MMF, mainly cor-
responding to vaccinations against hepatitis B (89.7%), tetanus
(42.2%), and hepatitis A (8.8%). In practice, we consider that
the MMF is unusually persistent when time elapsed from last
immunization to the MMF detection exceeds 18 months. It is
important to consider this point in young children who receive
multiple vaccine injections in the first year of life, thus increasing
the risk of coincidental association between a constitutive muscle
disease and MMF detected in the quadriceps muscle used for pedi-
atric immunizations. If the risk of such coincidental associations
also potentially exists in adults, it is low in practice. For exam-
ple, adult patients combining MMF and hereditary muscle disease
is extremely rare, despite the intense immunization program of
patients with muscular dystrophy.

Animal studies indicate that alum-induced granulomatous
lesions considerably vary in size according to the genetic back-
ground (19), and the initial hypothesis made by WHO that MMF
may reflect some individual inability to clear out alum from the
body remains valid (47). In summary, the long-lasting MMF lesion
should be considered as a biomarker assessing unusually long-term
biopersistence of alum in affected individuals.

PATIENTS WITH MMF AT BIOPSY SUFFER MYALGIC
ENCEPHALOMYELITIS/CHRONIC FATIGUE SYNDROME
Macrophagic myofasciitis is typically detected in patients with dif-
fuse myalgias and chronic fatigue, as shown in both the French
series (46) and the recently published series of 16 patients (48).

In both series, most patients are women (70–80%) with a mean
age of 45 years at the time of the biopsy, that typically complain
of myalgias, with or without arthralgia, and disabling chronic
fatigue. The onset of these symptoms is typically delayed from
the immunization.

Strong statistical association between myalgias and MMF was
detected by general survey in different French neuromuscular cen-
ters (myalgias in 90% of patients with MMF vs. 44% without MMF,
p < 0.0001) (4). Onset of myalgia may follow exercise. They usually
begin in the lower limbs, and not at the site of previous immu-
nization from 0.5 to 84 months in the French patients and 3 to
192 months in Portuguese patients. They gradually extend toward
the top of the body, affect the paravertebral muscles, and become
diffuse (46). Myopathic electromyogram and elevation of creatine
kinase (CK) are, respectively, observed in less than half of patients.
Comparison of myalgic vaccinees with and without MMF at del-
toid muscle biopsy showed significant differences: patients with
MMF rarely had fibromyalgia (the required 11 tender points of
the ACR 1990 criteria for fibromyalgia present in 16.6 vs. 55.5%,
p < 0.04), and more often had delayed evoked potentials sugges-
tive of CNS demyelination (38.5 vs. 5.7%, p < 0.01) (43), which
does not support coincidental association.

Chronic fatigue is another important symptom (48, 49).
A case–control study conducted under the aegis of the
French regulatory agency AFSSAPS yielded chronic fatigue as
both significantly more frequent and more severe in patients

with MMF compared to those without MMF in the del-
toid muscle (http://ansm.sante.fr/var/ansm_site/storage/original/
application/030593fa4e393af7cec8ff7092832215.pdf ).

Cognitive alterations further assess CNS involvement that are
disabling though often not detected by routine examination.
Patients complain of memory loss, foggy brain, and mood changes.
Cognitive tests almost constantly show alterations suggestive of
organic cortico-subcortical impairment, impacting visual mem-
ory, working memory, and dichotic listening (50). These deficits
usually remain stable with time (51).

Taken together, chronic muscle pain, chronic fatigue, and
cognitive dysfunction are consistent with the so-called myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS) and about
50% of MMF patients meet international criteria for ME/CFS (48,
49). ME/CFS is a severe, complex, acquired illness classified as
a neurological disorder in the WHO International Classification
of Diseases since 1969 (ICD 10 G93.3), distinct from fibromyalgia
and psychasthenia, which are classified as musculoskeletal (M79.7)
and psychiatric (F48.8) disorders, respectively. International stud-
ies have estimated the prevalence of ME/CFS between 0.4 and 2.6%
of the population, with a total annual cost burden to society of
approximately $18.7–$24.0 billion in the USA (52). Symptoms of
ME/CSF are closely similar to the post-infective chronic fatigue
syndrome (53). The underlying cause of ME/CSF is currently
unknown, but the illness is thought to be triggered by an abnor-
mal immune response to an infectious or toxic agent, that results in
chronic immune activation (54). Notably, ME/CFS patients have
increased risk of developing diffuse large B-cell lymphoma and
marginal zone B-cell lymphoma (55). Such a public health bur-
den deserves continued efforts to investigate possible causes and
to understand the pathological mechanisms of CFS.

PHAGOCYTES TRANSPORT ALUM PARTICLES TO THE
LYMPHOID ORGANS AND THEN TO THE BRAIN
The conceptual link between long-term persistence of alum par-
ticles within macrophages at the site of previous immunization,
and the occurrence of adverse systemic events, in particular neuro-
logical ones, has long remained an unsolved question. Aluminum
has long been identified as a neurotoxic metal, affecting memory,
cognition and psychomotor control, altering neurotransmission
and synaptic activity, damaging the blood–brain barrier (BBB),
exerting pro-oxidant effects, activating microglia and neuroin-
flammation,depressing the cerebral glucose metabolism and mito-
chondrial functions, interfering with transcriptional activity, and
promoting beta-amyloid and neurofilament aggregation (56). In
addition, alum particles impact the immune system through their
adjuvant effect and by many other means. They adsorb vaccine
antigens on their surface, which protect them from proteolysis
thus forming a persistently immunogenic pseudo-pathogen (57).
Alum particles may also bind undesirable residual products inher-
ent to vaccine production procedures, as shown for HPV DNA
sequences (58) or yeast proteins (59) that may be potentially haz-
ardous (60). Finally, alum particles can directly induce allergy (61,
62) as other metals (63).

Concerns about long-term biopersistence of alum largely
depend on the ability of alum particles to reach and exert toxi-
city in remote organs. This ability has been suggested by several
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studies (64–67). The reference study on aluminum hydroxide
biodisposition used isotopic 26Al-enriched alum injected in the
rabbit muscle: 26Al was weakly eliminated in the urine (6% on
day 28) and was detected in lymph nodes, spleen, liver, and
brain (13). Whether 26Al was still in particulate form or in sol-
uble form was not explored. The fate of particulate material was
explored in mice by our team. We successively performed i.m.
injections of alum-containing vaccine, fluorescent latex beads,
and fluorescent nanohybrids coated with precipitated alum (5).
These materials were quickly captured by macrophages, a large
proportion of which cleaved the injected muscle, mainly within
immune cells, reaching the draining lymph nodes. Particle-laden
cells then escaped the lymphatic system to reach the blood circu-
lation, presumably via the thoracic duct. In so-doing, they were
able to reach distant organs such as the spleen and liver and, much
slowly, the brain. Recombinant chemokine injection and the use
of genetically modified mice showed that systemic biodistribution
of particles crucially depends on the monocyte chemoattrac-
tant MCP-1/CCL2. Into the brain, particles were mainly found
in microglial cells. In accordance with good overall tolerance of
alum, brain penetration was extremely low in normal conditions.
However, brain translocation was significantly increased in case of
altered BBB or after systemic and/or cerebral increase of the MCP-
1/CCL2 signaling (5). Expression of this chemokine is subjected
to significant interindividual variations related to age, genetic, and
environmental factors. We have identified selective increase of cir-
culating MCP-1/CCL2 in CFS/ME patients with MMF (45). The
imbalance between the huge number of vaccinated individuals and
the relatively low number of MMF cases suggests crucial involve-
ment of individual susceptibility factors in intolerance to alum.
Genetically driven MCP-1/CCL2 production might represent one
of these factors (5).

Thus alum and other poorly biodegradable materials taken up
at the periphery by phagocytes circulate in the lymphatic and blood
circulation and can enter the brain using a Trojan horse mecha-
nism similar to that used by infectious particles (68, 69). Previous
experiments have shown that alum administration can cause CNS
dysfunction and damage (70–72), casting doubts on the exact level
of alum safety (73).

THE CONCEPT OF ASIA
Many CNS diseases likely result from gene–environment inter-
actions. Some of them, such as idiopathic ME/SFC (74) and
multiple sclerosis (MS) (75), have been previously associated with
aluminum overload. An increased risk of developing MS in the
long-term after alum-containing vaccine administration has been
also reported (76, 77), and remains the subject of fierce debate.

Notably, about 10% of our MMF patients had concurrent MS-
like disease (78), an additional 5–10% had another autoimmune
disease, such as thyroiditis and diffuse inflammatory myopathies,
and the remaining patients occasionally had low titers of various
autoantibodies (46).

Yehuda Shoenfeld had delineated the “autoimmune (autoin-
flammatory) syndrome induced by adjuvants” (ASIA)(79),
acknowledging that various combinations of (i) specific autoim-
mune diseases identified by well-established criteria, (ii) less-
specific symptoms, such as myalgia, arthralgia, chronic fatigue,

and cognitive impairment (the combination of which defines
ME/CFS); and (iii) the appearance of circulating autoantibod-
ies, can occur after exposure to a variety of chemical or natural
products with immunological adjuvant properties. Discussion of
the ASIA is very useful since it may alert physicians, when they
encounter the above-mentioned symptoms, to check for prior
vaccinations, and may help them to put a name on such conditions.

Symptoms associated with MMF are strikingly similar to those
described as the Gulf war syndrome (GWS), a condition strongly
associated with the administration of multiple vaccinations to sol-
diers (80, 81), especially the anthrax vaccine that contains alum,
capable of inducing MMF (82), and possibly squalene (83). On
these grounds, we proposed to delineate a vaccine adjuvant syn-
drome (84). Yehuda Shoenfeld reasoned similarly but added to
GWS and MMF, his own experience on siliconosis, a disease
complex observed in patients with leaky breast silicone implants
attributed to deleterious adjuvanticity of silicone particles (85, 86).
In so-doing, he enlarged the causal relationship to any compound
with adjuvant properties. ASIA major and minor diagnostic crite-
ria still need international validation but the ASIA concept already
caught the attention of the international human and veterinary
medical community, pointing out a need in the field (87, 88).

A LOT MUST BE DONE TO UNDERSTAND HOW, IN CERTAIN
INDIVIDUALS, ALUM-CONTAINING VACCINES MAY BECOME
INSIDIOUSLY UNSAFE
Alum has been used for decades to levels considered as an accept-
able compromise between its role of adjuvant and its toxic effects
by the industry and the regulatory agencies. However, the MMF
story revealed several gaps in the knowledge on alum particles,
including their exact mechanisms of action, their fate after injec-
tion, their systemic dissemination, and their safety on the long-
term. Efforts have been done in the last years to develop novel
adjuvants, but attempts to seriously examine safety concerns raised
by the bio-persistent character and brain accumulation of alum
particles have not been made.

The main questions that should be addressed concerning alum
safety problems are listed in Table 1. It is important to look
for genetic susceptibility factors that could explain why a given
individual will appear intolerant to alum-containing vaccines
whereas the vast majority of individuals vaccinated with the same
vaccines remain healthy. Some patients with MMF are of the
HLA-DRB1*01group, which is associated with an increased risk
to develop autoimmune diseases (89). Genetic factors influenc-
ing alum biodistribution were also investigated. In keeping with
experimental evidence that the CCL2/MCP-1 chemokine signal-
ing governs brain translocation of phagocytosed particles (5), and
that CCL2/MCP-1 serum levels are selectively increased in patients
with MMF (45), genotyping of 252 symptomatic MMF patients
and 516 healthy controls for 4 single nucleotide polymorphisms
(SNPs) localized in the CCL2 gene showed that the AG haplo-
type of the SNP rs3760396C( �927G > C) was associated with a
slightly increased risk for disease (5). Interestingly, the rs 3760396
C allele is associated with a higher level of expression of CCL2
in vitro as assessed by transfection (90). These preliminary results
deserve further investigations. Another axis of research consists in
attempts to detect if subtle genetically determined defects in the
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Table 1 | Main unsolved questions linked to alum adjuvants toxic
effects.

WHAT ISTHE MOSTTOXIC?
Al3+metal toxicity (or allergy to Al)

Particle toxicity due to elementary nanoparticles, e.g., mitochondrial

toxicity, or to the micronic agglomerates they form, e.g., proinflammatory

effects

Immune reactions against biopersistent biomolecules adsorbed on alum,

and protected from degradation until complete particle solubilization

(vaccine antigen or trace residual DNA sequences linked to vaccine

production, or even self-antigens adsorbed on alum at time of

injection-induced muscle necrosis)

WHAT FACTORS CONTRIBUTETO BIOPERSISTENCE?
The quantity administered

Adsorbed molecules impeding extracellular solubilization and/or favoring

phagocytosis of alum particles

Crystalline structure of the adjuvant damaging lipid bilayers (e.g.,

lysosomes)

WHAT FACTORS CONTRIBUTETO BRAINTRANSLOCATION?
Al3+ ion transport by transferrin (receptors present in CNS increase with

iron deficiency)

Direct BBB damage by alum particles (proportion and kinetics in the

circulation are unknown)

Monocyte cell transport of particles (the MCP1/CCL2-dependent Troian

horse mechanism is increased in case of altered BBB and/or

neuroinflammation)

WHAT ARETHE SUSCEPTIBILITY FACTORS?
Individual environment (other exposures to Al, exposure to other metals,

exposure to other particles, chronic viral infection)

Age of immunization, including early age (low body weight, immature BBB,

early neurodevelopmental stage) and old age (increased MCP-1/CCL2

production, progressive BBB weakness, hidden neuropathological

processes)

Genetic factors impacting either immunologic responses (e.g., HLA

genotypes) or intracellular persistence of particles (xeno/autophagy

genes), or neuromigration (chimiokines and other inflammation genes)

cell machinery used to clear out particles, namely autophagy (91),
could contribute to the long-standing biopersistence of alum par-
ticles, as previously reported to explain intracellular persistence
of intestinal pathogens in Crohn’s disease (92). Cells coping with
microbes use a dedicated form of autophagy termed “xenophagy”
as a host defense mechanism to engulf and degrade intracellu-
lar pathogens. The same holds true for inert particles subjected
to phagocytosis/endocytosis (93). As mentioned above, crystal
particles are likely toxic to membranes, which may destabilize
phagosomes and lysosomes, trigger inflammasome assembly, and
impede the autophagy pathways (32–35, 39). However, crystal par-
ticles instead of killing macrophages promote their survival (17).
Thus, macrophages will continuously perceive as foreign particles
in their cytosol, just like senescent organelles or bacteria, and will
likely reiterate the autophagic process until they dispose of alien

materials. The process includes compartmentalization of parti-
cles within double membrane autophagosomes and subsequent
fusion with repaired and re-acidified lysosomes, exposing antigen-
bound alum particles to lysosomal acidic pH, the sole factor that
can solubilize alum crystal and acid hydrolases that will degrade
the antigen. The process involves a conserved pathway in which
particles decorated by ubiquitinated proteins, recruit the adaptor
protein p62/SQSTM1 (sequestosome 1), which targets the whole
to the autophagosome through binding to the autophagosomal
membrane protein LC3/Atg8 (94, 95). Autophagosomes forma-
tion also involves other Atg molecules, such as the high molecular
weight complex (Atg12–Atg5–Atg16L), Atg7, and many others,
and is regulated by IRGM (immunity-related GTPase family-
M1). The autophagosome external membrane eventually fuses
with lysosomes. Genes of all molecules of the autophagy pathway
are subjected to variations that are currently screened in patients
with MMF.

ACKNOWLEDGMENTS
This work has benefited from research funding from patients
associations: E3M (Entraide aux Malades de Myofasciite à
Macrophages) “Neurodélivrance des particules injectées par voie
intra musculaire et sécurité des adjuvants aluminiques,” Associa-
tion Française contre les Myopathies (AFM) “Etude des mécan-
ismes de la myofasciite à macrophages,” and Dwoskin Founda-
tion (Nano in brain); from Région Ile-de-France through a pro-
gram PICRI (Partenariat Institutions-Citoyens pour la Recherche
et l’Innovation) “Recherche de polymorphismes dans les gènes
codant pour des facteurs inflammatoires (chimiokines) dans la
myofasciite à macrophages” and from ANSM, procédure hors
appel d’offre “Biopersistence and neuromigration of aluminic
adjuvants of vaccines: genetic risk factors and experimental
neurotoxicity.”

REFERENCES
1. Moxon ER, Siegriest CA. The next decade of vaccines: societal and scientific

challenges. Lancet (2011) 378:348–59. doi:10.1016/S0140-6736(11)60407-8
2. Agmon-Levin N, Paz Z, Israeli E, Shoenfeld Y. Vaccines and autoimmunity. Nat

Rev Rheumatol (2009) 5(11):648–52. doi:10.1038/nrrheum.2009.196
3. Gherardi RK, Coquet M, Chérin P, Authier FJ, Laforêt P, Bélec L, et al.

Macrophagic myofasciitis: an emerging entity. Lancet (1998) 352(9125):347–52.
doi:10.1016/S0140-6736(98)02326-5

4. Gherardi RK, Coquet M, Cherin P, Belec L, Moretto P, Dreyfus PA, et al.
Macrophagic myofasciitis lesions assess long-term persistence of vaccinederived
aluminum hydroxide in muscle. Brain (2001) 124:1821–31. doi:10.1093/brain/
124.9.1821

5. Khan Z, Combadiere C, Authier FJ, Itier V, Lux F, Exley C, et al. Slow CCL2-
dependent translocation of biopersistent particles from muscle to brain. BMC
Med (2013) 11:99. doi:10.1186/1741-7015-11-99

6. Glenny A, Pope C, Waddington H, Wallace U. Immunological notes. XVII. The
antigenic value of toxoid precipitated by potassium alum. J Pathol Bacteriol
(1926) 26:38–9.

7. Lu F, Boutselis I, Borch RF, Hogenesch H. Control of antigen-binding to alu-
minum adjuvants and the immune response with a novel phosphonate linker.
Vaccine (2013) 13:946–8. doi:10.1016/j.vaccine.2013.07.019

8. Lu F, Hogenesch H. Kinetics of the inflammatory response following intra-
muscular injection of aluminum adjuvant. Vaccine (2013) 31(37):3979–86.
doi:10.1016/j.vaccine.2013.05.107

9. Brigitte M, Schilte C, Plonquet A, Baba-Amer Y, Henri A, Charlier C, et al.
Muscle resident macrophages control the immune cell reaction in a mouse
model of notexin-induced myoinjury. Arthritis Rheum (2010) 62:268–79.
doi:10.1002/art.27183

www.frontiersin.org February 2015 | Volume 6 | Article 4 | 5

http://dx.doi.org/10.1016/S0140-6736(11)60407-8
http://dx.doi.org/10.1038/nrrheum.2009.196
http://dx.doi.org/10.1016/S0140-6736(98)02326-5
http://dx.doi.org/10.1093/brain/124.9.1821
http://dx.doi.org/10.1093/brain/124.9.1821
http://dx.doi.org/10.1186/1741-7015-11-99
http://dx.doi.org/10.1016/j.vaccine.2013.07.019
http://dx.doi.org/10.1016/j.vaccine.2013.05.107
http://dx.doi.org/10.1002/art.27183
http://www.frontiersin.org
http://www.frontiersin.org/Neurodegeneration/archive


Gherardi et al. Biopersistence of alumic adjuvant

10. Liao H, Franck E, Fréret M, Adriouch S, Baba-Amer Y, Authier FJ, et al. Myoin-
jury transiently activates muscle antigen-specific CD8+ T cells in lymph nodes in
a mouse model. Arthritis Rheum (2012) 64(10):3441–51. doi:10.1002/art.34551

11. Kool M, Soullié T, van Nimwegen M, Willart MA, Muskens F, Jung S, et al. Alum
adjuvant boosts adaptive immunity by inducing uric acid and activating inflam-
matory dendritic cells. J Exp Med (2008) 205:869–82. doi:10.1084/jem.20071087

12. Wang HB, Weller PF. Pivotal advance: eosinophils mediate early alum adjuvant-
elicited B cell priming and IgM production. J Leukoc Biol (2008) 83:817–21.
doi:10.1189/jlb.0607392

13. Flarend RE, Hem SL, White JL, Elmore D, Suckow MA, Rudy AC, et al. In vivo
absorption of aluminum-containing vaccine adjuvants using 26Al. Vaccine
(1997) 15:1314–8. doi:10.1016/S0264-410X(97)00041-8

14. Shi Y, HogenEsch H, Hem SL. Change in the degree of adsorption of pro-
teins by aluminum-containing adjuvants following exposure to interstitial
fluid: freshly prepared and aged model vaccines. Vaccine (2001) 20:80–5.
doi:10.1016/S0264-410X(01)00313-9

15. Morefield GL, Sokolovska A, Jiang D, HogenEsch H, Robinson JP, Hem SL. Role
of aluminum-containing adjuvants in antigen internalization by dendritic cells
in vitro. Vaccine (2005) 23:1588–95. doi:10.1016/j.vaccine.2004.07.050

16. Ghimire TR, Benson RA, Garside P, Brewer JM. Alum increases antigen uptake,
reduces antigen degradation and sustains antigen presentation by DCs in vitro.
Immunol Lett (2012) 147(1–2):55–62. doi:10.1016/j.imlet.2012.06.002

17. Hamilton JA, Byrne R, Whitty G. Particulate adjuvants can induce macrophage
survival, DNA synthesis, and a synergistic, proliferative response to GM-CSF
and CSF-1. J Leukoc Biol (2000) 67:226–32.

18. Verdier F, Burnett R, Michelet-Habchi C, Moretto P, Fievet-Groyne F, Sauzeat E.
Aluminum assay and evaluation of the local reaction at several time points after
intramuscular administration of aluminum containing vaccines in the Cynomol-
gus monkey. Vaccine (2005) 23:1359–67. doi:10.1016/j.vaccine.2004.09.012

19. Authier FJ, Sauvat S, Christov C, Chariot P, Raisbeck G, Poron MF, et al.
AlOH3-adjuvanted vaccine-induced macrophagic myofasciitis in rats is influ-
enced by the genetic background. Neuromuscul Disord (2006) 16:347–52.
doi:10.1016/j.nmd.2006.02.004

20. Hutchison S, Benson RA, Gibson VB, Pollock AH, Garside P, Brewer JM. Anti-
gen depot is not required for alum adjuvanticity. FASEB J (2012) 26:1272–9.
doi:10.1096/fj.11-184556

21. Exley C, Swarbrick L, Gherardi RK, Authier FJ. A role for the body burden of
aluminum in vaccine-associated macrophagic myofasciitis and chronic fatigue
syndrome. Med Hypotheses (2009) 72:135–9. doi:10.1016/j.mehy.2008.09.040

22. Exley C, Siesjo P, Eriksson H. The immunobiology of aluminum adjuvants:
how do they really work? Trends Immunol (2010) 31:103–9. doi:10.1016/j.it.
2009.12.009

23. Ulanova M, Tarkowski A, Hahn-Zoric M, Hanson LA. The common vaccine
adjuvant aluminum hydroxide up-regulates accessory properties of human
monocytes via an interleukin-4-dependent mechanism. Infect Immun (2001)
69:1151–9. doi:10.1128/IAI.69.2.1151-1159.2001

24. McKee AS, Munks MW, MacLeod MK, Fleenor CJ, Van Rooijen N, Kappler JW,
et al. Alum induces innate immune responses through macrophage and mast cell
sensors, but these sensors are not required for alum to act as an adjuvant for spe-
cific immunity. J Immunol (2009) 183:4403–14. doi:10.4049/jimmunol.0900164

25. Eisenbarth SC, Colegio OR, O’Connor W, Sutterwala FS, Flavell RA. Crucial
role for the Nalp3 inflammasome in the immunostimulatory properties of alu-
minum adjuvants. Nature (2008) 453:1122–6. doi:10.1038/nature06939

26. Li H, Willingham SB, Ting JP, Re F. Cutting edge. Inflammasome activation by
alum and alum’s adjuvant effect are mediated by NLRP3. J Immunol (2008)
181:17–21. doi:10.1111/j.1365-2567.2007.02774.x

27. Franchi L, Nunez G. The Nlrp3 inflammasome is critical for aluminum
hydroxide-mediated IL-1beta secretion but dispensable for adjuvant activity.
Eur J Immunol (2008) 38:2085–9. doi:10.1002/eji.200838549

28. Spreafico R, Ricciardi-Castagnoli P, Mortellaro A. The controversial relationship
between NLRP3, alum, danger signals and the next generation adjuvants. Eur J
Immunol (2010) 40:638–42. doi:10.1002/eji.200940039

29. Kool M, Petrilli V, De Smedt T, Rolaz A, Hammad H, van Nimwegen M,
et al. Cutting edge: alum adjuvant stimulates inflammatory dendritic cells
through activation of the NALP3 inflammasome. J Immunol (2008) 181:3755–9.
doi:10.4049/jimmunol.181.6.3755

30. Marichal T, Ohata K, Bedoret D, Mesnil C, Sabatel C, Kobiyama K, et al. DNA
released from dying host cells mediates aluminum adjuvant activity. Nat Med
(2011) 17:996–1002. doi:10.1038/nm.2403

31. Kuroda E, Ishii KJ, Uematsu S, Ohata K, Coban C, Akira S, et al. Silica
crystals and aluminum salts regulate the production of prostaglandin in
macrophages via NALP3 inflammasome-independent mechanisms. Immunity
(2011) 34(4):514–26. doi:10.1016/j.immuni.2011.03.019

32. Shi Y. To forge a solid immune recognition. Protein Cell (2012) 3:564–70.
doi:10.1007/s13238-012-2933-5

33. Flach TL, Ng G, Hari A, Desrosiers MD, Zhang P, Ward SM, et al. Alum inter-
action with dendritic cell membrane lipids is essential for its adjuvanticity. Nat
Med (2011) 17:479–87. doi:10.1038/nm.2306

34. Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, et al. Silica
crystals and aluminum salts activate the NALP3 inflammasome through phago-
somal destabilization. Nat Immunol (2008) 9:847–56. doi:10.1038/ni.1631

35. Lima H Jr, Jacobson LS, Goldberg MF, Chandran K, Diaz-Griffero F, Lisanti MP,
et al. Role of lysosome rupture in controlling Nlrp3 signaling and necrotic cell
death. Cell Cycle (2013) 12(12):1868–78. doi:10.4161/cc.24903

36. Trombetta ES, Ebersold M, Garrett W, Pypaert M, Mellman I. Activation of lyso-
somal function during dendritic cell maturation. Science (2003) 299:1400–3.
doi:10.1126/science.1080106

37. Delamarre L, Couture R, Mellman I, Trombetta ES. Enhancing immuno-
genicity by limiting susceptibility to lysosomal proteolysis. J Exp Med (2006)
203:2049–55. doi:10.1084/jem.20052442

38. Shin JS, Ebersold M, Pypaert M, Delamarre L, Hartley A, Mellman I. Surface
expression of MHC class II in dendritic cells is controlled by regulated ubiqui-
tination. Nature (2006) 444:115–8. doi:10.1038/nature05261

39. Kang SJ, Locksley RM. The inflammasome and alum-mediated adjuvanticity.
F1000 Biol Rep (2009) 1:15. doi:10.3410/B1-15

40. Bassez G, Authier FJ, Lechapt-Zalcman E, Delfau-Larue MH, Plonquet A,
Coquet M, et al. Inflammatory myopathy with abundant macrophages (IMAM):
a condition distinct from macrophagic myofasciitis, sharing similarities with
cytophagic histiocytic panniculitis. J Neuropathol Exp Neurol (2003) 62:464–74.

41. Maubec E, Pinquier L, Viguier M, Caux F, Amsler E, Aractingi S, et al.
Vaccination-induced cutaneous pseudolymphoma. J Am Acad Dermatol (2005)
52(4):623–9. doi:10.1016/j.jaad.2004.12.021

42. Madewell BR, Griffey SM, McEntee MC, Leppert VJ, Munn RJ. Feline vaccine-
associated fibrosarcoma: an ultrastructural study of 20 tumors (1996-1999). Vet
Pathol (2001) 38(2):196–202. doi:10.1354/vp.38-2-196

43. Ragunathan-Thangarajah N, Le Beller C, Boutouyrie P, Bassez G, Laurent S,
Authier FJ. Distinctive clinical features in arthromyalgic patients with and with-
out aluminum hydroxide-induced macrophagic myofasciitis: an exploratory
study. J Inorg Biochem (2013) 128:262–6. doi:10.1016/j.jinorgbio.2013.07.020

44. Papo T. Macrophagic myofasciitis: focal or systemic? Joint Bone Spine (2003)
70:242–5. doi:10.1016/S1297-319X(03)00093-9

45. Cadusseau J, Ragunathan-Thangarajah N, Surenaud M, Hue S, Authier FJ, Gher-
ardi RK. Selective elevation of circulating CCL2/MCP1 levels in patients with
longstanding post-vaccinal macrophagic myofasciitis and ASIA. Curr Med Chem
(2014) 21:511–7. doi:10.2174/09298673113206660287

46. Gherardi RK, Authier FJ. Aluminum inclusion macrophagic myofasciitis:
a recently identified condition. Immunol Allergy Clin North Am (2003)
23:699–712. doi:10.1016/S0889-8561(03)00095-X

47. World Health Organization Vaccine Safety Advisory Committee. Macrophagic
myofasciitis and aluminum-containing vaccines. Wkly Epidemiol Rec (1999)
74:338–40.

48. Santiago T, Rebelo O, Negrão L, Matos A. Macrophagic myofasciitis and vac-
cination: consequence or coincidence? Rheumatol Int (2015) 35(1):189–92.
doi:10.1007/s00296-014-3065-4

49. Authier FJ, Sauvat S, Champey J, Drogou I, Coquet M, Gherardi R. Chronic
fatigue syndrome in patients with macrophagic myofasciitis. Arthritis Rheum
(2003) 48:569–70. doi:10.1002/art.10740

50. Couette M, Boisse MF, Maison P, Brugieres P, Cesaro P, Chevalier X, et al. Long-
term persistence of vaccine-derived aluminum hydroxide is associated with
chronic cognitive dysfunction. J Inorg Biochem (2009) 103:1571–8. doi:10.1016/
j.jinorgbio.2009.08.005

51. Passeri E, Villa C, Couette M, Itti E, Brugieres P, Cesaro P, et al. Long-term
follow-up of cognitive dysfunction in patients with aluminum hydroxide-
induced macrophagic myofasciitis (MMF). J Inorg Biochem (2011) 105:1457–63.
doi:10.1016/j.jinorgbio.2011.08.006

52. Jason A, Benton C, Valentine L, Johnson A, Torres-Harding S. The eco-
nomic impact of ME/CFS: individual and societal costs. Dyn Med (2007) 7:6.
doi:10.1186/1476-5918-7-6

Frontiers in Neurology | Neurodegeneration February 2015 | Volume 6 | Article 4 | 6

http://dx.doi.org/10.1002/art.34551
http://dx.doi.org/10.1084/jem.20071087
http://dx.doi.org/10.1189/jlb.0607392
http://dx.doi.org/10.1016/S0264-410X(97)00041-8
http://dx.doi.org/10.1016/S0264-410X(01)00313-9
http://dx.doi.org/10.1016/j.vaccine.2004.07.050
http://dx.doi.org/10.1016/j.imlet.2012.06.002
http://dx.doi.org/10.1016/j.vaccine.2004.09.012
http://dx.doi.org/10.1016/j.nmd.2006.02.004
http://dx.doi.org/10.1096/fj.11-184556
http://dx.doi.org/10.1016/j.mehy.2008.09.040
http://dx.doi.org/10.1016/j.it.2009.12.009
http://dx.doi.org/10.1016/j.it.2009.12.009
http://dx.doi.org/10.1128/IAI.69.2.1151-1159.2001
http://dx.doi.org/10.4049/jimmunol.0900164
http://dx.doi.org/10.1038/nature06939
http://dx.doi.org/10.1111/j.1365-2567.2007.02774.x
http://dx.doi.org/10.1002/eji.200838549
http://dx.doi.org/10.1002/eji.200940039
http://dx.doi.org/10.4049/jimmunol.181.6.3755
http://dx.doi.org/10.1038/nm.2403
http://dx.doi.org/10.1016/j.immuni.2011.03.019
http://dx.doi.org/10.1007/s13238-012-2933-5
http://dx.doi.org/10.1038/nm.2306
http://dx.doi.org/10.1038/ni.1631
http://dx.doi.org/10.4161/cc.24903
http://dx.doi.org/10.1126/science.1080106
http://dx.doi.org/10.1084/jem.20052442
http://dx.doi.org/10.1038/nature05261
http://dx.doi.org/10.3410/B1-15
http://dx.doi.org/10.1016/j.jaad.2004.12.021
http://dx.doi.org/10.1354/vp.38-2-196
http://dx.doi.org/10.1016/j.jinorgbio.2013.07.020
http://dx.doi.org/10.1016/S1297-319X(03)00093-9
http://dx.doi.org/10.2174/09298673113206660287
http://dx.doi.org/10.1016/S0889-8561(03)00095-X
http://dx.doi.org/10.1007/s00296-014-3065-4
http://dx.doi.org/10.1002/art.10740
http://dx.doi.org/10.1016/j.jinorgbio.2009.08.005
http://dx.doi.org/10.1016/j.jinorgbio.2009.08.005
http://dx.doi.org/10.1016/j.jinorgbio.2011.08.006
http://dx.doi.org/10.1186/1476-5918-7-6
http://www.frontiersin.org/Neurodegeneration
http://www.frontiersin.org/Neurodegeneration/archive


Gherardi et al. Biopersistence of alumic adjuvant

53. Hickie I, Davenport T, Wakefield D, Vollmer-Conna U, Cameron B, Vernon
SD, et al. Post-infective and chronic fatigue syndromes precipitated by viral
and non-viral pathogens: prospective cohort study. BMJ (2006) 333(7568):575.
doi:10.1136/bmj.38933.585764.AE

54. Landay AL, Jessop C, Lennette ET, Levy JA. Chronic fatigue syndrome: clini-
cal condition associated with immune activation. Lancet (1991) 338:707–12.
doi:10.1016/0140-6736(91)91440-6

55. Chang CM, Warren JL, Engels EA. Chronic fatigue syndrome and subse-
quent risk of cancer among elderly US adults. Cancer (2012) 118(23):5929–36.
doi:10.1002/cncr.27612

56. Tomljenovic L. Aluminum and Alzheimer’s disease: after a century of contro-
versy, is there a plausible link? J Alzheimer Dis (2011) 23:567–98. doi:10.3233/
JAD-2010-101494

57. Rosenblum H, Shoenfeld Y, Amital H. The common immunogenic etiology
of chronic fatigue syndrome: from infections to vaccines via adjuvants to the
ASIA syndrome. Infect Dis Clin North Am (2011) 25(4):851–63. doi:10.1016/j.
idc.2011.07.012

58. Lee SH. Detection of human papillomavirus (HPV) L1 gene DNA possibly
bound to particulate aluminum adjuvant in the HPV vaccine Gardasil. J Inorg
Biochem (2012) 117:85–92. doi:10.1016/j.jinorgbio.2012.08.015

59. Offit PA, Jew RK. Addressing parents’ concerns: do vaccines contain harmful
preservatives, adjuvants, additives,or residuals? Pediatrics (2003) 112(6):1394–7.
doi:10.1542/peds.112.6.1394

60. Rinaldi M, Perricone R, Blank M, Perricone C, Shoenfeld Y. Anti-Saccharomyces
cerevisiae autoantibodies in autoimmune diseases: from bread baking to autoim-
munity. Clin Rev Allergy Immunol (2013) 45(2):152–61. doi:10.1007/s12016-
012-8344-9

61. Lopez S, Pelaez A, Navarro LA, Montesinos E, Morales C, Carda C. Alu-
minum allergy in patients hyposensitized with aluminum-precipitated antigen
extracts. Contact Dermatitis (1994) 31:37–40. doi:10.1111/j.1600-0536.1994.
tb01903.x

62. Bergfors E, Björkelund C, Trollfors B. Nineteen cases of persistent pruritic
nodules and contact allergy to aluminum after injection of commonly used
aluminum-adsorbed vaccines. Eur J Pediatr (2005) 164(11):691–7. doi:10.1007/
s00431-005-1704-1

63. Falta MT, Pinilla C, Mack DG, Tinega AN, Crawford F, Giulianotti M, et al.
Identification of beryllium-dependent peptides recognized by CD4+ T cells in
chronic beryllium disease. J Exp Med (2013) 210(7):1403–18. doi:10.1084/jem.
20122426

64. Wen GY, Wisniewski HM. Histochemical localization of aluminum in the rabbit
CNS. Acta Neuropathol (1985) 68:175–84. doi:10.1007/BF00690191

65. Redhead K, Quinlan GJ, Das RG, Gutteridge JM. Aluminum-adjuvanted vac-
cines transiently increase aluminum levels in murine brain tissue. Pharmacol
Toxicol (1992) 70:278–80. doi:10.1111/j.1600-0773.1992.tb00471.x

66. Sahin G, Varol I, Temizer A, Benli K, Demirdamar R, Duru S. Determination of
aluminum levels in the kidney, liver, and brain of mice treated with aluminum
hydroxide. Biol Trace Elem Res (1994) 41:129–35. doi:10.1007/BF02917223

67. Wang XY,Yao X, Wan YM, Wang B, Xu JQ, Wen YM. Responses to multiple injec-
tions with alum alone compared to injections with alum adsorbed to proteins
in mice. Immunol Lett (2012) 149:88–92. doi:10.1016/j.imlet.2012.11.005

68. Drevets DA, Dillon MJ, Schawang JS, Van Rooijen N, Ehrchen J, Sunderkotter
C, et al. The Ly-6Chigh monocyte subpopulation transports Listeria monocy-
togenes into the brain during systemic infection of mice. J Immunol (2004)
172:4418–24. doi:10.4049/jimmunol.172.7.4418

69. Eugenin EA, Osiecki K, Lopez L, Goldstein H, Calderon TM, Berman JW.
CCL2/monocyte chemoattractant protein-1 mediates enhanced transmigra-
tion of human immunodeficiency virus (HIV)-infected leukocytes across
the blood-brain barrier: a potential mechanism of HIV-CNS invasion and
NeuroAIDS. J Neurosci (2006) 26:1098–106. doi:10.1523/JNEUROSCI.3863-05.
2006

70. Petrik MS, Wong MC, Tabata RC, Garry RF, Shaw CA. Aluminum adjuvant
linked to Gulf war illness induces motor neuron death in mice. Neuromolecular
Med (2007) 9(1):83–100. doi:10.1385/NMM:9:1:83

71. Shaw CA, Petrik MSJ. Aluminum hydroxide injections lead to motor deficits and
motor neuron degeneration. J Inorg Biochem (2009) 103:1555–62. doi:10.1016/
j.jinorgbio.2009.05.019

72. Shaw CA, Li Y, Tomljenovic L. Administration of aluminum to neona-
tal mice in vaccine-relevant amounts is associated with adverse long term

neurological outcomes. J Inorg Biochem (2013) 128:237–44. doi:10.1016/j.
jinorgbio.2013.07.022

73. Tomljenovic L, Shaw CA. Aluminum vaccine adjuvants: are they safe? Curr Med
Chem (2011) 18:2630–7. doi:10.2174/092986711795933740

74. van Rensburg SJ, Potocnik FC, Kiss T, Hugo F, van Zijl P, Mansvelt E, et al. Serum
concentrations of some metals and steroids in patients with chronic fatigue syn-
drome with reference to neurological and cognitive abnormalities. Brain Res
Bull (2001) 55(2):319–25. doi:10.1016/S0361-9230(01)00478-6

75. Exley C, Mamutse G, Korchazhkina O, Pye E, Strekopytov S, Polwart A, et al.
Elevated urinary excretion of aluminum and iron in multiple sclerosis. Mult
Scler (2006) 12(5):533–40. doi:10.1177/1352458506071323

76. Hernán MA, Jick SS, Olek MJ, Jick H. Recombinant hepatitis B vaccine and the
risk of multiple sclerosis: a prospective study. Neurology (2004) 63(5):838–42.
doi:10.1212/01.WNL.0000138433.61870.82

77. Mikaeloff Y, Caridade G, Suissa S, Tardieu M. Hepatitis B vaccine and the
risk of CNS inflammatory demyelination in childhood. Neurology (2009)
72(10):873–80. doi:10.1212/01.wnl.0000335762.42177.07

78. Authier FJ, Cherin P, Creange A, Bonnotte B, Ferrer X, Abdelmoumni A, et al.
Central nervous system disease in patients with macrophagic myofasciitis. Brain
(2001) 124(5):974–83. doi:10.1093/brain/124.5.974

79. Shoenfeld Y, Agmon-Levin N. ‘ASIA’ – autoimmune/inflammatory syndrome
induced by adjuvants. J Autoimmun (2011) 36(1):4–8. doi:10.1016/j.jaut.2010.
07.003

80. Hotopf M, David A, Hull L, Ismail K, Unwin C, Wessely S. Role of vaccinations
as risk factors for ill health in veterans of the Gulf war: cross sectional study.
BMJ (2000) 320:1363–7. doi:10.1136/bmj.320.7246.1363

81. Cherry N, Creed F, Silman A, Dunn G, Baxter D, Smedley J, et al. Health
and exposures of United Kingdom Gulf war veterans. Part II: the relation of
health to exposure. Occup Environ Med (2001) 58:299–306. doi:10.1136/oem.
58.5.299

82. Theeler BJ, Simper NB, Ney JP. Polyglandular autoimmunity with macrophagic
myofasciitis. Clin Rheumatol (2008) 27(5):667–9. doi:10.1007/s10067-007-
0793-9

83. Asa PB, Cao Y, Garry RF. Antibodies to squalene in Gulf war syndrome. Exp Mol
Pathol (2000) 68(1):55–64. doi:10.1006/exmp.1999.2295

84. Gherardi RK. Lessons from macrophagic myofasciitis: towards definition of a
vaccine adjuvant-related syndrome. Rev Neurol (Paris) (2003) 159(2):162–4.

85. Miyoshi K, Miyamura T, Kobayashi Y, Itakura T, Nishijo K. Hypergammaglobu-
linemia by prolonged adjuvanticity in man disorders developed after augmen-
tation mammoplasty. Jpn Med J (1964) 2122:9–14.

86. Shoaib BO, Patten BM. Human adjuvant disease: presentation as a 414 multiple
sclerosis-like syndrome. South Med J (1996) 89:179–88. doi:10.1097/00007611-
199602000-00005

87. Luján L, Pérez M, Salazar E, Álvarez N, Gimeno M, Pinczowski P, et al. Autoim-
mune/autoinflammatory syndrome induced by adjuvants (ASIA syndrome) in
commercial sheep. Immunol Res (2013) 56(2–3):317–24. doi:10.1007/s12026-
013-8404-0

88. Vasey FB, Zarabadi SA, Seleznick M, Ricca L. Where there’s smoke there’s fire:
the silicone breast implant controversy continues to flicker: a new disease that
needs to be defined. J Rheumatol (2003) 30(10):2092–4.

89. Guis S, Pellissier JF, Nicoli F, Reviron D, Mattei JP, Gherardi RK, et al. HLA-
DRB1*01 and macrophagic myofasciitis. Arthritis Rheum (2002) 46:2535–7.
doi:10.1002/art.10465

90. Nyquist P, Zhang J, De Graba TJ. The -928 G/C and -362 G/C single-nucleotide
polymorphisms in the promoter of MCP1: increased transcriptional activity and
novel binding sites. Cerebrovasc Dis (2010) 29:242–7. doi:10.1159/000267849

91. Sridhar S, Botbol Y, Macian F, Cuervo AM. Autophagy and disease: always two
sides to a problem. J Pathol (2012) 226:255–73. doi:10.1002/path.3025

92. Brest P, Lapaquette P, Souidi M, Lebrigand K, Cesaro A,Vouret-Craviari V, et al. A
synonymous variant in IRGM alters a binding site for miR-196 and causes dereg-
ulation of IRGM-dependent xenophagy in Crohn’s disease. Nat Genet (2011)
43(3):242–5. doi:10.1038/ng.762

93. Stern ST, Adiseshaiah PP, Crist RM. Autophagy and lysosomal dysfunction as
emerging mechanisms of nanomaterial toxicity. Part Fibre Toxicol (2012) 9:20.
doi:10.1186/1743-8977-9-20

94. Zheng YT, Shahnazari S, Brech A, Lamark T, Johansen T, Brumell JH. The adap-
tor protein p62/SQSTM1 targets invading bacteria to the autophagy pathway. J
Immunol (2009) 183(9):5909–16. doi:10.4049/jimmunol.0900441

www.frontiersin.org February 2015 | Volume 6 | Article 4 | 7

http://dx.doi.org/10.1136/bmj.38933.585764.AE
http://dx.doi.org/10.1016/0140-6736(91)91440-6
http://dx.doi.org/10.1002/cncr.27612
http://dx.doi.org/10.3233/JAD-2010-101494
http://dx.doi.org/10.3233/JAD-2010-101494
http://dx.doi.org/10.1016/j.idc.2011.07.012
http://dx.doi.org/10.1016/j.idc.2011.07.012
http://dx.doi.org/10.1016/j.jinorgbio.2012.08.015
http://dx.doi.org/10.1542/peds.112.6.1394
http://dx.doi.org/10.1007/s12016-012-8344-9
http://dx.doi.org/10.1007/s12016-012-8344-9
http://dx.doi.org/10.1111/j.1600-0536.1994.tb01903.x
http://dx.doi.org/10.1111/j.1600-0536.1994.tb01903.x
http://dx.doi.org/10.1007/s00431-005-1704-1
http://dx.doi.org/10.1007/s00431-005-1704-1
http://dx.doi.org/10.1084/jem.20122426
http://dx.doi.org/10.1084/jem.20122426
http://dx.doi.org/10.1007/BF00690191
http://dx.doi.org/10.1111/j.1600-0773.1992.tb00471.x
http://dx.doi.org/10.1007/BF02917223
http://dx.doi.org/10.1016/j.imlet.2012.11.005
http://dx.doi.org/10.4049/jimmunol.172.7.4418
http://dx.doi.org/10.1523/JNEUROSCI.3863-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.3863-05.2006
http://dx.doi.org/10.1385/NMM:9:1:83
http://dx.doi.org/10.1016/j.jinorgbio.2009.05.019
http://dx.doi.org/10.1016/j.jinorgbio.2009.05.019
http://dx.doi.org/10.1016/j.jinorgbio.2013.07.022
http://dx.doi.org/10.1016/j.jinorgbio.2013.07.022
http://dx.doi.org/10.2174/092986711795933740
http://dx.doi.org/10.1016/S0361-9230(01)00478-6
http://dx.doi.org/10.1177/1352458506071323
http://dx.doi.org/10.1212/01.WNL.0000138433.61870.82
http://dx.doi.org/10.1212/01.wnl.0000335762.42177.07
http://dx.doi.org/10.1093/brain/124.5.974
http://dx.doi.org/10.1016/j.jaut.2010.07.003
http://dx.doi.org/10.1016/j.jaut.2010.07.003
http://dx.doi.org/10.1136/bmj.320.7246.1363
http://dx.doi.org/10.1136/oem.58.5.299
http://dx.doi.org/10.1136/oem.58.5.299
http://dx.doi.org/10.1007/s10067-007-0793-9
http://dx.doi.org/10.1007/s10067-007-0793-9
http://dx.doi.org/10.1006/exmp.1999.2295
http://dx.doi.org/10.1097/00007611-199602000-00005
http://dx.doi.org/10.1097/00007611-199602000-00005
http://dx.doi.org/10.1007/s12026-013-8404-0
http://dx.doi.org/10.1007/s12026-013-8404-0
http://dx.doi.org/10.1002/art.10465
http://dx.doi.org/10.1159/000267849
http://dx.doi.org/10.1002/path.3025
http://dx.doi.org/10.1038/ng.762
http://dx.doi.org/10.1186/1743-8977-9-20
http://dx.doi.org/10.4049/jimmunol.0900441
http://www.frontiersin.org
http://www.frontiersin.org/Neurodegeneration/archive


Gherardi et al. Biopersistence of alumic adjuvant

95. Lee HS,Daniels BH,Salas E,Bollen AW,Debnath J,Maregeta M. Clinical utility of
LC3 and p62 immunohistochemistry in diagnosis of drug-induced autophagic
vacuolar myopathies: a case-control study. PLoS One (2012) 7(4):e36221.
doi:10.1371/journal.pone.0036221

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 27 August 2014; paper pending published: 07 October 2014; accepted: 08
January 2015; published online: 05 February 2015.

Citation: Gherardi RK, Eidi H, Crépeaux G, Authier FJ and Cadusseau J (2015) Biop-
ersistence and brain translocation of aluminum adjuvants of vaccines. Front. Neurol.
6:4. doi: 10.3389/fneur.2015.00004
This article was submitted to Neurodegeneration, a section of the journal Frontiers in
Neurology.
Copyright © 2015 Gherardi, Eidi, Crépeaux, Authier and Cadusseau. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | Neurodegeneration February 2015 | Volume 6 | Article 4 | 8

http://dx.doi.org/10.1371/journal.pone.0036221
http://dx.doi.org/10.3389/fneur.2015.00004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neurodegeneration
http://www.frontiersin.org/Neurodegeneration/archive


Clin Transl Med. 2017; 6: 4.
Published online 2017 Jan 4. doi:  [10.1186/s401690160129y]

PMCID: PMC5214894
PMID: 28054277

Contact allergy to aluminium induced by commonly used pediatric
vaccines
E. Bergfors,  B. Trollfors, A. Inerot, and A. Gente Lidholm

Department of Primary Health Care, Institute of Medicine, Sahlgrenska Academy, University of Gothenburg,
Gothenburg, Sweden
E. Bergfors, Email: elisabet.bergfors@allmed.gu.se.
Contributor Information.
Corresponding author.

Received 2016 Nov 22; Accepted 2016 Dec 7.

Copyright © The Author(s) 2017

Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

We would like to complete the paragraph on Adjuvants (page 6) in the review Vaccination in children with
allergies to non active vaccine components by Francheschini et al. [1] which was initiated by the Italian
Pediatric Society of Allergy and Immunology in 2013 and published in Clinical and Translational Medicine
in 2015.

As mentioned in the review, aluminium (Al) salts are widely used as adjuvants in diphtheriatetanus
pertussis (DTP) and hepatitis A and B vaccines. The list can be completed with pneumococcal and
meningococcal conjugate vaccines, which today are included in the national vaccination schedules in most
countries in Europe and the Americas, and also in vaccines against human papilloma virus (HPV) and tick
bore encephalitis (TBE).

According to the authors, the most known and frequent reaction to Al salts is “a palpable nodule at the
injection site”. This sounds harmless enough—but in typical cases the nodules are most annoying to the
child due to severe pruritus for a very long time [2, 3]. Besides, most children with persistent itching
vaccination granulomas become sensitized against Al [4].

Itching vaccination granulomas are described since 1960 [5] but considered very rare [6] until the 1990s
when they were reported in 745 of 76,000 children participating in studies on a monocomponent acellular
pertussis vaccine in Sweden [7]. Since then, another 102 children in Sweden who received commercial
DTaPpolioHib(HepB) combinations (Infanrix , Pentavac ) and/or pneumococcal vaccines (Prevenar,
Synflorix) are described [4, 8, 9]. The vaccines were given intramuscularly in three doses at 3, 5 and
12 months. In a prospective cohort study on 4758 toddlers the frequency of granulomas was 0.63% in those
who received a DTaP combination vaccine alone and 1.18% in those who received an Al adsorbed
pneumococcal vaccine at the same time. The risk for granulomas increased with the number of Al
containing vaccine doses [4].

The itching nodules appear remarkably late (months or even years) after the vaccination. Histopathological
examination shows granuloma formations in which Al crystals can be demonstrated [10]. Clinically,
pruritus is the dominating symptom with intense local itching in the vaccination area on the thigh, often
causing skin alterations like eczema, hypertrichosis and hyperpigmentation. Intensified itching and
swelling of the nodules is often reported when the child has a cold or another infection. After a duration of
½–12 years (median 3–4 years) the nodules eventually disappear and the pruritus ceases.
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The itching nodules appear remarkably late (months or even years) after the vaccination. Histopathological examination shows granuloma formations in which Al crystals can be demonstrated



In some cases nodules were mistaken as tumours leading to unnecessary anxiety, investigations and surgery
[11, 12].

Contact allergy to aluminium was verified in 77–95% of children with itching vaccination granulomas by
epicutaneous testing with Al Chloride hexahydrate 2% and metallic Al (4, 7, 9). Sensitized individuals
have reported contact dermatitis after the use of Al containing deodorants, pharmaceutics (ear drops,
antiseptics), sun protectors, tattooing pigments and metallic aluminium [13]. Fortunately, and contrary to
earlier belief, the sensitization to aluminium seems to vane with time [14].

The consequences of future vaccination with Al adsorbed vaccines in children who once reacted with
itching granulomas and/or contact allergy to Al is only partially studied. Our clinical experience so far is
that the risk for new granulomas diminishes with time and is very low when the original one has vanished
and the itching ceased. In case of ongoing severe pruritus the next dose may be postponed 6–12 months.
The Al allergy is a delayed type IV reaction not associated with increased risk for anaphylaxis.

We want to point out that itching granulomas are benign and selflimiting and no cause to refrain from
vaccination in consideration of the risk for a serious infectious disease. They are poorly known but easy to
recognize once you are aware of them. They should be familiar to all health care staff working with
children to avoid mistrust and anxiety in the parents and unnecessary investigations of the child.
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Abstract
Patients with macrophagic myofasciitis (MMF) present with diffuse arthromyalgias, chronic fatigue, and cognitive
disorder. Representative features of MMFassociated cognitive dysfunction include attentional dysfunction,
dysexecutive syndrome, visual memory deficit and left ear extinction. Our study aims to reevaluate the
neuropsychological profile of MMF. 105 unselected consecutive MMF patients were subjected to a
neuropsychological battery of screen short term and longterm memory, executive functions, attentional abilities,
instrumental functions and dichotic listening. From these results, patients were classified in four different groups:
Subsymptomatic patients (n=41) with performance above pathological threshold (1.65 SD) in all tests; Fronto
subcortical patients (n=31) who showed pathological results at executive functions and selective attention tests;
Papezian patients (n=24) who showed pathological results in storage, recognition and consolidation functions for
episodic verbal memory, in addition to frontosubcortical dysfunction; and Extinction patients (n=9) who had a left ear
extinction at dichotic listening test in association to frontosubcortical and papezian dysfunction. In addition, intertest
analysis showed that patients with apparently normal cognitive functions (Subsymptomatic group) performed
significantly worse to attention tests compared to others. In conclusion, our study shows that (i) most patients have
specific cognitive deficits; (ii) all patients with cognitive deficit have impairment of executive functions and selective
attention; (iii) patients without measurable cognitive deficits display significant weakness in attention; (iv) episodic
memory impairment affects verbal, but not visual, memory; (v) none of the patients show an instrumental
dysfunction.
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Patients with macrophagic myofasciitis (MMF) present with diffuse arthromyalgias, chronic fatigue, and cognitive disorder.

most patients have specific cognitive deficits;

significant weakness in attention

all patients with cognitive deficit have impairment of executive functions and selective attention
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ABSTRACT

Aluminum is a neurotoxin, yet infants and young children 
are repeatedly injected with aluminum adjuvants from 
multiple vaccines during critical periods of brain development. 
Numerous studies provide credible evidence that aluminum 
adversely affects important biological functions and may 
contribute to neurodegenerative and autoimmune disorders. 
It is impossible to predetermine which vaccinated babies 
will succumb to aluminum poisoning. Aluminum-free health 
options are needed.

Introduction

From 1999 through 2002, several vaccines containing 
mercury were phased out of the childhood immunization 
schedule. Manufacturing of childhood vaccines with thimerosal 
ceased in 2001, but those that were not past their expiration 
date remained on the market for sale until January 2003.1 They 
were replaced with low-mercury or “thimerosal-free” vaccines. 
In the years that followed, autism rates continued to rise, 
prompting health authorities to assert that autism is not linked 
to mercury in vaccines and that vaccination policies are safe and 
appropriate.2-4 (If mercury in vaccines contributed to autism, 
then rates should have dropped after mercury was removed.) 
However, in 2002, during this so-called phase-out period, the 
Centers for Disease Control and Prevention (CDC) actually 
added two doses of mercury-containing influenza vaccines to 
the list of inoculations urged for all babies 6 to 23 months of 
age.5 Two years later, the CDC also added pregnant women in 
their first trimester to the list of people officially recommended 
and actively encouraged to receive influenza vaccines, even 
though a majority of available doses contained mercury.6

In addition to these questionable actions during this highly 
publicized “phase-out” of mercury, four doses of a new vaccine 
with high aluminum content were added to the childhood 
immunization schedule in February 2000 (for pneumococcus) 
and two doses of another aluminum-containing vaccine (for 
hepatitis A) were added in 2005.7,8 These changes to the vaccine 
schedule resulted in a substantial increase of aluminum-
containing vaccine doses—from 10 to 16 injections—that 
babies are still mandated to receive by 18 months of age. 

Prior to the mercury phase-out (pre-2000), babies received 
3,925 micrograms (mcg) of aluminum in their first year-and-a-
half of life. After pneumococcal and hepatitis A vaccines were 
added to the immunization schedule, babies began receiving 
4,925 mcg of aluminum during the same age period—a 
25% increase (Figure 1).9,10 In 2011, CDC recommended that 
pregnant women receive a pertussis vaccine (Tdap), which also 
contains aluminum.11 Studies show that aluminum crosses the 
placenta and accumulates in fetal tissue.12 Thus, millions of 

Aluminum in Childhood Vaccines Is Unsafe
Neil Z. Miller

Figure 1. Aluminum Content from Childhood Vaccines

Vaccines containing aluminum were added to the childhood 
immunization schedule when some vaccines containing mercury 
were removed.  Prior to the mercury phase-out (pre-2000), babies 
received 3,925 mcg of aluminum by 18 months of age. After 
pneumococcal and hepatitis A vaccines were added to the schedule, 
babies began receiving 4,925 mcg of aluminum during the same 
age period—a 25% increase.

Source: The vaccine manufacturers’ product inserts and the CDC’s 
annual childhood vaccination schedules.

babies in utero, infants, and young children were injected 
with, and continue to receive, unnaturally high doses of 
neurotoxic substances—mercury and aluminum—long after 
unsuspecting parents were led to believe that vaccines were 
purified and made safe. 

Aluminum

Aluminum adjuvants are added to several vaccines to 
elicit a more robust immune response and increase vaccine 
efficacy. In the United States, Canada, Europe, Australia, 
and many other parts of the world, infants and young 
children receive high quantities of aluminum from multiple 
inoculations. For example, in the U.S. the hepatitis B, DTaP 
(for diphtheria, tetanus and pertussis), pneumococcal (PCV), 
Haemophilus influenzae type b (Hib), and hepatitis A vaccines 
are all administered during early childhood. Each of these 

Figure	1:	Aluminum	Doses	from	Childhood	Vaccines

Vaccines	 containing	 aluminum	 were	 added	 to	 the	 childhood	
immunization	 schedule	 when	 some	 vaccines	 containing	 mercury	
were	 removed. Prior	 to	 the	mercury	 phase-out	 (pre-2000), babies	
received 3,925 mcg of	 aluminum	 by	 18	 months	 of	 age.	 After	
pneumococcal	and	hepatitis	A	vaccines	were	added	to	the	schedule,
babies	began	receiving	4,925 mcg of	aluminum	during	the	same	age	
period—a	25%	increase.
Source: The vaccine manufacturers' product inserts and the CDC’s
annual childhood vaccination schedules.
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multiple vaccines during critical periods of brain development.
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Babies are not the only age group exposed to high 
quantities of aluminum from vaccines. The HPV vaccine 
(indicated for the prevention of cervical cancer and genital 
warts associated with some strains of human papillomavirus) 
is marketed to pre-teens and adolescents. Each dose in the 
three-dose series contains 500 mcg of aluminum. The Tdap 
vaccine (for tetanus, diphtheria, and pertussis) is given to 

pre-teens as well, and contains 390 mcg of aluminum.13 
Several adult vaccines also contain aluminum.

Aluminum is neurotoxic and has a long history of well-
documented hazards.14 For example, as early as 1921 The 
Lancet described a 46-year-old metal worker in whom 
“aluminium produced a rather slow intoxication. In this 
case it caused memory loss, tremor, jerky movements 
and incontinence of urine.”15 In 1927, Dr. Victor Vaughn, a 
toxicologist with the University of Michigan, testified before 
the Federal Trade Commission that “all salts of aluminum are 
poisonous when injected subcutaneously or intravenously.”16 
By 1951, Chusid et al. showed that chronic epilepsy could be 
induced in monkeys through intra-cerebral administration of 
aluminum hydroxide cream.17 In 1968, Driver et al. performed 
a similar experiment by placing aluminum hydroxide cream 
unilaterally on the posterior parietal cortex of six monkeys.18 

From 3 to 8 weeks after surgery, electrical abnormalities 
could be seen on an electroencephalogram and the monkeys 
exhibited “episodic twitching of the limbs and face.” The 
animals were also impaired at learning new tasks and at re-
learning tasks first learned prior to the intervention.

According to the American Academy of Pediatrics (AAP), 
“Aluminum is now being implicated as interfering with a 
variety of cellular and metabolic processes in the nervous 
system and in other tissues.”19 Bishop et al. published data 
showing that “aluminum accumulates in the body when 
protective gastrointestinal mechanisms are bypassed, renal 
function is impaired, and exposure is high.”20 For example, 
in premature infants, “prolonged intravenous feeding with 
solutions containing aluminum is associated with impaired 
neurologic development” by 18 months of age. More 
recently, Kawahara et al. published research confirming that 
“aluminum can cause severe health problems in particular 
populations, including infants.”21 The authors of this paper 
also declared that “whilst being environmentally abundant, 
aluminum is not essential for life. On the contrary, aluminum 
is a widely recognized neurotoxin that inhibits more than 
200 biologically important functions and causes various 
adverse effects in plants, animals, and humans.”

Neurologic and Autoimmune Disorders

Numerous studies provide compelling evidence that 
injected aluminum is detrimental to health. For example, 
a recent paper by Tomljenovic and Shaw affirmed that 
aluminum is a neurotoxin and may be a co-factor in several 
neurodegenerative disorders and diseases, including 
Alzheimer’s, Parkinson’s, multiple sclerosis, amyotrophic lateral 
sclerosis (ALS), autism, and epilepsy.22 According to the authors, 
“The continued use of aluminum adjuvants in various vaccines 
for children as well as the general public may be of significant 
concern. In particular, aluminum presented in this form carries 
a risk for autoimmunity, long-term brain inflammation and 
associated neurological complications and may thus have 
profound and widespread adverse health consequences.” 

Figure 2. Cumulative Aluminum Exposure from Recommended 
Childhood Vaccines

Table 1. Aluminum Exposures in Early Childhood from 
Recommended Vaccines

vaccines contains aluminum, and multiple doses (booster 
shots) are required (Table 1). Babies are injected with 1,225 
mcg of aluminum instantaneously at age 2 months, and 
4,925 mcg of accumulated aluminum by age 18 months 
(Figure 2).9,10 

able	1 	Aluminum	 posures	in	 arly	Childhood	from	 ecommended	Vaccines

Source:	The	vaccine	manufacturers product	inserts	
and	 the	 CDC s 2016	 childhood	 vaccination	
schedule.

Vaccine Aluminum Content Vaccine Schedule 

  250	mcg		 		3	doses	 irth,	2,	6	months	

 625	mcg		 		4	doses	 2,	4,	6,	15	months	

 125	mcg		 		4	doses	 2,	4,	6,	12	months	

 225	mcg		 		3	doses	 2,	4,	12	months	

  250	mcg		 		2	doses	 12,	18	months	

Source: The vaccine manufacturers’ product inserts and the CDC’s 2016 
childhood vaccination schedule.

Source: The vaccine manufacturers’ product inserts and the CDC’s 2016 
childhood vaccination schedule.

Figure	 Cumulative	Aluminum	 posure	from	 ecommended	Childhood	Vaccines

abies	are	in ected	with 1,225 mcg	of	aluminum	instantaneously	at	2	
months	 of	 age	 and	 4,925 mcg	 of	 accumulated	 aluminum	 by	 18	
months	of	age.
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aluminium produced a rather slow intoxication.

According to the American Academy of Pediatrics (AAP), “Aluminum is now being implicated as interfering with a variety of cellular and metabolic processes in the nervous system and in other tissues.”

aluminum accumulates in the body when protective gastrointestinal mechanisms are bypassed

aluminum is a neurotoxin and may be a co-factor in several

neurodegenerative disorders and diseases, including

Alzheimer’s, Parkinson’s, multiple sclerosis, amyotrophic lateral

sclerosis (ALS), autism, and epilepsy.
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Recent data by Perricone et al. showed that aluminum 
adjuvants in vaccines have been linked to multiple sclerosis, 
systemic lupus erythematosus, chronic fatigue syndrome, 
Gulf War syndrome, macrophagic myofasciitis, arthritis, and 
autoimmune/inflammatory syndrome induced by adjuvants 
(ASIA syndrome), an autoimmune disease with neurological 
and cognitive manifestations.23 Clinical symptoms associated 
with vaccine-induced autoimmunity can take months or 
years to manifest, much longer than the time intervals 
utilized in most vaccine safety studies.

Although aluminum is a neurotoxin, pre-school 
children are repeatedly injected with aluminum adjuvants 
from multiple vaccines during critical periods of brain 
development. A recent paper published in the journal 

 found that this may lead to neuro-developmental 
and autoimmune disorders.24 During early development, the 
child’s blood-brain barrier is more permeable to toxins, and 
the kidneys are less able to eliminate them. Thus, children 
have a greater risk than adults of adverse reactions to 
aluminum adjuvants in vaccines. The authors of this paper 
issued the following warning: “Because children may be 
most at risk of vaccine-induced complications, a rigorous 
evaluation of the vaccine-related adverse health impacts in 
the pediatric population is urgently needed.”

Macrophagic Myofasciitis (MMF)

Some people develop macrophagic myofasciitis (MMF) 
after receiving an aluminum-containing vaccine.25-39 MMF 
is characterized by an aluminum-filled lesion (wound) at 
the site of an earlier vaccination. MMF lesions occur when 
the aluminum adjuvant from a vaccine remains embedded 
in the muscle tissue and causes a continuous immune 
reaction. The lesions are persistent, long-term granulomas 
(or inflammatory tumors) found in the quadriceps in children 
and deltoid muscles of adults, common vaccination sites. 
Several vaccines contain aluminum hydroxide, which has 
been identified as the causal factor of MMF lesions.25

Although MMF is associated with a macrophagic lesion 
at the site of vaccination, it is a systemic ailment. Symptoms 
include chronic fatigue, chronic diffuse myalgia (muscle 
weakness), arthralgia (joint pain), and disabling headaches. 
Aluminum’s toxic effects can also manifest as impaired 
psychomotor control, repetitive behavior, speech disorders, 
sleep disturbances, seizures, confusion, and anxiety, as 
well as deficits of concentration, learning, and memory. 
Nearly 20% of patients with MMF develop an autoimmune 
disease, including neuromuscular and multiple sclerosis-like 
demyelinating disorders.26-28 

Several descriptive studies document MMF in pediatric 
populations. For example, Spanish scientists presented data 
on seven children younger than 3 years of age with lesions of 
macrophages on muscle biopsies at the site of vaccination.29 
In three of four cases tested, elevated levels of aluminum in 
muscle were detected (indicative of a reaction to aluminum 
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adjuvants in vaccines). All of the children developed 
hypotonia (a lack of normal muscle tone) and motor or 
psychomotor delay. Six of the children also had abnormal 
neuro-imaging, associated with neurological anomalies, 
including atrophy and abnormal myelination.

In the U.S., Gruis et al. evaluated four cases of MMF in 
young children with hypotonia, motor delay and failure to 
thrive, likely due to intramuscular injections of aluminum-
containing vaccines.30 Another team of American physicians 
evaluated MMF in two fully vaccinated children. Both 
showed typical aluminum-filled macrophages at muscle 
biopsies.31 One child had abnormal pupillary reflexes and 
urinary retention suggesting dysautonomia while the other 
child had developmental delay and hypotonia. 

Israeli researchers documented MMF in six Arab 
children.32 Reactions included hypotonia, seizures, motor 
delay, and developmental delay. The authors of this paper 
believe that genetic predisposition is a factor in determining 
the prevalence of MMF in different populations.

German researchers documented MMF in a 3-month-
old East Indian child following his hepatitis B vaccine at 
birth, “after which he developed generalized hypotonia, 
and central nervous system and peripheral nervous system 
manifestations at one month of age.”33 The child also had 
respiratory failure, decreased spontaneous movements, 
apnea spells, and generalized seizures. Aluminum was 
detected in the muscle biopsy macrophages. The authors 
recommend that “after vaccination, children should be 
closely followed to detect these complications at early 
stages.”

Italian researchers believe that MMF in children “is 
probably more common than reported. Diagnosis requires 
a high index of suspicion and can be missed if biopsy 
is performed outside the vaccination site.”34 According 
to Canadian MMF researchers, “aluminum has been 
demonstrated to impact the central nervous system at 
every level, including by changing gene expression. These 
outcomes should raise concerns about the increasing use of 
aluminum salts as vaccine adjuvants.” Moreover, “based on 
the current and emerging literature, it seems unlikely that in 
the future aluminum will be considered safe for human use 
in any of the current medicinal applications.”28

Animal Studies

A recent paper by Luján et al. found that sheep developed 
a new type of autoimmune and inflammatory disorder—
ovine autoimmune/inflammatory syndrome induced by 
adjuvants (ASIA)—after receiving vaccines containing 
aluminum adjuvants.40 The condition appears in some 
sheep two to six days after they are vaccinated. Symptoms 
of the acute phase include poor response to external stimuli 
and acute meningoencephalitis. The chronic phase causes 
muscular atrophy, neurodegeneration of the gray matter of 
the spinal cord, and death.

“aluminum has been demonstrated to impact the central nervous system at every level, including by changing gene expression.

pre-school children are repeatedly injected with aluminum adjuvants from multiple vaccines during critical periods of brain development.

Aluminum’s toxic effects can also manifest as impaired psychomotor control, repetitive behavior, speech disorders, sleep disturbances, seizures, confusion, and anxiety, as well as deficits of concentration, learning, and memory.

The condition appears

after they are vaccinated. Symptoms of the acute phase include poor response to external stimuli and acute meningoencephalitis. The chronic phase causes muscular atrophy, neurodegeneration of the gray matter of the spinal cord, and death.
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Khan et al. conducted several mouse experiments to 
determine the long-term biological distribution of vaccine-
related aluminum nanoparticles.41 They discovered that 
aluminum travels from the injection site to distant organs 
such as the spleen and brain, where aluminum deposits 
could still be detected one year later. Aluminum remains 
in monocyte-lineage cells long after vaccination and may 
cause neurologic and autoimmune disorders. According to 
these scientists, “Alum has high neurotoxic potential, and 
administration of continuously escalating doses of this 
poorly biodegradable adjuvant in the population should 
be carefully evaluated by regulatory agencies since the 
compound may be insidiously unsafe.”

Scientists also looked at whether Gulf War Syndrome, 
which afflicted many veterans of Western militaries with 
cognitive and behavioral deficits similar to ALS (a progressive 
neurodegenerative disease that destroys nerve cells), could 
be related to the aluminum-containing anthrax vaccines 
they received. In a series of studies, mice were injected with 
adjuvants at doses equivalent to those given to vaccinated U.S. 
Gulf War veterans.42,43 The aluminum-injected mice exhibited 
significant deficits in memory and motor functions. Testing 
showed motor neuron loss and progressive deficiencies in 
strength. The mice also had pathological abnormalities that 
are characteristic of neurological diseases such as Alzheimer’s 
and dementia. According to the authors of these studies, 
“The demonstrated neurotoxicity of aluminum hydroxide 
and its relative ubiquity as an adjuvant suggest that greater 
scrutiny by the scientific community is warranted.”43 

Israeli scientists recently evaluated an aluminum adjuvant 
and the HPV vaccine Gardasil to determine behavioral and 
inflammatory effects.44 Female mice were injected with 
either aluminum or Gardasil in amounts equivalent to 
human exposure, or they received a true placebo. (Vaccine 
safety trials for the HPV vaccine did not provide the 
control group with an inert substance or true placebo; the 
“control” group was injected with aluminum.) The Gardasil 
and aluminum-injected mice spent significantly more time 
exhibiting depressive behavior when compared to the 
placebo-injected mice. In addition, anti-HPV antibodies from 
the sera of Gardasil-injected mice showed cross-reactivity 
with the mouse brain protein extract. Analysis revealed 
microglial activation in the hippocampi of Gardasil-injected 
mice. According to the authors, “It appears that Gardasil via 
its aluminum adjuvant and HPV antigens has the ability to 
trigger neuroinflammation and autoimmune reactions, 
further leading to behavioral changes.” 

Autism

There is evidence that aluminum in vaccines may be 
linked to autism. For example, the Journal of Inorganic 
Biochemistry published data showing a highly significant 
positive linear correlation between the amount of aluminum 
infants receive from their vaccines and the rates of autism 

in several developed nations (Pearson r = 0.89-0.94).45 
The authors of this ecological study commented on their 
findings: “Our results...suggest that a causal relationship may 
exist between the amount of aluminum administered to 
preschool children at various ages through vaccination and 
the rising prevalence of autism spectrum disorders.”

In another recently published paper, Shaw et al. found 
that genetic predispositions may sensitize some children 
to central nervous system damage induced by aluminum-
containing pediatric vaccines.46 Moreover, vaccines with 
aluminum adjuvants are injected into the body, bypassing 
protective barriers of the gastrointestinal tract and skin. 
Absorption of aluminum by this mode is more efficient 
than through ingestion, increasing the likelihood of a toxic 
outcome. The authors summarized their findings: “Evidence 
has now emerged showing that autism may in part result 
from early-life immune insults induced by environmental 
xenobiotics. One of the most common xenobiotic with 
immuno-stimulating as well as neurotoxic properties to 
which infants under two years of age are routinely exposed 
worldwide is the aluminum vaccine adjuvant.”

Recent research published in the Journal of Toxicology 
found that aluminum exposure produces adverse effects in 
living organisms and is especially damaging to the central 
nervous system.47 Aluminum from vaccine adjuvants crosses 
the blood-brain and blood-cerebrospinal fluid barriers, 
provoking harmful immuno-inflammatory responses in 
neural tissues. Yet, clinical studies on vaccine safety often 
give aluminum-containing injections to a “control” group as 
a harmless “placebo” despite evidence that aluminum is toxic 
to humans and animals. The use of aluminum as a placebo 
cannot be justified. According to the authors of this paper, 
“Studies on animal models and humans have shown that 
aluminum adjuvants by themselves cause autoimmune and 
inflammatory conditions. These findings plausibly implicate 
aluminum adjuvants in pediatric vaccines as causal factors 
contributing to increased rates of autism spectrum disorders 
in countries where multiple doses are almost universally 
administered.”

In another recent animal study, young mice were injected 
with either high or low levels of aluminum adjuvants 
(designed to correlate with U.S. or Scandinavian childhood 
vaccine schedules).48 Significant changes in the mice were 
observed, affirming the role of aluminum adjuvants in 
adversely altering the central nervous system. The authors 
commented on their findings: “These current data implicate 
aluminum injected in early postnatal life in some central 
nervous system alterations that may be relevant for a better 
understanding of the etiology of autism spectrum disorders.”

Vaccine Industry Conferences and Concerns

In May 2000—3 months after the CDC added the 
aluminum-containing pneumococcal vaccine to the 
recommended immunization schedule for children—the U.S. 

They discovered that aluminum travels from the injection site to distant organs such as the spleen and brain, where aluminum deposits could still be detected one year later.

vaccines with aluminum adjuvants are injected into the body, bypassing protective barriers of the gastrointestinal tract and skin. Absorption of aluminum by this mode is more efficient than through ingestion, increasing the likelihood of a toxic outcome.

Aluminum from vaccine adjuvants crosses the blood-brain and blood-cerebrospinal fluid barriers, provoking harmful immuno-inflammatory responses in neural tissues.

The aluminum-injected mice exhibited significant deficits in memory and motor functions. Testing showed motor neuron loss and progressive deficiencies in strength. The mice also had pathological abnormalities that are characteristic of neurological diseases such as Alzheimer’s and dementia.
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Department of Health and Human Services (HHS) sponsored 
a Workshop on Aluminum in Vaccines.49,50 The workshop, 
given in San Juan, Puerto Rico, was attended by members 
of the vaccine industry, including government officials, 
immunologists, pathologists, vaccine manufacturers, metal 
ion specialists, and other interested people. It was organized 
to increase knowledge about aluminum as an adjuvant in 
vaccines, investigate potential adverse reactions associated 
with aluminum in vaccines, and develop a research agenda 
on the effect of aluminum in the human body. Experts from 
around the world were invited to give their presentations on 
vaccines and aluminum.

Dr. Romain Gherardi, a specialist in neuromuscular 
disease and professor at the Mondor Institute of Biomedical 
Research, showed that MMF without vaccination does not 
occur. In fact, it often begins after receiving a hepatitis B 
vaccine. Myalgia was present in 94% of patients with MMF, 
and 85% of these people were disabled. Although 30% of 
patients had their first myalgias within 3 months after their 
last vaccination, 20% of patients’ symptoms took longer than 
2 years to manifest. These myalgias begin in the calves and 
legs, then progress to diffuse myalgia. Fatigue was present 
in 93% of patients with MMF, and 87% of these people were 
disabled. In addition, 34% of MMF patients had autoimmune 
disease, including multiple sclerosis and arthritis.50, pp 48-74 

In June 2000, the CDC sponsored a conference on 
thimerosal (mercury) in vaccines, although aluminum was 
discussed as well.51 CDC scientists analyzed the agency’s 
Vaccine Safety Datalink (VSD) database containing 
thousands of medical records of vaccinated children and 
found statistically significant relationships between mercury 
in vaccines and developmental delay, tics, and attention 
deficit disorder.51, pp 40-41 However, Dr. Tom Verstraeten, 
CDC epidemiologist, analyzed the data and determined 
that the injuries could have been caused by aluminum in 
the vaccines.51, p 77 It is also possible that the neurological 
damage was due to the synergistic effects of both aluminum 
and mercury in the vaccines given to the affected children.

Although millions of children every year are required 
to receive vaccines containing aluminum and mercury, 
evidence supporting the safety of this practice is lacking. For 
example, according to Dr. Richard Johnston, immunologist 
and professor of pediatrics at the University of Colorado 
School of Medicine, “Aluminum and mercury are often 
simultaneously administered to infants, both at the same 
site and at different sites. However...there is absolutely no 
data, including animal data, about the potential for synergy, 
additivity or antagonism, all of which can occur in binary 
metal mixtures.”51, p 20 Dr. Alison Maule, who attended the 
Workshop on Aluminum in Vaccines, voiced similar concerns: 
“We need to bear in mind that we are not only putting 
aluminum in here, we are putting in mercury.... Often these 
effects are additive but there is always the possibility of 
synergy. We know nothing about that.”50, p 106 Dr. Vito Caserta, 
chief medical officer for the Vaccine Injury Compensation 

Program, had this to say: “One of the things I learned at the 
aluminum conference in Puerto Rico…that I never really 
understood before, is the interactive effect of different metals 
when they are together in the same organism. It is not the 
same as when they are alone, and I think it would be foolish 
for us not to include aluminum as part of our thinking with 
this.”51, p 234 Dr. William Weil, pediatrician, former member of 
the National Institutes of Health, and representative for the 
AAP Committee on Environmental Health, was also present 
at the CDC conference and made his concerns known: “In 
relationship to aluminum, being a nephrologist for a long 
time, the potential for aluminum and central nervous system 
toxicity was well established by dialysis data. To think there 
isn’t some possible problem here is unreal.”51, pp 24-25

Some health authorities who oversee federal vaccine 
initiatives candidly acknowledge their limited understanding 
of metals—aluminum and mercury—that are added to 
several vaccines. For example, Dr. Martin Myers, director of 
the National Vaccine Program Office and host of the HHS-
sponsored Workshop on Aluminum in Vaccines, made a frank 
admission: “Perhaps the most important thing that I took 
away from the last meeting was that those of us who deal 
with vaccines have really very little applicable background 
with metals and toxicological research.”49, pp 1-2 Dr. Neal Halsey, 
director of the Institute for Vaccine Safety, Johns Hopkins 
Bloomberg School of Public Health, and former member of 
the CDC’s Advisory Committee on Immunization Practices 
(ACIP), was also present at the workshop on aluminum. He 
had concerns regarding missing data: “We do not seem to 
have information on the age-related toxicity of aluminum, 
especially when we are dealing with very young infants…. 
We do not know whether or not there is a difference in 
susceptibility by age, as there [is] with other metals.”50, pp 83-84 

Some health authorities seemed to admit that even if 
aluminum is dangerous, it would be burdensome to remove 
it. For example, according to Dr. John Clements with the World 
Health Organization’s Expanded Programme on Immunization, 
“There are not easy and obvious substitutes to aluminum 
adjuvants…. The existing vaccines, if they change the adjuvant 
for any reason, would need to be resubmitted for clinical trials 
for safety and efficacy and it would take a great deal of time 
to do that.”50,  p 75 Furthermore, “Aluminum is not perceived, I 
believe, by the public as a dangerous metal. Therefore, we are 
in a much more comfortable wicket in terms of defending its 
presence in vaccines.”49, p 64

Note: In 2005, 5 years after conference attendees 
spoke out about a lack of data on the effects of mixing 
different metals in childhood vaccines, Dr. Boyd Haley, 
former professor of medicinal chemistry and chairman of 
the chemistry department at the University of Kentucky, 
published a study in which he investigated the effect of 
combining aluminum hydroxide with thimerosal.52 In this 
study, cultured neurons showed no significant cell death six 
hours after they were exposed to just aluminum; more than 
90% survived. Thimerosal alone also caused few neurons 



114 Journal of American Physicians and Surgeons Volume 21 Number 4 Winter 2016

to die after six hours of exposure. Again, more than 90% 
survived. However, when cultured neurons were exposed to 
aluminum and thimerosal, only about 40% survived after six 
hours, clearly demonstrating synergistic toxicity (Figure 3).

exhibit symptoms for several weeks, months, or years, so 
it’s very difficult for vaccine recipients to recognize that the 
vaccines they received some time ago may be related to 
their current disabling autoimmune ailments.

A few years later, the FDA published a study, Mitkus et 
al., in which the authors concluded that “the benefits of 
using vaccines containing aluminum adjuvant outweigh 
any theoretical concerns.”54 This study is often cited as a 
confirmation that injecting babies with multiple doses of 
aluminum-containing vaccines is safe. However, there are 
major flaws in the FDA’s analysis: 

1. To determine an aluminum intake “minimal risk level” 
(MRL) for humans, a single animal study was used.55 This study 
found that mice could receive up to 26 milligrams of aluminum 
per kilogram of body weight per day (26 mg/kg/day) with no 
adverse effects. After considering differences between mice 
and humans (and other factors), this number was reduced 
to create a margin of safety, and an MRL of 1 mg/kg/day was 
established for humans, including infants.56 But there is a 
problem: 26 mg/kg/day is not a safe amount of aluminum 
for animals. Several studies confirm that animals are harmed 
by much lower quantities of aluminum—3.4 to 6.1 mg/kg/
day—and at least three of these studies were published 
before the FDA paper in 2011, so the FDA study was fallacious 
at its inception.57-60 Rats that were given just 6.1 mg/kg/day 
aluminum (30 mg/kg/day AlCl3) needed significantly more 
repetitions to learn a maze when compared to a control 
group.57 Rats that were given just 5.6 mg/kg/day aluminum 
(50 mg/kg/day AlCl3-6H2O) had significantly impaired spatial 
learning and memory abilities when compared to a control 
group. They also had cellular shrinking, plus behavioral, 
biochemical, and histological alterations.58 Rats that were 
given just 3.4 mg/kg/day aluminum (17 mg/kg/day AlCl3) 
“showed behavioral, biochemical, and histological changes 
similar to those associated with Alzheimer’s disease.” 60

2. The MRL for humans is derived from dietary aluminum
fed to mice. But infants are injected with aluminum. Injected 
aluminum bypasses the gastrointestinal tract and has unique 
toxic properties compared to aluminum that is ingested. 
To determine the safety of injected aluminum, scientists 
must conduct experiments with injected—not ingested—
aluminum.

3. After vaccines containing aluminum adjuvants are
injected into the body, aluminum nanoparticles can be 
transported by monocyte-lineage cells to draining lymph 
nodes, blood and spleen—and may also penetrate the brain.41 
Aluminum is unsafe even in trace quantities. For example, 
just 50 nanomolars of aluminum are sufficient to generate 
reactive oxygen species (ROS), or oxidative stress, in human 
primary neuronal-glial cell cultures and induce inflammatory 
gene expression.61 In another study, just 10 nanomolars of 
aluminum increased C-reactive protein (CRP) levels four-
fold, causing inflammation in human brain microvessel 
endothelial cells.62 But the FDA assumes, without evidence, 
that these poorly biodegradable aluminum nanoparticles, 

Figure 3. Survival of Neurons Exposed to Aluminum, Thimerosal, 
or Both

Unconvincing Evidence of Adjuvant Safety

Although several high-level representatives of the CDC, 
World Health Organization (WHO), American Academy of 
Pediatrics, Institute for Vaccine Safety, National Vaccine 
Program Office, and Vaccine Injury Compensation Program 
who attended the conferences on aluminum and thimerosal 
had serious concerns about the potential hazards associated 
with aluminum in vaccines, a conference report and 
workshop summary published in the journal Vaccine 2 years 
later declared that “the message from this conference for the 
global public should stress the safety of both these adjuvants 
and these vaccines,” despite acknowledging that “we don’t 
know” how aluminum adjuvants interact with the immune 
system and how it is processed by infants and children.53 The 
conference report minimized risks by claiming that aluminum 
has been used as a vaccine adjuvant for more than 70 years 
and “has an established safety record with low incidence 
of reported adverse events.” However, no one is warning 
vaccine recipients to consider the possibility that their 
adverse event could be related to aluminum in their vaccines 
nor encouraging them to report it to health authorities. 
Furthermore, research indicates that many people who have 
adverse reactions to aluminum-containing vaccines won’t 
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which have been detected in body organs up to a year after 
vaccination, are harmless, and they are not calculated by 
the FDA as part of the aluminum “body burden” until they 
dissolve. 

4. The “retention function for aluminum,” a mathematical
equation that the FDA used to help estimate levels of 
aluminum in infants, was derived from data on only one 
person, an adult (rather than from numerous infants), and an 
estimate on the rate of absorption of aluminum hydroxide 
following injection was based on data from just two rabbits.

The FDA paper also falsely claimed that “occasional 
irritation (dermal) at the site of injection is the only adverse 
effect that has been reported in the published literature” 
following injections of aluminum-containing vaccines. And 
the clinical symptoms in patients diagnosed with MMF “are 
considered to be due to separate, coincidental immune or 
neurological disorders that are unrelated to the presence 
of aluminum in vaccines.”54 The Global Advisory Committee 
on Vaccine Safety, established by WHO, welcomed the FDA’s 
analysis endorsing the safety of aluminum in vaccines.63 The 
CDC vigorously defends the presence of aluminum in vaccines 
as well.64 Clearly, FDA, CDC, and WHO agree on continuing 
indefinitely with their current policies of injecting babies 
with multiple doses of aluminum-containing vaccines.

Aluminum Toxicity Acknowledged for Parenteral Nutrition

Although the FDA’s recent paper advocates the continued 
use of aluminum in childhood vaccines, FDA has known for 
many years that aluminum can be dangerous. For example, 
some infants require parenteral nourishment (administered 
by intravenous injection). All parenteral nutritional formulas 
contain aluminum. According to the FDA, “when medication 
and nutrition are administered orally, the gastrointestinal 
tract acts as an efficient barrier to the absorption of 
aluminum, and relatively little ingested aluminum actually 
reaches body tissues. However, parenterally administered 
drug products containing aluminum bypass the protective 
mechanism of the gastrointestinal tract and aluminum 
circulates and is deposited in human tissues.”65

In a 1997 study published in the New England Journal 
of Medicine, scientists assessed 182 infants who received 
intravenous injections of nutritional formula that contained 
differing quantities of aluminum.20 They calculated that 
infants who received aluminum at greater than 4 to 5 mcg/
kg/day would lose 1 point per day on the Bayley Mental 
Development Index (p = 0.03). Babies who score low on 
this test are at risk for subsequent developmental and 
educational problems. This study contributed to FDA’s 
decision to set limits on aluminum content in parenteral 
drug products and require warning labels on the package 
inserts—safety measures that were never required with 
aluminum-containing vaccines. In the Code of Federal 
Regulations, Title 21, published in the Federal Register, 
aluminum toxicity levels are revealed:

WARNING: This product contains aluminum that 
may be toxic.... Research indicates that patients 
with impaired kidney function, including premature 
neonates, who receive [injections] of aluminum at 
greater than 4 to 5 mcg per kilogram of body weight 
per day, accumulate aluminum at levels associated 
with central nervous system and bone toxicity. Tissue 
loading may occur at even lower rates.66 

This means that for a 6-pound baby with impaired kidney 
function, 11-14 mcg of injected aluminum would be toxic. 
The hepatitis B vaccine given at birth contains 250 mcg of 
aluminum—20 times higher than safety levels indicated for 
preemies. Babies weigh about 12 pounds at two months of 
age when they are injected with 1,225 mcg of aluminum 
from their CDC-recommended vaccines—50 times higher 
than safety levels for preemies. 

Healthy babies may be able to handle quantities of 
aluminum above FDA toxicity levels indicated for patients 
with impaired kidney function. However, no one knows how 
much more aluminum is safe because adequate studies were 
never conducted. In addition, babies are not screened for 
renal function prior to vaccination. Therefore, it is impossible 
to know ahead of time which babies will succumb to 
aluminum poisoning. Instead, parents are expected to play 
Russian roulette with their children.

Summary

Aluminum adjuvants are added to several vaccines 
to elicit a more robust immune response and increase 
vaccine efficacy. Infants and young children throughout the 
world receive high quantities of aluminum from multiple 
inoculations. Incremental changes to the vaccination 
schedule during the past several years significantly 
increased the quantity of aluminum in childhood shots. 
Numerous studies provide compelling evidence that 
injected aluminum can be detrimental to health. Aluminum 
is capable of remaining in cells long after vaccination and 
may cause neurologic and autoimmune disorders. During 
early development, the child’s brain is more susceptible to 
toxins and the kidneys are less able to eliminate them. Thus, 
children have a greater risk than adults of adverse reactions 
to aluminum in vaccines.

Millions of children every year are injected with vaccines 
containing mercury and aluminum despite well-established 
experimental evidence of the potential for additive or 
synergistic toxicity when an organism is exposed to two 
or more toxic metals. Dr. Haley’s study in which cultured 
neurons died at an accelerated rate following concurrent 
exposure to aluminum and thimerosal provides evidence 
of an enhanced detrimental effect. In addition, aluminum 
toxicity levels published by FDA indicate that two-month-old 
babies who are vaccinated according to CDC guidelines may 

Research indicates that patients with impaired kidney function, including premature neonates, who receive [injections] of aluminum at greater than 4 to 5 mcg per kilogram of body weight per day, accumulate aluminum at levels associated with central nervous system and bone toxicity. Tissue loading may occur at even lower rates.

no one knows how much more aluminum is safe because adequate studies were never conducted.
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be receiving quantities of aluminum that are significantly 
higher than safety levels.

Conclusion

Toxic metals such as aluminum do not belong in 
prophylactic medications administered to children, 
teenagers, or adults. Vaccines are normally recommended 
for healthy people, so safety (and efficacy) standards must be 
impeccable. Parents, especially, should not be compelled to 
permit their loved ones to receive multiple injections of toxic 
metals that could increase their risk of neurodevelopmental 
and autoimmune ailments. Safe alternatives to current 
disease prevention technologies are urgently needed. 

Neil Z. Miller is a medical research journalist. Contact: neilzmiller@gmail.com. 
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ABSTRACT
Mercury is a ubiquitous environmental toxicant that causes a wide range of adverse health effects in humans. Three forms of mercury 
exist: elemental, inorganic and organic. Each of them has its own profile of toxicity. The aim of the present study was to determine the 
effect of thimerosal, a topical antiseptic and preservative in vaccines routinely given to children, methyl mercury, and mercuric chlo-
ride on cellular viability measured by MTT in Jurkat T cells, a human T leukemia cell line. The treatment of Jurkat T cells with thimerosal 
caused a significant decrease in cellular viability at 1 μM (25%, p<0.05; IC50: 10 μM). Methyl mercury exhibited a significant decrease in 
cellular viability at 50 μM (33%, p<0.01; IC50: 65 μM). Mercuric chloride (HgCl2) did not show any significant change in cellular survival. 
Our findings showed that contrary to thimerosal and methyl mercury, mercuric chloride did not modify Jurkat T cell viability. 
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been used as a topical antiseptic and as a preservative in 
vaccines routinely given to children, including diphtheria-
tetanus-acellular pertussis (DTP), hepatitis B, and some 
Haemophilus influenzae type B (Goldman & Shannon, 
2001; Halsey, 1999; Pichichero et al., 2002). Thimerosal 
(as sodium ethylmercuric thiosalicylate) contains 49.6% 
mercury by weight and is metabolized to ethyl mercury 
and thiosalicylate. The normal dose of a pediatric vac-
cine contains about 12.5–25 μg of mercury per 0.5 ml. 
(No authors listed, AAP, 1999). Massive overdoses from 
inappropriate use of products containing thimerosal 
have resulted in toxic effects (Axton, 1972; Fagan et al., 
1977; Lowell et al., 1996; Matheson et al., 1980; Pelassy 
et al., 1994; Pfab et al., 1996). Inorganic mercury (I-Hg) 
compounds (as mercury salts) are also a significant source 
of mercury overexposure in both adults and children in 
some countries (Clarkson, 2002). Inorganic mercury 
compounds have been used for many years in numerous 
products, including various medications, germicidal 
soaps, teething powders, and skin lightening cream 
containing mercury (Clarkson, 2002). Many of these 
mercury-based products are still in use today (Geier et al., 
2010; Goldman & Shannon, 2001). In the present study, 
we evaluated the effect of thimerosal, methyl mercury and 
mercuric chloride (HgCl2) on the viability of Jurkat T cells 

Introduction

Mercury, one of the most widely diffused and hazard-
ous organ-specific environmental contaminants, exists 
in a wide variety of physical and chemical states, each 
with unique characteristics of target organ specificity 
(Aleo et al., 2002). Mercury occurs in three forms: the 
elemental or metallic form, inorganic salts, and organic 
compounds. The toxicity of mercury is complex and 
depends on the form of mercury, route of entry, dosage, 
and age at exposure (Clarkson, 1997). The organic form 
of mercury, mainly methyl mercury, is known to be more 
toxic than the inorganic form (Shenker et al., 1992). 
Chronic exposure to low levels of methyl mercury can 
modulate T- and B-cell functions (cytokine production, 
cell growth, and proliferation) and different cellular 
processes leading to apoptotic cell death (Makani et al., 
2002; Shenker et al., 1992). Ethyl mercury is an organic 
mercury compound, and in the form of thimerosal has 
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Mercury is a ubiquitous environmental toxicant that causes a wide range of adverse health effects in humans. Three forms of mercury exist: elemental, inorganic and organic. Each of them has its own profile of toxicity. The aim of the present study was to determine the effect of thimerosal, a topical antiseptic and preservative in vaccines routinely given to children, methyl mercury, and mercuric chlo- ride on cellular viability
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by (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay.

Methods

Cell culture 
Human T leukemic Jurkat cells were purchased from 
American Type Culture Center (ATCC no. TIB-152) 
(Rockville, MD, USA) and maintained in RPMI-1640 

medium supplemented with 10% fetal bovine serum, 1% 
glutamine, and 1% antibiotics/antimicotics (pen./strep.). 
The cells were grown at 37 °C in a humidified atmosphere 
of 5% CO2.

Mercury and its chemical compounds
Thimerosal (EtHg), methyl mercury (MeHg) and mercu-
ric chloride [(mercuric (II) chloride (HgCl2) also termed 
‘mercury two’)] were purchased from Sigma. PBS and 
water were used to dilute mercuric chloride (HgCl2) and 
thimerosal, respectively. Cells treated only with vehicles 
were used as controls. 

Cytotoxicity assay (MTT)
The principle behind this technique depends on the 
capacity of living cells to reduce tetrazolium salt 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] to a formazan crystal in their metabolizing 
mitochondria. The number of 1 × 104 cells/well Jurkat 
T cells (ATCC no. TIB-152) were seeded into 96 well 
plates and exposed to thimerosal, methyl mercury, and 
mercuric chloride (HgCl2) at concentrations of thi-
merosal (0.01-0.1-1-10-50-100-250 μM), methyl mercury 
(30-50-80-100-250 μM), and mercuric chloride (HgCl2 
(20-40-60-80-100 μM). The plates were incubated at 37 °C 
in a humidified atmosphere containing 5% CO2. After 48 
hours, the medium was discarded and 20 μl/well of MTT 
solution (5 mg/ml) was added and incubated for 3 hours 
at 37 °C (5% CO2). Finally, 20μl/well of isopropanol was 
added and the color intensity was read spectrophoto-
metrically at 590 nm using a Microplate Reader (Bio-Rad 
Model 550, California, USA). 

Statistical analysis 
The ANOVA one-way test was used to determine statisti-
cal significance. A p-value of less than 0.05 was considered 
to be statistically significant. 

Results

We exposed Jurkat T cells to thimerosal, methyl mercury 
and mercuric chloride in the concentrations reported 
in Figure 1 for 48 hours. Upon exposure to thimerosal, 
methyl mercury and mercuric chloride (HgCl2), the 
viability of cells was measured with MTT assay. As shown 
in Figure 1, the treatment of Jurkat T cells with thimerosal 
caused a significant decrease in cellular viability at 1μM 
(25%, p<0.05; IC50: 10 μM). Methyl mercury exhibited a 
significant decrease in cellular viability at 50 μM (33%, 
p<0.01; IC50: 65 μM). Finally, at all concentrations 
analyzed, mercuric chloride (HgCl2), did not show any 
significant change in cellular survival (Figure 1). 

Discussion

Mercury is ubiquitous in the environment and expo-
sure occurs from the use of mercury-containing dental 
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amalgam, vaccine preservatives, and ingestion of fish 
containing high levels of methyl mercury (Counter & 
Buchanan, 2004; Krantz & Dorevitch, 2004; Ratcliffe et 
al., 1996). In the literature, however, there are few data 
showing the effect of organic and inorganic mercury on 
cell viability. Considerable concern has been expressed 
recently over the cumulative dose of ethyl mercury given 
to children through routine immunizations (Geier et 
al., 2010; Hornig et al., 2004). The source of mercury in 
vaccines is the antimicrobial preservative thimerosal, 
containing 49.9% mercury by weight. Our findings 
demonstrate that thimerosal at the concentration usually 
found in vaccines, affects significantly cellular viability. 
A recent paper showed that after thimerosal exposure at 
the same concentration as tested in the present study, a 
human glioblastoma cell line displayed a similar effect 
(James et al., 2005). On the other hand, the form of 
mercury that accumulates in the food chain is methyl 
mercury. Some people may be exposed to higher levels 
of mercury in the form of methyl mercury if they have 
a diet high in fish, shellfish, or marine mammals that 
come from mercury-contaminated waters. Colombo et 
al. (2004) determined the sensitivity of Jurkat T cells to 
up to 1μM of methyl mercury after 48 hours of exposure 
(Colombo et al., 2004). They found that cellular viability 
determined by MTT assay showed no toxic effects dur-
ing the first 48 hours, yet exposure for up to 72 hours 
caused a significant decrease in cellular viability at the 
higher dose of mercury (1 μM) (Pelassy et al., 1994). Our 
findings are in accordance with these data and show that 
organic mercury, such as methyl mercury and thimerosal, 
are more cytotoxic than inorganic mercury (as HgCl2). 
Experiments are in progress to ascertain the underlying 
mechanisms of ethyl mercury induced cell death. It has 
been proposed to induce depletion of thiol reserves (e.g.: 
GSH) and ROS damage, activating death-signaling path-
ways (Makani et al., 2002). A previous study showed that 
thimerosal was able to induce apoptosis and G2/M phase 
in human leukemia U937 cells (Woo et al., 2006). Finally, 
according to other authors (Bahia et al., 1999; Ogura et al., 
1996), methyl mercury showed a higher toxicity compared 
to mercuric chloride (HgCl2). Recently, mercuric chloride 
(HgCl2) was reported to affect the differentiative capacity 
instead of proliferation in neural stem cells (Cedrola et al., 
2003). Further studies will attempt to assess the possible 
effect of thimerosal as preservative in vaccines. Our data 
showed an effect of organic mercury on the viability of 
Jurkat T cells, suggesting a possible toxic effect of these 
compounds of mercury in vivo. 
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Lowdose mercury exposure in early life: relevance of thimerosal to fetuses,
newborns and infants.
Dórea JG .

Abstract
This review explores the different aspects of constitutional factors in early life that modulate toxicokinetics and
toxicodynamics of lowdose mercury resulting from acute ethylmercury (etHg) exposure in Thimerosalcontaining
vaccines (TCV). Major databases were searched for human and experimental studies that addressed issues related to
early life exposure to TCV. It can be concluded that: a) mercury load in fetuses, neonates, and infants resulting from
TCVs remains in blood of neonates and infants at sufficient concentration and for enough time to penetrate the brain
and to exert a neurologic impact and a probable influence on neurodevelopment of susceptible infants; b) etHg
metabolism related to neurodevelopmental delays has been demonstrated experimentally and observed in population
studies; c) unlike chronic Hg exposure during pregnancy, neurodevelopmental effects caused by acute
(repeated/cumulative) early life exposure to TCVetHg remain unrecognized; and d) the uncertainty surrounding low
dose toxicity of etHg is challenging but recent evidence indicates that avoiding cumulative insults by alkylmercury
forms (which include Thimerosal) is warranted. It is important to a) maintain trust in vaccines while reinforcing current
public health policies to abate mercury exposure in infancy; b) generally support WHO policies that recommend
vaccination to prevent and control existing and impending infectious diseases; and c) not confuse the 'need' to use a
specific 'product' (TCV) by accepting as 'innocuous' (or without consequences) the presence of a proven 'toxic alkyl
mercury' (etHg) at levels that have not been proven to be toxicologically safe.
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Thimerosalcontaining vaccines (TCV)

It can be concluded that: a) mercury load in fetuses, neonates, and infants resulting from TCVs remains in blood of neonates and infants at sufficient concentration and for enough time to penetrate the brain and to exert a neurologic impact and a probable influence on neurodevelopment of susceptible infants

at levels that have not been proven to be toxicologically safe



Thimerosal Induces DNA Breaks, Caspase-3 Activation,
Membrane Damage, and Cell Death in Cultured Human Neurons
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Abstract
Thimerosal is an organic mercurial compound used as a preservative in biomedical preparations.
Little is known about the reactions of human neuronal and skin cells to its micro- and nanomo-lar
concentrations, which can occur after using thimerosal-containing products. A useful combination
of fluorescent techniques for the assessment of thimerosal toxicity is introduced. Short-term
thimerosal toxicity was investigated in cultured human cerebral cortical neurons and in normal human
fibroblasts. Cells were incubated with 125-nM to 250-μM concentrations of thimer-osal for 45 min
to 24 h. A 4′, 6-diamidino-2-phenylindole dihy-drochloride (DAPI) dye exclusion test was used to
identify non-viable cells and terminal transferase-based nick-end labeling (TUNEL) to label DNA
damage. Detection of active caspase-3 was performed in live cell cultures using a cell-permeable
fluorescent caspase inhibitor. The morphology of fluorescently labeled nuclei was analyzed. After
6 h of incubation, the thimerosal toxicity was observed at 2 μM based on the manual detection of the
fluorescent attached cells and at a 1-μM level with the more sensitive GENios Plus Multi-Detection
Microplate Reader with Enhanced Fluorescence. The lower limit did not change after 24 h of
incubation. Cortical neurons demonstrated higher sensitivity to thimerosal compared to fibroblasts.
The first sign of toxicity was an increase in membrane permeability to DAPI after 2 h of incubation
with 250 μM thimerosal. A 6-h incubation resulted in failure to exclude DAPI, generation of DNA
breaks, caspase-3 activation, and development of morphological signs of apoptosis. We demonstrate
that thimerosal in micromolar concentrations rapidly induce membrane and DNA damage and initiate
caspase-3– dependent apoptosis in human neurons and fibroblasts. We conclude that a proposed
combination of fluorescent techniques can be useful in analyzing the toxicity of thimerosal.

Keywords
thimerosal; active caspase-3; apoptosis; toxicity; neurons; fibroblasts; DNA breaks; membrane
damage; DAPI

Thimerosal (sodium ethylmercury-thiosalicylate) is an antibacterial and antifungal mercurial
compound used as a preservative in biological products and vaccines, in concentrations ranging
from 0.003 to 0.01% (30 –100 μg/ml) (Ball et al., 2001). Thimerosal contains 49.6 % mercury
by weight and releases ethylmercury as a metabolite. In the body, ethylmer-cury can be
converted to inorganic mercury, which then preferentially accumulates in the kidneys and brain
(Blair et al., 1975). Inorganic mercury is known to induce membrane and DNA damage (Ferrat
et al., 2002;Ben-Ozer et al., 2000), and in cell culture conditions it was shown to be mutagenic
and generate DNA breaks in concentrations below 500 nM (Schurz et al., 2000). Ethylmercury
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Thimerosal is an organic mercurial compound used as a preservative in biomedical preparations.

We demonstrate that thimerosal in micromolar concentrations rapidly induce membrane and DNA damage and initiate

apoptosis in human neurons and fibroblasts

Thimerosal (sodium ethylmercury-thiosalicylate) is an antibacterial and antifungal mercurial compound used as a preservative in biological products and vaccines

Thimerosal contains 49.6 % mercury by weight and releases ethylmercury as a metabolite. In the body, ethylmer-cury can be converted to inorganic mercury, which then preferentially accumulates in the kidneys and brain

Ethylmercury



can significantly increase the concentration of inorganic mercury in many organs (Magos et
al., 1985). After in vivo administration, ethylmercury passes through cellular membranes and
concentrates in cells in vital organs, including the brain, where it releases inorganic mercury,
raising its concentrations higher than equimolar doses of its close and highly toxic relative
methylmercury (Magos et al., 1985).

However, little is known about acute reactions of various types of human cells following short-
time exposure to thimer-osal in micro- and nanomolar concentrations.

In this paper we used a convenient and easily reproducible combination of fluorescent
techniques analyzing various markers of DNA and membrane damage, and investigated the
toxicity of micromolar and nanomolar concentrations of thimerosal (125 nM–250 μM)
occurring in the first 24 h of exposure in cultures of human cortical neuronal cells and in human
fibroblasts.

We found that thimerosal in micromolar concentrations rapidly decreased cellular viability.
Within several h after thimer-osal administration, cells lost their capability to exclude the
fluorescent dye 4′,6-diamidino-2-phenylindole dihydrochlo-ride (DAPI) and developed
multiple DNA breaks accompanied by caspase-3 activation and apoptotic morphology.
Neuronal cell cultures demonstrated a higher sensitivity to thimerosal compared with
fibroblasts.

MATERIALS AND METHODS
Cell cultures

HCN-1A Human cerebral cortical neurons (CRL-10442) were purchased from American Type
Culture Collection (ATCC, Manassas, VA) and were cultured according to ATCC
recommendations. The line was derived from cortical tissue removed from a patient undergoing
hemispherec-tomy for intractable seizures. As recommended by ATCC, the cells were grown
in Dulbecco’s Modified Eagle’s Medium (DMEM) with 4 mM L-glutamine, modified to
contain 4.5g/l glucose and 1.5g/l sodium bicarbonate, supplemented with 10% fetal bovine
serum, and the pH adjusted to 7.35 prior to filtration.

Normal neonatal human foreskin HCA 2 fibroblasts (PD32) were obtained from the laboratory
of Dr. Olivia Smith-Pereira, Ph.D. The cells were grown in DMEM supplemented with 10%
fetal bovine serum medium, and the pH was adjusted to 7.4 prior to filtration. For the
experiments, all cells were subcultured in 24-well cell culture plates (Fisher, Pittsburgh, PA).
All experiments were reproduced in triplicates. Each of the parallel series yielded identical
results.

Thimerosal
Thimerosal (minimum 97% HPLC), SigmaUltra (Sigma, St. Louis, MO) was added to cell
cultures in 30 μl of double-distilled water to final concentrations of 250 μM, 50 μM, 10 μM, 2
μM, 1 μM, 500 nM, 250 nM, and 125 nM. Concentrations of 1 μM–125 nM were used with
neuronal cells only. Control cell cultures received 30 μl of water without thimerosal.

Dye exclusion test using DAPI
DAPI is a nonintercalating DNA-specific dye with an emission maximum in the blue spectrum
(Shapiro, 1985). It is widely used for counterstaining cellular nuclei in fixed sections and has
been demonstrated to be useful for the detection of nonviable cells with compromised
membranes in live cell cultures (Boutonnat et al., 1999;McCarthy and Hale, 1988).
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can significantly increase the concentration of inorganic mercury in many organs

ethylmercury passes through cellular membranes and concentrates in cells in vital organs, including the brain, where it releases inorganic mercury, raising its concentrations higher than equimolar doses of its close and highly toxic relative methylmercury

thimerosal in micromolar concentrations rapidly decreased cellular viability.
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The DAPI exclusion test was performed as described (Boutonnat et al., 1999). Briefly, cells
were incubated with DAPI (Sigma, St. Louis, MO) diluted in a cell culture medium at a final
concentration of 100 ng/ml for 30 min at 20°C (Boutonnat et al., 1999). A fluorescent signal
was monitored and representative images were taken at 45 min and 2, 4, 6, and 24 h after the
addition of thimerosal, The DAPI incubation started 30 min before each observation was made
(at 15 min, 90 min, etc). Images were acquired using an Olympus IX-70 fluorescent microscope
equipped with a MicroMax digital camera system (Princeton Instruments, Inc., Trenton, NJ)
containing an RTE/CCD-1300-Y/HS array cooled by a Peltier device. Image acquisition was
performed using the MetaMorph 4.1 program (Advanced Scientific, Inc., Meraux, LA). The
micrographs were taken at central parts of the wells, where cellular density was most uniform.

Terminal transferase-based nick-end labeling (TUNEL)
Cells were fixed in ice cold methanol, and TUNEL staining for detection of DNA breaks was
performed using the ApoTaq Fluorescein and ApoTaq Rhodamine kits for indirect
immunofluorescence (Serologicals, Gaithersburg, MD), employing the standard technique
recommended by the manufacturer. Following washing, the cells were counterstained with the
DNA binding dye DAPI (1 μg/ml) for visualization of all cellular nuclei and were mounted in
Vectashield (Vector Laboratories, Burlingame, CA) for observation by fluorescence
microscopy.

Caspase-3 detection
Detection of active caspase-3 in live cell cultures was performed using an APO LOGIX™
carboxyfluorescein (FAM) caspase detection kit (Cell Technology, Minneapolis, MN). The kit
detects active caspases in living cells through the use of a FAM-labeled DEVD fluoromethyl
ketone (FMK) caspase inhibitor, which irreversibly binds to active caspase-3 (Amstad et al.,
2000;Bedner et al., 2000;Smolewski et al., 2001). The inhibitor is cell permeable and
noncytotoxic. With lesser affinity, FAM-DEVD-FMK binds to the other caspases participating
in apoptosis: caspase-8 >caspase-7 >caspase-10 >caspase-6 in the order of decreasing binding
affinity (Carcia-Calvo et al., 1998).

The kit was used as recommended by the manufacturer. Briefly, 10 μl of 30X Working Dilution
FAM-Peptide-FMK was added to 300 μl of cell culture medium/per well, directly in 24-well
cell culture plates after 5 h or 23 h of incubation with thimerosal. Cells were incubated for 1 h
at 37°C under 5% CO2, protected from light. Then the medium was carefully removed, and
the cells were washed twice with 2 ml/per well of 1X Working Dilution Wash Buffer. The
fluorescent signal was observed under an Olympus IX-70 fluores-cent microscope equipped
with a MicroMax digital camera system (Princeton Instruments, Inc.) containing an RTE/
CCD-1300-Y/HS array cooled by a Peltier device. Caspase-positive cells appeared fluorescing
green. Representative images were taken at 6 h and 24 h after the addition of thimerosal. Image
acquisition was performed using the MetaMorph 4.1 program (Advanced Scientific, Inc.).
Positive controls included cultures of cortical neurons treated with 0.5 μM staurosporin to
induce caspase-3 activation. In several series of experiments, we added DAPI to cell cultures
to the concentration of 100 ng/ml for 30 min immediately after 1 h of incubation with the FAM-
Peptide-FMK solution. This made the co-localization of active caspase-3 and DAPI signals
possible.

Fluorescence measurements using a microplate reader
In a separate set of experiments, we measured both active caspase-3 and DAPI signals in co-
localization experiments using a GENios Plus Multi-Detection Microplate Reader with
Enhanced Fluorescence (Tecan Inc., Research Triangle Park, NC). Neuronal cells were
incubated with 1–250 μM concentrations of thimerosal for 6 h and processed as described for
simultaneous DAPI and active caspase-3 detection. Both FITC and DAPI fluorescence were
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measured directly in 24-well plates using a Chroma Technology bandpass filter set: FITC
excitation D490/40, emission 520/10; DAPI excitation D360/40, emission 460/20. The
reactions were repeated twice and yielded the same dose-dependent increase in thimerosal
toxicity. Background fluorescence was subtracted from the experimental series, and the results
were represented as graphs of average values using Microsoft Excel.

RESULTS
Thimerosal-Induced Changes in Membrane Permeability and Cell Viability

Changes in cell viability rapidly occurred after administration of thimerosal in all cell cultures
and were detected by the loss of ability to exclude the fluorescent dye DAPI. DAPI is classified
as a semipermeant dye, which requires a relatively short (30-min) exposure time of cell cultures
to the dye prior to the signal observation in a DAPI exclusion test (Boutonnat et al., 1999).
Under these conditions, the dye has been shown to be useful for the detection of nonviable
cells and can be utilized as a selective marker of membrane integrity. Indeed, it is a less toxic
alternative to propidium iodide (PI) (Boutonnat et al., 1999).

The results of the experiments show a dose- and time-dependent increase of membrane
permeability to DAPI, first detected after 2 h of incubation with thimerosal and resulting in the
penetration of the dye into the nuclei and DNA staining (Figs. 1 and 2). Figure 1 presents
experiments performed on human cultured cortical neurons (HCN-1A) and shows that, after 2
h of incubation with thimerosal at a concentration of 250 μM, the DAPI penetrated through
cellular membranes and stained the cellular nuclei. The inability to exclude the dye indicates
the loss of cellular membrane integrity and cell death (Boutonnat et al., 1999;McCarthy and
Hale, 1988). After 4 h of incubation, thimerosal-induced membrane permeability and DNA
staining were observed at a concentration of 10 μM. After 6 h of incubation with thimerosal,
changes in membrane permeability were detected at concentrations as low as 2 μM, based on
the appearance of DAPI-stained cells attached to the bottom of the wells. In control cell
cultures, which were treated with DAPI alone, only sporadic dead cells were detected, and their
numbers stayed the same 2, 4, and 6 h after the addition of DAPI (Fig. 1). There was no change
in cell membrane permeability for DAPI for up to 24 h if no thimerosal was added.

We performed direct counts of DAPI-positive cells for the initial quantitative assessment of
our results. We counted all DAPI-positive cells in two ×40 fields of view for each of the
thimerosal concentrations after 6 h of incubation. All counts were taken in central parts of the
wells, where the cellular density was most uniform. The comparison with the average density
of cells in these areas revealed that, at 2-μM thimer-osal, 11% were DAPI-positive; at 10-μM
thimerosal, 58% were DAPI-positive; at 50-μM thimerosal, 61% of the cells were DAPI-
positive; and at 250-μM thimerosal, 100% of the neurons had compromised cellular
membranes. In controls, less than 1% of the cells were DAPI positive, due to cell death naturally
occurring in the cell cultures.

No changes in membrane permeability and DAPI staining were observed with thimerosal
concentrations lower than 2 μM at times of incubation up to 24 h.

Since dying cells disattach from the bottom shortly after death and float in the media, they
cannot be counted. This explains the similar numbers of DAPI-positive cells counted after 10-
and 50-μM thimerosal treatments, and it could have some affect on the sensitivity of the lower
limit of toxicity measurements. To address this issue and to take into consideration all DAPI-
stained cells, we used a fluorescent microplate reader, which detects the fluorescence of both
attached and floating dead cells (see Fig. 3). Using a GENios Plus Microplate Reader, we
detected the lower limit of thimerosal toxicity for neuronal cells after 6 h of incubation to be
at 1-μM concentration of thimerosal.
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Experiments with cultured human fibroblasts produced similar results, although, when
compared with neuronal cells, the fibroblasts demonstrated a slightly lower sensitivity to
thimer-osal toxicity by the DAPI exclusion test in terms of the number of DAPI-stained cells
(Fig. 2).

Similar to neuronal cells, significant numbers of DAPI-stained nuclei were first observed after
2 h of incubation with thimerosal at 250 μM concentration in the fibroblast culture experiments
(Fig. 2). After 4 h of incubation, nuclear staining was detected at 10-μM concentration of
thimerosal. However, unlike the neuronal cells, the human fibroblasts did not show toxicity at
2-μM concentration of thimerosal after 6 h of incubation.

Detection of Thimerosal-Induced DNA Damage
We used TUNEL to detect DNA breaks generated in neurons and fibroblasts after 6 h of
incubation with thimerosal. Following incubation, the cells were fixed, labeled by TUNEL,
and counterstained by DAPI, which in these experiments was employed as a fluorescent DNA
marker to visualize all cell nuclei in fixed cell cultures.

The results of these experiments are presented in Figure 4. The figure demonstrates that
TUNEL-positive cells were detected in all cell cultures after 6 h of incubation, up to the
concentration of 2 μM of thimerosal.

To determine if extending the time of incubation with thimerosal at concentrations below
2μM would result in the generation of DNA breaks, we extended the time of incubation to 24
h in a separate series of experiments. After 24 h, a TUNEL signal was detected in neuronal
cells at 1-μM concentration of thimerosal (versus 2 μM at 6 h) (not shown). Incubation of
neuronal cells for 24 h with concentrations of thimerosal below 1 μM (125, 250, and 500 nM)
did not produce a TUNEL signal.

Detection of Apoptotic Morphology in Thimerosal-Treated Cells
We performed a morphological evaluation of the fixed and fluorescently stained cell cultures
after thimerosal treatment for the purpose of identifying apoptotic cells. To identify apoptotic
morphology, the cells were fixed and then stained by DAPI. In this experiment, DAPI was
employed not as a vital dye, as in our previous study, but rather as a fluorescent histological
nuclear stain. Although DAPI is an important marker used in live cell cultures to selectively
label nonviable cells (Boutonnat et al., 1999;McCarthy and Hale, 1988), it is also frequently
used in fixed cells to visualize nuclear morphology and apo-ptotic bodies. We used it for this
purpose in these tests.

Apoptotic morphology was detected in thimerosal-treated cells. Figure 5 demonstrates that,
after 6 h of incubation, both fibroblasts and neurons showed morphological signs of apo-ptosis,
which included chromatin condensation on the nuclear membrane, the appearance of
characteristic doughnut-shaped nuclei, different stages of apoptotic body formation, and freely
positioned apoptotic bodies. After 6 h of incubation, apoptotic morphology was observed at
concentrations as low as 2 μM of thimerosal (Fig. 5), whereas, at 24 h after incubation, similar
apoptotic morphology was observed at concentrations as low as 1 μM.

To further confirm the apoptotic nature of cell death induced by thimerosal, we performed
detection of active caspase-3, which is a sensitive and specific indicator of apoptosis.

Active Caspase-3 in Thimerosal-Treated Cells
Caspase-3 activation serves as a sensitive marker of ap-optosis, developing through caspase-3–
dependent mechanisms, which constitutes one of the most frequent apoptotic pathways. We
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employed visualization of active caspase-3 directly in living cells through the use of a FAM-
labeled peptide caspase inhibitor (FAM-Peptide-FMK) (see Materials and Methods).

We detected caspase-3–positive neuronal cells after 6 h of incubation with thimerosal at
concentrations ranging from 250 to 2 μM. The intensity of the signal was dose-dependent and
much lower at the 2-μM concentration, compared to higher concentrations, probably due to an
earlier stage of caspase-3 activation (Fig. 6).

Assessment of 200 cells per well randomly, using the fluo-rescent microscope, revealed that
active caspase-3 was expressed in 20% of the cells at 2-μM thimerosal, 26% at 10-μM
thimerosal, 83% at 50-μM thimerosal, and 97% of the neurons at 250-μM thimerosal
concentration. In the controls, less than 1% of the cells was caspase-3–positive, due to cell
death naturally occurring in the cell cultures.

At 2-μM thimerosal, the active caspase-3 signal was predominantly observed in the cytoplasm,
which represents the early stage of its activation, whereas, at higher concentrations of thimer-
osal, the signal was detected in both the cytoplasm and the nuclei (Fig. 6). (Nuclear localization
of active caspase-3 is characteristic for later stages of the apoptotic process.)

When we used a fluorescent microplate reader, which detects signals from the detached cells,
we detected active caspase-3 activation at 1-μM concentration of thimerosal after 6-h
incubation, probably due to the added contribution from floating dead cells (Fig. 3).

When we extended the incubation time with thimerosal from 6 to 24 h, detectable numbers of
attached cells with active caspase-3 were observed at 1-μM concentration of thimerosal (Fig.
7). An active caspase-3 signal at 1-μM concentration was cytoplasmic, demonstrating an earlier
stage of caspase-3 activation. Interestingly, after 24 h of incubation, the neurons treated with
2-μM thimerosal showed the migration of caspase-3 from the cytoplasm to the nuclei (Fig. 7).
The majority of caspase-3–positive cells were also DAPI-positive, which indicates membrane
damage occurring simultaneously with apoptotic response. However, at the higher 250-μM
concentration of thimerosal, a number of cells were only DAPI-positive without caspase-3
activation, demonstrating necrotic death (Fig. 7). We did not detect active caspase-3 at 24 h of
incubation in untreated neurons, or in neuronal cultures treated with lower concentrations of
thimerosal (500, 250, and 125 nM).

DISCUSSION
Our data indicate that thimerosal is toxic to human neurons and fibroblasts if applied in
micromolar concentrations (1–250 μM). An early sign of thimerosal toxicity is a change in
cellular membrane permeability to the vital dye DAPI, which is associated with the loss of cell
viability (Boutonnat et al., 1999;McCarthy and Hale, 1988). This can be detected as early as
2 h after incubation.

DAPI proved to be useful for analyzing thimerosal toxicity, because it is a sensitive marker of
membrane integrity. It is employed as a propidium iodide substitute in cell viability assays and
labels nuclei of dying cells, which lack an intact plasma membrane (Boutonnat et al.,
1999;Castro-Hermida et al., 2000;McCarthy and Hale, 1988;Robertson et al., 1998). Dual
staining experiments using propidium iodide and DAPI co-staining with FACS analysis
demonstrated that DAPI stains only dead cells (McCarthy and Hale, 1988). Viable cells that
are not stained by PI also exclude DAPI (McCarthy and Hale, 1988).

The nature of cell death labeled by DAPI in the case of thimerosal treatment deserves additional
discussion. The DAPI exclusion method relies on the fact that this dye is largely impermeable
to cells with an intact plasma membrane. However, when cell membrane integrity becomes
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compromised, DAPI gains access to the nucleus, where it complexes with DNA and renders
the nucleus highly fluorescent. Early compromised integrity of plasma membranes is a
characteristic feature of necrotic cell death, whereas, in apoptosis, cellular membranes are
compromised at later times. This is why intra-cellular staining by DAPI (and also by its more
toxic substitute propidium iodide) is regularly interpreted as a sign of necrosis (Boutonnat et
al., 1999). However, in the case of thimerosal, the changes in membrane permeability coincided
with the activation of apoptosis-specific caspase-3 (Fig. 3). In our opinion, this indicates a
separate direct membrane damaging effect of thimerosal that developed simultaneously with
apoptotic changes, such as caspase-3 activation.

In many cases, the importance of caspase-3 activation is related to its connection to specific
and extensive apoptotic DNA cleavage (Porter and Janicke, 1999). This DNA fragmentation
can be labeled by the TUNEL technique and is widely used for the visualization of apoptotic
cells. A caspase-activated deoxyribonuclease (CAD, or DFF 40) is implicated as a direct
executioner of the cleavage (Liu et al., 1997;Mukae et al., 1998). Most of the time, the enzyme
is kept inactive by the binding of an inhibitor (ICAD, or DFF 45). Activation of the nuclease
occurs when the inhibitor is cleaved by activated caspase-3 (Enari et al., 1998;Sakahira et al.,
1998). However, the exact sequence of events in case of a human brain is likely different from
this scheme. In human CNS neurons, other caspase-3–related pathways and possibly the other
DNA cleaving enzymes are more important, and the role of the CAD-mediated mechanism is
likely limited, because no expression of CAD mRNA was detected in human brain cells (Mukae
et al., 1998).

Similar to our results, high cellular toxicity of thimerosal in low micromolar concentrations
was recently reported using another cell culture model (Makani et al., 2002). The effects of
different concentrations of thimerosal were examined in Jurkat cells. The cells were incubated
with 5- to 0.5-μM concentrations of thimerosal for 24 h. Concentration-dependent apopto-sis
was detected and measured by TUNEL. Caspase-3 activation was also detected after 4 and 6
h of incubation with thimerosal. The study concluded that thimerosal induced caspase-3–
dependent apoptosis in Jurkat cells. This apoptosis was associated with the depolarization of
the mitochondrial membrane and release of cytochrome c. In this same study, a significantly
enhanced generation of reactive oxygen species was also detected, as a result of incubation
with thimerosal (Makani et al., 2002). We hypothesize that these elevated levels of free radicals
and the subsequent oxidation may play role in apoptosis induction and might also be involved
in the direct membrane-damaging effects of thimerosal identified in our study.

We showed that the concentrations of thimerosal that induced toxic effects in human cortical
neurons ranged from 1 to 250 μM. However, comparisons of the nuclear morphology of dying
cells after incubation with higher versus lower concentrations of thimerosal demonstrate
important differences. Although caspase-3 activation was detected in both high and low
concentrations of thimerosal, the morphology of dying cells was different in these two
situations. The cell bodies of neurons treated with higher concentrations of thimerosal (50 –
250 μM) were swollen, which is more characteristic of necrotic cell death, whereas cells treated
with low concentrations (2–10 μM) were shrunken, as is typical for apoptosis (Fig. 7).
Similarly, the nuclei of dying neurons treated with 250-μM thimer-osal were larger in size and
swollen, in contrast to the shrunken nuclei of cells treated with 2-μM thimerosal (Fig. 7). Thus,
cell death occurring after incubation of neuronal cells with higher concentrations of thimerosal
has features of both apoptosis (caspase-3 activation) and necrosis (cell edema and nuclei
swelling). This can be explained by a direct membrane-damaging effect of thimerosal, which
rapidly leads to the loss of membrane integrity and cell swelling. This process likely occurs
simultaneously with apoptosis induction, the initiation of the caspase cascade, and the
activation of caspase-3. At lower concentrations of thimerosal, direct membrane-damaging
effects are weaker, and no swelling is observed.
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Investigation of thimerosal toxicity is especially important at the present time, because this
compound is used in biological products and can be administered in toxic doses either
accidentally or intentionally (Ball et al., 2001).

In our study, the concentrations of thimerosal that induced toxic effects ranged from 1 μM (405
μg/l) to 250 μM (101 mg/l), which is equivalent to the levels of inorganic mercury from 201
μg/l to 50 mg/l. In clinical cases of accidental or intentional usage in high concentrations,
thimerosal was administered in doses from 3 mg/kg to several hundred mg/kg (Ball et al.,
2001). Such doses resulted in local necrosis at the application site and severe central nervous
system and kidney injury.

Much lower concentrations are reached during normal vaccination, when thimerosal-
containing vaccines are used. In the case of a full series of vaccinations containing thimerosal,
up to 403 μg of thimerosal (equivalent to 200 μg of mercury) are received by 6 months of age
(calculated from Ball et al., 2001). This results in the administration of 200/3.81 = 52 μg/kg,
200/5.22 = 38 μg/kg, and 200/6.27 = 32 μg/kg of mercury. These calculations utilize averages
of the 5th, 50th, and 95th% weight for females at birth (2.36 kg, 3.23 kg, 3.81 kg) and at 6
months (5.25 kg, 7.21 kg, 8.73 kg) = 3.81 kg, 5.22 kg, 6.27 kg, reported by (Ball et al., 2001)
when used in calculating exposure limits for mercury in comparisons of various agencies
guidelines.

The lowest toxic concentration of mercury contained in the thimerosal doses in our present
study (201 μg/l) is less than four times higher than some of these estimated concentrations.
The rapidly developing toxicity of thimerosal in low micro-molar concentrations over short
time frames is of concern and suggests that additional research is necessary to estimate the
effects of prolonged exposure to thimerosal in lower doses.

In this paper we demonstrated that extending the time of incubation with thimerosal from 2 to
6 h is associated with toxicity that was not seen after a shorter time of exposure. For this reason,
further studies of lower concentrations and longer exposure times appear to be warranted. These
results indicate that additional research is needed to more fully delineate the dose- and time-
dependent toxicity of thimerosal in sub-micro-molar concentrations and suggests that toxicity
may occur at even lower doses than those utilized in these experiments, with longer times of
exposure. Because mercury can be retained in body organs for months to years, the study of
longer incubation times is warranted. We also conclude that a proposed combination of
fluorescent techniques combining the assessment of DNA, membrane damage, and active
caspase-3 is useful in studying thimerosal toxicity.
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FIG 1.
Nonviable human cortical neurons in cell culture detected by a DAPI exclusion test after
incubation with various concentrations of thimerosal. All panels have the same density of cells
plated on a dish. Only nonviable cells are visualized by nuclear staining with DAPI, when
cellular membranes are compromised and cells are either dead or dying. Solitary dying cells
can be seen in controls, whereas the majority of cells incubated with thimerosal have
compromised membranes. (Bar = 100 μm).

Baskin et al. Page 10

Toxicol Sci. Author manuscript; available in PMC 2007 June 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



FIG 2.
Nonviable human skin fibro-blasts (PD 32) in cell culture detected by a DAPI exclusion test
after incubation with various concentrations of thimero-sal. All panels have the same density
of cells plated on a dish and represent young fibroblasts that underwent only 32 population
doublings in cell culture conditions. Exclusively nonviable cells are visualized by nuclear
staining with DAPI, when cellular membranes are compromised and cells are either dead or
dying. (Bar = 100 μm).
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FIG 3.
Simultaneous detection of caspase-3 activation and nonviable cells (DAPI test) in cultured
human cortical neurons after 6-h incubation with various concentrations of thimerosal. A
GENios Plus Multi-Detection Micro-plate Reader with Enhanced Fluorescence was used for
the detection. Labeling of active caspase-3 was performed in live cell cultures using a FAM-
labeled DEVD fluoromethyl ketone caspase inhibitor (green) with the simultaneously
performed DAPI exclusion test (blue), showing dead or dying cells. Fluorescence from both
floating and attached nonviable cells was recorded. A Chroma Technology bandpass filter set
was used to acquire single-color images: FITC excitation D490/40, emission 520/10; DAPI
excitation D360/40, emission 460/20. The reactions were repeated twice, and averages are
shown. For the easier comparisons, the caspase-3 signal at 250 μM was equalized (multiplied
6.71 times) with DAPI signal. Y-axis – arbitrary GENios Plus readings of fluorescence. Note
that the DAPI exclusion test reveals the early appearance of cells with compromised
membranes and a stronger DAPI signal compared to the caspase-3 signal.
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FIG 4.
Detection of DNA breaks by TUNEL in cultures of human cortical neurons (green
fluorescence) and human fibroblasts (PD32) (red fluorescence) after 6 h of incubation with
various concentrations of thimerosal. Blue fluores-cence – DAPI counterstaining was
performed on fixed cells to visualize all cellular nuclei. (Bar = 100 μm).
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FIG 5.
Apoptotic morphology in human neurons and fibroblasts after 6 h of incubation with 2- and
250-μM concentrations of thimerosal. Cell were fixed and stained by DAPI (1 μg/ml) to
visualize nuclear morphology and apoptotic bodies. Upper image – DAPI-stained neuronal
nuclei (blue) after 6 h of incubation with 2-μM thimerosal. Apoptotic doughnut-shaped nuclei
with chromatin condensation on the nuclear membrane and apoptotic bodies are seen. Arrows
indicate forming and free located apoptotic bodies (Bar = 50 μm). Lower panel – black/white
image of DAPI-stained neuronal and fibro-blast cells after 6 h of incubation with 2- or 250-
μM thimerosal. Arrows indicate condensation of chromatin on nuclear membrane or formation
of apoptotic bodies. (Bar = 10 μm).
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FIG 6.
Caspase-3 activation in cultured human cortical neurons after 6-h incubation with various
concentrations of thimerosal. Detection of active caspase-3 was performed in live cell cultures
using APO LOGIX™ carboxyfluorescein (FAM) caspase detection kit, which employs a
FAM-labeled DEVD fluoromethyl ketone (FMK) caspase inhibitor (green fluorescence). The
inhibitor irreversibly binds to active caspase-3. Note the primarily cytoplasmic localization of
active caspase-3 at lower concentrations of thimerosal, whereas the higher concentrations
demonstrate the predominantly nuclear localization of active caspase-3, indicating a later stage
in progression towards cell death. Blue fluorescence – DAPI counterstaining performed on
fixed cells to visualize all cellular nuclei. (Bar = 100 μm).
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FIG 7.
Simultaneous detection of caspase-3 activation and nonviable cells in cultured human cortical
neurons after 24-h incubation with various concentrations of thimerosal. Detection of active
caspase-3 was performed in live cell cultures using a FAM-labeled DEVD fluoromethyl ketone
caspase inhibitor (green fluorescence), which irreversibly binds to active caspase-3. Only
nonviable cells are visualized by the simultaneously performed DAPI exclusion test (blue
fluorescence), showing dead or dying cells with compromised membranes. Note that, in this
case, DAPI is not used as a counterstain for fixed cells, like in the previous figure, but is
employed as an exclusion dye (see Materials and Methods). 6 h of incubation with 2-μM
concentration of thimerosal resulted in cytoplasmic localization of active caspase-3, while after
24 h active caspase-3 is now localized in the nuclei, indicating a later stage in cell death
progression. Compare the cytoplasmic localization of active caspase-3 at 1-μM concentration
of thimerosal to its nuclear localization at 2-μM concentration. The majority of caspase-3–
positive cells have compromised cellular membranes (Bar = 100 μm). The composite images
were created in MetaMorph 4.1 (Advanced Scientific, Inc.) by overlaying single color images.
A Chroma Technology bandpass filter set was used to acquire single-color images: FITC
excitation D490/40, emission 520/10; DAPI excitation D360/40, emission 460/20.

Baskin et al. Page 16

Toxicol Sci. Author manuscript; available in PMC 2007 June 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Neurochem Res. 2011 Jun;36(6):92738. doi: 10.1007/s1106401104270. Epub 2011 Feb 25.

Integrating experimental (in vitro and in vivo) neurotoxicity studies of lowdose
thimerosal relevant to vaccines.
Dórea JG .

Abstract
There is a need to interpret neurotoxic studies to help deal with uncertainties surrounding pregnant mothers, newborns
and young children who must receive repeated doses of Thimerosalcontaining vaccines (TCVs). This review
integrates information derived from emerging experimental studies (in vitro and in vivo) of lowdose Thimerosal
(sodium ethyl mercury thiosalicylate). Major databases (PubMed and Webofscience) were searched for in vitro and in
vivo experimental studies that addressed the effects of lowdose Thimerosal (or ethylmercury) on neural tissues and
animal behaviour. Information extracted from studies indicates that: (a) activity of low doses of Thimerosal against
isolated human and animal brain cells was found in all studies and is consistent with Hg neurotoxicity; (b) the
neurotoxic effect of ethylmercury has not been studied with cooccurring adjuvantAl in TCVs; (c) animal studies have
shown that exposure to ThimerosalHg can lead to accumulation of inorganic Hg in brain, and that (d) doses relevant
to TCV exposure possess the potential to affect human neurodevelopment. Thimerosal at concentrations relevant for
infants' exposure (in vaccines) is toxic to cultured humanbrain cells and to laboratory animals. The persisting use of
TCV (in developing countries) is counterintuitive to global efforts to lower Hg exposure and to ban Hg in medical
products; its continued use in TCV requires evaluation of a sufficiently nontoxic level of ethylmercury compatible with
repeated exposure (cooccurring with adjuvantAl) during early life.
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Adjuvants and vaccinesinduced autoimmunity: animal models.
Ruiz JT , Luján L , Blank M , Shoenfeld Y .

Abstract
The emergence of autoimmunity after vaccination has been described in many case reports and series. Everyday
there is more evidence that this relationship is more than casual. In humans, adjuvants can induce nonspecific
constitutional, musculoskeletal or neurological clinical manifestations and in certain cases can lead to the
appearance or acceleration of an autoimmune disease in a subject with genetic susceptibility. The fact that vaccines
and adjuvants can trigger a pathogenic autoimmune response is corroborated by animal models. The use of animal
models has enabled the study of the effects of application of adjuvants in a homogeneous population with certain
genetic backgrounds. In some cases, adjuvants may trigger generalized autoimmune response, resulting in multiple
autoantibodies, but sometimes they can reproduce human autoimmune diseases including rheumatoid arthritis,
systemic lupus erythematosus, Sjögren syndrome, autoimmune thyroiditis and antiphospholipid syndrome and may
provide insights about the potential adverse effects of adjuvants. Likewise, they give information about the clinical,
immunological and histologic characteristics of autoimmune diseases in many organs, especially secondary
lymphoid tissue. Through the description of the physiopathological characteristics of autoimmune diseases
reproduced in animal models, new treatment targets can be described and maybe in the future, we will be able to
recognize some highrisk population in whom the avoidance of certain adjuvants can reduce the incidence of
autoimmune diseases, which typically results in high morbidity and mortality in young people. Herein, we describe
the main animal models that can reproduce human autoimmune diseases with emphasis in how they are similar to
human conditions.
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In humans, adjuvants can induce nonspecific constitutional, musculoskeletal or neurological clinical manifestations and in certain cases can lead to the appearance or acceleration of an autoimmune disease in a subject with genetic susceptibility.
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Curr Med Chem. 2013;20(32):40306.

Autoimmune (autoinflammatory) syndrome induced by adjuvants (ASIA)
animal models as a proof of concept.
CruzTapias P , AgmonLevin N, Israeli E, Anaya JM, Shoenfeld Y.

Abstract
ASIA syndrome, "Autoimmune (Autoinflammatory) Syndromes Induced by Adjuvants" includes at least four
conditions which share a similar complex of signs and symptoms and have been defined by hyperactive immune
responses: siliconosis, macrophagic myofasciitis syndrome, Gulf war syndrome and postvaccination phenomena.
Exposure to adjuvants has been documented in these four medical conditions, suggesting that the common
denominator to these syndromes is a trigger entailing adjuvant activity. An important role of animal models in proving
the ASIA concept has been established. Experimentally animal models of autoimmune diseases induced by
adjuvants are currently widely used to understand the mechanisms and etiology and pathogenesis of these diseases
and might thus promote the development of new diagnostic, predictive and therapeutic methods. In the current
review we wish to unveil the variety of ASIA animal models associated with systemic and organ specific autoimmune
diseases induced by adjuvants. We included in this review animal models for rheumatoid arthritislike disease, for
systemic lupus erythematosuslike disease, autoimmune thyroid diseaselike disease, antiphospholipid syndrome,
myocarditis and others. All these models support the concept of ASIA, as the Autoimmune (Autoinflammatory)
Syndrome Induced by Adjuvants.
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postvaccination phenomena.

n the current review we wish to unveil the variety of ASIA animal models associated with systemic and organ specific autoimmune diseases induced by adjuvants.
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STAFF REPORTER

A recent Yale study has called into question the safety of vaccines and could lend fuel to anti-
vaccine advocates like Robert F. Kennedy Jr., who has already written a piece covering the study
on the news site EcoWatch.

The study, published last month in the journal Frontiers in Psychiatry, reports that patients
diagnosed with neuropsychiatric disorders like obsessive-compulsive disorder and anorexia
nervosa were more likely to have received vaccinations three months prior to their diagnoses.
Though the collaboration between researchers at Pennsylvania State University and the Yale
Child Study Center yielded results that seem to dispute the safety of vaccines, the authors
asserted that the study needs replication on a larger scale and does not establish a causal
relationship between vaccines and neuropsychiatric disorders.

“There’s a fair amount of interest in the vaccine safety question, so let’s try to be critical and do
further studies that will help examine this issue in a more thorough way,” said James Leckman,
professor of pediatrics and one of the study’s five authors.

Using information from a health insurance claims database, Leckman and his co-authors
examined the correlations between specific vaccines and various neurological disorders in six- to
15-year-old children. Children with open wounds and broken bones were used as the two control
groups.

While only about 10 percent of children with open wounds had received vaccinations, vaccines
had been given to over 20 percent of children later diagnosed with anorexia. Higher numbers of
vaccinated children were also found among those who were diagnosed with OCD, anxiety
disorder and ADHD as soon as three months after their vaccinations.

Other findings in the study, however, reveal that these correlational results should be taken with
a grain of salt.

The broken bone control group also included a higher percentage of vaccinated children,
though not as high as that of the anorexia group. Furthermore, vaccinations were more likely to
be associated with a lower incidence of major depression and bipolar disorder.

The researchers found correlations for one vaccine in particular: the influenza vaccine, which was
associated with higher rates of OCD, anorexia, anxiety disorder and tic disorder.

A biological explanation for these correlations has not been found, but a potential mechanism
could lie in the body’s immune response to vaccines, the study suggested.

Vaccines linked to mental
disorders by Yale study
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reports that patients diagnosed with neuropsychiatric disorders like obsessive-compulsive disorder and anorexia nervosa were more likely to have received vaccinations three months prior to their diagnoses

Leckman and his co-authors examined the correlations between specific vaccines and various neurological disorders in six- to 15-year-old children

Higher numbers of vaccinated children were also found among those who were diagnosed with OCD, anxiety disorder and ADHD as soon as three months after their vaccinations

The researchers found correlations for one vaccine in particular: the influenza vaccine, which was associated with higher rates of OCD, anorexia, anxiety disorder and tic disorder.

a potential mechanism could lie in the body’s immune response to vaccines
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Vaccines work by prodding the immune system to produce antibodies against viruses and
bacteria, thus priming the body against these pathogens before they enter it. Some antibodies,
however, can react against not only the intended pathogen proteins, but also against human
proteins — a phenomenon called cross-reactivity. A 2015 study published in Science
Translational Medicine discovered that antibodies elicited by the Pandemrix influenza vaccine
cross-reacted with a human brain protein — hypocretin receptor 2.

Autoimmunity, in which antibodies attack human proteins, is also known to play a critical role in
normal brain development, Leckman noted. According to Leckman, if children were
experiencing inflammation — a process that promotes autoimmunity — at the time of
vaccination, the combination of inflammation and vaccination could have deleterious effects on
brain development. Such data on vaccination timing was not included in the database on which
the study was based.

Another biological explanation could involve genetic factors, Leckman said. Prior studies in
Scandinavian countries and China found that the H1N1 influenza vaccine was associated with
narcolepsy. The influence of multiple genes found in specific populations could be responsible,
he added.

Yale professor of pathology John Rose suggested that the act of vaccine administration, rather
than the vaccine itself, could even have an effect on neuropsychiatric development, recalling his
childhood experience of being one of the first children to receive the polio vaccine.

“We had to line up in school, and we were getting needles stuck in our arms,” Rose said. “That
kind of trauma could be leading to these kinds of neuropsychiatric disease. The age range of the
children in the study is quite sensitive.”

Rose, who developed a vaccine template that was used for the development of the current
Ebola vaccine, said he trusts the current process of drug development to establish safety
measures for vaccines. On average, a vaccine takes 15–20 years to be fully approved, Rose said.

Leckman said the accuracy of the diagnoses reported by the administrative database could also
be questioned.

John Treanor, chief of infectious diseases at the University of Rochester Medical Center, voiced
concerns about the database, citing issues of immeasurable confounding variables and the
extent to which the control groups actually serve as effective controls. Nevertheless, he
emphasized the importance of vaccine safety and further research to understand it.

Rose expressed concern that the study would “activate anti-vaccine people in a very serious
way” and agreed with the study’s assertion that the results are very preliminary and do not
establish a cause and effect relationship. Animal models, Leckman noted, could help establish
such a cause and effect relationship by allowing researchers to manipulate and control for
multiple variables.

Even the authors noted that the results of the study are too inconclusive to warrant any
reconfiguration of public health strategies.

“Given the modest magnitude of these findings in contrast to the clear public health benefits of
the timely administration of vaccines in preventing mortality and morbidity in childhood
infectious diseases, we encourage families to maintain vaccination schedules according to [the
Centers for Disease Control and Prevention] guidelines,” they wrote in the study.

Some antibodies, however, can react against not only the intended pathogen proteins, but also against human proteins — a phenomenon called cross-reactivity

antibodies elicited by the Pandemrix influenza vaccine cross-reacted with a human brain protein

if children were experiencing inflammation — a process that promotes autoimmunity — at the time of vaccination, the combination of inflammation and vaccination could have deleterious effects on brain development.
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Aluminum hydroxide injections lead to motor deficits and motor neuron
degeneration.
Shaw CA , Petrik MS.

Abstract
Gulf War Syndrome is a multisystem disorder afflicting many veterans of Western armies in the 19901991 Gulf
War. A number of those afflicted may show neurological deficits including various cognitive dysfunctions and motor
neuron disease, the latter expression virtually indistinguishable from classical amyotrophic lateral sclerosis (ALS)
except for the age of onset. This ALS "cluster" represents the second such ALS cluster described in the literature to
date. Possible causes of GWS include several of the adjuvants in the anthrax vaccine and others. The most likely
culprit appears to be aluminum hydroxide. In an initial series of experiments, we examined the potential toxicity of
aluminum hydroxide in male, outbred CD1 mice injected subcutaneously in two equivalenttohuman doses. After
sacrifice, spinal cord and motor cortex samples were examined by immunohistochemistry. Aluminumtreated mice
showed significantly increased apoptosis of motor neurons and increases in reactive astrocytes and microglial
proliferation within the spinal cord and cortex. Morin stain detected the presence of aluminum in the cytoplasm of
motor neurons with some neurons also testing positive for the presence of hyperphosphorylated tau protein, a
pathological hallmark of various neurological diseases, including Alzheimer's disease and frontotemporal dementia.
A second series of experiments was conducted on mice injected with six doses of aluminum hydroxide. Behavioural
analyses in these mice revealed significant impairments in a number of motor functions as well as diminished spatial
memory capacity. The demonstrated neurotoxicity of aluminum hydroxide and its relative ubiquity as an adjuvant
suggest that greater scrutiny by the scientific community is warranted.
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A second series of experiments was conducted on mice injected with six doses of aluminum hydroxide. Behavioural analyses in these mice revealed significant impairments in a number of motor functions as well as diminished spatial memory capacity.





Vaccine Safety 

Historical Vaccine Safety Concerns 

There is solid medical and scientific evidence that the benefits of vaccines far outweigh the risks. Despite this, there 

have been concerns about the safety of vaccines for as long as they have been available in the U.S. This page will 

explain past vaccine safety concerns, how they have been resolved, and what we have learned. 

Open All Close All 

Cutter Incident - 1955 

In 1955, some batches of polio vaccine given to the public contained live polio virus, even though they had passed 

required safety testing. Over 250 cases of polio were attributed to vaccines produced by one company: Cutter 

Laboratories. This case, which came to be known as the Cutter Incident, resulted in many cases of paralysis. The 

vaccine was recalled as soon as cases of polio were detected. 

The Cutter Incident was a defining moment in the history of vaccine manufacturing and government oversight of 

vaccines, and led to the creation of a better system of regulating vaccines.  After the government improved this 

process and increased oversight, polio vaccinations resumed in the fall of 1955. 

At the time, there was no system in place to compensate people who might have been harmed by a vaccine. Today 

we have the National Vaccine Injury Compensation ProgramExternal (VICP), which uses scientific evidence to 

determine whether a vaccine might be the cause of an illness or injury, and provides compensation to individuals 

found to have been harmed by a vaccine. The VICP remains a model method for ensuring that all persons harmed by 

vaccines are compensated quickly and fairly, while also protecting companies that make lifesaving products from 

financially unsustainable liability claims through the tort system. 

For more information, see Food and Drug Administration (FDA)’s Science and the Regulation of Biological 

ProductsExternal page. 

Simian Virus 40 (SV40) - 1955–1963 

From 1955 to 1963, an estimated 10-30% of polio vaccines administered in the US were contaminated with simian 

virus 40 (SV40). The virus came from monkey kidney cell cultures used to make polio vaccines at that time. Most of 

the contamination was in the inactivated polio vaccine (IPV), but it was also found in oral polio vaccine (OPV).  After 

the contamination was discovered, the U.S. government established testing requirements to verify that all new lots of 

polio vaccines were free of SV40. 

Because of research done with SV40 in animal models, there has been some concern that the virus could cause cancer 

in humans. However, most studies looking at the relationship between SV40 and cancers are reassuring, finding no 

causal association between receipt of SV40-contaminated polio vaccine and development of cancer. 

No vaccines used today contain SV40 virus. 

For more information, see 

1. Vaccine Safety and Your Child: Separating Fact from Fiction Cdc-pdf[PDF – 1.53 MB]External.

2. Immunization Safety Review: SV40 Contamination of Polio Vaccine and Cancer.External
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Swine Flu Vaccine and Guillain-Barré Syndrome - 1976 

In 1976 there was a small increased risk of a serious neurological disorder called Guillain-Barré Syndrome 

(GBS)following vaccination with a swine flu vaccine. The increased risk was approximately 1 additional case of GBS for 

every 100,000 people who got the swine flu vaccine. When over 40 million people were vaccinated against swine flu, 

federal health officials decided that the possibility of an association of GBS with the vaccine, however small, 

necessitated stopping immunization until the issue could be explored. 

The Institute of Medicine (IOM) conducted a thorough scientific reviewExternal of this issue in 2003 and concluded 

that people who received the 1976 swine influenza vaccine had an increased risk for developing GBS. Scientists have 

multiple theories on why this increased risk may have occurred, but the exact reason for this association remains 

unknown. 

Today, CDC continually monitors the safety of seasonal and pandemic flu vaccines, and any possible safety problems 

are discussed by the Advisory Committee on Immunization Practices.  Vaccination is the best way to prevent flu 

infection and its complications, and having safe and effective flu vaccines is extremely important. 

For more information, see Guillain-Barré Syndrome and Influenza Vaccine or the Emerging Infectious 

Diseases Reflections on the 1976 Swine Flu Vaccination Program article. 

Hepatitis B Vaccine and Multiple Sclerosis – 1998 

In 1998, some research caused concern that hepatitis B vaccination might be linked with multiple sclerosis (MS), a 

progressive nerve disease. However, this link has not been found in the large body of research that has been done 

since that time.  In 2002, the Institute of Medicine thoroughly reviewed all available evidence and published 
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a reportExternal.  In this thorough review, the IOM committee concluded that there is no link between hepatitis B 

vaccination and MS. 

For more information, see the Hepatitis B Vaccine and Multiple Sclerosis page. 

Rotavirus Vaccine and Intussusception – 1998 - 1999 

In 1998, the FDA approved RotaShield vaccine, the first vaccine to prevent rotavirus gastroenteritis. Shortly after it was 

licensed, some infants developed intussusception (rare type of bowel obstruction that occurs when the bowel folds in 

on itself) after being vaccinated. At first, it was not clear if the vaccine or some other factor was causing the bowel 

obstructions. CDC quickly recommended that use of the vaccine be suspended and immediately started two 

emergency investigations to find out if receiving RotaShield vaccine was causing some of the cases of 

intussusception. 

The results of the investigations showed that RotaShield vaccine caused intussusception in some healthy infants 

younger than 12 months of age who normally would be at low risk for this condition. 

The Advisory Committee on Immunization Practices (ACIP) withdrew its recommendation to vaccinate infants with 

RotaShield® vaccine, and the manufacturer voluntarily withdrew RotaShield from the market in October 1999. 

For more information, see the Rotavirus Vaccine (RotaShield) and Intussusception page. 

Guillain-Barré Syndrome and Meningococcal Vaccine - 2005 – 2008 

There were concerns that the meningococcal vaccine Menactra caused a serious neurological disorder called Guillain-

Barré Syndrome (GBS). Between 2005 and 2008, there were a number of youth who reported GBS after receiving 

Menactra. However, to investigate whether GBS was caused by the vaccine or was coincidental with vaccination, two 

large studies were conducted, with a combined total of over 2 million vaccinated adolescents.  The results of these 

studies showed that there was no link between Menactra and GBS. 

For more information, see the GBS and Menactra Meningococcal Vaccine page. 

Hib Vaccine Recall – 2007 

In 2007, Merck & Company, Inc. voluntarily recalled 1.2 million doses of Haemophilus influenzae type b (Hib) vaccines 

due to concerns about potential contamination with bacteria called B. cereus. The recall was a precaution, and after 

careful review, no evidence of B. cereus infection was found in recipients of recalled Hib vaccines. 

For more information, see the Safety Report on Recalled Hib Vaccines page. 

H1N1 Influenza Vaccine and Narcolepsy - 2009 – 2010 

An increased risk of narcolepsy (a chronic sleep disorder) was found following vaccination with Pandemrix, a 

monovalent 2009 H1N1 influenza vaccine that was used in several European countries during the H1N1 influenza 

pandemic. This risk was initially found in Finland, and then some other European countries also detected an 

association. 

Pandemrix is manufactured by GlaxoSmithKline in Europe and was specifically produced for pandemic 2009 H1N1 

influenza. Pandemrix was never licensed for use in the United States. 

In 2014, CDC published a study on the association between 2009 H1N1 influenza vaccines, 2010/2011 seasonal 

influenza vaccines, and narcolepsy. The study found that vaccination was not associated with an increased risk for 

narcolepsy. 

For more information, see the Narcolepsy Following Pandemrix Influenza Vaccination in Europe page. 
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Porcine Circovirus in Rotavirus Vaccines - 2010 

Porcine circovirus (PCV) is a common virus found in pigs. In 2010, it was discovered that both rotavirus vaccines 

licensed in the U.S.- Rotarix and RotaTeq- contained PCV type 1. PCV1 is not known to cause disease in animals or 

humans. In fact, PCV is common in healthy pigs, and humans are routinely exposed to the virus by eating pork. Safety 

monitoring of both vaccines has not shown any reason for concern about PCV. 

For more information, see the World Health Organization’s Questions and Answers Relating to Finding of Porcine 

Circoviruses in Rotavirus Vaccines Cdc-pdf[PDF – 53 KB]External page. 

HPV Vaccine Recall – 2013 

In 2013, Merck & Company, Inc. recalled one batch of Gardasil, a human papillomavirus (HPV) vaccine. The recall was 

a precaution following an error in the manufacturing process. The company had concerns that a small number of vials 

might have contained glass particles due to breakage.  No health problems were reported relating to this recall other 

than known side effects that can result from any vaccination, like arm redness and soreness where the shot was given. 

For more information, see the Voluntary Recall of One Lot of Gardasil HPV Vaccine page or CDC’s Gardasil Recall 

Media Statement. 

U.S. Department of Health & Human Services 

USA.gov 

CDC Website Exit Disclaimer external icon 
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Data & Statistics 
The United States has the safest, most effective vaccine supply in history. In the majority of cases, 
vaccines cause no side effects, however they can occur, as with any medication—but most are mild.  
Very rarely, people experience more serious side effects, like allergic reactions.  

In those instances, the National Vaccine Injury Compensation Program (VICP) allows individuals to file a 
petition for compensation. 

What does it mean to be awarded compensation? 
Being awarded compensation for a petition does not necessarily mean that the vaccine caused the 
alleged injury. In fact: 

• Approximately 70 percent of all compensation awarded by the VICP comes as result of a
negotiated settlement between the parties in which HHS has not concluded, based upon review
of the evidence, that the alleged vaccine(s) caused the alleged injury.

• Attorneys are eligible for reasonable attorneys’ fees, whether or not the petitioner is awarded
compensation by the Court, if certain minimal requirements are met. In those circumstances,
attorneys are paid by the VICP directly. By statute, attorneys may not charge any other fee,
including a contingency fee, for his or her services in representing a petitioner in the VICP.

What reasons might a petition result in a negotiated settlement? 
• Consideration of prior U.S. Court of Federal Claims decisions, both parties decide to minimize

risk of loss through settlement
• A desire to minimize the time and expense of litigating a case
• The desire to resolve a petition quickly

How many petitions have been awarded compensation? 
According to the CDC, from 2006 to 2017 over 3.4 billion doses of covered vaccines were distributed in 
the U.S.  For petitions filed in this time period, 6,314 petitions were adjudicated by the Court, and of 
those 4,328 were compensated. This means for every 1 million doses of vaccine that were distributed, 
approximately 1 individual was compensated. 

Since 1988, over 20,728 petitions have been filed with the VICP. Over that 30-year time period, 17,923 
petitions have been adjudicated, with 6,597 of those determined to be compensable, while 11,326 were 
dismissed. Total compensation paid over the life of the program is approximately $4.1 billion. 

This information reflects the current thinking of the United States Department of Health and Human Services on the topics 
addressed. This information is not legal advice and does not create or confer any rights for or on any person and does not 
operate to bind the Department or the public. The ultimate decision about the scope of the statutes authorizing the VICP is 
within the authority of the United States Court of Federal Claims, which is responsible for resolving petitions for compensation 
under the VICP. 

10.A.1 https://www.hrsa.gov/vaccine-compensation/data/index.html
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VICP Adjudication Categories, by Alleged Vaccine 
For Petitions Filed Since the Inclusion of Influenza as an Eligible Vaccine for Filings 01/01/2006 

through 12/31/2017 

Name of Vaccine Listed 
First in a Petition (other 
vaccines may be alleged 

or basis for 
compensation) 

Number of 
Doses 

Distributed in 
the U.S., 

01/01/2006 
through 

12/31/2017 
(Source: CDC) 

Compensable 
Concession 

Compensable 
Court 

Decision 

Compensable 
Settlement 

Compensable 
Total 

Dismissed/Non-
Compensable  

Total 

Grand 
Total 

DT 794,777 1 0 5 6 4 10 
DTaP 101,073,594 19 22 105 146 116 262 
DTaP-Hep B-IPV 68,764,777 5 7 28 40 54 94 
DTaP-HIB 1,135,474 0 1 2 3 2 5 
DTaP-IPV 24,237,580 0 0 3 3 3 6 
DTap-IPV-HIB 62,397,611 3 4 9 16 31 47 
DTP 0 1 1 3 5 2 7 
DTP-HIB 0 1 0 2 3 1 4 
Hep A-Hep B 15,826,685 1 0 15 16 4 20 
Hep B-HIB 4,787,457 1 1 2 4 1 5 
Hepatitis A (Hep A) 176,194,118 8 6 43 57 32 89 
Hepatitis B (Hep B) 185,428,393 8 11 64 83 78 161 
HIB 119,947,400 2 1 8 11 10 21 
HPV 111,677,552 14 14 106 134 177 311 
Influenza 1,518,400,000 630 154 2,177 2,961 503 3,464 
IPV 72,962,512 0 0 4 4 4 8 
Measles 135,660 0 0 1 1 0 1 
Meningococcal 94,113,218 2 5 39 46 10 56 
MMR 101,501,714 23 14 83 120 126 246 
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Name of Vaccine Listed 
First in a Petition (other 
vaccines may be alleged 

or basis for 
compensation) 

Number of 
Doses 

Distributed in 
the U.S., 

01/01/2006 
through 

12/31/2017 
(Source: CDC) 

Compensable 
Concession 

Compensable 
Court 

Decision 

Compensable 
Settlement 

Compensable 
Total 

Dismissed/Non-
Compensable  

Total 

Grand 
Total 

MMR-Varicella 24,798,297 9 0 13 22 15 37 
Mumps 110,749 0 0 0 0 0 0 
Nonqualified 0 0 0 3 3 36 39 
OPV 0 1 0 0 1 5 6 
Pneumococcal Conjugate 228,588,846 19 3 29 51 34 85 
Rotavirus 107,678,219 17 4 22 43 13 56 
Rubella 422,548 0 1 1 2 0 2 
Td 65,170,306 10 7 61 78 25 103 
Tdap 248,258,803 87 18 262 367 73 440 
Tetanus 3,836,052 10 1 41 52 20 72 
Unspecified 0 1 1 4 6 589 595 
Varicella 116,063,014 7 7 30 44 18 62 
Grand Total 3,454,269,356 880 283 3,165 4,328 1,986 6,314 

Notes on the Adjudication Categories Table 
The date range of 01/01/2006 through 12/31/2017 was selected to reflect petitions filed since the inclusion of influenza vaccine in July 2005. Influenza vaccine now 
is named in the majority of all VICP petitions. 
In addition to the first vaccine alleged by a petitioner, which is the vaccine listed in this table, a VICP petition may allege other vaccines, which may form the basis 
of compensation. 
Vaccine doses are self-reported distribution data provided by US-licensed vaccine manufacturers. The data provide an estimate of the annual national distribution 
and do not represent vaccine administration.  In order to maintain confidentiality of an individual manufacturer or brand, the data are presented in an aggregate 
format by vaccine type. Flu doses are derived from CDC’s FluFinder tracking system, which includes data provided to CDC by US-licensed influenza vaccine 
manufacturers as well as their first line distributors. 
“Unspecified” means insufficient information was submitted to make an initial determination. The conceded “unspecified” petition was for multiple unidentified 
vaccines that caused abscess formation at the vaccination site(s), and the “unspecified” settlements were for multiple vaccines later identified in the Special 
Masters’ decisions  

Definitions 
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Compensable – The injured person who filed a petition was paid money by the VICP. Compensation can be achieved through a concession by the U.S. 
Department of Health and Human Services (HHS), a decision on the merits of the petition by a special master or a judge of the U.S. Court of Federal Claims 
(Court), or a settlement between the parties. 

• Concession: HHS concludes that a petition should be compensated based on a thorough review and analysis of the evidence, including medical records
and the scientific and medical literature. The HHS review concludes that the petitioner is entitled to compensation, including a determination either that it
is more likely than not that the vaccine caused the injury or the evidence supports fulfillment of the criteria of the Vaccine Injury Table. The Court also
determines that the petition should be compensated.

• Court Decision: A special master or the court, within the United States Court of Federal Claims, issues a legal decision after weighing the evidence
presented by both sides. HHS abides by the ultimate Court decision even if it maintains its position that the petitioner was not entitled to compensation
(e.g., that the injury was not caused by the vaccine).
For injury petitions, compensable court decisions are based in part on one of the following determinations by the court:

1. The evidence is legally sufficient to show that the vaccine more likely than not caused (or significantly aggravated) the injury; or
2. The injury is listed on, and meets all of the requirements of, the Vaccine Injury Table, and HHS has not proven that a factor unrelated to the

vaccine more likely than not caused or significantly aggravated the injury. An injury listed on the Table and meeting all Table requirements is
given the legal presumption of causation. It should be noted that conditions are placed on the Table for both scientific and policy reasons.

• Settlement: The petition is resolved via a negotiated settlement between the parties. This settlement is not an admission by the United States or the
Secretary of Health and Human Services that the vaccine caused the petitioner’s alleged injuries, and, in settled cases, the Court does not determine that
the vaccine caused the injury. A settlement therefore cannot be characterized as a decision by HHS or by the Court that the vaccine caused an injury.
Petitions may be resolved by settlement for many reasons, including consideration of prior court decisions; a recognition by both parties that there is a
risk of loss in proceeding to a decision by the Court making the certainty of settlement more desirable; a desire by both parties to minimize the time and
expense associated with litigating a case to conclusion; and a desire by both parties to resolve a case quickly and efficiently.

• Non-compensable/Dismissed: The injured person who filed a petition was ultimately not paid money. Non-compensable Court decisions include the
following:

1. The Court determines that the person who filed the petition did not demonstrate that the injury was caused (or significantly aggravated) by a
covered vaccine or meet the requirements of the Table (for injuries listed on the Table).

2. The petition was dismissed for not meeting other statutory requirements (such as not meeting the filing deadline, not receiving a covered
vaccine, and not meeting the statute’s severity requirement).

3. The injured person voluntarily withdrew his or her petition.
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Petitions Filed, Compensated and Dismissed, by Alleged Vaccine, 
Since the Beginning of VICP, 10/01/1988 through 6/01/2019 

1 Nonqualified petitions are those filed for vaccines not covered under the VICP. 
2 Unspecified petitions are those submitted with insufficient information to make a determination. 

Vaccines Filed 
Injury 

Filed 
Death 

Filed 
Grand 
Total 

Compensated Dismissed 

DTaP-IPV 11 0 11 3 3 
DT 69 9 78 26 52 
DTP 3,286 696 3,982 1,273 2,709 
DTP-HIB 20 8 28 7 21 
DTaP 455 83 538 227 252 
DTaP-Hep B-IPV 86 37 123 41 53 
DTaP-HIB 11 1 12 7 4 
DTaP-IPV-HIB 43 21 64 14 31 
Td 206 3 209 123 75 
Tdap 712 6 718 365 72 
Tetanus 139 2 141 75 47 
Hepatitis A (Hep A) 104 7 111 56 32 
Hepatitis B (Hep B) 699 60 759 275 419 
Hep A-Hep B 33 0 33 16 5 
Hep B-HIB 8 0 8 5 3 
HIB 44 3 47 18 20 
HPV 396 15 411 130 167 
Influenza 5,151 172 5,323 2,977 479 
IPV 269 14 283 8 269 
OPV 282 28 310 158 152 
Measles 143 19 162 55 107 
Meningococcal 81 2 83 45 8 
MMR 982 61 1,043 402 584 
MMR-Varicella 51 2 53 21 13 
MR 15 0 15 6 9 
Mumps 10 0 10 1 9 
Pertussis 4 3 7 2 5 
Pneumococcal 
Conjugate 199 16 215 54 50 
Rotavirus 95 5 100 60 23 
Rubella 190 4 194 71 123 
Varicella 103 9 112 64 30 
Nonqualified1 101 9 110 3 101 
Unspecified2 5,426 9 5,435 9 5,399 
Grand Total 19,424 1,304 20,728 6,597 11,326 
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Petitions Filed

Fiscal Year Total 
FY 1988 24 
FY 1989 148 
FY 1990 1,492 
FY 1991 2,718 
FY 1992 189 
FY 1993 140 
FY 1994 107 
FY 1995 180 
FY 1996 84 
FY 1997 104 
FY 1998 120 
FY 1999 411 
FY 2000 164 
FY 2001 215 
FY 2002 958 
FY 2003 2,592 
FY 2004 1,214 
FY 2005 735 
FY 2006 325 
FY 2007 410 
FY 2008 417 
FY 2009 397 
FY 2010 448 
FY 2011 386 
FY 2012 401 
FY 2013 504 
FY 2014 633 
FY 2015 803 
FY 2016 1,120 
FY 2017 1,243 
FY 2018 1,238 
FY 2019 808 
Total 20,728 
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Adjudications 
Generally, petitions are not adjudicated in the same fiscal year as filed. 
On average, it takes 2 to 3 years to adjudicate a petition after it is filed.

Fiscal Year Compensable Dismissed Total 
FY 1989 9 12 21 
FY 1990 100 33 133 
FY 1991 141 447 588 
FY 1992 166 487 653 
FY 1993 125 588 713 
FY 1994 162 446 608 
FY 1995 160 575 735 
FY 1996 162 408 570 
FY 1997 189 198 387 
FY 1998 144 181 325 
FY 1999 98 139 237 
FY 2000 125 104 229 
FY 2001 86 88 174 
FY 2002 104 104 208 
FY 2003 56 100 156 
FY 2004 62 247 309 
FY 2005 60 229 289 
FY 2006 69 193 262 
FY 2007 82 136 218 
FY 2008 147 151 298 
FY 2009 134 257 391 
FY 2010 180 329 509 
FY 2011 266 1,740 2,006 
FY 2012 265 2,533 2,798 
FY 2013 369 649 1,018 
FY 2014 370 192 562 
FY 2015 517 137 654 
FY 2016 697 179 876 
FY 2017 696 185 881 
FY 2018 540 189 729 
FY 2019 316 70 386 
Total 6,597 11,326 17,923 
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Awards Paid 

Fiscal Year 
Number of 

Compensated 
Awards 

Petitioners' Award 
Amount 

Attorneys' 
Fees/Costs 
Payments 

Number of Payments 
to Attorneys 

(Dismissed Cases) 

Attorneys' 
Fees/Costs 
Payments 

(Dismissed 
Cases) 

Number of 
Payments 
to Interim 
Attorneys' 

Interim 
Attorneys' 
Fees/Costs 
Payments 

Total Outlays 

FY 1989 6 $1,317,654.78 $54,107.14 0 $0.00 0 $0.00 $1,371,761.92 
FY 1990 88 $53,252,510.46 $1,379,005.79 4 $57,699.48 0 $0.00 $54,689,215.73 
FY 1991 114 $95,980,493.16 $2,364,758.91 30 $496,809.21 0 $0.00 $98,842,061.28 
FY 1992 130 $94,538,071.30 $3,001,927.97 118 $1,212,677.14 0 $0.00 $98,752,676.41 
FY 1993 162 $119,693,267.87 $3,262,453.06 272 $2,447,273.05 0 $0.00 $125,402,993.98 
FY 1994 158 $98,151,900.08 $3,571,179.67 335 $3,166,527.38 0 $0.00 $104,889,607.13 
FY 1995 169 $104,085,265.72 $3,652,770.57 221 $2,276,136.32 0 $0.00 $110,014,172.61 
FY 1996 163 $100,425,325.22 $3,096,231.96 216 $2,364,122.71 0 $0.00 $105,885,679.89 
FY 1997 179 $113,620,171.68 $3,898,284.77 142 $1,879,418.14 0 $0.00 $119,397,874.59 
FY 1998 165 $127,546,009.19 $4,002,278.55 121 $1,936,065.50 0 $0.00 $133,484,353.24 
FY 1999 96 $95,917,680.51 $2,799,910.85 117 $2,306,957.40 0 $0.00 $101,024,548.76 
FY 2000 136 $125,945,195.64 $4,112,369.02 80 $1,724,451.08 0 $0.00 $131,782,015.74 
FY 2001 97 $105,878,632.57 $3,373,865.88 57 $2,066,224.67 0 $0.00 $111,318,723.12 
FY 2002 80 $59,799,604.39 $2,653,598.89 50 $656,244.79 0 $0.00 $63,109,448.07 
FY 2003 65 $82,816,240.07 $3,147,755.12 69 $1,545,654.87 0 $0.00 $87,509,650.06 
FY 2004 57 $61,933,764.20 $3,079,328.55 69 $1,198,615.96 0 $0.00 $66,211,708.71 
FY 2005 64 $55,065,797.01 $2,694,664.03 71 $1,790,587.29 0 $0.00 $59,551,048.33 
FY 2006 68 $48,746,162.74 $2,441,199.02 54 $1,353,632.61 0 $0.00 $52,540,994.37 
FY 2007 82 $91,449,433.89 $4,034,154.37 61 $1,692,020.25 0 $0.00 $97,175,608.51 
FY 2008 141 $75,716,552.06 $5,191,770.83 74 $2,531,394.20 2 $117,265.31 $83,556,982.40 
FY 2009 131 $74,142,490.58 $5,404,711.98 36 $1,557,139.53 28 $4,241,362.55 $85,345,704.64 
FY 2010 173 $179,387,341.30 $5,961,744.40 59 $1,933,550.09 22 $1,978,803.88 $189,261,439.67 
FY 2011 251 $216,319,428.47 $9,572,042.87 403 $5,589,417.19 28 $2,001,770.91 $233,482,659.44 
FY 2012 249 $163,491,998.82 $9,241,427.33 1,020 $8,649,676.56 37 $5,420,257.99 $186,803,360.70 
FY 2013 375 $254,666,326.70 $13,543,099.70 704 $7,012,615.42 50 $1,454,851.74 $276,676,893.56 
FY 2014 365 $202,084,196.12 $12,161,422.64 508 $6,824,566.68 38 $2,493,460.73 $223,563,646.17 
FY 2015 508 $204,137,880.22 $14,445,776.29 118 $3,546,785.14 50 $3,089,497.68 $225,219,939.33 
FY 2016 689 $230,140,251.20 $16,225,881.12 99 $2,741,830.10 59 $3,502,709.91 $252,610,672.33 
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NOTE: Some previous fiscal year data has been updated as a result of the receipt and entry of data from documents issued by the Court and system updates 
which included petitioners’ costs reimbursements in outlay totals, 

"Compensated" are petitions that have been paid as a result of a settlement between parties or a decision made by the U.S. Court of Federal Claims (Court). The 
# of awards is the number of petitioner awards paid, including the attorneys' fees/costs payments, if made during a fiscal year. However, petitioners' awards and 
attorneys' fees/costs are not necessarily paid in the same fiscal year as when the petitions/petitions are determined compensable. "Dismissed" includes the # of 
payments to attorneys and the total amount of payments for attorneys' fees/costs per fiscal year. The VICP will pay attorneys' fees/costs related to the petition, 
whether or not the petition/petition is awarded compensation by the Court, if certain minimal requirements are met. "Total Outlays" are the total amount of funds 
expended for compensation and attorneys' fees/costs from the Vaccine Injury Compensation Trust Fund by fiscal year. 

Since influenza vaccines (vaccines administered to large numbers of adults each year) were added to the VICP in 2005, many adult petitions related to that 
vaccine have been filed, thus changing the proportion of children to adults receiving compensation. 

Fiscal Year 
Number of 

Compensated 
Awards 

Petitioners' Award 
Amount 

Attorneys' 
Fees/Costs 
Payments 

Number of Payments 
to Attorneys 

(Dismissed Cases) 

Attorneys' 
Fees/Costs 
Payments 

(Dismissed 
Cases) 

Number of 
Payments 
to Interim 
Attorneys' 

Interim 
Attorneys' 
Fees/Costs 
Payments 

Total Outlays 

FY 2017 706 $252,245,932.78 $22,045,785.00 131 $4,441,724.32 52 $3,363,464.24 $282,096,906.34 
FY 2018 522 $199,658,492.49 $16,658,440.14 111 $5,091,269.45 58 $5,220,096.78 $226,628,298.86 
FY 2019 404 $144,415,799.59 $10,675,351.81 63 $2,868,226.14 42 $3,283,338.14 $161,242,715.68 
Total 6,593 $3,832,569,870.81 $197,747,298.23 5,413 $82,959,312.67 466 $36,166,879.86 $4,149,443,361.57 
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Abstract 

Purpose:  To develop and disseminate HIT evidence and evidence-based tools to improve 
healthcare decision making through the use of integrated data and knowledge management. 

Scope:  To create a generalizable system to facilitate detection and clinician reporting of vaccine 
adverse events, in order to improve the safety of national vaccination programs. 

Methods:  Electronic medical records available from all ambulatory care encounters in a large 
multi-specialty practice were used. Every patient receiving a vaccine was automatically 
identified, and for the next 30 days, their health care diagnostic codes, laboratory tests, and 
medication prescriptions were evaluated for values suggestive of an adverse event. 

Results:  Restructuring at CDC and consequent delays in terms of decision making have made it 
challenging despite best efforts to move forward with discussions regarding the evaluation of 
ESP:VAERS performance in a randomized trial and comparison of ESP:VAERS performance to 
existing VAERS and Vaccine Safety Datalink data.  However, Preliminary data were collected 
and analyzed and this initiative has been presented at a number of national symposia. 

Key Words:  electronic health records, vaccinations, adverse event reporting 

The authors of this report are responsible for its content.  Statements in the report should not 
be construed as endorsement by the Agency for Healthcare Research and Quality or the U.S. 
Department of Health and Human Services of a particular drug, device, test, treatment, or 
other clinical service.  
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Final Report 

Purpose 

 This research project was funded to improve the quality of vaccination programs by 
improving the quality of physician adverse vaccine event detection and reporting to the national 
Vaccine Adverse Event Reporting System (VAERS), via the following aims: 

 Aim 1.  Identify required data elements, and develop systems to monitor ambulatory care 
electronic medical records for adverse events following vaccine administration. 

 Aim 2.  Prepare, and securely submit clinician approved, electronic reports to the national 
Vaccine Adverse Event Reporting System (VAERS). 

 Aim 3.  Comprehensively evaluate ESP:VAERS performance in a randomized trial, and in 
comparison to existing VAERS and Vaccine Safety Datalink data. 

 Aim 4.  Distribute documentation and application software developed and refined in Aims 1 
and 2 that are portable to other ambulatory care settings and to other EMR systems. 

Scope 

 Public and professional confidence in vaccination depends on reliable postmarketing 
surveillance systems to ensure that rare and unexpected adverse effects are rapidly identified. 
The goal of this project is to improve the quality of vaccination programs by improving the 
quality of physician adverse vaccine event detection and reporting to the national Vaccine 
Adverse Event Reporting System (VAERS). This project is serving as an extension of the 
Electronic Support for Public Health (ESP) project, an automated system using electronic health 
record (EHR) data to detect and securely report cases of certain diseases to a local public health 
authority. ESP provides a ready-made platform for automatically converting clinical, laboratory, 
prescription, and demographic data from almost any EHR system into database tables on a 
completely independent server, physically located and secured by the same logical and physical 
security as the EHR data itself. The ESP:VAERS project developed criteria and algorithms to 
identify important adverse events related to vaccinations in ambulatory care EHR data, and made 
attempts at formatting and securely sending electronic VAERS reports directly to the Centers for 
Disease Control and Prevention (CDC). 
 Patient data were available from Epic System’s Certification Commission for Health 
Information Technology-certified EpicCare system at all ambulatory care encounters within 
Atrius Health, a large multispecialty group practice with over 35 facilities. Every patient 
receiving a vaccine was automatically identified, and for the next 30 days, their health care 
diagnostic codes, laboratory tests, and medication prescriptions are evaluated for values 
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suggestive of an adverse vaccine event. When a possible adverse event was detected, it was 
recorded, and the appropriate clinician was to be notified electronically.  
 Clinicians in-basket messaging was designed to provide a preview a pre-populated report 
with information from the EHR about the patient, including vaccine type, lot number, and 
possible adverse effect, to inform their clinical judgment regarding whether they wish to send a 
report to VAERS. Clinicians would then have the option of adding free-text comments to pre-
populated VAERS reports or to document their decision not to send a report. The CDC’s Public 
Health Information Network Messaging System (PHIN-MS) software was installed within the 
facilities so that the approved reports could be securely transferred to VAERS as electronic 
messages in an interoperable health data exchange format using Health Level 7 (HL7).  

Methods 

 The goal of Aim 1: Identify required data elements, and develop systems to monitor 
ambulatory care electronic medical records for adverse events following vaccine administration, 
and Aim 2: Prepare, and securely submit clinician approved, electronic reports to the national 
Vaccine Adverse Event Reporting System (VAERS), was to construct the below flow of data in 
order to support the first two Aims: 

Figure 1. Overview of the ESP:VAERS project 

 Existing and functioning ESP components are shown on the left, and Aims 1 and 2 on the 
right. ESP:VAERS flags every vaccinated patient, and prospectively accumulate that patient’s 
diagnostic codes, laboratory tests, allergy lists, vital signs, and medication prescriptions. A main 
component of Aim 1 was to Develop AE criteria to assess these parameters for new or abnormal 
values that might be suggestive of an adverse effect.  A reporting protocol & corresponding 
algorithms were developed to detect potential adverse event cases using diagnostic codes, and 
methods were tested to identify prescriptions or abnormal laboratory values that might be 
suggestive of an adverse effect.  These algorithms were designed to seek both expected and 
unexpected adverse effects.  
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 This reporting protocol was approved by both internal & external partners.  We initially 
prepared a draft document describing the elements, algorithms, interval of interest after 
vaccination, and actions for broad classes of post-vaccination events, including those to be 
reported immediately without delay (such as acute anaphylactic reaction following vaccination), 
those never to be reported (such as routine check-ups following vaccination) and those to be 
reported at the discretion and with additional information from the attending physician through a 
feedback mechanism. The draft was then widely circulated as an initial / working draft for 
comment by relevant staff in the CDC and among our clinical colleagues at Atrius. In addition to 
review by the internal CDC Brighton Collaboration liaison, this protocol has also received 
review & comment via the CDC’s Clinical Immunization Safety Assessment (CISA) Network. 

The goal of Aim 2 was the Development of HL7 messages code for ESP:VAERS to ensure 
secure transmission to CDC via PHIN-MS

 The goal of Aim 3 was to Comprehensively evaluate ESP:VAERS performance in a 
randomized trial, and in comparison to existing VAERS and Vaccine Safety Datalink data. 

.  The HL7 specification describing the elements for 
an electronic message to be submitted to Constella, the consultants engaged by CDC for this 
project was implemented.  Synthetic and real test data was been generated and transmitted 
between Harvard and Constella. However, real data transmissions of non-physician approved 
reports to the CDC was unable to commence, as by the end of this project, the CDC had yet to 
respond to multiple requests to partner for this activity. 

 We had initially planned to evaluate the system by comparing adverse event findings to those 
in the Vaccine Safety Datalink project—a collaborative effort between CDC’s Immunization 
Safety Office and eight large managed care organizations.  Through a randomized trial, we 
would also test the hypothesis that the combination of secure, computer-assisted, clinician-
approved, adverse event detection, and automated electronic reporting will substantially increase 
the number, completeness, validity, and timeliness of physician-approved case reports to VAERS 
compared to the existing spontaneous reporting system; however, due to restructuring at CDC 
and consequent delays in terms of decision making, it became impossible to move forward with 
discussions regarding the evaluation of ESP:VAERS performance in a randomized trial, and 
compare ESP:VAERS performance to existing VAERS and Vaccine Safety Datalink data.  
Therefore, the components under this particular Aim were not achieved.  
 Aim 4 Distribution of documentation and application software developed and refined in 
Aims 1 and 2 that are portable to other ambulatory care settings and to other EMR systems has 
been successfully completed. Functioning source code is available to share under an approved 
open source license. ESP:VAERS source code is available as part of the ESP source code 
distribution. It is licensed under the LGPL, an open source license compatible with commercial 
use. We have added the ESP:VAERS code, HL7 and other specifications and documentation to 
the existing ESP web documentation and distribution resource center http://esphealth.org, 
specifically, the Subversion repository available at: 
http://esphealth.org/trac/ESP/wiki/ESPVAERS. 
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Results 

 Preliminary data were collected from June 2006 through October 2009 on 715,000 patients, 
and 1.4 million doses (of 45 different vaccines) were given to 376,452 individuals.  Of these 
doses, 35,570 possible reactions (2.6 percent of vaccinations) were identified.  This is an average 
of 890 possible events, an average of 1.3 events per clinician, per month.  These data were 
presented at the 2009 AMIA conference. 
 In addition, ESP:VAERS investigators participated on a panel to explore the perspective of 
clinicians, electronic health record (EHR) vendors, the pharmaceutical industry, and the FDA 
towards systems that use proactive, automated adverse event reporting. 
 Adverse events from drugs and vaccines are common, but underreported.  Although 25% of 
ambulatory patients experience an adverse drug event, less than 0.3% of all adverse drug events 
and 1-13% of serious events are reported to the Food and Drug Administration (FDA).  
Likewise, fewer than 1% of vaccine adverse events are reported.  Low reporting rates preclude or 
slow the identification of “problem” drugs and vaccines that endanger public health.  New 
surveillance methods for drug and vaccine adverse effects are needed.  Barriers to reporting 
include a lack of clinician awareness, uncertainty about when and what to report, as well as the 
burdens of reporting: reporting is not part of clinicians’ usual workflow, takes time, and is 
duplicative.  Proactive, spontaneous, automated adverse event reporting imbedded within EHRs 
and other information systems has the potential to speed the identification of problems with new 
drugs and more careful quantification of the risks of older drugs. 
 Unfortunately, there was never an opportunity to perform system performance assessments 
because the necessary CDC contacts were no longer available and the CDC consultants 
responsible for receiving data were no longer responsive to our multiple requests to proceed with 
testing and evaluation. 

Inclusion of AHRQ Priority Populations 

 The focus of our project was the Atrius Health (formerly HealthOne) provider & patient 
community.  This community serves several AHRQ inclusion populations, specifically low-
income and minority populations in primarily urban settings. 
 Atruis currently employs approximately 700 physicians to serve 500,000 patients at more 
than 18 office sites spread throughout the greater Metropolitan Boston area.  The majority of 
Atruis physicians are primary care internal medicine physicians or pediatricians but the network 
also includes physicians from every major specialty. 
 The entire adult and pediatric population served by Atruis was included in our adverse event 
surveillance system (ESP:VAERS).  Atruis serves a full spectrum of patients that reflects the 
broad diversity of Eastern Massachusetts.  A recent analysis suggests that the population served 
by Atruis is 56% female, 16.6% African American, 4% Hispanic.  The prevalence of type 2 
diabetes in the adult population is 5.7%.  About a quarter of the Atruis population is under age 18. 

fewer than 1% of vaccine adverse events are reported

d.

Adverse events from drugs and vaccines are common, but underreported.

Barriers to reporting include a lack of clinician awareness, uncertainty about when and what to report, as well as the burdens of reporting:

the CDC consultants responsible for receiving data were no longer responsive to our multiple requests to proceed with testing and evaluation.
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List of Publications and Products 

ESP:VAERS [source code available as part of the ESP 
source code distribution]. Licensed under the GNU Lesser 
General Public License (LGPL), an open source license 
compatible with commercial use. Freely available under an 
approved open source license at: http://esphealth.org. 

Lazarus, R, Klompas M, Hou X, Campion FX, Dunn J, 
Platt R.  Automated Electronic Detection & Reporting of 
Adverse Events Following Vaccination: ESP:VAERS. The 
CDC Vaccine Safety Datalink (VSD) Annual Meeting. 
Atlanta, GA; April, 2008. 

Lazarus R, Klompas M Automated vaccine adverse event 
detection and reporting from electronic medical records. 
CDC Public Health Informatics Network (PHIN) 
Conference August 27, 2008. 

Klompas M, Lazarus R ESP:VAERS  Presented at the 
American Medical Informatics Association Annual 
Symposium; 2009 November 17th. 

Lazarus R, Klompas M, Kruskal B, Platt R Temporal 
patterns of fever following immunization in ambulatory 
care data identified by ESP:VAERS Presented at the 
American Medical Informatics Association Annual 
Symposium; 2009 November 14–18: San Francisco, CA. 

Linder J, Klompas M, Cass B, et al. Spontaneous 
Electronic Adverse Event Reporting: Perspectives from 
Clinicians, EHR Vendors, Biopharma, and the FDA. 
Presented at the American Medical Informatics Association 
Annual Symposium; 2009 November 14–18: San Francisco, 
CA. 



VAERS Table of Reportable Events Following Vaccination*

Vaccine/Toxoid Event and interval** from vaccination

Tetanus in any combination; DTaP, DTP, DTP-Hib,
DT, Td, TT, Tdap, DTaP-IPV, DTaP-IPV/Hib,
DTaP-HepB-IPV

A. Anaphylaxis or anaphylactic shock (7 days)
B. Brachial neuritis (28 days)
C. Shoulder Injury Related to Vaccine Administration

(7 days)
D. Vasovagal syncope (7 days)
E. Any acute complications or sequelae (including

death) of above events (interval - not applicable)
F. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Pertussis in any combination; DTaP, DTP, DTP-
Hib, Tdap, DTaP-IPV, DTaP-IPV/Hib, DTaP-HepB-
IPV

A. Anaphylaxis or anaphylactic shock (7 days)
B. Encephalopathy or encephalitis (7 days)
C. Shoulder Injury Related to Vaccine Administration

(7 days)
D. Vasovagal syncope (7 days)
E. Any acute complications or sequelae (including

death) of above events (interval - not applicable)
F. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Measles, mumps and rubella in any combination;
MMR,  MMRV, MM

A. Anaphylaxis or anaphylactic shock (7 days)
B. Encephalopathy or encephalitis (15 days)
C. Shoulder Injury Related to Vaccine Administration

(7 days)
D. Vasovagal syncope (7 days)
E. Any acute complications or sequelae (including

death) of above events (interval - not applicable)
F. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Rubella in any combination; MMR, MMRV
A. Chronic arthritis (42 days)
B. Any acute complications or sequelae (including

death) of above event (interval - not applicable)
C. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Measles in any combination; MMR, MMRV, MM
A. Thrombocytopenic purpura (7-30 days)
B. Vaccine-strain measles viral infection in an

immunodeficient recipient
o Vaccine-strain virus identified (interval - not

applicable)
o If strain determination is not done or if laboratory

testing is inconclusive (12 months)

C. Any acute complications or sequelae (including

10.C.1 https://vaers.hhs.gov/docs/
VAERS_Table_of_Reportable_Events_Following_Vaccination.pdf



VAERS Table of Reportable Events Following Vaccination*

Vaccine/Toxoid Event and interval** from vaccination

death) of above events (interval - not applicable)
D. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Oral Polio (OPV)
A. Paralytic polio
o in a non-immunodeficient recipient (30 days)
o in an immunodeficient recipient (6 months)
o in a vaccine-associated community case (interval -

not applicable)
B. Vaccine-strain polio viral infection
o in a non-immunodeficient recipient (30 days)
o in an immunodeficient recipient (6 months)
o in a vaccine-associated community case (interval -

not applicable)
C. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
D. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Inactivated Polio in any combination-IPV, DTaP-
IPV, DTaP-IPV/Hib, DTaP-HepB-IPV

A. Anaphylaxis or anaphylactic shock (7 days)
B. Shoulder Injury Related to Vaccine Administration

(7 days)
C. Vasovagal syncope (7 days)
D. Any acute complication or sequelae (including

death) of the above event (interval - not applicable)
E. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Hepatitis B in any combination- HepB, HepA-HepB,
DTaP-HepB-IPV, Hib-HepB

A. Anaphylaxis or anaphylactic shock (7 days)
B. Shoulder Injury Related to Vaccine Administration

(7 days)
C. Vasovagal syncope (7 days)
D. Any acute complications or sequelae (including

death) of the above event (interval - not applicable)
E. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Haemophilus influenzae type b in any combination
(conjugate)- Hib, Hib-HepB,  DTaP-IPV/Hib, Hib-
MenCY

A. Shoulder Injury Related to Vaccine Administration
(7 days)

B. Vasovagal syncope (7 days)
C. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
D. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine



VAERS Table of Reportable Events Following Vaccination*

Vaccine/Toxoid Event and interval** from vaccination

(interval - see package insert)

Varicella in any combination- VAR, MMRV
A. Anaphylaxis or anaphylactic shock (7 days)
B. Disseminated varicella vaccine-strain viral disease.
o Vaccine-strain virus identified (time interval

unlimited)
o If strain determination is not done or if laboratory

testing is inconclusive (42 days)
C. Varicella vaccine-strain viral reactivation (time

interval unlimited )
D. Shoulder Injury Related to Vaccine Administration

(7 days)
E. Vasovagal syncope (7 days)
F. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
G. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Rotavirus (monovalent or pentavalent) RV1, RV5
A. Intussusception (21 days)
B. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
C. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Pneumococcal conjugate(7-valent or 13-valent)
PCV7, PCV13

A. Shoulder Injury Related to Vaccine Administration
(7 days)

B. Vasovagal syncope (7 days)
C. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
D. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Hepatitis A in any combination- HepA, HepA-HepB
A. Shoulder Injury Related to Vaccine Administration

(7 days)
B. Vasovagal syncope (7 days)
C. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
D. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Seasonal influenza--trivalent inactivated influenza,
quadrivalent inactivated influenza, live attenuated

A. Anaphylaxis or anaphylactic shock (7 days)
B. Shoulder Injury Related to Vaccine Administration

(7 days)
C. Vasovagal syncope (7 days)
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influenza-IIV, IIV3, IIV4, RIV3, ccIIV3, LAIV4 D. Guillain-Barré Syndrome  (42 days)
E. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
F. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Meningococcal - MCV4, MPSV4, Hib-MenCY,

MenACWY, MenB

A. Anaphylaxis or anaphylactic shock (7 days)
B. Shoulder Injury Related to Vaccine Administration.

(7 days)
C. Vasovagal syncope  (7 days)
D. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
E. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Human Papillomavirus (Quadrivalent, Bivalent, or 9
valent) - 9vHPV, 4vHPV, 2vHPV

A. Anaphylaxis or anaphylactic shock (7days)
B. Shoulder Injury Related to Vaccine Administration

(7 days)
C. Vasovagal syncope (7 days)
D. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
E. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

Any new vaccine recommended by the Centers for
Disease Control and Prevention for routine
administration to children

A. Shoulder Injury Related to Vaccine Administration
(7 days)

B. Vasovagal syncope (7 days)
C. Any acute complication or sequelae (including

death) of above events (interval - not applicable)
D. Events described in manufacturer’s package insert

as contraindications to additional doses of vaccine
(interval - see package insert)

* Effective date:  March 21, 2017. The Reportable Events Table (RET) reflects what is reportable by law (42
USC 300aa-25) to the Vaccine Adverse Event Reporting System (VAERS) including conditions found in the
manufacturer package insert. In addition, healthcare professionals are encouraged to report any clinically
significant or unexpected events (even if not certain the vaccine caused the event) for any vaccine, whether or
not it is listed on the RET. Manufacturers are also required by regulation (21CFR 600.80) to report to the
VAERS program all adverse events made known to them for any vaccine.

Note that the RET differs from the Vaccine Injury Table (VIT) regarding timeframes of adverse events.
Timeframes listed on the RET reflect what is required for reporting, but not what is required for compensation.
To view timeframes for compensation, please see the VIT at
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Vaccine/Toxoid Event and interval** from vaccination

https://www.hrsa.gov/vaccinecompensation/vaccineinjurytable.pdf
**Represents the onset interval between vaccination and the adverse event.
For a detailed explanation of terms, see the Vaccine Injury Table at
https://www.hrsa.gov/vaccinecompensation/vaccineinjurytable.pdf

A list of vaccine abbreviations is located at: https://www.cdc.gov/vaccines/terms/vacc-abbrev.html

https://www.hrsa.gov/vaccinecompensation/vaccineinjurytable.pdf
https://www.hrsa.gov/vaccinecompensation/vaccineinjurytable.pdf
https://www.cdc.gov/vaccines/terms/vacc-abbrev.html
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Vaccine Injury Table

Applies Only to Petitions for Compensation Filed under the National Vaccine Injury Compensation Program 
on or after March 21, 2017

(a) In accordance with section 312(b) of the National Childhood Vaccine Injury Act of 1986, title III of
Public Law 99-660, 100 Stat. 3779 (42 U.S.C. 300aa-1 note) and section 2114(c) of the Public Health
Service Act, as amended (PHS Act) (42 U.S.C. 300aa-14(c)), the following is a table of vaccines, the
injuries, disabilities, illnesses, conditions, and deaths resulting from the administration of such vaccines,
and the time period in which the first symptom or manifestation of onset or of the significant aggravation
of such injuries, disabilities, illnesses, conditions, and deaths is to occur after vaccine administration for
purposes of receiving compensation under the Program. Paragraph (b) of this section sets forth additional
provisions that are not separately listed in this Table but that constitute part of it. Paragraph (c) of this
section sets forth the qualifications and aids to interpretation for the terms used in the Table. Conditions
and injuries that do not meet the terms of the qualifications and aids to interpretation are not within the
Table. Paragraph (d) of this section sets forth a glossary of terms used in paragraph (c).

Vaccine
Illness, disability, injury

or condition covered

Time period for first symptom
or manifestation of onset or of
significant aggravation after

vaccine administration

I. Vaccines containing tetanus toxoid (e.g.,
DTaP, DTP, DT, Td, or TT)

A. Anaphylaxis
B. Brachial Neuritis

≤4 hours.
2-28 days (not less than 2 days
and not more than 28 days).

C. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

D. Vasovagal syncope ≤1 hour.

II. Vaccines containing whole cell pertussis
bacteria, extracted or partial cell pertussis
bacteria, or specific pertussis antigen(s)
(e.g., DTP, DTaP, P, DTP-Hib)

A. Anaphylaxis ≤4 hours.

B. Encephalopathy or
encephalitis

≤72 hours.

C. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

D. Vasovagal syncope ≤1 hour.

III. Vaccines containing measles, mumps,
and rubella virus or any of its components
(e.g., MMR, MM, MMRV)

A. Anaphylaxis
B. Encephalopathy or
encephalitis

≤4 hours.
5-15 days (not less than 5 days
and not more than 15 days).

C. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

D. Vasovagal syncope ≤1 hour.

10.C.2 https://www.hrsa.gov/vaccinecompensation/
vaccineinjurytable.pdf
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Vaccine
Illness, disability, injury

or condition covered

Time period for first symptom
or manifestation of onset or of
significant aggravation after

vaccine administration

IV. Vaccines containing rubella virus (e.g.,
MMR, MMRV)

A. Chronic arthritis 7-42 days (not less than 7 days
and not more than 42 days).

V. Vaccines containing measles virus (e.g.,
MMR, MM, MMRV)

A. Thrombocytopenic
purpura

7-30 days (not less than 7 days
and not more than 30 days).

B. Vaccine-Strain Measles
Viral Disease in an
immunodeficient recipient

—Vaccine-strain virus
identified

Not applicable.

—If strain determination is
not done or if laboratory
testing is inconclusive

≤12 months.

VI. Vaccines containing polio live virus
(OPV)

A. Paralytic Polio

—in a non-immunodeficient
recipient

≤30 days.

—in an immunodeficient
recipient

≤6 months.

—in a vaccine associated
community case

Not applicable.

B. Vaccine-Strain Polio
Viral Infection

—in a non-immunodeficient
recipient

≤30 days.

—in an immunodeficient
recipient

≤6 months.

—in a vaccine associated
community case

Not applicable.

VII. Vaccines containing polio inactivated
virus (e.g., IPV)

A. Anaphylaxis ≤4 hours.

B. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

C. Vasovagal syncope ≤1 hour.

VIII. Hepatitis B vaccines A. Anaphylaxis ≤4 hours.

B. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

C. Vasovagal syncope ≤1 hour.
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Vaccine
Illness, disability, injury

or condition covered

Time period for first symptom
or manifestation of onset or of
significant aggravation after

vaccine administration

IX. Haemophilus influenzae type b (Hib)
vaccines

A. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

B. Vasovagal syncope ≤1 hour.

X. Varicella vaccines A. Anaphylaxis ≤4 hours.

B. Disseminated varicella
vaccine-strain viral disease

—Vaccine-strain virus
identified

Not applicable.

—If strain determination is
not done or if laboratory
testing is inconclusive

7-42 days (not less than 7 days
and not more than 42 days).

C. Varicella vaccine-strain
viral reactivation

Not applicable.

D. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

E. Vasovagal syncope ≤1 hour.

XI. Rotavirus vaccines A. Intussusception 1-21 days (not less than 1 day
and not more than 21 days).

XII. Pneumococcal conjugate vaccines A. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

B. Vasovagal syncope ≤1 hour.

XIII. Hepatitis A vaccines A. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

B. Vasovagal syncope ≤1 hour.

XIV. Seasonal influenza vaccines A. Anaphylaxis ≤4 hours.

B. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

C. Vasovagal syncope ≤1 hour.

D. Guillain-Barré Syndrome 3-42 days (not less than 3 days
and not more than 42 days).

XV. Meningococcal vaccines A. Anaphylaxis ≤4 hours.

B. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

C. Vasovagal syncope ≤1 hour.

XVI. Human papillomavirus (HPV) vaccines A. Anaphylaxis ≤4 hours.
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Vaccine
Illness, disability, injury

or condition covered

Time period for first symptom
or manifestation of onset or of
significant aggravation after

vaccine administration

B. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

C. Vasovagal syncope ≤1 hour.

XVII. Any new vaccine recommended by
the Centers for Disease Control and
Prevention for routine administration to
children, after publication by the Secretary
of a notice of coverage

A. Shoulder Injury Related
to Vaccine Administration

≤48 hours.

B. Vasovagal syncope ≤1hour.

(b) Provisions that apply to all conditions listed. (1) Any acute complication or sequela, including
death, of the illness, disability, injury, or condition listed in paragraph (a) of this section (and defined in
paragraphs (c) and (d) of this section) qualifies as a Table injury under paragraph (a) except when the
definition in paragraph (c) requires exclusion.

(2) In determining whether or not an injury is a condition set forth in paragraph (a) of this section, the
Court shall consider the entire medical record.

(3) An idiopathic condition that meets the definition of an illness, disability, injury, or condition set
forth in paragraph (c) of this section shall be considered to be a condition set forth in paragraph (a) of this
section.

(c) Qualifications and aids to interpretation. The following qualifications and aids to interpretation
shall apply to, define and describe the scope of, and be read in conjunction with paragraphs (a), (b), and
(d) of this section:

(1) Anaphylaxis. Anaphylaxis is an acute, severe, and potentially lethal systemic reaction that occurs
as a single discrete event with simultaneous involvement of two or more organ systems. Most cases
resolve without sequela. Signs and symptoms begin minutes to a few hours after exposure. Death, if it
occurs, usually results from airway obstruction caused by laryngeal edema or bronchospasm and may be
associated with cardiovascular collapse. Other significant clinical signs and symptoms may include the
following: Cyanosis, hypotension, bradycardia, tachycardia, arrhythmia, edema of the pharynx and/or
trachea and/or larynx with stridor and dyspnea. There are no specific pathological findings to confirm a
diagnosis of anaphylaxis.

(2) Encephalopathy. A vaccine recipient shall be considered to have suffered an encephalopathy if
an injury meeting the description below of an acute encephalopathy occurs within the applicable time
period and results in a chronic encephalopathy, as described in paragraph (d) of this section.

(i) Acute encephalopathy. (A) For children less than 18 months of age who present:

(1) Without a seizure, an acute encephalopathy is indicated by a significantly decreased level of
consciousness that lasts at least 24 hours.

(2) Following a seizure, an acute encephalopathy is demonstrated by a significantly decreased level
of consciousness that lasts at least 24 hours and cannot be attributed to a postictal state—from a seizure
or a medication.
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(B) For adults and children 18 months of age or older, an acute encephalopathy is one that persists
at least 24 hours and is characterized by at least two of the following:

(1) A significant change in mental status that is not medication related (such as a confusional state,
delirium, or psychosis);

(2) A significantly decreased level of consciousness which is independent of a seizure and cannot
be attributed to the effects of medication; and

(3) A seizure associated with loss of consciousness.

(C) The following clinical features in themselves do not demonstrate an acute encephalopathy or a
significant change in either mental status or level of consciousness: Sleepiness, irritability (fussiness),
high-pitched and unusual screaming, poor feeding, persistent inconsolable crying, bulging fontanelle, or
symptoms of dementia.

(D) Seizures in themselves are not sufficient to constitute a diagnosis of encephalopathy and in the
absence of other evidence of an acute encephalopathy seizures shall not be viewed as the first symptom
or manifestation of an acute encephalopathy.

(ii) Exclusionary criteria for encephalopathy. Regardless of whether or not the specific cause of the
underlying condition, systemic disease, or acute event (including an infectious organism) is known, an
encephalopathy shall not be considered to be a condition set forth in the Table if it is shown that the
encephalopathy was caused by:

(A) An underlying condition or systemic disease shown to be unrelated to the vaccine (such as
malignancy, structural lesion, psychiatric illness, dementia, genetic disorder, prenatal or perinatal central
nervous system (CNS) injury); or

(B) An acute event shown to be unrelated to the vaccine such as a head trauma, stroke, transient
ischemic attack, complicated migraine, drug use (illicit or prescribed) or an infectious disease.

(3) Encephalitis. A vaccine recipient shall be considered to have suffered encephalitis if an injury
meeting the description below of acute encephalitis occurs within the applicable time period and results in
a chronic encephalopathy, as described in paragraph (d) of this section.

(i) Acute encephalitis. Encephalitis is indicated by evidence of neurologic dysfunction, as described
in paragraph (c)(3)(i)(A) of this section, plus evidence of an inflammatory process in the brain, as
described in paragraph (c)(3)(i)(B) of this section.

(A) Evidence of neurologic dysfunction consists of either:

(1) One of the following neurologic findings referable to the CNS: Focal cortical signs (such as
aphasia, alexia, agraphia, cortical blindness); cranial nerve abnormalities; visual field defects; abnormal
presence of primitive reflexes (such as Babinski's sign or sucking reflex); or cerebellar dysfunction (such
as ataxia, dysmetria, or nystagmus); or

(2) An acute encephalopathy as set forth in paragraph (c)(2)(i) of this section.

(B) Evidence of an inflammatory process in the brain (central nervous system or CNS inflammation)
must include cerebrospinal fluid (CSF) pleocytosis (>5 white blood cells (WBC)/mm3 in children >2
months of age and adults; >15 WBC/mm3 in children <2 months of age); or at least two of the following:
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(1) Fever (temperature ≥ 100.4 degrees Fahrenheit);

(2) Electroencephalogram findings consistent with encephalitis, such as diffuse or multifocal
nonspecific background slowing and periodic discharges; or

(3) Neuroimaging findings consistent with encephalitis, which include, but are not limited to
brain/spine magnetic resonance imaging (MRI) displaying diffuse or multifocal areas of hyperintense
signal on T2-weighted, diffusion-weighted image, or fluid-attenuation inversion recovery sequences.

(ii) Exclusionary criteria for encephalitis. Regardless of whether or not the specific cause of the
underlying condition, systemic disease, or acute event (including an infectious organism) is known,
encephalitis shall not be considered to be a condition set forth in the Table if it is shown that the
encephalitis was caused by:

(A) An underlying malignancy that led to a paraneoplastic encephalitis;

(B) An infectious disease associated with encephalitis, including a bacterial, parasitic, fungal or viral
illness (such as herpes viruses, adenovirus, enterovirus, West Nile Virus, or human immunodeficiency
virus), which may be demonstrated by clinical signs and symptoms and need not be confirmed by culture
or serologic testing; or

(C) Acute disseminated encephalomyelitis (ADEM). Although early ADEM may have laboratory and
clinical characteristics similar to acute encephalitis, findings on MRI are distinct with ADEM displaying
evidence of acute demyelination (scattered, focal, or multifocal areas of inflammation and demyelination
within cerebral subcortical and deep cortical white matter; gray matter involvement may also be seen but
is a minor component); or

(D) Other conditions or abnormalities that would explain the vaccine recipient's symptoms.

(4) Intussusception. (i) For purposes of paragraph (a) of this section, intussusception means the
invagination of a segment of intestine into the next segment of intestine, resulting in bowel obstruction,
diminished arterial blood supply, and blockage of the venous blood flow. This is characterized by a
sudden onset of abdominal pain that may be manifested by anguished crying, irritability, vomiting,
abdominal swelling, and/or passing of stools mixed with blood and mucus.

(ii) For purposes of paragraph (a) of this section, the following shall not be considered to be a Table
intussusception:

(A) Onset that occurs with or after the third dose of a vaccine containing rotavirus;

(B) Onset within 14 days after an infectious disease associated with intussusception, including viral
disease (such as those secondary to non-enteric or enteric adenovirus, or other enteric viruses such as
Enterovirus), enteric bacteria (such as Campylobacter jejuni), or enteric parasites (such as Ascaris
lumbricoides), which may be demonstrated by clinical signs and symptoms and need not be confirmed by
culture or serologic testing;

(C) Onset in a person with a preexisting condition identified as the lead point for intussusception
such as intestinal masses and cystic structures (such as polyps, tumors, Meckel's diverticulum,
lymphoma, or duplication cysts);

(D) Onset in a person with abnormalities of the bowel, including congenital anatomic abnormalities,
anatomic changes after abdominal surgery, and other anatomic bowel abnormalities caused by mucosal
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hemorrhage, trauma, or abnormal intestinal blood vessels (such as Henoch Scholein purpura, hematoma,
or hemangioma); or

(E) Onset in a person with underlying conditions or systemic diseases associated with
intussusception (such as cystic fibrosis, celiac disease, or Kawasaki disease).

(5) Chronic arthritis. Chronic arthritis is defined as persistent joint swelling with at least two
additional manifestations of warmth, tenderness, pain with movement, or limited range of motion, lasting
for at least 6 months.

(i) Chronic arthritis may be found in a person with no history in the 3 years prior to vaccination of
arthropathy (joint disease) on the basis of:

(A) Medical documentation recorded within 30 days after the onset of objective signs of acute
arthritis (joint swelling) that occurred between 7 and 42 days after a rubella vaccination; and

(B) Medical documentation (recorded within 3 years after the onset of acute arthritis) of the
persistence of objective signs of intermittent or continuous arthritis for more than 6 months following
vaccination; and

(C) Medical documentation of an antibody response to the rubella virus.

(ii) The following shall not be considered as chronic arthritis: Musculoskeletal disorders such as
diffuse connective tissue diseases (including but not limited to rheumatoid arthritis, juvenile idiopathic
arthritis, systemic lupus erythematosus, systemic sclerosis, mixed connective tissue disease,
polymyositis/determatomyositis, fibromyalgia, necrotizing vasculitis and vasculopathies and Sjogren's
Syndrome), degenerative joint disease, infectious agents other than rubella (whether by direct invasion or
as an immune reaction), metabolic and endocrine diseases, trauma, neoplasms, neuropathic disorders,
bone and cartilage disorders, and arthritis associated with ankylosing spondylitis, psoriasis, inflammatory
bowel disease, Reiter's Syndrome, blood disorders, or arthralgia (joint pain), or joint stiffness without
swelling.

(6) Brachial neuritis. This term is defined as dysfunction limited to the upper extremity nerve plexus
(i.e., its trunks, divisions, or cords). A deep, steady, often severe aching pain in the shoulder and upper
arm usually heralds onset of the condition. The pain is typically followed in days or weeks by weakness in
the affected upper extremity muscle groups. Sensory loss may accompany the motor deficits, but is
generally a less notable clinical feature. Atrophy of the affected muscles may occur. The neuritis, or
plexopathy, may be present on the same side or on the side opposite the injection. It is sometimes
bilateral, affecting both upper extremities. A vaccine recipient shall be considered to have suffered
brachial neuritis as a Table injury if such recipient manifests all of the following:

(i) Pain in the affected arm and shoulder is a presenting symptom and occurs within the specified
time-frame;

(ii) Weakness;

(A) Clinical diagnosis in the absence of nerve conduction and electromyographic studies requires
weakness in muscles supplied by more than one peripheral nerve.

(B) Nerve conduction studies (NCS) and electromyographic (EMG) studies localizing the injury to
the brachial plexus are required before the diagnosis can be made if weakness is limited to muscles
supplied by a single peripheral nerve.
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(iii) Motor, sensory, and reflex findings on physical examination and the results of NCS and EMG
studies, if performed, must be consistent in confirming that dysfunction is attributable to the brachial
plexus; and

(iv) No other condition or abnormality is present that would explain the vaccine recipient's
symptoms.

(7) Thrombocytopenic purpura. This term is defined by the presence of clinical manifestations, such
as petechiae, significant bruising, or spontaneous bleeding, and by a serum platelet count less than
50,000/mm3 with normal red and white blood cell indices. Thrombocytopenic purpura does not include
cases of thrombocytopenia associated with other causes such as hypersplenism, autoimmune disorders
(including alloantibodies from previous transfusions) myelodysplasias, lymphoproliferative disorders,
congenital thrombocytopenia or hemolytic uremic syndrome. Thrombocytopenic purpura does not include
cases of immune (formerly called idiopathic) thrombocytopenic purpura that are mediated, for example,
by viral or fungal infections, toxins or drugs. Thrombocytopenic purpura does not include cases of
thrombocytopenia associated with disseminated intravascular coagulation, as observed with bacterial and
viral infections. Viral infections include, for example, those infections secondary to Epstein Barr virus,
cytomegalovirus, hepatitis A and B, human immunodeficiency virus, adenovirus, and dengue virus. An
antecedent viral infection may be demonstrated by clinical signs and symptoms and need not be
confirmed by culture or serologic testing. However, if culture or serologic testing is performed, and the
viral illness is attributed to the vaccine-strain measles virus, the presumption of causation will remain in
effect. Bone marrow examination, if performed, must reveal a normal or an increased number of
megakaryocytes in an otherwise normal marrow.

(8) Vaccine-strain measles viral disease. This term is defined as a measles illness that involves the
skin and/or another organ (such as the brain or lungs). Measles virus must be isolated from the affected
organ or histopathologic findings characteristic for the disease must be present. Measles viral strain
determination may be performed by methods such as polymerase chain reaction test and vaccine-specific
monoclonal antibody. If strain determination reveals wild-type measles virus or another, non-vaccine-
strain virus, the disease shall not be considered to be a condition set forth in the Table. If strain
determination is not done or if the strain cannot be identified, onset of illness in any organ must occur
within 12 months after vaccination.

(9) Vaccine-strain polio viral infection. This term is defined as a disease caused by poliovirus that is
isolated from the affected tissue and should be determined to be the vaccine-strain by oligonucleotide or
polymerase chain reaction. Isolation of poliovirus from the stool is not sufficient to establish a tissue
specific infection or disease caused by vaccine-strain poliovirus.

(10) Shoulder injury related to vaccine administration (SIRVA). SIRVA manifests as shoulder pain
and limited range of motion occurring after the administration of a vaccine intended for intramuscular
administration in the upper arm. These symptoms are thought to occur as a result of unintended injection
of vaccine antigen or trauma from the needle into and around the underlying bursa of the shoulder
resulting in an inflammatory reaction. SIRVA is caused by an injury to the musculoskeletal structures of
the shoulder (e.g. tendons, ligaments, bursae, etc.). SIRVA is not a neurological injury and abnormalities
on neurological examination or nerve conduction studies (NCS) and/or electromyographic (EMG) studies
would not support SIRVA as a diagnosis (even if the condition causing the neurological abnormality is not
known). A vaccine recipient shall be considered to have suffered SIRVA if such recipient manifests all of
the following:

(i) No history of pain, inflammation or dysfunction of the affected shoulder prior to intramuscular
vaccine administration that would explain the alleged signs, symptoms, examination findings, and/or
diagnostic studies occurring after vaccine injection;

(ii) Pain occurs within the specified time-frame;
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(iii) Pain and reduced range of motion are limited to the shoulder in which the intramuscular vaccine
was administered; and

(iv) No other condition or abnormality is present that would explain the patient's symptoms (e.g.
NCS/EMG or clinical evidence of radiculopathy, brachial neuritis, mononeuropathies, or any other
neuropathy).

(11) Disseminated varicella vaccine-strain viral disease. Disseminated varicella vaccine-strain viral
disease is defined as a varicella illness that involves the skin beyond the dermatome in which the
vaccination was given and/or disease caused by vaccine-strain varicella in another organ. For organs
other than the skin, the disease must be demonstrated in the involved organ and not just through mildly
abnormal laboratory values. If there is involvement of an organ beyond the skin, and no virus was
identified in that organ, the involvement of all organs must occur as part of the same, discrete illness. If
strain determination reveals wild-type varicella virus or another, non-vaccine-strain virus, the viral disease
shall not be considered to be a condition set forth in the Table. If strain determination is not done or if the
strain cannot be identified, onset of illness in any organ must occur 7- 42 days after vaccination.

(12) Varicella vaccine-strain viral reactivation disease. Varicella vaccine-strain viral reactivation
disease is defined as the presence of the rash of herpes zoster with or without concurrent disease in an
organ other than the skin. Zoster, or shingles, is a painful, unilateral, pruritic rash appearing in one or
more sensory dermatomes. For organs other than the skin, the disease must be demonstrated in the
involved organ and not just through mildly abnormal laboratory values. There must be laboratory
confirmation that the vaccine-strain of the varicella virus is present in the skin or in any other involved
organ, for example by oligonucleotide or polymerase chain reaction. If strain determination reveals wild-
type varicella virus or another, non-vaccine-strain virus, the viral disease shall not be considered to be a
condition set forth in the Table.

(13) Vasovagal syncope. Vasovagal syncope (also sometimes called neurocardiogenic syncope)
means loss of consciousness (fainting) and postural tone caused by a transient decrease in blood flow to
the brain occurring after the administration of an injected vaccine. Vasovagal syncope is usually a benign
condition but may result in falling and injury with significant sequela. Vasovagal syncope may be
preceded by symptoms such as nausea, lightheadedness, diaphoresis, and/or pallor. Vasovagal syncope
may be associated with transient seizure-like activity, but recovery of orientation and consciousness
generally occurs simultaneously with vasovagal syncope. Loss of consciousness resulting from the
following conditions will not be considered vasovagal syncope: organic heart disease, cardiac
arrhythmias, transient ischemic attacks, hyperventilation, metabolic conditions, neurological conditions,
and seizures. Episodes of recurrent syncope occurring after the applicable time period are not considered
to be sequela of an episode of syncope meeting the Table requirements.

(14) Immunodeficient recipient. Immunodeficient recipient is defined as an individual with an
identified defect in the immunological system which impairs the body's ability to fight infections. The
identified defect may be due to an inherited disorder (such as severe combined immunodeficiency
resulting in absent T lymphocytes), or an acquired disorder (such as acquired immunodeficiency
syndrome resulting from decreased CD4 cell counts). The identified defect must be demonstrated in the
medical records, either preceding or postdating vaccination.

(15) Guillain-Barré Syndrome (GBS). (i) GBS is an acute monophasic peripheral neuropathy that
encompasses a spectrum of four clinicopathological subtypes described below. For each subtype of GBS,
the interval between the first appearance of symptoms and the nadir of weakness is between 12 hours
and 28 days. This is followed in all subtypes by a clinical plateau with stabilization at the nadir of
symptoms, or subsequent improvement without significant relapse. Death may occur without a clinical
plateau. Treatment related fluctuations in all subtypes of GBS can occur within 9 weeks of GBS symptom
onset and recurrence of symptoms after this time-frame would not be consistent with GBS.
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(ii) The most common subtype in North America and Europe, comprising more than 90 percent of
cases, is acute inflammatory demyelinating polyneuropathy (AIDP), which has the pathologic and
electrodiagnostic features of focal demyelination of motor and sensory peripheral nerves and nerve roots.
Another subtype called acute motor axonal neuropathy (AMAN) is generally seen in other parts of the
world and is predominated by axonal damage that primarily affects motor nerves. AMAN lacks features of
demyelination. Another less common subtype of GBS includes acute motor and sensory neuropathy
(AMSAN), which is an axonal form of GBS that is similar to AMAN, but also affects the sensory nerves
and roots. AIDP, AMAN, and AMSAN are typically characterized by symmetric motor flaccid weakness,
sensory abnormalities, and/or autonomic dysfunction caused by autoimmune damage to peripheral
nerves and nerve roots. The diagnosis of AIDP, AMAN, and AMSAN requires:

(A) Bilateral flaccid limb weakness and decreased or absent deep tendon reflexes in weak limbs;

(B) A monophasic illness pattern;

(C) An interval between onset and nadir of weakness between 12 hours and 28 days;

(D) Subsequent clinical plateau (the clinical plateau leads to either stabilization at the nadir of
symptoms, or subsequent improvement without significant relapse; however, death may occur without a
clinical plateau); and,

(E) The absence of an identified more likely alternative diagnosis.

(iii) Fisher Syndrome (FS), also known as Miller Fisher Syndrome, is a subtype of GBS
characterized by ataxia, areflexia, and ophthalmoplegia, and overlap between FS and AIDP may be seen
with limb weakness. The diagnosis of FS requires:

(A) Bilateral ophthalmoparesis;

(B) Bilateral reduced or absent tendon reflexes;

(C) Ataxia;

(D) The absence of limb weakness (the presence of limb weakness suggests a diagnosis of AIDP,
AMAN, or AMSAN);

(E) A monophasic illness pattern;

(F) An interval between onset and nadir of weakness between 12 hours and 28 days;

(G) Subsequent clinical plateau (the clinical plateau leads to either stabilization at the nadir of
symptoms, or subsequent improvement without significant relapse; however, death may occur without a
clinical plateau);

(H) No alteration in consciousness;

(I) No corticospinal track signs; and

(J) The absence of an identified more likely alternative diagnosis.

(iv) Evidence that is supportive, but not required, of a diagnosis of all subtypes of GBS includes
electrophysiologic findings consistent with GBS or an elevation of cerebral spinal fluid (CSF) protein with
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a total CSF white blood cell count below 50 cells per microliter. Both CSF and electrophysiologic studies
are frequently normal in the first week of illness in otherwise typical cases of GBS.

(v) To qualify as any subtype of GBS, there must not be a more likely alternative diagnosis for the
weakness.

(vi) Exclusionary criteria for the diagnosis of all subtypes of GBS include the ultimate diagnosis of
any of the following conditions: chronic immune demyelinating polyradiculopathy (CIDP), carcinomatous
meningitis, brain stem encephalitis (other than Bickerstaff brainstem encephalitis), myelitis, spinal cord
infarct, spinal cord compression, anterior horn cell diseases such as polio or West Nile virus infection,
subacute inflammatory demyelinating polyradiculoneuropathy, multiple sclerosis, cauda equina
compression, metabolic conditions such as hypermagnesemia or hypophosphatemia, tick paralysis,
heavy metal toxicity (such as arsenic, gold, or thallium), drug-induced neuropathy (such as vincristine,
platinum compounds, or nitrofurantoin), porphyria, critical illness neuropathy, vasculitis, diphtheria,
myasthenia gravis, organophosphate poisoning, botulism, critical illness myopathy, polymyositis,
dermatomyositis, hypokalemia, or hyperkalemia. The above list is not exhaustive.

(d) Glossary for purposes of paragraph (c) of this section—(1) Chronic encephalopathy. (i) A chronic
encephalopathy occurs when a change in mental or neurologic status, first manifested during the
applicable Table time period as an acute encephalopathy or encephalitis, persists for at least 6 months
from the first symptom or manifestation of onset or of significant aggravation of an acute encephalopathy
or encephalitis.

(ii) Individuals who return to their baseline neurologic state, as confirmed by clinical findings, within
less than 6 months from the first symptom or manifestation of onset or of significant aggravation of an
acute encephalopathy or encephalitis shall not be presumed to have suffered residual neurologic damage
from that event; any subsequent chronic encephalopathy shall not be presumed to be a sequela of the
acute encephalopathy or encephalitis.

(2) Injected refers to the intramuscular, intradermal, or subcutaneous needle administration of a
vaccine.

(3) Sequela means a condition or event which was actually caused by a condition listed in the
Vaccine Injury Table.

(4) Significantly decreased level of consciousness is indicated by the presence of one or more of the
following clinical signs:

(i) Decreased or absent response to environment (responds, if at all, only to loud voice or painful
stimuli);

(ii) Decreased or absent eye contact (does not fix gaze upon family members or other individuals);
or

(iii) Inconsistent or absent responses to external stimuli (does not recognize familiar people or
things).

(5) Seizure includes myoclonic, generalized tonic-clonic (grand mal), and simple and complex partial
seizures, but not absence (petit mal), or pseudo seizures. Jerking movements or staring episodes alone
are not necessarily an indication of seizure activity.
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(e) Coverage provisions. (1) Except as provided in paragraph (e)(2), (3), (4), (5), (6), (7), or (8) of
this section, this section applies only to petitions for compensation under the program filed with the United
States Court of Federal Claims on or after February 21, 2017.

(2) Hepatitis B, Hib, and varicella vaccines (Items VIII, IX, and X of the Table) are included in the
Table as of August 6, 1997.

(3) Rotavirus vaccines (Item XI of the Table) are included in the Table as of October 22, 1998.

(4) Pneumococcal conjugate vaccines (Item XII of the Table) are included in the Table as of
December 18, 1999.

(5) Hepatitis A vaccines (Item XIII of the Table) are included on the Table as of December 1, 2004.

(6) Trivalent influenza vaccines (Included in item XIV of the Table) are included on the Table as of
July 1, 2005. All other seasonal influenza vaccines (Item XIV of the Table) are included on the Table as of
November 12, 2013.

(7) Meningococcal vaccines and human papillomavirus vaccines (Items XV and XVI of the Table)
are included on the Table as of February 1, 2007.

(8) Other new vaccines (Item XVII of the Table) will be included in the Table as of the effective date of a
tax enacted to provide funds for compensation paid with respect to such vaccines. An amendment to this
section will be published in the FEDERAL REGISTER to announce the effective date of such a tax.
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Infant mortality rates regressed
against number of vaccine doses
routinely given: Is there a
biochemical or synergistic toxicity?

Neil Z Miller and Gary S Goldman

Abstract
The infant mortality rate (IMR) is one of the most important indicators of the socio-economic well-being and
public health conditions of a country. The US childhood immunization schedule specifies 26 vaccine doses for
infants aged less than 1 year—the most in the world—yet 33 nations have lower IMRs. Using linear regression,
the immunization schedules of these 34 nations were examined and a correlation coefficient of r ¼ 0.70
(p < 0.0001) was found between IMRs and the number of vaccine doses routinely given to infants. Nations were
also grouped into five different vaccine dose ranges: 12–14, 15–17, 18–20, 21–23, and 24–26. The mean IMRs of
all nations within each group were then calculated. Linear regression analysis of unweighted mean IMRs
showed a high statistically significant correlation between increasing number of vaccine doses and increasing
infant mortality rates, with r ¼ 0.992 (p ¼ 0.0009). Using the Tukey-Kramer test, statistically significant differ-
ences in mean IMRs were found between nations giving 12–14 vaccine doses and those giving 21–23, and 24–26
doses. A closer inspection of correlations between vaccine doses, biochemical or synergistic toxicity, and IMRs
is essential.

Keywords
infant mortality rates, sudden infant death, SIDS, immunization schedules, childhood vaccines, drug toxicology,
synergistic effects, linear regression model

Introduction
The infant mortality rate (IMR) is one of the most
important measures of child health and overall
development in countries. Clean water, increased
nutritional measures, better sanitation, and easy
access to health care contribute the most to improving
infant mortality rates in unclean, undernourished, and
impoverished regions of the world.1–3 In developing
nations, IMRs are high because these basic necessities
for infant survival are lacking or unevenly distributed.
Infectious and communicable diseases are more
common in developing countries as well, though
sound sanitary practices and proper nutrition would
do much to prevent them.1

The World Health Organization (WHO) attributes
7 out of 10 childhood deaths in developing countries
to five main causes: pneumonia, diarrhea, measles,
malaria, and malnutrition—the latter greatly affecting
all the others.1 Malnutrition has been associated with

a decrease in immune function. An impaired immune
function often leads to an increased susceptibility to
infection.2 It is well established that infections, no
matter how mild, have adverse effects on nutritional
status. Conversely, almost any nutritional deficiency
will diminish resistance to disease.3

Despite the United States spending more per capita
on health care than any other country,4 33 nations
have better IMRs. Some countries have IMRs that are
less than half the US rate: Singapore, Sweden, and
Japan are below 2.80. According to the Centers for
Disease Control and Prevention (CDC), ‘‘The relative
position of the United States in comparison to coun-
tries with the lowest infant mortality rates appears
to be worsening.’’5
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Linear regression analysis of unweighted mean IMRs showed a high statistically significant correlation between increasing number of vaccine doses and increasing infant mortality rates

A closer inspection of correlations between vaccine doses, biochemical or synergistic toxicity, and IMRs is essential.

The US childhood immunization schedule specifies 26 vaccine doses for infants aged less than 1 year—the most in the world—yet 33 nations have lower IMRs

infant mortality rate (IMR)

The World Health Organization (WHO) attributes 7 out of 10 childhood deaths in developing countries to five main causes: pneumonia, diarrhea, measles, malaria, and malnutrition—the latter greatly affecting all the others.1 Malnutrition has been associated with

a decrease in immune function. An impaired immune function often leads to an increased susceptibility to infection.2 It is well established that infections, no matter how mild, have adverse effects on nutritional status. Conversely, almost any nutritional deficiency will diminish resistance to disease.3

The relative position of the United States in comparison to coun- tries with the lowest infant mortality rates appears to be worsening.



There are many factors that affect the IMR of any
given country. For example, premature births in the
United States have increased by more than 20%
between 1990 and 2006. Preterm babies have a higher
risk of complications that could lead to death within
the first year of life.6 However, this does not fully
explain why the United States has seen little improve-
ment in its IMR since 2000.7

Nations differ in their immunization requirements
for infants aged less than 1 year. In 2009, five of the
34 nations with the best IMRs required 12 vaccine
doses, the least amount, while the United States
required 26 vaccine doses, the most of any nation.
To explore the correlation between vaccine doses that

nations routinely give to their infants and their
infant mortality rates, a linear regression analysis was
performed.

Methods and design
Infant mortality
The infant mortality rate is expressed as the
number of infant deaths per 1000 live births.
According to the US Central Intelligence Agency
(CIA), which keeps accurate, up-to-date infant
mortality statistics throughout the world, in 2009
there were 33 nations with better infant mortality
rates than the United States (Table 1).8 The US
infant mortality rate of 6.22 infant deaths per
1000 live births ranked 34th.

Immunization schedules and vaccine doses
A literature review was conducted to determine the
immunization schedules for the United States and all
33 nations with better IMRs than the United States.9,10

The total number of vaccine doses specified for
infants aged less than 1 year was then determined for
each country (Table 2). A vaccine dose is an exact
amount of medicine or drug to be administered. The
number of doses a child receives should not be con-
fused with the number of ‘vaccines’ or ‘injections’
given. For example, DTaP is given as a single injec-
tion but contains three separate vaccines (for
diphtheria, tetanus, and pertussis) totaling three vac-
cine doses.

Nations organized into data pairs
The 34 nations were organized into data pairs consist-
ing of total number of vaccine doses specified for
their infants and IMRs. Consistent with biostatistical
conventions, four nations—Andorra, Liechenstein,
Monaco, and San Marino—were excluded from the
dataset because they each had fewer than five infant
deaths, producing extremely wide confidence inter-
vals and IMR instability. The remaining 30 (88%)
of the data pairs were then available for analysis.

Nations organized into groups
Nations were placed into the following five groups
based on the number of vaccine doses they routinely
give their infants: 12–14, 15–17, 18–20, 21–23, and
24–26 vaccine doses. The unweighted IMR means
of all nations as a function of the number of vaccine

Table 1. 2009 Infant mortality rates, top 34 nations8

Rank Country IMR

1 Singapore 2.31
2 Sweden 2.75
3 Japan 2.79
4 Iceland 3.23
5 France 3.33
6 Finland 3.47
7 Norway 3.58
8 Malta 3.75
9 Andorra 3.76
10 Czech Republic 3.79
11 Germany 3.99
12 Switzerland 4.18
13 Spain 4.21
14 Israel 4.22
15 Liechtenstein 4.25
16 Slovenia 4.25
17 South Korea 4.26
18 Denmark 4.34
19 Austria 4.42
20 Belgium 4.44
21 Luxembourg 4.56
22 Netherlands 4.73
23 Australia 4.75
24 Portugal 4.78
25 United Kingdom 4.85
26 New Zealand 4.92
27 Monaco 5.00
28 Canada 5.04
29 Ireland 5.05
30 Greece 5.16
31 Italy 5.51
32 San Marino 5.53
33 Cuba 5.82
34 United States 6.22

CIA. Country comparison: infant mortality rate (2009). The World
Factbook. www.cia.gov (Data last updated 13 April 2010).8
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doses were analyzed using linear regression. The
Pearson correlation coefficient (r) and coefficient of
determination (r2) were calculated using GraphPad
Prism, version 5.03 (GraphPad Software, San Diego,
CA, USA, www.graphpad.com). Additionally, the
F statistic and corresponding p values were computed
to test if the best fit slope was statistically signifi-
cantly non-zero. The Tukey-Kramer test was used to
determine whether or not the mean IMR differences
between the groups were statistically significant. Fol-
lowing the one-way ANOVA (analysis of variance)

results from the Tukey-Kramer test, a post test for the
overall linear trend was performed.

Results
Nations organized into data pairs
A scatter plot of each of the 30 nation’s IMR versus
vaccine doses yielded a linear relationship with a cor-
relation coefficient of 0.70 (95% CI, 0.46–0.85) and
p < 0.0001 providing evidence of a positive correla-
tion: IMR and vaccine doses tend to increase together.

Table 2. Summary of International Immunization Schedules: vaccines recommended/required prior to one year of age in
34 nations

Nation Vaccines prior to one year of age
Totalb

doses
Group

(range of doses)

Sweden DTaP (2), Polio (2), Hib (2), Pneumo (2) 12 1 (12–14)
Japan DTaP (3), Polio (2), BCG 12
Iceland DTaP (2), Polio (2), Hib (2), MenC (2) 12
Norway DTaP (2), Polio (2), Hib (2), Pneumo (2) 12
Denmark DTaP (2), Polio (2), Hib (2), Pneumo (2) 12
Finland DTaP (2), Polio (2), Hib (2), Rota (3) 13
Malta DTaP (3), Polio (3), Hib (3) 15 2 (15–17)
Slovenia DTaP (3), Polio (3), Hib (3) 15
South Korea DTaP (3), Polio (3), HepB (3) 15
Singapore DTaP (3), Polio (3), HepB (3), BCG, Flu 17
New Zealand DTaP (3), Polio (3), Hib (2), HepB (3) 17
Germany DTaP (3), Polio (3), Hib (3), Pneumo (3) 18 3 (18–20)
Switzerland DTaP (3), Polio (3), Hib (3), Pneumo (3) 18
Israel DTaP (3), Polio (3), Hib (3), HepB (3) 18
Liechtensteina DTaP (3), Polio (3), Hib (3), Pneumo (3) 18
Italy DTaP (3), Polio (3), Hib (3), HepB (3) 18
San Marinoa DTaP (3), Polio (3), Hib (3), HepB (3) 18
France DTaP (3), Polio (3), Hib (3), Pneumo (2), HepB (2) 19
Czech Republic DTaP (3), Polio (3), Hib (3), HepB (3), BCG 19
Belgium DTaP (3), Polio (3), Hib (3), HepB (3), Pneumo (2) 19
United Kingdom DTaP (3), Polio (3), Hib (3), Pneumo (2), MenC (2) 19
Spain DTaP (3), Polio (3), Hib (3), HepB (3), MenC (2) 20
Portugal DTaP (3), Polio (3), Hib (3), HepB (3), MenC (2), BCG 21 4 (21–23)
Luxembourg DTaP (3), Polio (3), Hib (3), HepB (2), Pneumo (3), Rota (3) 22
Cuba DTaP (3), Polio (3), Hib (3), HepB (4), MenBC (2), BCG 22
Andorraa DTaP (3), Polio (3), Hib (3), HepB (3), Pneumo (3), MenC (2) 23
Austria DTaP (3), Polio (3), Hib (3), HepB (3), Pneumo (3), Rota (2) 23
Ireland DTaP (3), Polio (3), Hib (3), HepB (3), Pneumo (2), MenC (2), BCG 23
Greece DTaP (3), Polio (3), Hib (3), HepB (3), Pneumo (3), MenC (2) 23
Monacoa DTaP (3), Polio (3), Hib (3), HepB (3), Pneumo (3), HepA, BCG 23
Netherlands DTaP (4), Polio (4), Hib (4), Pneumo (4) 24 5 (24–26)
Canada DTaP (3), Polio (3), Hib (3), HepB (3), Pneumo (3), MenC (2), Flu 24
Australia DTaP (3), Polio (3), Hib (3), HepB (4), Pneumo (3), Rota (2) 24
United States DTaP (3), Polio (3), Hib (3), HepB (3), Pneumo (3), Rota (3), Flu (2) 26

a These four nations were excluded from the analysis because they had fewer than five infant deaths.
b DTaP is administered as a single shot but contains three separate vaccines (for diphtheria, tetanus, and pertussis). Thus, DTaP given
three times in infancy is equivalent to nine vaccine doses.
Immunization schedules are for 2008–2009.9,10
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The F statistic applied to the slope [0.148 (95% CI,
0.090–0.206)] is significantly non-zero, with F ¼ 27.2
(p < 0.0001; Figure 1).

Nations organized into groups
The unweighted mean IMR of each category was
computed by simply summing the IMRs of each
nation comprising a group and dividing by the number
of nations in that group. The IMRs were as follows:
3.36 (95% CI, 2.74–3.98) for nations specifying
12–14 doses (mean 13 doses); 3.89 (95% CI,
2.68–5.12) for 15–17 doses (mean 16 doses);
4.28 (95% CI, 3.80–4.76) for 18–20 doses (mean
19 doses); 4.97 (95% CI, 4.44–5.49) for 21–23 doses
(mean 22 doses); 5.19 (95% CI, 4.06–6.31) for 24-26
doses (mean 25 doses; Figure 2). Linear regression
analysis yielded an equation of the best fit line,
y ¼ 0.157x þ 1.34 with r ¼ 0.992 (p ¼ 0.0009) and
r2 ¼ 0.983. Thus, 98.3% of the variation in mean IMRs
is explained by the linear model. Again, the F statistic
yielded a significantly non-zero slope, with F ¼ 173.9
(p ¼ 0.0009).

The one-way ANOVA using the Tukey-Kramer
test yielded F ¼ 650 with p ¼ 0.001, indicating the
five mean IMRs corresponding to the five defined
dose categories are significantly different (r2 ¼
0.510). Tukey’s multiple comparison test found statis-
tical significance in the differences between the mean
IMRs of those nations giving 12–14 vaccine doses
and (a) those giving 21–23 doses (1.61, 95% CI,
0.457–2.75) and (b) those giving 24–26 doses (1.83,
95% CI, 0.542–3.11).

Discussion
Basic necessities for infant survival
It is instructive to note that many developing nations
require their infants to receive multiple vaccine doses
and have national vaccine coverage rates (a percent-
age of the target population that has been vaccinated)
of 90% or better, yet their IMRs are poor. For exam-
ple, Gambia requires its infants to receive 22 vaccine
doses during infancy and has a 91%–97% national
vaccine coverage rate, yet its IMR is 68.8. Mongolia
requires 22 vaccine doses during infancy, has a
95%–98% coverage rate, and an IMR of 39.9.8,9

These examples appear to confirm that IMRs will
remain high in nations that cannot provide clean
water, proper nutrition, improved sanitation, and bet-
ter access to health care. As developing nations
improve in all of these areas a critical threshold will
eventually be reached where further reductions of the
infant mortality rate will be difficult to achieve
because most of the susceptible infants that could
have been saved from these causes would have been
saved. Further reductions of the IMR must then be
achieved in areas outside of these domains. As devel-
oping nations ascend to higher socio-economic living
standards, a closer inspection of all factors contribut-
ing to infant deaths must be made.

Crossing the socio-economic threshold
It appears that at a certain stage in nations’ movement
up the socio-economic scale—after the basic necessi-
ties for infant survival (proper nutrition, sanitation,
clean water, and access to health care) have been
met—a counter-intuitive relationship occurs between
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Figure 1. 2009 Infant mortality rates and number of
vaccine doses for 30 nations.
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Figure 2. 2009 Mean infant mortality rates and mean
number of vaccine doses (five categories).
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the number of vaccines given to infants and infant
mortality rates: nations with higher (worse) infant
mortality rates give their infants, on average, more
vaccine doses. This positive correlation, derived from
the data and demonstrated in Figures 1 and 2, elicits
an important inquiry: are some infant deaths associ-
ated with over-vaccination?

A closer inspection of infant deaths
Many nations adhere to an agreed upon International
Classification of Diseases (ICD) for grouping infant
deaths into 130 categories.11–13 Among the 34 nations
analyzed, those that require the most vaccines tend to
have the worst IMRs. Thus, we must ask important
questions: is it possible that some nations are requiring
too many vaccines for their infants and the additional
vaccines are a toxic burden on their health? Are some
deaths that are listed within the 130 infant mortality
death categories really deaths that are associated with
over-vaccination? Are some vaccine-related deaths
hidden within the death tables?

Sudden infant death syndrome (SIDS)
Prior to contemporary vaccination programs, ‘Crib
death’ was so infrequent that it was not mentioned
in infant mortality statistics. In the United States,
national immunization campaigns were initiated in
the 1960s when several new vaccines were introduced
and actively recommended. For the first time in his-
tory, most US infants were required to receive several
doses of DPT, polio, measles, mumps, and rubella
vaccines.14 Shortly thereafter, in 1969, medical certi-
fiers presented a new medical term—sudden infant
death syndrome.15,16 In 1973, the National Center for
Health Statistics added a new cause-of-death cate-
gory—for SIDS—to the ICD. SIDS is defined as the
sudden and unexpected death of an infant which
remains unexplained after a thorough investigation.
Although there are no specific symptoms associated
with SIDS, an autopsy often reveals congestion and
edema of the lungs and inflammatory changes in the
respiratory system.17 By 1980, SIDS had become the
leading cause of postneonatal mortality (deaths of
infants from 28 days to one year old) in the United
States.18

In 1992, to address the unacceptable SIDS rate, the
American Academy of Pediatrics initiated a ‘Back to
Sleep’ campaign, convincing parents to place their
infants supine, rather than prone, during sleep. From
1992 to 2001, the postneonatal SIDS rate dropped by

an average annual rate of 8.6%. However, other causes
of sudden unexpected infant death (SUID) increased.
For example, the postneonatal mortality rate from ‘suf-
focation in bed’ (ICD-9 code E913.0) increased during
this same period at an average annual rate of 11.2%.
The postneonatal mortality rate from ‘suffocation-
other’ (ICD-9 code E913.1-E913.9), ‘unknown and
unspecified causes’ (ICD-9 code 799.9), and due to
‘intent unknown’ in the External Causes of Injury sec-
tion (ICD-9 code E980-E989), all increased during this
period as well.18 (In Australia, Mitchell et al. observed
that when the SIDS rate decreased, deaths attributed to
asphyxia increased.19 Overpeck et al. and others,
reported similar observations.)20,21

A closer inspection of the more recent period from
1999 to 2001 reveals that the US postneonatal SIDS
rate continued to decline, but there was no significant
change in the total postneonatal mortality rate. Dur-
ing this period, the number of deaths attributed to
‘suffocation in bed’ and ‘unknown causes,’ increased
significantly. According to Malloy and MacDorman,
‘‘If death-certifier preference has shifted such that
previously classified SIDS deaths are now classified
as ‘suffocation,’ the inclusion of these suffocation
deaths and unknown or unspecified deaths with SIDS
deaths then accounts for about 90 percent of the
decline in the SIDS rate observed between 1999 and
2001 and results in a non-significant decline in
SIDS’’18 (Figure 3).

Is there evidence linking SIDS to vaccines?
Although some studies were unable to find correla-
tions between SIDS and vaccines,22–24 there is some
evidence that a subset of infants may be more suscep-
tible to SIDS shortly after being vaccinated. For
example, Torch found that two-thirds of babies who
had died from SIDS had been vaccinated against DPT
(diphtheria–pertussis–tetanus toxoid) prior to death.
Of these, 6.5% died within 12 hours of vaccination;
13% within 24 hours; 26% within 3 days; and 37%,
61%, and 70% within 1, 2, and 3 weeks, respectively.
Torch also found that unvaccinated babies who died
of SIDS did so most often in the fall or winter while
vaccinated babies died most often at 2 and 4
months—the same ages when initial doses of DPT
were given to infants. He concluded that DPT ‘‘may
be a generally unrecognized major cause of sudden
infant and early childhood death, and that the risks
of immunization may outweigh its potential benefits.
A need for re-evaluation and possible modification of
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current vaccination procedures is indicated by this
study.’’25 Walker et al. found ‘‘the SIDS mortality rate
in the period zero to three days following DPT to be 7.3
times that in the period beginning 30 days after
immunization.’’26 Fine and Chen reported that babies
died at a rate nearly eight times greater than normal
within 3 days after getting a DPT vaccination.27

Ottaviani et al. documented the case of a 3-month-old
infant who died suddenly and unexpectedly shortly after
being given six vaccines in a single shot: ‘‘Examination
of the brainstem on serial sections revealed bilateral
hypoplasia of the arcuate nucleus. The cardiac conduc-
tion system presented persistent fetal dispersion and
resorptive degeneration. This case offers a unique
insight into the possible role of hexavalent vaccine in
triggering a lethal outcome in a vulnerable baby.’’ With-
out a full necropsy study in the case of sudden, unex-
pected infant death, at least some cases linked to
vaccination are likely to go undetected.28

Reclassified infant deaths
It appears as though some infant deaths attributed to
SIDS may be vaccine related, perhaps associated with
biochemical or synergistic toxicity due to over-
vaccination. Some infants’ deaths categorized as ‘suf-
focation’ or due to ‘unknown and unspecified causes’

may also be cases of SIDS reclassified within the
ICD. Some of these infant deaths may be vaccine
related as well. This trend toward reclassifying ICD
data is a great concern of the CDC ‘‘because inaccu-
rate or inconsistent cause-of-death determination and
reporting hamper the ability to monitor national
trends, ascertain risk factors, and design and evaluate
programs to prevent these deaths.’’29 If some infant
deaths are vaccine related and concealed within the
various ICD categories for SUIDs, is it possible that
other vaccine-related infant deaths have also been
reclassified?

Of the 34 nations that have crossed the socio-
economic threshold and are able to provide the basic
necessities for infant survival—clean water, nutrition,
sanitation, and health care—several require their
infants to receive a relatively high number of vaccine
doses and have relatively high infant mortality rates.
These nations should take a closer look at their infant
death tables to determine if some fatalities are possi-
bly related to vaccines though reclassified as other
causes. Of course, all SUID categories should be re-
inspected. Other ICD categories may be related to
vaccines as well. For example, a new live-virus orally
administered vaccine against rotavirus-induced
diarrhea—Rotarix1—was licensed by the European
Medicine Agency in 2006 and approved by the US
Food and Drug Administration (FDA) in 2008.
However, in a clinical study that evaluated the safety
of the Rotarix vaccine, vaccinated babies died at a
higher rate than non-vaccinated babies—mainly due
to a statistically significant increase in pneumonia-
related fatalities.30 (One biologically plausible expla-
nation is that natural rotavirus infection might have a
protective effect against respiratory infection.)31

Although these fatalities appear to be vaccine related
and raise a nation’s infant mortality rate, medical
certifiers are likely to misclassify these deaths as
pneumonia.

Several additional ICD categories are possible can-
didates for incorrect infant death classifications:
unspecified viral diseases, diseases of the blood,
septicemia, diseases of the nervous system, anoxic
brain damage, other diseases of the nervous system,
diseases of the respiratory system, influenza, and
unspecified diseases of the respiratory system. All
of these selected causes may be repositories of
vaccine-related infant deaths reclassified as common
fatalities. All nations—rich and poor, industrialized
and developing—have an obligation to determine
whether their immunization schedules are achieving
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Figure 3. Reclassification of sudden infant death syndrome
(SIDS) deaths to suffocation in bed and unknown causes.
The postneonatal SIDS rate appears to have declined from
61.6 deaths (per 100,000 live births) in 1999 to 50.9 in
2001. However, during this period there was a significant
increase in postneonatal deaths attributed to suffocation
in bed and due to unknown causes. When these sudden
unexpected infant deaths (SUIDs) are combined with SIDS
deaths, the total SIDS rate remains relatively stable, result-
ing in a non-significant decline.
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their desired goals. Progress on reducing infant
mortality rates should include monitoring vaccine
schedules and medical certification practices to ascer-
tain whether vaccine-related infant deaths are being
reclassified as ordinary mortality in the ICD.

How many infants can be saved with an improved
IMR?
Slight improvements in IMRs can make a substantial
difference. In 2009, there were approximately 4.5 mil-
lion live births and 28,000 infant deaths in the United
States, resulting in an infant mortality rate of 6.22/
1000. If health authorities can find a way to reduce the
rate by 1/1000 (16%), the United States would rise
in international rank from 34th to 31st and about
4500 infants would be saved.

Limitations of study and potential
confounding factors
This analysis did not adjust for vaccine composition,
national vaccine coverage rates, variations in the
infant mortality rates among minority races, preterm
births, differences in how some nations report live
births, or the potential for ecological bias. A few com-
ments about each of these factors are included below.

Vaccine composition
This analysis calculated the total number of vaccine
doses received by children but did not differentiate
between the substances, or quantities of those sub-
stances, in each dose. Common vaccine substances
include antigens (attenuated viruses, bacteria, toxoids),
preservatives (thimerosal, benzethonium chloride,
2-phenoxyethanol, phenol), adjuvants (aluminum
salts), additives (ammonium sulfate, glycerin, sodium
borate, polysorbate 80, hydrochloric acid, sodium
hydroxide, potassium chloride), stabilizers (fetal
bovine serum, monosodium glutamate, human serum
albumin, porcine gelatin), antibiotics (neomycin, strep-
tomycin, polymyxin B), and inactivating chemicals
(formalin, glutaraldehyde, polyoxyethylene). For the
purposes of this study, all vaccine doses were equally
weighted.

Vaccine coverage rates
No adjustment was made for national vaccine cover-
age rates—a percentage of the target population that
received the recommended vaccines. However, most

of the nations in this study had coverage rates in the
90%–99% range for the most commonly recom-
mended vaccines—DTaP, polio, hepatitis B, and Hib
(when these vaccines were included in the schedule).
Therefore, this factor is unlikely to have impacted the
analyses.9

Minority races
It has been argued that the US IMR is poor in compar-
ison to many other nations because African–American
infants are at greater risk of dying relative to White
infants, perhaps due to genetic factors or disparities
in living standards. However, in 2006 the US IMR for
infants of all races was 6.69 and the IMR for White
infants was 5.56.13 In 2009, this improved rate would
have moved the United States up by just one rank inter-
nationally, from 34th place to 33rd place.8 In addition,
the IMRs for Hispanics of Mexican descent and Asian–
Americans in the United States are significantly lower
than the IMR for Whites.6 Thus, diverse IMRs among
different races in the Unites States exert only a modest
influence over the United States’ international infant
mortality rank.

Preterm births
Preterm birth rates in the United States have steadily
increased since the early 1980s. (This rise has been
tied to a greater reliance on caesarian deliveries,
induced labor, and more births to older mothers.) Pre-
term babies are more likely than full-term babies to
die within the first year of life. About 12.4% of US
births are preterm. In Europe, the prevalence rate of
premature birth ranges from 5.5% in Ireland to
11.4% in Austria. Preventing preterm births is essen-
tial to lower infant mortality rates. However, it is
important to note that some nations such as Ireland
and Greece, which have very low preterm birth rates
(5.5% and 6%, respectively) compared to the United
States, require their infants to receive a relatively high
number of vaccine doses (23) and have correspond-
ingly high IMRs. Therefore, reducing preterm birth
rates is only part of the solution to reduce IMRs.6,32

Differences in reporting live births
Infant mortality rates in most countries are reported
using WHO standards, which do not include any ref-
erence to the duration of pregnancy or weight of the
infant, but do define a ‘live birth’ as a baby born with
any signs of life for any length of time.12 However,
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four nations in the dataset—France, the Czech
Republic, the Netherlands, and Ireland—do not report
live births entirely consistent with WHO standards.
These countries add an additional requirement that
live babies must also be at least 22 weeks of gestation
or weigh at least 500 grams. If babies do not meet this
requirement and die shortly after birth, they are
reported as stillbirths. This inconsistency in reporting
live births artificially lowers the IMRs of these
nations.32,33 According to the CDC, ‘‘There are some
differences among countries in the reporting of very
small infants who may die soon after birth. However,
it appears unlikely that differences in reporting are the
primary explanation for the United States’ relatively
low international ranking.’’32 Nevertheless, when the
IMRs of France, the Czech Republic, the Netherlands,
and Ireland were adjusted for known underreporting
of live births and the 30 data pairs retested for
significance, the correlation coefficient improved
from 0.70 to 0.74 (95% CI, 0.52–0.87).

Ecological bias
Ecological bias occurs when relationships among
individuals are inferred from similar relationships
observed among groups (or nations). Although most
of the nations in this study had 90%–99% of their
infants fully vaccinated, without additional data we
do not know whether it is the vaccinated or unvacci-
nated infants who are dying in infancy at higher rates.
However, respiratory disturbances have been docu-
mented in close proximity to infant vaccinations, and
lethal changes in the brainstem of a recently vacci-
nated baby have been observed. Since some infants
may be more susceptible to SIDS shortly after being
vaccinated, and babies vaccinated against diarrhea
died from pneumonia at a statistically higher rate than
non-vaccinated babies, there is plausible biologic and
causal evidence that the observed correlation between
IMRs and the number of vaccine doses routinely
given to infants should not be dismissed as ecological
bias.

Conclusion
The US childhood immunization schedule requires
26 vaccine doses for infants aged less than 1 year, the
most in the world, yet 33 nations have better IMRs.
Using linear regression, the immunization schedules
of these 34 nations were examined and a correlation
coefficient of 0.70 (p < 0.0001) was found between
IMRs and the number of vaccine doses routinely

given to infants. When nations were grouped into five
different vaccine dose ranges (12–14, 15–17, 18–20,
21–23, and 24–26), 98.3% of the total variance in
IMR was explained by the unweighted linear
regression model. These findings demonstrate a
counter-intuitive relationship: nations that require
more vaccine doses tend to have higher infant mortal-
ity rates.

Efforts to reduce the relatively high US IMR have
been elusive. Finding ways to lower preterm birth
rates should be a high priority. However, preventing
premature births is just a partial solution to reduce
infant deaths. A closer inspection of correlations
between vaccine doses, biochemical or synergistic
toxicity, and IMRs, is essential. All nations—rich and
poor, advanced and developing—have an obligation
to determine whether their immunization schedules
are achieving their desired goals.
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Relative trends in hospitalizations
and mortality among infants by the
number of vaccine doses and age,
based on the Vaccine Adverse
Event Reporting System (VAERS),
1990–2010

GS Goldman1 and NZ Miller2

Abstract
In this study, the Vaccine Adverse Event Reporting System (VAERS) database, 1990–2010, was investigated;
cases that specified either hospitalization or death were identified among 38,801 reports of infants. Based
on the types of vaccines reported, the actual number of vaccine doses administered, from 1 to 8, was summed
for each case. Linear regression analysis of hospitalization rates as a function of (a) the number of reported
vaccine doses and (b) patient age yielded a linear relationship with r2 ¼ 0.91 and r2 ¼ 0.95, respectively. The
hospitalization rate increased linearly from 11.0% (107 of 969) for 2 doses to 23.5% (661 of 2817) for 8 doses
and decreased linearly from 20.1% (154 of 765) for children aged <0.1 year to 10.7% (86 of 801) for children
aged 0.9 year. The rate ratio (RR) of the mortality rate for 5–8 vaccine doses to 1–4 vaccine doses is 1.5 (95%
confidence interval (CI), 1.4–1.7), indicating a statistically significant increase from 3.6% (95% CI, 3.2–3.9%)
deaths associated with 1–4 vaccine doses to 5.5% (95% CI, 5.2–5.7%) associated with 5–8 vaccine doses. The
male-to-female mortality RR was 1.4 (95% CI, 1.3–1.5). Our findings show a positive correlation between
the number of vaccine doses administered and the percentage of hospitalizations and deaths. Since vaccines are
given to millions of infants annually, it is imperative that health authorities have scientific data from synergistic
toxicity studies on all combinations of vaccines that infants might receive. Finding ways to increase vaccine safety
should be the highest priority.

Keywords
VAERS, vaccine, childhood vaccines, immunization, epidemiology, infant mortality, SIDS, drug toxicology,
human toxicology

Introduction
In 1986, Congress passed the National Childhood

Vaccine Injury Act (PL-99-660) requiring health care

providers to report suspected vaccine reactions to a

centralized reporting system. As a result, the Vaccine

Adverse Events Reporting System (VAERS), cospon-

sored by the Centers for Disease Control and Preven-

tion (CDC) and the Food and Drug Administration

(FDA), was established in 1990. VAERS is a postmar-

keting safety surveillance program that collects infor-

mation about possible adverse reactions (side effects)

that occur after the administration of vaccines

licensed for use in the United States. Current and

historic VAERS data are public access, available to

health care providers, vaccine manufacturers, and the

general public.

VAERS receives approximately 30,000 reports

annually. Since 1990, VAERS has received over
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350,000 reports, most of which describe mild side

effects, such as fever and local reactions. About

13% of all reactions are classified as serious, involv-

ing life-threatening conditions, hospitalization, per-

manent disability, or death. By monitoring such

events, VAERS helps to identify unusual patterns of

reports and important safety concerns.

Several factors could contribute to whether an

infant will have an adverse reaction to vaccines,

including a genetic predisposition, illness (which may

be a contraindication to vaccine administration),

quality of vaccines (which can vary by manufacturing

methods), and sensitivity to one or more vaccine

components. Some infants might be more likely to

experience an adverse reaction due to biochemical

or synergistic toxicity associated with concurrent

administration of multiple vaccines. Yet, studies have

not been conducted to determine the safety (or effi-

cacy) of administering multiple vaccine doses during

a single physician visit based on the CDC’s recom-

mended vaccine schedule.

To explore the correlation between the total number

of vaccine doses administered and serious adverse

events reported, a statistical analysis was performed.

Cases that specified either hospitalization or death

were identified among infants, defined as children aged

<1 year, for whom reports were filed in the VAERS

database from 1990 through the end of 2010. Based

on the quantity and types of vaccines reported, the

actual number of vaccine doses was summed for each

case. Thus, relative trends in reported hospitalization

and mortality rates as a function of the number of

vaccine doses and age could be investigated.

Methodology
VAERS is a national passive reporting system

managed by the CDC and FDA—agencies of the

US Department of Health and Human Services.

VAERS reports are filed by vaccine manufacturers

(37%), health care providers (36%), state immuniza-

tion programs (10%), vaccine recipients or their par-

ent/guardians (7%), and other sources (10%). Each

report includes information about the patients’ demo-

graphics, vaccine/vaccines administered, and symp-

toms related to their adverse event. The public

access VAERS database, 1990 through 2010, was

downloaded from the Internet (http://vaers.hhs.gov/

data/data) on April 20, 2011, as comma-separated

value (CSV) files (Figure 1). Records associated with

1990 were incomplete, containing only about 20% of

the cases typically represented by each subsequent

full year’s report. Foreign reports in the nondomestic

VAERS database were not considered.

Of the total 327,331 cases contained in the down-

loaded VAERS files, 28,707 (8.7%) cases specified

no age and another 10 cases (0.003%) specified an age

of 100 years or older and thus were discarded. One

VAERS case showed 0 vaccines, but this was

corrected to indicate receipt of measles, mumps and

rubella (MMR) vaccine (counted as 3 vaccine doses).

Thus, 298,614 (91.2%) case reports of individuals

aged <100 years were imported. Of these 298,614

total case reports, there were 39,082 (13.1%) infant

cases. Of these, the cumulative 281 (0.7%) VAERS

cases reporting 9 or more vaccine doses concurrently

were insufficient to yield statistically significant

results, especially when further stratified by age, and

were therefore excluded from analysis. Thus, 38,801

(99.3%) infant cases receiving fewer than 9 vaccine

doses concurrently were available for the various

analyses performed with respect to hospitalization

and mortality rates. The distributions by year of the

total number of reported hospitalizations (6279) and

deaths (1881) are shown in Figure 2.

A Web-based (online) program (available at

www.medicalveritas.com/vaers.php) was written (in

HTML, Javascript, and PHP) to convert all specified

vaccines for any given case to the equivalent number

of doses (i.e., DTaP is administered with one injection

but contains three separate vaccine doses for

diphtheria, tetanus, and pertussis; Table 1). The data

were then analyzed by inspecting the age of each case,

summing the dose equivalents for each vaccine

specified to obtain the total number of vaccine doses
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Figure 1. Distribution of infant cases reported to Vaccine
Adverse Event Reporting System (VAERS) by year, 1990–
2010. Note: 1990 was a partial year of VAERS reporting.
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(1–8 doses) associated with each case. The hospitali-

zation rate corresponding to each dose was computed

by dividing the number of reported hospitalizations

among infants for a given dose by the total number

of VAERS reports received having that same given

dose. The mortality rate was similarly computed, and
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Figure 2. Distribution of infant cases reported as hospi-
talized or as a death to Vaccine Adverse Event Reporting
System (VAERS) by year, 1990–2010. Note: 1990 was a
partial year of VAERS reporting.

Table 1. Vaccine abbreviations as used in VAERS with the
equivalent number of doses

Vaccine Doses

6VAX-F 3
ADEN 1
ANTH 1
BCG 1
CEE 1
CHOL 1
DPIPV 3
DPP 3
DT 2
DTaP 3
DTAPH 4
DTAPHEPBIP 5
DTAPIPV 4
DTAPIPVHIB 5
DTIPV 3
DTOX 1
DTP 3
DTPHEP 4
DTPHIB 4
DTPIHI 5
DTPIPV 4
DTPPHIB 5
FLU 1
FLU(H1N1) 1
FLU(10-11) 1
FLUHD(10-11) 1
FLUN 1
FLUN(10-11) 1
FLUN(H1N1) 1
H5N1 1
HBHEPB 2

(continued)

Table 1. (continued)

Vaccine Doses

HBPV 1
HEP 1
HEPA 1
HEPAB 2
HIBV 1
HPV 1
HPV2 1
HPV4 1
IPV 1
JEV 1
JEV1 1
LYME 1
MEA 1
MEN 1
MER 1
MNC 1
MNQ 1
MM 2
MMR 3
MMRV 4
MU 1
MUR 2
OPV 1
PER 1
PLAGUE 1
PNC 1
PNC13 1
PPV 1
RAB 1
ROT 1
ROTH1 1
ROTHB5 1
RUB 1
RV 1
SMALL 1
SSEV 1
TBE 1
TD 2
TDAP 3
TTOX 1
TYP 1
VARCEL 1
VARZOS 1
YF 1

VAERS: Vaccine Adverse Event Reporting System.
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both hospitalization and mortality rates were multi-

plied by a factor of 100 to yield a percentage figure.

The linear regression line for hospitalization rates

versus the number of vaccine doses and the coeffi-

cient of determination (r2) were generated using

GraphPad Prism, version 5.04 (GraphPad Software,

San Diego, California, USA, www.graphpad.com).

A similar procedure was used for hospitalization rates

versus age and number of vaccine doses. Addition-

ally, the F statistic and corresponding p value were

computed to test whether each linear regression slope

was statistically significantly nonzero. The 95% con-

fidence intervals (CIs) reported for hospitalization

and mortality rates are based on the Poisson distribu-

tion, which for large sample sizes approximates the

normal distribution. A 2-way analysis of variance

(ANOVA) was performed using factors of age (in

0.1-year increments) and number of vaccine doses

(2–8 doses) to investigate the percentage of variance

contributed by these factors.

Results
Linear regression analysis of hospitalization rates

as a function of (a) the number of reported vaccine

doses and (b) patient age yielded a linear relation-

ship with r2 ¼ 0.91 and r2 ¼ 0.95, respectively

(Figures 3 and 4). The hospitalization rate increased

linearly from 11.0% (107 of 969) for 2 doses to

23.5% (661 of 2817) for 8 doses (Table 2), and

decreased linearly from 20.1% (154 of 765) for

children aged <0.1 year to 10.7% (86 of 801) for

children aged 0.9 year (Table 3).

When the outlier associated with the hospitaliza-

tion rate for 1 dose is included, the linear correlation

using 1–8 doses is weakened with a reduced coeffi-

cient of determination, r2 ¼ 0.57 (F ¼ 8.0; p < 0.03).

A two-way ANOVA using the number of vaccine

doses (2–8) and age, ranging from 0.1 to 0.9 years

in 0.1 increments, was unproductive due to the too

large an interaction between age and dose, particu-

larly with those aged 0.6–0.9 years. When restricted

to ages 0.1–0.5 years, the number of vaccine

doses accounted for 85.3% of the total variation

(F ¼ 25.7, p < 0.001), the age factor was not signifi-

cant at 1.4% (p ¼ 0.64), and the residual was 13.3%.

The rate ratio (RR) of the mortality rate for 5–8

vaccine doses to 1–4 vaccine doses is 1.5 (95% CI,

1.4–1.7), indicating that the mortality rate of 3.6%
(95% CI, 3.2–3.9%) associated with low vaccine

doses is statistically significantly lower than 5.4%
(95% CI, 5.2–5.7%) associated with higher vaccine

doses (Table 4).

The RR of the mortality rate for children aged

<0.5 years to those aged 0.5–0.9 years is 3.0 (95%
CI, 2.6–3.4), indicating that the mortality rate of

6.1% (95% CI, 5.9–6.4%) associated with children aged

<0.5 is statistically significantly higher than 2.1% (95%
CI, 1.8–2.3%) associated with children aged 0.5–0.9

years (Table 5).

With respect to the <1 year age group, there were

3348 males hospitalized out of 20,174 reports, and

2831 females out of 17,630 reports, yielding hospital-

ization rates of 16.6% (95% CI, 16.1–17.1%) and

16.1% (95% CI, 15.5–16.6%), respectively. The
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Figure 3. Hospitalization rate (%) versus the number of
vaccine doses among infants, Vaccine Adverse Event
Reporting System (VAERS), 1990–2010.
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Table 3. Hospitalization rate (%) among infants receiving 1–8 reported vaccine doses, stratified by age (in 0.1 year
increments), VAERS 1990–2010 database

Age (years)
Number reported

hospitalized
Total no. of

reports
Hospitalization

rate, %
95% confidence

interval

0.0 154 765 20.1 17.3–23.0
0.1 308 1576 19.5 17.6–21.5
0.2 2210 12,476 17.7 17.0–18.4
0.3 1115 6897 16.2 15.3–17.0
0.4 806 4694 17.2 16.1–18.2
0.5 858 5572 15.4 14.5–16.3
0.6 385 2780 13.8 12.6–15.1
0.7 149 1372 10.9 9.2–12.5
0.8 208 1868 11.1 9.7–12.6
0.9 86 801 10.7 8.6–12.9
Totals aged <1 year 6279 38,801 16.2 15.8–16.5

VAERS: Vaccine Adverse Event Reporting System.

Table 4. Mortality rate (%) among infants, stratified by the number of vaccine doses, VAERS 1990–2010 database

Number of vaccine doses
Number of reported

deaths
Total no. of

reports
Mortality rate, %

(95% CI)

1 197 5090 3.9 (3.3–4.4)
2 21 969 2.2 (1.3–3.1)
3 42 1959 2.1 (1.5–2.8)
4 163 3909 4.2 (3.5–4.8)
Combined 1–4 423 11,927 3.6 (3.2–3.9)
5 523 10,114 5.2 (4.7–5.6)
6 490 8454 5.8 (5.3–6.3)
7 320 5489 5.8 (5.2–6.5)
8 125 2817 4.4 (3.7–5.2)
Combined 5–8 1458 26,874 5.4 (5.2–5.7)
Combined 1–8 1881 38,801 4.9 (4.6–5.1)

VAERS: Vaccine Adverse Event Reporting System.

Table 2. Hospitalization rate (%), stratified by number of vaccine doses reported among infants, VAERS 1990–2010
database

No. of vaccine doses
Number reported

hospitalized
Total no. of

reports
Hospitalization

rate, %
95% confidence

interval

1a 828 5090 16.3 15.3–17.3
2 107 969 11.0 9.1–13.0
3 243 1959 12.4 10.9–13.9
4 561 3909 14.4 13.3–15.5
5 1463 10,114 14.5 13.8–15.2
6 1365 8454 16.1 15.4–16.9
7 1051 5489 19.1 18.1–20.2
8 661 2817 23.5 21.9–25.0
Totals 1–8 6279 38,801 16.2 15.8–16.5

VAERS: Vaccine Adverse Event Reporting System.
a One dose is considered an outlier for reasons given in the discussion section of the article.
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male-to-female RR of 1.03 (95% CI, 0.98–1.08) is not

statistically significant.

The 1133 reported male deaths out of a total of

20,174 male cases and 723 reported female deaths out

of 17,630 female cases yield mortality rates of 5.6%
(95% CI, 5.3–5.9%) and 4.1% (95% CI, 3.8–4.4%),

respectively. The male-to-female mortality RR of

1.4 (95% CI, 1.3–1.5) is statistically significant

(Table 6).

When stratified by year, there was no correlation in

hospitalization rates (r2¼ 0.03) and a weak correlation

in mortality rates (r2 ¼ 0.40) during the studied time

period, 1990–2010. The mean hospitalization rates in

VAERS for the period 1990–2000 and 2001–2010 were

15.8% (3219 of 20,377) and 16.6% (3060 of 18,424),

respectively. The RR is 0.95 (95% CI, 0.91–1.00), indi-

cating a slightly lower mean hospitalization rate in

VAERS for 1990–2000 relative to 2001–2010. The

mean mortality rates in VAERS for the periods 1990–

2000 and 2001–2010 were 5.6% (1135 of 20,377) and

4.0% (746 of 18,424), respectively. The RR is 1.38

(95% CI, 1.25–1.51), indicating a statistically signifi-

cant higher mean mortality rate in VAERS for 1990–

2000 relative to 2001–2010.

Table 6. Mortality rates (%) stratified by age (0 to <1 year) and gender, VAERS 1990–2010 databasea

Males Females

Case age (years)
No. of

reported deaths
Total no.
of reports

Mortality rate,
% (95% CI)

No. of
reported deaths

Total no.
of reports

Mortality rate,
% (95% CI)

0.0 32 406 7.9 22 341 6.5
0.1 82 786 10.4 59 726 8.1
0.2 535 6432 8.3 315 5776 5.5
0.3 223 3698 6.0 128 2989 4.3
0.4 112 2457 4.6 93 2122 4.4
Combined <0.5 984 13,779 7.1 (6.7–7.6) 617 11,954 5.2 (4.8–5.6)
0.5 75 2918 2.6 46 2503 1.8
0.6 33 1411 2.3 29 1297 2.2
0.7 15 711 2.2 8 630 1.3
0.8 16 963 1.7 16 857 1.9
0.9 10 392 2.6 7 389 1.8
Combined 0.5–0.9 149 6395 2.3 (2.0–2.7) 106 5676 1.9 (1.5–2.2)
Combined <1 1133 20,174 5.6 (5.3–5.9) 723 17,630 4.1 (3.8–4.4)

VAERS: Vaccine Adverse Event Reporting System.
a The total number of males and females in Table 6 is lower than that shown in Table 3, which includes cases where gender was not
specified.

Table 5. Mortality rate (%), stratified by age (0 to <1 year), VAERS 1990–2010 database

Case age (years) Number of reported deaths Total no. of reports Mortality rate, % (95% CI)

0.0 55 765 7.2 (5.4–9.0)
0.1 144 1576 9.1 (7.7–10.6)
0.2 863 12,476 6.9 (6.5–7.4)
0.3 355 6897 5.1 (4.6–5.7)
0.4 206 4694 4.4 (3.8–5.0)
Combined <0.5 1623 26,408 6.1 (5.9–6.4)
0.5 121 5572 2.2 (1.8–2.6)
0.6 62 2780 2.2 (1.7–2.8)
0.7 24 1372 1.7 (1.1–2.4)
0.8 34 1868 1.8 (1.2–2.4)
0.9 17 801 2.1 (1.1–3.1)
Combined 0.5–0.9 258 12,393 2.1 (1.8–2.3)
Combined <1 1881 38,801 4.8 (4.6–5.1)

VAERS: Vaccine Adverse Event Reporting System.
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Discussion
In 1990, infants received a total of 15 vaccine doses

prior to their first year of life: 3 DPT injections (9 vac-

cine doses), 3 polio, and 3 Hib vaccines—5 vaccine

doses at 2, 4, and 6 months of age. By 2007, the CDC

recommended 26 vaccine doses for infants: 3 DTaP, 3

polio, 3 Hib, 3 hepatitis B, 3 pneumococcal, 3 rota-

virus, and 2 influenza vaccines. While each childhood

vaccine has individually undergone clinical trials to

assess safety, studies have not been conducted to

determine the safety (or efficacy) of combining vac-

cines during a single physician visit as recommended

by CDC guidelines. For example, 2-, 4-, and 6-month-

old infants are expected to receive vaccines for polio,

hepatitis B, diphtheria, tetanus, pertussis, rotavirus,

Haemophilus influenzae type B, and pneumococcal,

all during a single well-baby visit—even though this

combination of 8 vaccine doses was never tested in

clinical trials.

An article written by Guess, representing a vaccine

manufacturer, claimed that it is ‘‘impractical to

conduct preapproval studies of all combinations [of

vaccines] in clinical practice.’’1 However, a recent

study by Miller and Goldman found that among the

developed nations, infant mortality increased with

an increase in the number of vaccine doses.2 Similar

associations have also been found with respect to

other serious adverse outcomes. Delong reported that

the higher the proportion of children receiving recom-

mended vaccinations, the higher the prevalence of

autism or speech and language impairment.3 A CDC

report on mixed exposures to chemical substances and

other stressors, including prescribed pharmaceuticals,

found that they may produce ‘‘increased or unex-

pected deleterious health effects.’’ In addition, ‘‘expo-

sures to mixed stressors can produce health

consequences that are additive, synergistic, antago-

nistic, or can potentiate the response expected from

individual component exposures.’’4 Administering

six, seven, or eight vaccine doses to an infant during

a single physician visit may certainly be more conve-

nient for parents—rather than making additional trips

to the doctor’s office—but evidence of a positive

association between infant adverse reactions and the

number of vaccine doses administered confirms that

vaccine safety must remain the highest priority.

Single-dose outlier
There are several possible explanations why the

hospitalization rate corresponding to one dose is an

outlier and therefore excluded from the linear regression

analysis:

1. The distribution of cases aged <1 year is dispro-

portionately highest among the youngest infant

age 0 to 0.1 years with 273 hospitalizations

(24.4%) reported out of the total of 1115 VAERS

reports in that narrow age range. Infants who

receive one dose either as a newborn or as a neo-

nate are predisposed to more hospitalizations and

deaths than older infants.5

2. A disproportionate number of hospitalizations

were due to the administration of the at-birth dose

of the hepatitis B vaccination: 809 (73%) of the

1115 VAERS cases reported the receipt of hepa-

titis B vaccine; 242 (30%) of these 809 were

reported as hospitalized. Several studies provide

evidence of correlations between hepatitis B vac-

cination and serious adverse reactions, including

pediatric multiple sclerosis.6–12 Thus, the new-

born dose of hepatitis B vaccine, administered

at a time when the immune system is most imma-

ture, may be contributing to increased vulnerabil-

ity to serious adverse reactions causing

disproportionately high rates of hospitalizations

during the neonatal period.

3. Infants who were sensitive to their first vaccine

might have been urged by the child’s physician

or concerned family members to avoid subsequent

vaccines, especially multiple doses administered

concomitantly.

4. Physicians might have failed to report that two or

more doses were actually given.

Accuracy of reports
VAERS is a passive surveillance system, and the

large number of reports to VAERS increases the like-

lihood that some reports may not be adequately

checked for accuracy, especially the less serious ones.

Some reports to VAERS do not include full medical

record documentation and may contain errors. The

VAERS forms often have missing or incorrect data,

including age, sex, vaccines administered, and

adverse events.

Overreporting
Anyone can file a VAERS report regardless of a true

cause-and-effect relationship between the administra-

tion of a vaccine and an adverse event that succeeds it.

Thus, some reports are likely to be unrelated to
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vaccinations. In addition, erroneous diagnoses may

cause some adverse events in the VAERS database

to be inaccurate descriptions of the event that

occurred. For example, a seizure may be reported as

a simple case of fainting and vice versa.

For limited periods of time (with specific starting

and stopping points), the FDA required a select group

of physicians and vaccine manufacturers to participate

in ‘phase 4’ postmarketing, active surveillance of possi-

ble adverse vaccine reactions, resulting in temporary

spikes of reported VAERS cases. Such mandatory

reporting often follows the release of a new vaccine and

changes to the recommended childhood immunization

schedule. Some of the variations in annual reported

cases (Figures 1 and 2) are due to these factors.

Underreporting
Since VAERS is a passive system, it is inherently sub-

ject to underreporting. For example, a confidential

study conducted by Connaught Laboratories, a vac-

cine manufacturer, indicated that ‘‘a fifty-fold under-

reporting of adverse events’’ is likely.13 According to

David Kessler, former commissioner of the FDA,

‘‘only about one percent of serious events [adverse

drug reactions] are reported.’’14 Less serious vaccine

adverse events (e.g., swelling, fever, or redness at the

vaccination site) are more underreported than more

serious vaccine adverse events (e.g., hospitalizations

and death).15 The current analysis made no attempt

to quantify underreporting due to age, type of adverse

event, or other factor since only relative trends were

utilized.

According to Ottaviani et al., ‘Any case of sudden

unexpected death occurring . . . in infancy, especially

soon after a vaccination, should always undergo a full

necropsy study,’ otherwise a true association between

vaccination and death may escape detection.16

A recent study by Kuhnert et al. demonstrated a

16-fold increase in unexplained sudden unexpected

death after the fourth dose of a penta- (5-in-1) or hex-

avalent (6-in-1) vaccine.17 Similarly, Zinka et al.

reported 6 cases of sudden infant death syndrome that

occurred within 48 hours following the administration

of a hexavalent vaccine. At postmortal examination,

these cases showed ‘‘unusual findings in the brain’’

that appeared compatible with an association between

hexavalent vaccination and sudden infant death

syndrome.18 These examples provide additional evi-

dence that cases of vaccine-related mortality are

likely underreported in VAERS.

Methodological limitations
The methodological limitations inherent to the

VAERS database are discussed in detail in other stud-

ies.19–21 The correlation of increasing hospitalizations

and deaths with increasing number of vaccine doses is

based solely on the number of vaccine doses associ-

ated with each VAERS case report, without differen-

tiating between the types or composition of vaccines

administered. Common vaccine substances include

antigens (attenuated viruses, bacteria, and toxoids),

preservatives (thimerosal, benzethonium chloride,

2-phenoxyethanol, and phenol), adjuvants (aluminum

salts), additives (ammonium sulfate, glycerin, sodium

borate, polysorbate 80, hydrochloric acid, sodium

hydroxide, and potassium chloride), stabilizers (fetal

bovine serum, monosodium glutamate, human serum

albumin, and porcine gelatin), antibiotics (neomycin,

streptomycin, and polymyxin B), and inactivating

chemicals (formalin, glutaraldehyde, and polyox-

yethylene). For the purposes of this study, all vaccine

doses were equally weighted.

Approximately 85% of the variation in mean hospi-

talization rates for children aged 0.1–0.5 years was

accounted for on the basis of the number of vaccine

doses. If the quantity and severity of adverse vaccine

events is, in fact, related to the accumulated total

number of vaccine doses, then methodology that

includes the complete age-specific vaccination

history of the patient might enhance the analysis.

Furthermore, while vaccines may appear to be the

causal factor leading to adverse vaccine events, other

underlying patient medical conditions, including

latent mitochondrial disease or vitamin deficiencies,

may ultimately play a role. Some reports have postu-

lated that environmental factors, including vaccine

administration, can trigger an adverse reaction due

to its various components or agents that deplete body

resources and/or cause immune insults.22–24

Unfortunately, VAERS does not provide informa-

tion regarding background incidence of adverse

events in the general population nor does it provide

historical information such as the age-specific vaccine

doses actually administered to the patient. These

methodological limitations require supplementary

information from vaccine manufacturers that is often

proprietary, or novel approaches to handling VAERS

data. Thus, in our analysis the total number of

VAERS reports used in the rate calculations serves

as a surrogate denominator that is proportionately

related to the actual number of vaccine doses
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distributed or administered.25 The 1.5 male-to-female

ratio demonstrated in cases of sudden infant death

syndrome reported in other studies26,27 closely

compares with the 1.4 (95% CI, 1.3–1.5) ratio demon-

strated in VAERS among infants. This correspon-

dence with other studies is a strong evidence that

the total number of adverse events reported to

VAERS, used in the denominator of the rate calcula-

tions, credibly reflects the number of vaccine doses

administered.

Conclusion
VAERS is one of the largest databases containing

adverse reactions reported in temporal association

with vaccination. While some adverse events that are

reported to VAERS may be unrelated to the recent

vaccination, the VAERS database is an important

postmarketing safety surveillance tool that is

periodically analyzed by the CDC, FDA, and other

vaccine researchers to discover potentially adverse

vaccination trends. Using linear regression, several

statistically significant trends were derived from the

VAERS database: (a) a positive correlation between

hospitalization rates and the number of vaccine doses

(r2 ¼ 0.91); (b) a negative correlation between

hospitalization rates and age (r2 ¼ 0.95); (c) an

increased mortality rate associated with 5–8 vaccines

relative to 1–4 vaccines; (d) a decreased mortality rate

associated with children aged 0.5 to <1 year relative

to those aged <0.5 year; and (e) a 1.4 male-to-

female infant mortality ratio. These trends not only

have a biological plausibility but are supported by

evidence from case reports, case series, and other

studies using entirely different methodologies and

specific population cohorts.

Studies have not been conducted to determine the

safety (or efficacy) of administering multiple vaccine

doses in a variety of combinations as recommended

by CDC guidelines. Our findings show a positive cor-

relation between the number of vaccine doses admin-

istered and the percentage of hospitalizations and

deaths reported to VAERS. In addition, younger

infants were significantly more likely than older

infants to be hospitalized or die after receiving

vaccines. Since vaccines are administered to millions

of infants every year, it is imperative that health

authorities have scientific data from synergistic

toxicity studies on all combinations of vaccines that

infants are likely to receive; universal vaccine recom-

mendations must be supported by such studies.

Adverse reaction trends detected in VAERS have

important implications for vaccine recipients and

health care providers. Finding ways to increase vac-

cine safety should be the highest priority. Further

inspection of potential correlations between increas-

ing vaccine doses, hospitalizations, and death is

essential. Health care policy makers have an obliga-

tion to determine whether immunization schedules are

achieving their desired goals.
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Simultaneous sudden infant death syndrome.
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Abstract
The simultaneous sudden deaths of twins rarely occur and therefore it has received limited attention in
the medical literature. When the deaths of the twins meet the defined criteria for sudden infant death
syndrome (SIDS) independently and take place within the same 24 h range it can be called as
simultaneous SIDS (SSIDS). The case(s): Twin girls (3.5monthold) were found dead by their mother in
their crib, both in supine position. The infants were identical twins and delivered at a hospital by
cesarean section. Both infants were healthy and did not have any serious medical history. Two days
prior to the incident, the twins had received the second dose of oral polio, DPT and the first dose of
hepatitis B vaccines and they had fever on the first day of the vaccination and been given teaspoonful
of acetaminophen. Death scene investigation, judicial investigation, parental assessment, macroscopic
and microscopic autopsy findings and the toxicological analysis did not yield any specific cause of
death. The case(s) were referred to a supreme board composed of multidisciplinary medical
professionals at the Institute of Forensic Medicine, Ministry of Justice, in Istanbul. The Board decided
that the available data was consistent with SIDS. These SIDS case(s) are presented because twin
SIDS are rare and this is the first time that a simultaneous twin SIDS have been reported in Turkey.
Simultaneous SIDS cases have many implications regarding definition, diagnosis and medicolegal
approach.
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Two days prior to the incident, the twins had received the second dose of oral polio, DPT and the first dose of hepatitis B vaccines and they had fever on the first day of the vaccination and been given teaspoonful of acetaminophen.
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The Plausible Connection between Vaccines and SIDS 

By the Children’s Health Defense Team 

In January 2018, media outlets reported the 

embarrassing news that children born in the United 

States are 76% more likely to die before their first 

birthday than infants born in 19 other wealthy 

countries. This clear-cut finding emerged from a 

cross-national study published in Health Affairsby 

medical researchers at Johns Hopkins and two other 

leading U.S. teaching hospitals. Even though the U.S. spends more on children’s health care per capita 

than the other nations, the authors’ unadorned conclusion was that the U.S. is “the most dangerous of 

wealthy nations for a child to be born into.” 

One of the top five causes of infant deaths in the U.S. is sudden infant death syndrome (SIDS), which, by 

definition, is an unexpected and unexplainable death that occurs in a “seemingly normal, healthy infant 

under one year of age.” The Centers for Disease Control and Prevention (CDC) views SIDS (along with 

“accidental suffocation in a sleeping environment” and “other deaths from unknown causes”) as 

manifestations of the broader phenomenon of sudden unexpected infant death (SUID). CDC attributes 

three-fourths (75%) of the 3,700 annual SUID deaths (a conservative estimate) to SIDS and “unknown 

causes.” 

Many of those vaccines are administered in bundles at well-baby visits around two and four months—

exactly when nine out of ten SIDS deaths occur. 

The pronounced bifurcation that characterizes infant mortality in the U.S. versus the other 19 countries 

began in the 1980s. It would make sense to ask whether something happened at that time that could 

explain why American children began having a tougher time making it past their first birthday than 

children in Canada, Australia, New Zealand, Western Europe, Iceland or Japan, yet the Health 

Affairs authors propose only that differences in income, education and the social safety net are to blame. 

There is no reason to believe that those factors dramatically worsened in the 1980s. However, there is 

another “elephant in the room” explanation that the Health Affairs authors studiously ignore: in the 1980s, 

there was a major uptick in vaccination, including a strong push to enact and enforce vaccine mandates in 

schools and, toward the close of the decade, a significant jump in the total number of vaccines required. 

Without even counting the vaccines now routinely administered prenatally, American infants 

receive more vaccines in their first year than infants anywhere in the world and far more than in the 

1980s. Many of those vaccines are administered in bundles at well-baby visits around two and four 

months—exactly when nine out of ten SIDS deaths occur. 

Evidence of a SIDS-vaccine relationship 

In 2017, the U.S. Court of Federal Claims ruled that there was “preponderant evidence” supporting a 

claim that vaccines “caused or substantially contributed” to a 2011 SIDS death. The court, which has a 

notoriously high burden of proof, also ruled that the death could not be attributed to non-vaccine-related 

factors. 

When the same authors also conducted a cross-national study to compare vaccine schedules and infant 

mortality rates across 34 countries, they reported “a high statistically significant correlation between 

increasing number of vaccine doses and increasing infant mortality rates.” 

11.B.2 https://childrenshealthdefense.org/news/the-plausible-connection-
between-vaccines-and-sids/
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A variety of epidemiologic and neuropathologic studies provide scientific context for the Court’s 

landmark SIDS determination. For example, a VAERS study by independent investigators 

scrutinized 1,881 reported infant deaths following receipt of one to eight vaccines and found that the 

deaths represented almost 5% of all adverse events reported for infants from 1990 through 2010. The 

authors then considered the childhood vaccine schedule over the 20-year period and determined that there 

was “a positive correlation between the number of vaccine doses administered and the percentage 

of…deaths” as well as hospitalizations. When the same authors also conducted a cross-national study to 

compare vaccine schedules and infant mortality rates across 34 countries, they reported “a high 

statistically significant correlation between increasing number of vaccine doses and increasing infant 

mortality rates.” 

…12% of the SIDS deaths occurred within one to seven days of the infant receiving a hexavalent 

vaccine for diphtheria, tetanus, acellular pertussis, Haemophilus influenzae type B, poliovirus and 

hepatitis B… 

Case reports offer an even more concrete form of evidence linking vaccines to at least some SIDS 

fatalities. A study in Italy published in 2014 described histological examination of the autonomic nervous 

system in over 100 SIDS victims for whom detailed clinical and environmental information was 

available. After finding that 12% of the SIDS deaths occurred within one to seven days of the infant 

receiving a hexavalent vaccine for diphtheria, tetanus, acellular pertussis, Haemophilus influenzae type B, 

poliovirus and hepatitis B, the authors concluded that “vaccine components could have a direct role in 

sparking off a lethal outcome in vulnerable babies.” A case report from 2008, also by Italian researchers, 

described a three-month-old infant who died within 24 hours of receiving a hexavalent vaccine. Drawing 

on clinical data, postmortem findings and immunohistochemical and laboratory analyses, the investigators 

concluded that “acute respiratory failure likely due to post hexavalent immunization-related shock was 

the cause of death.” 

…researchers found that half (51%) of all the adverse events reported for hepatitis B-containing 

vaccines were for children under two years of age, and SIDS was the most commonly reported cause of 

death. 

“No concerning patterns”? 
Unfortunately, researchers at the CDC and the U.S. Food and Drug Administration (FDA)—the two 

agencies charged with protecting children’s health and conducting vaccine surveillance through the 

Vaccine Adverse Event Reporting System (VAERS)—seem unconcerned about infant deaths that 

are temporally associated with vaccination. Three recent examples illustrate the agencies’ relaxed 

perspective: 

 In a 2015 publication in Lancet Infectious Diseases, CDC and FDA researchers analyzed 783 deaths

reported to VAERS from 2000 through 2012 following receipt of an individual or combination

vaccine containing an inactivated poliovirus (IPV) component. The majority of reports involved

children under age seven who received multiple simultaneous vaccines, and nearly all of the reported

deaths (96%) were in children less than 12 months of age. For most (52%) of the deceased infants,

SIDS was the reported cause of death. However, because the post-IPV SIDS reports “were consistent

with reporting patterns for other vaccines,” the investigators found no cause for alarm.

 A CDC analysis in 2017 looked at over 20,000 VAERS reports (2005–2015) pertaining to hepatitis

B-containing vaccines—administered to American babies from birth. The researchers found that half

(51%) of all the adverse events reported for hepatitis B-containing vaccines were for children under

two years of age, and SIDS was the most commonly reported cause of death. Nonetheless, the review

“did not reveal new or unexpected safety concerns.”

 A third study by CDC researchers covering the time period from 1997 through 2013 characterized

“main causes of death” among reports submitted to VAERS. Almost seven in ten deaths (68.4%)

were in children, 57% of whom were male. Death certificates or autopsy reports, available for about

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3547435/
http://journals.sagepub.com/doi/abs/10.1177/0960327111407644
https://www.ncbi.nlm.nih.gov/pubmed/24083600
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85% of child deaths, showed that SIDS was the top cause of death (44%), with asphyxia (6%) 

occupying second place. Although the CDC authors reported (for the child death reports) that “79.4% 

received >1 vaccine on the same day,” they noted “no concerning pattern.” 

…hours after receiving the vaccine, they began wailing loudly, …had convulsions and serious trouble 

breathing [and] died shortly afterwards. 

The two U.S. agencies and many of their international counterparts appear to be more interested in 

promoting across-the-board vaccination than in trying to find the cause of post-vaccination infant deaths. 

In numerous settings, officials take advantage of classification loopholes to mask the role of vaccines. 

In India, for example, a national committee charged with investigating 54 infant deaths that occurred 

following administration of an all-in-one pentavalent vaccine (similar to the hexavalent vaccine but 

without the polio component) sidestepped the possible role of the vaccine by rating 52 out of the 54 

deaths as either coincidental or unclassifiable. In Vietnam, the World Health Organization (WHO) 

willingly reported a link between the pentavalent vaccine and non-fatal serious adverse events but termed 

all of the fatal cases in 12 previously healthy babies as not vaccine-related—despite reports that “hours 

after receiving the vaccine, they began wailing loudly, …had convulsions and serious trouble breathing 

[and] died shortly afterwards.” 

The absence of a hard-and-fast definition of SIDS also contributes to the denialism about vaccines’ likely 

role. In the UK, researchers have described a growing reluctance among pathologists and coroners to even 

use the term SIDS, making assessment of SIDS data “potentially inaccurate and confusing.” In the 

U.S., non-standardized case definitions mean that “cases once reported as SIDS are now being reported as

[accidental suffocation and strangulation in bed] and cause unknown/unspecified.” U.S. researchers also

have shown that medical examiners and coroners are inconsistent in the cause of death that they apply to

sudden unexpected infant deaths and often classify them as “suffocation/asphyxia.”

…“the increase in inflammatory markers found in SIDS infants indicates that infection and 

inflammation might contribute to some of these deaths, either as a direct cause or the trigger of a lethal 

event”… 

Inflammation and infection 
Whether an infant death following vaccination eventually comes to be categorized as SIDS or something 

else, a common denominator in postmortem analyses is the ascertainment of “signs of inflammation and 

responses to infection” that are “out of proportion to preexisting symptoms.” The types of “mild 

problems” often listed as potential vaccine reactions are frequently observed in SIDS infants prior to 

death. Researchers have hypothesized that “the increase in inflammatory markers found in SIDS infants 

indicates that infection and inflammation might contribute to some of these deaths, either as a direct cause 

or the trigger of a lethal event” and “might also be indicative of vulnerability in the immune response to 

an infectious trigger in infants.” Vaccines—with their potent adjuvants designed expressly to stimulate an 

intense immune response—could well represent just such a trigger, with unfortunate consequences. 
Eyewitness Video: SIDS & Vaccine Injury 
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HIGHLIGHTS OF PRESCRIBING INFORMATION
These highlights do not include all the information needed to use 
INFANRIX safely and effectively. See full prescribing information for 
INFANRIX. 

INFANRIX (Diphtheria and Tetanus Toxoids and Acellular Pertussis 
Vaccine Adsorbed) 

Suspension for Intramuscular Injection 
Initial U.S. Approval: 1997 

 ----------------------------INDICATIONS AND USAGE ----------------------------
INFANRIX is a vaccine indicated for active immunization against diphtheria, 
tetanus, and pertussis as a 5-dose series in infants and children 6 weeks to 
7 years of age. (1) 

 ----------------------- DOSAGE AND ADMINISTRATION -----------------------
A 0.5-mL intramuscular injection given as a 5-dose series: (2.2) 
• One dose each at 2, 4, and 6 months of age.
• One booster dose at 15 to 20 months of age and another booster dose at

4 to 6 years of age. 

 --------------------- DOSAGE FORMS AND STRENGTHS ---------------------
Single-dose vials and prefilled syringes containing a 0.5-mL suspension for 
injection. (3) 

 ------------------------------- CONTRAINDICATIONS -------------------------------
• Severe allergic reaction (e.g., anaphylaxis) after a previous dose of any 

diphtheria toxoid-, tetanus toxoid-, or pertussis-containing vaccine, or to 
any component of INFANRIX. (4.1) 

• Encephalopathy within 7 days of administration of a previous pertussis-
containing vaccine. (4.2) 

• Progressive neurologic disorders. (4.3) 

 ----------------------- WARNINGS AND PRECAUTIONS ------------------------
• If Guillain-Barré syndrome occurs within 6 weeks of receipt of a prior

vaccine containing tetanus toxoid, the decision to give INFANRIX 
should be based on potential benefits and risks. (5.1) 

• The tip caps of the prefilled syringes contain natural rubber latex which 
may cause allergic reactions. (5.2) 

• Syncope (fainting) can occur in association with administration of
injectable vaccines, including INFANRIX. Procedures should be in
place to avoid falling injury and to restore cerebral perfusion following 
syncope. (5.3) 

• If temperature ≥105°F, collapse or shock-like state, or persistent,
inconsolable crying lasting ≥3 hours have occurred within 48 hours after 
receipt of a pertussis-containing vaccine, or if seizures have occurred
within 3 days after receipt of a pertussis-containing vaccine, the decision
to give INFANRIX should be based on potential benefits and risks. (5.4) 

• For children at higher risk for seizures, an antipyretic may be 
administered at the time of vaccination with INFANRIX. (5.5) 

• Apnea following intramuscular vaccination has been observed in some 
infants born prematurely. Decisions about when to administer an
intramuscular vaccine, including INFANRIX, to infants born
prematurely should be based on consideration of the individual infant’s
medical status, and the potential benefits and possible risks of 
vaccination. (5.6) 

 ------------------------------ ADVERSE REACTIONS ------------------------------
Rates of injection site reactions (pain, redness, swelling) ranged from 10% to 
53%, depending on reaction and dose number, and were highest following 
Doses 4 and 5. Fever was common (20% to 30%) following Doses 1-3. Other 
common solicited adverse events were drowsiness, irritability/fussiness, and 
loss of appetite, reported in approximately 15% to 60% of subjects, depending 
on event and dose number. (6.1) 

To report SUSPECTED ADVERSE REACTIONS, contact 
GlaxoSmithKline at 1-888-825-5249 or VAERS at 1-800-822-7967 or 
www.vaers.hhs.gov. 

 ------------------------------- DRUG INTERACTIONS -------------------------------
Do not mix INFANRIX with any other vaccine in the same syringe or vial. 
(7.1) 

See 17 for PATIENT COUNSELING INFORMATION. 
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______________________________________________________________________

FULL PRESCRIBING INFORMATION1 

1 INDICATIONS AND USAGE2 

INFANRIX® is indicated for active immunization against diphtheria, tetanus, and pertussis as a 3 
5-dose series in infants and children 6 weeks to 7 years of age (prior to seventh birthday).4 

2 DOSAGE AND ADMINISTRATION5 

2.1 Preparation for Administration6 

Shake vigorously to obtain a homogeneous, turbid, white suspension. Do not use if resuspension 7 
does not occur with vigorous shaking. Parenteral drug products should be inspected visually for 8 
particulate matter and discoloration prior to administration, whenever solution and container 9 
permit. If either of these conditions exists, the vaccine should not be administered. 10 

For the prefilled syringes, attach a sterile needle and administer intramuscularly. 11 

For the vials, use a sterile needle and sterile syringe to withdraw the 0.5-mL dose and administer 12 
intramuscularly. Changing needles between drawing vaccine from a vial and injecting it into a 13 
recipient is not necessary unless the needle has been damaged or contaminated. Use a separate 14 
sterile needle and syringe for each individual. 15 

Do not administer this product intravenously, intradermally, or subcutaneously. 16 

2.2 Dose and Schedule17 

A 0.5-mL dose of INFANRIX is approved for intramuscular administration in infants and 18 
children 6 weeks to 7 years of age (prior to the seventh birthday) as a 5-dose series. The series 19 
consists of a primary immunization course of 3 doses administered at 2, 4, and 6 months of age 20 
(at intervals of 4 to 8 weeks), followed by 2 booster doses, administered at 15 to 20 months of 21 
age and at 4 to 6 years of age. The first dose may be given as early as 6 weeks of age. 22 

The preferred administration site is the anterolateral aspect of the thigh for most infants younger 23 
than 12 months of age and the deltoid muscle of the upper arm for most children 12 months of 24 
age to 7 years of age. 25 

2.3 Use of INFANRIX with Other DTaP Vaccines26 

Sufficient data are not available on the safety and effectiveness of interchanging INFANRIX and 27 
Diphtheria and Tetanus Toxoids and Acellular Pertussis (DTaP) vaccines from different 28 
manufacturers for successive doses of the DTaP vaccination series. Because the pertussis antigen 29 
components of INFANRIX and PEDIARIX® [Diphtheria and Tetanus Toxoids and Acellular 30 
Pertussis Adsorbed, Hepatitis B (Recombinant) and Inactivated Poliovirus Vaccine] are the 31 
same, INFANRIX may be used to complete a DTaP vaccination series initiated with PEDIARIX. 32 
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2.4 Additional Dosing Information33 

If any recommended dose of pertussis vaccine cannot be given [see Contraindications (4.2, 4.3), 34 
Warnings and Precautions (5.5)], Diphtheria and Tetanus Toxoids Adsorbed (DT) For Pediatric 35 
Use should be given according to its prescribing information. 36 

3 DOSAGE FORMS AND STRENGTHS37 

INFANRIX is a suspension for injection available in 0.5-mL single-dose vials and prefilled 38 
TIP-LOK® syringes. 39 

4 CONTRAINDICATIONS40 

4.1 Hypersensitivity41 

Severe allergic reaction (e.g., anaphylaxis) after a previous dose of any diphtheria toxoid-, 42 
tetanus toxoid-, or pertussis-containing vaccine, or to any component of INFANRIX is a 43 
contraindication [see Description (11)]. Because of the uncertainty as to which component of the 44 
vaccine might be responsible, no further vaccination with any of these components should be 45 
given. Alternatively, such individuals may be referred to an allergist for evaluation if 46 
immunization with any of these components is being considered. 47 

4.2 Encephalopathy48 

Encephalopathy (e.g., coma, decreased level of consciousness, prolonged seizures) within 7 days 49 
of administration of a previous dose of a pertussis-containing vaccine that is not attributable to 50 
another identifiable cause is a contraindication to administration of any pertussis-containing 51 
vaccine, including INFANRIX. 52 

4.3 Progressive Neurologic Disorder53 

Progressive neurologic disorder, including infantile spasms, uncontrolled epilepsy, or 54 
progressive encephalopathy is a contraindication to administration of any pertussis-containing 55 
vaccine, including INFANRIX. Pertussis vaccine should not be administered to individuals with 56 
these conditions until a treatment regimen has been established and the condition has stabilized. 57 

5 WARNINGS AND PRECAUTIONS58 

5.1 Guillain-Barré Syndrome59 

If Guillain-Barré syndrome occurs within 6 weeks of receipt of a prior vaccine containing tetanus 60 
toxoid, the decision to give any tetanus toxoid-containing vaccine, including INFANRIX, should 61 
be based on careful consideration of the potential benefits and possible risks. When a decision is 62 
made to withhold tetanus toxoid, other available vaccines should be given, as indicated. 63 

5.2 Latex64 

The tip caps of the prefilled syringes contain natural rubber latex which may cause allergic 65 
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reactions. 66 

5.3 Syncope67 

Syncope (fainting) can occur in association with administration of injectable vaccines, including 68 
INFANRIX. Syncope can be accompanied by transient neurological signs such as visual 69 
disturbance, paresthesia, and tonic-clonic limb movements. Procedures should be in place to 70 
avoid falling injury and to restore cerebral perfusion following syncope. 71 

5.4 Adverse Events following Prior Pertussis Vaccination72 

If any of the following events occur in temporal relation to receipt of a pertussis-containing 73 
vaccine, the decision to give any pertussis-containing vaccine, including INFANRIX, should be 74 
based on careful consideration of the potential benefits and possible risks: 75 
• Temperature of ≥40.5oC (105oF) within 48 hours not due to another identifiable cause;76 
• Collapse or shock-like state (hypotonic-hyporesponsive episode) within 48 hours;77 
• Persistent, inconsolable crying lasting ≥3 hours, occurring within 48 hours;78 
• Seizures with or without fever occurring within 3 days.79 

5.5 Children at Risk for Seizures80 

For children at higher risk for seizures than the general population, an appropriate antipyretic 81 
may be administered at the time of vaccination with a pertussis-containing vaccine, including 82 
INFANRIX, and for the ensuing 24 hours to reduce the possibility of post-vaccination fever. 83 

5.6 Apnea in Premature Infants84 

Apnea following intramuscular vaccination has been observed in some infants born prematurely. 85 
Decisions about when to administer an intramuscular vaccine, including INFANRIX, to infants 86 
born prematurely should be based on consideration of the individual infant’s medical status, and 87 
the potential benefits and possible risks of vaccination. 88 

5.7 Preventing and Managing Allergic Vaccine Reactions89 

Prior to administration, the healthcare provider should review the patient’s immunization history 90 
for possible vaccine hypersensitivity. Epinephrine and other appropriate agents used for the 91 
control of immediate allergic reactions must be immediately available should an acute 92 
anaphylactic reaction occur. 93 

6 ADVERSE REACTIONS94 

6.1 Clinical Trials Experience95 

Because clinical trials are conducted under widely varying conditions, adverse reaction rates 96 
observed in the clinical trials of a vaccine cannot be directly compared with rates in the clinical 97 
trials of another vaccine and may not reflect the rates observed in practice. There is the 98 
possibility that broad use of INFANRIX could reveal adverse reactions not observed in clinical 99 
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trials. 100 

Approximately 95,000 doses of INFANRIX have been administered in clinical studies. In these 101 
studies, 29,243 infants have received INFANRIX in primary series studies, 6,081 children have 102 
received a fourth consecutive dose of INFANRIX, 1,764 children have received a fifth 103 
consecutive dose of INFANRIX, and 559 children have received a dose of INFANRIX following 104 
3 doses of PEDIARIX. 105 

Solicited Adverse Events 106 

In a US study, 335 infants received INFANRIX, ENGERIX-B® [Hepatitis B Vaccine 107 
(Recombinant)], inactivated poliovirus vaccine (IPV, Sanofi Pasteur SA), Haemophilus b (Hib) 108 
conjugate vaccine (Wyeth Pharmaceuticals Inc.), and pneumococcal 7-valent conjugate (PCV7) 109 
vaccine (Wyeth Pharmaceuticals Inc.) concomitantly at separate sites. All vaccines were 110 
administered at 2, 4, and 6 months of age. Data on solicited local reactions and general adverse 111 
events were collected by parents using standardized diary cards for 4 consecutive days following 112 
each vaccine dose (i.e., day of vaccination and the next 3 days) (Table 1). Among subjects, 69% 113 
were white, 16% were Hispanic, 8% were black, 4% were Asian, and 2% were of other 114 
racial/ethnic groups. 115 
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Table 1. Solicited Local Reactions and General Adverse Events (%) Occurring within 116 
4 Days of Vaccinationa with Separate Concomitant Administration of INFANRIX, 117 
ENGERIX-B, IPV, Haemophilus b (Hib) Conjugate Vaccine, and Pneumococcal Conjugate 118 
Vaccine (PCV7) (Modified Intent-to-Treat Cohort) 119 

INFANRIX, ENGERIX-B, IPV, Hib Vaccine, & PCV7 
Dose 1 Dose 2 Dose 3 

Localb 
N 335 323 315 
Pain, any 31.9 30.0 29.8 
Pain, Grade 2 or 3 9.0 8.7 8.9 
Pain, Grade 3 2.7 1.5 1.3 
Redness, any 18.2 32.8 39.0 
Redness, >20 mm 0.3 0.0 1.9 
Swelling, any 9.6 20.4 24.8 
Swelling, >20 mm 0.6 0.0 1.3 
General 
N 333 321 311 
Feverc (≥100.4°F) 19.8 30.2 23.8 
Feverc (>101.3°F) 4.5 9.7 5.8 
Feverc (>102.2°F) 0.3 3.1 2.3 
Feverc (>103.1°F) 0.0 0.3 0.3 
N 335 323 315 
Drowsiness, any 54.0 48.3 38.4 
Drowsiness, Grade 2 or 3 17.6 12.4 11.1 
Drowsiness, Grade 3 3.6 0.6 1.9 
Irritability/Fussiness, any 61.5 61.6 56.5 
Irritability/Fussiness, Grade 2 or 
3 

19.4 21.1 19.4 

Irritability/Fussiness, Grade 3 3.9 3.4 3.2 
Loss of appetite, any 27.8 26.6 23.8 
Loss of appetite, Grade 2 or 3 5.1 3.4 5.4 
Loss of appetite, Grade 3 0.6 0.3 0.0 

Hib conjugate vaccine and PCV7 manufactured by Wyeth Pharmaceuticals Inc. IPV 120 
manufactured by Sanofi Pasteur SA. 121 
Modified intent-to-treat cohort = All vaccinated subjects for whom safety data were available. 122 
N = Number of infants for whom at least one symptom sheet was completed; for fever, numbers 123 
exclude missing temperature recordings or tympanic measurements. 124 
Grade 2: Pain defined as cried/protested on touch; drowsiness defined as interfered with normal 125 
daily activities; irritability/fussiness defined as crying more than usual/interfered with normal 126 
daily activities; loss of appetite defined as eating less than usual/interfered with normal daily 127 
activities. 128 
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Grade 3: Pain defined as cried when limb was moved/spontaneously painful; drowsiness defined 129 
as prevented normal daily activities; irritability/fussiness defined as crying that could not be 130 
comforted/prevented normal daily activities; loss of appetite defined as no eating at all. 131 
a Within 4 days of vaccination defined as day of vaccination and the next 3 days. 132 
b Local reactions at the injection site for INFANRIX. 133 
c Axillary temperatures increased by 1°C and oral temperatures increased by 0.5°C to derive 134 

equivalent rectal temperature. 135 

In a US study, the safety of a booster dose of INFANRIX was evaluated in children 15 to 18 136 
months of age whose previous 3 DTaP doses were with INFANRIX (N = 251) or PEDIARIX 137 
(N = 559). Vaccines administered concurrently with the fourth dose of INFANRIX included 138 
measles, mumps, and rubella (MMR) vaccine (Merck & Co., Inc.), varicella vaccine (Merck & 139 
Co., Inc.), pneumococcal 7-valent conjugate (PCV7) vaccine (Wyeth Pharmaceuticals Inc.), and 140 
any US-licensed Hib conjugate vaccine; these were given concomitantly in 13.2%, 6.3%, 37.4%, 141 
and 41.2% of subjects, respectively. Data on solicited adverse events were collected by parents 142 
using standardized diary cards for 4 consecutive days following each vaccine dose (i.e., day of 143 
vaccination and the next 3 days) (Table 2). Among subjects, 85% were white, 6% were Hispanic, 144 
6% were black, 1% were Asian, and 2% were of other racial/ethnic groups. 145 
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Table 2. Solicited Local Reactions and General Adverse Events (%) Occurring within 146 
4 Days of Vaccinationa with INFANRIX Administered as the Fourth Dose following 3 147 
Previous Doses of INFANRIX or PEDIARIX (Total Vaccinated Cohort) 148 

Group Primed with 
INFANRIXb 

N = 247 

Group Primed with 
PEDIARIXc 

N = 553 
Locald 
Pain, any 44.5 48.3 
Pain, Grade 2 or 3 19.0 18.6 
Pain, Grade 3 3.6 3.4 
Redness, any 48.2 49.9 
Redness, >20 mm 6.1 6.0 
Swelling, any 32.8 32.7 
Swelling, >20 mm 3.6 5.2 
Increase in mid-thigh circumference, any 33.2 26.2 
Increase in mid-thigh circumference, >40 mm 0.0 1.3 
General 
Fevere (>99.5°F) 8.9 15.4 
Fevere (>100.4°F) 4.5 6.7 
Fevere (>101.3°F) 2.0 2.0 
Drowsiness, any 35.6 31.3 
Drowsiness, Grade 2 or 3 9.3 6.7 
Drowsiness, Grade 3 2.4 1.3 
Irritability, any 52.2 53.9 
Irritability, Grade 2 or 3 18.2 19.7 
Irritability, Grade 3 3.2 1.4 
Loss of appetite, any 24.7 23.3 
Loss of appetite, Grade 2 or 3 5.3 4.9 
Loss of appetite, Grade 3 2.4 0.5 
Total Vaccinated Cohort = All subjects who received a dose of study vaccine. 149 
N = Number of subjects for whom at least one symptom sheet was completed. 150 
Grade 2: Pain defined as cried/protested on touch; drowsiness defined as interfered with normal 151 
daily activities; irritability defined as crying more than usual/interfered with normal daily 152 
activities; loss of appetite defined as eating less than usual/no effect on normal daily activities. 153 
Grade 3: Pain defined as cried when limb was moved/spontaneously painful; drowsiness defined 154 
as prevented normal daily activities; irritability defined as crying that could not be 155 
comforted/prevented normal daily activities; loss of appetite defined as eating less than 156 
usual/interfered with normal daily activities. 157 
a Within 4 days of vaccination defined as day of vaccination and the next 3 days. 158 
b Received INFANRIX, ENGERIX-B, IPV (Sanofi Pasteur SA), PCV7 vaccine (Wyeth 159 
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Pharmaceuticals Inc.), and Hib conjugate vaccine (Wyeth Pharmaceuticals Inc.) at 2, 4, and 6 160 
months of age. 161 

c Received PEDIARIX, PCV7 vaccine (Wyeth Pharmaceuticals Inc.), and Hib conjugate 162 
vaccine (Wyeth Pharmaceuticals Inc.) at 2, 4, and 6 months of age or PCV7 vaccine 2 weeks 163 
later. 164 

d Local reactions at the injection site for INFANRIX. 165 
e Axillary temperatures. 166 

In a US study, the safety of a fifth consecutive dose of INFANRIX coadministered at separate 167 
sites with a fourth dose of IPV (Sanofi Pasteur SA) and a second dose of MMR vaccine (Merck 168 
& Co., Inc.) was evaluated in 1,053 children 4 to 6 years of age. Data on solicited adverse events 169 
were collected by parents using standardized diary cards for 4 consecutive days following each 170 
vaccine dose (i.e., day of vaccination and the next 3 days) (Table 3). Among subjects, 43% were 171 
white, 18% Hispanic, 15% Asian, 7% black, and 17% were of other racial/ethnic groups. 172 
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Table 3. Solicited Local Reactions and General Adverse Events (%) Occurring within 173 
4 Days of Vaccinationa with a Fifth Consecutive Dose of INFANRIX When Coadministered 174 
with IPV and MMR Vaccine (Total Vaccinated Cohort) 175 
Localb N = 1,039-1,043 
Pain, any 53.3 
Pain, Grade 2 or 3c 12.0 
Pain, Grade 3c 0.6 
Redness, any 36.6 
Redness, ≥50 mm 20.0 
Redness, ≥110 mm 4.1 
Arm circumference increase, any 37.8 
Arm circumference increase, >20 mm 7.4 
Arm circumference increase, >30 mm 3.2 
Swelling, any 27.0 
Swelling, ≥50 mm 11.5 
Swelling, ≥110 mm 1.8 
General N = 993-1,036 
Drowsiness, any 17.5 
Drowsiness, Grade 3d 0.8 
Fever, ≥99.5°F 14.8 
Fever, >100.4°F 4.4 
Fever, >102.2°F 1.1 
Fever, >104°F 0.0 
Loss of appetite, any 16.0 
Loss of appetite, Grade 3e 0.6 

IPV manufactured by Sanofi Pasteur SA. MMR vaccine manufactured by Merck & Co., Inc. 176 
Total Vaccinated Cohort = All vaccinated subjects for whom safety data were available. 177 
N = Number of children with evaluable data for the events listed. 178 
a Within 4 days of vaccination defined as day of vaccination and the next 3 days. 179 
b Local reactions at the injection site for INFANRIX. 180 
c Grade 2 defined as painful when the limb was moved; Grade 3 defined as preventing normal 181 

daily activities. 182 
d Grade 3 defined as preventing normal daily activities. 183 
e Grade 3 defined as not eating at all. 184 

In the US booster immunization studies in which INFANRIX was administered as the fourth or 185 
fifth dose in the DTaP series following previous doses with INFANRIX or PEDIARIX, large 186 
swelling reactions of the limb injected with INFANRIX were assessed. 187 

In the fourth-dose study, a large swelling reaction was defined as injection site swelling with a 188 
diameter of >50 mm, a >50 mm increase in the mid-thigh circumference compared with the pre-189 



11 

vaccination measurement, and/or any diffuse swelling that interfered with or prevented daily 190 
activities. The overall incidence of large swelling reactions occurring within 4 days (Day 0-191 
Day 3) following INFANRIX was 2.3%. 192 

In the fifth-dose study, a large swelling reaction was defined as swelling that involved >50% of 193 
the injected upper arm length and that was associated with a >30 mm increase in mid-upper arm 194 
circumference within 4 days following vaccination. The incidence of large swelling reactions 195 
following the fifth consecutive dose of INFANRIX was 1.0%. 196 

Less Common and Serious General Adverse Events 197 

Selected adverse events reported from a double-blind, randomized Italian clinical efficacy trial 198 
involving 4,696 children administered INFANRIX or 4,678 children administered whole-cell 199 
DTP vaccine (DTwP) (manufactured by Connaught Laboratories, Inc.) as a 3-dose primary series 200 
are shown in Table 4. The incidence of rectal temperature ≥104°F, hypotonic-hyporesponsive 201 
episodes, and persistent crying ≥3 hours following administration of INFANRIX was 202 
significantly less than that following administration of whole-cell DTP vaccine. 203 

Table 4. Selected Adverse Events Occurring within 48 Hours following Vaccination with 204 
INFANRIX or Whole-Cell DTP in Italian Infants at 2, 4, or 6 Months of Age 205 

Event 

INFANRIX 
(N = 13,761 Doses) 

Whole-Cell DTP Vaccine 
(N = 13,520 Doses) 

Number 
Rate/1,000 

Doses Number 
Rate/1,000 

Doses 
Fever (≥104°F)ab 5 0.36 32 2.4 
Hypotonic-hyporesponsive episodec 0 0 9 0.67 
Persistent crying ≥3 hoursa 6 0.44 54 4.0 
Seizuresd 1e 0.07 3f 0.22 

a P <0.001. 206 
b Rectal temperatures. 207 
c P = 0.002. 208 
d Not statistically significant at P <0.05. 209 
e Maximum rectal temperature within 72 hours of vaccination = 103.1°F. 210 
f Maximum rectal temperature within 72 hours of vaccination = 99.5°F, 101.3°F, and 102.2°F. 211 

In a German safety study that enrolled 22,505 infants (66,867 doses of INFANRIX administered 212 
as a 3-dose primary series at 3, 4, and 5 months of age), all subjects were monitored for 213 
unsolicited adverse events that occurred within 28 days following vaccination using report cards. 214 
In a subset of subjects (N = 2,457), these cards were standardized diaries which solicited specific 215 
adverse events that occurred within 8 days of each vaccination in addition to unsolicited adverse 216 
events which occurred from enrollment until approximately 30 days following the third 217 
vaccination. Cards from the whole cohort were returned at subsequent visits and were 218 



12 

supplemented by spontaneous reporting by parents and a medical history after the first and 219 
second doses of vaccine. In the subset of 2,457, adverse events following the third dose of 220 
vaccine were reported via standardized diaries and spontaneous reporting at a follow-up visit. 221 
Adverse events in the remainder of the cohort were reported via report cards which were 222 
returned by mail approximately 28 days after the third dose of vaccine. Adverse events (rates per 223 
1,000 doses) occurring within 7 days following any of the first 3 doses included: unusual crying 224 
(0.09), febrile seizure (0.0), afebrile seizure (0.13), and hypotonic-hyporesponsive episodes 225 
(0.01). 226 

6.2 Postmarketing Experience227 

In addition to reports in clinical trials, worldwide voluntary reports of adverse events received 228 
for INFANRIX since market introduction are listed below. This list includes serious events and 229 
events that have a plausible causal connection to INFANRIX. These adverse events were 230 
reported voluntarily from a population of uncertain size; therefore, it is not always possible to 231 
reliably estimate their frequency or establish a causal relationship to vaccination. 232 

Infections and Infestations 233 

Bronchitis, cellulitis, respiratory tract infection. 234 

Blood and Lymphatic System Disorders 235 

Lymphadenopathy, thrombocytopenia. 236 

Immune System Disorders 237 

Anaphylactic reaction, hypersensitivity. 238 

Nervous System Disorders 239 

Encephalopathy, headache, hypotonia, syncope. 240 

Ear and Labyrinth Disorders 241 

Ear pain. 242 

Cardiac Disorders 243 

Cyanosis. 244 

Respiratory, Thoracic, and Mediastinal Disorders 245 

Apnea, cough. 246 

Skin and Subcutaneous Tissue Disorders 247 

Angioedema, erythema, pruritus, rash, urticaria. 248 

General Disorders and Administration Site Conditions 249 

Fatigue, injection site induration, injection site reaction, Sudden Infant Death Syndrome. 250 
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7 DRUG INTERACTIONS251 

7.1 Concomitant Vaccine Administration252 

In clinical trials, INFANRIX was given concomitantly with Hib conjugate vaccine, 253 
pneumococcal 7-valent conjugate vaccine, hepatitis B vaccine, IPV, and the second dose of 254 
MMR vaccine [see Adverse Reactions (6.1), Clinical Studies (14.3)]. 255 

When INFANRIX is administered concomitantly with other injectable vaccines, they should be 256 
given with separate syringes. INFANRIX should not be mixed with any other vaccine in the 257 
same syringe or vial. 258 

7.2 Immunosuppressive Therapies259 

Immunosuppressive therapies, including irradiation, antimetabolites, alkylating agents, cytotoxic 260 
drugs, and corticosteroids (used in greater than physiologic doses), may reduce the immune 261 
response to INFANRIX. 262 

8 USE IN SPECIFIC POPULATIONS263 

8.1 Pregnancy264 

Pregnancy Category C 265 

Animal reproduction studies have not been conducted with INFANRIX. It is also not known 266 
whether INFANRIX can cause fetal harm when administered to a pregnant woman or can affect 267 
reproduction capacity. 268 

8.4 Pediatric Use269 

Safety and effectiveness of INFANRIX in infants younger than 6 weeks of age and children 7 to 270 
16 years of age have not been established. INFANRIX is not approved for use in these age 271 
groups. 272 

11 DESCRIPTION273 

INFANRIX (Diphtheria and Tetanus Toxoids and Acellular Pertussis Vaccine Adsorbed) is a 274 
noninfectious, sterile vaccine for intramuscular administration. Each 0.5-mL dose is formulated 275 
to contain 25 Lf of diphtheria toxoid, 10 Lf of tetanus toxoid, 25 mcg of inactivated pertussis 276 
toxin (PT), 25 mcg of filamentous hemagglutinin (FHA), and 8 mcg of pertactin (69 kiloDalton 277 
outer membrane protein). 278 

The diphtheria toxin is produced by growing Corynebacterium diphtheriae in Fenton medium 279 
containing a bovine extract. Tetanus toxin is produced by growing Clostridium tetani in a 280 
modified Latham medium derived from bovine casein. The bovine materials used in these 281 
extracts are sourced from countries which the United States Department of Agriculture (USDA) 282 
has determined neither have nor present an undue risk for bovine spongiform encephalopathy 283 
(BSE). Both toxins are detoxified with formaldehyde, concentrated by ultrafiltration, and 284 
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purified by precipitation, dialysis, and sterile filtration. 285 

The acellular pertussis antigens (PT, FHA, and pertactin) are isolated from Bordetella pertussis 286 
culture grown in modified Stainer-Scholte liquid medium. PT and FHA are isolated from the 287 
fermentation broth; pertactin is extracted from the cells by heat treatment and flocculation. The 288 
antigens are purified in successive chromatographic and precipitation steps. PT is detoxified 289 
using glutaraldehyde and formaldehyde. FHA and pertactin are treated with formaldehyde. 290 

Diphtheria and tetanus toxoids and pertussis antigens (PT, FHA, and pertactin) are individually 291 
adsorbed onto aluminum hydroxide. 292 

Diphtheria and tetanus toxoid potency is determined by measuring the amount of neutralizing 293 
antitoxin in previously immunized guinea pigs. The potency of the acellular pertussis 294 
components (PT, FHA, and pertactin) is determined by enzyme-linked immunosorbent assay 295 
(ELISA) on sera from previously immunized mice. 296 

Each 0.5-mL dose contains aluminum hydroxide as adjuvant (not more than 0.625 mg aluminum 297 
by assay) and 4.5 mg of sodium chloride. Each dose also contains ≤100 mcg of residual 298 
formaldehyde and ≤100 mcg of polysorbate 80 (Tween 80). 299 

INFANRIX is available in vials and prefilled syringes. The tip caps of the prefilled syringes 300 
contain natural rubber latex; the plungers are not made with natural rubber latex. The vial 301 
stoppers are not made with natural rubber latex. 302 

INFANRIX is formulated without preservatives. 303 

12 CLINICAL PHARMACOLOGY304 

12.1 Mechanism of Action305 

Diphtheria 306 

Diphtheria is an acute toxin-mediated infectious disease caused by toxigenic strains of 307 
C. diphtheriae. Protection against disease is due to the development of neutralizing antibodies to308 
the diphtheria toxin. A serum diphtheria antitoxin level of 0.01 IU/mL is the lowest level giving 309 
some degree of protection; a level of 0.1 IU/mL is regarded as protective.1 310 

Tetanus 311 

Tetanus is an acute toxin-mediated infectious disease caused by a potent exotoxin released by C. 312 
tetani. Protection against disease is due to the development of neutralizing antibodies to the 313 
tetanus toxin. A serum tetanus antitoxin level of at least 0.01 IU/mL, measured by neutralization 314 
assays, is considered the minimum protective level.2,3 A level of 0.1 IU/mL is considered 315 
protective.4 316 

Pertussis 317 

Pertussis (whooping cough) is a disease of the respiratory tract caused by B. pertussis. The role 318 
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of the different components produced by B. pertussis in either the pathogenesis of, or the 319 
immunity to, pertussis is not well understood. There is no well established serological correlate 320 
of protection for pertussis. 321 

13 NONCLINICAL TOXICOLOGY322 

13.1 Carcinogenesis, Mutagenesis, Impairment of Fertility323 

INFANRIX has not been evaluated for carcinogenic or mutagenic potential, or for impairment of 324 
fertility. 325 

14 CLINICAL STUDIES326 

14.1 Diphtheria and Tetanus327 

Efficacy of diphtheria toxoid used in INFANRIX was determined on the basis of 328 
immunogenicity studies. A VERO cell toxin neutralizing test confirmed the ability of infant sera 329 
(N = 45), obtained one month after a 3-dose primary series, to neutralize diphtheria toxin. Levels 330 
of diphtheria antitoxin ≥0.01 IU/mL were achieved in 100% of the sera tested. 331 

Efficacy of tetanus toxoid used in INFANRIX was determined on the basis of immunogenicity 332 
studies. An in vivo mouse neutralization assay confirmed the ability of infant sera (N = 45), 333 
obtained one month after a 3-dose primary series, to neutralize tetanus toxin. Levels of tetanus 334 
antitoxin ≥0.01 IU/mL were achieved in 100% of the sera tested. 335 

14.2 Pertussis336 

Efficacy of a 3-dose primary series of INFANRIX has been assessed in 2 clinical studies. 337 

A double-blind, randomized, active Diphtheria and Tetanus Toxoids (DT)-controlled trial 338 
conducted in Italy assessed the absolute protective efficacy of INFANRIX when administered at 339 
2, 4, and 6 months of age. The population used in the primary analysis of the efficacy of 340 
INFANRIX included 4,481 infants vaccinated with INFANRIX and 1,470 DT vaccinees. The 341 
mean length of follow-up was 17 months, beginning 30 days after the third dose of vaccine. 342 
After 3 doses, the absolute protective efficacy of INFANRIX against WHO-defined typical 343 
pertussis (21 days or more of paroxysmal cough with infection confirmed by culture and/or 344 
serologic testing) was 84% (95% CI: 76, 89). When the definition of pertussis was expanded to 345 
include clinically milder disease with respect to type and duration of cough, with infection 346 
confirmed by culture and/or serologic testing, the efficacy of INFANRIX was calculated to be 347 
71% (95% CI: 60, 78) against >7 days of any cough and 73% (95% CI: 63, 80) against ≥14 days 348 
of any cough. Vaccine efficacy after 3 doses and with no booster dose in the second year of life 349 
was assessed in 2 subsequent follow-up periods. A follow-up period from 24 months to a mean 350 
age of 33 months was conducted in a partially unblinded cohort (children who received DT were 351 
offered pertussis vaccine and those who declined were retained in the study cohort). During this 352 
period, the efficacy of INFANRIX against WHO-defined pertussis was 78% (95% CI: 62, 87). 353 
During the third follow-up period which was conducted in an unblinded manner among children 354 
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from 3 to 6 years of age, the efficacy of INFANRIX against WHO-defined pertussis was 86% 355 
(95% CI: 79, 91). Thus, protection against pertussis in children administered 3 doses of 356 
INFANRIX in infancy was sustained to 6 years of age. 357 

A prospective efficacy trial was also conducted in Germany employing a household contact 358 
study design. In preparation for this study, 3 doses of INFANRIX were administered at 3, 4, and 359 
5 months of age to more than 22,000 children living in 6 areas of Germany in a safety and 360 
immunogenicity study. Infants who did not participate in the safety and immunogenicity study 361 
could have received a DTwP vaccine or DT vaccine. Index cases were identified by spontaneous 362 
presentation to a physician. Households with at least one other member (i.e., besides index case) 363 
aged 6 through 47 months were enrolled. Household contacts of index cases were monitored for 364 
incidence of pertussis by a physician who was blinded to the vaccination status of the household. 365 
Calculation of vaccine efficacy was based on attack rates of pertussis in household contacts 366 
classified by vaccination status. Of the 173 household contacts who had not received a pertussis 367 
vaccine, 96 developed WHO-defined pertussis, as compared with 7 of 112 contacts vaccinated 368 
with INFANRIX. The protective efficacy of INFANRIX was calculated to be 89% (95% CI: 77, 369 
95), with no indication of waning of protection up until the time of the booster vaccination. The 370 
average age of infants vaccinated with INFANRIX at the end of follow-up in this trial was 371 
13 months (range: 6 to 25 months). When the definition of pertussis was expanded to include 372 
clinically milder disease, with infection confirmed by culture and/or serologic testing, the 373 
efficacy of INFANRIX against ≥7 days of any cough was 67% (95% CI: 52, 78) and against 374 
≥7 days of paroxysmal cough was 81% (95% CI: 68, 89). The corresponding efficacy of 375 
INFANRIX against ≥14 days of any cough or paroxysmal cough were 73% (95% CI: 59, 82) and 376 
84% (95% CI: 71, 91), respectively. 377 

Pertussis Immune Response to INFANRIX Administered as a 3-Dose Primary Series 378 

The immune responses to each of the 3 pertussis antigens contained in INFANRIX were 379 
evaluated in sera obtained 1 month after the third dose of vaccine in each of 3 studies (schedule 380 
of administration: 2, 4, and 6 months of age in the Italian efficacy study and one US study; 3, 4, 381 
and 5 months of age in the German efficacy study). One month after the third dose of 382 
INFANRIX, the response rates to each pertussis antigen were similar in all 3 studies. Thus, 383 
although a serologic correlate of protection for pertussis has not been established, the antibody 384 
responses to these 3 pertussis antigens (PT, FHA, and pertactin) in a US population were similar 385 
to those achieved in 2 populations in which efficacy of INFANRIX was demonstrated. 386 

14.3 Immune Response to Concomitantly Administered Vaccines387 

In a US study, INFANRIX was given concomitantly, at separate sites, with Hib conjugate 388 
vaccine (Sanofi Pasteur SA) at 2, 4, and 6 months of age. Subjects also received ENGERIX-B 389 
and oral poliovirus vaccine (OPV). One month after the third dose of Hib conjugate vaccine, 390 
90% of 72 infants had anti-PRP (polyribosyl-ribitol-phosphate) ≥1.0 mcg/mL. 391 

In a US study, INFANRIX was given concomitantly, at separate sites, with ENGERIX-B, IPV 392 
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(Sanofi Pasteur SA), pneumococcal 7-valent conjugate (PCV7), and Hib conjugate vaccines 393 
(Wyeth Pharmaceuticals Inc.) at 2, 4, and 6 months of age. Immune responses were measured in 394 
sera obtained approximately one month after the third dose of vaccines. Among 121 subjects 395 
who had not received a birth dose of hepatitis B vaccine, 99.2% had anti-HBsAg (hepatitis B 396 
surface antigen) ≥10 mIU/mL following the third dose of ENGERIX-B. Among 153 subjects, 397 
100% had anti-poliovirus 1, 2, and 3, ≥1:8 following the third dose of IPV. Although serological 398 
correlates for protection have not been established for the pneumococcal serotypes, a threshold 399 
level of ≥0.3 mcg/mL was evaluated. Following the third dose of PCV7 vaccine, 91.8% to 99.4% 400 
of subjects (N = 146-156) had anti-pneumococcal polysaccharide ≥0.3 mcg/mL for serotypes 4, 401 
9V, 14, 18C, 19F, and 23F, and 73.0% had a level ≥0.3 mcg/mL for serotype 6B. 402 

15 REFERENCES403 

1. Vitek CR and Wharton M. Diphtheria Toxoid. In: Plotkin SA, Orenstein WA, and Offit PA,404 
eds. Vaccines. 5th ed. Saunders; 2008:139-156. 405 

2. Wassilak SGF, Roper MH, Kretsinger K, and Orenstein WA. Tetanus Toxoid. In: Plotkin406 
SA, Orenstein WA, and Offit PA, eds. Vaccines. 5th ed. Saunders; 2008:805-839. 407 

3. Department of Health and Human Services, Food and Drug Administration. Biological408 
products; Bacterial vaccines and toxoids; Implementation of efficacy review; Proposed rule. 409 
Federal Register December 13, 1985;50(240):51002-51117. 410 

4. Centers for Disease Control and Prevention. General Recommendations on Immunization.411 
Recommendations of the Advisory Committee on Immunization Practices (ACIP). MMWR 412 
2006;55(RR-15):1-48. 413 

16 HOW SUPPLIED/STORAGE AND HANDLING414 

INFANRIX is available in 0.5-mL single-dose vials and disposable prefilled TIP-LOK syringes 415 
(packaged without needles): 416 

NDC 58160-810-01 Vial in Package of 10: NDC 58160-810-11 417 

NDC 58160-810-43 Syringe in Package of 10: NDC 58160-810-52 418 

Store refrigerated between 2° and 8°C (36° and 46°F). Do not freeze. Discard if the vaccine has 419 
been frozen. 420 

17 PATIENT COUNSELING INFORMATION421 

The parent or guardian should be: 422 
• informed of the potential benefits and risks of immunization with INFANRIX, and of the423 

importance of completing the immunization series. 424 
• informed about the potential for adverse reactions that have been temporally associated with425 

administration of INFANRIX or other vaccines containing similar components. 426 
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• instructed to report any adverse events to their healthcare provider. 427 
• given the Vaccine Information Statements, which are required by the National Childhood428 

Vaccine Injury Act of 1986 to be given prior to immunization. These materials are available 429 
free of charge at the Centers for Disease Control and Prevention (CDC) website 430 
(www.cdc.gov/vaccines). 431 

ENGERIX-B, INFANRIX, PEDIARIX, and TIP-LOK are registered trademarks of the GSK 432 
group of companies. 433 

434 
Manufactured by GlaxoSmithKline Biologicals 435 

Rixensart, Belgium, US License 1617 436 

Novartis Vaccines and Diagnostics GmbH 437 

Marburg, Germany, US License 1754 438 

Distributed by GlaxoSmithKline 439 

Research Triangle Park, NC 27709 440 
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There are 2 summaries for H.R.5546.  Passed House amended (10/14/1986)

Bill summaries are authored by CRS.

Shown Here: 
Passed House amended (10/14/1986)
(Measure passed House, amended)
National Childhood Vaccine Injury Act of 1986  Title I: Vaccines  Subtitle 1: National Vaccine Program  Amends the Public
Health Service Act to establish in the Department of Health and Human Services a National Vaccine Program to: (1) direct
vaccine research and development within the Federal Government; (2) ensure the production and procurement of safe and
effective vaccines; (3) direct the distribution and use of vaccines; and (4) coordinate governmental and nongovernmental
activities. Requires the Director of the Program to report to specified congressional committees.

Establishes the National Vaccine Advisory Committee to recommend: (1) ways to encourage the availability of an adequate
supply of vaccines; and (2) research priorities.

Authorizes appropriations for FY 1987 through 1991.

Subtitle 2: National Vaccine Injury Compensation Program  Part A: Program Requirements  Establishes the National
Vaccine Injury Compensation Program as an alternative remedy to judicial action for specified vaccinerelated injuries.

Prescribes the contents of any petition for compensation.

Grants U.S. district courts authority to determine eligibility and compensation. Requires the district court in which the petition is
filed to designate a special master to serve as an adjunct to the court. Sets forth the responsibilities of the court.

Lists factors to be considered when determining the amount of a compensation award. Sets forth a table of injuries deemed
vaccinerelated for compensation purposes. Permits the Secretary of Health and Human Services to: (1) promulgate regulations
to revise such table; and (2) recommend changes to the vaccines covered by the table.
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Establishes the National Vaccine Injury Compensation Program as an alternative remedy to judicial action for specified vaccinerelated injuries.

Sets forth a table of injuries deemed vaccinerelated for compensation purposes.
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Provides that compensation awarded under the Program shall be paid out of the National Vaccine Injury Compensation Trust
Fund. Limits awards for actual and projected pain and suffering and emotional distress to $250,000. Prohibits awards for punitive
damages.

Establishes the Advisory Commission on Childhood Vaccines to: (1) advise the Secretary on the implementation of the Program;
(2) recommend changes to the Vaccine Injury Table; and (3) recommend research priorities.

Part B: Additional Remedies  Sets forth procedures under which the person who filed a petition for compensation under the
program may elect to file a civil action for damages.

Provides that no vaccine manufacturer shall be liable in a civil action for damages arising from a vaccinerelated injury or death:
(1) resulting from unavoidable side effects; or (2) solely due to the manufacturer's failure to provide direct warnings. Provides that
a manufacturer may be held liable where: (1) such manufacturer engaged in the fraudulent or intentional withholding of
information; or (2) such manufacturer failed to exercise due care. Permits punitive damages in such civil actions under certain
circumstances.

Part C: Assuring a Safer Childhood Vaccination Program in the United States  Requires each health care provider who
administers a vaccine listed in the Vaccine Injury Table to record certain information with respect to each such vaccine. Requires
each health care provider and vaccine manufacturer to report certain information to the Secretary.

Requires the Secretary to develop certain vaccine information materials for distribution to the legal representatives of any child
receiving a vaccine listed in the Vaccine Injury Table.

Directs the Secretary to promote the development of safer childhood vaccines.

Sets forth recordkeeping and reporting requirements for vaccine manufacturers. Imposes civil and criminal penalties for
destroying, altering, or concealing any such report or record.

Part D: General Provisions  Allows any person to commence a civil action against the Secretary where the Secretary allegedly
has failed to perform a duty under this Act. Provides for judicial review of the Secretary's regulatory actions in a court of appeals
of the United States.

Allows the Secretary to provide licensing for unpatented vaccines for naturally occurring human infectious diseases under certain
circumstances.

Requires the Secretary to conduct studies on pertussis, rubella, and radiculoneuritis vaccines and publish the results of such
studies.

Directs the Secretary to study the risks to children associated with each vaccine listed in the Vaccine Injury Table and establish
guidelines respecting the administration of such vaccines. Directs the Secretary to periodically review and revise such
guidelines.

Directs the Secretary to review the warnings, use instructions, and precautionary information presently used by manufacturers of
vaccines listed in the Vaccine Injury Table. Directs the Secretary to require manufacturers to revise and reissue any warning,
instruction, or information found inadequate.

Grants the Secretary recall authority with respect to any licensed virus, serum, toxin, antitoxin, vaccine, blood, blood component
or derivative, allergenic product, or other licensed product which presents a danger to public health. Establishes civil penalties for
recall violations.

Directs the Secretary to make annual reports to specified congressional committees on the impact this Act has on the supply of
vaccines.

Title II: Miscellaneous  Provides that certain Federal provisions designed to reduce paperwork shall not apply to information
required to carry out this Act.

Limits awards for actual and projected pain and suffering and emotional distress to $250,000.

Provides that no vaccine manufacturer shall be liable in a civil action for damages arising from a vaccinerelated injury or death: (1) resulting from unavoidable side effects; or (2) solely due to the manufacturer's failure to provide direct warnings.
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NOTE:  Where  it  is  feasible, a syllabus  (headnote) will be released, as  is
being  done  in  connection with  this  case,  at  the  time  the  opinion  is  issued.
The  syllabus  constitutes  no  part  of  the  opinion  of the Court  but  has  been
prepared  by  the  Reporter  of  Decisions  for  the  convenience  of  the  reader. 
See United States v. Detroit Timber & Lumber Co., 200 U. S. 321, 337. 

SUPREME COURT OF THE UNITED STATES 

Syllabus 

BRUESEWITZ ET AL. v. WYETH LLC, FKA WYETH, INC., 
ET AL. 

CERTIORARI TO THE UNITED STATES COURT OF APPEALS FOR 
THE THIRD CIRCUIT 

No. 09–152.  Argued October 12, 2010—Decided February 22, 2011 

The National Childhood Vaccine Injury Act of 1986 (NCVIA or Act) cre-
ated a no-fault  compensation program to  stabilize a vaccine market 
adversely  affected  by  an  increase  in  vaccine-related  tort  litigation
and  to  facilitate  compensation  to  claimants who  found  pursuing  le-
gitimate  vaccine-inflicted  injuries  too  costly  and  difficult.    The  Act 
provides that a party alleging a vaccine-related injury may file a peti-
tion  for  compensation  in  the  Court  of  Federal  Claims,  naming  the 
Health  and Human  Services  Secretary  as  the  respondent;  that  the 
court  must  resolve  the  case  by  a  specified  deadline;  and  that  the
claimant  can  then decide whether  to accept  the  court’s  judgment or 
reject it and seek tort relief from the vaccine manufacturer.  Awards 
are paid out of a fund created by an excise tax on each vaccine dose. 
As a quid pro quo, manufacturers enjoy significant tort-liability pro-
tections.  Most importantly, the Act eliminates manufacturer liability
for a vaccine’s unavoidable, adverse side effects. 
Hannah Bruesewitz’s parents filed a vaccine-injury petition in the 

Court of Federal Claims, claiming that Hannah became disabled af-
ter  receiving  a  diphtheria,  tetanus,  and  pertussis  (DTP)  vaccine
manufactured  by  Lederle  Laboratories  (now  owned  by  respondent 
Wyeth).  After that court denied their claim, they elected to reject the 
unfavorable  judgment and filed suit  in Pennsylvania state court, al-
leging,  inter alia,  that the defective design of Lederle’s DTP vaccine 
caused Hannah’s  disabilities,  and  that Lederle was  subject  to  strict
liability  and  liability  for  negligent  design  under  Pennsylvania  com-
mon law.  Wyeth removed the suit to the Federal District Court.   It 
granted Wyeth summary  judgment, holding that the relevant Penn-
sylvania  law  was  preempted  by  42  U. S. C.  §300aa–22(b)(1),  which 

12.B.1  https : / /www.supremecourt .gov/
opinions/10pdf/09-152.pdf

The National Childhood Vaccine Injury Act of 1986 (NCVIA or Act) cre- ated a no-fault compensation program to stabilize a vaccine market adversely affected by an increase in vaccine-related tort litigation

claimant can then decide whether to accept the court’s judgment or reject it and seek tort relief from the vaccine manufacturer.

manufacturers enjoy significant tort-liability pro- tections. Most importantly, the Act eliminates manufacturer liability for a vaccine’s unavoidable, adverse side effects.
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provides that “[n]o vaccine manufacturer shall be liable in a civil ac-
tion for damages arising from a vaccine-related injury or death asso-
ciated with  the administration of a vaccine after October 1, 1988,  if 
the  injury or death resulted from side-effects that were unavoidable 
even though the vaccine was properly prepared and was accompanied
by proper directions and warnings.”  The Third Circuit affirmed. 

Held: The  NCVIA  preempts  all  design-defect  claims  against  vaccine 
manufacturers brought by plaintiffs seeking compensation for injury 
or death caused by a vaccine’s side effects.  Pp. 7–19.
(a) Section 300aa–22(b)(1)’s text suggests that a vaccine’s design is

not open to question in a tort action.  If a manufacturer could be held 
liable  for  failure  to use a different design,  the  “even  though”  clause 
would  do  no  work.    A  vaccine  side  effect  could  always  have  been 
avoidable  by  use  of  a  different  vaccine  not  containing  the  harmful 
element.  The  language of  the provision  thus suggests  the design  is
not subject to question in a tort action.  What the statute establishes 
as  a  complete  defense must  be  unavoidability  (given  safe manufac-
ture and warning) with respect to the particular design.  This conclu-
sion is supported by the fact that, although products-liability law es-
tablishes  three  grounds  for  liability—defective  manufacture, 
inadequate  directions  or  warnings,  and  defective  design—the  Act 
mentions  only manufacture  and  warnings.    It  thus  seems  that  the 
Act’s failure to mention design-defect liability is “by deliberate choice, 
not inadvertence.”  Barnhart v. Peabody Coal Co., 537 U. S. 149, 168. 
Pp. 7–8.
(b) Contrary to petitioners’ argument, there is no reason to believe

that §300aa–22(b)(1)’s term “unavoidable” is a term of art incorporat-
ing Restatement (Second) of Torts §402A, Comment k, which exempts 
from strict  liability  rules  “unavoidably unsafe products.”    “Unavoid-
able” is hardly a rarely used word, and cases interpreting comment k 
attach  special  significance  only  to  the  term  “unavoidably  unsafe
products,”  not  the  word  “unavoidable”  standing  alone.    Moreover, 
reading the phrase “side effects that were unavoidable” to exempt in-
juries caused by flawed design would require treating “even though”
as a coordinating conjunction linking independent ideas when it is a 
concessive,  subordinating  conjunction  conveying  that  one  clause 
weakens or qualifies  the other.  The  canon against  superfluity does
not  undermine  this  Court’s  interpretation  because  petitioners’  com-
peting interpretation has superfluity problems of its own.  Pp. 8–12.
(c) The structure of the NCVIA and of vaccine regulation in general

reinforces  what  §300aa–22(b)(1)’s  text  suggests.    Design  defects  do
not merit a single mention  in  the Act or  in Food and Drug Admini-
stration  regulations  that pervasively  regulate  the drug manufactur-
ing process.  This lack of guidance for design defects, combined with 

“[n]o vaccine manufacturer shall be liable in a civil ac- tion for damages arising from a vaccine-related injury or death asso- ciated with the administration of a vaccine after October 1, 1988, if the injury or death resulted from side-effects that were unavoidable even though the vaccine was properly prepared and was accompanied by proper directions and warnings.”

a vaccine’s design is not open to question in a tort action.

A vaccine side effect could always have been avoidable by use of a different vaccine not containing the harmful element.

This conclu- sion is supported by the fact that, although products-liability law es- tablishes three grounds for liability—defective manufacture, inadequate directions or warnings, and defective design—the Act mentions only manufacture and warnings.

exempts from strict liability rules “unavoidably unsafe products.”
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the extensive guidance for the two liability grounds specifically men-
tioned in the Act, strongly suggests that design defects were not men-
tioned because they are not a basis for liability.  The Act’s mandates 
lead to the same conclusion.  It provides for federal agency improve-
ment  of  vaccine  design  and  for  federally  prescribed  compensation,
which are other means for achieving the two beneficial effects of de-
sign-defect  torts—prompting  the  development  of  improved  designs, 
and  providing  compensation  for  inflicted  injuries.    The  Act’s  struc-
tural  quid pro quo  also  leads  to  the  same  conclusion.   The  vaccine 
manufacturers fund an informal, efficient compensation program for
vaccine injuries in exchange for avoiding costly tort litigation and the 
occasional disproportionate jury verdict.  Taxing their product to fund
the compensation program, while leaving their liability for design de-
fect virtually unaltered, would hardly coax them back  into the mar-
ket.  Pp. 13–16. 

561 F. 3d 233, affirmed. 

SCALIA,  J.,  delivered  the  opinion  of  the  Court,  in  which  ROBERTS, 
C. J., and KENNEDY, THOMAS, BREYER, and ALITO, JJ.,  joined.   BREYER,
J., filed a concurring opinion.  SOTOMAYOR, J., filed a dissenting opinion,
in which GINSBURG, J., joined.  KAGAN, J., took no part in the considera-
tion or decision of the case.

design defects were not men- tioned because they are not a basis for liability.
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NOTICE:  This opinion is subject to formal revision before publication in the
preliminary print  of  the United States Reports.  Readers  are  requested  to
notify the Reporter of Decisions, Supreme Court of the United States, Wash-
ington,  D. C.  20543,  of  any  typographical  or  other  formal  errors,  in  order
that corrections may be made before the preliminary print goes to press. 

SUPREME COURT OF THE UNITED STATES 

No. 09–152 

RUSSELL BRUESEWITZ, ET AL., PETITIONERS v. 
WYETH LLC, FKA WYETH, INC., FKA WYETH

LABORATORIES, ET AL. 
ON WRIT OF CERTIORARI TO THE UNITED STATES COURT OF

APPEALS FOR THE THIRD CIRCUIT

 [February 22, 2011] 

JUSTICE SCALIA delivered the opinion of the Court. 
We consider whether a preemption provision enacted in

the  National  Childhood  Vaccine  Injury  Act  of  1986
(NCVIA)1  bars  state-law  design-defect  claims  against
vaccine manufacturers. 

I 
A 

For the last 66 years, vaccines have been subject to the
same  federal  premarket  approval  process  as  prescription 
drugs,  and  compensation  for  vaccine-related  injuries  has
been  left  largely  to  the  States.2    Under  that  regime,  the 
elimination of communicable diseases through vaccination 
became “one of the greatest achievements” of public health
in  the  20th  century.3   But  in  the  1970’s  and  1980’s  vac-
—————— 
142 U. S. C. §300aa–22(b)(1). 
2See P. Hutt, R. Merrill, & L. Grossman, Food and Drug Law 912–

913, 1458 (3d ed. 2007). 
3Centers for Disease Control, Achievements in Public Health, 1900– 

1999:  Impact  of  Vaccines  Universally  Recommended  for  Children,  48 
Morbidity and Mortality Weekly Report 243, 247 (Apr. 2, 1999). 
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cines became, one might say, victims of their own success.
They  had  been  so  effective  in  preventing  infectious  dis-
eases  that  the  public  became  much  less  alarmed  at  the 
threat of  those diseases,4 and much more  concerned with 
the risk of injury from the vaccines themselves.5 
Much  of  the  concern  centered  around  vaccines  against 

diphtheria,  tetanus,  and  pertussis  (DTP),  which  were 
blamed  for  children’s  disabilities  and  developmental  de-
lays.  This led to a massive increase in vaccine-related tort 
litigation.  Whereas  between  1978  and  1981  only  nine 
product-liability suits were filed against DTP manufactur-
ers, by the mid-1980’s the suits numbered more than 200
each  year.6    This  destabilized  the  DTP  vaccine  market, 
causing two of the three domestic manufacturers to with-
draw; and the remaining manufacturer, Lederle Laborato-
ries, estimated that its potential tort liability exceeded its
annual sales by a factor of 200.7  Vaccine shortages arose
when Lederle had production problems in 1984.8 
Despite  the  large  number  of  suits,  there  were  many

complaints  that  obtaining  compensation  for  legitimate
vaccine-inflicted  injuries was  too  costly  and  difficult.9  A 
—————— 
4See  Mortimer,  Immunization  Against  Infectious  Disease,  200  Sci-

ence 902, 906 (1978). 
5See  National  Vaccine  Advisory  Committee,  A  Comprehensive  Re-

view of Federal Vaccine Safety Programs and Public Health Activities
2–3  (Dec.  2008)  (hereinafter  NVAC),  http://www.hhs.gov/nvpo/nvac/
documents/vaccine-safety-review.pdf  (as  visited  Feb.  18,  2011,  and 
available in Clerk of Court’s case file). 

6See Sing & Willian, Supplying Vaccines: An Overview of the Market
and Regulatory Context, in Supplying Vaccines: An Economic Analysis
of Critical Issues 45, 51–52 (M. Pauly, C. Robinson, S. Sepe, M. Sing, &
M. William eds. 1996).

7See id., at 52.
8See Centers  for Disease Control, Diptheria-Tetanus-Pertussis Vac-

cine  Shortage,  33  Morbidity  and  Mortality  Weekly  Report  695–696
(Dec. 14, 1984). 

9See Apolinsky & Van Detta, Rethinking Liability for Vaccine Injury, 
19 Cornell J. L. & Pub. Pol’y 537, 550–551 (2010); T. Burke, Lawyers, 

http://www.hhs.gov/nvpo/nvac/
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significant  number  of  parents  were  already  declining 
vaccination  for  their  children,10  and  concerns  about  com-
pensation  threatened  to  depress  vaccination  rates  even
further.11   This was  a  source  of  concern  to  public  health
officials,  since  vaccines  are  effective  in  preventing  out-
breaks of disease only if a large percentage of the popula-
tion is vaccinated.12 
To stabilize the vaccine market and facilitate compensa-

tion, Congress enacted the NCVIA in 1986.  The Act estab-
lishes a no-fault compensation program “designed to work 
faster  and  with  greater  ease  than  the  civil  tort  system.” 
Shalala v. Whitecotton, 514 U. S. 268, 269 (1995).   A per-
son injured by a vaccine, or his legal guardian, may file a
petition  for  compensation  in  the  United  States  Court  of 
Federal  Claims,  naming  the  Secretary  of  Health  and
Human  Services  as  the  respondent.13   A  special  master
then makes an informal adjudication of the petition within
(except for two limited exceptions) 240 days.14  The Court 
of  Federal  Claims  must  review  objections  to  the  special 
master’s decision and enter  final  judgment under a  simi-
larly tight statutory deadline.15  At that point, a claimant 
has two options: to accept the court’s judgment and forgo a
traditional tort suit for damages, or to reject the judgment
and  seek  tort  relief  from  the  vaccine  manufacturer.16 
Fast, informal adjudication is made possible by the Act’s

Vaccine  Injury  Table,  which  lists  the  vaccines  covered 
under  the  Act;  describes  each  vaccine’s  compensable, 

—————— 
Lawsuits,  and  Legal  Rights:  The  Battle  over  Litigation  in  American 
Society 146 (2002). 

10Mortimer, supra, at 906. 
11See Hagan, 45 Food Drug Cosm. L. J. 477, 479 (1990). 
12See R. Merrill, Introduction to Epidemiology 65–68 (2010). 
13See 42 U. S. C. §300aa–11(a)(1). 
14See §300aa–12(d)(3). 
15See §300aa–12(e), (g). 
16See §300aa–21(a). 
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adverse side effects; and indicates how soon after vaccina-
tion  those  side  effects  should  first manifest  themselves.17 
Claimants who show that a  listed  injury  first manifested
itself  at  the  appropriate  time  are  prima  facie  entitled  to
compensation.18  No showing of causation is necessary; the
Secretary  bears  the  burden  of  disproving  causation.19  A 
claimant may also recover for unlisted side effects, and for
listed  side  effects  that  occur  at  times  other  than  those 
specified  in  the  Table,  but  for  those  the  claimant  must 
prove  causation.20    Unlike  in  tort  suits,  claimants  under 
the  Act  are  not  required  to  show  that  the  administered 
vaccine  was  defectively  manufactured,  labeled,  or  de-
signed.
Successful  claimants  receive  compensation  for medical, 

rehabilitation,  counseling,  special  education,  and  voca-
tional  training  expenses;  diminished  earning  capacity;
pain  and  suffering;  and  $250,000  for  vaccine-related 
deaths.21    Attorney’s  fees  are  provided,  not  only  for  suc-
cessful cases, but even for unsuccessful claims that are not 
frivolous.22  These awards are paid out of a fund created by
an excise tax on each vaccine dose.23
  The  quid pro quo for  this,  designed  to  stabilize  the
vaccine  market,  was  the  provision  of  significant  tort-
liability  protections  for  vaccine  manufacturers.    The  Act 
requires claimants to seek relief through the compensation 
program before filing suit for more than $1,000.24  Manu-
facturers  are  generally  immunized  from  liability  for  fail-

—————— 
17See  §300aa–14(a);  42  CFR  §100.3  (2009)  (current  Vaccine  Injury 

Table). 
18See 42 U. S. C. §§300aa–11(c)(1), 300aa–13(a)(1)(A). 
19See §300aa–13(a)(1)(B). 
20See §300aa–11(c)(1)(C)(ii). 
21See §300aa–15(a). 
22See §300aa–15(e). 
23See §300aa–15(i)(2); 26 U. S. C. §§4131, 9510. 
24See 42 U. S. C. §300aa–11(a)(2). 
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ure  to  warn  if  they  have  complied  with  all  regulatory
requirements  (including  but  not  limited  to  warning  re-
quirements)  and  have  given  the  warning  either  to  the 
claimant  or  the  claimant’s  physician.25   They  are  immu-
nized from liability for punitive damages absent failure to 
comply with regulatory requirements, “fraud,” “intentional 
and wrongful withholding of information,” or other “crimi-
nal or illegal activity.”26  And most relevant to the present
case,  the Act expressly eliminates  liability  for a vaccine’s 
unavoidable, adverse side effects: 

“No vaccine manufacturer shall be liable in a civil ac-
tion for damages arising from a vaccine-related injury
or death associated with the administration of a vac-
cine  after October  1,  1988,  if  the  injury  or  death  re-
sulted  from  side  effects  that  were  unavoidable  even 
though the vaccine was properly prepared and was ac-
companied by proper directions and warnings.”27 

B 
The  vaccine  at  issue  here  is  a  DTP  vaccine  manufac-

tured  by  Lederle  Laboratories.  It  first  received  federal 
approval  in 1948 and received supplemental approvals  in
1953 and 1970.  Respondent Wyeth purchased Lederle  in
1994 and stopped manufacturing the vaccine in 1998. 
Hannah Bruesewitz was born on October 20, 1991.  Her 

pediatrician  administered  doses  of  the  DTP  vaccine  ac-
cording  to  the Center  for Disease Control’s  recommended
childhood immunization schedule.  Within 24 hours of her 
April  1992  vaccination,  Hannah  started  to  experience 
—————— 
25See §300aa–22(b)(2), (c).  The immunity does not apply if the plain-

tiff establishes by clear and convincing evidence that the manufacturer
was  negligent,  or was  guilty  of  fraud,  intentional  and wrongful with-
holding  of  information,  or  other  unlawful  activity.    See  §§300aa– 
22(b)(2), 300aa–23(d)(2). 

26 §300aa–23(d)(2). 
27 §300aa–22(b)(1). 
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seizures.28  She suffered over 100 seizures during the next 
month,  and  her  doctors  eventually  diagnosed  her  with
“residual  seizure  disorder”  and  “developmental  delay.”29 
Hannah,  now  a  teenager,  is  still  diagnosed  with  both
conditions. 
In  April  1995,  Hannah’s  parents,  Russell  and  Robalee 

Bruesewitz,  filed  a  vaccine  injury  petition  in  the  United 
States  Court  of  Federal  Claims,  alleging  that  Hannah
suffered  from  on-Table  residual  seizure  disorder  and 
encephalopathy  injuries.30   A Special Master denied their
claims  on  various  grounds,  though  they  were  awarded
$126,800  in  attorney’s  fees  and  costs.    The Bruesewitzes 
elected to reject the unfavorable judgment, and in October 
2005 filed this lawsuit in Pennsylvania state court.  Their 
complaint alleged (as relevant here) that defective design 
of Lederle’s DTP vaccine caused Hannah’s disabilities, and 
that Lederle was subject to strict liability, and liability for 
negligent design, under Pennsylvania common law.31 
Wyeth  removed  the  suit  to  the  United  States  District

Court  for  the  Eastern  District  of  Pennsylvania,  which
granted Wyeth  summary  judgment  on  the  strict-liability 
and  negligence  design-defect  claims,  holding  that  the 
Pennsylvania  law  providing  those  causes  of  action  was
preempted  by  42 U. S. C.  §300aa–22(b)(1).32   The United 
States  Court  of  Appeals  for  the  Third Circuit  affirmed.33 
We granted certiorari.  559 U. S. ___ (2010). 

—————— 
28See Bruesewitz v. Secretary of Health and Human Servs., No. 95– 

0266V, 2002 WL 31965744, *3 (Ct. Cl., Dec. 20, 2002). 
29561 F. 3d 233, 236 (CA3 2009). 
30See id., at *1. 
31See 561 F. 3d at 237.  The complaint also made claims based upon

failure  to  warn  and  defective  manufacture.    These  are  no  longer  at
issue. 
32See id., at 237–238. 
33 Id., at 235. 
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II 
A 

We set forth again the statutory text at issue: 
“No vaccine manufacturer shall be liable in a civil ac-
tion for damages arising from a vaccine-related injury
or death associated with the administration of a vac-
cine  after October  1,  1988,  if  the  injury  or  death  re-
sulted  from  side  effects  that  were  unavoidable  even 
though the vaccine was properly prepared and was ac-
companied by proper directions and warnings.”34 

The “even though” clause clarifies the word that precedes
it.  It delineates the preventative measures that a vaccine 
manufacturer must have taken for a side-effect to be con-
sidered  “unavoidable”  under  the  statute.    Provided  that 
there was proper manufacture and warning, any remain-
ing  side  effects,  including  those  resulting  from  design
defects, are deemed to have been unavoidable.   State-law 
design-defect claims are therefore preempted. 
If a manufacturer could be held liable for failure to use a 

different  design,  the  word  “unavoidable”  would  do  no 
work.  A  side  effect  of  a  vaccine  could always  have  been 
avoidable  by  use  of  a  differently  designed  vaccine  not 
containing  the  harmful  element.  The  language  of  the
provision thus suggests that the design of the vaccine is a 
given, not subject to question in the tort action.  What the 
statute  establishes  as  a  complete  defense  must  be  un-
avoidability  (given  safe  manufacture  and  warning)  with 
respect to the particular design.  Which  plainly  implies
that the design itself is not open to question.35 
—————— 
3442 U. S. C. §300aa–22(b)(1). 
35The  dissent  advocates  for  another  possibility:    “[A]  side  effect  is 

‘unavoidable’  . . .  where  there  is  no  feasible  alternative  design  that 
would eliminate the side effect of the vaccine without compromising its 
cost and utility.”   Post,  at 15  (opinion of SOTOMAYOR, J.).   The dissent 
makes no effort to ground that position in the text of §300aa–22(b)(1). 
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A  further  textual  indication  leads  to  the  same  conclu-
sion.   Products-liability  law establishes a classic and well
known  triumvirate  of  grounds  for  liability:  defective
manufacture,  inadequate  directions  or  warnings,  and 
defective  design.36   If  all  three  were  intended  to  be  pre-
served,  it  would  be  strange  to  mention  specifically  only 
two,  and  leave  the  third  to  implication.  It  would  have 
been much easier (and much more natural) to provide that
manufacturers would be liable for “defective manufacture, 
defective directions or warning, and defective design.”    It 
seems  that  the  statute  fails  to  mention  design-defect 
liability  “by  deliberate  choice,  not  inadvertence.”  Barn-
hart  v. Peabody Coal Co., 537 U. S. 149, 168  (2003).   Ex-
pressio unius, exclusio alterius. 

B 
The  dissent’s  principal  textual  argument  is  mistaken.

We  agree  with  its  premise  that  “ ‘side  effects  that  were 
unavoidable’  must  refer  to  side  effects  caused  by  a  vac-
cine’s  design.”37    We  do  not  comprehend,  however,  the 
second  step  of  its  reasoning,  which  is  that  the  use  of
the conditional term “if” in the introductory phrase “if the 
injury  or  death  resulted  from  side  effects  that  were  un-
avoidable”  “plainly  implies  that  some  side  effects  stem-
ming  from  a  vaccine’s  design  are  ‘unavoidable,’  while 

—————— 
We  doubt  that  Congress  would  introduce  such  an  amorphous  test  by
implication  when  it  otherwise  micromanages  vaccine  manufacturers. 
See  infra,  at  13–14.   We  have  no  idea  how much more  expensive  an
alternative design  can be before  it  “compromis[es]”  a  vaccine’s  cost  or 
how much efficacy an alternative design can sacrifice to improve safety. 
Neither does the dissent.  And neither will the judges who must rule on
motions  to  dismiss,  motions  for  summary  judgment,  and motions  for 
judgment as a matter of law.  Which means that the test would proba-
bly have no real-world effect. 
36W. Keeton, D. Dobbs, R. Keeton, & D. Owen, Prosser and Keeton on 

Law of Torts 695 (5th ed. 1984); Restatement (Third) of Torts §2 (1999). 
37 Post, at 3. 
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others  are  avoidable.”38   That  is  not  so.  The  “if”  clause 
makes total sense whether  the design to which “unavoid-
able” refers is (as the dissent believes) any feasible design
(making the side effects of the design used for the vaccine 
at issue avoidable), or (as we believe) the particular design 
used  for  the  vaccine  at  issue  (making  its  side  effects  un-
avoidable).  Under  the  latter  view,  the  condition  estab-
lished  by  the  “if”  clause  is  that  the  vaccine  have  been
properly labeled and manufactured; and under the former,
that it have been properly designed, labeled, and manufac-
tured.  Neither  view  renders  the  “if”  clause  a  nullity. 
Which of the two variants must be preferred is addressed 
by  our  textual  analysis,  and  is  in  no way  determined  by 
the “if” clause. 
Petitioners’  and  the  dissent’s  textual  argument  also

rests upon the proposition that the word “unavoidable” in
§300aa–22(b)(1)  is  a  term  of  art  that  incorporates  com-
ment  k  to  Restatement  (Second)  of  Torts  §402A  (1963–
1964).39  The Restatement generally holds a manufacturer
strictly  liable  for  harm  to  person  or  property  caused  by
“any  product  in  a  defective  condition  unreasonably  dan-
gerous  to  the  user.”40  Comment  k  exempts  from  this
strict-liability  rule  “unavoidably  unsafe  products.”    An
unavoidably unsafe product is defined by a hodge-podge of
criteria  and  a  few  examples,  such  as  the  Pasteur  rabies
vaccine  and  experimental  pharmaceuticals.  Despite  this
lack  of  clarity,  petitioners  seize  upon  one  phrase  in  the
comment k analysis, and assert that by 1986 a majority of
courts  had made  this  a  sine qua non requirement  for  an
“unavoidably unsafe product”: a case-specific showing that
the product was  “quite  incapable  of  being made  safer  for

—————— 
38 Ibid. 
39See Brief for Petitioners 29.
40Restatement §402A, p. 347. 
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[its] intended . . . use.”41 
We have no need to consider the finer points of comment 

k. Whatever  consistent  judicial  gloss  that  comment may
have been given in 1986, there is no reason to believe that
§300aa–22(b)(1) was  invoking  it.  The comment creates a
special  category  of  “unavoidably  unsafe  products,”  while
the statute refers  to  “side effects  that were unavoidable.”
That  the  latter  uses  the  adjective  “unavoidable”  and  the
former  the  adverb  “unavoidably”  does  not  establish  that
Congress  had  comment  k  in  mind.    “Unavoidable”  is
hardly a rarely used word.  Even the cases petitioners cite
as putting a definitive gloss on comment k use the precise
phrase  “unavoidably  unsafe  product”;42  none  attaches
special  significance  to  the  term  “unavoidable”  standing
alone.
The textual problems with petitioners’ interpretation do 

—————— 
41 Id., Comment k, p. 353; Petitioners cite, inter alia, Kearl v. Lederle 

Labs.,  172  Cal.  App.  3d  812,  828–830,  218  Cal.  Rptr.  453,  463–464 
(1985); Belle Bonfils Memorial Blood Bank  v. Hansen,  665  P. 2d  118, 
122 (Colo. 1983). 
Though it is not pertinent to our analysis, we point out that a large

number of courts disagreed with that reading of comment k, and took it 
to say that manufacturers did not face strict liability for side effects of
properly  manufactured  prescription  drugs  that  were  accompanied  by
adequate warnings.  See, e.g., Brown v. Superior Court, 227 Cal. Rptr.
768, 772–775 (Cal. App. 1986), (officially depublished), aff’d 44 Cal. 3d
1049,  751  P. 2d  470  (1988); McKee  v. Moore,  648  P. 2d  21,  23  (Okla. 
1982); Stone  v. Smith, Kline & French Labs.,  447  So. 2d  1301,  1303– 
1304  (Ala. 1984); Lindsay v. Ortho Pharm. Corp., 637 F. 2d 87, 90–91 
(CA2 1980) (applying N. Y. law); Wolfgruber v. Upjohn Co., 72 App. Div. 
2d 59, 61, 423 N. Y. S. 2d 95, 96 (1979); Chambers v. G. D. Searle & Co., 
441 F. Supp. 377, 380–381 (D Md. 1975); Basko v. Sterling Drug, Inc., 
416 F. 2d 417, 425 (CA2 1969) (applying Conn. law). 

42See,  e.g., Johnson  v. American Cyanamid Co.,  239 Kan.  279,  285, 
718  P. 2d  1318,  1323  (1986); Feldman  v. Lederle Labs.,  97 N. J.  429, 
440, 446–447, 479 A. 2d 374, 380, 383–384 (1984); Belle Bonfils Memo-
rial Blood Bank supra,  at  121–123; Cassisi  v. Maytag Co.,  396 So. 2d 
1140, 1144, n. 4, 1146 (Fla. App. 1981); Racer v. Utterman, 629 S. W. 2d 
387, 393 (Mo. App. 1981). 
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not  end  there.  The  phrase  “even  though”  in  the  clause
“even  though  the  vaccine  was  properly  prepared  and 
[labeled]”  is meant  to signal  the unexpected: unavoidable 
side  effects  persist despite  best manufacturing and  label-
ing  practices.43    But  petitioners’  reading  eliminates  any
opposition  between  the  “even  though”  clause—called  a 
concessive  subordinate  clause  by  grammarians—and  the
word  “unavoidable.”44    Their  reading  makes  preemption 
turn  equally  on  unavoidability,  proper  preparation,  and 
proper  labeling.  Thus,  the  dissent  twice  refers  to  the 
requirements of proper preparation and proper labeling as
“two additional prerequisites” for preemption independent 
of  unavoidability.45    The  primary  textual  justification  for 
the  dissent’s  position  depends  on  that  independence.46 
But linking independent ideas is the job of a coordinating 
junction like “and,” not a subordinating junction like “even
though.”47 
—————— 
43The dissent’s assertion  that we  treat  “even  though” as a synonym

for  “because”  misses  the  subtle  distinction  between  “because”  and 
“despite.”  See post, at 17, n. 14.  “Even though” is a close cousin of the
latter.  See Webster’s New  International Dictionary 709,  2631  (2d  ed. 
1957).    The  statement  “the  car  accident  was  unavoidable  despite  his
quick  reflexes”  indicates  that  quick  reflexes  could  not  avoid  the  acci-
dent,  and  leaves  open  two  unstated  possibilities:  (1)  that  other,  un-
stated  means  of  avoiding  the  accident  besides  quick  reflexes  existed,
but  came  up  short  as  well;  or  (2)  that  quick  reflexes  were  the  only 
possible  way  to  avoid  the  accident.    Our  interpretation  of  §300aa– 
22(b)(1)  explains  why  we  think  Congress  meant  the  latter  in  this 
context.  (Incidentally, the statement “the car accident was unavoidable 
because of his quick reflexes” makes no sense.) 
44See W. Follett, Modern American Usage: A Guide 61 (1966). 
45 Post, at 9, 17. 
46 Post, at 3–5. 
47The dissent responds that these “additional prerequisites” act “in a 

concessive, subordinating fashion,” post, at 17, n. 14 (internal quotation 
marks and brackets omitted).  But that is no more true of the dissent’s 
conjunctive interpretation of the present text than it is of all provisions
that  set  forth  additional  requirements—meaning  that we  could  elimi-
nate “even though” from our English lexicon, its function being entirely 
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Petitioners and the dissent contend that the interpreta-
tion  we  propose  would  render  part  of  §300aa–22(b)(1)
superfluous:  Congress  could  have more  tersely  and more 
clearly preempted design-defect claims by barring liability 
“if . . . the vaccine was properly prepared and was accom-
panied by proper directions and warnings.”  The interven-
ing passage (“the injury or death resulted from side effects 
that were unavoidable even though”) is unnecessary.  True 
enough.  But  the  rule against giving a portion of  text an
interpretation which  renders  it  superfluous does not pre-
scribe  that  a  passage  which  could  have  been more  terse 
does not mean what it says.   The rule applies only if ver-
bosity and prolixity can be eliminated by giving the offend-
ing  passage,  or  the  remainder  of  the  text,  a  competing
interpretation.    That  is  not  the  case  here.48  To  be  sure,  
petitioners’  and  the  dissent’s  interpretation  gives  inde-
pendent meaning to the intervening passage (the supposed
meaning of comment k); but it does so only at the expense 
of  rendering  the  remainder  of  the  provision  superfluous. 
Since a vaccine is not “quite incapable of being made safer 
for [its] intended use” if manufacturing defects could have 
been  eliminated  or  better  warnings  provided,  the  entire 
“even  though”  clause  is  a  useless  appendage.49    It would  
suffice  to  say  “if  the  injury  or  death  resulted  from  side
effects that were unavoidable”—full stop. 

—————— 
performed  by  “and.”  No,  we  think  “even  though”  has  a  distinctive 
concessive, subordinating role to play. 
48Because  the dissent has a  superfluity problem of  its  own,  its  reli-

ance  on Bates  v. Dow Agrosciences LLC,  544 U. S.  431  (2005),  is mis-
placed.  See  id., at 449 (adopting an interpretation that was “the only
one that makes sense of each phrase” in the relevant statute). 

49That  is  true  regardless  of  whether  §300aa–22(b)(1)  incorporates 
comment k.  See Restatement §402A, Comment k, pp. 353, 354 (noting
that  “unavoidably  unsafe  products”  are  exempt  from  strict  liability
“with the qualification that  they are properly prepared and marketed,
and proper warning is given”). 
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III 
The structure of the NCVIA and of vaccine regulation in 

general  reinforces  what  the  text  of  §300aa–22(b)(1)  sug-
gests.  A  vaccine’s  license  spells  out  the  manufacturing
method  that  must  be  followed  and  the  directions  and 
warnings  that must  accompany  the  product.50  Manufac-
turers ordinarily must obtain the Food and Drug Admini-
stration’s  (FDA)  approval  before modifying  either.51    De-
viations from the license thus provide objective evidence of
manufacturing  defects  or  inadequate  warnings.    Further 
objective  evidence  comes  from  the  FDA’s  regulations—
more  than  90  of  them52—that  pervasively  regulate  the 
manufacturing  process,  down  to  the  requirements  for 
plumbing and ventilation systems at each manufacturing
facility.53   Material noncompliance with any one of  them, 
or with any other FDA regulation, could cost the manufac-
turer its regulatory-compliance defense.54 
Design defects,  in  contrast,  do not merit  a  single men-

tion  in the NCVIA or the FDA’s regulations.    Indeed,  the 
FDA has never even spelled out in regulations the criteria 
it uses to decide whether a vaccine is safe and effective for 
its intended use.55  And the decision is surely not an easy 
one.  Drug  manufacturers  often  could  trade  a  little  less
efficacy for a little more safety, but the safest design is not 
always  the best  one.  Striking  the  right balance between 
safety  and  efficacy  is  especially  difficult  with  respect  to 
vaccines, which affect public as well as individual health.
Yet  the  Act,  which  in  every  other  respect micromanages
manufacturers,  is  silent  on  how  to  evaluate  competing 
designs.  Are manufacturers  liable only  for  failing  to em-
—————— 
50See 42 U. S. C. §262(a), ( j); 21 CFR §§601.2(a), 314.105(b) (2010). 
51See §601.12. 
52See §§211.1 et seq., 600.10–600.15, 600.21–600.22, 820.1 et seq. 
53See §§211.46, 211.48. 
54See 42 U. S. C. §300aa–22(b)(2). 
55Hutt, Merrill, & Grossman, Food and Drug Law, at 685, 891. 
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ploy an alternative design that the FDA has approved for
distribution  (an  approval  it  takes  years  to  obtain56)?  Or 
does it suffice that a vaccine design has been approved in
other  countries?   Or  could  there be  liability  for  failure  to
use a design that exists only in a lab?  Neither the Act nor 
the FDA  regulations provide an answer,  leaving  the uni-
verse  of  alternative  designs  to  be  limited  only  by  an  ex-
pert’s imagination. 
Jurors,  of  course,  often  decide  similar  questions  with

little  guidance,  and  we  do  not  suggest  that  the  absence
of  guidance  alone  suggests  preemption.  But  the  lack  of 
guidance  for  design  defects  combined  with  the  exten- 
sive  guidance  for  the  two  grounds  of  liability  specifically
mentioned in the Act strongly suggests that design defects 
were  not  mentioned  because  they  are  not  a  basis  for 
liability.
The  mandates  contained  in  the  Act  lead  to  the  same 

conclusion.  Design-defect  torts,  broadly  speaking,  have
two  beneficial  effects:  (1)  prompting  the  development  of
improved  designs,  and  (2)  providing  compensation  for 
inflicted  injuries.  The  NCVIA  provides  other  means  for
achieving  both  effects.   We  have  already  discussed  the
Act’s  generous  compensation  scheme.  And  the  Act  pro-
vides many means of improving vaccine design.  It directs 
the  Secretary  of Health  and Human Services  to  promote 
“the  development  of  childhood  vaccines  that  result  in
fewer and less serious adverse reactions.”57  It establishes 
a National Vaccine Program, whose Director is “to achieve 
optimal prevention of human infectious diseases . . . and to 
achieve  optimal  prevention  against  adverse  reactions.”58 
The  Program  is  to  set  priorities  for  federal  vaccine  re-
search,  and  to  coordinate  federal  vaccine  safety  and  effi-

—————— 
56See Sing & William, Supplying Vaccines, at 66–67. 
5742 U. S. C. §300aa–27(a)(1). 
58 §300aa–1. 
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cacy  testing.59    The  Act  requires  vaccine  manufacturers
and health-care providers  to report adverse side effects,60 
and  provides  for  monitoring  of  vaccine  safety  through  a
collaboration  with  eight  managed-care  organizations.61 
And of course whenever the FDA concludes that a vaccine 
is unsafe, it may revoke the license.62 
These  provisions  for  federal  agency  improvement  of 

vaccine design, and for federally prescribed compensation, 
once  again  suggest  that  §300aa–22(b)(1)’s  silence  regard-
ing design-defect liability was not inadvertent.  It instead 
reflects a sensible choice to leave complex epidemiological
judgments  about  vaccine  design  to  the FDA and  the Na-
tional Vaccine Program rather than juries.63 
And  finally,  the  Act’s  structural  quid pro quo  leads  to 

the  same  conclusion:  The  vaccine  manufacturers  fund 
from  their  sales  an  informal,  efficient  compensation  pro-
gram for vaccine  injuries;64  in exchange  they avoid costly 
tort  litigation  and  the  occasional  disproportionate  jury
verdict.65   But  design-defect  allegations  are  the  most
speculative and difficult type of products liability claim to 
—————— 
59See §§300aa–2(a)(1)–(3), 300aa–3. 
60See §300aa–25(b). 
61See NVAC 18–19. 
62See 21 CFR §601.5(b)(1)(vi) (2010). 
63The dissent quotes just part of this sentence, to make it appear that

we believe complex epidemiological  judgments ought to be assigned in 
that  fashion.    See  post,  at  26.  We  do  not  state  our  preference,  but
merely note that it is Congress’s expressed preference—and in order to
preclude the argument that it is absurd to think Congress enacted such
a thing, we assert that the choice is reasonable and express some of the
reasons why.  Leaving it to the jury may (or may not) be reasonable as
well; we express no view. 

64See 42 U. S. C. §300aa–15(i)(2); Pub. L. 99–660, §323(a), 100 Stat. 
3784.    The  dissent’s  unsupported  speculation  that  demand  in  the 
vaccine  market  is  inelastic,  see  post,  at  24,  n. 22,  sheds  no  light  on
whether Congress regarded the tax as a quid pro quo, most Members of 
Congress being neither professional economists nor law-and-economics 
scholars. 

65See 42 U. S. C. §§300aa–11(a)(2), 300aa–22. 
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litigate.  Taxing  vaccine  manufacturers’  product  to  fund
the compensation program, while leaving their liability for 
design  defect  virtually  unaltered,  would  hardly  coax 
manufacturers back into the market. 
The  dissent  believes  the Act’s mandates  are  irrelevant 

because they do not spur innovation in precisely the same
way as  state-law  tort  systems.66   That  is  a novel  sugges-
tion.  Although we  previously  have  expressed  doubt  that 
Congress  would  quietly  preempt  product-liability  claims
without providing a federal substitute, see Medtronic, Inc. 
v. Lohr, 518 U. S. 470, 486–488 (1996) (plurality opinion),
we have never suggested we would be skeptical of preemp-
tion unless the congressional substitute operated  like the
tort system.   We decline to adopt that stance today.   The
dissent’s  belief  that  the  FDA  and  the  National  Vaccine
Program cannot alone spur adequate vaccine innovation is
probably questionable, but surely beside the point.

IV 
Since  our  interpretation  of  §300aa–22(b)(1)  is  the  only 

interpretation  supported by  the  text and  structure of  the
NCVIA, even those of us who believe legislative history is 
a  legitimate tool of statutory  interpretation have no need 
to resort to it.  In any case, the dissent’s contention that it
would contradict our conclusion is mistaken. 
The  dissent’s  legislative  history  relies  on  the  following 

syllogism:  A  1986  House  Committee  Report  states  that
§300aa–22(b)(1)  “sets  forth  the  principle  contained  in
Comment  k  of  Section  402A  of  the Restatement  of  Torts
(Second);”67  in  1986  comment  k  was  “commonly  under-
stood” to require a case-specific showing that “no  feasible
alternative design” existed; Congress therefore must have
intended  §300aa–22(b)(1)  to  require  that  showing.68    The

—————— 
66See post, at 21–24. 
67H. R. Rep. No. 99–908, pt. 1, p. 25 (1986) (hereinafter 1986 Report). 
68 Post, at 7–8. 
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syllogism ignores unhelpful statements in the Report and
relies upon a term of art that did not exist in 1986. 
Immediately  after  the  language  quoted  by  the  dissent, 

the 1986 Report notes the difficulty a  jury would have  in 
faithfully assessing whether a  feasible alternative design
exists when an innocent “young child, often badly injured
or  killed”  is  the  plaintiff.69   Eliminating  that  concern  is
why  the  Report’s  authors  “strongly  believ[e]  that  Com-
ment k is appropriate and necessary as the policy for civil
actions seeking damages in tort.”70  The dissent’s interpre-
tation of §300aa–22(b)(1) and  its version of  “the principle
in  Comment  K”  adopted  by  the  1986  Report  leave  that
concern unaddressed. 
The dissent buries another unfavorable piece of  legisla-

tive  history.  Because  the  Report  believes  that  §300aa–
22(b)(1) should  incorporate  “the principle  in Comment K”
and because the Act provides a generous no-fault compen-
sation  scheme,  the  Report  counsels  injured  parties  who
cannot prove a manufacturing or labeling defect to “pursue 
recompense  in  the  compensation  system,  not  the  tort
system.”71    That  counsel  echoes  our  interpretation  of 
§300aa–22(b)(1).
Not to worry, the dissent retorts, a Committee Report by

a later Congress “authoritative[ly]” vindicates its interpre-
tation.72   Post-enactment  legislative  history  (a  contradic-
tion in terms) is not a legitimate tool of statutory interpre-
tation.  See  Jones  v.  United States,  526  U. S.  227,  238 

—————— 
691986 Report, at 26; see ibid. (“[E]ven if the defendant manufacturer 

may have made as safe a vaccine as anyone reasonably could expect, a
court  or  jury  undoubtedly  will  find  it  difficult  to  rule  in  favor  of  the 
‘innocent’ manufacturer  if  the  equally  ‘innocent’  child  has  to  bear  the
risk of loss with no other possibility of recompense”). 
70 Ibid. 
71 Ibid. 
72 Post, at 12.  This is a courageous adverb since we have previously

held that the only authoritative source of statutory meaning is the text 
that has passed through the Article I process.  See Exxon Mobil Corp. v. 
Allapattah Services, Inc., 545 U. S. 546, 568 (2005). 
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(1999); United States v. Mine Workers, 330 U. S. 258, 281– 
282  (1947).   Real  (pre-enactment)  legislative  history  is
persuasive  to some because  it  is  thought  to shed  light on
what  legislators  understood  an  ambiguous  statutory  text 
to mean when they voted to enact it into law.  See Exxon 
Mobil Corp. v. Allapattah Services, Inc., 545 U. S. 546, 568 
(2005).  But  post-enactment  legislative  history  by  defini-
tion  “could have had no effect on the congressional vote,”
District of Columbia v. Heller, 554 U. S. 570, 605 (2008). 
It  does  not  matter  that  §300aa–22(b)(1)  did  not  take

effect until  the  later Congress passed  the  excise  tax  that
funds the compensation scheme,73 and that the supposedly
dispositive Committee Report  is attached  to  that  funding
legislation.74    Those who  voted  on  the  relevant  statutory 
language  were  not  necessarily  the  same  persons  who
crafted the statements in the later Committee Report; or if
they were did not necessarily have the same views at that 
earlier  time; and no one voting at  that earlier  time could 
possibly  have  been  informed  by  those  later  statements. 
Permitting  the  legislative  history  of  subsequent  funding 
legislation  to  alter  the meaning  of  a  statute would  set  a
dangerous  precedent.    Many  provisions  of  federal  law 
depend  on  appropriations  or  include  sunset  provisions;75 
they  cannot  be  made  the  device  for  unenacted  statutory 
revision. 
That brings us to the second flaw in the dissent’s syllo-

gism:  Comment  k  did  not  have  a  “commonly  understood 
meaning”76  in  the  mid-1980’s.  Some  courts  thought  it 
required  a  case-specific  showing  that  a  product was  “un-
avoidably  unsafe”;  many  others  thought  it  categorically 
exempted  certain  types  of  products  from  strict  liability.77 
—————— 
73Pub. L. 99–960, §323(a), 100 Stat. 3784. 
74H. R. Rep. No. 100–391, pt. 1, p. 701 (1987). 
75See,  e.g.,  Pub.  L.  104–208,  §§401,  403(a),  110  Stat.  3009–655  to 

3009–656, 3009–659 to 3009–662, as amended, note following 8 U. S. C. 
§1324a (2006 ed., Supp. III) (E-Verify program expires Sept. 30, 2012).
76 Post, at 8.
77See n. 39, supra; post, at 7–8, n. 5.
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When “all (or nearly all) of the” relevant judicial decisions 
have given a term or concept a consistent judicial gloss, we 
presume  Congress  intended  the  term  or  concept  to  have
that meaning when it  incorporated it  into a later-enacted 
statute.  Merck & Co. v. Reynolds, 559 U. S. ___, ___ (2010)
(SCALIA,  J.,  concurring  in  part  and  concurring  in  judg-
ment)  (slip  op.,  at  5).    The  consistent  gloss  represents 
the public understanding of the term.  We cannot make the 
same  assumption  when  widespread  disagreement  exists
among the lower courts.  We must make do with giving the
term  its  most  plausible  meaning  using  the  traditional 
tools  of  statutory  interpretation.    That  is  what  we  have 
done today. 

* *  *
For  the  foregoing  reasons,  we  hold  that  the  National

Childhood  Vaccine  Injury  Act  preempts  all  design-defect 
claims  against  vaccine  manufacturers  brought  by  plain-
tiffs who seek compensation for injury or death caused by 
vaccine side effects.  The judgment of the Court of Appeals 
is affirmed. 

It is so ordered. 

JUSTICE  KAGAN  took  no  part  in  the  consideration  or 
decision of this case. 
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JUSTICE BREYER, concurring. 
I  join  the  Court’s  judgment  and  opinion.  In my  view,

the Court has  the better  of  the purely  textual  argument. 
But  the  textual  question  considered  alone  is  a  close 
one.  Hence,  like  the  dissent,  I  would  look  to  other 
sources,  including  legislative  history,  statutory  purpose, 
and  the  views  of  the  federal  administrative  agency,  here
supported by expert medical opinion.   Unlike the dissent, 
however,  I  believe  these  other  sources  reinforce  the 
Court’s conclusion. 

I 
House Committee Report  99–908  contains  an  “authori-

tative”  account  of  Congress’  intent  in  drafting  the  pre-
emption  clause  of  the National Childhood Vaccine  Injury
Act of 1986 (NCVIA or Act).  See Garcia v. United States, 
469  U. S.  70,  76  (1984)  (“[T]he  authoritative  source  for 
finding  the  Legislature’s  intent  lies  in  the  Committee
Reports on the bill”).  That Report says that, “if” vaccine-
injured persons 

“cannot demonstrate under applicable law either that
a vaccine was  improperly prepared or that  it was ac-
companied  by  improper  directions  or  inadequate 
warnings  [they]  should  pursue  recompense  in  the 
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compensation system, not the tort system.”  H. R. Rep.
No.  99–908,  pt. 1,  p.  24  (1986)  (hereinafter  H. R.
Rep.). 

The  Report  lists  two  specific  kinds  of  tort  suits  that  the 
clause does not pre-empt (suits based on improper manu-
facturing and  improper  labeling), while  going  on  to  state 
that compensation for other tort claims, e.g., design-defect
claims,  lies  in  “the  [NCVIA’s  no-fault]  compensation  sys-
tem, not the tort system.”  Ibid. 
The  strongest  contrary  argument  rests  upon  the  Re-

port’s  earlier description of  the  statute as  “set[ting]  forth
the  principle  contained  in  Comment  k”  (of  the  Restate-
ment Second of Torts’ strict liability section, 402A) that “a
vaccine manufacturer  should  not  be  liable  for  injuries  or 
deaths resulting from unavoidable side effects.”  Id., at 23 
(emphasis  added).    But  the  appearance  of  the word  “un-
avoidable” in this last-mentioned sentence cannot provide 
petitioners  with much  help.    That  is  because  nothing  in
the  Report  suggests  that  the  statute  means  the  word 
“unavoidable”  to  summon  up  an  otherwise  unmentioned 
third  exception  encompassing  suits  based  on  design  de-
fects.  Nor can the Report’s reference to comment k fill the 
gap.  The Report  itself refers, not to comment k’s details, 
but only  to  its  “principle,” namely,  that vaccine manufac-
turers  should not  be  held  liable  for  unavoidable  injuries.
It  says  nothing  at  all  about  who—judge,  jury,  or  federal
safety  agency—should  decide  whether  a  safer  vaccine 
could have  been  designed.    Indeed,  at  the  time Congress
wrote this Report, different state courts had come to very
different  conclusions  about  that  matter.  See  Cupp,  Re-
thinking  Conscious  Design  Liability  for  Prescription 
Drugs: The Restatement (Third) Standard Versus a Negli-
gence Approach, 63 Geo. Wash. L. Rev. 76, 79 (1994–1995) 
(“[C]ourts [had] adopted a broad range of conflicting inter-
pretations”  of  comment  k).    Neither  the  word  “unavoid-
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able” nor the phrase “the principle of Comment k” tells us
which  courts’  view  Congress  intended  to  adopt.    Silence 
cannot  tell us  to  follow those States where  juries decided 
the design-defect question. 

II 
The  legislative  history  describes  the  statute more  gen-

erally  as  trying  to  protect  the  lives  of  children,  in  part
by  ending  “the  instability  and  unpredictability  of  the
childhood vaccine market.”   H. R. Rep.,  at  7;  see ante,  at 
2–3.  As the Committee Report makes clear, routine vacci-
nation  is  “one  of  the  most  spectacularly  effective  public
health  initiatives  this  country  has  ever  undertaken.” 
H. R. Rep., at 4.  Before the development of routine whoop-
ing  cough  vaccination,  for  example,  “nearly  all  children”
in  the  United  States  caught  the  disease  and  more  than 
4,000  people  died  annually, most  of  them  infants.    U. S. 
Dept. of Health and Human Services, Centers for Disease 
Control  and  Prevention,  What  Would  Happen  if  We
Stopped  Vaccinations?  http://www.cdc.gov/vaccines/vac-gen/ 
whatifstop.htm  (all  Internet materials  as  visited Feb. 17, 
2011, and available in Clerk of Court’s case file); Prevent-
ing  Tetanus,  Diphtheria,  and  Pertussis  Among  Adoles-
cents:  Use  of  Tetanus  Toxoid,  Reduced  Diptheria  Toxoid 
and Acellular Pertussis Vaccines,  55 Morbidity  and Mor-
tality Weekly Report, No. RR–3, p. 2 (Mar. 24, 2006) (here-
inafter  Preventing  Tetanus)  (statistics  for  1934–1943),
http://www.cdc.gov/mmwr/PDF/rr/rr5503.pdf;  U. S.  Dept.
of Health and Human Services, Centers  for Disease Con-
trol  and  Prevention,  Epidemiology  and  Prevention  of 
Vaccine-Preventable  Diseases  200  (11th  ed.  rev.  May 
2009).  After vaccination became common,  the number of 
annual  cases  of  whooping  cough  declined  from  over 
200,000  to  about  2,300,  and  the  number  of  deaths  from 
about 4,000 to about 12.  Preventing Tetanus 2; Childhood 
Immunizations,  House  Committee  on  Energy  and  Com-

http://www.cdc.gov/vaccines/vac-gen/
http://www.cdc.gov/mmwr/PDF/rr/rr5503.pdf;
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merce, 99th Cong., 2d Sess., 10 (Comm. Print 1986) (here-
inafter Childhood Immunizations).
But  these  gains  are  fragile;  “[t]he  causative  agents  for

these  preventable  childhood  illnesses  are  ever  present  in 
the  environment,  waiting  for  the  opportunity  to  attack 
the unprotected individual.”  Hearing on S. 827 before the
Senate Committee on Labor and Human Resources, 99th 
Cong., 2d Sess., pt. 2, pp. 20–21 (1985) (hereinafter Hear-
ings)  (testimony of  the American Academy of Pediatrics);
see  California  Dept.  of  Public  Health,  Pertussis  Re- 
port  (Jan. 7, 2011), www.cdph.ca.gov/programs/immunize/
Documents/PertussisReport2011–01–07.pdf  (In  2010, 
8,383 people in California caught whooping cough, and 10
infants  died).  Even a  brief  period when vaccination pro-
grams are disrupted can lead to children’s deaths.   Hear-
ings  20–21;  see Gangarosa  et al.,  Impact  of  Anti-Vaccine
Movements  on  Pertussis  Control:  The  Untold  Story,  351
Lancet  356–361  (Jan.  31,  1998)  (when  vaccination  pro-
grams  are  disrupted,  the  number  of  cases  of  whooping 
cough skyrockets, increasing by orders of magnitude). 
In considering the NCVIA, Congress found that a sharp

increase in tort suits brought against whooping cough and 
other vaccine manufacturers between 1980 and 1985 had 
“prompted  manufacturers  to  question  their  continued 
participation  in  the  vaccine  market.”    H. R.  Rep.,  at  4;
Childhood  Immunizations  85–86.    Indeed,  two  whooping 
cough  vaccine manufacturers withdrew  from  the market,
and other vaccine manufacturers, “fac[ing] great difficulty 
in  obtaining  [product  liability]  insurance,”  told  Congress
that  they  were  considering  “a  similar  course  of  action.”
H. R.  Rep.,  at  4;  Childhood  Immunizations  68–70.    The 
Committee Report explains that, since there were only one
or  two manufacturers  of many  childhood  vaccines,  “[t]he 
loss  of  any  of  the  existing  manufacturers  of  childhood 
vaccines . . . could create a genuine public health hazard”;
it “would present the very real possibility of vaccine short-
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ages,  and,  in  turn,  increasing  numbers  of  unimmunized 
children,  and,  perhaps,  a  resurgence  of  preventable  dis-
eases.”  H. R.  Rep.,  at  5.    At  the  same  time,  Congress 
sought  to  provide  generous  compensation  to  those whom
vaccines  injured—as  determined  by  an  expert  compensa-
tion program.  Id., at 5, 24. 
Given  these  broad  general  purposes,  to  read  the  pre-

emption  clause  as  preserving  design-defect  suits  seems 
anomalous.   The  Department  of  Health  and  Human 
Services  (HHS) decides when a vaccine  is  safe  enough  to
be  licensed  and  which  licensed  vaccines,  with  which 
associated  injuries,  should  be  placed  on  the  Vaccine  In- 
jury  Table.  42  U. S. C.  §300aa–14;  ante,  at  3–4;  A 
Comprehensive  Review  of  Federal  Vaccine  Safety  Pro-
grams  and  Public  Health  Activities  13–15,  32–34 
(Dec.  2008),  http://www.hhs.gov/nvpo/nvac/documents/
vaccine-safety-review.pdf.  A  special  master  in  the  Act’s 
compensation  program  determines  whether  someone  has
suffered  an  injury  listed  on  the  Injury  Table  and,  if  not, 
whether the vaccine nonetheless caused the injury.  Ante, 
at  3–4;  §300aa–13.  To  allow  a  jury  in  effect  to  second-
guess those determinations is to substitute less expert for
more expert judgment, thereby threatening manufacturers 
with  liability  (indeed,  strict  liability)  in  instances  where 
any conflict between experts and nonexperts is likely to be
particularly  severe—instances  where  Congress  intended
the contrary.  That is because potential tort plaintiffs are 
unlikely to bring suit unless the specialized compensation 
program  has  determined  that  they  are  not  entitled  to
compensation  (say,  because  it  concludes  that  the  vaccine 
did  not  cause  the  injury).    Brief  for  United  States  as 
Amicus Curiae  28  (“99.8%  of  successful  Compensation
Program claimants have accepted their awards,  foregoing 
any  tort  remedies  against  vaccine manufacturers”).    It  is 
difficult  to  reconcile  these  potential  conflicts  and  the  re-
sulting tort liabilities with a statute that seeks to diminish 

http://www.hhs.gov/nvpo/nvac/documents/
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manufacturers’  product  liability  while  simultaneously 
augmenting  the  role  of  experts  in  making  compensation 
decisions. 

III 
The United  States,  reflecting  the  views  of  HHS,  urges 

the Court to read the Act as I and the majority would do.
It  notes  that  the  compensation  program’s  listed  vaccines 
have  survived  rigorous  administrative  safety  review.    It 
says  that  to  read  the  Act  as  permitting  design-defect
lawsuits  could  lead  to  a  recurrence  of  “exactly  the  crisis 
that precipitated the Act,” namely withdrawals of vaccines 
or  vaccine  manufacturers  from  the  market,  “disserv[ing] 
the Act’s  central  purposes,”  and hampering  the  ability  of 
the  agency’s  “expert  regulators,  in  conjunction  with  the
medical community, [to] control the availability and with-
drawal  of  a  given  vaccine.”    Brief  for  United  States  as 
Amicus Curiae 30, 31. 
The United States is supported in this claim by leading 

public health organizations, including the American Acad-
emy of Pediatrics, the American Academy of Family Phy-
sicians, the American College of Preventive Medicine, the
American Public Health Association,  the American Medi-
cal Association, the March of Dimes Foundation, the Pedi-
atric  Infectious  Diseases  Society,  and  15  other  similar 
organizations.  Brief  for American Academy of Pediatrics
et al. as Amici Curiae (hereinafter AAP Brief).  The Ameri-
can Academy  of  Pediatrics  has  also  supported  the  reten-
tion  of  vaccine manufacturer  tort  liability  (provided  that 
federal  law  structured  state-law  liability  conditions  in
ways  that  would  take  proper  account  of  federal  agency 
views about safety).  Hearings 14–15.   But  it nonetheless 
tells us here, in respect to the specific question before us,
that  the  petitioners’  interpretation  of  the  Act  would  un-
dermine  its  basic  purposes  by  threatening  to  “halt  the
future  production  and  development  of  childhood  vaccines 
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in this country,” i.e., by “threaten[ing] a resurgence of the 
very problems which . . . caused Congress to intervene” by
enacting  this  statute.    AAP  Brief  24  (internal  quotation
marks omitted). 
I  would  give  significant  weight  to  the  views  of  HHS.

The  law  charges  HHS  with  responsibility  for  overseeing 
vaccine production and safety.  It is “likely to have a thor-
ough  understanding”  of  the  complicated  and  technical
subject matter of  immunization policy, and it  is compara-
tively more  “qualified  to  comprehend  the  likely  impact of
state requirements.”  Geier v. American Honda Motor Co., 
Inc.,  529 U. S.  861,  883  (2000)  (internal  quotation marks 
omitted);  see Medtronic, Inc.  v. Lohr,  518 U. S.  470,  506 
(1996)  (BREYER,  J.,  concurring  in  part  and  concurring  in
judgment) (the agency is in the best position to determine 
“whether (or the extent to which) state requirements may
interfere with federal objectives”).   HHS’s position is par-
ticularly  persuasive  here  because  expert  public  health
organizations support its views and the matter concerns a
medical  and  scientific  question  of  great  importance:  how
best to save the lives of children.  See Skidmore v. Swift & 
Co., 323 U. S. 134 (1944).
In sum, congressional reports and history, the statute’s

basic purpose as revealed by that history, and the views of 
the expert agency along with those of relevant medical and 
scientific associations, all support the Court’s conclusions. 
I consequently agree with the Court. 
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JUSTICE  SOTOMAYOR,  with  whom  JUSTICE  GINSBURG 
joins, dissenting. 
Vaccine manufacturers have long been subject to a legal

duty, rooted in basic principles of products liability law, to 
improve the designs of their vaccines in light of advances 
in  science  and  technology.    Until  today,  that  duty  was
enforceable through a traditional state-law tort action for
defective design.  In holding that §22(b)(1) of the National
Childhood Vaccine Injury Act of 1986 (Vaccine Act or Act),
42  U. S. C.  §300aa–22(b)(1),  pre-empts  all  design  defect 
claims for injuries stemming from vaccines covered under
the Act, the Court imposes its own bare policy preference 
over  the  considered  judgment  of  Congress.  In  doing  so, 
the Court  excises  13 words  from  the  statutory  text, mis-
construes  the  Act’s  legislative  history,  and  disturbs  the 
careful  balance  Congress  struck  between  compensating
vaccine-injured  children  and  stabilizing  the  childhood
vaccine market.    Its decision  leaves a  regulatory vacuum
in which no one ensures that vaccine manufacturers ade-
quately  take  account  of  scientific  and  technological  ad-
vancements when designing or distributing their products.
Because nothing  in  the  text,  structure,  or  legislative his-
tory  of  the  Vaccine  Act  remotely  suggests  that  Congress 
intended such a result, I respectfully dissent. 
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I 
A 

Section  22  of  the  Vaccine  Act  provides  “[s]tandards  of
responsibility”  to  govern  civil  actions  against  vaccine
manufacturers.  42 U. S. C. §300aa–22.  Section 22(a) sets 
forth  the  “[g]eneral  rule”  that  “State  law shall apply  to a
civil  action  brought  for  damages  for  a  vaccine-related
injury  or  death.”    §300aa–22(a).  This  baseline  rule  that 
state law applies is subject to three narrow exceptions, one 
of which, §22(b)(1), is at issue in this case.  Section 22(b)(1)
provides: 

“No vaccine manufacturer shall be liable in a civil ac-
tion for damages arising from a vaccine-related injury
or death associated with the administration of a vac-
cine  after October  1,  1988,  if  the  injury  or  death  re-
sulted  from  side  effects  that  were  unavoidable  even 
though  the  vaccine  was  properly  prepared  and  was 
accompanied  by  proper  directions  and  warnings.” 
§300aa–22(b)(1).

The  provision  contains  two  key  clauses:  “if  the  injury  or
death  resulted  from  side  effects  that  were  unavoidable” 
(the  “if”  clause),  and  “even  though  the vaccine was prop-
erly  prepared  and was  accompanied  by  proper  directions
and warnings” (the “even though” clause). 
Blackletter  products  liability  law  generally  recognizes

three  different  types  of  product  defects:  design  defects, 
manufacturing defects, and labeling defects (e.g., failure to 
warn).1    The  reference  in  the  “even  though”  clause  to  a 
“properly prepared” vaccine “accompanied by proper direc-
tions  and  warnings”  is  an  obvious  reference  to  two  such 
defects—manufacturing  and  labeling  defects.    The  plain
terms  of  the  “even  though”  clause  thus  indicate  that 
—————— 
1W. Keeton, D. Dobbs, R. Keeton, & D. Owen, Prosser and Keeton on 

Law of Torts 695 (5th ed. 1984). 
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§22(b)(1) applies only where neither kind of defect  is pre-
sent.  Because §22(b)(1) is invoked by vaccine manufactur-
ers as a defense  to  tort  liability,  it  follows  that  the  “even
though”  clause  requires  a  vaccine  manufacturer  in  each
civil  action  to  demonstrate  that  its  vaccine  is  free  from
manufacturing  and  labeling  defects  to  fall  within  the
liability exemption of §22(b)(1).2 
Given  that  the  “even  though”  clause  requires  the  ab-

sence  of  manufacturing  and  labeling  defects,  the  “if” 
clause’s  reference  to  “side  effects  that were  unavoidable” 
must refer to side effects caused by something other than
manufacturing and  labeling defects.   The only  remaining
kind  of  product  defect  recognized under  traditional  prod-
ucts  liability  law  is  a  design  defect.    Thus,  “side  effects 
that were unavoidable” must refer to side effects caused by
a  vaccine’s  design that  were  “unavoidable.”  Because 
§22(b)(1) uses the conditional term “if,” moreover, the text
plainly  implies  that  some  side  effects  stemming  from  a
vaccine’s design are “unavoidable,” while others are avoid-
able.  See Webster’s  Third New  International Dictionary
1124 (2002) (“if” means “in the event that,” “so long as,” or
“on  condition  that”).  Accordingly,  because  the  “if”  clause
(like  the  “even  though”  clause)  sets  forth  a  condition  to
invoke §22(b)(1)’s defense  to  tort  liability, Congress must
also have intended a vaccine manufacturer to demonstrate
in  each  civil  action  that  the  particular  side  effects  of  a
vaccine’s design were “unavoidable.”
Congress’  use  of  conditional  “if”  clauses  in  two  other 

provisions of the Vaccine Act supports the conclusion that
§22(b)(1)  requires  an  inquiry  in  each  case  in  which  a
manufacturer seeks to  invoke the provision’s exception to
—————— 
2See Silkwood v. Kerr-McGee Corp., 464 U. S. 238, 255 (1984); Brown 

v. Earthboard Sports USA, Inc.,  481  F. 3d  901,  912  (CA6  2007)
(“ ‘[F]ederal  preemption  is  an  affirmative  defense  upon  which  the
defendants  bear  the  burden  of  proof ’ ”  (quoting  Fifth Third Bank v.
CSX Corp., 415 F. 3d 741, 745 (CA7 2005))).
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state  tort  liability.  In  §22(b)(2),  Congress  created  a  pre-
sumption  that,  for  purposes  of  §22(b)(1),  “a  vaccine  shall
be presumed  to be accompanied by proper directions and 
warnings  if  the  vaccine manufacturer  shows  that  it  com-
plied  in  all  material  respects  with”  federal  labeling  re-
quirements.    42  U. S. C.  §300aa–22(b)(2).    Similarly,  in
§23(d)(2),  Congress  created  an  exemption  from  punitive
damages “[i]f . . . the manufacturer shows that it complied,
in  all  material  respects,”  with  applicable  federal  laws,
unless  it  engages  in  “fraud,”  “intentional  and  wrongful
withholding  of  information”  from  federal  regulators,  or
“other  criminal  or  illegal  activity.”    §300aa–23(d)(2).  It
would  be  highly  anomalous  for  Congress  to  use  a  condi-
tional  “if”  clause  in  §§22(b)(2)  and  23(d)(2)  to  require  a
specific  inquiry  in  each  case while using  the  same  condi-
tional  “if”  clause  in  §22(b)(1)  to  denote  a  categorical  ex-
emption  from  liability.  Cf. Erlenbaugh  v. United States,
409 U. S.  239,  243  (1972)  (“[A]  legislative  body  generally
uses  a  particular  word  with  a  consistent  meaning  in  a
given context”).
Indeed,  when  Congress  intends  to  pre-empt  design

defect  claims  categorically,  it  does  so  using  categorical
(e.g.,  “all”)  and/or  declarative  language  (e.g.,  “shall”),
rather  than  a  conditional  term  (“if”).    For  example,  in
a  related  context, Congress has  authorized  the Secretary
of  Health  and  Human  Services  to  designate  a  vaccine 
designed to prevent a pandemic or epidemic as a “covered 
countermeasure.”  42  U. S. C.  §§247d–6d(b),  (i)(1),
(i)(7)(A)(i).  With  respect  to  such  “covered  countermea-
sure[s],” Congress provided  that  subject  to  certain  excep-
tions,  “a  covered  person  shall  be  immune  from  suit  and 
liability  under  Federal  and  State  law with  respect  to all 
claims  for  loss  caused  by,  arising  out  of,  relating  to,  or 
resulting  from  the  administration  to  or  the  use  by  an
individual  of  a  covered  countermeasure,”  §247d–6d(a)(1) 
(emphasis added), including specifically claims relating to 
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“the design” of the countermeasure, §247d–6d(a)(2)(B).
The  plain  text  and  structure  of  the  Vaccine  Act  thus

compel the conclusion that §22(b)(1) pre-empts some—but
not  all—design defect  claims.  Contrary  to  the majority’s
and respondent’s categorical reading, petitioners correctly 
contend  that,  where  a  plaintiff  has  proved  that  she  has 
suffered  an  injury  resulting  from  a  side  effect  caused  by
a  vaccine’s  design,  a  vaccine  manufacturer  may  invoke 
§22(b)(1)’s liability exemption only if it demonstrates that
the  side  effect  stemming  from  the  particular  vaccine’s
design is “unavoidable,” and that the vaccine is otherwise
free from manufacturing and labeling defects.3 

B 
The  legislative  history  confirms  petitioners’  interpreta-

tion of §22(b)(1) and sheds further light on its pre-emptive 
scope.  The  House  Energy  and  Commerce  Committee 
Report accompanying the Vaccine Act, H. R. Rep. No. 99–
908,  pt.  1  (1986)  (hereinafter  1986  Report),  explains  in
relevant part: 

“Subsection (b)—Unavoidable Adverse Side Effects; 
Direct Warnings.—This provision  sets  forth  the prin-
ciple contained in Comment K of Section 402A of the 
Restatement  of  Torts  (Second)  that  a  vaccine manu-
facturer should not be liable for injuries or deaths re-
sulting from unavoidable side effects even though the 
vaccine  was  properly  prepared  and  accompanied  by
proper directions and warnings. 
“The  Committee  has  set  forth  Comment  K  in  this 

bill because it intends that the principle in Comment
K regarding  ‘unavoidably unsafe’ products,  i.e.,  those 
products  which  in  the  present  state  of  human  skill 
and knowledge cannot be made safe, apply to the vac-

—————— 
3This  leaves  the question of what precisely §22(b)(1) means by  “un-

avoidable” side effects, which I address in the next section. 
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cines covered in the bill and that such products not be
the subject of liability in the tort system.”  Id., at 25– 
26. 

The  Report  expressly  adopts  comment  k  of  §402A  of  the 
Restatement  of  Torts  (Second)  (1963–1964)  (hereinafter
Restatement),  which  provides  that  “unavoidably  unsafe” 
products—i.e.,  those  that  “in  the  present  state  of  human 
knowledge,  are  quite  incapable  of  being  made  safe  for 
their  intended and ordinary use”—are not defective.4   As  
“[a]n  outstanding  example”  of  an  “[u]navoidably  unsafe” 
product,  comment  k  cites  “the  vaccine  for  the  Pasteur 
treatment of rabies, which not uncommonly  leads to very 
serious  and  damaging  consequences when  it  is  injected”; 
—————— 
4Comment k provides as follows: 
“Unavoidably unsafe products.  There  are  some  products  which,  in 

the  present  state  of  human  knowledge,  are  quite  incapable  of  being
made  safe  for  their  intended  and  ordinary  use.    These  are  especially 
common  in  the  field of drugs.  An outstanding example  is  the vaccine 
for  the  Pasteur  treatment  of  rabies,  which  not  uncommonly  leads  to
very serious and damaging consequences when it is injected.  Since the 
disease itself  invariably leads to a dreadful death, both the marketing 
and  the  use  of  the  vaccine  are  fully  justified,  notwithstanding  the 
unavoidable  high  degree  of  risk which  they  involve.    Such  a  product,
properly prepared, and accompanied by proper directions and warning,
is not defective, nor is it unreasonably dangerous.  The same is true of 
many other drugs, vaccines, and the  like, many of which  for  this very
reason  cannot  legally  be  sold  except  to  physicians,  or  under  the  pre-
scription  of  a  physician.  It  is  also  true  in  particular  of many new  or
experimental drugs as to which, because of lack of time and opportunity 
for sufficient medical experience, there can be no assurance of safety, or 
perhaps even of purity of  ingredients, but  such experience as  there  is 
justifies the marketing and use of the drug notwithstanding a medically 
recognizable risk.  The seller of such products, again with the qualifica-
tion that they are properly prepared and marketed, and proper warning 
is  given,  where  the  situation  calls  for  it,  is  not  to  be  held  to  strict
liability  for  unfortunate  consequences  attending  their  use,  merely 
because  he  has  undertaken  to  supply  the  public  with  an  apparently
useful  and  desirable  product,  attended  with  a  known  but  apparently 
reasonable risk.”  Restatement 353–354. 



Cite as:  562 U. S. ____ (2011)  7 

SOTOMAYOR, J., dissenting 

“[s]ince  the  disease  itself  invariably  leads  to  a  dreadful
death, both the marketing and the use of  the vaccine are 
fully  justified,  notwithstanding  the  unavoidable  high
degree of risk which they involve.”  Id., at 353.  Comment 
k  thus  provides  that  “seller[s]”  of  “[u]navoidably  unsafe” 
products  are  “not  to  be  held  to  strict  liability”  provided 
that such products  “are properly prepared and marketed, 
and proper warning is given.”  Ibid. 
As the 1986 Report explains, Congress intended that the

“principle  in  Comment  K  regarding  ‘unavoidably  unsafe’ 
products” apply  to  the vaccines  covered  in  the bill.    1986 
Report 26.  That intent, in turn, is manifested in the plain
text of §22(b)(1)—in particular, Congress’ use of the word
“unavoidable,” as well as the phrases “properly prepared”
and  “accompanied  by  proper  directions  and  warnings,” 
which  were  taken  nearly  verbatim  from  comment  k.  42 
U. S. C. §300aa–22(b)(1); see Restatement 353–354 (“Such
a[n  unavoidably  unsafe]  product,  properly  prepared,  and 
accompanied  by  proper  directions  and  warning,  is  not 
defective”).  By the time of the Vaccine Act’s enactment in 
1986,  numerous  state  and  federal  courts  had  interpreted 
comment k to mean that a product is “unavoidably unsafe”
when, given proper manufacture and labeling, no feasible 
alternative  design would  reduce  the  safety  risks without
compromising the product’s cost and utility.5  Given Con-
—————— 
5See,  e.g., Smith ex rel. Smith v. Wyeth Labs., Inc., No. Civ. A  84– 

2002, 1986 WL 720792, *5 (SD W. Va., Aug. 21, 1986) (“[A] prescription
drug  is  not  ‘unavoidably  unsafe’  when  its  dangers  can  be  eliminated
through  design  changes  that  do  not  unduly  affect  its  cost  or  utility”); 
Kearl v. Lederle Labs., 172 Cal. App. 3d 812, 830, 218 Cal. Rptr. 453,
464  (1985)  (“unavoidability”  turns  on  “(i)  whether  the  product  was
designed to minimize—to the extent scientifically knowable at the time
it was distributed—the risk inherent in the product, and (ii) the avail-
ability  . . .  of  any  alternative  product  that  would  have  as effectively 
accomplished the  full intended purpose of the subject product”), disap-
proved in part by Brown v. Superior Ct., 44 Cal. 3d 1049, 751 P. 2d 470 
(1988); Belle Bonfils Memorial Blood Bank v. Hansen,  665  P. 2d  118, 
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gress’ expressed intent to codify the “principle in Comment 
K,” 1986 Report 26, the term “unavoidable” in §22(b)(1) is
best  understood  as  a  term  of  art, which  incorporates  the
commonly  understood  meaning  of  “unavoidably  unsafe” 
products under comment k at the time of the Act’s enact-
ment in 1986.  See McDermott Int’l, Inc. v. Wilander, 498 
U. S.  337,  342  (1991)  (“[W]e  assume  that when a  statute
uses  . . .  a  term  [of  art], Congress  intended  it  to have  its
established  meaning”);  Morissette  v.  United States,  342 
U. S. 246,  263  (1952)  (same).6   Similarly,  courts applying 

—————— 
122 (Colo. 1983) (“[A]pplicability of comment k . . . depends upon the co-
existence of several factors,” including that “the product’s benefits must
not be achievable in another manner; and the risk must be unavoidable 
under  the  present  state  of  knowledge”);  see  also  1  L.  Frumer  &  M. 
Friedman, Products Liability  §§8.07[1]–[2],  pp.  8–277  to  8–278  (2010)
(comment k applies  “only  to defects  in design,” and there “must be no 
feasible  alternative  design which  on  balance  accomplishes  the  subject
product’s  purpose with  a  lesser  risk”  (internal  quotation marks  omit-
ted)).  To be sure, a number of courts at the time of  the Vaccine Act’s 
enactment had interpreted comment k to preclude design defect claims 
categorically for certain kinds of products, see Hill v. Searle Labs., 884 
F. 2d 1064, 1068 (CA8 1989) (collecting cases), but as indicated by the
sources cited above, the courts that had construed comment k to apply
on a case-specific basis generally agreed on the basic elements of what
constituted an “unavoidably unsafe” product.  See also n. 8, infra.  The
majority’s suggestion that “judges who must rule on motions to dismiss,
motions for summary judgment, and motions for judgment as a matter
of law” are incapable of adjudicating claims alleging “unavoidable” side
effects, ante, at 7–8, n. 35, is thus belied by the experience of the many
courts  that  had  adjudicated  such  claims  for  years  by  the  time  of  the
Vaccine Act’s enactment.
6The majority refuses to recognize that “unavoidable” is a term of art

derived  from  comment  k,  suggesting  that  “ ‘[u]navoidable’  is  hardly  a 
rarely used word.”  Ante, at 10.  In  fact, however,  “unavoidable”  is an 
extremely  rare word  in  the  relevant  context.    It  appears  exactly  once 
(i.e.,  in  §300aa–22(b)(1))  in  the  entirety  of  Title  42  of  the  U. S.  Code
(“Public Health  and Welfare”), which  governs,  inter alia,  Social  Secu-
rity, see 42 U. S. C. §301 et seq., Medicare, see §1395 et seq., and several 
other of the Federal Government’s  largest entitlement programs.   The 
singular  rarity  in which Congress used  the  term  supports  the  conclu-
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comment  k  had  long  required  manufacturers  invoking
the  defense  to  demonstrate  that  their  products  were  not 
only “unavoidably unsafe” but also properly manufactured 
and  labeled.7    By  requiring  “prope[r]  prepar[ation]”  and
“proper  directions  and  warnings”  in  §22(b)(1),  Congress
plainly  intended  to  incorporate  these additional  comment 
k requirements.
The  1986  Report  thus  confirms  petitioners’  interpreta-

tion of §22(b)(1).  The Report makes clear that “side effects
that  were  unavoidable”  in  §22(b)(1)  refers  to  side  effects 
stemming from a vaccine’s design that were “unavoidable.” 
By  explaining  what  Congress  meant  by  the  term  “un-
avoidable,”  moreover,  the  Report  also  confirms  that
whether  a  side  effect  is  “unavoidable”  for  purposes  of 
§22(b)(1)  involves  a  specific  inquiry  in  each  case  as  to
whether  the  vaccine  “in  the present  state  of  human  skill
and knowledge cannot be made safe,” 1986 Report 26—i.e.,
whether  a  feasible  alternative  design  existed  that  would
have  eliminated  the  adverse  side  effects  of  the  vaccine
without  compromising  its  cost  and  utility.    See  Brief  for
Kenneth W. Starr et al. as Amici Curiae 14–15 (“If a par-
ticular  plaintiff  could  show  that  her  injury  at  issue  was
avoidable  . . .  through  the  use  of  a  feasible  alternative
design  for  a  specific  vaccine,  then  she  would  satisfy  the
plain  language  of  the  statute,  because  she  would  have
demonstrated that the side effects were not unavoidable”).
Finally, the Report confirms that the “even though” clause
is properly read to establish two additional prerequisites—
proper manufacturing and proper  labeling—to qualify  for
—————— 
sion that “unavoidable” is a term of art. 
7See, e.g., Brochu v. Ortho Pharmaceutical Corp., 642 F. 2d 652, 657 

(CA1  1981); Needham v. White Labs., Inc.,  639  F. 2d  394,  402  (CA7 
1981); Reyes v. Wyeth Labs.,  498  F. 2d  1264,  1274–1275  (CA5  1974); 
Davis v. Wyeth Labs., 399 F. 2d 121, 127–129 (CA9 1968); Feldman v. 
Lederle Labs.,  97  N. J.  429,  448,  479  A. 2d  374,  384  (1984);  see  also 
Toner v. Lederle Labs., 112 Idaho 328, 336, 732 P. 2d 297, 305 (1987). 
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§22(b)(1)’s liability exemption.8 
In  addition  to  the  1986  Report,  one  other  piece  of  the

Act’s  legislative  history  provides  further  confirmation  of 
the  petitioners’  textual  reading  of  §22(b)(1).   When  Con-
gress enacted the Vaccine Act  in 1986,  it did not  initially 
include a source of payment for the no-fault compensation
program  the  Act  established.  The  Act  thus  “made  the 
compensation  program  and  accompanying  tort  reforms
contingent  on  the  enactment  of  a  tax  to  provide  funding 
—————— 
8Respondent  suggests  an  alternative  reading  of  the  1986  Report.

According to respondent, “the principle in Comment K” is simply that of 
nonliability  for  “unavoidably  unsafe”  products,  and  thus  Congress’ 
stated intent in the 1986 Report to apply the “principle in Comment K”
to  “the  vaccines  covered  in  the  bill” means  that  Congress  viewed  the 
covered vaccines as a class to be “ ‘unavoidably unsafe.’ ”   1986 Report 
25–26;  Brief  for  Respondent  42.    The  concurrence  makes  a  similar 
argument.   Ante,  at  1–2  (opinion  of  BREYER, J.).    This  interpretation 
finds  some  support  in  the  1986 Report, which  states  that  “if  [injured
individuals]  cannot  demonstrate  under  applicable  law  either  that  a 
vaccine  was  improperly  prepared  or  that  it  was  accompanied  by  im-
proper directions or  inadequate warnings  [they] should pursue recom-
pense  in the compensation system, not  the tort system.”   1986 Report 
26. It also finds some support  in the pre-Vaccine Act case  law, which
reflected  considerable  disagreement  in  the  courts  over  “whether  com-
ment k applies to pharmaceutical products across the board or only on
a  case-by-case  basis.”    Ausness,  Unavoidably  Unsafe  Products  and
Strict Products Liability: What Liability Rule Should be Applied to the
Sellers  of  Pharmaceutical  Products?  78  Ky.  L. J.  705,  708,  and  n. 11
(1989–1990) (collecting cases).   This interpretation, however, is under-
mined by the fact that Congress has never directed the Food and Drug
Administration  (FDA)  or  any  other  federal  agency  to  review  vaccines
for  optimal  vaccine design,  see  infra,  at  20–22,  and n. 19,  and  thus  it
seems  highly  unlikely  that  Congress  intended  to  eliminate  the  tradi-
tional mechanism for such review (i.e., design defect liability), particu-
larly given its express retention of state tort law in the Vaccine Act, see
42 U. S. C. §300aa–22(a).  In any event, to the extent there is ambiguity
as to how precisely Congress intended the “principle in Comment K” to
apply  to  the  covered  vaccines,  that  ambiguity  is  explicitly  resolved  in
petitioners’ favor by the 1987 House Energy and Commerce Committee
Report, H. R. Rep. No.  100–391,  pt.  1,  pp.  690–691  (hereinafter  1987
Report).  See infra this page and 11–12.
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for  the  compensation.”    1987  Report  690.    In  1987,  Con-
gress  passed  legislation  to  fund  the  compensation  pro-
gram.  The  House  Energy  and  Commerce  Committee 
Report9  accompanying  that  legislation  specifically  stated 
that “the codification of Comment (k) of The Restatement 
(Second) of Torts was not intended to decide as a matter of 
law  the  circumstances  in  which  a  vaccine  should  be 
deemed unavoidably unsafe.”  Id., at 691.  The Committee 
noted that “[a]n amendment to establish . . . that a manu-
facturer’s  failure  to  develop  [a]  safer  vaccine  was  not 
grounds for liability was rejected by the Committee during 
its original consideration of the Act.”  Ibid.  In light of that
rejection, the Committee emphasized that “there should be
no misunderstanding that the Act undertook to decide as a
matter  of  law whether  vaccines were unavoidably unsafe 
or  not,”  and  that  “[t]his  question  is  left  to  the  courts  to 
determine in accordance with applicable law.”  Ibid. 
To be sure, postenactment legislative history created by

a  subsequent  Congress  is  ordinarily  a  hazardous  basis
from which  to  infer  the  intent  of  the  enacting  Congress. 
See Sullivan v. Finkelstein, 496 U. S. 617, 631–632 (1990) 
(SCALIA,  J.,  concurring  in  part).    But  unlike  ordinary
postenactment  legislative  history,  which  is  justifiably
given  little  or  no  weight,  the  1987  Report  reflects  the 
intent of the Congress that enacted the funding legislation 
necessary  to  give  operative  effect  to  the  principal  provi-
sions of the Vaccine Act, including §22(b)(1).10  Congress in 
—————— 
9The  Third  Circuit’s  opinion  below  expressed  uncertainty  as  to 

whether the 1987 Report was authored by the House Budget Commit-
tee or the House Energy and Commerce Committee.  See 561 F. 3d 233, 
250  (2009).    As  petitioners  explain,  although  the  Budget  Committee
compiled and issued the Report, the Energy and Commerce Committee
wrote  and  approved  the  relevant  language.  Title  IV  of  the  Report,
entitled  “Committee  on Energy and Commerce,”  comprises  “two Com-
mittee Prints approved by the Committee on Energy and Commerce for
inclusion in the forthcoming reconciliation bill.”  1987 Report 377, 380. 
10The majority suggests that  the 1987  legislation creating the  fund-
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1987 had a number of options before it, including adopting
an entirely different compensation scheme, as the Reagan
administration  was  proposing;11  establishing  different
limitations  on  tort  liability,  including  eliminating  design
defect  liability,  as  pharmaceutical  industry  leaders  were 
advocating;12 or not funding the compensation program at 
all,  which  would  have  effectively  nullified  the  relevant 
portions of the Act.  Because the tort reforms in the 1986 
Act,  including  §22(b)(1),  had  no  operative  legal  effect 
unless  and until  Congress  provided  funding  for  the  com-
pensation program, the views of the Congress that enacted 
that funding legislation are a proper and, indeed, authori-
tative guide to the meaning of §22(b)(1).   Those views, as 
reflected  in  the  1987  Report,  provide  unequivocal  confir-

—————— 
ing  mechanism  is  akin  to  appropriations  legislation  and  that  giving 
weight to the legislative history of such legislation “would set a danger-
ous precedent.”  Ante,  at  18.   The difference,  of  course,  is  that appro-
priations  legislation  ordinarily  funds  congressional  enactments  that
already  have  operative  legal  effect;  in  contrast,  operation  of  the  tort 
reforms in the 1986 Act, including §22(b)(1), was expressly conditioned 
on the enactment of a separate tax to fund the compensation program. 
See  §323(a),  100  Stat.  3784.    Accordingly,  this  Court’s  general  reluc-
tance  to  view  appropriations  legislation  as  modifying  substantive 
legislation,  see,  e.g.,  TVA  v. Hill,  437  U. S.  153,  190  (1978),  has  no 
bearing here. 

11See  1987  Report  700  (describing  the  administration’s  alternative 
proposal). 

12See,  e.g., Hearings  on Funding of  the Childhood Vaccine Program
before  the  Subcommittee  on  Select  Revenue  Measures  of  the  House 
Committee  on  Ways  and  Means,  100th  Cong.,  1st  Sess.,  85  (1987)
(“[T]he liability provisions of the 1986 Act should be amended to assure
that manufacturers will not be  found  liable  in  the  tort  system  if  they
have  fully  complied with  applicable  government  regulations.    In  par-
ticular, manufacturers should not  face  liability under a  ‘design defect’ 
theory in cases where plaintiffs challenge the decisions of public health 
authorities  and  federal  regulators  that  the  licensed  vaccines  are  the
best available way to protect children from deadly diseases” (statement
of Robert B. Johnson, President, Lederle Laboratories Division, Ameri-
can Cyanamid Co.)). 
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mation of petitioners’ reading of §22(b)(1). 
In sum, the text, structure, and legislative history of the 

Vaccine Act  are  fully  consistent with petitioners’  reading
of  §22(b)(1).    Accordingly,  I  believe  §22(b)(1)  exempts 
vaccine  manufacturers  from  tort  liability  only  upon  a 
showing by the manufacturer in each case that the vaccine 
was properly manufactured and labeled, and that the side 
effects stemming from the vaccine’s design could not have
been prevented by a feasible alternative design that would 
have  eliminated  the adverse  side effects without  compro-
mising the vaccine’s cost and utility. 

II 
In  contrast  to  the  interpretation  of  §22(b)(1)  set  forth

above, the majority’s interpretation does considerable vio-
lence  to  the  statutory  text,  misconstrues  the  legislative
history, and draws  the wrong conclusions  from the struc-
ture  of  the  Vaccine  Act  and  the  broader  federal  scheme 
regulating vaccines. 

A 
As  a  textual  matter,  the  majority’s  interpretation  of

§22(b)(1)  is  fundamentally  flawed  in  three  central  re-
spects.  First, the majority’s categorical reading rests on a
faulty  and  untenable  premise.    Second,  its  reading  func-
tionally excises 13 words from the statutory text, including
the key  term  “unavoidable.”  And  third,  the majority  en-
tirely  ignores  the  Vaccine  Act’s  default  rule  preserving
state tort law.
To  begin,  the  majority  states  that  “[a]  side  effect  of  a 

vaccine  could  always have  been  avoidable  by  use  of  a
differently  designed  vaccine  not  containing  the  harmful
element.”  Ante,  at  7.  From  that  premise,  the  majority
concludes that the statute must mean that “the design of 
the vaccine  is a given, not  subject  to question  in  the  tort 
action,”  because  construing  the  statute  otherwise  would 
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render §22(b)(1) a nullity.  Ibid.  A tort claimant, accord-
ing to the majority, will always be able to point to a differ-
ently  designed  vaccine  not  containing  the  “harmful  ele-
ment,” and if that were sufficient to show that a vaccine’s 
side effects were not “unavoidable,” the statute would pre-
empt nothing.
The  starting  premise  of  the  majority’s  interpretation,

however,  is  fatally  flawed.  Although  in  the most  literal
sense,  as  the majority  notes,  a  side  effect  can  always  be 
avoided “by use of a differently designed vaccine not con-
taining the harmful element,”  ibid.,  this  interpretation of
“unavoidable”  would  effectively  read  the  term  out  of  the
statute, and Congress could not have intended that result.
Indeed,  §22(b)(1)  specifically  uses  the  conditional  phrase
“if the injury or death resulted from side effects that were
unavoidable,”  which  plainly  indicates  that  Congress  con-
templated that there would be some instances in which a
vaccine’s  side  effects  are  “unavoidable”  and  other  in-
stances in which they are not.  See supra, at 3.  The major-
ity’s  premise  that  a  vaccine’s  side  effects  can  always  be
“avoid[ed]  by  use  of  a  differently  designed  vaccine  not 
containing  the  harmful  element,”  ante,  at  7,  entirely  ig-
nores  the  fact  that  removing  the  “harmful  element”  will 
often  result  in  a  less  effective  (or  entirely  ineffective) 
vaccine.  A  vaccine,  by  its  nature,  ordinarily  employs  a
killed or weakened form of a bacteria or virus to stimulate 
antibody  production;13  removing  that  bacteria  or  virus 
might  remove  the  “harmful  element,”  but  it  would  also
necessarily render the vaccine inert.  As explained above,
the  legislative  history  of  the  Vaccine  Act  and  the  cases
interpreting  comment  k  make  clear  that  a  side  effect  is 

—————— 
13See American Academy of Pediatrics, Questions and Answers about 

Vaccine Ingredients (Oct. 2008), http://www.aap.org/immunization/ 
families/faq/Vaccineingredients.pdf (all Internet materials as visited 
Feb. 18, 2011, and available in Clerk of Court’s case file). 

http://www.aap.org/immunization/
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“unavoidable” for purposes of §22(b)(1) only where there is
no  feasible  alternative  design  that  would  eliminate  the
side  effect  of  the  vaccine  without  compromising  its  cost 
and utility.  See supra, at 7.  The majority’s premise—that
side  effects  stemming  from a vaccine’s  design are always
avoidable—is thus belied by the statutory text and legisla-
tive history of §22(b)(1).  And because its starting premise 
is  invalid,  its  conclusion—that  the  design  of  a  vaccine  is
not subject to challenge in a tort action—is also necessar-
ily invalid.
The majority’s  reading  suffers  from  an  even more  fun-

damental defect.  If Congress  intended to exempt vaccine
manufacturers  categorically  from  all  design  defect  liabil-
ity,  it  more  logically  would  have  provided:  “No  vaccine
manufacturer shall be liable in a civil action for damages
arising  from  a  vaccine-related  injury  or  death  associated 
with the administration of a vaccine after October 1, 1988, 
if the vaccine was properly prepared and was accompanied 
by  proper  directions  and  warnings.”    There  would  have 
been  no  need  for  Congress  to  include  the  additional  13
words “the  injury or death resulted  from side effects that
were  unavoidable  even  though.”  See  TRW Inc. v.  An-
drews,  534 U. S.  19,  31  (2001)  (noting  “cardinal principle 
of  statutory  construction  that  a  statute  ought,  upon  the
whole,  to  be  so  construed  that,  if  it  can be prevented, no 
clause,  sentence,  or  word  shall  be  superfluous,  void,  or
insignificant” (internal quotation marks omitted)). 
In Bates v. Dow Agrosciences LLC, 544 U. S. 431 (2005),

this  Court  considered  an  analogous  situation  where  an
express  pre-emption  provision  stated  that  certain  States
“ ‘shall not  impose or  continue  in effect any requirements
for  labeling  or  packaging  in  addition  to  or  different  from
those required under this subchapter.’ ”  Id., at 436 (quot-
ing  7  U. S. C.  §136v(b)  (2000  ed.)).    The  Bates Court 
stated: 
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“Conspicuously  absent  from  the  submissions  by  [re-
spondent]  and  the United States  is  any  plausible  al-
ternative  interpretation of  ‘in addition  to or different 
from’ that would give  that phrase meaning.    Instead, 
they  appear  to  favor  reading  those  words  out  of  the 
statute, which would  leave the  following:  ‘Such State
shall  not  impose  or  continue  in  effect  any  require-
ments  for  labeling  or  packaging.’    This  amputated 
version  of  [the  statute]  would  no  doubt  have  clearly 
and  succinctly  commanded  the  pre-emption  of  all 
state  requirements  concerning  labeling.    That  Con-
gress added the remainder of the provision is evidence 
of its intent to draw a distinction between state label-
ing requirements that are pre-empted and those that 
are not.”  544 U. S., at 448–449. 

As with the statutory interpretation rejected by this Court
in  Bates,  the  majority’s  interpretation  of  §22(b)(1)  func-
tionally excises 13 words out of the statute, including the
key term “unavoidable.”  See Duncan v. Walker, 533 U. S. 
167,  174  (2001)  (“We  are  especially  unwilling”  to  treat  a 
statutory  term as surplusage  “when  the  term occupies  so 
pivotal  a  place  in  the  statutory  scheme”).    Although  the
resulting  “amputated  version”  of  the  statutory  provision 
“would  no  doubt  have  clearly  and  succinctly  commanded
the pre-emption of all state” design defect claims, the fact
“[t]hat Congress added the remainder of  the provision”  is 
strong evidence of its intent not to pre-empt design defect
claims  categorically.  Bates,  544  U. S.,  at  449;  see  also 
American Home Prods. Corp. v. Ferrari, 284 Ga. 384, 393, 
668 S. E. 2d 236, 242 (2008) (“ ‘If Congress had intended to
deprive injured parties of a long available form of compen-
sation,  it  surely  would  have  expressed  that  intent  more 
clearly’ ” (quoting Bates, 544 U. S., at 449)), cert. pending, 
No. 08–1120. 
Strikingly, the majority concedes that its interpretation 
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renders 13 words of the statute entirely superfluous.  See 
ante, at 12 (“The intervening passage (‘the injury or death 
resulted  from  side  effects  that  were  unavoidable  even 
though’) is unnecessary.  True enough”).  Nevertheless, the 
majority contends that “the rule against giving a portion of 
text  an  interpretation  which  renders  it  superfluous  . . .
applies only if verbosity and prolixity can be eliminated by 
giving the offending passage, or the remainder of the text,
a competing interpretation.”  Ibid.  According to the major-
ity,  petitioners’  reading  of  §22(b)(1)  renders  the  “even 
though”  clause  superfluous  because,  to  reach  petitioners’ 
desired outcome, “[i]t would suffice to say ‘if the injury or 
death resulted  from side effects  that were unavoidable’— 
full  stop.”  Ibid.  As  explained above, however,  the  “even
though”  clause  establishes  two additional  prerequisites—
proper manufacturing and proper  labeling—to qualify  for 
§22(b)(1)’s  exemption  from  liability.  Contrary  to  the ma-
jority’s  contention,  then,  the  “even  though”  clause  serves
an  important  function  by  limiting  the  scope  of  the  pre-
emption afforded by the preceding “if ” clause.14 
The majority’s only other textual argument  is based on 

—————— 
14 In this manner, the “even though” clause functions in a “concessive

subordinat[ing]” fashion, ante, at 11, in accord with normal grammati-
cal usage.  According to the majority, however, the “even though” clause 
“clarifies  the  word  that  precedes  it”  by  “delineat[ing]”  the  conditions
that make  a  side  effect  “unavoidable”  under  the  statute.   Ante,  at  7. 
The majority’s  interpretation hardly  treats  the  clause  as  “concessive,” 
and  indeed  strains  the  meaning  of  “even  though.”    In  the  majority’s 
view, proper manufacturing and labeling are the sole prerequisites that 
render  a  vaccine’s  side  effects  unavoidable.    Thus,  an  injurious  side 
effect  is  unavoidable  because  the  vaccine  was  properly  prepared  and
labeled, not “even though” it was.  The two conjunctions are not equiva-
lent: The sentence “I am happy even though it is raining” can hardly be 
read to mean that “I am happy because it is raining.”  In any event, the 
more  fundamental  point  is  that  petitioners’  interpretation  actually
gives  meaning  to  the  words  “even  though,”  whereas  the  majority
concedes  that  its  interpretation  effectively  reads  those words  entirely 
out of the statute.  See supra this page. 
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the expressio unius, exclusio alterius  canon.  According to
the  majority,  because  blackletter  products  liability  law 
generally  recognizes  three  different  types  of  product  de-
fects, “[i]f all three were intended to be preserved, it would 
be  strange  [for  Congress]  to  mention  specifically  only 
two”—namely, manufacturing and  labeling defects  in  the
“even though” clause—“and leave the third to implication.” 
Ante,  at  8.    The  majority’s  argument,  however,  ignores 
that  the default  rule under  the Vaccine Act  is  that  state 
law  is  preserved.  As  explained  above,  §22(a)  expressly 
provides  that  the  “[g]eneral  rule”  is  that  “State  law shall 
apply  to a civil action brought  for damages  for a vaccine-
related  injury  or  death.”    42  U. S. C.  §300aa–22(a).    Be-
cause  §22(a)  already  preserves  state-law  design  defect 
claims  (to  the  extent  the  exemption  in  §22(b)(1)  does not 
apply),  there  was  no  need  for  Congress  separately  and
expressly  to  preserve  design  defect  claims  in  §22(b)(1). 
Indeed, Congress’ principal aim in enacting §22(b)(1) was
not to preserve manufacturing and labeling claims (those, 
too,  were  already  preserved  by  §22(a)),  but  rather,  to
federalize  comment  k-type  protection  for  “unavoidably 
unsafe”  vaccines.  The  “even  though”  clause  simply  func-
tions to limit the applicability of that defense.  The lack of 
express  language  in  §22(b)(1)  specifically  preserving  de-
sign  defect  claims  thus  cannot  fairly  be  understood  as
impliedly (and categorically) pre-empting such traditional 
state  tort  claims,  which  had  already  been  preserved  by
§22(a).15 

—————— 
15This Court, moreover,  has  long  operated  on  “the  assumption  that 

the historic police powers of the States are not to be superseded by the 
Federal  Act  unless  that  was  the  clear  and manifest  purpose  of  Con-
gress.”  Altria Group, Inc. v. Good, 555 U. S. ___, ___ (2008) (slip op., at
5) (internal  quotation marks  and  alteration  omitted).   Given  the  long
history of state regulation of vaccines, see Brief for Petitioners 3–6, the
presumption provides an additional reason not to read §22(b)(1) as pre-
empting all design defect claims, especially given Congress’ inclusion of
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The majority  also  suggests  that  if  Congress  wished  to
preserve  design  defect  claims,  it  could  have  simply  pro-
vided  that  manufacturers  would  be  liable  for  “defective 
manufacture,  defective  directions  or  warning,  and  defec-
tive  design.”  Ante,  at  8  (internal  quotation marks  omit-
ted).  Putting aside the fact that §22(a) already preserves 
design defect  claims  (to  the  extent  §22(b)(1)  does not  ap-
ply), the majority’s proposed solution would not have fully
effectuated  Congress’  intent.    As  the  legislative  history 
makes  clear,  Congress  used  the  term  “unavoidable”  to 
effectuate  its  intent  that  the  “principle  in  Comment  K 
regarding  ‘unavoidably  unsafe’  products  . . .  apply  to  the 
vaccines  covered  in  the  bill.”    1986  Report  26;  see  also 
1987 Report 691.  At the time of the Vaccine Act’s enact-
ment  in  1986,  at  least  one  State  had  expressly  rejected 
comment  k,16  while  many  others  had  not  addressed  the
applicability  of  comment  k  specifically  to  vaccines  or  ap-
plied  comment  k  to  civil  actions  proceeding  on  a  theory 
other  than  strict  liability  (e.g.,  negligence17).  A  statute 

—————— 
an express saving clause in the same statutory section, see 42 U. S. C.
§300aa–22(a), and  its use of  the conditional  “if”  clause  in defining the
pre-emptive scope of the provision.  See Bates v. Dow Agrosciences LLC,
544 U. S. 431, 449 (2005) (“In areas of traditional state regulation, we
assume  that  a  federal  statute  has  not  supplanted  state  law  unless
Congress  has  made  such  an  intention  clear  and  manifest”  (internal
quotation marks omitted)).

16See Collins v. Eli Lilly Co., 116 Wis. 2d 166, 197, 342 N. W. 2d 37, 
52  (1984)  (“We  conclude  that  the  rule  embodied  in  comment  k  is  too 
restrictive  and,  therefore,  not  commensurate  with  strict  products 
liability  law  in  Wisconsin”).  Collins did,  however,  “recognize  that  in
some exigent circumstances it may be necessary to place a drug on the
market before adequate testing can be done.”   Ibid.  It thus adopted a 
narrower  defense  (based  on  “exigent  circumstances”)  than  that  recog-
nized in other jurisdictions that had expressly adopted comment k. 

17See, e.g., Kearl, 172 Cal. App. 3d, at 831, n. 15, 218 Cal. Rptr., at 
465,  n. 15  (“[T]he  unavoidably  dangerous  product  doctrine  merely
exempts  the  product  from  a  strict  liability  design  defect  analysis;  a 
plaintiff remains free to pursue his design defect theory on the basis of 
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that  simply  stated  that  vaccine  manufacturers  would  be 
liable for “defective design” would be silent as to the avail-
ability  of  a  comment  k-type  defense  for  “unavoidably 
unsafe” vaccines, and  thus would not have  fully achieved 
Congress’  aim  of  extending  greater  liability  protection 
to  vaccine  manufacturers  by  providing  comment  k-type
protection in all civil actions as a matter of federal law. 

B 
The majority’s structural arguments fare no better than

its  textual  ones.  The  principal  thrust  of  the  majority’s
position  is  that,  since  nothing  in  the  Vaccine  Act  or  the
FDA’s  regulations governing vaccines  expressly mentions 
design  defects,  Congress  must  have  intended  to  remove
issues  concerning  the  design  of  FDA-licensed  vaccines 
from the tort system.   Ante, at 13.   The  flaw  in that rea-
soning,  of  course,  is  that  the FDA’s  silence on design de-
fects  existed  long  before  the  Vaccine  Act  was  enacted.
Indeed,  the  majority  itself  concedes  that  the  “FDA  has 
never even spelled out in regulations the criteria it uses to
decide  whether  a  vaccine  is  safe  and  effective  for  its  in-
tended use.”18  Ibid.  And yet it is undisputed that prior to
the  Act,  vaccine manufacturers  had  long  been  subject  to 
liability under state  tort  law  for defective vaccine design. 
That the Vaccine Act did not itself set forth a comprehen-
sive  regulatory  scheme  with  respect  to  design  defects  is
thus best understood to mean not that Congress suddenly 
decided  to  change  course  sub silentio  and  pre-empt  a 
—————— 
negligence”);  Toner,  112  Idaho,  at  340,  732  P. 2d,  at  309–310  (“The
authorities universally agree that where a product is deemed unavoid-
ably unsafe, the plaintiff is deprived of the advantage of a strict liabil-
ity  cause  of  action,  but may  proceed  under  a  negligence  cause  of  ac-
tion”). 

18See  42 U. S. C.  §262(a)(2)(C)(i)(I)  (“The  Secretary  shall  approve  a
biologics license application . . . on the basis of a demonstration that . . . 
the biological product that is the subject of the application is safe, pure, 
and potent”). 
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longstanding,  traditional  category  of  state  tort  law,  but 
rather,  that  Congress  intended  to  leave  the  status  quo
alone  (except,  of  course,  with  respect  to  those  aspects  of
state  tort  law  that  the  Act  expressly  altered).    See  1987 
Report  691  (“It  is  not  the  Committee’s  intention  to  pre-
clude  court  actions  under  applicable  law.    The  Commit-
tee’s intent at the time of considering the Act . . . was . . .
to  leave  otherwise  applicable  law  unaffected,  except  as
expressly altered by the Act”). 
The  majority  also  suggests  that  Congress  necessarily

intended to pre-empt design defect claims since the aim of 
such tort suits is to promote the development of improved
designs and provide compensation for injured individuals, 
and  the Vaccine Act  “provides  other means  for  achieving 
both effects”—most notably  through  the no-fault  compen-
sation program and the National Vaccine Program.  Ante, 
at 14, and nn. 57–60 (citing 42 U. S. C. §§300aa–1, 300aa–
2(a)(1)–(3),  300aa–3,  300aa–25(b),  300aa–27(a)(1)).    But 
the  majority’s  position  elides  a  significant  difference  be-
tween  state  tort  law  and  the  federal  regulatory  scheme.
Although the Vaccine Act charges the Secretary of Health 
and Human Services with  the  obligation  to  “promote  the 
development  of  childhood  vaccines”  and  “make  or  assure
improvements in .  .  . vaccines, and research on vaccines,” 
§300aa–27(a),  neither  the  Act  nor  any  other  provision  of
federal  law places a  legal duty  on vaccine manufacturers
to  improve  the  design  of  their  vaccines  to  account  for
scientific  and  technological  advances.    Indeed,  the  FDA
does  not  condition  approval  of  a  vaccine  on  it  being  the
most  optimally  designed  among  reasonably  available
alternatives,  nor  does  it  (or  any  other  federal  entity)  en-
sure  that  licensed  vaccines  keep  pace  with  technological
and scientific advances.19  Rather, the function of ensuring
—————— 
19See, e.g., Hurley v. Lederle Labs., 863 F. 2d 1173, 1177 (CA5 1988) 

(“[T]he  FDA  is  a  passive  agency:  it  considers  whether  to  approve 
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that  vaccines  are  optimally  designed  in  light  of  existing 
science  and  technology  has  traditionally  been  left  to  the
States  through  the  imposition  of  damages  for  design  de-
fects.  Cf. Bates, 544 U. S., at 451 (“ ‘[T]he specter of dam-
age  actions  may  provide  manufacturers  with  added  dy-
namic incentives to continue to keep abreast of all possible
injuries  stemming  from  use  of  their  product[s]  so  as  to 
forestall  such  actions  through  product  improvement’ ”); 
Wyeth v. Levine, 555 U. S. ___, ___ (2009) (slip op., at 22– 

—————— 
vaccine designs only  if  and when manufacturers  come  forward with a 
proposal”); Jones v. Lederle Labs., 695 F. Supp. 700, 711 (EDNY 1988)
(“[T]he  agency  takes  the  drugs  and  manufacturers  as  it  finds  them.
While its goal is to oversee inoculation with the best possible vaccine, it
is limited to reviewing only those drugs submitted by various manufac-
turers,  regardless  of  their  flaws”).    Although  the  FDA  has  authority 
under existing regulations to revoke a manufacturer’s biologics licenses,
that  authority  can  be  exercised  only  where  (as  relevant  here)  “[t]he
licensed product is not safe and effective for all of its intended uses.”  21 
CFR §601.5(b)(1)(vi) (2010); see §600.3(p) (defining “safety” as “relative
freedom from harmful effect  to persons affected, directly or  indirectly,
by  a  product  when  prudently  administered,  taking  into  consideration 
the character of the product in relation to the condition of the recipient 
at the time”).   The regulation does not authorize the FDA to revoke a
biologics  license  for  a  manufacturer’s  failure  to  adopt  an  optimal
vaccine design in light of existing science and technology.  See Conk, Is 
There  a  Design  Defect  in  the  Restatement  (Third)  of  Torts:  Products 
Liability? 109 Yale L. J. 1087, 1128–1129 (1999–2000) (“The FDA does
not claim to review products for optimal design . . . .  FDA review thus 
asks less of drug .  .  . manufacturers than the common law of products
liability  asks  of  other  kinds  of  manufacturers”).    At  oral  argument,
counsel  for amicus United  States  stated  that  the Centers  for Disease 
Control and Prevention (CDC) routinely performs comparative analyses 
of vaccines that are already on the market.  See Tr. of Oral Arg. 44–45; 
id.,  at  52–53  (describing  CDC’s  comparison  of  Sabin  and  Salk  polio 
vaccines).   Neither  the United States nor any of  the parties, however, 
has  represented  that  CDC  examines  whether  a  safer  alternative 
vaccine  could have been designed given practical  and  scientific  limits,
the  central  inquiry  in  a  state  tort  law  action  for  design  defect.    CDC 
does not issue biologics licenses, moreover, and thus has no authority to
require a manufacturer to adopt a different vaccine design. 
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23) (noting that the FDA has “traditionally regarded state
law  as  a  complementary  form  of  drug  regulation”  as
“[s]tate  tort  suits  uncover  unknown  drug  hazards  and
provide  incentives  for  drug  manufacturers  to  disclose
safety  risks  promptly”).20    The  importance  of  the  States’
traditional  regulatory  role  is  only  underscored  by  the
unique features of the vaccine market, in which there are
“only one or two manufacturers for a majority of the vac-
cines listed on the routine childhood immunization sched-
ule.”  Brief  for  Respondent  55.  The  normal  competitive
forces that spur innovation and improvements to existing
product lines in other markets thus operate with less force
in the vaccine market, particularly for vaccines that have
already been released and marketed to the public.  Absent
a  clear  statutory  mandate  to  the  contrary,  there  is  no
reason  to  think  that  Congress  intended  in  the  vaccine
context  to  eliminate  the  traditional  incentive  and  deter-
rence  functions served by state  tort  liability  in  favor of a
federal  regulatory  scheme  providing  only  carrots  and  no
sticks.21  See Levine, 555 U. S., at ___ (slip op., at 18) (“The
—————— 
20 Indeed, we observed  in Levine that the FDA is perpetually under-

staffed  and  underfunded,  see  555 U. S.,  at  ___,  n. 11  (slip  op.,  at  22,
n. 11),  and  the  agency  has  been  criticized  in  the  past  for  its  slow  re-
sponse  in  failing  to  withdraw  or  warn  about  potentially  dangerous
products, see, e.g., L. Leveton, H. Sox, & M. Soto, Institute of Medicine,
HIV  and  the  Blood  Supply:  An  Analysis  of  Crisis  Decisionmaking
(1995) (criticizing FDA response to transmission of AIDS through blood
supply).  These  practical  shortcomings  reinforce  the  conclusion  that
“state  law  offers  an  additional,  and  important,  layer  of  consumer
protection that complements FDA regulation.”  Levine, 555 U. S., at ___
(slip op., at 23).
21The majority mischaracterizes my position as expressing a general 

“skeptic[ism]  of  preemption  unless  the  congressional  substitute  oper-
ate[s]  like  the  tort  system.”   Ante,  at  16.    Congress  could,  of  course, 
adopt  a  regulatory  regime  that  operates  differently  from  state  tort 
systems, and such a difference  is not necessarily a  reason  to question
Congress’ pre-emptive intent.  In the specific context of the Vaccine Act,
however, the relevant point is that this Court should not lightly assume 
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case  for  federal  pre-emption  is  particularly  weak  where
Congress  has  indicated  its  awareness  of  the  operation  of 
state law in a field of federal interest, and has nonetheless 
decided to stand by both concepts and to tolerate whatever
tension there is between them.”  (internal quotation marks 
and alteration omitted)). 

III 
In  enacting  the  Vaccine  Act,  Congress  established  a 

carefully wrought  federal  scheme  that  balances  the  com-
peting  interests  of  vaccine-injured  persons  and  vaccine
manufacturers.  As  the  legislative  history  indicates,  the
Act  addressed  “two  overriding  concerns”:  “(a)  the  inade-
quacy—from  both  the  perspective  of  vaccine-injured  per-
sons  as  well  as  vaccine  manufacturers—of  the  current 
approach  to compensating  those who have been damaged 
by a vaccine; and (b) the instability and unpredictability of 
the  childhood  vaccine  market.”  1986  Report  7.  When 
viewed  in  the  context  of  the  Vaccine  Act  as  a  whole, 
§22(b)(1)  is  just  one  part  of  a  broader  statutory  scheme
that  balances  the  need  for  compensating  vaccine-injured
children with added liability protections for vaccine manu-
facturers to ensure a stable childhood vaccine market.
The principal  innovation of  the Act was  the  creation of

the  no-fault  compensation  program—a  scheme  funded 
entirely through an excise tax on vaccines.22  Through that 
—————— 
that Congress  intended sub silentio  to displace a  longstanding species 
of state  tort  liability where, as here, Congress specifically  included an
express  saving  clause  preserving  state  law,  there  is  a  long  history  of
state-law  regulation  of  vaccine  design,  and  pre-emption  of  state  law
would  leave  an  important  regulatory  function—i.e.,  ensuring  optimal
vaccine design—entirely unaddressed by the congressional substitute. 
22The majority’s  suggestion  that  “vaccine manufacturers  fund  from 

their  sales”  the  compensation  program  is  misleading.    Ante,  at  15. 
Although the manufacturers nominally pay the tax, the amount of the 
tax  is specifically  included  in  the vaccine price charged to purchasers. 
See  CDC  Vaccine  Price  List  (Feb.  15,  2011),  http://www.cdc.gov/ 

http://www.cdc.gov/
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program, Congress  relieved vaccine manufacturers  of  the
burden of compensating victims of vaccine-related injuries
in  the  vast  majority  of  cases23—an  extremely  significant 
economic  benefit  that  “functionally  creat[es]  a  valuable 
insurance policy for vaccine-related injuries.”  Reply Brief
for Petitioners  10.  The  structure  and  legislative history,
moreover,  point  clearly  to  Congress’  intention  to  divert
would-be  tort  claimants  into  the  compensation  program,
rather  than  eliminate  a  longstanding  category  of  tradi-
tional  tort  claims.  See  1986 Report  13  (“The Committee 
anticipates  that  the  speed  of  the  compensation  program, 
the  low  transaction  costs  of  the  system,  the  no-fault  na-
ture  of  the  required  findings,  and  the  relative  certainty
and generosity of the system’s awards will divert a signifi-
cant  number  of  potential  plaintiffs  from  litigation”).    In-
deed, although complete pre-emption of tort claims would 
have eliminated the principal source of the “unpredictabil-
ity” in the vaccine market, Congress specifically chose not 
to pre-empt state tort claims categorically.  See 42 U. S. C. 
§300aa–22(a)  (providing  as  a  “[g]eneral  rule”  that  “State
law shall apply to a civil action brought for damages for a
vaccine-related  injury  or  death”).    That  decision  reflects
Congress’  recognition  that  court  actions  are  essential

—————— 
vaccines/programs/vfc/cdc-vac-price-list.htm.  Accordingly, the only way 
the vaccine manufacturers can be said to actually “fund” the compensa-
tion program is if the cost of the excise tax has an impact on the num-
ber of vaccines sold by the vaccine manufacturer.  The majority points 
to  no  evidence  that  the  excise  tax—which  ordinarily  amounts  to  75
cents per dose, 26 U. S. C. §4131(b)—has any impact whatsoever on the
demand for vaccines. 
23See Brief  for United States  as Amicus Curiae  28  (“Department  of

Justice  records  indicate  that  99.8%  of  successful  Compensation  Pro-
gram  claimants  have  accepted  their  awards,  foregoing any  tort  reme-
dies  against  vaccine  manufacturers”);  S.  Plotkin, W.  Orenstein,  &  P. 
Offit,  Vaccines  1673  (5th  ed.  2008)  (noting  that  “[v]irtually  all  . . . 
petitioners, even those who were not awarded compensation” under the
compensation program, choose to accept the program’s determination). 
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because  they  provide  injured  persons  with  significant
procedural  tools—including,  most  importantly,  civil  dis-
covery—that are not available  in administrative proceed-
ings  under  the  compensation  program.    See  §§300aa– 
12(d)(2)(E),  (d)(3).    Congress  thus  clearly  believed  there
was still an  important  function to be played by state tort 
law. 
Instead  of  eliminating  design  defect  liability  entirely, 

Congress enacted numerous measures to reduce manufac-
turers’  liability  exposure,  including  a  limited  regulatory 
compliance  presumption  of  adequate  warnings,  see 
§300aa–22(b)(2),  elimination  of  claims  based  on  failure
to  provide  direct  warnings  to  patients,  §300aa–22(c),  a
heightened  standard  for  punitive  damages,  §300aa–
23(d)(2),  and,  of  course,  immunity  from damages  for  “un-
avoidable”  side  effects,  §300aa–22(b)(1).    Considered  in
light of  the Vaccine Act as a whole, §22(b)(1)’s exemption
from  liability  for  unavoidably  unsafe  vaccines  is  just  one
part of a broader statutory scheme that reflects Congress’
careful balance between providing adequate compensation
for  vaccine-injured  children  and  conferring  substantial
benefits on vaccine manufacturers to ensure a stable and
predictable childhood vaccine supply.
The  majority’s  decision  today  disturbs  that  careful

balance based on a bare policy preference that it is better 
“to leave complex epidemiological judgments about vaccine
design  to  the  FDA  and  the  National  Vaccine  Program
rather than juries.”  Ante, at 15.24  To be sure, reasonable 
minds  can  disagree  about  the  wisdom  of  having  juries 
weigh  the  relative  costs  and  benefits  of  a  particular  vac-
cine  design.  But  whatever  the  merits  of  the  majority’s 

—————— 
24 JUSTICE  BREYER’s  separate  concurrence  is  even  more  explicitly

policy driven, reflecting his own preference  for  the  “more expert  judg-
ment”  of  federal  agencies  over  the  “less  expert”  judgment  of  juries. 
Ante, at 5. 



27 Cite as:  562 U. S. ____ (2011) 

SOTOMAYOR, J., dissenting 

policy  preference,  the  decision  to  bar  all  design  defect 
claims against vaccine manufacturers is one that Congress 
must make,  not  this  Court.25    By  construing  §22(b)(1)  to 
—————— 
25Respondent  notes  that  there  are  some  5,000  petitions  alleging  a

causal  link  between  certain  vaccines  and  autism  spectrum  disorders
that  are  currently  pending  in  an  omnibus  proceeding  in  the Court  of 
Federal Claims (Vaccine Court).   Brief for Respondent 56–57.   Accord-
ing  to  respondent,  a  ruling  that  §22(b)(1)  does  not  pre-empt  design 
defect  claims  could  unleash  a  “crushing  wave”  of  tort  litigation  that 
would  bankrupt  vaccine  manufacturers  and  deplete  vaccine  supply. 
Id.,  at  28.  This  concern  underlies  many  of  the  policy  arguments  in
respondent’s brief and appears to underlie the majority and concurring 
opinions  in  this  case.    In  the absence of any empirical data, however,
the prospect of an onslaught of autism-related tort litigation by claim-
ants denied relief by  the Vaccine Court seems wholly speculative.   As 
an initial matter, the special masters in the autism cases have thus far
uniformly rejected the alleged causal link between vaccines and autism.
See  Brief  for  American  Academy  of  Pediatrics  et al.  as Amici Curiae 
20–21, n. 4 (collecting cases).  To be sure, those rulings do not necessar-
ily mean that no such causal link exists, cf. Brief for United States as 
Amicus Curiae 29 (noting that injuries have been added to the Vaccine 
Injury Table for existing vaccines), or that claimants will not ultimately
be able to prove such a link in a state tort action, particularly with the 
added  tool  of  civil  discovery.    But  these  rulings  do  highlight  the  sub-
stantial hurdles to recovery a claimant faces.  See Schafer v. American 
Cyanamid Co.,  20 F. 3d  1,  5  (CA1  1994)  (“[A]  petitioner  to whom  the 
Vaccine Court gives nothing may see no point in trying to overcome tort
law’s yet more serious obstacles  to recovery”).   Trial courts, moreover, 
have  considerable  experience  in  efficiently  handling  and  disposing  of
meritless  products  liability  claims,  and  decades  of  tort  litigation  (in-
cluding for design defect) in the prescription-drug context have not led 
to shortages in prescription drugs.  Despite the doomsday predictions of 
respondent and the various amici cited by the concurrence, ante, at 6–7, 
the possibility of a torrent of meritless lawsuits bankrupting manufac-
turers  and  causing  vaccine  shortages  seems  remote  at  best.    More 
fundamentally,  whatever  the  merits  of  these  policy  arguments,  the
issue in this case is what Congress has decided, and as to that question,
the  text,  structure,  and  legislative  history  compel  the  conclusion  that 
Congress intended to leave the courthouse doors open for children who
have  suffered severe  injuries  from defectively designed vaccines.   The 
majority’s policy-driven decision  to  the  contrary usurps Congress’  role 
and deprives such vaccine-injured children of a key remedy  that Con-
gress intended them to have. 
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pre-empt  all  design  defect  claims  against  vaccine  manu-
facturers  for  covered  vaccines,  the  majority’s  decision 
leaves a regulatory vacuum in which no one—neither the 
FDA nor  any  other  federal  agency,  nor  state  and  federal
juries—ensures  that  vaccine  manufacturers  adequately 
take account of scientific and technological advancements. 
This  concern  is  especially  acute  with  respect  to  vaccines 
that  have  already  been  released  and  marketed  to  the 
public.  Manufacturers,  given  the  lack  of  robust  competi-
tion  in  the  vaccine  market,  will  often  have  little  or  no 
incentive  to  improve  the  designs  of  vaccines  that  are  al-
ready  generating  significant  profit  margins.    Nothing  in
the text, structure, or legislative history remotely suggests
that Congress intended that result. 
I respectfully dissent. 
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How many scientists fabricate and falsify research? A systematic review and meta
analysis of survey data.
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Abstract
The frequency with which scientists fabricate and falsify data, or commit other forms of scientific misconduct is a matter of
controversy. Many surveys have asked scientists directly whether they have committed or know of a colleague who committed
research misconduct, but their results appeared difficult to compare and synthesize. This is the first metaanalysis of these
surveys. To standardize outcomes, the number of respondents who recalled at least one incident of misconduct was calculated for
each question, and the analysis was limited to behaviours that distort scientific knowledge: fabrication, falsification, "cooking" of
data, etc... Survey questions on plagiarism and other forms of professional misconduct were excluded. The final sample consisted
of 21 surveys that were included in the systematic review, and 18 in the metaanalysis. A pooled weighted average of 1.97% (N =
7, 95%CI: 0.864.45) of scientists admitted to have fabricated, falsified or modified data or results at least oncea serious form of
misconduct by any standardand up to 33.7% admitted other questionable research practices. In surveys asking about the
behaviour of colleagues, admission rates were 14.12% (N = 12, 95% CI: 9.9119.72) for falsification, and up to 72% for other
questionable research practices. Metaregression showed that self reports surveys, surveys using the words "falsification" or
"fabrication", and mailed surveys yielded lower percentages of misconduct. When these factors were controlled for, misconduct
was reported more frequently by medical/pharmacological researchers than others. Considering that these surveys ask sensitive
questions and have other limitations, it appears likely that this is a conservative estimate of the true prevalence of scientific
misconduct.
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average of 1.97%

of scientists admitted to have fabricated, falsified or modified data or results at least once

and up to 33.7% admitted other questionable research practices. In surveys asking about the behaviour of colleagues, admission rates were 14.12%

for falsification, and up to 72% for other questionable research practices.

Considering that these surveys ask sensitive questions and have other limitations, it appears likely that this is a conservative estimate of the true prevalence of scientific misconduct.
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Merck's New Vaccine Honcho: Former CDC 
Chief Gerberding

By Jennifer Couzin-FrankelDec. 22, 2009 , 3:56 PM 
After stepping down as head of the Centers for Disease Control and Prevention (CDC) 
almost a year ago, Julie Gerberding has a new gig: She will preside over vaccine 
development at the drug giant Merck. The company announced the appointment 
yesterday, adhering to the requirement that civil servants wait a year before joining an 
industry they helped regulate. 

Merck currently has 12 vaccines on the market, including the relatively new vaccine 
Gardasil to prevent cervical cancer. The company has eyed vaccine development as an 
area that can offer it a much-needed financial boost. It’s hoped that Gerberding, Merck 
said, will help “expand Merck's vaccine offerings throughout the world.” Sitting at the 
nexus of vaccine research and manufacturing, she’s charged with speeding 
commercialization of new shots and increasing the reach of existing ones. 

Gerberding’s background is in infectious disease. Her 6-plus years at CDC, where she 
was the first woman to lead the agency, were sometimes marked by tensions within 
the agency. But she managed to boost CDC’s communications with the general public, 
particularly in times of public health crises like potential flu pandemics. 

The switch from civil service to private industry is a trip that many make when 
Administrations turn over. Although Gerberding followed the rules, she is already getting 
flak in the blogosphere for a perceived conflict of interest. Vaccine skeptics, especially 
those irate at her rejection when she was CDC director of theories that link vaccines 
and autism, argue that the move to Merck demonstrates her bias—since Gerberding will 
now be promoting the products she defended while in government. “Bring someone 
from industry into the government regulating division that’s in need, get the vote or 
approval desired, then return said official to the private sector again, to reap the 
benefits,” said one autism site, deeming this “another example in a long line of 
government/industry collusion.” 

Jennifer Couzin-Frankel 

Staff Writer

12.C.2.A.2 https://www.sciencemag.org/news/2009/12/mercks-new-vaccine-
honcho-former-cdc-chief-gerberding
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60 Minutes 

Did the FDA ignite the opioid epidemic? 

A drug manufacturer denounces his own industry and explains to 60 Minutes how a label change by the FDA 
expanded the use of opioids 

 2019Feb 24
 CORRESPONDENTBill Whitaker

We have reported on the causes and effects of the opioid epidemic for several years — interviewing government 
whistleblowers, doctors, and Americans who've grown dependent on the powerful pain pills. We have not had a high-
ranking executive from the pharmaceutical industry sit before our cameras, until now. Tonight, Ed Thompson, a drug 
manufacturer who spent decades managing and producing opioids for Big Pharma, breaks ranks to denounce his 
industry and its federal regulator, the Food and Drug Administration, which he says opened the floodgates on the 
crisis with a few little changes to a label. 

 The opioid epidemic: Who is to blame? - 60 Minutes Overtime

Ed Thompson: The root cause of this epidemic is the FDA's illegal approval of opioids for the treatment of chronic 
pain. 

Bill Whitaker: The FDA ignited this opioid crisis? 

Ed Thompson: Without question, they start the fire. 

Ed Thompson speaks with correspondent Bill Whitaker 

Ed Thompson told us when the top selling opioid, Oxycontin, was first approved 
in 1995, it was based on science that only showed it safe and effective when used 
"short-term." But in 2001, pressured by Big Pharma and pain sufferers, the FDA 
made a fateful decision and, with no new science to back it up, expanded the use 
of Oxycontin to just about anyone with chronic ailments like arthritis and back 
pain.   

Ed Thompson: So this is what a package insert looks like. 

Bill Whitaker: Wow 

The FDA did it by simply changing a few words on the label, that lengthy insert no one ever reads. Today the label 
says the powerful pain pills are effective for "daily, around-the-clock, long-term… treatment." And that small label 
change made a big change in the way drug companies would market all opioids, allowing them to sell more and more 
pills at higher and higher doses.    

Ed Thompson: A drug's label is the single most important document for that product. It determines whether 
somebody can make $10 million or a billion dollars. 

Bill Whitaker: How so? 

Ed Thompson: Because it allows you to then promote the drug based on the labeling. 

Ed Thompson owns PMRS, a successful Pennsylvania pharmaceutical company that manufactures drugs for Big 
Pharma. It's made him a rich man. But now he's putting his livelihood at risk. He's doing what no other drug maker 
has ever done, he's suing the FDA in federal court to force it to follow the science and limit the opioid label to short 
term use. 

"There are no studies on the safety or efficacy of opioids for long-term use." 

12.C.2.B.1.B https://www.cbsnews.com/news/opioid-epidemic-did-the-fda-
ignite-the-crisis-60-minutes/
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Thompson is challenging the FDA to start with his newest opioid. It's Thompson's creative way to sabotage the 
system. He may lose money rolling out his new drug, but if he is successful, it would set a precedent. Other 
manufacturers would be forced to change their labels and limit their marketing.   

Bill Whitaker: A decision going in your direction could pull down a multi-billion-dollar industry. 

Ed Thompson: Correct. Probably somewhere between $7 and $10 billion a year would come off the market. We made 
a decision to stop selling snake oil to U.S. citizens in 1962. 

Bill Whitaker: Snake oil? 

Ed Thompson: Yes, sir. You're using high-dose, long-duration opioids when they've never been designed to do that. 
There's no evidence that they're effective. There's extreme evidence of harms and deaths when you use them. 

Brandeis professor Dr. Andrew Kolodny is one of the country's most-recognized addiction specialists and has been an 
expert witness in litigation against Big Pharma, including Purdue, the maker of Oxycontin. He has been trying to get 
the FDA label changed since 2011 to make clear opioids are not for everyone. 

Dr. Andrew Kolodny 

Dr. Andrew Kolodny: These are essential medicines for easing suffering at 
the end of life and when used for a couple of days after major surgery or a 
serious accident. If you're taking them around the clock every day, quickly, 
you become tolerant to the pain-relieving effect. In order to continue 
getting pain relief, you'll need higher and higher doses. As the doses get 
higher, the treatment becomes more dangerous and the risk of death goes 
up.   

Bill Whitaker: That sounds exactly like heroin addiction. 

Dr. Andrew Kolodny: It's essentially the same drug.   

To understand how this began we traveled to this small courthouse in Welch, West Virginia, where we uncovered the 
minutes of secret meetings in 2001 between Purdue Pharma and the FDA. The files were part of the state's lawsuit 
against Purdue for deceitful marketing. 

60 Minutes got a court order to obtain these documents. They reveal it was at those secret meetings the FDA bowed to 
Purdue Pharma's demands to ignore the lack of scientific data, and changed the label to, "around the clock…for an 
extended period of time.'' 

Ed Thompson: I can't think of anything more harmful taking place that took place then. It opened the floodgates. It 
was the decision of no return for the FDA. 

Purdue told us Oxycontin always was approved for long-term use. But an internal document shows the company was 
jubilant about the labeling change.  Quote: "The action by the FDA…has created enormous opportunities" to expand 
the market. The drug company's ads soon extolled the virtues of Oxycontin's effectiveness and sales tripled.   

Dr. David Kessler: It was a marketing tsunami.  And the agency didn't catch it. 

60 Minutes has called on former FDA commissioner David Kessler many times for his expertise on drug safety issues. 
He ran the FDA in the 1990s when Oxycontin was first approved, but he left before the labeling change. Today, he's 
been retained by cities and counties suing Big Pharma for the opioid crisis. After reviewing the documents we 
obtained, and checking on his own, he says changing the label to long-term use was a mistake. 

Dr. David Kessler: There are no studies on the safety or efficacy of opioids for long-term use. 

Bill Whitaker: But there's a law that says that a drug cannot be promoted as safe and effective unless it's proven to be 
safe and effective. But yet, with FDA sanction, these opioids are being used in that way that you say have not been 
proven. 



Dr. David Kessler: That's correct. The rigorous kind of scientific evidence that the agency should be relying on is not 
there. 

The label change was a blank check – one the drug industry cashed in for billions and billions of dollars. Now, Big 
Pharma had a green light to push opioids to tens of millions of new pain patients nationwide.   

Bill Whitaker: Let me remind you of some of the words that you have used to describe the pharmaceutical industry, 
your industry. 

Ed Thompson: Yeah? 

Bill Whitaker: Corrupt. 

Ed Thompson: Yeah. 

Bill Whitaker: Immoral? 

Ed Thompson: Yes. 

Bill Whitaker: Depraved? 

Ed Thompson: Yes. They're appropriate for the behavior that's taken place. 

Bill Whitaker: You are a drug executive. You manufacture drugs. 

Ed Thompson: Many drugs. 

Bill Whitaker: Are you at fault in this epidemic in any way? 

Ed Thompson: I wish I was smart enough to have seen this epidemic before-- before I got three or four years into it. 
Absolutely. But once you find out that it's not correct, you have to do the right thing. Is there anything more 
important? 

Emily Walden: My son wanted to fight for his country. His country failed him. 

If there is one victim who confirmed for Ed Thompson that turning on his 
industry was the right thing to do, it was Emily Walden, who would become 
an unlikely ally. Thompson manufactured an opioid oxymorphone. The 
same drug that took the life of Walden's son TJ, a private in the Kentucky 
National Guard.   

Emily Walden: He was getting ready to be deployed to Africa and a few 
weeks prior to that he went on a camping trip with a group of friends and a 
police officer knocked on my door the next morning telling me that he had passed away. 

Tj had grown addicted to the drug and was easily able to get it without a prescription. Walden went to Washington, 
D.C. to ask the FDA why her community was being flooded with pain pills. It was there she met Ed Rhompson.

Bill Whitaker: What did you say to him? 

Emily Walden: "You manufactured the drug that killed my son." 

Bill Whitaker: He is now on your side. 

Emily Walden: Yes. 

Bill Whitaker: That just seems like an odd connection. 



Emily Walden: It is. But Ed might be my only hope in getting this fixed. The FDA's responsibility is public health and 
the safety of drugs, and they're not doing their job. They haven't been doing their job for 20 years. 

Dr. Andrew Kolodny agrees. The Brandeis addiction specialist began his own investigation into why the FDA would 
approve the long-term use of opioids when there was no credible science to back it up. 

Bill Whitaker: What did you find? 

Dr. Andrew Kolodny: We found out that a group of experts and FDA and pharmaceutical companies were having 
private meetings and at these meetings, changing the rules for how opioids get approved. 

He filed Freedom of Information Act Requests. In email after email between the FDA, Big Pharma and consultants, he 
learned of closed-door meetings at luxury hotels, like this Four Seasons in Washington, DC, where for $35,000 a 
piece, drug makers paid consultants to, "sit at a small table with the FDA," "hobnobbing with the regulators." Emails 
show one participant worrying it might be seen as "pay to play." 

Dr. Andrew Kolodny: They had drugs in their pipeline, pain medicines that they wanted approved. And through these 
meetings, they were able to get those products on the market. 

Bill Whitaker: That sounds unethical. 

Dr. Andrew Kolodny: It is unethical. 

Bill Whitaker: If not illegal 

Dr. Andrew Kolodny: If it's not illegal, it should be illegal. 

Equally suspicious but legal, the large number of key FDA regulators who went through the revolving door to jobs 
with drug manufacturers. The two medical officers, who originally approved Oxycontin, Curtis Wright and Douglas 
Kramer, went to work for the opioid maker, Purdue Pharma, not long after leaving the FDA. 

Dr. Andrew Kolodny: The culture at FDA continues to be much too cozy with the industry it's supposed to be 
regulating.   

The agency bills drug companies more than $800 million a year in fees and depends on that industry money to pay 
the salaries of staffers who not only changed the opioid label, but also review new drugs like Dsuvia, the most 
powerful opioid pill ever approved. 

Dr. David Kessler 

Bill Whitaker: Just a few weeks ago the FDA approved a new opioid 
that is 1,000 times more powerful than morphine. And this is in the 
middle of this opioid epidemic. How is that possible? 

Dr. David Kessler: I don't get it. I get your question; I don't get the 
agency's action. 

Bill Whitaker: Isn't the FDA supposed to be our watchdogs to protect 
us? 

Dr. David Kessler: How many people do you think were working in a division that oversaw promotion or when this 
epidemic started to occur? 

Bill Whitaker: I have no idea. 

Dr. David Kessler: Five. 

Bill Whitaker: When I'm looking at the carnage in American towns and cities, that just doesn't seem like a good 
excuse to me. 



Dr. David Kessler: It's not an excuse. It's the reality. You have a system of pharmaceutical promotion that changed the 
way medicine practiced and no one, all right, stopped it. 

Current FDA commissioner Dr. Scott Gottlieb declined our request for an interview but, in a statement said, "the FDA 
has taken aggressive steps to confront the crisis," but he admitted "many mistakes were made along the way... While 
the agency followed the law in approving and regulating opioids, we at the FDA include ourselves among those who 
should have acted sooner." 

Bill Whitaker: You say they have to do things to fix the label. The label has been in place since 2001. I-- I'm not a 
scientist, but that doesn't seem like that's that hard to do. 

Dr. David Kessler: And it needs to be done. 

Ed Thompson: We got a real problem here. 

Ed Thompson isn't waiting. He has now joined a growing movement of doctors, lawyers, and patient activists who 
want Big Pharma to kick its addiction to opioid profits. That's why he made the decision to take on his industry and 
the FDA.    

Bill Whitaker: If you succeed, you could pull down a multibillion-dollar industry. 

Ed Thompson: And if I fail, you're gonna have ever-increasing deaths every day as well. It's a pretty good decision, 
isn't it? 

Produced by Ira Rosen and Sam Hornblower 
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Rofecoxib (Vioxx) was intro-
duced by Merck in 1999 as an 
effective, safer alternative to 
non-steroidal anti-infl amma-
tory drugs for the treatment 

of pain associated with osteoarthritis. It was 
subsequently found to increase the risk of 
cardiovascular disease and withdrawn from 
the worldwide market. Merck now faces 
legal claims from nearly 30 000 people who 
had cardiovascular events while taking the 
drug.1 The company has stated that it will 
fi ght each case, denying liability.2 Our recent 
participation in litigation at the request of 
plaintiffs provided a unique opportunity to 
thoroughly examine and refl ect on much of 
the accumulated court documents, research, 
and other evidence. This story offers impor-
tant lessons about how best to promote con-
structive collaboration between academic 
medicine and industry.

Early suspicion of cardiovascular risk
Since the early development of rofecoxib, 
some scientists at Merck were concerned 
that the drug might adversely affect the car-
diovascular system by altering the ratio of 
prostacyclin to thromboxane, which act in 
opposition, balancing blood fl ow and clot-
ting.w1 A study sponsored by Merck during 
1996-7 reported that rofecoxib reduced uri-
nary metabolites of prostacyclin in healthy 

volunteers by about half.w2 In internal emails 
made public through litigation,3 Merck offi -
cials sought to soften the academic authors’ 
interpretation that cyclo-oxygenase-2 (COX 
2) inhibition within the vascular endothe-
lium may increase the propensity for throm-
bus formation, the basis of what became
known as the FitzGerald hypothesis.w3 The
academic authors changed the manuscript at
Merck’s request—for example, they changed
“systemic biosynthesis of prostacyclin ... was
decreased by [rofecoxib]” to “Cox-2 may
play a role in the systematic biosynthesis of
prostacyclin.”3 w2 To the authors’ credit, they
continued to investigate the effects of COX
2 inhibition and ultimately provided much
of the basic science knowledge that clarifi ed
the pathways by which rofecoxib probably
leads to cardiovascular events.w4-w7

However, despite Merck’s knowledge that 
rofecoxib might increase thrombus forma-
tion, none of the intervention studies that 
constituted its new drug application to the 
Food and Drug Administration in 1998 were 
designed to evaluate cardiovascular risk. 
The nine studies were generally small, had 
short treatment periods, enrolled patients at 
low risk of cardiovascular disease, and did 
not have a standardised procedure to collect 
and adjudicate cardiovascular outcomes.4 
Moreover, Merck seemingly pooled data 
from these studies and others for analysis of 

cardiovascular risks, despite FDA concern,5 
and disseminated the results to promote the 
drug’s cardiovascular safety to doctors in its 
“cardiovascular card,”6 7 a marketing device 
cited by US Congressman Henry Waxman 
for falsely minimising cardiovascular risks8 
and never approved by the FDA.

The VIGOR study 
In January 1999, Merck launched its larg-
est study yet of rofecoxib, the Vioxx gastro-
intestinal outcomes research (VIGOR) study. 
The study was intended to expand the drug’s 
approved indications by showing that it 
would have fewer gastrointestinal side effects 
than naproxen for the treatment of rheuma-
toid arthritis. The study of over 8000 patients 
was initiated without a standard operating 
procedure for collecting information on car-
diovascular events and without a cardiologist 
on the data safety monitoring board. Data 
safety monitoring boards are independent 
committees whose purpose is to monitor 
the results of an ongoing trial to ensure the 
safety of trial participants.w8 The study was 
designed to continue until a  predetermined 
number of confirmed  uncomplicated or 
 complicated gastric perforations, ulcers, or 
bleeds had occurred. 

The fi rst non-endpoint safety analysis was 
presented to the safety board in November 
1999, at which time a 79% greater risk of 

In October UK patients who had cardiovascular events 
while taking rofecoxib lost the right to fight Merck in the 
US for compensation. But researchers and journals can still 
benefit from this case if they learn from the mistakes, 
write Harlan Krumholz and colleagues
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death or serious cardiovascular event was 
found in one treatment group compared with 
the other (P=0.007).9 The board allowed the 
study to continue and planned to review sub-
group analyses in December, at which time 
the analyses again showed higher cardio-
vascular risk in one group. On this basis the 
board recommended that an analysis plan be 
developed to examine serious cardiovascular 
events and that the study continue until it 
reached its gastrointestinal endpoint target 
(expected March 2000).

Matters were complicated by the existence 
of conflicts of interest among board mem-
bers. According to Merck policies, the board 
is supposed to be independent, without finan-
cial or emotional stake in the trial being mon-
itored.10 Yet, the head of the VIGOR board 
was awarded a two year consulting contract 
two weeks before the trial ended and as the 
trial was concluding disclosed family owner-
ship interest in Merck shares worth $70 000 
(£37 000; !55 000).11 12 Although it is not pos-
sible to tell whether this financial relationship 
made any difference, the conflict of interest 
was not a matter of public record at the time 
the trial was conducted or published and of 
itself calls into question the independence of 
the safety board. 

The VIGOR study had enormous financial 
implications for Merck. If it showed rofecoxib 
to have better gastrointestinal safety than 

naproxen, it could be used to petition the 
FDA for a new indication. However, if the 
study raised concerns about cardiovascular 
harm, the billion dollar drug franchise 
would be threatened. The study showed 
that rofecoxib was not more effective in 
relieving symptoms of rheumatoid arthritis 
but did halve the risk of gastrointestinal 
events. However, there was also evidence 
of an increased risk of myocardial infarction 
 (relative risk 5.00, 95% confidence interval 
1.68 to 20.13). When this result was circu-
lated internally at Merck, Edward Scolnick, 
the company’s chief scientist, 
wrote in an email to colleagues 
about the cardiovascular risk: 
“It is a shame but it is a low 
incidence and it is mechanism 
based as we worried it was. 
[Merck employees/consultants] 
were right about the metabo-
lite meanings, ie, urine [prostacyclin] data.”13 
This indicates that, at the least, there were 
grounds for suspicion within Merck before 
the VIGOR study was published that Vioxx 
was associated with cardiovascular risk.

Obscuring the risk
Despite the concern articulated by Dr 
 Scolnick, the published VIGOR study 
obscured the cardiovascular risk associated 
with rofecoxib in several ways. The report 

 contained data from an interim analysis that 
had different termination dates for cardio-
vascular and gastrointestinal events (gastro-
intestinal events were counted for one month 
longer than the cardiovascular events). This 
highly irregular procedure was not described 
in the publication and had the effect of favour-
ing the drug’s effect on gastrointestinal events 
while understating the risk of cardiovascu-
lar events.w9 The published cardiovascular 
risk was not accurate because three addi-
tional myocardial infarctions occurred in 
the rofecoxib group in the month after the 
researchers stopped counting cardiovascular 
events (none had occurred in the naproxen 
group). The potential harm was further mini-
mised by a post hoc subgroup analysis based 
on “indication for aspirin prophylaxis”; had 
Merck included the three cases, the subgroup 
analysis would have shown an increased 
 cardiovascular risk in both groups.w10 

The publication concealed the cardio-
vascular risk even further by presenting the 
hazard of myocardial infarction as if naproxen 
was the intervention group (relative risk 0.2, 
0.1 to 0.7) and without reporting the absolute 
number of cardiovascular events, even though 
all other results were presented appropriately 
with rofecoxib as the intervention group.w11 
Finally, the authors proposed a naproxen 
hypothesis, suggesting that rofecoxib had not 
been harmful but that naproxen had been 
protective, despite there being no accepted 
evidence that naproxen had a strong cardio-
protective effect.

Merck strongly promoted 
the VIGOR study, purchas-
ing nearly 1 million reprints 
to circulate to doctors and 
other health professionals. 
The New England Journal of 
Medicine reported problems 
with the study in an “expres-

sion of concern” published in 2006,w10 and the 
editor in chief has said that the authors “with-
held critical data on the cardiovascular toxi-
city of Merck’s drug Vioxx.”14 Nevertheless, 
none of the authors has publicly conceded 
error or taken responsibility for the biased 
presentation of the study results. In fact, two 
VIGOR authors and the head of the VIGOR 
board continue to collaborate on high profile 
research with Merck.15

Except for a 2001 study published in 
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Vioxx in the dock: lawyer Mark Lanier 
holds up a sample packet of rofecoxib as 
he speaks during proceedings against 
Merck in New Jersey in March 2006
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JAMA that raised questions about the safety 
of rofecoxib and the validity of the naproxen 
hypothesis,w12 few academic researchers 
 publicly questioned the company before 
its voluntary withdrawal of the drug. More-
over, Merck selectively targeted doctors 
who raised questions about the drug, going 
so far as pressurising some of them through 
department chairs.16

Short and long term use 
For several years, Merck continued to inves-
tigate other indications for rofecoxib and 
conducted additional trials. The increased 
cardiovascular risk compared with pla-
cebo was reported in a 2004 analysis of the 
adenomatous polyp prevention on Vioxx 
(APPROVe) study,w13 which led to the drug’s 
withdrawal. The fi nancial implications were 
immense not only because of loss of rev-
enue but also because of expected litigation. 
The key question was when the risk became 
manifest. If short term use was not associ-
ated with increased cardiovascular risk, Mer-
ck’s liability would potentially be drastically 
reduced.

The APPROVe authors, fi ve of whom 
were Merck employees and the remain-
der of whom received con-
sulting fees from Merck, 
asserted that the increased 
risk became apparent only 
after 18 months of use.w13 
This conclusion was based 
on an analysis that was not 
prespecified and a flawed 
methodological approach. 
Merck subsequently admit-
ted that it had incorrectly described the 
statistical approach, and the New England 
Journal of Medicine issued a correction indi-
cating that statements regarding an increase 
in risk after 18 months should be removed 
from the article.w14 Again, mistakes that 
favoured the company, with colossal eco-
nomic implications, made it through the 
journal peer review process to the profes-
sion and the public.

Medical journals
The New England Journal of Medicine has had a 
prominent role in the story. It published the 
VIGOR and APPROVe studies, respond-
ing to their inaccuracies with “an expression 

of concern”w9 w10 and a correctionw14 and 
publishing a methodological paperw15 and 
other related comments and editorials.w16-w24 

But other academic medical journals also 
played important parts. In 2001, Circulation 
 published a pooled analysis of 23 phase IIb-
V studies examining the association between 
rofecoxib and cardiovascular risk. The paper 
had no editorial commentary or critique,w25 
even though the study was coordinated inter-
nally at Merck, the results highly favoured 
the safety of rofecoxib, and fi ve of the seven 
authors were Merck employees (the two 
academic authors acknowledged being paid 
consultants to Merck). More over, in internal 
emails made public through litigation, even 
an executive scientist at Merck criticised the 
analysis, stating: “The data appears to have 
been interpreted to support a preconceived 
hypothesis rather than critically reviewing 
the data to generate hypotheses.”17 

The Annals of Internal Medicine published 
the assessment of differences between Vioxx 
and naproxen to ascertain gastrointestinal 
tolerability and effectiveness (ADVAN-
TAGE) study.w26 It later learnt that article was 
written by Merck without accreditation,w27

w28 contained errors in the presentation of 
cardiovascular events with 
rofecoxib (minimising car-
diovascular risk), and was 
conducted for marketing 
purposes, a so called seeding 
trial. The journal was quick 
to condemn ghostwritingw29 
and a full correction of the 
errors was published recent-
lyw30 after Merck scientists 

provided an initial, but incorrect explana-
tion.w31 Many other journals have published 
articles with results favourable to rofecoxib 
that court documents have shown to be 
ghostwritten by scientifi c writing companies 
hired by Merck.w32-w36

Promoting constructive collaboration
The rofecoxib case is bad news for industry, 
academics, journals, and the public. Merck 
was once one of the US’s most publicly 
admired companies,w37 and its behaviour 
may not be different from that of others in 
the pharmaceutical or biotechnology indus-
try. Journalists have questioned the ethics of 
industry and academic researchers.18-20 And 

yet, there is hardly a sense of outrage in the 
profession about the events that transpired.

Defenders of Merck may say that we do 
not know how rofecoxib’s cardiovascular 
risk compares with that of other COX 2 
inhibitors or traditional non-steroidal anti-
infl ammatory drugs. But the proper place of 
these drugs in the medical armamentarium 
is beside the point. With billions of dollars at 
stake, Merck conducted the trials, stored and 
analysed the data internally, paid academic 
researchers as consultants to the investiga-
tive teams and the safety monitoring boards, 
and maintained heavy involvement in the 
writing and presentation of fi ndings. The 
journals published the studies, and the aca-
demic community accepted the fi ndings 
without expressing much concern. Nearly 
107 million prescriptions for rofecoxib 
were dispensed in the US between 1999 
and September 2004,21 when the drug was 
withdrawn from the market, and none of the 
people picking up those prescriptions had 
the opportunity to consider the true balance 
of its risks and benefi ts.

What should we do going forward? 
 Academic medicine, industry, medical 
journals, and government agencies need to 
come together to defi ne a set of principles by 
which we can restore faith in collaborations 
on new treatments that can improve patient 
care. We might consider adopting some new 
approaches. Academics engaged in industry 
designed and sponsored studies should insist 
that the data are stored on an academic site, 
analysed by non-company investigators, and 
eventually made accessible to the public for 
scrutiny. Several early, large clinical trials 
of rofecoxib were not published in the aca-
demic literature for years after Merck made 
them available to the FDA,22 preventing 
independent investigators from accurately 
determining its cardiovascular risk using 
meta-analysis. In addition, independent 
audits should be conducted to ensure 
that companies follow a standard-
ised,  pre specifi ed protocol.

Independent data and safety 
monitoring boards should be 
mandated and their govern-
ance should not be under the 
control of the company. 
Industry should not be 
allowed to select who 
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serves on these boards or allowed to com-
pensate members after their service.

In considering articles for publications, 
journals should understand 
that studies with immense 
fi nancial implications require 
a higher level of scrutiny 
than others, especially when 
the study is conducted by the 
company with the fi nancial 
stake. Journals should be pre-
pared to go beyond the usual 
high quality review, paying 
particular attention to the pos-
sibility of bias. Articles should be accompa-
nied by editorials by people without fi nancial 
confl icts of interest. Moreover, ghostwriting 
constitutes a false statement of authorship or a 
false attribution of authorship, and academic 
researchers who sign off or “edit” original 
publications or reviews written by industry 
should be penalised unless there is full disclo-
sure of the authorship, such as: “Representa-
tives from XYZ drafted the manuscript; the 
authors were responsible for critical revisions 
of the manuscript for important intellectual 
content.”

Even the best oversight cannot always 
detect mistakes. When journals discover that 
information has been withheld or that results 
are incorrect, they need to rapidly dissemi-
nate that information and ensure that any web 
search that identifi es the errant manuscript 
also identifi es the correction. Authors should 
sign agreements that they will notify journals 
if such information becomes available or face 
being blacklisted by the journal.

Our system depends on putting patients’ 
interests fi rst. Collaborations between aca-
demics, practising doctors, industry, and 
journals are essential in advancing knowl-
edge and improving the care of patients. 
Trust is a necessary element of this part-
nership, but the recent events have made 
it necessary to institute proper systems that 
protect the interests of patients. A renewed 
commitment by all those involved and the 
institution of these systems are the only way 
to extract something positive from this unfor-
tunate affair.
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David Graham On The Vioxx Verdict

Matthew Herper 
Forbes Staff 
I covered science and medicine, and believe this is biology's century. 

No single person has come to more represent the big questions about drug safety that emerged following the withdrawal 

of Merck 's painkiller Vioxx than the Food and Drug Administration's David Graham.  

And now that a Texas jury has awarded the widow of one Vioxx patient $253 million, Graham, who works in the FDA's Office 

of Drug Safety, is more critical than ever. Of the drug, and his employer, for whom he doesn't speak.  

"If the judgment is that there's blood on Merck's hands," Graham says, "there's blood on the FDA's hands as well." 

Graham has estimated that Vioxx killed some 60,000 patients--as many people, he points out, as died in the Vietnam War. He 

says that fundamental problems at the FDA led to those deaths. "People should turn to Congress and demand a drug safety 

system that is free from corporate influence--and a distinct center for drug safety."  

In Graham's eyes, the problem at the FDA is that the same scientists who approve drugs are the ones charged with deciding 

whether or not they are safe enough to remain on the market when problems crop up. "There is no feedback or review process to 

say, 'You guys have made a big mistake,' " he says. When problems are recognized by drug safety officers, it can be hard for the 

message to take hold.  

Graham says that he thinks there should be formal, periodic reviews of the safety of new medicines--and that the FDA should 

release documents that explain its reasoning.  

"The FDA does not think anything it did is a mistake," he says. "None of its decisions are evidence-based." 

A new bill currently before Congress, engineered by Sens.  

Chuck Grassley and Christopher odd, would creat e a new office of drug 

safety at the FDA--a step Graham thinks could prevent future safety disasters. 

Others have argued that such a safety center might be too isolated, preventing it 

from being effective, or too powerful, creating gridlock. Another bill, said to be 

in the works from Sens. Michael Enziand Edward Kennedy, would try to fix 

the FDA without creating a separate safety office.  

Since Vioxx was withdrawn, a firestorm of controversy has enveloped the drug 

industry, also touching in one way or another Bextra, fromPfizer ; Natrecor, 

from Johnson & Johnson ; Accutane, from Roche; and Meridia, from Abbott 

Laboratories . The wave of controversy shows no sign of stopping--and Graham 

remains one of its most outspoken figures.  

"Today Merck was on trial, and a judgment was rendered," he says. "But when 

will the public hold the FDA accountable for its role, its complicity, in this 

catastrophe?"  
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Merck Has Some Explaining To Do Over Its MMR Vaccine Claims
09/25/2014 05:29 EDT | Updated 11/27/2014 05:59 EST

Merck, the pharmaceutical giant, is facing a slew of controversies over its Measles-

Mumps-Rubella (MMR) vaccine following numerous allegations of wrongdoing from

different parties in the medical field, including two former Merck scientists-turned-

whistleblowers. A third whistleblower, this one a scientist at the Centers for Disease

Control, also promises to bring Merck grief following his confession of misconduct

involving the same MMR vaccine.

The controversies will find Merck defending itself and its vaccine in at least two federal

court cases after a U.S. District judge earlier this month threw out Merck's attempts at

dismissal. Merck now faces federal charges of fraud from the whistleblowers, a vaccine

competitor and doctors in New Jersey and New York. Merck could also need to defend

itself in Congress: The staff of representative Bill Posey (R-Fla) -- a longstanding critic of

the CDC interested in an alleged link between vaccines and autism -- is now reviewing

some 1,000 documents that the CDC whistleblower turned over to them.

The first court case, United States v. Merck & Co., stems from claims by two former Merck

scientists that Merck "fraudulently misled the government and omitted, concealed, and

adulterated material information regarding the efficacy of its mumps vaccine in violation of

the FCA [False Claims Act]."

According to the whistleblowers' court documents, Merck's misconduct was far-ranging: It

"failed to disclose that its mumps vaccine was not as effective as Merck represented, (ii)

used improper testing techniques, (iii) manipulated testing methodology, (iv) abandoned

undesirable test results, (v) falsified test data, (vi) failed to adequately investigate and

report the diminished efficacy of its mumps vaccine, (vii) falsely verified that each

manufacturing lot of mumps vaccine would be as effective as identified in the labeling,

(viii) falsely certified the accuracy of applications filed with the FDA, (ix) falsely certified

compliance with the terms of the CDC purchase contract, (x) engaged in the fraud and

concealment describe herein for the purpose of illegally monopolizing the U.S. market for

mumps vaccine, (xi) mislabeled, misbranded, and falsely certified its mumps vaccine, and

(xii) engaged in the other acts described herein to conceal the diminished efficacy of the

vaccine the government was purchasing."

These fraudulent activities, say the whistleblowers, were designed to produce test results

that would meet the FDA's requirement that the mumps vaccine was 95 per cent effective.

To the whistleblowers' delight, the judge dismissed Merck's objections to the case

12.C.2.C.1.B.1 https://www.huffingtonpost.ca/lawrence-solomon/merck-
whistleblowers_b_5881914.html
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proceeding, finding the whistleblowers had plausible grounds on all of the claims lodged

against Merck.

If the whistleblowers win, it would represent more than a moral victory (they repeatedly

tried to stop Merck while still in its employ). Under the False Claims Act, the

whistleblowers would receive a share -- likely 25 per cent to 30 per cent -- of the amount

the government recovers. Previous settlements involving extensive fraud by

pharmaceutical companies under the False Claims Act have run into the hundreds of

millions of dollars, and in some cases such as against GlaxoSmithKline and Pfizer, into the

billions.

The second court case, Chatom Primary Care v. Merck & Co. relies on the same

whistleblower evidence. This class action suit claims damages because Merck had

fraudulently monopolized the mumps market. Doctors and medical practices in the suit

would be able to obtain compensation for having been sold an overpriced monopolized

product, and a defective one to boot, in that the mumps vaccine wasn't effective (indeed,

the suit alleged that Merck expected outbreaks to occur and, as predicted, they did --

mumps epidemics occurred in 2006 in a highly vaccinated population and again in 2009-

2010).

"Plaintiffs have argued sufficient facts to sustain a claim for proximate causation, detailing

the significant barriers that other companies would face to enter the mumps vaccine

market," the court ruled.

The third whistleblower -- a senior CDC scientist named William Thompson -- only

indirectly blew the whistle on Merck. He more blew it on himself and colleagues at the

CDC who participated in a 2004 study involving the MMR vaccine. Here, the allegations

involve a cover-up of data pointing to high rates of autism in African-American boys after

they were vaccinated with MMR. In what could be high-profile House hearings before

Congressman Posey's Science Committee -- hearings made all the more explosive given

the introduction of race into the mix -- Merck could find itself under unprecedented

scrutiny. The CDC still stands by its study although Frank DeStefano, the CDC's Director of

Immunization Safety and a co-author in the CDC study, also stated that he plans to review

his notes with an eye to reanalyzing the data.

Some say all publicity is good. In Merck's case, regardless of the ultimate merits, the

publicity will be all bad.

MORE ON HUFFPOST:

The third whistleblower -- a senior CDC scientist named William Thompson -- only indirectly blew the whistle on Merck. He more blew it on himself and colleagues at the CDC who participated in a 2004 study involving the MMR vaccine. Here, the allegations involve a cover-up of data pointing to high rates of autism in African-American boys after they were vaccinated with MMR.



NPR 

Rush To Produce, Sell Vaccine Put Kids In 
May 3, 20192:53 PM ET 

MICHAELEEN DOUCLEFF 
Twitter 

At a Feb. 21, 2018, Philippine Senate hearing in Manila on deaths linked to the dengue vaccine, families 

brought photos of children who had been vaccinated. 

Noel Celis /AFP/Getty Images 

The U.S. Food and Drug Administration just approved one of the most sought after vaccines in recent 
decades. It's the world's first vaccine to prevent dengue fever — a disease so painful that its nickname is "breakbone fever." 

The vaccine, called Dengvaxia, is aimed at helping children in Puerto Rico and other U.S. territories where dengue is a problem. 

But this vaccine has a dark — and deadly — history. One that has led to criminal charges in the Philippines, sparked national 

panic and fueled a massive measles outbreak that has already killed more than 355 people. 

The concern 
That story begins on a stage in Manila in 2016. 

A young girl, about age 9 or 10, sat on a chair surrounded by health officials. She wore a bright yellow T-shirt with the words 

"Dengue is dangerous" across it. She squeezed her eyes and bit her lip as the health secretary of the Philippines, Dr. Janette 
Garin, gave her a shot in the arm. 

That shot launched a massive vaccine campaign to inoculate nearly 1 million schoolchildren with Dengvaxia. The goal was to 

But in the end, estimates are that more than 100,000 Philippine children received a vaccine that health 

officials say increased their risk of a severe and sometimes deadly condition. In addition, other children who received the vaccine 

may have been endangered because, their parents alleged, they were not in good health. 

The French pharmaceutical company Sanofi Pasteur spent 20 years — and about $2 billion — to develop Dengvaxia. The 

company tested it in several large trials with more than 30,000 kids globally and published the results in the prestigious New 

England Journal of Medicine. 

But halfway around the world from the Philippines, in a Washington, D.C., suburb, one scientist was worried about the new 

vaccine. 

"When I read the New England Journal article, I almost fell out of my chair," says Dr. Scott Halstead, who has studied dengue 

for more than 50 years with the U.S. military. When Halstead looked at the vaccine's safety data in the clinical trial, he knew 

right away there was a problem. 

For some children, the vaccine didn't seem to work. In fact, Halstead says, it appeared to be harmful. When those kids caught 

dengue after being vaccinated, the vaccine appeared to worsen the disease in some instances. Specifically, for children who had 

never been exposed to dengue, the vaccine seemed to increase the risk of a deadly complication called plasma leakage syndrome, 

in which blood vessels start to leak the yellow fluid of the blood. 

"Then everything gets worse, and maybe it's impossible to save your life," Halstead says. "A child can go into shock." 
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"The trouble is that the disease occurs very rapidly, just in a matter of a few hours," he adds. "And there's nothing on the outside 
of the body to signify the person is leaking fluid on the inside." 

The complication is rare, says Halstead. Still, he was so worried about the safety concerns that he wrote at least six editorials for 
scientific journals. He even made a video to warn the Philippine government about the problem. 

"I just think, 'No, you can't give a vaccine to a perfectly normal, healthy person and then put them at an increased risk for the rest 
of their lives for plasma leakage syndrome,' " Halstead says. "You can't do that." 

The vaccine manufacturer disagreed with Halstead's interpretation of the study's results. The company wrote a rebuttal, asserting 

that regulatory agencies had approved Dengvaxia "on the basis of the vaccine's proven protection and acceptable safety profile." 

The company also said it would perform additional studies to "further access the safety, efficacy and effectiveness" of the 

vaccine. 

Despite these concerns, in July 2016, the World Health Organization went ahead and recommended the vaccine for all children 

ages 9 to 16. 

"Yes, we did. It was what we call a 'conditional recommendation' with the emphasis to minimize potential risks," says Dr. 

Joachim Hombach, who led WHO's review of the vaccine. "We saw the problems. We also clearly pointed to the data gaps." 

WHO recommended that Sanofi do more experiments to better understand the vaccine's safety issues. In its assessment, WHO 

pointed out that the vaccine "may be ineffective or may theoretically even increase the future risk of [being] hospitalized or 

severe dengue illness" in people who have never been exposed to dengue — which is about 10% to 20% of Philippine children. 
WHO's recommendation came three months after the Philippines launched its mass vaccination campaign in April 2016. 

A year and half later, that campaign came to a screeching halt. 

The problem 
In November 2017, Sanofi published an announcement on its website saying it had new information about Dengvaxia's safety. 

Halstead's fears were confirmed. Sanofi had found evidence that the vaccine increases the risk of hospitalization and cytoplasmic 

leakage syndrome in children who had no prior exposure to dengue, regardless of age. 

"For individuals who have not been previously infected by dengue virus, vaccination should not be recommended," the company 
wrote. 

Panic hit the Philippines. In news reports, parents said that the vaccine contributed to the deaths of 10 children. Protests erupted. 

The Congress of the Philippines launched investigations into the vaccine's purchase and the immunization campaign. And 

Philippine health officials started performing autopsies on children who died after receiving the vaccine. "In total, the deaths of 

about 600 children who received Dengvaxia are under investigation by the Public Attorney's Office, " the South China Morning 

Post reported last month. Investigators have not yet released their results. 
Here's the problem with Dengvaxia. 

Typically, a vaccine works by triggering the immune system to make antibodies against the virus. These antibodies then fight off 
the virus during an infection. 

But dengue is a tricky virus. Dengue antibodies don't always protect a person. In fact, these antibodies can make an infection 

worse. The dengue virus actually uses the antibodies to help it spread through the body. So a second infection with dengue — 

when your blood already has antibodies in it — can actually be worse than the first; a person is at a higher risk of severe 
complications like plasma leakage syndrome. 

In its follow-up study, Sanofi found evidence that Dengvaxia acts like the first infection for a person who has not been previously 

infected. The body produces antibodies against the vaccine, which have a similar potential for harm. 

The increased risk seems small. The vaccine raises the risk of hospitalization after a dengue infection from about 1.1% to 1.6%, 

the follow-up study from Sanofi found. So out of 1 million kids in the Philippines, the vaccine would cause about 1,000 to be 

hospitalized over five years, Sanofi estimated. (On the other hand, the vaccine would prevent about 12,000 hospitalizations for a 

new dengue infection in children who have had a prior dengue infection during this same time period.) 

But in the world of vaccines, that's not an acceptable risk. A risk needs to be exceedingly small to be tolerated. For example, with 

the measles vaccine, the risk of encephalitis is about 1 in 1 million, or 1,000 times less than the risk from a measles infection, 

WHO says. 
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WHO eventually changed its recommendation. The agency now says the vaccine is safe only for children who have had a prior 
dengue infection. 

By the time Sanofi acknowledged this problem with the vaccine, about 800,000 Philippine children had been vaccinated. The 

Sanofi study estimated that more than 100,000 of them had never been infected with dengue and should not have received the 

shot, according to WHO's revised recommendation. 

Given the concerns by Halstead and the initial unknowns about the vaccine's safety, Philippine parents should have been warned 

about a potential risk, says Dr. Isabel Rodriguez at the University of California, San Francisco. 

"What bothers me most about this story is risk communication," says Rodriguez, who studies dengue in South America. "There 

was a lot of uncertainty from the beginning [about the vaccine's safety]. That needed to be communicated explicitly. You need to 

be honest about what evidence is out there." 

Dr. Su-Peing Ng, global medical head of Sanofi Pasteur, says the company followed all World Health Organization guidelines 

while developing the vaccine and communicated honestly throughout the process. "We've always been very transparent in 

sharing the results of our research," Ng says. "And I just want to stress that we have full confidence in our vaccine as it's been 

approved by regulatory agencies in over 20 countries." 

In hindsight, Ng says, Sanofi wouldn't do anything differently with the development of the vaccine: "No, we have been very, very 

close to the research community, working closely with them over the last 20 years in the effort to find a solution for public health 
needs." 

The repercussions 
In April, the Philippine government indicted 14 government officials over the deaths of 10 children who received the Dengvaxia 

vaccine. The government said the officials acted with "undue haste" in procuring the vaccine and launching the mass 

immunization campaign. The Philippine Department of Justice said the campaign started before the clinical trials were finished 

In some instances children were given the vaccine by untrained health workers and allegedly without a proper physical 

beforehand. Some children allegedly had preexisting medical conditions that made the immunization dangerous. But these 
children were still inoculated, the government found. 

Six Sanofi officials were also indicted for not properly helping children who had serious reactions to the shot. Sanofi disputes this 

and other allegations, adding in a written statement to NPR: "We strongly disagree with the DOJ's findings made against Sanofi's 

officials (current and past) and we will vigorously defend them. There is no clinical evidence that any reported fatalities were 

causally related to vaccination. 

"We diligently monitor the safety of people participating in clinical studies. We are also performing pharmacovigilance activities 

and continuously monitoring the safety profile of the vaccine in a real-world setting, including the Philippines." 

Regardless of how these trials turn out, the debacle in the Philippines offers a key lesson for governments and manufacturers 

when it comes to approving and selling new vaccines: Slow down, says physician and bioethicist Keymanthri Moodley. Mistakes 

with vaccines can erode the public's trust and have long-term consequences for the health of an entire country. 

"When a vaccine goes wrong, it creates fear and anxiety in terms of the public, especially the parents," says Moodley, who directs 

the Centre for Medical Ethics & Law at Stellenbosch University in South Africa. "That fear can impact negatively on the 
established immune programs that are actually safe and work very well." 

Since the Dengvaxia controversy, the confidence in vaccines among Philippine parents has plummeted from 82% in 2015 to only 

21% in 2018, a recent study found. Over that same time span, the proportion of parents who strongly believe vaccines are 

important has fallen from 93% to 32%. 

As result, vaccine coverage for childhood diseases in the Philippines, such as the measles, has dropped, WHO says. And the 

Philippines is now facing a large measles outbreak, with more than 26,000 cases and more than 355 deaths during 2019. 

Here in the U.S., the approval of the vaccine — to be used in Puerto Rico, the U.S. and British Virgin Islands and Guam — 

comes with an important restriction: Doctors must have proof of a prior dengue infection to ensure the vaccine will not pose any 

risks to the child. That's a safeguard Philippine families never had. 
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Parents brought pictures of children immunized with Dengvaxia to a 2018 hearing 
at the Philippine Senate. 

NOEL CELIS/AFP/GETTY IMAGES 
Dengue vaccine fiasco leads to criminal charges for researcher in the Philippines 

By Fatima ArkinApr. 24, 2019 , 3:55 PM 

A prominent pediatrician and medical researcher in the Philippines has been indicted over the failed—and many say 
premature—introduction of Dengvaxia, a vaccine against dengue that was yanked from the Philippine market in 2017 
because of safety issues. If convicted of accusations leveled at her by the national Department of Justice (DOJ), 
Rose Capeding, 63, former head of the dengue department of the Research Institute for Tropical Medicine (RITM) 
here, could face up to 48 years in prison. 

In February, prosecutors concluded there is probable cause to indict Capeding and 19 others for "reckless 
imprudence resulting [in] homicide," because they "facilitated, with undue haste," Dengvaxia's approval and its rollout 
among Philippine schoolchildren. 

Capeding, through her family, declined to comment, but her son Juhani Capeding says his mother "couldn't have 
imagined" that submitting research to top medical journals could have led to "this point." Some of Capeding's 
colleagues agree. "As a scientist, I really feel so disgusted, dismayed, [and] heartbroken about the whole situation," 
says Lulu Bravo, executive director of the Philippine Foundation for Vaccination here. 

Also charged are Capeding's former boss, former RITM head Socorro Lupisan; former Department of Health (DOH) 
Secretary Janette Garin; other officials at DOH and the Philippines Food and Drug Administration (FDA); and current 
and former officials of Sanofi Pasteur, the French company producing the shots. The first of eight criminal cases—
which could be consolidated—are now pending in five courts throughout the northern island of Luzon, where the 
vaccination campaign took place. 

Dengvaxia consists of an attenuated yellow fever virus that expresses genes of each of the four types of dengue 
virus. The Philippine FDA greenlighted the vaccine in December 2015, based on research funded by Sanofi Pasteur 
in which Capeding played an important role. For example, she was the first author on a 2014 paper in The 
Lancet detailing a study among more than 10,000 children in five Asian countries that showed Dengvaxia worked and 
had a good safety profile. In April 2016, the Philippine government launched a $67 million public school–based 
immunization program for Dengvaxia. 

That alarmed some scientists, because the dengue virus is peculiar: A first infection is rarely fatal, but a second one 
with a different virus type can lead to much more serious disease, because of what is called antibody-dependent 
enhancement (ADE), in which the immune response to the first virus amplifies the effect of the second type. Scott 
Halstead, a retired dengue expert formerly at the Uniformed Services University of the Health Sciences in Bethesda, 
Maryland, argued that dengue vaccines could have the same effect, and warned that Dengvaxia should not be given 
to children never infected with dengue. But a vaccine panel at the World Health Organization (WHO) concluded in 
2016 that Dengvaxia was safe for children aged 9 and older. 

Halstead's concerns proved valid. In November 2017, Sanofi Pasteur announced that the vaccine could indeed 
exacerbate cases of dengue in children never previously infected, and the Philippines halted the campaign 
immediately. (WHO now recommends the vaccine be used only after a test to be sure children have had at least one 
brush with dengue.) 

The news enraged and frightened the parents of some 830,000 schoolchildren who had already received one or more 
Dengvaxia shots. Given the high prevalence of dengue in the Philippines, most probably already had the disease at 
least once, and thus are not at risk of ADE—but some had not. In September 2018, DOH Undersecretary Enrique 
Domingo told reporters that 130 vaccinated children had died; 19 of those had dengue, meaning ADE possibly played 
a role. The case triggered "mass hysteria," says Edsel Salvaña, an infectious disease physician at the University of 
the Philippines here. "Parents thought their kids were all going to die." 

What prosecutors think Capeding—or any of the other accused—is responsible for remains unclear, because the full 
report about the case has not yet been released. But other scientists have come to Capeding's defense. "[If] you're 
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going to say that a scientist doing a clinical trial is actually liable for anything bad that happens once the product is 
approved, then that's just crazy," Salvaña says. "The indictment of Rose Capeding is an egregious, unjust, and highly 
disturbing act," adds Tikki Pangestu, a Singapore-based adviser to the Asia Dengue Vaccine Advocacy Group who 
has written policy and advocacy papers with Capeding. 

But Halstead says the trials Capeding helped conduct were not well designed; if the researchers had looked 
separately at outcomes for children who did and didn't have dengue before the shot, they would have identified the 
ADE risk, he says. He notes that Sanofi and WHO committees designed the trials, however, not Capeding. He 
declined to say whether criminal charges are warranted: "This is a very complex ethical and scientific question that 
needs to be handled carefully." 

Sanofi, in a statement to Science, says the company "strongly disagrees with the DOJ's findings made against its 
officials (current and past) and we will vigorously defend them." It's not yet clear when the criminal trials will start. 

*Correction, 6 June, 2 p.m.: An earlier version of this story suggested Halstead is still affiliated with the Uniformed
Services University of the Health Sciences.



Jury awards couple $2 billion in Monsanto Roundup cancer lawsuit trial 

B Y  A P R I L  S I E S E  

M A Y  1 3 ,  2 0 1 9  /  7 : 3 8  P M  /  C B S  N E W S  
A jury in Oakland, California, has awarded a couple $2 billion in punitive damages after concluding that sustained 
exposure to Monsanto Co.'s popular Roundup weed killer led to their cancer diagnoses. The couple will receive an 
additional $55 million for pain and suffering and to cover medical expenses. 

The Alameda County Superior Court jury deliberated for less than two days before reaching a verdict. 

Seventy-six-year-old Alva and 74-year-old Alberta Pilliod used Roundup for about 30 years for residential 
landscaping, which the jury believed played a "substantial factor" in their development of non-Hodgkin's lymphoma. 
Alva was diagnosed in 2011; his wife, Alberta, received the same diagnosis four years later. They are both in 
remission. 

Bayer, Monsanto's parent company, released a statement claiming that the couple had "long histories of illnesses 
known to be substantial risk factors for non-Hodgkin's lymphoma" and countered allegations that an active 
ingredient in Roundup, glyphosate, has been linked to cancer. Bayer said it plans to appeal Monday's verdict. 

Bayer's full statement on the jury's verdict in the glyphosate trial taking place in the California Superior Court for the 
County of Alameda Oakland, California to be posted shortly. Link to follow. pic.twitter.com/kuVTMzhS0B 
— Bayer US (@BayerUS) May 13, 2019 

"The jury saw for themselves internal company documents demonstrating that, from day one, Monsanto has never 
had any interest in finding out whether Roundup is safe," an attorney for the couple, R. Brent Wisner, said in a 
statement sent to CBS News. "Instead of investing in sound science, they invested millions in attacking science that 
threatened their business agenda." 

This is the third lawsuit related to Roundup that Monsanto has lost in the state of California. Wisner co-represented 
plaintiffs in the prior two lawsuits as well. In the first, school groundskeeper Dewayne "Lee" Johnson was ultimately 
awarded $78.5 million. Johnson was diagnosed with non-Hodgkin's lymphoma in 2014 and regularly spraying a high-
concentration version of Roundup known as Ranger Pro as part of his job from 2012 to 2016. 

A California federal court jury awarded more than $80 million to Edwin Hardeman, who was diagnosed with non-
Hodgekin's lymphoma in 2015. Hardeman had used Roundup for more than 25 years on his Sonoma property. 

Lawsuits' effect on Bayer stock price 

The lawsuits have battered Bayer's stock since it purchased Monsanto for $63 billion last year, The Associated Press 
reports. 

Chairman Werner Wenning told shareholders at Bayer's annual general meeting last month that company leaders 
"very much regret" falls in its share price. At the same time, CEO Werner Baumann insisted that "the acquisition of 
Monsanto was and remains the right move for Bayer." 

Bayer's stock price closed Monday at $15.91 a share, down 45 cents or 2.76 percent per share, in trading on the New 
York Stock Exchange. The verdict was announced after the trading session closed, AP points out. 

First published on May 13, 2019 / 7:38 PM 

© 2019 CBS Interactive Inc. All Rights Reserved. 
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Measles Outbreak in a Vaccinated School Population: 
Epidemiology, Chains of Transmission and the Role of Vaccine Failures 

BENJAMIN M .  NKOWANE,  M D ,  SANDRA W .  BART, B B A ,  
WALTER A .  ORENSTEIN, M D ,  AND MICHAEL BALTIER 

Abstract: An outbreak of  measles occurred in a high school with 
a documented vaccination level of98 per cent. Nineteen (70 per cent) 
of the cases were students who had histories of  measles vaccination 
at 12 months of  age or older and are therefore considered vaccine 
failures. Persons who were unimmunized or immunized at less than 
12 months of age had substantially higher attack rates compared to 
those immunized on or after 12 months of  age. Vaccine failures 
among apparently adequately vaccinated individuals were sources of 
infection for at least 48 per cent of the cases in the outbreak. There 
was no evidence to suggest that waning immunity was a contributing 

Introduction 
Widespread use of measles vaccine in the United States 

has led to a dramatic decline in the number of reported cases 
of measles. Since 1979, over 95 per cent of school enterers 
have had histories of receipt of measles vaccine. 1 Measles 
vaccine is highly effective; most studies have shown that at 
least 90 per cent of vaccine recipients are protected and many 
studies indicate a protection level of 95 per cent or higher. 2-5

However, since the vaccine is not 100 per cent effective, 
there will always be some proportion of vaccinees (10 per 
cent or less) who remain susceptible to the disease. A major 
concern in the measles elimination effort is whether this small 
proportion of vaccine failures could sustain measles trans-
mission. 

Between March 3 and April 18, 1984, an outbreak of 
measles occurred in a high school in Massachusetts with a 
documented school immunization level of 98 per cent. This 
setting allowed us to address the question of whether measles 
transmission could be sustained in a highly vaccinated 
population and to assess the role of vaccinated individuals in 
the transmission of the disease. 
Background 

Waltham, a city nine miles west of Boston, MA with a 
land area of 12 to 41 square miles, contains 11 elementary 
schools (Kindergarten-5th grade), three junior high schools 
(Grades 6-8), and one senior high school (Grades 9-12). In 
addition, there is a college with an enrollment of 5,000 and a 
university with an enrollment of 3,000. The outbreak senior 
high school has an enrollment of 2,098 students. Students 
come to school by either school bus or personal cars. The 
school buses are shared by both elementary and high school 
students. In the outbreak school, intermingling of students 
from different grades typically occurs in the hallways before 
each class session and during lunch in the school cafeteria. 
There were no competitive sporting events involving other 
schools during the period of the outbreak. 

Address reprint requests to Technical Information Services, Centers for 
Prevention Services, Centers for Disease Control, Atlanta, GA 30333. From 
the Division of Immunization, Centers for Prevention Services, CDC, and the 
Massachusetts Department of Public Health, Boston. This paper, submitted to 
the Journal January 28, 1986, was revised and accepted for publication 
September 4, 1986. 
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factor among the vaccine failures. Close contact with cases of 
measles in the high school, source or provider of  vaccine, sharing 
common activities or classes with cases, and verification of  the 
vaccination history were not significant risk factors in the outbreak. 
The outbreak subsided spontaneously after four generations of 
illness in the school and demonstrates that when measles is intro-
duced in a highly vaccinated population, vaccine failures may play 
some role in transmission but that such transmission is not usually 
sustairied. (Am J Public Health 1987; 77:434-438.) 

Methods 
Case Definition 

A case of measles was defined as an individual with: 1) 
generalized maculopapular rash of 2: 3 days duration; 2) fever 
(2:10l ° F if measured); 3) at least one of the following: cough, 
coryza or conjunctivitis. 
Surveillance 

Regular daily contact was maintained throughout the 
outbreak period with school nurses, physician offices, and 
hospital emergency rooms in the county. Each patient with 
rash illness was interviewed, investigated, and attempts were 
made to determine the possible source of infection or expo-
sure. School bus schedules were reviewed and bus drivers 
were also interviewed. School absentee registers covering 
the period February I-April 30, 1984 were reviewed and any 
students absent from school for three or more consecutive 
days or the first and last days of the school week were 
interviewed to determine the reasons for absence. Students 
who were sick during Spring Break (April 13-April 23, 1984) 
were also interviewed to determine the nature of the illness. 
Classification of Cases 

A person was considered to have adequate evidence of 
immunity if he/she received live measles vaccine on or after 
the first birthday or had a prior history of physician-
diagnosed measles. Those who received vaccine.at less than 
12 months of age were considered inadequately immunized. 
A case was considered preventable if the individual was born 
after 1956, lacked adequate evidence of immunity to measles, 
had no medical contraindication to receiving vaccine, and 
had no religious or philosophical exemption under state law. 
All other cases were considered non-preventable. For all the 
analyses regarding adequacy or inadequacy of vaccination, 
uilimmunized individuals were included in the group termed 
inadequately vaccinated. 
Health Record Review 

The school health records of all the cases were reviewed 
for evidence of measles immunizations. In order to estimate 
the overall immunization level in the school, a random 
sample of 480 school records was taken by arbitrarily picking 
a record in the drawer and reviewing every fourth record 
thereafter. 
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Data Analysis 
Information from the school records that was analyzed 

included age of student, date(s) of measles vaccination, age 
at vaccination, number of vaccinations, and time elapsed 
since vaccination. Attack rates for measles were computed 
assuming uniform exposure among all students in the school. 
Denominators for calculation of the estimated attack rates by 
date of vaccination, age at vaccination, number of vaccina-
tions, and time elapsed since vaccination were calculated by 
multiplying the number of students in a particular group 
determined by the health record review by 4.37 (2098/480). 
Analyses for attack rates by age at vaccination, number of 
vaccinations, and time elapsed since vaccination were done 
only for those immunized with measles vaccine on or after the 
first birthday. Separate analyses were also done for those 
vaccinated under 12 months of age and those vaccinated at 12 
to 14 months of age. For the comparisons of clinical features 
of illness, cases immunized at less than 12 months of age were 
included in the inadequately vaccinated group. Vaccine 
efficacy was calculated using the formula: 

VE = [(ARu-ARv/ARu] Where VE = Vaccine efficacy(%) 
X 100 

= [(I- (ARv/ARu)] x 100 ARu = Attack rate among 
unvaccinated 

AR v = Attack rate among 
vaccinated. 

95% confidence intervals were computed using the formula 
described by Orenstein, et a/.6 

Statistical Tests 
Statistical testing on all the attack rates and the estima-

tion of vaccine efficacy was done using denominators from 
the random sample. Ninety five per cent confidence intervals 
(Cl) were computed for comparisons of epidemiologic fea-
tures among adequately and inadequately immunized per-
sons. 
Epidemiologic Studies 

A case-control study, using one randomly picked control 
for each case in the high school, matched by grade, was 
conducted to evaluate risk factors associated with the out-
break. Cases and controls were interviewed and asked 
questions regarding any illnesses, contact with sick persons 
with rash, history of travel, classroom schedules, school bus 
schedules, and activities they participated in during the 
period February I through April 30, 1984. The school 
immunization histories in the school records were verified by 
contacting the parents of the child and obtaining the provid-
er's name and address. The provider was then contacted and 
requested to provide the date(s) vaccine was given. The 
school immunization record was considered provider-veri-
fied if the date in the school record matched the provider's 
date and the provider confirmed that he or she gave the 
vaccine. Comparisons between the cases and controls were 
done by computing 95% CI of the differences observed. 

Results 
Between March 3 and April 18, 1984, a total of27 cases 

of measles were reported in Waltham, Massachusetts. Acute 
and convalescent serum specimens were available for testing 
from 10 (37 .0 per cent) of the patients. The diagnosis was 
serologically confirmed in seven cases [by a greater than 
four-fold rise in hemagglutination inhibition (HI) antibodies 
in five cases and by presence of measles specific lgM 
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antibodies in two cases]. The remaining three patients with 
serum specimens tested all had convalescent HI antibodies of 
1:64 or greater. 

Twenty four of the 27 cases occurred in students attend-
ing the senior high school (enrollment 2,098, attack rate I. I 
per cent). Of the remaining three cases, two were siblings of 
the source case (one elementary school attendee and the 
other a junior high school attendee). The third patient, who 
also attended the junior high school, had onset of illness while 
on spring break in Florida. No other cases were reported 
from the schools these three cases attended or from any other 
schools in the city. 

Thirteen of the cases were male, and 14 female. Except 
for the non-senior high school cases, all the cases were aged 
14 to 18 years ofage. The immunization status for all the cases 
in the outbreak and the pattern of transmission are shown in 
Figure I. Overall, eight cases (30 per cent) were preventable, 
three with no history of vaccination and five who had been 
vaccinated at less than 12 months of age. The remaining 19 
cases were non-preventable and had all received at least one 
dose of vaccine at 12 months of age or older. 

The source case for the senior high school outbreak was 
a 16 year-old male 12th grade student who worked part-time 
in the dining room of the nearby college, where there had 
been an outbreak of measles; he was epidemiologically linked 
to cases that had been reported at the college. The student 
had onset of rash illness on March 3, 1984 but did not attend 
school during the major communicable period of illness (the 
prodrome and the first four days after onset of rash). The two 
siblings of the source case developed rash illness seven and 
ten days thereafter and attended school during their infec-
tious period. No spread was recognized in the schools they 
attended, however. 

The outbreak was introduced into the senior high school 
by a female 16 year-old I Ith grade student who rode on the 
same school bus as the junior high sibling of the source case. 
This adequately immunized patient transmitted disease to at 
least five other students in the senior high school. For the 
cases after the introduction in the senior high school, ade-
quately immunized persons were identified sources for 11 
cases (48 per cent) and inadequately immunized persons for 
10 cases (44 per cent). Adequately immunized persons gave 
rise to a median of zero cases (mean = I. 9, range O to 5) while 
for inadequately immunized persons the median was 1.5 

_A',,.f:;   
□   ,, , .   • HS cue \ . .  Q • Non HS cue \ '■ ■ 

B l}it-,ntzed cue - - - ■ ■ ■ 
■• 1-,ntzed at <12 •nths '   

I-,ntzed..?12 •nths - -
- f"ace-to-face contact 
- - Other contact 

I I I I I I I
15 

Narch 

I 
30 

I I I 
15 

i.rt1
Ruh onset dates t n 3 day t nterva I 1 

FlGURE I-Pattern of Measles Transmission, Waltham, Massachusetts, 
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TABLE 1-COmparison of Clinical Features of Illness by Vaccination 
Status, Waltham, Massachusetts, March-Aprll 1984 

Immunization Status 
95% Cl of 

Variables Adequate Inadequate• Difference** Difference 

Number Cases 19 8 
Mean number days 6.2 7.5 1.3 -0.7, 6.5

absent 
Mean number days of 5.5 5.6 0.1 -0.8, 1.7 

rash 
Mean number days 4.6 7.0 2.4 -1.3, 5.6 

fever 
Mean number days 4.6 4.5 -0.1 -1.2, 1.7 

cough 
Median number cases 0.0 1.5 1.5 -0.3, 2.3 

resulting•--

•includes unvaccinated cases and cases vaccinated prior to first birthday. 
. .  Inadequate minus Adequate . 
. . .  Only for the cases in senior high school, excludes siblings of the source case. 

cases, the mean 1. 7, range Oto 4. One junior high school case 
could not be epidemiologically linked to the other cases in the 
outbreak. Four generations of spread occurred and no cases 
occurred more than 46 days following onset of the source 
case in the outbreak. 

Seven (26 per cent) of the 27 patients were hospitalized 
for the illness. These included all three unimmunized pa-
tients, one of those immunized at less than 12 months of age, 
and three adequately immunized persons. Thus half of the 
unimmunized and inadequately immunized cases were hos-
pitalized versus 3/19 of those adequately immunized (differ-
ence 34 per cent-95 per cent CI -4.4 per cent, 72.4 per cent). 
The reasons for hospitalization included high fever, severe 
cough, and pneumonia in two of the adequately vaccinated 
students. Further indices for severity of illness among the 
cases by vaccination status are presented in Table l. In 
general, only minor differences were observed between the 
two groups. 

The estimated attack rates by age at vaccination for 
students who had received a single dose or more than one 
dose of measles vaccine in the senior high school are 
presented in Table 2. The attack rates were highest (15 per 
cent) for persons immunized at less than 12 months ofage and 
lowest for those immunized after the first birthday (l.3 per 
cent). Among the 274 students in the random sample who had 
received more than one dose of measles vaccine, 170 (62.0 
per cent) had received their first dose of measles vaccine at 
less than 12 months of age. Among those who had received 
their first dose on or after 12 months of age, the second or 

TABLE � a l e s  Attack Rates (AR)* of Single Dose Recipients by Years 
since Vaccination, Waltham (Massachusetts) Senior High 
School March-Aprll 1984 

Years 
since 

Vaccination Cases Sample AR 

D-4 0 18 0.0 
H 1 21 1.1 

10-16 10 158t 1.4 
Total 11 197 1.3 

·casestestimated total students from random sample. 

third immunization was given as measles-mumps-rubella 
(MMR) vaccine when the school laws required evidence of 
immunity to mumps and rubella. 

In all, persons who received one dose of measles vaccine 
at 12 months of age or older had almost three times the risk 
of developing measles than persons who had received two 
doses (relative risk = 2.6, 95 per cent CI 0.9, 7.8). The 
estimated vaccine efficacy computed using the sample of 
immunization records as denominators for calculation of 
attack rates was 94.4 per cent (95 per cent CI 90.6 per cent, 
97 .0 per cent) for single dose recipients immunized on or after 
12 months of age. 

The risk of disease by time passed since vaccination was 
evaluated for single dose recipients of measles vaccine who 
had been vaccinated on or after their first birthday (Table 3). 
The estimated attack rates by time elapsed since vaccination 
varied from zero for those immunized 0 to 4 years previously 
to l .4 per cent for those immunized 10 or more years 
previously. (p = 0.28, chi-square test for trend). The attack 
rates of subjects who received more than one dose were not 
analyzed in this way since the subsequent doses were 
administered more recently. 

The results of the case-control study are presented in 
Table 4. Cases of measles were more likely to have had 
face-to-face contact with another case, to have attended the 
same classes, shared common activities, and have a case as 
a friend. History of revaccination or provider verification of 
the immunization history were not risk factors in this out-
break. 
Outbreak Control 

During the outbreak period, a complete review of all 
school immunization records was conducted and 23 students 
were identified with inadequate evidence of immunity to 
measles. Measles vaccine was given to 15 of the students. 
The remaining eight had religious or philosophical objections 
to vaccination and were therefore excluded from school until 

TABLE 2-Measles Attack Rates (AR)* by Doses Number Ind Age at Vaccination, WIHhlm (Massachusetts) 
Senior High School March-April 1984 

One Dose Two or More Doses--
Age at 

Vaccination Cases Sample AR Cases Sample AR 

No Vaccine 3 3 22.9 0 0 0.0 
<12 months 4 6 15.3 0 0 0.0 
12-14 months 1 49 0.5 0 0 0.0 
2:15 months 10 148 1.5 6 274 0.5 

Total 18 206 6 274 0.5 

·cases/estimated total students projected from random sample . 
. .  Age at second dOSe was 15 months or older. 
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TABLE 4-Reaults of Case-Control Study, Waltham (Massachusetts) Senior High School March-Aprll 1984 

Cases Controls Percentage 95%CI 
Risk Factors n = 24 (%) n = 24 (%) Difference• of Difference 

Face-to-face contact 7 (29.2) 
with cases 

3 (12.5) 16.7 -5.8,  39.8

Revaccination 6 (25.0) 8 (33.3) 8.3 -16.4, 34.4
Provider verified 19 (79.2) 20 (83.3) 4.1 -18.2, 26.2

immunizations 
Attending classes 10 (41.7) 6 (25.0) 16.7 -8.1,  44.1 

with cases 
Sharing activities 10(41.7) 7 (29.2) 12.5 -13.8, 39.8

with cases 
Having a case as 5 (20.8) 4 (16.7) 4.1 -18.2, 26.2

friend 

*Absolute difference (per cent of cases minus per cent of controls). 

May IO, 1984, 21 days after the last case was reported. In 
addition, two infants who were siblings of cases were given 
immune globulin prophylaxis. 
Discussion 

This outbreak of measles occurred in a highly vaccinated 
population and 70 per cent of the cases were vaccine failures. 
The overall attack rate of 0.8 per cent in the school, among 
presumably adequately vaccinated students, was below the 
expected 2-10 per cent primary vaccine failure rate for 
measles vaccine. 5•7 •8 Vaccine failures in this setting also 
played some role in the spread of disease. 

Although there was a tendency to more severe illness 
among the inadequately vaccinated patients, as evidenced by 
the higher hospitalization to case ratio in this group, this was 
not impressive. The failure to find large differences in other 
potential indices of severity of illness such as number of days 
absent from school, duration of fever, and duration of rash 
may have been due to the inclusion of persons immunized 
prior to 12 months of age in the inadequately immunized 
group. However, since primary vaccine failure (most never 
responded to initial vaccination) is known to be high in this 
inadequately vaccinated group, the failure to observe differ-
ences suggests that overall illness patterns are similar in 
vaccine failures and in the unvaccinated. 

The finding that inadequately and adequately immunized 
students gave rise to a similar number of cases on average 
indicates that vaccine failures in this outbreak played some 
role in the spread of disease. The likely reason for the fact that 
measles transmission subsided spontaneously and no cases 
occurred beyond the fourth generation in the high school, is 
that in a highly vaccinated population, the few vaccine 
failures do not come into frequent contact with students 
capable of transmitting the virus. The lack of spread in the 
junior high school and the elementary schools attended by the 
siblings of the source cases suggests that this may be the case. 
The closure of school for spring break may also have reduced 
the risk of contact. Nevertheless, depending on how they are 
dispersed in the population, and the extent of exposure, 
vaccine failures may serve to perpetuate an outbreak even in 
a highly vaccinated poJjulation. Clearly, the low overall 
attack rate among vaccinated students in the senior high 
school, given the expected failure rate of 2-10 per cent, 
suggests that not all susceptibles were exhausted. 

The possible causes of vaccine failures can be divided 
into two major categories: primary, due to lack of initial 
seroconversion; and secondary, due to loss of immunity after 
initial seroconversion. Since seroconversion is rarely docu-
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mented after vaccination, these two types of vaccine failure 
are difficult to distinguish. The primary failure rate for 
measles vaccine has been shown to be less than 5 per cent 
under field trial conditions. 2- 4  It has been suggested that in 
clinical practice it may be somewhat higher, as much as IO per 
cent. 1 Nevertheless, one serologic study using a sensitive 
Elisa test showed a failure rate of only 1. 7 per cent. 5 

Primary vaccine failure can be due to either inactive 
vaccine or inadequate host response. In this outbreak we 
were unable to show clustering of cases by time, place, or 
provider of vaccine which would have suggested a potential 
problem with vaccine handling. We were able to provider 
verify immunization histories for both our case and controls 
to a similar extent, suggesting that the school vaccine 
histories for both cases and controls were accurate. The 
finding of significantly higher attack rates among persons 
immunized at less than 12 months is consistent with previous 
reports that have shown lower vaccine efficacy when com-
pared to those immunized after 12 months of age.9-11 The 
second possibility, inadequate host response to vaccine, 
could not be ruled out among the vaccine failures. 

The analysis of attack rates by time elapsed since 
vaccination suggests that waning immunity among the vac-
cine failures was not a major problem in this outbreak. This 
finding is consistent with other similar epidemiologic studies 
which have failed to show any significant differences in attack 
rates when the interval from vaccination to exposure varied 
from 0-3 years to 10-12 years. 7- 9•1 2 In addition, multiple 
serologic studies have shown that immunity induced by 
measles vaccine is long lasting. 8• 11 • 13• 14 Measles specific 
antibodies have been shown to persist up to 16 years after 
vaccination and although about 13 per cent of individuals lose 
detectable antibodies, these individuals show a secondary or 
anamnestic response when they are revaccinated, suggesting 
that they are still probably immune. 14 

This outbreak demonstrates that while measles trans-
mission can occur in a highly vaccinated population and 
vaccine failures may play some role in the spread of disease, 
such transmission is usually not sustained. 
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A bs tr ac t

Background
In the United States, children receive five doses of diphtheria, tetanus, and acellular 
pertussis (DTaP) vaccine before 7 years of age. The duration of protection after five 
doses of DTaP is unknown.

Methods
We assessed the risk of pertussis in children in California relative to the time since 
the fifth dose of DTaP from 2006 to 2011. This period included a large outbreak in 
2010. We conducted a case–control study involving members of Kaiser Permanente 
Northern California who were vaccinated with DTaP at 47 to 84 months of age. We 
compared children with pertussis confirmed by a positive polymerase-chain-reac-
tion (PCR) assay with two sets of controls: those who were PCR-negative for pertus-
sis and closely matched controls from the general population of health-plan mem-
bers. We used logistic regression to examine the risk of pertussis in relation to the 
duration of time since the fifth DTaP dose. Children who received whole-cell per-
tussis vaccine during infancy or who received any pertussis-containing vaccine after 
their fifth dose of DTaP were excluded.

Results
We compared 277 children, 4 to 12 years of age, who were PCR-positive for pertussis 
with 3318 PCR-negative controls and 6086 matched controls. PCR-positive children 
were more likely to have received the fifth DTaP dose earlier than PCR-negative 
controls (P<0.001) or matched controls (P = 0.005). Comparison with PCR-negative 
controls yielded an odds ratio of 1.42 (95% confidence interval, 1.21 to 1.66), indicat-
ing that after the fifth dose of DTaP, the odds of acquiring pertussis increased by 
an average of 42% per year.

Conclusions
Protection against pertussis waned during the 5 years after the fifth dose of DTaP. 
(Funded by Kaiser Permanente).
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Pertussis is a worldwide, cyclic infec-
tion. Before widespread vaccine coverage, up 
to 270,000 cases of pertussis were diagnosed 

in the United States annually, with as many as 
10,000 deaths per year, predominantly among 
infants.1 Pertussis vaccines prepared from whole 
Bordetella pertussis organisms were available from 
the 1940s through the 1990s, protecting infants 
who were 2 months of age or older.1

Whole-cell pertussis vaccines, when adminis-
tered as part of a combined diphtheria, tetanus 
toxoids, and pertussis vaccine, were effective, but 
they were associated with adverse effects2; this 
led to the development of the diphtheria–tetanus–
acellular pertussis (DTaP) vaccine.3 Beginning in 
the early 1990s, the United States started to make 
the transition from whole-cell pertussis vaccines 
to DTaP, and by the late 1990s, DTaP was being 
used for all five recommended doses.4 DTaP is 
now used in many countries.

Pertussis vaccination resulted in a marked de-
crease in the incidence of disease,1,5 with diag-
nosed cases of pertussis reaching a nadir in 1976. 
However, since the 1980s, despite high levels of 
vaccine coverage in children, outbreaks of B. per-
tussis have occurred every 3 to 5 years, with an 
increase in the peak incidence with each succes-
sive outbreak.6 The reasons for the ongoing out-
breaks are not well understood and are probably 
multifactorial.7-9

Receipt of five doses of DTaP is mandatory for 
school entry in many states, including California, 
with the fifth dose usually administered in chil-
dren between 4 and 6 years of age. Nonetheless, in 
2010, California had a large pertussis outbreak,10 
with the highest incidence rates since 1958. After 
this outbreak, we sought to assess and quantify 
the waning of DTaP protection against pertussis 
over time in a highly vaccinated population of 
school-age children who had received only DTaP 
rather than whole-cell pertussis vaccines.

Me thods

Databases
Kaiser Permanente Northern California is an in-
tegrated health care delivery system that provides 
care to approximately 3.2 million members. It op-
erates 49 medical clinics and 19 hospitals, includ-
ing pharmacies and laboratories. Databases cap-
ture vaccinations and laboratory tests, as well as 

inpatient, emergency department, and outpatient 
diagnoses.

Data on race or ethnic group were available in 
the medical record for approximately 75% of mem-
bers. For the remainder, we imputed race or ethnic 
group with the use of the RAND Bayesian Im-
puted Surname Geocoding algorithm.11 In mem-
bers for whom we imputed values for missing data 
on race or ethnic group (American Indian or 
Alaska Native, Asian or Pacific Islander, black, 
Hispanic, or white), the probabilities summed to 
1; a single value was not assigned. Microbiologic 
testing was centralized in a single laboratory that 
has identified B. pertussis and B. parapertussis with 
the use of polymerase-chain-reaction (PCR) assays 
since 2005. PCR kits were supplied by Roche from 
December 2005 through May 2009 and by Cepheid 
beginning in May 2009.

Kaiser Permanente Northern California first 
introduced DTaP for the fifth dose of pertussis 
vaccine in 1991 and completed the transition from 
whole-cell pertussis vaccines to DTaP for all five 
doses by 1999.

Study Oversight
The institutional review board of Kaiser Perman-
ente Northern California approved this study and 
waived the requirement for informed consent.

All authors vouch for the completeness and ac-
curacy of the data and analyses presented.

Study Design and Population
In this case–control study, we selected case pa-
tients and controls for the primary analysis from 
all Kaiser Permanente Northern California mem-
bers who received a pertussis PCR test result be-
tween January 2006 and June 2011. PCR results 
were positive for B. pertussis, positive for B. paraper-
tussis, or negative for both.

Potential case patients were all children who 
were positive for pertussis and negative for par-
apertussis on PCR testing during the study period 
and who received a dose of DTaP between the ages 
of 47 and 84 months (this dose was considered the 
fifth DTaP dose) before the PCR test was per-
formed. We excluded persons born before 1999 
(to limit the analyses to children who exclusively 
received DTaP vaccines) and persons who received 
a vaccine with reduced pertussis-antigen content 
(Tdap) or any pertussis-containing vaccine after the 
fifth dose but before the PCR test. We also ex-
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cluded children in whom a PCR test was performed 
within 2 weeks after receipt of the fifth DTaP dose 
and children who were not members of Kaiser 
Permanente Northern California for more than 
3 months between the fifth dose of DTaP and the 
PCR test.

The study included two control groups. The 
first group consisted of children who were PCR-
negative for both pertussis and parapertussis and 
who received a fifth dose of DTaP before receiv-
ing a negative test result (the PCR-negative con-
trols). The second group consisted of health-plan 
members who were matched to each PCR-positive 
child (the matched controls). Matched controls 
were the same sex and age (year and quarter of 
birth), of the same race or ethnic group (with seven 
groups defined: six for available data on race or 
ethnic group and one for imputed data on race or 
ethnic group, to account for missing data), and 
attended the same medical clinic (of 49 clinics) 
as the PCR-positive children and were members 
on the date of the PCR test in the PCR-positive 
children (the anchor date). We retained all matched 
controls (with no sampling) who received a fifth 
dose of DTaP before their anchor date. We ap-
plied the same exclusion criteria described above 
to both control groups and excluded children as 
controls if they had previously tested positive for 
pertussis.

The final study population consisted of children 
who were 4 to 12 years of age, 58% of whom 
were continuously enrolled in the health plan 
between 1 month of age and either the date on 
which PCR was performed or the seventh birth-
day. In this subgroup, the rate of vaccine cover-
age with five doses of DTaP was 99% and did not 
differ between PCR-positive case patients and PCR-
negative controls.

Statistical Analysis
We assessed the waning of immunity after DTaP 
vaccination using two analyses. The primary anal-
ysis compared PCR-positive case patients with PCR-
negative controls, and the secondary analysis com-
pared PCR-positive case patients with matched 
controls. We considered the comparison with PCR-
negative controls to be primary because it mini-
mized the potential biases associated with the gen-
eral propensity to use health care and the specific 
propensity of parents and physicians to test for 
pertussis.

We fit conditional logistic-regression models 
to estimate the effect of each additional year 
after receipt of the fifth DTaP dose on the odds 
of a positive PCR test for pertussis. For the pri-
mary analysis, we conditioned the logistic mod-
el on blocks of calendar time (yearly from 2006 
through 2009 before the epidemic, quarterly for 
the first quarter of 2010, and then monthly there-
after during the epidemic). We included covariates 
to adjust for age (4 to <7, 7 to <10, and 10 to 12 
years), sex, medical clinic (49 clinics aggregated 
into 12 service areas), and race or ethnic group (in 
children for whom data were available or from 
imputed probabilities). For the secondary analy-
sis, we conditioned the logistic model on all the 
matching variables (PCR test date, quarter of birth, 
sex, race or ethnic group, and medical clinic), and 
we used imputed probabilities of race or ethnic 
group as covariates for additional adjustment for 
the strata of children with imputed data. For all 
analyses, we used SAS software, version 9.2 (SAS 
Institute).

R esult s

Incidence of Pertussis
From January 2006 through June 2011, a total of 
27,912 PCR assays for B. pertussis were performed 
in members of the health plan, regardless of age; 
of these tests, 1512 (5.4%) had a positive result. 
During the period from January 2010 through 
June 2011, when 95% of the cases of pertussis in 
the study population were diagnosed, the incidence 
of pertussis was 115 cases per 100,000 person-years 
among members younger than 1 year of age, de-
creasing to 29 cases per 100,000 person-years at 
5 years of age, sharply increasing to 226 cases 
per 100,000 person-years at 10 and 11 years of 
age, sharply decreasing until 15 years of age, and 
remaining low in persons 15 years of age or old-
er (Fig. 1). Ecologic data showing the percentage 
of persons who had received DTaP instead of 
whole-cell pertussis vaccines as infants, according 
to their current age, are shown in Figure 1.

Characteristics of the Study Population
Our study population included 277 children be-
tween the ages of 4 and 12 years who were PCR-
positive for pertussis, 3318 PCR-negative controls, 
and 6086 matched controls. Table 1 lists charac-
teristics of the case patients and controls.
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Older age was associated with a higher percent-
age of positive PCR tests: 4.5% among 6-year-old 
children, 12.2% among 8-year-old children, and 
18.5% among 10-year-old children. Increasing time 
since the fifth dose of DTaP was associated with 
an increasing percentage of positive PCR tests 
(Fig. 2). The time since the fifth dose of DTaP 
was significantly longer for PCR-positive children 
(1699 days; 95% confidence interval [CI], 1627 to 
1772) than for PCR-negative controls (1028 days; 
95% CI, 1003 to 1053) (P<0.001); case children 
received their fifth dose of DTaP significantly 
earlier than controls.

Waning of DtaP Effectiveness
In the primary analysis comparing PCR-positive 
children with PCR-negative controls, with adjust-
ment for calendar time, age, sex, race or ethnic 
group, and medical service area, the odds ratio 
for pertussis was 1.42 per year (95% CI, 1.21 to 
1.66), indicating that each year after the fifth dose 
of DTaP was associated with a 42% increased 
odds of acquiring pertussis. A secondary analysis 
comparing PCR-positive cases with matched con-
trols yielded similar results (Table 2).

Severity of PerTussis
Cases of pertussis were mild or moderate in se-
verity. Within 5 days before or after the PCR test, 
272 of the 277 children had an outpatient en-
counter (98.2%), and 261 received a prescription 
for azithromycin (94.2%); 219 children received a 
diagnosis of whooping cough, cough, or pertussis 
exposure (79.1%); and 45 children received related 
diagnoses (respiratory infection, asthma, bronchi-
tis, croup, or unspecified viral infections) (16.2%). 
Within 100 days before or after the PCR test, 11 of 
the children (4.0%) had emergency department 
visits related to pertussis; there were no hospital-
izations or deaths related to pertussis.

Discussion

In the 2010 pertussis outbreak in California, a 
longer time since receipt of a fifth dose of DTaP 
was associated with an elevated risk of acquiring 
pertussis among children who had received all rec-
ommended acellular pertussis vaccines. In this 
study, the risk of pertussis increased by 42% each 
year after the fifth DTaP dose. If DTaP effective-
ness is initially 95%, so that the risk of pertussis 

in vaccinated children is only 5% that of unvac-
cinated children, then the risk would increase 
after 5 years by a factor of 1.425 to 29% that of 
unvaccinated children. The corresponding de-
crease in DTaP effectiveness would be from 95% 
to 71%. The amount of protection remaining af-
ter 5 years depends heavily on the initial effec-
tiveness. If the initial effectiveness of DTaP was 
90%, it would decrease to 42% after 5 years. Re-
gardless of the initial effectiveness, the protec-
tion from disease afforded by the fifth dose of 
DTaP among fully vaccinated children who had 
exclusively received DTaP vaccines waned sub-
stantially during the 5 years after vaccination.

The results of clinical trials evaluating the dura-
tion of protection conferred by DTaP vaccines after 
three or four doses suggested that protection 
against pertussis was sustained 5 to 6 years after 
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Figure 1. Annual Rate of Pertussis and Vaccination History in the Entire 
Health-Plan Population, According to Age, during the Pertussis Outbreak 
from January 2010 through June 2011.

The annual rate of pertussis (the number of cases per 100,000 person-years) 
for each age was calculated as follows: all cases of pertussis confirmed by a 
positive polymerase-chain-reaction (PCR) assay were divided by all person-
years at risk and then multiplied by 100,000. Age was calculated on the 
date of the PCR test (for persons counted in the numerator) and on the last 
date of each month (for persons counted in the denominator). The percentage 
of members as of August 14, 2010, who were likely to have received diphthe-
ria, tetanus, and acellular pertussis (DTaP) vaccine for all five doses (i.e., 
none of the doses were whole-cell pertussis vaccines) was calculated from 
population-based data on the timing of the transition in the health plan from 
diphtheria, tetanus, and whole-cell pertussis vaccines to DTaP vaccine. Au-
gust 14, 2010, was the midpoint of cases (the median diagnosis date) dur-
ing the 18-month period.
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vaccination.12-14 Other studies showed some wan-
ing of protection,15-17 and several showed that 
increasing time since DTaP vaccination was a risk 
factor for vaccine failure, observations that are 
consistent with our findings.17-19 Disease-free in-
tervals after pertussis vaccination have decreased 
over the past two decades in Massachusetts.20 A 
study in Canada showed that the transition from 
whole-cell pertussis vaccines to DTaP was asso-
ciated with an increased incidence of pertussis 
among children who received only DTaP.21 Taken 
together, these studies indicate that protection is 

less enduring with DTaP than with whole-cell per-
tussis vaccines.22 The recent California epidemic 
provides data from a large population of children 
who only received acellular vaccines and for whom 
enough time had passed that we could quantify 
the extent to which DTaP protection waned.

The incidence of pertussis was highest among 
the population of children who were 8 to 11 years 
of age and who had received the full five-dose 
series of DTaP in childhood, suggesting that the 
waning efficacy of the fifth dose among school-
age children played a key role in both allowing 

Table 1. Characteristics of PCR-Positive Children and Controls, January 2006–June 2011.*

Variable

PCR-Positive 
Children
(N = 277)

PCR-Negative 
Controls 

(N = 3318) P Value†

Matched 
Controls 

(N = 6086)‡ P Value†

Male sex — no. (%) 121 (43.7) 1684 (50.8) 0.02 2659 (43.7) 1.00

Age — yr <0.001 0.78

Mean 8.8±1.7 6.9±2.1 8.8±1.7

Range 4–12 4–12 4–12

Age distribution — no. (%) <0.001 0.60

4 to <7 yr 36 (13.0) 1629 (49.1) 765 (12.6)

7 to <10 yr 121 (43.7) 1164 (35.1) 2844 (46.7)

10 to 12 yr 120 (43.3) 525 (15.8) 2477 (40.7)

Year of PCR test — no. (%) 0.003 1.00

2006 2 (0.7) 97 (2.9) 44 (0.7)

2007 1 (0.4) 102 (3.1) 22 (0.4)

2008 6 (2.2) 107 (3.2) 132 (2.2)

2009 6 (2.2) 155 (4.7) 132 (2.2)

2010 201 (72.6) 2150 (64.8) 4416 (72.6)

2011 61 (22.0) 707 (21.3) 1340 (22.0)

Race or ethnic group — no. (%)§ <0.001 1.00

American Indian or Alaska Native 2 (0.7) 14 (0.4) 44 (0.7)

Asian or Pacific Islander 23 (8.3) 547 (16.5) 505 (8.3)

Black 9 (3.2) 216 (6.5) 198 (3.2)

Hispanic 83 (30.0) 790 (23.8) 1824 (30.0)

White 133 (48.0) 1328 (40.0) 2922 (48.0)

Unknown and imputed 27 (9.7) 423 (12.7) 593 (9.7)

* Plus–minus values are means ±SD. PCR denotes polymerase chain reaction.
† P values, which are based on comparisons between PCR-positive children and either PCR-negative controls or matched

controls, were calculated with the use of the t-test for the continuous variable of age and with the use of the chi-square 
test for the rest of the variables.

‡ The controls were matched according to all the characteristics shown. The numbers and percentages in this column 
are weighted to indicate that the comparison of PCR-positive children with the matched controls was balanced in the 
analysis.

§ Race or ethnic group was determined from the medical record or was imputed in the case of missing data. The Hispanic 
ethnic group includes children of all races.
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and sustaining the recent pertussis outbreak. This 
observation was surprising because it is not until 
children reach their teenage years that they are 
usually considered to be a reservoir for pertus-
sis,23 and teenagers have been disproportionately 
affected in previous pertussis outbreaks.20 Fig-
ure 1 shows that on a population basis, the inci-
dence of pertussis decreased very sharply at 12 to 
15 years of age, precisely the same ages of chil-
dren who were likely to have received whole-cell 
pertussis vaccines as infants. These ecologic data 
show that the risk of pertussis was lower among 
older adolescents, who were likely to have previ-
ously received at least one dose of the whole-cell 
pertussis vaccine than among younger adoles-
cents, who had exclusively received DTaP.

Most children in this study received their fifth 
dose of DTaP between 4 and 6 years of age. Thus, 
age and time since vaccination were highly collin-
ear (r = 0.97), and we were unable to fully separate 
out these two variables in the primary analysis 
involving PCR-negative controls. We could not en-
tirely rule out the possibility that the incidence 
of pertussis among older children was higher be-
cause they were older rather than because of wan-
ing protection. The sharp increase in the inci-
dence of pertussis among children 8 to 11 years of 
age, followed by a sharp decrease at 12 to 15 years 
(Fig. 1), is not characteristic of the epidemiology 
of pertussis in unvaccinated persons or in previous 
outbreaks. Furthermore, the secondary analyses 
involving controls who were closely matched for 
age showed that the association between the time 
since vaccination and the risk of pertussis was 
similar to that in the primary analysis. Therefore, 
it is more plausible to attribute the increased 
incidence of pertussis in children between 8 and 
11 years of age to the waning effectiveness of DTaP 
rather than to aging.

The Centers for Disease Control and Prevention 
recommends routine administration of Tdap be-
ginning at 11 years of age, with vaccination of 
children as young as 7 years of age in certain 
circumstances.24 The limited duration of DTaP 
protection raises the question of whether routine 
administration of Tdap in younger children (e.g., 
8-year-old children) is warranted. However, sev-
eral issues must be clarified, including the effec-
tiveness and duration of protection of Tdap, the 
possibility of increased local reactions with more 
frequent administration of Tdap, the increased 
cost and burden associated with earlier Tdap 

boosting (particularly since no other vaccines are 
routinely given at this age), and the risk of trans-
mission to infants posed by mild-to-moderate 
pertussis infections that could be prevented with 
earlier Tdap boosting. Prevention of future out-
breaks will be best achieved by developing new 
pertussis-containing vaccines that provide long-
lasting immunity.

The large population in the health plan allowed 
controls to be matched to PCR-positive children 
on many potential confounders, and matched con-
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trols were more similar to PCR-positive children 
than were PCR-negative controls on all measured 
potential confounders. However, matched controls 
were probably not as similar to PCR-positive chil-
dren as PCR-negative controls were with respect 
to unmeasured potential confounders, such as 
the propensity to have undergone a PCR test to 
detect pertussis. Because we believe that such 
unmeasured confounders were probably a greater 
source of bias than the ones we were able to 
measure, we considered the analysis involving 
PCR-negative controls to be more informative.

Our study has several important strengths. One 
was that we compared PCR-positive children with 
two sets of controls and obtained similar results 
with each comparison. Another was that we had 
precise histories regarding the number of doses 
of vaccine received and the timing of vaccination 

and nearly complete demographic data for PCR-
positive children and controls. Finally, we observed 
that older age was associated with an increasing 
proportion of positive PCR tests (Fig. 2); this 
supports our inference that the increase in the 
incidence of pertussis reflected a true increase in 
the incidence of disease rather than increased test-
ing for pertussis.

Our study has limitations. First, although we 
estimated that the fifth dose of DTaP became 
42% less effective each year, we could not anchor 
this estimate to the initial effectiveness of the 
vaccine because of the absence of an unvacci-
nated population. Second, it is possible that PCR 
testing misclassified a small fraction of persons 
(i.e., false positive and false negative tests). Since 
it was highly unlikely that such potential misclas-
sification depended on the time since immuniza-
tion, misclassification would imply that DTaP 
effectiveness may have waned even more than we 
estimated. 

In conclusion, our evaluation of data from a 
large pertussis outbreak in California showed that 
protection from disease after a fifth dose of DTaP 
among children who had received only DTaP vac-
cines was relatively short-lived and waned sub-
stantially each year. Our findings highlight the 
need to develop new pertussis-containing vac-
cines that will provide long-lasting immunity.

Drs. Klein and Baxter report receiving grant support to their 
institution from Sanofi Pasteur, GlaxoSmithKline, Novartis, 
Merck, and Pfizer. No other potential conflict of interest rele-
vant to this article was reported.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

Table 2. Waning of Effectiveness per Year after Fifth Dose of DTaP Vaccine.

Group Compared with 
PCR-Positive Children

Odds Ratio for Pertussis 
(95% CI) P Value

PCR-negative controls 1.42 (1.21–1.66)* <0.001

Matched controls 1.50 (1.13–2.00)† 0.005

* The odds ratio was estimated on the basis of a conditional logistic-regression 
analysis that was stratified according to calendar time and included covariates 
to adjust for age, sex, race or ethnic group, and medical service area. This 
model deleted 10 observations for PCR-negative controls because of missing 
covariate data.

† The odds ratio was estimated on the basis of a conditional logistic-regression 
analysis that was stratified according to calendar time, age, sex, race or ethnic 
group, and medical clinic and included imputed probabilities of race or ethnic 
group as covariates to provide additional adjustment within the strata of chil-
dren with imputed data.
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What are the limits of adjuvanticity?
Del Giudice G , Podda A, Rappuoli R.

Abstract
Vaccines developed traditionally following empirical approaches have often limited problems of immunogenicity, probably
due to the low level of purity of the active component(s) they contain. The application of new technologies to vaccine
development is leading to the production of purer (e.g. recombinant) antigens which, however, tend to have a poorer
immunogenicity as compared to vaccines of the previous generation. The search for new vaccine adjuvants involves issues
related to their potential limits. Since the introduction of aluminium salts as vaccine adjuvants more than 70 years ago, only
one adjuvant has been licensed for human use. The development of some of these new vaccine adjuvants has been
hampered by their inacceptable reactogenicity. In addition, some adjuvants work strongly with some antigens but not with
others, thus, limiting their potentially widespread use. The need to deliver vaccines via alternative routes of administration
(e.g. the mucosal routes) in order to enhance their efficacy and compliance has set new requirements in basic and applied
research to evaluate their efficacy and safety. Cholera toxin (CT) and labile enterotoxin (LT) mutants given along with
intranasal or oral vaccines are strong candidates as mucosal adjuvants. Their potential reactogenicity is still matter of
discussions, although available data support the notion that the effects due to their binding to the cells and those due to the
enzymatic activity can be kept separated. Finally, adjuvanticity is more often evaluated in terms of antigenspecific antibody
titers induced after parenteral immunization. It is known that, in many instances, antigenspecific antibody titers do not
correlate with protection. In addition, very little is known on parameters of cellmediated immunity which could be considered
as surrogates of protection. Tailoring of new adjuvants for the development of vaccines with improved
immunogenicity/efficacy and reduced reactogenicity will represent one of the major challenges of the ongoing vaccine
oriented research.
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in many instances, antigenspecific antibody titers do not correlate with protection.
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A new study turns the well established theory that antibodies are required for antiviral immunity upside down and reveals that
an unexpected partnership between the specific and non-specific divisions of the immune system is critical for fighting some
types of viral infections. The research may lead to a new understanding of the best way to help protect those exposed to po‐
tentially lethal viruses, such as the rabies virus.
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FULL STORY

A new study turns the well established theory that antibodies are required for antiviral immunity upside down and re‐
veals that an unexpected partnership between the specific and non-specific divisions of the immune system is critical
for fighting some types of viral infections. The research, published online on March 1st in the journal Ei i qj epu by Cell
Press, may lead to a new understanding of the best way to help protect those exposed to potentially lethal viruses,
such as the rabies virus.

The immune system has two main branches, innate immunity and adaptive immunity. Innate immunity is a first line of defense that relies on
cells and mechanisms that provide non-specific immunity. The more sophisticated adaptive immunity, which counts antibody-producing B
cells as part of its arsenal, is thought to play a major role in the specific response to viral infections in mammals. However, adaptive immune
responses require time to become fully mobilized.

"Mice infected with vesicular stomatitis virus (VSV) can suffer fatal invasion of the central nervous system even when they have a high con‐
centration of anti-VSV antibodies in their system," explains senior study author, Dr. Ulrich H. von Andrian, from Harvard Medical School. "This
observation led us to revisit the contribution of adaptive immune responses to survival following VSV infection."

The research team studied VSV infection in mice that had B cells but did not produce antibodies. Unexpectedly, although the B cells them‐
selves were essential, survival after VSV exposure did not require antibodies or other aspects of traditional adaptive immunity."We deter‐
mined that the B cells produced a chemical needed to maintain innate immune cells called macrophages. The macrophages produced type I
interferons, which were required to prevent fatal VSV invasion," says co-author Dr. Matteo Iannacone.

Taken together, the results show that the essential role of B cells against VSV does not require adaptive mechanisms, but is instead directly
linked with the innate immune system. "Our findings contradict the current view that antibodies are absolutely required to survive infection
with viruses like VSV, and establish an unexpected function for B cells as custodians of macrophages in antiviral immunity," concludes Dr.
von Andrian. "It will be important to further dissect the role of antibodies and interferons in immunity against similar viruses that attack the
nervous system, such as rabies, West Nile virus, and Encephalitis."

Journal reference: Moseman et al.: "B Cell Maintenance of Subcapsular Sinus Macrophages Protects against a Fatal Viral Infection Indepen‐
dent of Adaptive Immunity."
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Severe tetanus in immunized patients with high antitetanus titers.
Crone NE , Reder AT.

Abstract
Severe (grade III) tetanus occurred in three immunized patients who had high serum levels of antitetanus antibody. The
disease was fatal in one patient. One patient had been hyperimmunized to produce commercial tetanus immune globulin.
Two patients had received immunizations 1 year before presentation. Antitetanus antibody titers on admission were 25
IU/ml to 0.15 IU/ml by hemagglutination and ELISA assays; greater than 0.01 IU/ml is considered protective. Even though
one patient had seemingly adequate antitetanus titers by in vitro measurement (0.20 IU), in vivo mouse protection
bioassays showed a titer less than 0.01 IU/ml, implying that there may have been a hole in her immune repertoire to tetanus
neurotoxin but not to toxoid. This is the first report of grade III tetanus with protective levels of antibody in the United States.
The diagnosis of tetanus, nevertheless, should not be discarded solely on the basis of seemingly protective antitetanus
titers.
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Severe (grade III) tetanus occurred in three immunized patients who had high serum levels of antitetanus antibody. The disease was fatal in one patient.
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immunity, and IgG antibody avidity before and after a third dose 
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Abstract
Background—Two doses of measles-mumps-rubella (MMR) vaccine are 97% effective against 
measles, but waning antibody immunity and two-dose vaccine failures occur. We administered a 
third MMR dose (MMR3) to young adults and assessed immunogenicity over 1 year.

Methods—Measles virus (MeV) neutralizing antibody concentrations, cell-mediated immunity 
(CMI), and IgG antibody avidity were assessed at baseline, 1-month, and 1-year after MMR3.

Results—Of 662 subjects at baseline, 1 (0.2%) was seronegative (<8 mIU/mL) and 23 (3.5%) 
had low (8-120 mIU/mL) MeV neutralizing antibodies. At 1-month post-MMR3, 1 (0.2%) subject 
was seronegative and 6 (0.9%) had low neutralizing antibodies with only 21/662 (3.2%) showing a 
≥4-fold rise in neutralizing antibodies. At 1-year post-MMR3, none were negative and 10 (1.6%) 
of 617 subjects had low neutralizing antibodies. CMI results showed low-levels of spot-forming 
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Two doses of measles-mumps-rubella (MMR) vaccine are 97% effective against measles, but waning antibody immunity and two-dose vaccine failures occur.

10 (1.6%) of 617 subjects had low neutralizing antibodies.

We administered a third MMR dose (MMR3) to young adults and assessed immunogenicity over 1 year.



cells after stimulation, suggesting T-cell memory, but the response was minimal post-MMR3. 
MeV IgG avidity results did not correlate with neutralization results.

Conclusions—Most subjects were seropositive pre-MMR3 and very few had a secondary 
immune response post-MMR3. Similarly, CMI and avidity results showed minimal qualitative 
improvements in immune response post-MMR3. We did not find compelling data to support a 
routine third dose of MMR vaccine.

Keywords
measles; third dose measles-mumps-rubella (MMR) vaccine; measles vaccine immunogenicity; 
vaccine preventable disease; immunization; cell-mediated immunity; measles virus antibody 
avidity

Background
Measles is a contagious, viral rash illness; complications including pneumonia and 
encephalitis can result in death[1]. High two-dose measles-mumps-rubella (MMR) 
vaccination coverage and improved measles control in the World Health Organization 
(WHO) Region of the Americas resulted in the declaration of measles elimination in the 
U.S. in 2000[2].

Two doses of MMR vaccine are generally sufficient to provide long-lasting protection 
against measles[3]. Nonetheless, measles virus (MeV) is one of three components in the 
MMR vaccine, and third doses have been administered during mumps outbreaks among 
highly vaccinated populations[4, 5] and in non-outbreak settings among healthcare 
personnel, military recruits, international travelers, and college students who may have been 
two-dose vaccinated but lacked documentation[6-8].

The immunogenicity of the MeV component of a third MMR dose has not been studied. We 
assessed the magnitude and duration of an aggregate MeV neutralizing antibody response, 
cell-mediated immune response, and IgG antibody avidity before and after a third MMR 
dose (MMR3) in a healthy, young adult population.

Methods
Setting

The study population comprised patients of the Marshfield Clinic, a private, multispecialty 
group practice with regional centers throughout central and northern Wisconsin. The Clinic 
maintains an electronic vaccination registry (www.recin.org) for immunizations 
administered by Marshfield Clinic providers, local public health agencies, and immunization 
providers. No measles cases were reported in the area during the study period.

Subjects
Two cohorts comprising 685 subjects were enrolled during 2009-2010. Cohort 1 (N=113 
subjects) participated in a 10-year longitudinal study at the Marshfield Clinic examining 
immunogenicity and adverse events following the second MMR vaccine dose, hereafter 
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response was minimal post-MMR3. MeV IgG avidity results did not correlate with neutralization results.

third doses have been administered during mumps outbreaks among highly vaccinated populations



called the longitudinal study[9, 10]. To achieve adequate sample size, Marshfield's 
vaccination registry was used to recruit subjects from Cohort 2 who had two documented 
MMR doses but did not participate in the longitudinal study (N=572 subjects). Invitation 
letters were mailed to both cohorts and follow-up phone calls were made. Additionally, 
Cohort 1 subjects who participated in the measles cell-mediated immunity (CMI) sub-study 
during the longitudinal study were asked to participate in the current CMI sub-study.

Although only 16 (14.2%) Cohort 1 subjects had low or negative MeV antibody 
concentrations during the longitudinal study, 93/113 Cohort 1 subjects with ≥1 low or 
negative antibody concentration to measles, mumps, or rubella during the longitudinal study 
(defined previously[10-12]) and all Cohort 2 subjects were offered a third dose of MMR 
vaccine (M-M-R II; Merck & Co.). Serum was collected from all subjects immediately 
before (baseline), and one month and one year after MMR3.

Study design
At each visit, subjects were questioned about measles disease, exposures, vaccinations, and 
other health events. MMR vaccine was administered during the initial visit. Informed 
consent was obtained from all subjects. Institutional Review Boards of the Marshfield Clinic 
Research Foundation and the Centers for Disease Control and Prevention approved the 
study. Sample size determination and exclusion criteria were previously described[13].

Cell-mediated immunity sub-study
The 60 participants of the longitudinal measles CMI sub-study or subjects with a low or 
negative MeV antibody concentration on ≥1 serum specimen draw during the longitudinal 
study were asked to participate in the current CMI sub-study. However, only 34 (56.7%) 
subjects meeting these criteria were re-enrolled. A convenience sample from Cohort 2 was 
used to reach the recruitment goal of 60 subjects.

Laboratory Methods
Laboratory testing was performed at the end of the study. Other than each subject's unique 
identifier code and serum collection dates, laboratories were blinded to study information.

Plaque reduction neutralization—Plaque reduction neutralization (PRN) testing was 
performed using low-passage Edmonston MeV on Vero cell monolayers, as previously 
described[14]. Endpoints were determined for all serum samples tested and ND50 titers 
calculated using the Kärber method. Serial four-fold dilutions of serum were tested in 
duplicate starting at 1:8 and ending at 1:8192 against virus diluted to give 25-35 plaques/
well and run in parallel with the Second WHO International Standard Reference Serum 
(66/202). After incubating the virus-serum mixtures at 37° C with 5% CO2, the mixtures 
were transferred onto corresponding 24-well tissue culture plates containing confluent Vero 
monolayers; after incubating for 1 hour at 37° C, the inoculum was removed and cells 
overlaid with medium containing carboxymethylcellulose and returned to the incubator for 5 
days prior to staining with neutral red and plaque counting. Serum samples from individual 
subjects were tested in the same assay run. Titers were standardized against the WHO 
reference serum with a titer of 1:8 corresponding to 8 mIU/mL in this assay.
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Cell-mediated immunity—Cryo-preserved peripheral blood mononuclear cells (PBMCs) 
were thawed and cultured overnight in 5% CO2 at 37°C with Roswell Park Memorial 
Institute (RPMI) media supplemented with 4% human serum type AB (Lonza), 1% 
penicillin/streptomycin, and 1% 200 mM L-glutamine. Following the overnight culture, 
IFN-γ production by T-cells was assessed using enzyme-linked immunospot assays of
PBMCs (5×105 cells/well), as previously described[15]. PBMCs were stimulated either with 
a mixture of MeV hemagglutinin, fusion, and nucleoprotein proteins as 20 amino acid 
peptides (11 amino acids overlapping) at 1µg/mL or with a lysate from MeV-infected Vero 
cells (Advanced Biotechnologies) at 10µg/mL for 40 hours. RPMI media and Con A 
(5µg/mL) were used as negative and positive controls, respectively. After stimulation, the 
plates were incubated with biotin-conjugated antibodies to human IFN-γ, then developed
and read, as previously described[15]. Low and positive T-cell responses were categorized as 
<20 and ≥20 spot-forming cells (s.f.c.)/million PBMCs, respectively.

Avidity—MeV IgG antibody avidity was evaluated to determine whether there was a 
correlation between neutralizing antibody concentrations and strength of antibody binding. 
Avidity testing occurred after neutralization results were available using the method 
described previously[16]. Serum samples from all 662 subjects were split into quartiles 
based on baseline PRN antibody concentration. Subjects with negative neutralizing antibody 
concentrations were negative for MeV IgG by the Captia Measles IgG enzyme immunoassay 
assay (Trinity Biotech, Jamestown, NY), thus avidity could not be measured. All subjects 
with low MeV neutralizing antibody concentrations at baseline, 1-month, or 1-year post-
MMR3 were tested for MeV antibody avidity. A random number generator selected 
specimens from at least 10 subjects from each of the remaining 3 quartiles for avidity testing 
of 59 subjects. The specimen was classified as negative if at 1:21 dilution it had undetectable 
IgG by the Captia assay, low avidity if the end titer avidity index percentages (etAI%) were 
≤30%, intermediate between 30%-70% (intermediate results were retested), or high avidity 
if the etAI% was ≥70%.

Data analysis
Based on previous studies[17, 18], serum samples were categorized as: (1) negative (<8 
mIU/mL), susceptible to infection and disease; (2) low (8-120 mIU/mL), potentially 
susceptible to infection and disease; (3) medium (121-900 mIU/mL), potentially susceptible 
to infection but not disease; and (4) high (>900 mIU/mL), not susceptible to infection or 
disease. Serum samples were also dichotomized as potentially susceptible (<121 mIU/mL) 
and not susceptible (≥121 mIU/mL).

We combined Cohorts 1 and 2 during analysis because there were no statistically significant 
differences between the cohorts by sex, race/ethnicity, or age. However, Cohort 1 had 
significantly lower geometric mean concentrations (GMCs) of MeV neutralizing antibody at 
baseline (p=0.0289), so we stratified the chi-squared risk factor analysis at 1-month and 1-
year post-MMR3 by baseline MeV neutralizing antibody concentrations.

Mantel-Haenszel chi-squared and Fisher's exact tests were run to assess categorical 
variables. Wilcoxon Rank Sum tests were used for continuous variables. Potential risk 
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factors for negative or low MeV neutralizing antibody levels included: sex, age at first MMR 
dose, time since second MMR dose (we used <15 years versus ≥15 years prior based on 
average age of subjects at enrollment minus the age when the second dose was 
recommended), and (for post-MMR3 serum samples) the binary variable of whether the 
subject had low or negative MeV neutralizing antibody levels at baseline. In multivariate 
logistic regression, a backwards selection approach that used p-values <0.4 for inclusion and 
<0.05 for retention identified factors independently associated with negative or low MeV 
neutralizing antibody levels at baseline, 1-month and 1-year post-MMR3.

For the CMI analysis, the mean number of spot-forming cells resulting from PBMC 
stimulation with MeV peptide and MeV lysate was determined at baseline, 1-month, and 1-
year post-MMR3. The MeV-specific T-cell response was calculated by subtracting the mean 
spontaneous response (no stimulation) from the mean peptide or lysate response. MeV T-cell 
responses were correlated with MeV neutralizing antibody levels at baseline, 1-month, and 
1-year post-MMR3. For the avidity analysis, end titer avidity index percentages were
correlated with MeV neutralizing antibody levels at all 3 time points.

GMCs of MeV neutralizing antibody were calculated from base 2 log-transformed data. 
Statistical significance was assigned for P-values <0.05. Data were analyzed with SAS 9.3 
(Cary, NC). Reverse cumulative distribution curves were created in Excel to compare the 
shift in curves from baseline, 1-month, and 1-year post-MMR3.

Results
Enrollment

We contacted 194/200 persons from the longitudinal study; 113 (58.2%) were enrolled, 45 
(23.2%) refused, and 36 (18.5%) were ineligible (15 had previously received MMR3 and 21 
had other reasons). To achieve adequate sample size, we contacted 1379 (76.8%) of an 
additional 1795 persons. Of those, 572 (41.4%) were enrolled, 664 (48.2%) refused, and 143 
(10.4%) were ineligible (4 had previously received MMR3 and 139 had other reasons)
(Supplementary Figure 1).

Baseline serum samples were obtained from 685 enrolled subjects. We excluded 20 (2.9%) 
Cohort 1 subjects who had medium or high antibody concentrations for all 3 antigens 
throughout the longitudinal study and were, therefore, not given MMR3. An additional 3 
(0.4%) were excluded because they only had baseline samples. There were 662 (96.6%) 
subjects who received MMR3 and completed the 1-month draw; 617 (92.6%) completed the 
1-year draw. Subjects were aged 18-28 years, (mean: 20.8 years, standard deviation: +/-2.1);
294 (44.4%) were male and 649 (98.0%) were self-declared non-Hispanic, white. The mean
interval between the second and third MMR doses was 15.8 years (range: 6.7–20.4 years).

MeV neutralizing antibody concentrations pre- and post-MMR3
Of 662 subjects at baseline, 1 (0.2%) was seronegative, 23 (3.5%) had low MeV neutralizing 
antibody concentrations, 337 (50.9%) had medium concentrations, and 301 (45.5%) had 
high concentrations (Figure 1). The seronegative subject was a female aged 20 years who 
received her last MMR dose 18 years prior. At 1-month and 1-year post-MMR3, she had 
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medium MeV neutralizing antibody concentrations. Of 23 subjects with low baseline 
antibody concentrations, 1 was negative, 5 were low, 14 were medium, and 3 were high 1-
month post-MMR3. One year post-MMR3, 19 of 23 had sera drawn; 5 had low, 14 had 
medium, and 0 had high MeV neutralizing antibody concentrations.

Overall, at 1-month post-MMR3, 1/662 (0.2%) subjects had no detectable MeV neutralizing 
antibodies, 6 (0.9%) had low, 256 (38.7%) had medium, and 399 (60.3%) had high 
neutralizing antibody concentrations. One year post-MMR3, all 617 subjects who returned 
were positive for MeV neutralizing antibodies: 10 (1.6%) had low, 299 (48.5%) had 
medium, and 308 (49.9%) had high neutralizing antibody concentrations.

When assessed as a continuous variable, subjects with low or negative baseline MeV 
neutralizing antibody concentrations were more likely to have low or negative antibody 
concentrations 1-month and 1-year post-MMR3. Whereas subjects with high baseline 
concentrations were more likely to have high neutralizing antibody concentrations at 1 
month (R2=0.54, P<0.0001) and 1 year (R2=0.68, P<0.0001)(Figure 2).

GMCs were significantly different between baseline and 1-month post-MMR3 (727 vs. 1060 
mIU/mL, P<0.0001), and between baseline and 1-year post-MMR3 (727 vs. 843 mIU/mL, 
P<0.05). However, the reverse cumulative distribution curves show the shift in MeV 
antibody concentrations from baseline to 1-month to 1-year post-MMR3 was minimal 
(Figure 3).

Four-fold rises
Twenty-one (3.2%) of 662 subjects had ≥4-fold rises from baseline to 1-month post-MMR3, 
of whom at baseline 1 was seronegative, 8 had low antibody concentrations, and 12 had 
medium PRN concentrations. Eight (1.3%) of 617 subjects had ≥4-fold rises from baseline 
to 1-year post-vaccination, of whom at baseline 1 was seronegative, 4 had low 
concentrations, and 3 had medium PRN concentrations.

Risk factors for negative or low MeV neutralizing antibody concentrations pre- and post-
MMR3

The unadjusted odds ratios showed that those who had their first MMR dose at age 12-<15 
months ([Odds Ratio] OR:3.47, [Confidence Interval] CI:1.24–9.72, p=0.01) had a higher 
odds of having lower or negative baseline antibody concentrations compared with those who 
had their first dose at age ≥15 months, and those who had their second MMR dose <15 years 
prior had a lower odds of having low or negative baseline MeV neutralizing antibody levels 
versus those who had their second dose ≥15 years prior (OR:0.22, CI:0.05–0.93, p=0.03)
(Table 1).

Of 50 (7.6%) subjects who received their first dose at age 12-<15 months, 5 (10.0%) had 
negative or low baseline MeV antibody concentrations, versus 19/612 (3.1%) subjects who 
were vaccinated with their first dose at age ≥15 months. Of 190 (28.7%) subjects who 
received their second dose <15 years prior, 2 (1.1%) had negative or low baseline MeV 
antibody concentrations, versus 22/472 (4.7%) subjects who received their second dose ≥15 
years prior. In multivariate analysis, having the first MMR dose at 12-<15 months of age 
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remained a significant risk factor at baseline (OR:3.94,CI:1.37–11.30, p=0.01), and those 
who had their second MMR dose <15 years prior continued to have a lower odds of having 
low or negative MeV antibody concentrations (OR:0.18,CI:0.04–0.80, p=0.02).

At 1-month post-MMR3, there were no significant risk factors for having low or negative 
MeV antibody concentrations when adjusting the chi-squared analysis by controlling for 
baseline GMCs. In multivariate analysis, a significant risk factor for negative or low MeV 
antibody concentrations 1-month post-MMR3 was whether a subject had low or negative 
baseline MeV antibody concentrations (OR:195.8,CI:21.8–>999.9, p<0.0001).

At 1-year post-MMR3, females had a lower odds of having low or negative MeV antibodies 
(OR:0.34, CI:0.06–1.80, p=0.04) versus males when adjusting the chi-squared analysis by 
controlling for baseline GMCs. In multivariate analysis at 1-year post-MMR3, being female 
remained protective (OR:0.19, CI:0.04–0.99, p=0.049) and low or negative baseline MeV 
neutralizing antibody concentrations were a risk factor (OR:54.95, CI:10.90–277.14, 
p<0.0001).

Cell-mediated immunity
Of 60 CMI sub-study subjects, 7 were excluded (6 did not receive MMR3 and 1 had 
insufficient blood drawn); 1 (1.9%) of 53 subjects missed the 1-month draw and 6 (11.3%) 
missed the 1-year draw. MeV lysate stimulation results were missing for an additional 2 
subjects at baseline and 1 subject at 1 month. Positive controls were positive for all CMI 
subjects, indicating viable cells capable of spot-formation. The unstimulated T-cell mean 
spot-forming cells (s.f.c.)/million PBMCs was 0.1±0.1 at baseline, 0.1±0.1 at 1-month, and 
0.2±0.2 at 1-year post-MMR3.

Of 53 CMI sub-study subjects, none had negative baseline MeV neutralizing antibody 
concentrations and 5 (9.4%) had low baseline concentrations, of whom, 1 had a positive 
baseline CMI response (≥20 s.f.c./million PBMCs) to peptide stimulation and none had a 
positive baseline response to lysate stimulation. Only 13/48 (27.1%) subjects with medium 
or high baseline MeV neutralizing antibodies had a positive baseline CMI result by peptide 
stimulation and 7/46 (15.2%) subjects had a positive baseline CMI result by lysate 
stimulation.

The spot-forming cells/million PBMCs were generally higher with peptide stimulation 
compared to lysate stimulation. At baseline, the MeV peptide mean spot-forming cells was 
19.6±9.3 s.f.c./million PBMCs compared to 11.9±7.2 s.f.c./million PBMCs by lysate 
stimulation. At 1-month post-MMR3, the MeV peptide mean spot-forming cells was 
18.5±7.6 s.f.c./million PBMCs, with 13/52 (25.0%) specimens positive by peptide 
stimulation, compared with 7.3±2.9 s.f.c./million PBMCs, with 5/51 (9.8%) specimens 
positive by lysate stimulation. At 1-year post-MMR3, the mean spot-forming cells was 
29.7±15.9 s.f.c./million PBMCs, with 14/47 (29.8%) positive by peptide stimulation, 
compared with 10.3±6.4 s.f.c./million PBMCs, with 7/47 (14.9%) specimens positive by 
lysate stimulation.
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Baseline MeV antibody concentrations did not correlate with baseline MeV T-cell responses 
to peptide stimulation (R2=0.002, p=0.73) or lysate stimulation (R2=0.0008, p=0.85)(Figure 
4). MeV antibody concentrations at 1-month post-MMR3 correlated with MeV T-cell 
responses at 1 month by peptide stimulation (R2=0.30, p<0.0001), but the correlation did not 
remain after removing the 2 outliers (R2=0.05, p=0.13). There was no correlation between 
MeV antibody concentrations and lysate stimulation at 1 month (R2=0.001, p=0.80), but 
after removing the outlier, there was a correlation (R2=0.14, p=0.007). At 1-year post-
MMR3, there was a significant correlation between MeV antibody concentrations and MeV 
T-cell responses by peptide stimulation (R2=0.17, p=0.004), but no correlation by lysate
stimulation (R2=0.06, p=0.09).

Avidity
Overall, 38/59 (64.4%) subjects evaluated had MeV antibodies with high avidity at baseline 
(Table 2), including 7/24 (29.2%) subjects with low MeV antibody concentrations at 
baseline. The avidity results did not correlate with MeV antibody concentrations at baseline 
(R2=0.07, p=0.07), 1-month (R2=0.01, p=0.50) or 1-year (R2=0.02, p=0.31) post-MMR3 
(Figure 5).

Discussion
A modest but significant boost in MeV geometric mean neutralizing antibody concentrations 
occurred 1-month and 1-year post-MMR3 compared with baseline. However, almost all 
subjects were MeV seropositive prior to receiving MMR3, and subjects' antibody levels 
returned to near-baseline 1-year post-vaccination. Nonetheless, for the 24 (3.6%) subjects 
with low or negative baseline MeV antibody concentrations, 18 (75%) moved into medium 
or high categories at 1 month, of whom, 12 (67%) remained medium or high at 1 year. 
Among the subsets tested for CMI and avidity, we did not find compelling qualitative data to 
support a routine third dose of MMR vaccine.

The second MMR vaccine dose was recommended to provide measles immunity to 
individuals who failed to respond to the first dose[19]; two doses are 97% effective at 
preventing measles[20, 21]. Although 95% of vaccinated persons have detectable MeV 
antibodies 10-15 years after the second MMR dose[10, 22], waning immunity occurs after 
two doses[10][23], and two-dose failures have been documented[24].

Having a low or negative baseline MeV antibody concentration was the biggest risk factor 
for low or negative antibody concentrations 1-month and 1-year post-MMR3, suggesting 
that inherent biology may be partially responsible for a person's measles antibody levels[10, 
25]. Although our results concurred with other reports that timing of administration of the 
first and second MMR doses significantly affected MeV antibody levels later in life[26, 27], 
our findings represented only a small proportion of the study population (only 50 [7.6%] 
subjects received their first dose at age 12-<15 months).

Most subjects did not have a positive CMI result at baseline, despite the majority of subjects 
having medium or high baseline MeV antibody concentrations. Nonetheless, low-levels of 
spot-forming cells generally occurred for most specimens after stimulation, suggesting T-
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cell memory. However, this was not greatly boosted by MMR3. After removing outliers, we 
found mixed results at 1-month post-MMR3 with no correlation between MeV antibody 
response and MeV T-cell response by peptide stimulation, but a significant correlation by 
lysate stimulation. Although we did find a significant correlation between CMI response by 
peptide stimulation and MeV antibody concentration at 1-year post-MMR3, <1/3 of subjects 
had positive cell-mediated responses by peptide stimulation and even fewer had positive 
responses by lysate stimulation at 1 year. These findings could have been because transient 
increases in circulating MeV-specific T-cells were missed due to specimen collection timing 
(antigen-stimulated T-cell responses typically peak 2 weeks post-vaccination[28], whereas 
samples were taken 1-month and 1-year post-MMR3). Other studies assessing antibody and 
T-cell responses after a second MMR dose showed no correlation[29, 30]. Another
possibility is that numbers of T-cells producing IFN-γ in response to MeV did not increase
post-MMR3 due to lack of infection by vaccine virus in the presence of neutralizing
antibodies.

The MeV IgG avidity results did not correlate with neutralization results. Most subjects 
reached an IgG avidity plateau. Typically, IgG avidity maturation for measles shifts from 
low to high 4 months following immunization or infection[16] which might negate 
additional increases in antibody avidity with subsequent doses of measles-containing 
vaccine. Nonetheless, only 29% of subjects with low baseline MeV neutralizing antibody 
concentrations had high avidity results at baseline. It could be interpreted that subjects with 
poor antibody response and intermediate avidity results were potentially susceptible prior to 
revaccination. However, the avidity results are an average of the measles IgG and should be 
interpreted cautiously, since whole MeV is used as the target antigen in the avidity assay, 
whereas the neutralization assay measures antibodies that bind MeV surface 
glycoproteins[31].

Our study had additional limitations. Subjects were not representative of the U.S. 
population. Selection bias may have occurred in Cohort 1, because MMR3 was only offered 
to those who had a low or negative measles, mumps, or rubella antibody concentration 
during the longitudinal study.

Overall, MeV neutralizing antibody concentrations initially increased after MMR3 but 
declined to near-baseline levels one year later. Although our findings showed that MMR3 
increased antibody levels for the small percentage of subjects with low MeV neutralizing 
antibody concentration levels who were on the cusp of protection, the CMI and avidity 
results in the subset tested showed that MMR3 did not result in substantial improvements in 
the quality of the immune response. While a third MMR dose may successfully immunize 
the rare individual who failed to respond after two doses, MMR3 is unlikely to solve the 
problem of waning immunity in the U.S. A better strategy for maintaining U.S. measles 
elimination would be to improve vaccination coverage in pockets of unvaccinated 
individuals and maintain high two-dose coverage nationally with the current two-dose MMR 
recommendation.
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Figure 1. 
Flow chart of measles virus neutralizing antibody concentration levels at baseline, 1 month, 
and 1 year following a third dose of MMR vaccine.
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Figure 2. 
A. Comparison of individual measles antibody concentration levels at baseline and 1 month
following a third dose of MMR vaccine. R2=0.54, p<0.0001. B. Comparison of individual
measles antibody concentration levels at baseline and 1 year following a third dose of MMR
vaccine. R2=0.68, p<0.0001. For both figures, data points are represented by circles and they
show the comparison result for each subject. The dark solid line represents the best-fit of the
comparison. The light shading around the line represents the 95% confidence limits. The
dotted lines represent 95% prediction limits.
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Figure 3. 
Reverse cumulative distribution curve by percent of subjects who had measles virus 
neutralizing antibody concentrations at baseline, 1 month, and 1 year following a third dose 
of MMR vaccine.
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Figure 4. 
Figure 4a: A. Comparison of baseline measles virus neutralizing antibody concentration 
levels (mIU/mL) and baseline measles virus T-cell response to measles virus peptide 
stimulation (spot-forming cells [s.f.c.]/ million cells), n= 53. R2= 0.002, p=0.73. B. 
Comparison of measles virus neutralizing antibody concentration levels (mIU/mL) and 
measles virus T-cell response to measles virus peptide stimulation (s.f.c./ million cells) 1 
month after receiving a third dose of MMR vaccine, n=50. R2=0.05, p=0.13 (Note that 2 
outliers were removed from the figure). When the 2 outliers were included, the results were: 
n=52. R2= 0.30, p<0.0001, and the x-axis on the graph extended beyond 40,000 mIU/mL. C. 
Comparison of measles virus neutralizing antibody concentration levels (mIU/mL) and 
measles virus T-cell response to measles virus peptide stimulation (s.f.c./ million cells) 1 
year after receiving a third dose of MMR vaccine, n=47. R2= 0.17, p=0.004. For all figures, 
data points are represented by circles and they show the comparison result for each subject. 
The dark solid line represents the best-fit of the comparison. The light shading around the 
line represents the 95% confidence limits. The dotted lines represent 95% prediction limits.
Figure 4b: A. Comparison of baseline measles virus neutralizing antibody concentration 
levels (mIU/mL) and baseline measles virus T-cell response to measles virus lysate 
stimulation (s.f.c./ million cells), n=51. R2= 0.0008, p=0.85. B. Comparison of measles virus 
neutralizing antibody concentration levels (mIU/mL) and measles virus T-cell response to 
measles virus lysate stimulation (s.f.c./ million cells) 1 month after receiving a third dose of 
MMR vaccine, n=49. R2= 0.14, p=0.007 (Note that 1 outlier was removed from the figure; 
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the other outlier was already missing because of insufficient blood drawn to analyze the 
measles virus lysate response). When the outlier was included, the results were: n=50. 
R2=0.001, p=0.80, and the x-axis on the graph extended beyond 40,000 mIU/mL. C. 
Comparison of measles virus neutralizing antibody concentration levels (mIU/mL) and 
measles virus T-cell response to measles virus lysate stimulation (s.f.c./ million cells) 1 year 
after receiving a third dose of MMR vaccine, n=47. R2=0.06, p=0.09. For all figures, data 
points are represented by circles and they show the comparison result for each subject. The 
dark solid line represents the best-fit of the comparison. The light shading around the line 
represents the 95% confidence limits. The dotted lines represent 95% prediction limits.
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Figure 5. 
A. Comparison of baseline measles virus neutralizing antibody concentration levels
(mIU/mL) and baseline measles virus antibody avidity levels (end titer avidity index
percentage [etAI%]), n= 51. R2=0.07, p=0.07. B. Comparison of measles virus neutralizing
antibody concentration levels (mIU/mL) and measles virus antibody avidity levels (etAI%) 1
month after receiving a third dose of MMR vaccine, n=51. R2=0.01, p=0.50. C. Comparison
of measles virus neutralizing antibody concentration levels (mIU/mL) and measles virus
antibody avidity levels (etAI%) 1 year after receiving a third dose of MMR vaccine, n=47.
R2=0.02, p=0.31. For all figures, data points are represented by circles and they show the
comparison result for each subject. The dark solid line represents the best-fit of the
comparison. The light shading around the line represents the 95% confidence limits. The
dotted lines represent 95% prediction limits.
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Vaccine development needs a booster shot

A new study, which finds that immunity from the whooping
cough vaccine fades sharply over time, underscores the
urgent need to develop new vaccines and consider
additional booster shots for children, health experts say.

Authors say the study in today's New England Journal of
Medicine helps explain part of the resurgence in
whooping cough, or pertussis, which has sickened more
than 26,000 this year  the largest outbreak in more than
50 years.

The current vaccine, in use since the 1990s, doesn't
protect people as long as previously believed, losing 42%
of its effectiveness with each passing year, says author
Nicola Klein, codirector of the Kaiser Permanente
Vaccine Study Center in Oakland, Calif. So even some
fully vaccinated children  who have received all five

doses recommended by age 4 to 6  would still be vulnerable to the disease by age 10.

The Centers for Disease Control and Prevention has reached similar conclusions, says
Tom Clark, a CDC epidemiologist specializing in whooping cough. While the whooping
cough vaccine protects about 98% of children in the first year, it protects only about 70%
five years later, Clark says.

"We know the shortterm protection is very good," Clark says. "But the protection is
wearing off and that is the problem."

The findings shouldn't cause parents to stop vaccinating their children, however, Klein
says. Even an imperfect vaccine is better than no vaccine, she says.

Whooping cough is typically more severe among unvaccinated children than among those
who've had at least some of their shots, Clark says. Unvaccinated patients also tend to be
sick longer and are often more contagious.

Doctors say they're most concerned about infants.

Newborns too young to be fully vaccinated  whose airways can quickly swell shut  are
the most likely to die from whooping cough, says C. Mary Healy, a pediatric infectious
disease specialist at Texas Children's Hospital in Houston. Eleven of the 13 deaths from
whooping cough this year were in infants; the other two deaths were in toddlers, according
to the CDC.

Given the vaccine's limitations, Healy says, it's more important than ever to create a
"cocoon" of protection around babies by vaccinating everyone around them. About 75% of
babies with whooping cough contract the bacteria from a household member, such as a
sibling, parent or grandparent.

"If a vaccine does not have 100% protection that's lifelong, then it's even more important
that we have â??herd immunity' to stop the virus from circulating into the community,"
Healy says. "That's an unacceptable level of infant deaths, in the 21st century, in the
richest country in the world."
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Ultimately, the country needs a better vaccine, says James Cherry of the University of
CaliforniaLos Angeles.

But "the business of coming up with a better vaccine is not going to be a quick fix," says
Edgar Marcuse, a professor of pediatrics at Seattle Children's Hospital. "We still don't fully
understand immunity from pertussis."

For example, even those naturally infected with whooping cough don't develop lifelong
immunity, and can come down with the bacterial infection again in 10 years or less,
Marcuse says.

Infection rates today, in spite of the current outbreak, are 23 times lower than in the pre
vaccine days, Cherry says. In the prevaccine era, up to 270,000 Americans became sick
with whooping cough each year, known as the "100day cough," and up to 10,000 died,
Klein says.

The whooping cough vaccine, available beginning in the 1940s, cut infection rates
dramatically. That vaccine, known as DTP, was associated with more reactions than the
current vaccine.

Most of those reactions were mild, such as increased crying or sore arms and legs. Some
children developed benign  but frightening  feverrelated seizures, which occured in
about one in every 1,750 doses, says Gregory Poland, a professor of infectious disease at
the Mayo Clinic in Minnesota.

An analysis by the Institute of Medicine found that DTP could cause rare but more serious
problems: a dangerous brain inflammation, occurring in 1 to 10 per million doses; and an
unusual, shocklike state, occurring 3 to 300 times per million doses, Poland says.

Whooping cough rates began rising after the current vaccine, known as Dtap, came into
widespread use in the late 1990s, Cherry says.

The experience with DTP had farreaching effects.

Although multiple studies show that today's vaccines are safe, many parents remain
nervous about immunizations, delaying or skipping some of their children's shots  a trend
that has helped to fuel outbreaks of a number of infectious diseases, says Tom Belhorn, a
pediatric infectious disease specialist at the University of North CarolinaChapel Hill.

Until researchers produce a better vaccine  with longlasting immunity  health experts
could consider changing the vaccine schedule to get the most protection possible from the
current shot, Poland says. Researchers would have to first carefully test the safety of any
changes, he says, to avoid causing bad reactions.

For example, the CDC's Advisory Committee on Immunization Practices could consider
adding an additional booster shot for teens  who have made up a large number of
whooping cough patients  at around 16 or 17, Clark says. There's not much room in the
current vaccine schedule to add extra shots for little kids, and there are currently no
whooping cough vaccines licensed for children ages 7 to 10.

To better protect infants, Cherry says, researchers could test the safety of giving babies
their first three vaccinations by age 3 months, instead of 6 months. Vaccinating pregnant
women also helps protect babies for the first month or two of life, he says.
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ABSTRACT 

Compulsory childhood vaccination is a cornerstone of U.S. public 
health policy. All fifty states compel children to vaccinate against 
many infectious diseases to achieve so-called herd immunity, a 
scientific theory that attempts to explain how societies protect 
themselves against infectious disease. 

This Article explores both the theory and practice of herd 
immunity. The authors evaluate the scientific assumptions underlying 
the theory, how the theory applies in law, a game theory approach to 
herd immunity, and a possible framework for rational policymaking. 
The Article argues that herd immunity is unattainable for most 
diseases and is therefore an irrational goal. Instead, the authors 
conclude that herd effect is attainable and that a voluntary vaccination 
marketplace, not command-and-control compulsion, would most 
efficiently achieve that goal. 

The Article takes on the bugaboo of the citizen “free rider” who is 
out to game the system, how a vaccination marketplace might work, 
and what factors policymakers must take into account in developing 
sound policies. The Article concludes that it is time for states to adopt 
more realistic and cost-efficient laws to achieve attainable herd effect, 
not illusory herd immunity. 

INTRODUCTION 

any state and federal laws compel childhood vaccination based 
on the theory of herd immunity.1 The theory describes a form 

of indirect protection in which non-immune individuals are protected 
from those that have acquired a disease and recovered.2 Promoters of 

1 See James G. Hodge, Jr. & Lawrence O. Gostin, School Vaccination Requirements: 
Historical, Social, and Legal Perspectives, 90 KY. L.J. 831, 833 (2002) (“Each state has 
school vaccination laws which require children of appropriate age to be vaccinated for 
several communicable diseases.” (citation omitted)); see also State Information, 
IMMUNIZATION ACTION COALITION, http://www.immunize.org/laws (last visited Mar. 6, 
2014) (showing vaccination mandates by state, and while the Immunization Action 
Coalition is solely responsible for this website, its information is based on government 
sources, and the website is funded in part by the Centers for Disease Control and 
Prevention). 

2 See, e.g., Paul Fine et al., “Herd Immunity”: A Rough Guide, 52 CLINICAL
INFECTIOUS DISEASES 911 (2011) [hereinafter Fine, Rough Guide]; Paul E.M. Fine, Herd 
Immunity: History, Theory, Practice, 15 EPIDEMIOLOGIC REVS. 265 (1993) [hereinafter 
Fine, History]; John P. Fox et al., Herd Immunity: Basic Concept and Relevance to Public 
Health Immunization Practices, 94 J. EPIDEMIOLOGY 179 (1971). 

M

Many state and federal laws compel childhood vaccination based 1 on the theory of herd immunity. The theory describes a form of indirect protection in which non-immune individuals are protected from those that have acquired a disease and recovered.2 Promoters of

Natural Immunity
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universal vaccination adopted this theory, suggesting that it applies to 
vaccine-induced immunity as well.3 Today, herd immunity is the 
central rationale for compulsory vaccination, and the U.S. Supreme 
Court has long upheld the right of states to mandate vaccines under 
certain circumstances.4 Vaccine proponents in the United States argue 
that the theory justifies vaccination of all children against vaccine-
targeted diseases, except those few children with lawful exemptions.5 
Today, at or above ninety percent of all U.S. children have been 
vaccinated against routine childhood diseases, including measles, 
mumps, and pertussis.6 

But the theory of herd immunity alone does not justify compulsion. 
The leap in logic from herd immunity theory to compulsory 
vaccination programs requires three fundamental assumptions: (1) 
that herd immunity is a valid and obtainable objective of vaccination 
policy; (2) that without compulsion, unvaccinated individuals, or their 
guardians, will seek to “free ride” on the immunity of the community; 
and (3) that individuals have an implied duty to society to be 
vaccinated to achieve herd immunity.7 This Article looks at the 
underpinnings of the herd immunity theory and at the ties binding the 
theory to compulsory laws. Is herd immunity obtainable with modern 
vaccines? Are the assumptions of the theory relevant in the real 
world? Is there a free rider problem? Do members of society, and 
children in particular, have an obligation to accept vaccines “for the 
good of the herd”? 

This Article concludes that herd immunity has only limited 
application in the world of policy. Given contemporary, imperfect 
vaccine technology and geographical and age-stratified vaccination 
mandates, herd immunity does not exist and is not attainable. 
Therefore, policy should seek to maximize attainable benefits, not 
unattainable ones, by relying on herd effect and the optimal use of 
scarce resources. 

A game theory approach suggests that a market based on individual 
vaccination choices would best protect society. Game theory refutes 

3 Id. 
4 See Jacobson v. Massachusetts, 197 U.S. 11 (1905). 
5 See Hodge, Jr. & Gostin, supra note 1. 
6 Ctrs. for Disease Control & Prevention, National, State, and Local Area Vaccination 

Coverage Among Children Aged 19–35 Months—United States, 2009, 59 MORBIDITY & 
MORTALITY WKLY. REP. 1171, 1171–73 (2010), available at http://www.cdc.gov/mmwr 
/preview/mmwrhtml/mm5936a2.htm. 

7 See Douglas S. Diekema, Choices Should Have Consequences: Failure to Vaccinate, 
Harm to Others, and Civil Liability, 107 MICH. L. REV. FIRST IMPRESSIONS 90 (2009). 

universal vaccination adopted this theory, suggesting that it applies to vaccine-induced immunity as well.

Given contemporary, imperfect vaccine technology and geographical and age-stratified vaccination mandates, herd immunity does not exist and is not attainable.
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the free rider problem by showing that a unique equilibrium point 
exists that best balances vaccination benefits and disease harms. The 
Article finds that market-based, not regulatory, solutions better fit 
vaccination decision making.8 This market approach suggests that in 
the long term, individuals will appropriately balance the relative costs 
of vaccination and infection, leading people to vaccinate voluntarily 
in light of the cost-benefit analysis. Although the equilibrium 
vaccination coverage is in almost all cases lower than the herd 
immunity threshold, “soft” regulation can achieve aggregate health 
benefits for society without imposing inefficient marginal costs on 
individuals and the healthcare system.9 We therefore argue that 
personal choices in a market with adequate information would better 
allocate scarce healthcare resources, better protect the public health, 
and better respect individual autonomy. Our viewpoint may help 
explain why many developed countries, including those with political 
systems closest to our own, have only voluntary childhood 
vaccination programs. Vaccination uptake and disease levels in these 
countries, including Canada, the United Kingdom, Australia, and New 
Zealand, are comparable to those in the United States.10 

8 Such market-based approaches have been well described in the literature of 
administrative and regulatory law. See generally OFFICE OF MGMT. & BUDGET, CIRCULAR 
A-4, at 7-9 (2003), available at http://www.whitehouse.gov/omb/circulars_a004_a-4
(outlining alternatives to federal regulation, including specification of performance as
opposed to design standards, use of economic incentives, and informational measures);
Bruce A. Ackerman & Richard B. Stewart, Reforming Environmental Law, 37 STAN. L. 
REV. 1333, 1336–37 (1985) (describing the “massive information-gathering burdens” on
administrators attempting to impose command-and-control emissions regulations).

9 Cf. Exec. Order No. 12,866 § 1(b)(3), 58 Fed. Reg. 190 (Oct. 4, 1993) (“Each agency 
shall identify and assess available alternatives to direct regulation, including providing 
economic incentives to encourage the desired behavior, such as . . . providing information 
upon which choices can be made by the public.”); id. at § 1(b)(6) (“Each agency shall 
assess both the costs and the benefits of the intended regulation and . . . propose or adopt a 
regulation only upon a reasoned determination that the benefits of the intended regulation 
justify its costs.”); see also Exec. Order No. 13,563 § 1(b), 76 Fed. Reg. 14 (Jan. 21, 2011) 
(supplementing Exec. Order No. 12,866 and reaffirming general principles of regulatory 
policy). 

10 There is no mandatory vaccination in the United Kingdom. Childhood Immunisation: 
A Guide for Healthcare Professionals, BRIT. MED. ASS’N (June 2003), http://www 
.worcslmc.co.uk/upload/Childhood_Immunisation_June_03.pdf. Scandinavia and 
Germany also rely on voluntary vaccination rather than compulsion. Id. There are some 
vaccination requirements in Australia, but there is a broad right of conscientious objection. 
Id. Some provinces in Canada require vaccines but allow conscientious objection, and the 
country as a whole does not mandate vaccination. Vaccine Safety Frequently Asked 
Questions, PUB. HEALTH AGENCY OF CAN., http://www.phac-aspc .gc.ca/im/vs-sv/vs-
faq16-eng.php (last modified Aug. 27, 2012). In 2012, the United Kingdom, with a 
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Every state in the United States currently mandates roughly 
twenty-five to thirty-five doses of vaccines to preschoolers and 
school-aged children, with limited rights of exemption.11 While there 
are other vaccination mandates in the United States for military 
personnel, hospital workers, and university students, to name a few, 
this Article focuses exclusively on state mandates for preschoolers 
and schoolchildren. Today, if children do not comply with state 
vaccination mandates and do not have valid exemptions, they lose 
their ability to attend school, a fundamental right and obligation of 
citizenship.12 Further, state agents may charge the parents with 
medical neglect and potentially remove children to foster care for 
failure to vaccinate.13 Even if a state offers limited medical, religious, 
and philosophical exemptions, we consider its vaccination mandate to 
be compulsory for purposes of this Article. We do so because in the 
majority of states, exemptions are extremely limited,14 and even in 
those states where they exist, there are strong legislative efforts to 
curtail them.15 We note at the outset that many vaccine-related issues 
are beyond the scope of this Article. While further considerations of 

population of roughly 63 million, had 0 reported cases of diphtheria, 2092 reported cases 
of measles, and 3178 reported cases of mumps. WHO Vaccine-Preventable Diseases: 
Monitoring System. 2014 Global Summary, WORLD HEALTH ORG., http://apps.who.int 
/immunization_monitoring/globalsummary/ (select “United Kingdom of Great Britain and 
Northern Ireland (the)” from the dropdown menu) (last updated July 15, 2014). Similarly, 
Australia, with a population of roughly 23 million, had 0 reported cases of diphtheria, 199 
reported cases of measles, and 195 reported cases of mumps in 2012. Id. (select 
“Australia” from the dropdown menu). In 2012, the United States, where choice is more 
limited, with a population of roughly 317 million, had 1 reported case of diphtheria, 55 
reported cases of measles, and 229 reported cases of mumps. Id. (select “United States of 
America (the)” from the dropdown menu). 

11 See States with Religious and Philosophical Exemptions from School Immunization 
Requirements, NAT’L CONF. STATE LEGISLATURES (Dec. 2012), http://www.ncsl.org 
/research/health/school-immunization-exemption-state-laws.aspx (showing that only 
Mississippi and West Virginia do not have religious exemptions). 

12 See, e.g., N.Y. PUB. HEALTH LAW § 2164 (Consol. 2011). 
13 See Kim Mack Rosenberg, Forced Child Removal, in VACCINE EPIDEMIC: HOW 

CORPORATE GREED, BIASED SCIENCE, AND COERCIVE GOVERNMENT THREATEN OUR 
HUMAN RIGHTS, OUR HEALTH, AND OUR CHILDREN 238 (Louise Kuo Habakus & Mary 
Holland eds., 2012). 

14 See Y. Tony Yang & Vicky Debold, A Longitudinal Analysis of the Effect of 
Nonmedical Exemption Law and Vaccine Uptake on Vaccine-Targeted Disease Rates, 104 
AM. J. PUB. HEALTH 371 (2014) (stating that fewer than ten percent of all children have 
exemptions). 

15 See, e.g., First Warning Letter from Jane R. Zucker, Assistant Comm’r, N.Y.C. Dep’t 
of Health & Mental Hygiene, to Principals (Nov. 8, 2012), available at http://schools.nyc 
.gov/NR/rdonlyres/1B9F9BF4-34AE-49B9-8C45-B0176A0CA970/0/FirstWarningLetter 
.pdf (threatening principals if they do not achieve 98.8% vaccination compliance). 
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personal autonomy, vaccine safety, and vaccine injury are all critical 
and interrelated, we do not consider those issues in depth here.16 

Part I defines and analyzes herd immunity and the closely related 
but distinct concept of herd effect. It contrasts disease eradication and 
elimination with control, highlighting the limits of what modern 
vaccination programs can achieve. It then explores the real world of 
disease outbreaks in vaccinated and unvaccinated populations. Part II 
introduces the Feudtner-Marcuse framework for “just” vaccination 
policy. This systematic approach highlights seven objectives of 
vaccination programs, including mandatory ones. Part III reviews 
game theory to understand the factors that drive people to choose or 
decline vaccination. We discuss a social equilibrium point that 
maximizes net public health gains. The Article ends by summarizing 
our conclusions and recommendations for U.S. vaccination policies. 

I 
HERD IMMUNITY AND ITS ASSUMPTIONS 

Herd immunity depends on the time a disease persists within an 
infected host and the rate at which the disease spreads.17 In a 
population of only susceptible individuals, the introduction of a single 
infected person will result in indiscriminate transmission to all others 
whom the infected person contacts until those infected people die or 
recover.18 The average number of people in such a susceptible 
population who become infected is the so-called basic reproduction 
number R0.19 Each of those people who contracted the disease from 
the initial infected individual is able to transmit the disease to other 
susceptible contacts; this process repeats itself until the entire 

16 Other sources provide more in-depth considerations of these issues. See generally 
VACCINE EPIDEMIC: HOW CORPORATE GREED, BIASED SCIENCE, AND COERCIVE 
GOVERNMENT THREATEN OUR HUMAN RIGHTS, OUR HEALTH, AND OUR CHILDREN, 
supra note 13; see also Mary Holland et al., Unanswered Questions from the Vaccine 
Injury Compensation Program: A Review of Compensated Cases of Vaccine-Induced 
Brain Injury, 28 PACE ENVTL. L. REV. 480 (2011). 

17 See J.M. Heffernan et al., Perspectives on the Basic Reproductive Ratio, 2 J. ROYAL 
SOC’Y INTERFACE 281 (2005). 

18 See Fine, History, supra note 2, at 273 fig.5 (showing one hundred percent 
transmission from one individual to all other individuals with whom he or she has 
effective contact in an entirely susceptible population). 

19 Heffernan et al., supra note 17. 
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population is infected.20 This model of disease transmission exhibits 
epidemic dynamics.21 

A. Herd Immunity Threshold

By contrast, consider the case where a certain fraction T of the 
population has immunity to the disease. If a single infected individual 
comes into the population, the average number of secondary 
infections from transmission is then R0(1-T).22 If R0(1-T) < 1, then the 
disease on average will not spread to other susceptible people.23 This 
means that the disease is likely to die out either through the host’s 
death or recovery before further spread.24 The threshold TH of 
immune individuals to create these circumstances is TH = 1-1/R0, or 
the herd immunity threshold.25 The underlying rationale for mass 
vaccination policies is to ensure that the fraction of immune 
individuals in society is above the herd immunity threshold, thus 
eliminating the disease from the population.26 The moral of the herd 
immunity story, though, is that not every individual needs to be 
immune to provide protection to the society as a whole.27 

B. Herd Effect

The concept of herd immunity refers to the complete removal of a 
disease from society; so long as any member of the population has 
immunity to the disease, however, the disease’s ability to spread 

20 See Fine, History, supra note 2 (showing the complete spread of infection in an 
entirely susceptible society). 

21 See id. at 269 (defining the epidemic threshold for a simple mass-action model of 
infectious dynamics). 

22 To derive this relationship, note that within a susceptible population of size N, a 
single infectious individual will infect on average R0 persons. If NV members of the 
population have immunity to the disease, however, then transmission is only possible 
within a subpopulation of size N-NV. The resulting average number of secondary infections 
then decreases to (R0/N)(N-NV) = R0(1-NV/N) = R0(1-T).  

23 See Heffernan et al., supra note 17, at 281–87. 
24 Id. 
25 See generally Fine, History, supra note 2, at 269 (providing one example of use of 

the herd immunity threshold); Fine, Rough Guide, supra note 2, at 912 fig.1 (providing 
another example of use of the herd immunity threshold). 

26 See Fine, Rough Guide, supra note 2 (discussing the success of vaccination programs 
against measles, mumps, rubella, etc. in delaying or averting epidemics by keeping the 
amount of susceptible individuals below the threshold); see also Fine, History, supra note 
2 (discussing the success of the global smallpox eradication program). 

27 See Fine, History, supra note 2. 
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lessens.28 This decrease in the rate of epidemic transmission is the 
herd effect.29 Even if herd immunity itself is not achievable, society 
still benefits from a “buffer” of immune individuals in order to 
mitigate disease.30 Although the concepts of herd immunity and herd 
effect are sometimes interchangeable, they describe different aspects 
of the immunity puzzle—whereas herd immunity aims to eliminate a 
disease from society, herd effect refers to infection control.31 Since 
the 1960s, compulsory state vaccination programs have achieved herd 
effects for specific diseases, but none has achieved herd immunity. 
We maintain the analytic distinction between these terms in the 
discussion below. 

C. The Free Rider Problem

Why are universal mandatory vaccination policies necessary if we 
can achieve herd immunity by vaccinating only a fraction of the 
population? Proponents of compulsion argue that if vaccination is not 
mandatory, then herd immunity is generally unattainable due to a free 
rider problem.32 From the perspective of an individual weighing the 
decision to vaccinate, it is in her best interest not to vaccinate because 
she is unlikely to become sick if all others are immune and are 
unlikely to transmit disease.33 This decision-maker could then “free 
ride” on the immunity of others.34 

If all individuals in a population attempt to free ride, then they all 
run the risk of illness. If the expected risks of vaccine injury outweigh 
those of illness, then no one will choose to vaccinate.35 This situation 

28 See T. Jacob John & Reuben Samuel, Herd Immunity and Herd Effect: New Insights 
and Definitions, 16 EUR. J. EPIDEMIOLOGY 601, 601 (2000) (defining herd effect). 

29 See id. (distinguishing herd effect and herd immunity). 
30 See Fine, Rough Guide, supra note 2, at 912 (discussing the importance of “selective 

vaccination”—specifically, vaccinating groups that play an important role in transmission, 
either in slowing transmission or reducing incidence among the entire population). 

31 See infra Part I.F. (discussing definitions of “control” and “elimination” in the 
context of vaccination policy). 

32 See Fine, Rough Guide, supra note 2, at 914. 
33 See id. 
34 See id. 
35 It is essential to distinguish between perceived and absolute costs of vaccination and 

infection. In general, individuals in society operate under limited information as to the 
probabilities of vaccine-related harm and infection and thus make individual estimations of 
expected costs consistent with such incomplete information. If all members of society had 
perfect information, absolute costs of vaccination and infection could be determined. In 
practice, such perfect information is never available. See infra Part III. 
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represents a tragedy of the commons, in which society loses an 
important benefit because of competing individual interests.36 As the 
rate of infection decreases, individuals may perceive the risks of 
infection as declining, inducing some individuals to forego 
vaccination. This scenario has led some to decry that vaccines are the 
“victim[s] of their own success.”37 Compulsory vaccination is then 
one solution to the potential free rider problem because it forces all 
children to assume part of the collective responsibility to prevent 
infectious disease.38 

D. Assumptions Underlying Herd Immunity Theory

The potential social costs of the free rider problem are severe in the 
face of a highly infectious, life-threatening disease and the failure to 
reach the herd immunity threshold.39 Under what conditions, 
however, is herd immunity actually possible? Many of the underlying 
assumptions of herd immunity may be irrelevant in the real world, as 
authoritative scientists have acknowledged.40 We address the 
following core assumptions of the theory41: 

1. Population homogeneity;
2. Well-mixing of the population;
3. Random vaccination of individuals;
4. Perfect vaccine efficacy; and
5. Age uniformity in the population.

36 See Chris T. Bauch et al., Rapid Emergence of Free-Riding Behavior in New 
Pediatric Immunization Programs, 5 PLOS ONE 1, 1 (2010). 

37 See Matthew Janko, Vaccination: A Victim of Its Own Success, 14 VIRTUAL MENTOR 
3, 4 (2012). 

38 Dagobert L. Brito et al., Externalities and Compulsory Vaccinations, 45 J. PUB. 
ECON. 69, 69–70 (1991) (quoting J.E. STIGLITZ, ECONOMICS OF THE PUBLIC SECTOR 210 
(2d ed. 1988)). 

39 See, e.g., V.A.A. Jansen et al., Measles Outbreaks in a Population with Declining 
Vaccine Uptake, 301 SCIENCE 804, 804 (2003) (relating the decline in measles 
vaccinations to “a number of large measles outbreaks”). 

40 See Fine, History, supra note 2, at 276. 
41 See id. (naming an incomplete list of assumptions); see also Fine, Rough Guide, 

supra note 2, at 912–14 (discussing probable complexities that would upset the core 
assumptions). 
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1. The Assumption of Population Homogeneity

Population homogeneity involves two related but distinct concepts:
(1) compositional homogeneity and (2) spatial homogeneity.42

Compositional homogeneity means that all individuals belong to a
single identifiable group.43 Persons within this group transmit the
disease among themselves as if all group members are the same.44

Compositional homogeneity ignores racial, sociological, economic,
and genetic differences, all of which in the real world may affect
resistance to an infectious disease.45

Spatial homogeneity, by contrast, refers to the degree of uniform 
spread over a geographic region.46 Spatial homogeneity assumes that 
people behave identically in spreading disease.47 But if a group of 
people lives in a particular area, and its members spread disease 
differently from the rest of society, then this violates the assumption 
of interchangeability.48 For the simple analysis of herd immunity to 
hold true, both compositional and spatial homogeneity must exist.49 

As a practical matter, however, compositional homogeneity never 
holds. Social stratification by age, ethnicity, class, gender, race, and 
sexual orientation, among other factors, results in differing individual 
risks.50 For example, the Centers for Disease Control and Prevention 
(CDC) noted that more than fifty percent of all new cases of HIV
infection between 2006 and 2009 were among men who have sex

42 See generally DIETRICH STOYAN ET AL., STOCHASTIC GEOMETRY AND ITS 
APPLICATIONS (2d ed. 1995) (discussing spatial homogeneity in the context of stochastic 
point processes); see also Fine, Rough Guide, supra note 2, at 913 (discussing models of 
heterogeneous populations). 

43 Id. 
44 Id. 
45 Id. 
46 See generally STOYAN ET AL., supra note 42. 
47 Spatial homogeneity is mathematically defined by the property of translation-

invariance for all probabilistic descriptors governing the spatial correlations among groups 
of individuals within a population, implying that the choice of origin for a Euclidean 
coordinate system adopted to describe the spatial region does not affect measured 
statistical properties. 

48 Fine, Rough Guide, supra note 2, at 913. 
49 Id. (listing heterogeneous populations as a complex problem disrupting herd 

immunity’s core assumptions). 
50 See generally CDC Fact Sheet: Estimates of New HIV Infections in the United States, 

2006–2009, CTRS. FOR DISEASE CONTROL & PREVENTION 1, 3 (Aug. 2011), 
http://www.cdc.gov/nchhstp/newsroom/docs/Hiv-infections-2006-2009.pdf (providing 
statistics showing disparities in HIV outbreaks among differing populations). 
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with men.51 Additionally, African Americans accounted for forty-four 
percent of new HIV infections in 2009.52 These types of differences 
are compositional, relating to characteristics that distinguish 
population subgroups. Compositional heterogeneity increases the herd 
immunity threshold for the population, meaning that the minimum 
number of people vaccinated must be higher, because vaccination of 
low-risk individuals provides little marginal herd effect. 

Spatial homogeneity, another bedrock assumption of herd 
immunity, similarly does not hold true in practice.53 Scientists have 
studied the effects of clustering using network models, showing 
individuals as nodes on a graph with intersections indicating 
transmissible contacts.54 Limiting the types and numbers of 
transmissible contacts can substantially change the rate at which a 
disease spreads through the population.55 The existence of isolated, 
highly clustered groups of susceptible individuals can increase the 
required herd immunity threshold for the population as a whole 
because vaccinating people outside the clustered group provides little 
benefit. 

Diseases spread more slowly when there is more distance between 
people.56 This spatial effect can result in rapid disease spread within 
clustered areas, such as cities, even when disease spread is decreasing 
overall.57 As travel technology continues to develop, diseases can 
spread quickly, both domestically and internationally. However, 
spatial dissemination coupled with transmission dynamics may lead to 

51 Id. 
52 Id. at 4. 
53 See Martial L. Ndeffo Mbah et al., The Impact of Imitation on Vaccination Behavior 

in Social Contact Networks, 8 PLOS COMPUTATIONAL BIOLOGY 1, 7 (2012) (noting that 
spatial homogeneity fails to take into account the fact that “individuals frequently imitate 
others”). 

54 See generally Chris T. Bauch & Alison P. Galvani, Using Network Models to 
Approximate Spatial Point-Process Models, 184 MATHEMATICAL BIOSCIENCES 101 
(2003) (using network models to evaluate spatial effects on ecological and epidemiological 
systems); Matt J. Keeling & Ken T.D. Eames, Networks and Epidemic Models, 2 J. ROYAL 
SOC’Y INTERFACE 295 (2005) (providing an overview of the process of approximating a 
network); Martial L. Ndeffo Mbah et al., supra note 53 (using network-based models to 
examine the correlation between the spread of disease and social contacts). 

55 Keeling & Eames, supra note 54, at 300–01 (contrasting networking models that 
account for clustering with random networks, which assume that connections are formed at 
random). 

56 See Bauch & Galvani, supra note 54, at 102. 
57 Id. 
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stationary patterns of infectious regions.58 In sum, neither 
compositional nor spatial homogeneity assumptions hold true in the 
real world. 

2. The Assumption of a Well-Mixed Population

The well-mixing assumption refers to the notion that all susceptible
individuals are equally likely to become sick from an infectious 
individual.59 Network models can test the well-mixing assumption 
and, in a well-mixed population, each node in a network model will 
have an intersection with every other node in that same model.60 To 
understand how well-mixing affects the dynamics, consider the 
simple case of a population of nine individuals, three of whom are 
susceptible and six of whom are infected. If each infected individual 
contacts only one susceptible person, and if each susceptible person 
contacts two infected people, it follows that there are only six possible 
transmissible contacts in the population. 

By contrast, the well-mixing assumption implies that there are 
eighteen transmissible contacts, overestimating the disease 
propagation rate by a factor of three. Isolated groups of highly 
connected, susceptible people may face particularly rapid disease 
transmission that might otherwise have spread relatively slowly 
through the population as a whole.61 Clustering of susceptible 
individuals is again the key to understanding how to control disease 
dynamics. Indeed, all statewide mandates are for children and young 
adults, representing clusterings of susceptible individuals. No states 
mandate vaccination for the entire population today. The result of this 

58 This pattern-forming phenomenon arises from an identical mechanism for the 
formation of so-called Turing patterns in reaction-diffusion chemical systems. Such 
patterns, which are stationary in time but heterogeneous in space, develop when an 
“inhibiting” species diffuses faster in space than a competing “growth” species, resulting 
in local activation of dynamic transmission that is inhibited on a global scale. See A.M. 
Turing, The Chemical Basis of Morphogenesis, 237 PHIL. TRANSACTIONS ROYAL SOC’Y 
LONDON 37, 57–58 (1952). 

59 James Holland Jones, Notes on R0, DEP’T ANTHROPOLOGICAL SCI. STANFORD U. 1, 
2 (2007), http://www.stanford.edu/~jhj1/teachingdocs/Jones-on-R0.pdf. 

60 Alun L. Lloyd et al., Infection Dynamics on Small-World Networks, in 
MATHEMATICAL STUDIES ON HUMAN DISEASE DYNAMICS: EMERGING PARADIGMS AND 
CHALLENGES 209, 220–21 (Contemporary Mathematics Ser. Vol. 412, Abba B. Gumel et 
al. eds., 2006). 

61 See Fine, Rough Guide, supra note 2, at 913–14. 



HOLLAND (DO NOT DELETE) 10/23/2014 9:32 AM 

14 OREGON LAW REVIEW [Vol. 93, 1 

type of clustering is that the herd immunity threshold may be higher 
than estimated from the well-mixing assumption.62 

U.S. policies for hepatitis B disease prevention provide a good 
example of how the well-mixing assumption applies in practice.63 
Although only a small portion of the U.S. population was at risk of 
contracting hepatitis B, namely intravenous drug users, those who had 
unprotected sex with multiple partners, and infants of hepatitis B 
positive mothers, it proved difficult for public health authorities to 
gain compliance among these target groups in the 1980s.64 As a 
result, even though the herd immunity threshold would be much 
lower for the general population than the target group, U.S. public 
health authorities recommended universal vaccination of infants 
against hepatitis B to achieve herd immunity, and forty-seven states 
now mandate the vaccine.65 

3. The Assumption of Random Vaccination of Individuals

In a heterogeneous population, different subgroups may face
unique risks to certain infections and vaccine injuries.66 A vaccination 
program that randomly immunizes people will generally require an 
especially high vaccination coverage ratio to achieve herd immunity 
because the disease will be able to propagate efficiently among high-
risk individuals.67 One solution is therefore to target the vaccination 

62 See id. at 913. 
63 See Mary Holland, Compulsory Vaccination, the Constitution, and the Hepatitis B 

Mandate for Infants and Young Children, 12 YALE J. HEALTH POL’Y L. & ETHICS 39, 41 
(2012); Rui Xu & Zhien Ma, An HBV Model with Diffusion and Time Delay, 257 J. 
THEORETICAL BIOLOGY 499, 499 (noting that “it is implicitly assumed that cells and 
viruses are well mixed”). 

64 Holland, supra note 63, at 68–69 (citing Ctrs. for Disease Control & Prevention, 
Recommendation of the Immunization Practices Advisory Committee (ACIP) Inactivated 
Hepatitis B Virus Vaccine, 31 MORBIDITY & MORTALITY WKLY. REP. 317 (1982), 
available at http://www.cdc.gov/mmwr/preview/mmwrhtml/00001116.htm) (outlining 
recommendations of U.S. public health authorities that “higher-risk groups” receive 
hepatitis B vaccinations). 

65 See Hepatitis B Prevention Mandates for Daycare and K-12, IMMUNIZATION 
ACTION COALITION, http://www.immunize.org/laws/hepb.asp (last updated May 26, 
2011). 

66 See People at High Risk of Developing Flu-Related Complications, CTRS. FOR 
DISEASE CONTROL & PREVENTION, http://www.cdc.gov/flu/about/disease/high_risk.htm 
(last updated Nov. 7, 2013) (listing specific subgroups that are particularly susceptible to 
flu-related complications). 

67 See Fine, Rough Guide, supra note 2, at 914. 
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program only to those individuals who are at a highest risk of 
infection.68 

Fine provides a simple example of this type of targeted vaccination 
program by considering a sample population composed of two equal-
sized subgroups: high-risk and low-risk.69 Following Fine’s analysis, 
assume that each individual in the high-risk group, if infected, would 
infect five other high-risk members, and each low-risk individual, if 
infected, would infect one other low-risk member.70 Under this 
idealized scheme, the high-risk and low-risk dynamics are separable 
because there are no transmissible contacts between groups.71 The 
disease among the low-risk group is controllable without vaccination 
because the reproduction rate, R0

(LR), for the low-risk group is one, 
meaning that each person in this group would infect one other person 
on average.72 This implies that the herd immunity threshold within 
the low-risk group is zero, and the disease will not spread, or TH

(LR) = 
0.73 

By contrast, the disease will exhibit epidemic dynamics among the 
high-risk group because each high-risk individual will on average 
infect five others, so R0

(HR) = 5 and TH
(HR) = 0.8.74 If vaccination is 

only for the high-risk group, only 80% of that group needs to receive 
the vaccine to induce herd immunity in the population as a whole.75 
Surprisingly, such a program targeted only at high-risk individuals 
would require vaccinating only 40% of the total population, 
representing a substantial increase in the health of society at lower 
financial cost and risk of vaccine injury.76 But a vaccination program 
that randomly vaccinated 80% of the total population from the high-
risk and low-risk groups would not provide herd immunity at all 

68 See Holland, supra note 63, at 68 (targeting hepatitis B vaccinations to high-risk 
groups). 

69 Fine, Rough Guide, supra note 2, at 914. 
70 Id. 
71 See id. 
72 See id. 
73 Some care is required here. If R0 = 1 exactly, then the disease will exist in an 

endemic steady state in which the number of infected individuals neither increases nor 
decreases on average. We therefore assume without loss of generality that the basic 
reproduction number is actually infinitesimally smaller than one to ensure that the disease 
is unable to sustain itself. 

74 Fine, Rough Guide, supra note 2, at 914. 
75 Id. 
76 See id. 
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because the fractional vaccination coverage for the high-risk 
population would be less than its required herd immunity threshold.77 

Although society can achieve the greatest benefits by targeting 
high-risk groups, such a policy imposes the full costs of vaccination 
on one identifiable group while the benefits diffuse to the greater 
population.78 One could characterize this program as imposing a tax 
on specific individuals based on inherent characteristics,79 precluding 
an equitable distribution of the costs and benefits to society. This 
policy becomes particularly troubling when its targets are children, 
who are low-risk subjects, selected for convenience, as in the case 
with mandatory vaccination of schoolchildren against hepatitis B, a 
sexually transmitted disease.80 Random vaccination fails to maximize 
herd immunity or herd effect; only targeted or universal vaccination 
can achieve that result. 

4. The Assumption of Perfect Vaccine Efficacy

Vaccines do not induce immunity perfectly; they usually fail in a
certain fraction of people for a variety of reasons.81 Furthermore, as a 
practical matter, vaccine “efficacy” is highly uncertain.82 Scientists 
refer to efficacy as the relative fractional decrease in the rate of 
disease transmission between unvaccinated and vaccinated 
individuals in double-blind, randomized, clinically-controlled 
studies.83 By contrast, the concept of vaccine “effectiveness” refers to 
the performance of the vaccine in the “real world,” outside of clinical 
trials.84 This distinction is not necessarily clear because the goal of 

77 See id. 
78 See id. (discussing potential equal rights violations in mandating that all young 

children receive the hepatitis B vaccine). 
79 Indeed, the Supreme Court’s recent extension of the taxation power in the Court’s 

ruling on the Affordable Care Act suggests that such a tax may be constitutional. See Nat’l 
Fed’n of Indep. Bus. v. Sebelius, 132 S. Ct. 2566, 2599 (2012) (holding that the 
Constitution does not protect individuals from “taxation through inactivity”). 

80 See Holland, supra note 63, at 41. 
81 See Flu Vaccine Effectiveness: Questions and Answers for Health Professionals, 

CTRS. FOR DISEASE CONTROL & PREVENTION, http://www.cdc.gov/flu/professionals 
/vaccination/effectivenessqa.htm (last updated Nov. 27, 2013) (finding, for example, that 
influenza vaccines are less effective in people with chronic, high-risk medical conditions). 

82 John Clemens et al., Evaluating New Vaccines for Developing Countries: Efficacy or 
Effectiveness?, 275 J. AM. MED. ASS’N 390, 392 (1996). 

83 See Geoffrey A. Weinberg & Peter G. Szilagyi, Vaccine Epidemiology: Efficacy, 
Effectiveness, and the Translational Research Roadmap, 201 J. INFECTIOUS DISEASES 
1607 (2010); Fine, Rough Guide, supra note 2, at 913 tbl.1; Flu Vaccine Effectiveness: 
Questions and Answers for Health Professionals, supra note 81. 

84 Weinberg & Szilagyi, supra note 83, at 1608. 
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any vaccination policy is to control the rate of disease transmission. 
Nevertheless, either definition is sufficient for our discussion of herd 
immunity. 

If a fraction, I, of the vaccinated population fails to develop 
immunity and thus remains susceptible to infection, then the fraction 
of the total population that must receive the vaccine to ensure herd 
immunity is THc = (1-1/R0)/I = TH/I.85 If the fraction of the population 
that fails to develop immunity is greater than the herd immunity 
threshold, or I < TH, then herd immunity is theoretically impossible, 
even if the entire population is vaccinated.86 A herd immunity 
threshold, TH, is generally high, ranging from 80%–99%.87 For 
example, Fine estimates that the threshold for measles is 83%–94% 
and pertussis is 92%–94%.88 As an illustration of the problem, 
measles vaccine has an estimated vaccine efficacy rate of 85%–95% 
for the first dose given to babies between 12 and 15 months.89 This 
leaves unclear whether herd immunity is even theoretically achievable 
for measles. Thus, the assumption of perfect vaccine efficacy has 
limited bearing in real-world conditions. 

5. The Assumption of Age Uniformity

Modern immunization programs target infants and young children
for both scientific and practical reasons. Experience and science 
suggest that children are more vulnerable to infectious disease, but the 
practical reasons are also compelling.90 Linking recommended and 
compulsory vaccination to “well-baby” and school check-ups 
provides a relatively low-cost method to oversee vaccination 
compliance. Adults, by contrast, lead more diverse lives and are more 

85 See generally Fine, History, supra note 2. 
86 Id. 
87 See Fine, History, supra note 2, at 268 (providing estimates of the herd immunity 

thresholds for the following diseases: diphtheria (85%); malaria (80%–99%); measles 
(83%–94%); mumps (75%–86%); pertussis (92%–94%); polio (80%–86%); rubella (83%–
85%); smallpox (80%–85%)); see also Fine, Rough Guide, supra note 2, at 913. It should 
be noted that there is scientific uncertainty regarding the precise values of the herd 
immunity thresholds for various diseases. 

88 Fine, History, supra note 2, at 268. 
89 Canadian Immunization Guide: Measles Vaccine, PUB. HEALTH AGENCY CAN., 

http://www.phac-aspc.gc.ca/publicat/cig-gci/p04-meas-roug-eng.php (last modified Oct. 9, 
2013); Fine, History, supra note 2, at 268 tbl.1. 

90 See Gaston De Serres & Bernard Duval, Pertussis Vaccination Beyond Childhood, 
365 LANCET 1015, 1015 (2005). 
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likely to assert autonomy rights in the courts and through political 
participation than young children or their parents.91 

Children face particular problems from waning vaccine-induced 
immunity.92 Immunity from vaccines generally requires several 
boosters to extend the period of protection. Adults, who may be less 
likely to receive boosters, have a greater fraction of susceptible 
individuals as a group than children.93 Furthermore, unlike in prior 
decades, younger adults today do not have naturally acquired 
immunity because they never had infectious childhood diseases. Why 
then does the disease not produce an epidemic among adults? Are 
adults free riding on the vaccination programs of children? 

We gain some insight into this question by comparing the differing 
vaccination policies for pertussis in European countries and the 
United States in the 1980s.94 European countries had little or no 
pertussis immunization in childhood, resulting in widespread pertussis 
transmission among infants and children, but few adolescent or adult 
cases due to long-lasting natural immunity.95 By contrast, the United 
States consistently administered pertussis vaccines to infants and 
children in the 1980s, causing an increase in pertussis cases among 
adults and adolescents because temporary vaccine-induced immunity 
had waned.96 Therefore, while the adult population is not completely 
free riding on the vaccination of children, vaccinating children may 
have the unintended effect of increasing the average age when people 
become infected. For example, while chickenpox is a relatively mild 
disease among children, it can have extremely serious consequences 
in high-risk populations, including pregnant women, the elderly, and 
those who have compromised immunity.97 Society may be 
disadvantaged by vaccinating children early, thus creating conditions 

91 See generally Peter A. Briss et al., Reviews of Evidence Regarding Interventions to 
Improve Vaccination Coverage in Children, Adolescents, and Adults, 18 AM. J. 
PREVENTATIVE MED. 97 (2000). 

92 Id. 
93 See generally Ctrs. for Disease Control & Prevention, Noninfluenza Vaccination 

Coverage Among Adults—United States, 2011, 62 MORBIDITY & MORTALITY WKLY. REP. 
66 (2013), available at http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6204a2.htm?s 
_cid=mm6204a2_w. 

94 De Serres & Duval, supra note 90, at 1015–16. 
95 Id. 
96 Id. 
97 Chickenpox (Varicella): People at High Risk for Complications, CTRS. FOR DISEASE 

CONTROL & PREVENTION, http://www.cdc.gov/chickenpox/hcp/high-risk.html (last 
updated Nov. 16, 2011). 
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where older adults acquire the illness with greater risk of 
complications.98 

While herd immunity assumes age uniformity, in practice this is 
virtually never present in real-world vaccination programs.99 
Overwhelmingly, children are the targets of mandatory vaccination 
programs, and this lack of age uniformity poses significant challenges 
given the temporary nature of vaccine protection.100 

*** 

In sum, the five underlying assumptions at the foundation of herd 
immunity—population homogeneity, well-mixing, random 
vaccination, perfect vaccine efficacy, and age uniformity—are of 
exceedingly limited practical relevance. The following cases highlight 
these limitations in practice. 

E. Herd Immunity Theory in Practice

Recent experience shows infectious disease outbreaks in highly 
vaccinated populations. Such outbreaks seeming to violate the herd 
immunity theory have caused many researchers to reject the theory 
altogether. For instance, the International Medical Council on 
Vaccination states in its “Principles and Findings,” that “[w]e find the 
premise of herd immunity to be a faulty theory.”101 Dr. Russell 
Blaylock argues that “[h]erd immunity is mostly a myth and applies 
only to natural immunity—that is, contracting the infection itself.”102 
Dr. Suzanne Humphries argues that “[s]ince the beginning of 
vaccination, there is little proof that vaccines are responsible for 
eradicating disease even when herd immunity vaccination levels have 

98 See Timothy C. Reluga et al., Optimal Timing of Disease Transmission in an Age-
Structured Population, 69 BULL. MATHEMATICAL BIOLOGY 2711, 2719 (2007) 
(suggesting that foregoing vaccination at a young age may provide greater aggregate social 
health benefits). 

99 See Briss et al., supra note 91. 
100 Id. 
101 Principles and Findings, INT’L MED. COUNCIL ON VACCINATION, http://www 

.vaccinationcouncil.org/about/ (last visited Mar. 9, 2014). 
102 Russell Blaylock, The Deadly Impossibility of Herd Immunity Through Vaccination, 

INT’L MED. COUNCIL ON VACCINATION (Feb. 18, 2012), http://www.vaccinationcouncil 
.org/2012/02/18/the-deadly-impossibility-of-herd-immunity-through-vaccination-by-dr      
-russell-blaylock/.
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been reached.”103 Dr. Tetyana Obukhanych explains that “[t]he 
absence of viral epidemics in the [United States] is due to the absence 
of endemic viral exposure, not due to . . . herd immunity, and sporadic 
outbreaks . . . occur due to . . . viral exposure brought from 
abroad.”104 

While these researchers acknowledge that vaccinations can create 
short-term immunity, and that vaccines can cause herd effect, they 
argue that vaccination’s long-term effects are often harmful to 
individuals and society. Despite nearly three hundred years of 
vaccination, scientists have not rigorously compared the long-term 
health outcomes of vaccinated versus unvaccinated subjects.105 
Without such critical information, some scientists are profoundly 
skeptical of current vaccine policies, including the goal of vaccine-
induced herd immunity.106 

Below, we consider empirical examples illustrating a range of 
problems with herd immunity in practice. They include: (1) primary 
vaccine failure—when a vaccine initially fails to induce immunity; 
(2) secondary vaccine failure—when the immunity the vaccine
induced has waned over time and no longer offers protection; (3)
mutation of the infectious virus—suggesting that the vaccine itself
may have contributed to the viral shift; (4) importation of viral
infections “just a plane ride away”; and (5) disease transmission, or
“viral shedding,” by vaccinated people who show no symptoms of
disease. In addition, there have been disease outbreaks in vaccinated
populations that scientists simply cannot explain. While there are
many examples, we will focus on the measles and varicella
vaccination programs.

103 Suzanne Humphries, “Herd Immunity.” The Flawed Science and Failures of Mass 
Vaccination, INT’L MED. COUNCIL ON VACCINATION (July 5, 2012), http://www 
.vaccinationcouncil.org/2012/07/05/herd-immunity-the-flawed-science-and-failures-of      
-mass-vaccination-suzanne-humphries-md-3/#sthash.aRBEJNVz.dpuf.

104 TETYANA OBUKHANYCH, VACCINE ILLUSION: HOW VACCINATION COMPROMISES 
OUR NATURAL IMMUNITY AND WHAT WE CAN DO TO REGAIN OUR HEALTH 90 (2012).

105 However, a bipartisan bill introduced in the U.S. House of Representatives on April
25, 2013, cited as the “Vaccine Safety Study Act,” seeks to “conduct or support a
comprehensive study comparing total health outcomes, including risk of autism, in
vaccinated populations in the United States with such outcomes in unvaccinated
populations in the United States.” H.R. 1757, 113th Cong. (2013), available at
https://www.govtrack.us/congress/bills/113/hr1757/text. Although this bill only has a one
percent chance of being enacted according to GovTrack.us, its purpose is to fund science
that needs to be done to compare vaccinated versus unvaccinated health outcomes. H.R.
1757: Vaccine Safety Study Act, GOVTRACK.US, https://www.govtrack.us/congress/bills
/113/hr1757 (last visited Mar. 14, 2014).

106 See, e.g., Principles and Findings, supra note 101. 
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1. The Case of Measles Vaccination and Immunity

Before the United States embarked on state mandates for measles
vaccination, one of the leading proponents of the vaccine, Alexander 
Langmuir, characterized the disease as a “self-limiting infection of 
short duration, moderate severity, and low fatality.”107 In the same 
article, he noted that the disease had maintained a “remarkably stable 
biological balance over the centuries,” and that “[t]he decline in 
mortality demonstrates the degree to which we have adapted to this 
balance and have learned to live with this parasite.”108 He explained 
that measles vaccination was by no means an urgent public health 
necessity, but rather he sought measles eradication because “it can be 
done.”109 In the 1960s, Langmuir seemed to believe that vaccination 
policies could eradicate measles in the near term. 

a. Measles Outbreaks in Highly Vaccinated Populations

At that time, scientists believed the herd immunity threshold to be
70% and that one dose of the vaccine would confer long-lasting 
immunity.110 Over time, however, scientists pushed the herd 
immunity threshold up to 95%111 and started requiring two doses of 
the vaccine.112 Evidence suggests, however, that even these policies 
have not been enough to create herd immunity. During a 1985 
measles outbreak in a Texas high school, more than 99% of the 1806 
students in the school had been vaccinated against measles.113 Upon 
testing, only 4.1% of the students, or 74 of them, lacked detectable 
antibodies due to either primary or secondary vaccine failure.114 The 
authors concluded, “outbreaks of measles can occur in secondary 

107 Alexander D. Langmuir et al., The Importance of Measles as a Health Problem, 52 
AM. J. PUB. HEALTH 1, 1 (1962). 

108 Id. 
109 Id. at 3 (citation omitted) (internal quotation marks omitted). 
110 Fine, History, supra note 2, at 285 (showing that as late as 1982, the World Health 

Organization estimated the herd immunity threshold for measles to be 70%). 
111 Id. 
112 See Immunization Schedules: Recommended Immunization Schedule for Persons 

Aged 0 Through 18 Years, CTRS. FOR DISEASE CONTROL & PREVENTION, http://www.cdc 
.gov/vaccines/schedules/hcp/imz/child-adolescent.html (last updated Jan. 31, 2014) 
(stating that children should receive two doses of the measles-mumps-rubella vaccine by 
six years of age). 

113 Tracy L. Gustafson et al., Measles Outbreak in a Fully Immunized Secondary-
School Population, 316 NEW ENGL. J. MED. 771, 771 (1987). 

114 Id. at 772. 
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schools, even when more than 99[%] of the students have been 
vaccinated and more than 95[%] are immune,” that is, they have 
measles antibodies.115 They acknowledged that such an outbreak 
should have been virtually impossible but rationalized that the “[r]ates 
of primary vaccine failure in this range [eds.: 4.1%] are expected.”116 

Another measles outbreak occurred in a 100% vaccinated school 
population in Illinois in 1984: 

The affected high school had 276 students and was in the same 
building as a junior high school with 135 students. A review of 
health records in the high school showed that all 411 students had 
documentation of measles vaccination on or after their first 
birthday, in accordance with Illinois law.117 

Not all students became ill, but scientists noted that those students 
who had received vaccines within the previous ten years were less 
likely to become sick than those who had been vaccinated more than 
ten years earlier.118 Notably, officials could not explain how the 
seventeen-year-old index patient came down with the measles.119 

The Centers for Disease Control and Prevention’s editors noted 
several possible reasons for the outbreak, including vaccine failure 
due to improper storage, vaccination of infants younger than one who 
might be less likely to acquire protection, and other factors.120 Still, 
they concluded that “these risk factors did not adequately explain the 
occurrence of this outbreak.”121 They further noted, “this outbreak 
suggests that measles transmission can occur within the 2%–10% of 
expected vaccine failures.”122 In other words, they acknowledged that 
even with 100% vaccination, they could not ensure herd immunity 
with existing vaccine technology and stated explicitly that “[t]his 
outbreak demonstrates that transmission of measles can occur within 

115 Id. at 771. 
116 Id. at 773. 
117 Ctrs. for Disease Control & Prevention, Measles Outbreak Among Vaccinated High 

School Students–Illinois, 33 MORBIDITY & MORTALITY WKLY. REP. 349 (1984), available 
at http://www.cdc.gov/mmwr/preview/mmwrhtml/00000359.htm [hereinafter Measles 
Outbreak]; see generally Benjamin M. Nkowane et al., Measles Outbreak in a Vaccinated 
School Population: Epidemiology, Chains of Transmission and the Role of Vaccine 
Failures, 77 AM. J. PUB. HEALTH 434 (1987) (describing a 1984 outbreak in a 
Massachusetts high school with a 98% immunization level, providing evidence that 
outbreaks may occur in highly immunized populations). 

118 Measles Outbreak, supra note 117, at 350. 
119 Id. at 349. 
120 Id. at 350. 
121 Id. 
122 Id. (citations omitted). 
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a school population with a documented immunization level of 
100%.”123 

b. Actual and Perceived Outbreaks in Unvaccinated Populations

Measles outbreaks have also occurred among the unvaccinated. A
recent example happened in 2013 in a largely intentionally 
unvaccinated Hasidic community in Brooklyn, New York, when a 
teenager returned from abroad with subclinical measles.124 Fifty-eight 
members of the Orthodox Jewish community became infected, the 
largest outbreak in the United States since 1996.125 No one died, and 
no one outside the religious community became infected, but many of 
those who became ill had in fact been vaccinated.126 

Sometimes, public health officials and others have blamed disease 
outbreaks on vaccine critics. Some have blamed Dr. Andrew 
Wakefield for measles outbreaks; in February 1998, he suggested that 
there might be a causal link between the MMR vaccine, 
gastrointestinal disease, and autism.127 Having observed a new 
syndrome of gastrointestinal disease and autism in some children after 
vaccination with the MMR, he publicly recommended that parents 
consider using the single measles vaccine rather than the combination 
vaccine.128 At the time he made the recommendation, a single 
measles vaccine was available. A few months later, the United 
Kingdom government took the single measles vaccine off the market. 

123 Id. 
124 Ctrs. for Disease Control & Prevention, Notes from the Field: Measles Outbreak 

Among Members of a Religious Community – Brooklyn, New York, March–June 2013, 62 
MORBIDITY & MORTALITY WKLY. REP. 752, 752 (2013) http://www.cdc.gov/mmwr 
/preview/mmwrhtml/mm6236a5.htm; see also Renee Ghert-Zand, Measles Vaccine 
Developer Warns Jewish Anti-Vaxxers, TIMES OF ISRAEL (Dec. 11, 2013), http://www 
.timesofisrael.com/measles-vaccine-developer-warns-jewish-anti-vaxxers/. 

125 Id. 
126 Id. 
127 A.J. Wakefield et al., Ileal-Lymphoid-Nodular Hyperplasia, Non-Specific Colitis, 

and Pervasive Developmental Disorder in Children, 351 LANCET 637 (1998), retracted, 
Feb. 2, 2010, for reasons related to patient referrals and ethics committee approvals, not 
scientific fraud, available at http://www.thelancet.com/journals/lancet /article/PIIS0140-
6736(97)11096-0/abstract (last visited Mar. 9, 2014). For a discussion of the article and 
subsequent retraction, see Mary Holland, Who is Dr. Andrew Wakefield, in VACCINE 
EPIDEMIC, supra note 13, at 311–19; David Lewis, The Exoneration of Professor Walker-
Smith, in VACCINE EPIDEMIC, supra note 13, at 320–38. 

128 F. Edward Yazbak, Measles in the United Kingdom: The “Wakefield Factor,” 
VACCINATION NEWS, http://www.vaccinationnews.com/measles-united-kingdom-wake 
field-factor (last visited Mar. 9, 2014). 
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Many in the media have argued vociferously that Dr. Wakefield’s 
public statement caused measles outbreaks in the United Kingdom.129 

There is little data to support such assertions. In a careful review of 
United Kingdom data on measles in the ten years preceding Dr. 
Wakefield’s statement and the ten years after, Dr. Yazbak notes that 
there were 188,483 reported measles cases in the ten years before 
1998, compared to 28,289 cases in the ten years after, an 85% 
decrease.130 Comparing the five years before and after 1998 also 
showed a 67% decline, suggesting that there was little or no 
“Wakefield Factor” for reported measles cases.131 

Dr. Yazbak notes that measles outbreaks were occurring at about 
the same time in other countries. He points out that in Saudi Arabia, 
where vaccination rates were between 95% and 98%, there were 4648 
cases of measles in 2007 compared to 373 in 2005.132 The rate of 
infection was considerably higher in Saudi Arabia than the United 
Kingdom, and despite media sensationalism, rates of measles 
infection in the United Kingdom have declined steadily overall.133 

c. Potential Explanations for Outbreaks in Highly Vaccinated
Populations

Some argue that outbreaks in highly vaccinated populations are 
possible because mass vaccination creates “quasi-sterile 
environment[s].”134 “[C]onstant re-infection cycles have an essential 
role in building a stable herd immunity. In a population that is not 
constantly exposed to the infection . . . a serious risk of re-emerging 
infections may arise.”135 In other words, young children’s infections 
play a critical role in continually boosting the entire population’s 
immunity. On measles, Dr. Humphries observes: 

Susceptible age groups have essentially traded places since 
vaccinating. What used to happen with measles is that infants were 
protected by maternal antibodies, adults were protected by 
continued exposure, and infected children handled the disease 
normally and became immune for long periods of time. So, while 

129 Id.; see also Holland, supra note 127; Lewis, supra note 127. 
130 Yazbak, supra note 128. 
131 Id. 
132 Id. 
133 Id. 
134 Humphries, supra note 103. 
135 Id. (citing A.A. Navarini et al., Long-Lasting Immunity by Early Infection of 

Maternal-Antibody-Protected Infants, 40 EUR. J. IMMUNOLOGY 113 (2010)). 
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measles vaccines have decreased the expression of measles 
infections, it has not necessarily improved the bigger picture.136 

In sum, two doses of measles vaccine, even to one hundred percent 
of school populations, does not ensure societal protection from 
measles outbreaks. While there may be strong rationales for 
individuals to choose to vaccinate, there would appear to be a weak 
rationale to compel all children to take the vaccine if one hundred 
percent vaccination cannot reliably induce herd immunity. 

2. The Case of Varicella Vaccination and Immunity

The U.S. varicella vaccination program provides perhaps an even
more troubling example of imperfect vaccines and herd immunity. 
Drs. Goldman and King have surveyed this program since its 
inception in 1995.137 They concluded, based on extensive data and 
analysis, that “rather than eliminating varicella in children as 
promised, routine vaccination against varicella has proven extremely 
costly and has created continual cycles of treatment and disease.”138 

a. The Rollout of the U.S. Varicella Program

The varicella-zoster virus (VZV) causes chickenpox or varicella as
a primary infection.139 A latency period follows the initial infection, 
after which the lifelong VZV can subsequently reactivate as herpes 
zoster (HZ), commonly known as shingles, a secondary infection. 
After only short-term safety and efficacy clinical trials, 
pharmaceutical company Merck licensed its varicella vaccine for 
children one year of age and older.140 By 1996, the CDC’s Advisory 
Committee on Immunization Practices had recommended it for 
universal use in children twelve to eighteen months.141 As of 

136 Id. 
137 G.S. Goldman & P.G. King, Review of the United States Universal Varicella 

Vaccination Program: Herpes Zoster Incidence Rates, Cost-Effectiveness, and Vaccine 
Efficacy Based Primarily on the Antelope Valley Varicella Active Surveillance Project 
Data, 31 VACCINE 1680 (2013). 

138 Id. at 1691 (citations omitted). 
139 Id. at 1680. 
140 Id.  
141 Ctrs. for Disease Control & Prevention, Prevention of Varicella: Recommendations 

of the Advisory Committee on Immunization Practices (ACIP), 45 MORBIDITY & 
MORTALITY WKLY. REP. 1 (1996). 
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November 2012, all fifty states compelled varicella vaccination for 
preschool or schoolchildren.142 

In cost-benefit analyses done before the start of the program, public 
health officials focused on chickenpox, largely disregarding possible 
effects on HZ epidemiology.143 Lieu et al. modeled the cost-
effectiveness of a routine varicella vaccination program, finding that 
vaccination was not cost effective.144 Vaccine proponents could only 
justify the program by taking into account the cost of parents’ absence 
from work due to sick children.145 

Goldman worked as an analyst in one of the three CDC varicella 
surveillance sites from 1995 to 2005, so he closely observed the early 
rollout of the program.146 He argues that the cost-effectiveness 
analysis from the beginning was based on four key but incorrect 
assumptions: (1) the vaccine’s total cost of $40 per dose; (2) a single 
dose confers lifelong immunity; (3) vaccine effectiveness is between 
85%–95% with negligible adverse effects; and (4) a universal 
varicella program has no negative impact on the incidence of HZ.147 
There were many at the prelicensure phase who questioned these 
optimistic assumptions, but the licensure process moved forward 
nonetheless.148 After licensure, the cost of the vaccine doubled, and 
one dose failed to protect against disease breakthroughs.149 An 
accurate preliminary cost-benefit analysis would have scratched the 
program. 

In addition, though, the assumptions about adverse events and the 
influence on HZ were way off the mark. People have reported a wide 
range of adverse events from the varicella vaccine, which proponents 
had characterized as negligible. These have included problems with 
vision, the central nervous system, rashes, strokes, secondary 
transmission to others, pneumonia, breakthrough varicella, Stevens-
Johnson syndrome, autoimmune disorders, and death.150 A 2005 

142 Varicella Prevention Mandates, IMMUNIZATION ACTION COALITION, http://www 
.immunize.org/laws/varicel.asp (last updated Nov. 1, 2012). 

143 Goldman & King, supra note 137, at 1680. 
144 Id. at 1689. 
145 Id. 
146 Id. at 1681. 
147 Id. at 1685. 
148 Id. 
149 Id. 
150 Id. at 1690. 
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study found adverse events in one-sixth of the subjects within forty-
two days following vaccination.151 

b. Herpes Zoster and Varicella Zoster Virus

Goldman observed herd effect when varicella case reports dropped
precipitously after introduction of the vaccine, but saw that the 
surveillance sites were not capturing data on HZ prevalence. Starting 
in 2000, at Goldman’s recommendation, his surveillance site started 
to track HZ incidences. After two years, HZ reports remained the 
same or increased in every adult category except those for adults 
older than seventy.152 HZ had also increased among children who 
previously had chickenpox.153 When Goldman sought to publish data 
about trends in HZ, his supervisor arranged for the Los Angeles 
County Legal Department to send him a “cease and desist” letter154 to 
censor publication of the studies.155 With a response from Goldman’s 
lawyer, the Los Angeles Legal Department dropped its demand, and 
he published three articles on VZV and HZ.156 

After widespread introduction of the vaccine in 2002, its 
effectiveness rate declined significantly, in large part because the 
boosting effects of naturally circulating varicella virus were gone.157 
Vaccine effectiveness declined rapidly and steeply, such that in 
several disease outbreaks, the reported vaccine effectiveness rates 
were between 44% and 56%.158 

The costs and complications of varicella and HZ in adults are a 
different magnitude than those of chickenpox in children. Because the 

151 Gary S. Goldman, The Case Against Universal Varicella Vaccination, 25 INT’L J. 
TOXICOLOGY 313, 315–16 (2006). 

152 Goldman & King, supra note 137, at 1681. 
153 Id. at 1682. 
154 See Brief Summary of Chickenpox: A New Epidemic of Disease and Corruption, DR. 

GOLDMAN ONLINE, http://www.drgoldmanonline.com/SummaryofChickenpoxVaccine 
.pdf (last visited Mar. 9, 2014) (discussing the “cease and desist” letter). 

155 Goldman & King, supra note 137, at 1682. 
156 G.S. Goldman, Incidence of Herpes Zoster Among Children and Adolescents in a 

Community with Moderate Varicella Vaccination Coverage, 21 VACCINE 4243 (2003); 
G.S. Goldman, Using Capture-Recapture Methods to Assess Varicella Incidence in a 
Community Under Active Surveillance, 21 VACCINE 4250 (2003); Gary S. Goldman, 
Varicella Susceptibility and Incidence of Herpes Zoster Among Children and Adolescents 
in a Community Under Active Surveillance, 21 VACCINE 4238 (2003). 

157 Goldman, The Case Against Universal Varicella Vaccination, supra note 151, at 
314. 

158 Goldman & King, supra note 137, at 1689. 
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varicella vaccine’s protection is short-lived, it shifted chickenpox to a 
more vulnerable adult population. Chickenpox in adults carries 20 
times more risk of death and 10-15 times more risk of hospitalization 
compared to chickenpox in children.159 A 2005 article reported that 
the universal varicella vaccination program caused an additional 14.6 
million HZ cases, or a 42% increase among adults younger than fifty 
during a fifty-year period at a significant medical cost burden.160 

The rationales for the varicella vaccination program were weak 
from the outset and weakened further with time. Rather than 
acknowledge problems and debate solutions when its weaknesses 
became clear, public health officials apparently made serious attempts 
to censor problematic information. Neither medical rationales (such 
as herd immunity) nor cost rationales (based on true cost-benefit 
analysis) seem to justify the vaccination program. Here, pursuing the 
objective of herd immunity created a far more costly public health 
problem than an elective program pursuing herd effect would have 
created. The varicella vaccine’s apparent vaccine effectiveness rate 
was higher when the virus was in circulation. The marginal gains 
from the program have not outweighed their marginal costs. This 
recent example of a compulsory program to achieve herd immunity 
backfired; instead of herd immunity, the program created herd effect 
and a series of new, serious public health problems. 

To be clear, vaccines have an important role in modern public 
health policy. Herd immunity as a theory, however, provides an 
irrational basis for guiding policy, leading to inefficiencies in the 
marketplace. Furthermore, policies based on herd immunity constrain 
the significant positive role that individual choice can play in 
furthering the public health.161 Indeed, many of the failures noted 
above are a result of the modern insistence on compulsory vaccination 
as the only solution to the problem of infectious disease. Mandatory 
programs rely on unattainable herd immunity, which improperly 
balances the costs to individuals and the healthcare system with the 
marginal benefits from compulsory policies. 

159 Id. at 1691. 
160 Id. at 1689. 
161 In the language of administrative law, reliance on the herd immunity theory as the 

basis for vaccination policy must not be “arbitrary, capricious, [or] an abuse of discretion.” 
5 U.S.C. § 706(2)(A) (2012). 
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F. Eradication Versus Elimination: What Can Vaccination Policy
Achieve? 

Herd immunity theory rationalizes elimination of infection within a 
specific population, driving transmission of a disease to zero.162 
Eradication requires global coordination of disease-control programs 
to ensure that a pathogen is not able to reintroduce itself anywhere in 
the world.163 As a result, achieving disease eradication or extinction 
involves huge investments of healthcare resources toward the goals of 
developing safe and effective vaccines, ensuring sufficient 
vaccination coverage to ensure herd immunity in all geographic 
regions, and efficiently tracking and isolating infections as they 
arise.164 

Hinman and others have developed specific terminology to 
describe the possible objectives of vaccination policy, reproduced 
below165: 

1. Control: Reduction of disease incidence, prevalence, morbidity,
or mortality to a locally acceptable level as a result of deliberate
efforts; continued intervention measures are required to maintain
the reduction;
2. Elimination of disease: Reduction to zero of the incidence of a
specified disease in a defined geographic area as a result of
deliberate efforts; continued intervention measures are required;
3. Elimination of infection: Reduction to zero of the incidence of
infection caused by a specific agent in a defined geographic area as
a result of deliberate efforts; continued measures to prevent
reestablishment of transmission are required;
4. Eradication: Permanent reduction to zero of the worldwide
incidence of infection caused by a specific agent as a result of
deliberate efforts; intervention measures are no longer needed;
5. Extinction: The specific infectious agent no longer exists in
nature or the laboratory.
This hierarchy highlights the inherent geographic limitations of

vaccination policy. Extinction and eradication involve global removal 

162 A. Hinman, Eradication of Vaccine-Preventable Diseases, 20 ANN. REV. PUB. 
HEALTH 211, 213 (1999). 

163 Id. 
164 See generally Fine, History, supra note 2 (detailing the efforts made throughout 

history toward global eradication of various diseases, including smallpox, influenza, polio, 
and pertussis). 

165 Hinman, supra note 162. 
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of a specific pathogen from nature, whereas control and elimination, 
both of disease and of infection, primarily concern local efforts to 
mitigate disease.166 Few diseases have ever been eradicated; 
extinction has never been achieved for any modern pathogen.167 

Hinman identified the following factors favoring eradicability168: 
1. A highly effective, safe, cheap, and stable vaccine;
2. Lifelong immunity after natural infection or immunization;
3. A short period of communicability;
4. A highly characteristic clinical disease syndrome;
5. An easy and reliable means of diagnosis;
6. The absence of a nonhuman or environmental reservoir of

disease;
7. A genetically stable causative agent; and
8. Seasonality of occurrence.
These factors for effective disease eradication raise several issues

for a “just” vaccination policy that we address in Part II below. 

1. Limitations on U.S. Vaccination Policy

Can U.S. vaccination programs achieve control, elimination, or
eradication of disease? Vaccine technology influences the theoretical 
capability to achieve any of these goals.169 If the rate of vaccine 
failure exceeds the herd immunity threshold, society can never 
achieve elimination or eradication.170 Therefore, disease control is 
likely the only feasible objective of vaccination programs when 
society possesses imperfect and potentially harmful vaccination tools. 

If the harms of vaccination are high, increasing vaccination 
coverage imposes higher costs on society through adverse health 
effects.171 When herd immunity is lacking, the marginal costs of 
mandates exceed their marginal benefits.172 In the “just” vaccination 
framework, the results misallocate healthcare resources and fail to 
properly account for the individual’s autonomy interest.173 

166 Id. at 213–14. 
167 David H. Molyneux et al., Disease Eradication, Elimination and Control: The Need 

for Accurate and Consistent Usage, 20 TRENDS PARASITOLOGY 347, 347 (2004). 
168 Hinman, supra note 162, at 214. 
169 See infra Part II.D.4. 
170 See id. 
171 Steve P. Calandrillo, Vanishing Vaccinations: Why Are So Many Americans Opting 

Out of Vaccinating Their Children?, 37 U. MICH. J.L. REFORM 353, 388–93 (2004). 
172 See infra Part II. 
173 See supra Part I. 
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2. Communicability, Diagnosis, and the Problems of Contact Tracing

The capacity to control, eliminate, or eradicate a disease depends
on the ability to identify cases of infection and proceed rapidly to 
isolate and treat them.174 For a population lacking herd immunity, 
disease transmission among susceptible people is inevitable.175 
Control of infectious outbreaks then involves the process of contact 
tracing.176 Contact tracing is the “backward” mapping of disease 
spread. Starting from any infected person or group of infected people, 
the problem is tracing the line of infectious contacts back to the first 
known “index” case, treating individuals along the chain to prevent 
further transmission.177 Contact tracing is an iterative process that 
attempts to identify all contacts for each infected index case.178 

If the rate of disease spread exceeds the rate at which scientists can 
trace cases, then the disease will spread faster than it is possible to 
control it, and contact tracing will fail.179 The resulting “race to trace” 
involves a competition between infectious dynamics and the ability to 
identify and trace infectious individuals.180 A short period of disease 
communicability facilitates elimination of a disease.181 Conversely, a 
long period of communicability makes eradication or elimination 
virtually impossible.182 

3. Disease Adaptability

To successfully eradicate infectious disease, the pathogen must be
stable, and there must be no animal or other reservoir for the 
disease.183 If a particular pathogen is not genetically stable, then 

174 See Ken T.D. Eames & Matt J. Keeling, Contact Tracing and Disease Control, 270 
PROC. ROYAL SOC’Y LONDON 2565, 2569 (2003) (describing contact tracing as efficient 
means of identifying cases of infection). 

175 See Fine, Rough Guide, supra note 2, at 913. 
176 See Ken T.D. Eames, Contact Tracing Strategies in Heterogeneous Populations, 

135 EPIDEMIOLOGY & INFECTION 443, 443 (2006) (discussing models of contact tracing); 
Eames & Keeling, supra note 174, at 2565 (discussing how contact tracing can efficiently 
be used to identify individuals with sexually transmitted diseases). 

177 See Eames, supra note 176, at 444. 
178 See id. at 446. 
179 See id. at 448. 
180 See id. at 450. 
181 See id. at 448. 
182 See id. 
183 See David M. Morens & Anthony S. Fauci, Emerging Infectious Diseases: Threats 

to Human Health and Global Stability, 9 PLOS PATHOGENS 1, 2–3 (2013) (discussing 
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vaccines may not afford any protection against related strains.184 A 
prime example is Bordetella parapertussis, which causes symptoms 
similar to Bordetella pertussis, the bacterium responsible for 
whooping cough.185 Immunity to B. pertussis does not confer 
immunity against B. parapertussis, suggesting that the current B. 
parapertussis virus may have evolved in response to vaccination 
against B. pertussis.186  

Diseases can also spread through animal and insect vectors.187 For 
example, malaria infects humans through mosquitoes, so efforts to 
control malaria require insect-control programs.188 More generally, 
when a pathogen can survive in nonhuman reservoirs, it can continue 
to infect the human population.189 In many cases it may be impossible 
to identify which nonhuman repositories exist, making eradication 
unachievable.190 

Disease eradication seems unattainable in the near future for all 
infectious childhood diseases, including measles and chickenpox.191 
Disease control seems to be the most viable goal. We consider next a 
framework within which to evaluate vaccination program objectives. 

II 
“JUST” VACCINATION POLICY AND PUBLIC HEALTH 

Because herd immunity is not an appropriate objective of 
contemporary vaccination policy, the normative question arises as to 
what should be the correct goal. To address this issue, we adopt the 
Feudtner-Marcuse model of “just” vaccination policy, which 
identifies seven factors that must be appropriately weighted and 
balanced in designing vaccination programs. 

common reemergence of diseases with nonhuman reservoirs and pathogens that undergo 
rapid changes). 

184 See Daniel N. Wolfe et al., The O Antigen Enables Bordetella Parapertussis to Avoid 
Bordetella Pertussis-Induced Immunity, 75 INFECTION & IMMUNITY 4972, 4978 (2007). 

185 See id. at 4972. 
186 See SUZANNE HUMPHRIES & ROMAN BYSTRIANYK, DISSOLVING ILLUSIONS: 

DISEASE, VACCINES, AND THE FORGOTTEN HISTORY 324–30 (2013) (discussing “original 
antigenic sin committed by vaccination”); see also id. 

187 See Molyneux et al., supra note 167, at 351 (contemplating that insect vectors, such 
as mosquitoes, can infect humans with diseases). 

188 See id. at 350 tbl.2. 
189 See id. at 349. 
190 See id. 
191 See infra Part III. 
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Drs. Feudtner and Marcuse, who have worked extensively on U.S. 
vaccination programs, introduced the “just” vaccination policy 
framework more than a decade ago.192 Overall, we agree with the 
elements of their framework; however, we draw substantially 
different conclusions concerning current U.S. vaccination policy. 

A. Framework for “Just” Vaccination Policy

Feudtner and Marcuse’s framework provides seven objectives for 
modern vaccination policy193: 

1. Minimization of the deleterious effects of disease;
2. Minimization of the deleterious effects of vaccination;
3. Optimization of personal liberty to choose or to refuse

vaccination;194

4. Maximization of an equitable distribution of benefits and
burdens across members of society;

5. Promotion of the duty of families to protect children;
6. Promotion of the duty of society to protect current and future

children; and
7. Prudent utilization of healthcare resources.195

The framework provides a reasonably comprehensive approach,
although the model entirely discounts the possible benefits of 
contracting and overcoming disease naturally, thereby achieving long-
lasting immunity. Below, we explore open questions about how to 
weigh the factors in “just” vaccination policy.196 

Feudtner and Marcuse propose three types of programs: elective, 
recommended, and mandatory. An elective program uses public 
education to inform individuals about the availability, benefits, and 
risks of vaccination, but leaves the choice to immunize at the sole 

192 See Chris Feudtner & Edgar K. Marcuse, Ethics and Immunization Policy: 
Promoting Dialogue to Sustain Consensus, 107 PEDIATRICS 1158 (2001). 

193 Id. at 1163 tbl.2. 
194 Although Feudtner and Marcuse refer to the personal liberty objective in terms of 

“optimization,” it is somewhat ambiguous whether this term is equivalent to maximization 
in the same sense as used in the other objectives or whether Feudtner and Marcuse intend 
this factor to carry less weight in the balancing analysis. This distinction in turn depends 
on the questions of how and whether to weigh these factors. 

195 Feudtner & Marcuse, supra note 192, at 1163 tbl.2. 
196 Indeed, Feudtner and Marcuse analyze their model with what amounts essentially to 

a tabulation of the various factors. Such an approach avoids the difficult question of 
weighing the policy considerations, but we also disagree with many of their conclusions 
concerning whether mandatory vaccination programs best achieve certain objectives. 
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discretion of parents in the case of childhood vaccination.197 A 
recommended program, by contrast, uses public education and expert 
advice to induce uptake.198 Whereas the elective program provides 
information to the vaccine consumer but offers no opinion, 
recommended programs aim to raise immunization rates.199 Finally, 
mandatory programs leave almost no discretion to individuals on 
whether to vaccinate, with significant penalties for non-
compliance.200 

Feudtner and Marcuse argue that mandatory programs best 
minimize disease harms, maximize the equitable distribution of 
benefits and burdens within society, promote the societal duty to 
protect children, and use healthcare resources most prudently.201 
They acknowledge, though, that elective programs best minimize 
vaccine harms and optimize personal liberty.202 Furthermore, they 
assert that recommended programs best promote a familial duty to 
protect children.203 In the model, a simple tabulation of the seven 
factors suggests that mandatory programs are the most “just.”204 But 
to what extent does this conclusion follow? Agreeing with the 
model’s objectives in principle, we consider each of their factors in 
turn. 

1. Minimization of Disease Harm

A vaccination program in theory can reduce the risk of harm from
infectious disease to zero if it completely eliminates the disease from 
circulation. The conclusion that a mandatory program best achieves 
this objective assumes that mandates ensure the highest level of 
uptake, thus reducing the rate at which disease can spread. Based on 
this theory, policymakers believe that minimizing individual choice 
necessarily reduces disease harms.205 Imposing penalties for failure to 
vaccinate requires each individual to take on the burden of the 
collective, conceivably increasing the number of individuals willing 
to vaccinate. 

197 Feudtner & Marcuse, supra note 192, at 1161. 
198 Id. 
199 Id. 
200 Id. 
201 Id. at 1163 tbl.2. 
202 Id. at 1163. 
203 Id. 
204 Id. 
205 Id. at 1161. 
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This analysis fails, however, when it is possible to eliminate or 
sufficiently mitigate the spread of infection without requiring all 
individuals to vaccinate. If herd immunity is possible, then society 
can obtain the same benefits without imposing unnecessary 
vaccination costs. The herd immunity theory applies precisely to this 
situation because it predicts a unique threshold beyond which a 
disease can no longer sustain infection throughout the population. If 
enough people in society have immunity, and if either a 
recommended or an elective program is sufficient to achieve the herd 
immunity threshold, then mandatory programs impose excessive costs 
with no marginal gains. These costs include manufacturing, 
healthcare providers, administration, and the costs of potential injury 
and treatment. 

2. Minimization of Vaccine Harm

Vaccine harm is zero when people do not vaccinate, making this
objective the opposite of factor one’s minimization of disease harms. 
Some balance between disease prevention and protection against 
vaccine harms is necessary. Mandatory programs do not necessarily 
reconcile these competing objectives, given the temporary protection 
of vaccine-induced immunity and the uncertainty about potential 
vaccine harms. Conversely, choosing a purely elective program may 
or may not reach the herd immunity threshold and sufficiently prevent 
disease in the broader society. Nevertheless, as Feudtner and Marcuse 
acknowledge, an elective program best minimizes vaccine-related 
harms.206 

3. Maximization of an Equitable Distribution of Benefits and Harms

In the absence of vaccines, all people share the expected risks of
disease, but they do not share them equally.207 People of different 
ages and health statuses have differing levels of natural immunity.208 
Natural immunity implies that, with age, more and more people have 
acquired the disease, recovered from it, and subsequently become 
immune.209 This is because: (1) a longer lifetime implies a greater 
chance of having already encountered the disease, and (2) naturally-

206 Id. at 1163 tbl.2. 
207 See, e.g., Reluga et al., supra note 98, at 2711–19. 
208 Id. at 2718. 
209 See id. at 2718–19. 
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acquired immunity among older individuals makes it more difficult 
for the disease to sustain itself among that group.210 Thus, the result is 
that children are ordinarily at greater risk of infection than healthy 
adults.211 

Vaccines create competing risks between infection and injury. On 
the one hand, requiring all children to vaccinate ensures that all 
children face the risks of both vaccination and disease. But such a 
program may not be preferable, however, if only a small portion of 
the population is particularly susceptible. Requiring vaccination of 
non-susceptible individuals forces them to accept risks without 
benefits, a scenario that raises the specter of constitutional equal 
protection violations under the Fourteenth Amendment.212 

4. Optimization of Personal Liberty

Elective vaccination programs maximize individual choice,
protecting the autonomy interest in bodily integrity.213 How much 
weight should we give to this? Feudtner and Marcuse give individual 
liberty little or no deference, nor do other proponents of mandatory 
vaccination.214 

Several commentators have recently proposed tort-based 
negligence liability for individuals who choose not to vaccinate and 
transmit disease.215 They argue that the tort system would then force 
unvaccinated individuals to accept responsibility for their choice.216 
Such a proposal is another form of a mandatory program with 
enforcement through civil liability. Individuals then would discount 
the possible risks of their actions by the “detection” probability of 

210 See id. at 2712. 
211 However, this observation is not universally true. One prominent example is rubella, 

which can have severe health complications on unborn children when acquired by a 
pregnant mother. In this case, the most severe health costs may be associated with the 
older subpopulation of pregnant women, which may alter the choice of a vaccination 
program. See generally id. at 2711–21. 

212 See Holland, supra note 63, at 42–59, 85. 
213 Feudtner & Marcuse, supra note 192, at 1163 tbl.2. 
214 See generally Gregory A. Poland & Robert M. Jacobson, The Clinician’s Guide to 

the Anti-Vaccinationists’ Galaxy, 73 HUMAN IMMUNOLOGY 859 (2012); Susanne Sheehy 
& Joel Meyer, Should Participation in Vaccine Clinical Trials be Mandated?, 14 VIRTUAL 
MENTOR 35 (2012) (suggesting that the government should enforce a duty for all citizens 
to participate in clinical trials). 

215 See generally Rebecca Rodal & Kumanan Wilson, Could Parents Be Held Liable 
for Not Immunizing Their Children?, 4 MCGILL J.L. & HEALTH 39 (2010); Diekema, 
supra note 7. 

216 See Diekema, supra note 7, at 94. 
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facing a lawsuit.217 Despite valuation problems, Feudtner and 
Marcuse acknowledge that elective vaccination programs best 
maximize liberty for parents to choose on their children’s behalf.218 

5. Promotion of a Familial Duty to Protect Children

Feudtner and Marcuse identify the familial duty to protect children
as the sole objective that a recommended program best fulfills, 
arguing that medical professionals can best help families protect 
children.219 Parents concerned about the potential harms of vaccines 
are often in direct conflict with their physicians, some of whom refuse 
to accept and retain children in their practices who fail to comply with 
vaccination recommendations.220 Unfortunately, physicians who 
refuse to see noncompliant families may leave them without 
healthcare.221 A recommended program may serve the interests of 
protecting children while preserving the right to informed consent for 
the parent, but both physician and patient are on uncertain ground.222 

By contrast, a mandatory program gives parents no discretion to act 
in their own children’s best interests, a situation that drives a wedge 
between parents and physicians.223 This could result in a “black 
market” of vaccination records, providing false information, and 
inhibiting the capacity of state, local, and federal agencies to track 
and contain the spread of disease in the event of an epidemic. Just as 
in the cases of abortion, medical use of marijuana, and other medical 
prohibitions, some families simply will not comply with state public 
health laws as a matter of conscience. 

6. Promotion of a Societal Duty to Protect Children

Feudtner and Marcuse conclude that mandatory vaccination
programs, rather than recommended ones, best promote society’s duty 
to protect children.224 Some view mandatory programs as the best 

217 See Rodal & Wilson, supra note 215, at 63. 
218 Feudtner & Marcuse, supra note 192, at 1162. 
219 Id. at 1163. 
220 See Douglas S. Diekema, Improving Childhood Vaccination Rates, 366 NEW ENG. 

J. MED. 391, 393 (2012) (noting that asking patients to seek other healthcare options is
counterproductive).

221 See id. 
222 Feudtner & Marcuse, supra note 192, at 1163. 
223 Id. at 1161. 
224 Feudtner & Marcuse, supra note 192, at 1163. 
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way for the state to exercise appropriate paternalism and prevent 
children from contracting disease. The reason for the discrepancy 
between society’s duty and the familial one is the recognition of an 
implied duty of care between all members of society and children, not 
just a recognition of the state’s duty to the child.225 The legal 
foundation for this implied duty is suspect, because there is no clear 
analog in common law criminal or tort systems for a duty to rescue, 
even when a person can do so at small or no cost to herself.226 If the 
common law is unwilling to impose liability on individuals toward 
strangers, Feudtner and Marcuse may be wrong as a matter of law to 
suggest that a mandatory program may impose a duty on all members 
of society to protect children. 

There is a distinction between a duty to rescue and an implied duty 
to vaccinate. Children have a higher risk of infection than healthy 
adults because of their age. If vaccine-induced harm carries a 
relatively small risk, then there may be a basis to impose such a duty 
on society as a whole. However, it still does not follow that 
mandatory vaccination is the optimal mechanism. Under the theory of 
herd immunity, society need not achieve complete vaccination 
coverage to mitigate the spread of infection.227 If a recommended or 
elective program can contain disease, then it is likely superior to a 
mandatory one. 

7. Prudent Utilization of Healthcare Resources

Thoughtful use of resources, unlike the six factors above, refers to
implementing a particular program rather than to theoretical tensions 
between liberty and collective security.228 At first, resource allocation 
may appear only incidental to a “just” vaccination program; on further 
examination, however, it is of primary importance in balancing 
society’s healthcare interests.229 This factor is foremost in the 
discussion of vaccination choice in Part III. Society should be willing 
to invest healthcare resources, including funding, infrastructure, and 
research, in those endeavors that are likely to achieve the greatest 
aggregate benefit at the lowest aggregate cost.230 Although Feudtner 

225 See id. at 1160. 
226 See generally Ernest J. Weinrib, The Case for a Duty to Rescue, 90 YALE L.J. 247 

(1980) (evaluating the case for imposing a duty to rescue). 
227 See Poland & Jacobson, supra note 214, at 862. 
228 See Feudtner & Marcuse, supra note 192, at 1163. 
229 See id. at 1160–61. 
230 See id. at 1161. 
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and Marcuse suggest that a mandatory program best achieves the 
prudent use of resources,231 this conclusion is doubtful. If the 
marginal benefit of a mandatory program does not exceed the 
marginal cost of implementation, then society can better invest its 
healthcare resources elsewhere.232 This observation is particularly 
true for most childhood infectious diseases where herd immunity is 
per se unachievable because the vaccine failure rate exceeds the herd 
immunity threshold.233 Undervaluing pragmatism risks exposing 
individuals to unnecessary harms for which there are no 
commensurate gains.234 This factor is absolutely critical to ensuring 
efficiency in the vaccination market and therefore must play a central 
role in designing vaccination programs. 

B. Weighing the Feudtner-Marcuse Factors

Feudtner and Marcuse’s attempt to analyze the justice of 
vaccination policies is insightful.235 While we do not reach the same 
conclusions they do, we find their measurements relevant and worthy 
of further examination. We may agree that a uniform “just” 
vaccination policy is impossible.236 “Just” policies depend upon the 
specifics of the individual, the population, the disease, and the 
potential vaccine efficacy, injuries, and costs. There is no “one-size-
fits-all” solution, although that seems to be the goal of most 
mandatory programs. 

We argue that the original model undervalues considerations of 
individual autonomy, misapplies the notion of a social duty to 
vaccinate, and critically fails to provide a pragmatic use of healthcare 
resources for infectious disease. We claim that the proper focus of 
programs cannot be eradication of disease “at all costs”; indeed, 
Feudtner and Marcuse acknowledge this limitation by advocating 
prudent allocation of healthcare resources.237 Efficiency requires 
taking account not only of the costs of infection, but also of the costs 

231 Id. at 1163. 
232 See id. at 1161. 
233 See supra Part I.E.1.i. (discussing measles as an example for which herd immunity 

is likely unattainable given the rapid rate at which the disease spreads through a population 
and the relatively low vaccine efficacy). 

234 See Feudtner & Marcuse, supra note 192, at 1161. 
235 See id. at 1160. 
236 See id. at 1162. 
237 Id. at 1160. 



HOLLAND (DO NOT DELETE) 10/23/2014 9:32 AM 

40 OREGON LAW REVIEW [Vol. 93, 1 

of the “cure.”238 In striving for unattainable herd immunity, society 
pays a heavy price.239 

We conclude that the appropriate and rational objective of modern 
vaccination programs should be to maximize herd effect to the extent 
that marginal gains in vaccination coverage are not outweighed by the 
marginal costs to the individual, the healthcare system, and society. 
This objective is fully consistent with contemporary regulatory 
policy240 and properly balances individual choice, direct and indirect 
costs to healthcare, and the real benefit that vaccines provide in 
protecting individuals from infectious diseases. 

III 
A GAME THEORY ANALYSIS OF VACCINATION DECISIONS 

Proponents of mandatory policies argue that failure to vaccinate 
breaches an implied duty to other members of society to protect the 
herd.241 Under free rider assumptions, herd immunity cannot exist 
without government compulsion.242 Game theory, however, provides 
a useful alternative framework for examining the severity of the free 
rider problem. The aim of game theory is to identify optimal 
strategies for people in which their gains depend on others’ 
choices.243 Using game theory, Chris Bauch and David Earn have 
attempted to quantify the effect of risk perception on a person’s 
willingness to vaccinate with perfectly efficacious vaccines.244 Their 
analysis lays the foundation for market-based solutions to vaccination 
policy. In order to facilitate discussion, however, we will only 
generally review game theory and readers should refer to the original 
Bauch-Earn analysis for technical details.245 

238 See id. at 1163. 
239 See id. at 1161. 
240 See Exec. Order No. 12,866 § 1(b)(6) (“Each agency shall . . . adopt a regulation 

only upon a reasoned determination that the benefits of the intended regulation justify its 
costs.”); id. at § 1(b)(11) (“Each agency shall tailor its regulations to impose the least 
burden on society, including individuals, businesses of differing sizes, and other entities 
. . . consistent with obtaining the regulatory objectives . . . .”). 

241 See Diekema, supra note 7, at 93 (suggesting that parents who do not vaccinate their 
children should be subject to civil negligence liability). 

242 See id. at 91. 
243 See generally KEN BINMORE, GAME THEORY: A VERY SHORT INTRODUCTION 

(2007) (discussing game theory and the way humans interact in certain cooperative 
scenarios). 

244 See generally Chris T. Bauch & David J.D. Earn, Vaccination and the Theory of 
Games, 101 PROCS. NAT’L ACAD. SCI. 13391 (2004). 

245 See id. 
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A. Game Theory of Vaccination Choice

The following scenario provides the framework for the Bauch-Earn 
“vaccination game.”246 Alice is a rational “player” in a large, 
homogeneous population trying to decide whether to vaccinate or to 
take her chances and get sick. To help her with the decision, she has 
in front of her a box of coins. Each coin is labeled according to the 
probability P that on any given toss it will come up heads; the coins 
are therefore biased, or rigged, to come up heads a specific fraction of 
the time. Alice can choose any coin in the box, and she will choose to 
vaccinate if, upon tossing the coin, it comes up heads; otherwise, she 
will not vaccinate. The “vaccination game” is therefore as follows: 
which coin should Alice choose in order to maximize her expected 
net health benefits, given that everyone else in the population is also 
playing this same game? In other words, how does Alice maximize 
her individual health benefits given the collective choices of others? 

The “vaccination game” is a form of cost-benefit analysis, based on 
the information she gathers from others’ “successes” in the game. 
Furthermore, Alice is not an automaton; her goal is not merely to 
decide whether to vaccinate but, more importantly, to pick the best 
coin, that is, the coin that will minimize her risks of both vaccination 
and infection. Specifically, if her coin comes up heads, then Alice will 
face the risks of potential vaccine injury and future booster shots to 
preserve immunity.247 Conversely, if the coin lands tails, then she 
faces the potential but uncertain risk of infection. Alice will discount 
the risks of infection by the probability that she may get sick, which 
decreases as a function of increasing vaccination coverage.248 At the 
herd immunity threshold, Alice’s risks of not vaccinating are zero 
because she can “free ride” on herd immunity. With her biased coin 

246 Id. at 13394 (describing how game theory can be used to develop schemes regarding 
disease eradication; the coin toss game set forth here serves as an illustration of the 
vaccination game described by Bauch and Earn). 

247 Note that this cost is an average cost over all possible “adverse” events of the 
vaccine, including the chance that nothing will happen. This average cost is always 
negative because the net benefit of the vaccine is prevention of the disease, which is not a 
net gain to the player if she does not have the disease when she starts the game. 

248 Beyond the herd immunity threshold, by definition the disease cannot support itself 
in the population, and no individual will attain the disease regardless of vaccination status. 
However, the rate at which a disease is transmitted through a population will increase as 
the fraction of people choosing to vaccinate falls below the herd immunity threshold, 
meaning that the probability of any individual acquiring the disease must also increase as 
the vaccine coverage level decreases. 
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and a perceived estimate of these risks, Alice can then figure out her 
best strategy. 

To understand how other players will affect Alice’s strategy in the 
“vaccination game,” assume that Bob is also playing the game with a 
biased coin that comes up heads with probability Q. If Alice and Bob 
have equal information about the risks of vaccination and 
infection,249 then they will both obtain gains. However, they will 
discount the risks differently because they are playing with different 
coins.250 Who then is doing better in the game by drawing a greater 
payoff, where the payoff is maximization of all benefits and 
minimization of all harms? If Bob is obtaining a greater payoff with 
coin Q, then there is no reason for Alice to play with coin P; the 
converse will be true if Alice obtains a better payoff. Furthermore, if 
Cindy can beat both Alice and Bob by using coin O, then both Alice 
and Bob will switch to Cindy’s coin. It is through this type of 
information exchange based on the performance of other players that 
we can identify the optimal strategy for the vaccination game, a coin 
P* with an expected payoff greater than with any other coin.251 

B. Theoretical Optimum Vaccination Choice Strategy

There are two possible variants to the “vaccination game”: (1) the 
vaccine is perfectly efficacious, as in the scenario considered by 
Bauch and Earn,252 and (2) the vaccine is imperfect, as in the “real-
world” case. The analysis of this latter scenario is original to this 
Article. 

1. Using a Perfect Vaccine

Bauch and Earn prove that there are two possible optimal strategies
for the vaccination game with the perfectly efficacious vaccine.253 If 

249 Alice and Bob represent “average” members of the population in the sense that their 
estimates rely on the same information available to the public. The Bauch-Earn framework 
therefore faces several of the same limitations of the herd immunity theory discussed in 
Part II, but the results provide a useful systematic framework for evaluating the scope and 
direction of U.S. vaccination policy. 

250 Note that all players in the vaccination game will discount the costs of vaccination 
by the probability that the coin comes up heads and will similarly discount the costs of 
infection by the probability that the coin lands tails. 

251 See Bauch & Earn, supra note 244, at 13394 (Bauch and Earn prove that P* is a 
stable Nash equilibrium for the vaccination game, meaning roughly that it is indeed better 
than any other coin that Alice could choose from her box.). 

252 Id. 
253 Id. 
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the perceived risks of vaccination are greater than the perceived risks 
of infection when no one is vaccinating,254 then the optimal strategy 
is in fact never to vaccinate.255 Indeed, this “tragedy of the commons” 
occurs only when the costs to the individual from vaccine uptake are 
extraordinarily high. 

In the alternative case where the perceived vaccination risks are 
less than the worst-case infectious disease scenario, there is a stable 
equilibrium point P* between zero and one that Bauch and Earn show 
is equal to the vaccination coverage T* necessary to exactly balance 
the risks of vaccination and infection.256 To understand why this 
result is true, note that when the perceived vaccination risks are less 
than the worst-case infectious disease scenario, then there must exist a 
vaccination coverage level T* at which the expected risks of 
vaccination balance the risks of infection.257 If society vaccinates 
below this level, then risks of infection will be greater than the risks 
of vaccination, and unvaccinated individuals will have an incentive to 
vaccinate.258 Conversely, when society vaccinates above this level, 
the aggregate risks of vaccination exceed the aggregate harms of 
infection, and the incentive is to forego vaccination.259 Therefore, 
deviations in either direction from the equilibrium coverage T* should 
return over time to this equilibrium point.260 The question is then 
whether T* is at least equal to the herd immunity threshold TH, the 
answer to which is no in practically all cases. Indeed, herd immunity 
is only obtainable as an equilibrium point when there are no further 
risks of vaccination or infection.261 Bauch and Earn verify this 

254 If no one in the population is vaccinating, then the vaccine coverage is zero, and the 
expected costs of infection are maximal for the individual. 

255 Bauch & Earn, supra note 244, at 13393. 
256 Id. at 13394. 
257 Recall that the probability of acquiring an infection decreases with increasing 

vaccine coverage from the “worst-case scenario” at zero coverage until it vanishes at the 
herd immunity threshold. Therefore, if the costs of vaccinating are below the “worst-case” 
level, these vaccination costs must meet with the expected infection costs at some 
vaccination level between zero and one.  

258 Bauch & Earn, supra note 244, at 13393–94. 
259 Id. 
260 Id. at 13394. 
261 The only point where the costs of infection are zero is at the herd immunity 

threshold, meaning that if the herd immunity threshold is an equilibrium point, the costs of 
vaccination must also vanish. 
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conclusion through simulations on model populations of susceptible, 
infectious, and recovered individuals.262 

2. Using an Imperfect Vaccine

As in the real world, what if a vaccine provides imperfect
immunity with an efficacy of probability K? The new setup for the 
vaccination game then has several important changes: 
x If Alice’s biased coin comes up heads, she faces the expected 

risks of the vaccine itself and also the expected risks of 
infection if the vaccine fails. 

x The expected risks of infection exist even at the herd immunity 
threshold because the vaccine is imperfect, meaning that society 
must invest additional resources to eliminate the disease. If the 
vaccine efficacy K is less than the herd immunity threshold, 
then herd immunity is impossible to achieve. 

If the perceived risks of vaccination are greater than the “worst-
case scenario” when no one vaccinates, then the optimal strategy is 
not to vaccinate.263 However, the vaccination risks need not be this 
high. Alice would still choose not to vaccinate even if the expected 
vaccination risks are below the “worst-case” infection risks, because 
she also expects to face some infection risks when she vaccinates with 
an imperfect vaccine. In fact, this analysis predicts this “do not 
vaccinate” result in all cases where the expected vaccination risks 
exceed the “worst-case” infection risks discounted by the probability 
of vaccine efficacy K. 

C. Vaccination Choice Strategy in the “Real World”

How does the equilibrium vaccination coverage with the imperfect 
vaccine compare to the result for the game with the perfect vaccine? 
Intuitively, one might think that the equilibrium vaccination coverage 
with the imperfect vaccine should be less than the corresponding 
equilibrium coverage for the perfect vaccine. However, it turns out 
that this result is only true when the expected vaccination risks are 
high. When the expected vaccination risks are relatively low,264 there 

262 Bauch & Earn, supra note 244, at 13392. 
263 Id. at 13393. 
264 The notion of “relatively low” can be made quantitative by comparing the infectious 

cost curves for the perfect and imperfect vaccines and by noting that there exists a “cross-
over” point at a certain level of vaccine coverage due to the longer tail on the cost 
distribution for the imperfect vaccine. 
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is a greater risk of infection than risk of vaccine harm.265 When a 
vaccine provides even incomplete protection to infection, the 
marginal benefit of using it may be perceived to be relatively large.266 

So what are the results of elective vaccination programs? A follow-
up article by Perisic and Bauch in 2009 suggests that they work.267 As 
with the herd immunity analysis in Part I, the game theory model 
assumes population homogeneity.268 Utilizing a network population 
model, in which individuals in the population only interact with 
neighbors with whom they share a connection, Perisic and Bauch 
show that altruism develops within tightly connected 
“neighborhoods” of individuals, decreasing the total spread of 
disease.269 Within small neighborhoods, people will voluntarily 
vaccinate with a relatively safe vaccine.270 As the neighborhood size 
increases, however, the infection is more likely to escape to infect the 
larger population, thereby approaching the disease dynamics in a 
homogeneous population.271 

Reluga, Medlock, Poolman, and Galvani have also shown that age 
stratification can affect optimal strategy.272 They show that because 
vaccination at a young age increases the average age of initial 
infection, it may be better for people to acquire natural immunity 
through infection at a young age rather than to risk greater harm from 
waning vaccine-induced immunity at a later age.273 Game theory 
suggests that a market will best balance vaccine and infection risks 
and benefits. 

Although not the conventional wisdom, evidence suggests that 
individual choice is not at odds with public health benefits from 
vaccines. To the extent that individuals contribute to herd effect both 
through vaccine-induced and natural immunity, “soft” regulation of 
the market can create the same or higher levels of public health more 
efficiently than compulsion. Indeed, Drs. Yang and Debold have 
recently demonstrated that for several diseases, there is no statistically 

265 Bauch & Earn, supra note 244, at 13393–94. 
266 Id. 
267 Ana Perisic & Chris T. Bauch, Social Contact Networks and Disease Eradicability 

Under Voluntary Vaccination, 5 PLOS COMPUTATIONAL BIOLOGY 1, 2 (2009). 
268 Id. 
269 Id. 
270 Id. 
271 Id. 
272 Reluga et al., supra note 98. 
273 Id. at 2718–19. 
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significant relationship, at the ninety-five percent confidence level, 
between measures of non-medical childhood disease exemptions and 
disease incidence rates in the fifty states.274 Although several open 
issues of their study remain for the scientific literature to consider,275 
their empirically-based study results strongly reinforce the view that 
herd immunity should not be the de facto objective of vaccination 
policy. 

A voluntary approach to maximizing herd effect ensures efficiency 
of the vaccination marketplace and preserves individual choice. 
Policymakers should reconsider the appropriate level of regulation of 
the vaccination market, explicitly balancing the costs of vaccination 
coverage with the expected benefits from a particular vaccination 
program.276 

CONCLUSION AND RECOMMENDATIONS 

Herd immunity is generally unattainable in the real world because 
key assumptions, like population homogeneity, do not exist and 
because current vaccine technology is imperfect. Vaccination 
programs should therefore aim to achieve herd effect, not herd 
immunity and concomitantly, disease control rather than eradication. 

The free rider problem is a red herring. The Bauch-Earn game 
theory analysis and experience suggest that it does not drive 
individual decision making in the real world.277 If safe and effective 
vaccines are available, most people will voluntarily accept the risks of 
vaccination rather than the potential risks of serious infectious 
disease. 

Market forces will naturally lead to an equilibrium point for 
vaccination; mandates to increase coverage above the equilibrium 
point yield little or no marginal gains in the absence of obtainable 
herd immunity. Vaccination programs should therefore focus on 
“soft” regulation by investing in safer and more efficacious vaccine 

274 Yang & Debold, supra note 14, at 374–76. 
275 Id. at 375. 
276 See OFFICE OF MGMT. & BUDGET, supra note 8, at 9–10 (noting that an agency 

“should also perform a [benefit-cost analysis] for major health and safety rulemakings to 
the extent that valid monetary values can be assigned to the primary expected health and 
safety outcomes[,]” and that even “[i]f the non-quantified benefits and costs are likely to 
be important, [the agency] should recommend which of the non-quantified factors are of 
sufficient importance to justify consideration in the regulatory decision”). 

277 Bauch & Earn, supra note 244, at 13393–94. 

CONCLUSION AND RECOMMENDATIONS
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If safe and effective vaccines are available, most people will voluntarily accept the risks of vaccination rather than the potential risks of serious infectious disease.
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technology, ensuring informed consent and opening lines of 
communication between parents, physicians, and policymakers. 

These conclusions lead to the following specific recommendations 
for U.S. federal and state vaccine policy makers. First, federal and 
state vaccination programs should acknowledge that the goal of 
vaccine policy is to control disease, not eradicate it. Effective 
programs should focus on creating herd effect, not herd immunity, 
and take into account all the economic costs and health risks of 
vaccination. 

Second, states should experiment with market-based approaches to 
vaccination, freeing resources otherwise devoted to compliance to 
other healthcare needs. States can change mandates to recommended 
or elective programs with relative ease and observe what 
consequences follow. States can start by removing those vaccination 
mandates that have inadequate public health rationales, such as the 
mandate for tetanus, which is non-contagious, and for hepatitis B, 
which is primarily sexually transmitted and a disease for which 
children are at low risk. 

Third, states should ensure that vaccine consumers receive 
complete information to make rational choices. States can impose 
higher informational requirements than current federal law. Under 
federal law, parents are required to receive only minimal information 
on vaccination benefits and risks.278 States should require that parents 
or guardians receive all the information they would otherwise obtain 
with any prescription drug. 

*** 

Parents can and should be able to determine their own children’s 
best interests and voluntarily choose vaccines based on complete and 
accurate information. Prior, free, and informed consent is the 
hallmark of modern ethical medicine.279 The “choice” between 
fulfilling a child’s vaccination mandates or foregoing her education is 

278 42 U.S.C. § 300aa—26 (2012) (describing the Vaccine Information Statements that 
the CDC now produces); see Vaccine Information Statements, CTRS. FOR DISEASE 
CONTROL & PREVENTION, http://www.cdc.gov/vaccines/hcp/vis/index.html?s_cid=cs_000 
(last updated June 11, 2014). 

279 Universal Declaration on Bioethics and Human Rights, UNITED NATIONS EDUC., 
SCIENTIFIC, AND CULTURAL ORG. (UNESCO), at art. 6 (2005), unesdoc.unesco.org 
/images/0014/001461/146180e.pdf (“Any preventive, diagnostic and therapeutic medical 
intervention is only to be carried out with the prior, free and informed consent of the 
person concerned, based on adequate information.”). 

The “choice” between fulfilling a child’s vaccination mandates or foregoing her education is
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scarcely a voluntary choice; it is a coerced choice at best. Because 
public health policies have not attained herd immunity for any 
childhood disease despite sixty years of compulsory policies and 
intensive effort, it seems both logical and wise to recalculate our 
policies. It is time to abandon the illusion of herd immunity through 
compulsion and to adopt realistic and respectful policies to achieve 
herd effect based on parents’ informed choices. 

scarcely a voluntary choice; it is a coerced choice at best. Because public health policies have not attained herd immunity for any childhood disease despite sixty years of compulsory policies and intensive effort, it seems both logical and wise to recalculate our policies. It is time to abandon the illusion of herd immunity through compulsion and to adopt realistic and respectful policies to achieve herd effect based on parents’ informed choices.



7/3/2018 Chickenpox outbreak in a highly vaccinated school population. - PubMed - NCBI

https://www.ncbi.nlm.nih.gov/pubmed/14993534 1/1

OBJECTIVE:

METHODS:

RESULTS:

CONCLUSIONS:

Pediatrics. 2004 Mar;113(3 Pt 1):4559.

Chickenpox outbreak in a highly vaccinated school population.
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Abstract
We investigated a chickenpox outbreak that started in an Oregon elementary school in October 2001, after public

schools began phasing in a varicella vaccination requirement for enrollment. We sought to determine the rate of varicella vaccination
and effectiveness and risk factors for breakthrough disease.

A chickenpox case was defined as an acute maculopapulovesicular rash without other explanation occurring from
October 30, 2001 through January 27, 2002 in a student without a prior history of chickenpox. We reviewed varicella vaccination
records and history of prior chickenpox, and we calculated vaccine effectiveness. We evaluated the effects of age, gender, age at
vaccination, and time since vaccination on risk of breakthrough disease (ie, chickenpox occurring >42 days after vaccination).

Of 422 students, 218 (52%) had no prior chickenpox. Of these, 211 (97%) had been vaccinated before the outbreak.
Twentyone cases occurred in 9 of 16 classrooms. In these 9 classrooms, 18 of 152 (12%) vaccinated students developed
chickenpox, compared with 3 of 7 (43%) unvaccinated students. Vaccine effectiveness was 72% (95% confidence interval: 3%87%).
Students vaccinated >5 years before the outbreak were 6.7 times (95% confidence interval: 2.222.9) as likely to develop
breakthrough disease as those vaccinated </=5 years before the outbreak (15 of 65 [23%] vs 3 of 87 [3%]).

A chickenpox outbreak occurred in a school in which 97% of students without a prior history of chickenpox were
vaccinated. Students vaccinated >5 years before the outbreak were at risk for breakthrough disease. Booster vaccination may
deserve additional consideration.
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had no prior chickenpox. Of these, 211 (97%) had been vaccinated before the outbreak.

Of 422 students

A chickenpox outbreak occurred in a school in which 97% of students

were vaccinated.
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On February 10, 2014, the USS Ardent, a U.S. Navy minesweeper, was moored in San Diego, California, while conducting
training. Over the course of 3 days, 25 of 102 crew members sought medical care because of influenza-like illness (ILI). Nasal
swab specimens were collected from each patient, and initial rapid influenza testing indicated 16 cases of influenza A. Ultimately,
polymerase chain reaction (PCR) testing conducted by the Naval Health Research Center determined that 20 specimens were
influenza A, of which 18 were subtype H3N2. Two specimens could not be subtyped. The HA gene sequence of an outbreak
isolate was 99% identical to strains circulating during the 2013–14 influenza season and antigenically similar to the H3N2
component of the 2013–14 influenza vaccine. At the time of the outbreak, 99% of the crew had received influenza vaccine.
Through the duration of the outbreak, the minesweeper squadron medical officer collaborated with Navy Environmental and
Preventive Medicine Unit Five, higher-level Navy authorities, and County of San Diego Public Health Services to implement the
outbreak response, which included disseminating outbreak information to surrounding Navy units, disinfecting the ship, sending
home infected crew members, identifying family members at high risk, and providing antiviral medications and guidance. No
crew member had onset of symptoms >6 days after the first crew member became ill. This outbreak highlights the risk for an
H3N2 influenza outbreak among vaccinated and otherwise healthy young persons.

ILI was defined as illness with two or more of the following symptoms: fever >100.4°F (>38.0°C), chills, sore throat, cough,
shortness of breath, congestion, headache, body aches, and nausea. Twenty crew members reported sick on February 10, one on
February 11 and four more on February 12. Symptom onset dates were February 5–11 (Figure). All ILI patients were interviewed
and examined aboard ship by both an independent duty corpsman (i.e., shipboard medical provider) and a physician. Two nasal
swab specimens were taken from each ILI patient by staff members from the Naval Health Research Center. Nasal swab
specimens and influenza A and B rapid influenza tests were used for immediate influenza testing. The remaining nasal swab
specimens were screened by the Naval Health Research Center for influenza A and B using the CDC PCR assay (1), and DNA
sequencing of the HA1 portion of the hemagglutinin gene was performed as previously described (2). Data on demographics and
symptomatology were collected using questionnaires and personal interviews.

All 25 crew members with ILI symptoms were otherwise healthy men aged 21–44 years. ILI cases occurred in all ranks,
departments, job types, and work shifts. The ship had been in port since being transported from Bahrain to San Diego 2 months
before the outbreak. No sailors reported any recent travel. Rapid influenza testing indicated 16 cases of influenza A and nine
negative results. Nasal swab specimens from 20 of the 25 ILI patients were positive by PCR for influenza A, with 18 specimens
confirmed as A (H3) and two as A (untyped). Influenza A virus was isolated from seven of 11 nasal swab specimens selected for
viral culture. These seven specimens had HA1 protein sequences that were identical to each other and differed from the 2013–14
influenza A (H3N2) A/Texas/50/2012 vaccine strain by 5 amino acid substitutions (N128A, R142G, N145S, P198S, and V347K).
Sequence analysis (3) of the HA1 portion of the hemagglutinin gene showed 99% homology to typical H3N2 strains circulating in
the United States and worldwide during the 2013–14 northern hemisphere influenza season and were found to be antigenically
similar to A/Texas/50/2012 (4). Ninety-nine of 102 USS Ardent crew members, 24 of the 25 with ILI symptoms, and 17 of 18
crew members with confirmed influenza A (H3N2) infection had received the 2013–14 influenza vaccine ≥3 months before the
outbreak. Vaccinations had been administered at local naval health clinics and at a vaccination fair conducted by Naval Medical
Center San Diego. Of the 25 crew members with ILI symptoms, 16 were vaccinated via intradermal injection, eight via intranasal
mist, and one had not received vaccination.

Interviews revealed a possible source of the outbreak to be an Ardent crew member (patient A), aged 26 years, who had been
evaluated at a local emergency room for fever and cough on January 30, 11 days before the first ILI case was diagnosed. A chest
radiograph and computed tomographic scan were performed because of suspicion of pulmonary embolism; both were negative.
The patient had been receiving treatment for pyelonephritis, and the clinical impression was that the cough was related to the
pyelonephritis. No testing for influenza was performed, and the patient was discharged. Patient A's roommate in a shore
apartment, also a USS Ardent sailor, experienced ILI symptoms on February 5. Because patient A's roommate was the first of the
25 crew members to experience ILI, and no other probable cause for the outbreak was found, it is possible that patient A actually
had influenza. Since patient A did not board USS Ardent because he was ill, it is likely he infected his roommate, who then spread
influenza to other USS Ardent crew members.

In an effort to reduce spread and impact of disease, oseltamivir (75 mg twice a day for 5 days) was prescribed to each ILI patient
who reported that symptoms had developed within 48 hours of their medical visit, regardless of their vaccination status and
rapid influenza testing results. In addition to antiviral medication, rapid identification of the influenza outbreak, and immediate
isolation of affected persons (crew members with ILI symptoms were sent off ship to their homes for 48 hours), additional steps
to control the outbreak were taken: thorough cleaning of spaces throughout the ship by the crew and use of the ship's public
address system to instruct personnel to wash hands frequently, use hand sanitizer, cover their mouths when coughing, and

13.B.3 https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6342a3.htm?
s_cid=mm6342a3_e

The HA gene sequence of an outbreak isolate was 99% identical to strains circulating during the 2013–14 influenza season and antigenically similar to the H3N2 component of the 2013–14 influenza vaccine. At the time of the outbreak, 99% of the crew had received influenza vaccine.
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report for medical evaluation if they were experiencing ILI symptoms. Similar announcements were made aboard three other
minesweepers sharing the same pier as USS Ardent. Following a policy implemented by the independent duty corpsman, all
patients experiencing ILI symptoms were required to wear an N95 filtering facepiece respirator while shipboard until 5 days after
onset of symptoms. Cleaning of spaces was done by regularly disinfecting all commonly touched surfaces with disinfecting wipes
and mopping all decks with an iodophor disinfectant diluted to 150 ppm of iodine. E-mails and reports regarding the outbreak,
with an emphasis on rapidly identifying patients with ILI, were distributed to all ships on Naval Base San Diego and to high-level
Navy officials and County of San Diego Public Health Services. No additional cases were identified after February 14. A total of 43
working days were lost by the 25 ILI patients.

Discussion
USS Ardent, an Avenger class minesweeper, is one of the smallest ships in the U.S. Navy. It has one shared space in which the
entire crew eats meals. Work areas are spread throughout the ship, and there are nine sleeping spaces. Military populations,
especially those living and working in confined settings, are susceptible to respiratory disease outbreaks (5). Shipboard personnel
are at especially high risk because of constant close quarter exposure to a large number of crew members (6). Virtually all areas
onboard ships are shared, and movement frequently requires touching handrails, door knobs, and other objects that can be
contaminated with nasal secretions. In addition, ventilation systems can circulate infectious pathogens throughout a ship (7).

As the ship was moored in San Diego, the entire crew worked onboard during the day, and 25% remained onboard through each
night. The roster of crew members who remained onboard at night rotated daily. There were 16 cases of confirmed influenza A
(H3N2 )infection in San Diego County (Brit H. Colanter, MPH, Health and Human Services Agency County of San Diego,
personal communication, 2014) during the 6 weeks leading to the ship outbreak, making it likely that the virus was acquired
from the local community.

Since the 1950s, a policy of mandatory annual vaccination against influenza for active duty personnel has been largely successful
in limiting influenza epidemics in the military (8). The current U.S. Department of Defense influenza vaccination policy
mandates that all uniformed personnel receive seasonal influenza vaccination, unless medically exempt, or face punishment
under the Uniform Code of Military Justice. The policy specifically directs all Navy operational units to be at least 90%
vaccinated. However, despite vaccination measures, influenza outbreaks can still occur in highly vaccinated military populations
(9,10).

1Mine Counter Measures Squadron Three, U.S. Navy; 2Naval Health Research Center, U.S. Navy; 3Navy Environmental and
Preventive Medicine Unit Five, U.S. Navy; 4World Health Organization Collaborating Center for Influenza, CDC; 5Independent
Duty Corpsman, USS Ardent (Corresponding author: Theodore L. Aquino, taquino@health.usf.edu, 850-284-1046)
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What is already known on this topic?

The single best way to prevent influenza infection is to receive vaccination every year. Some organizations have a mandatory
vaccination policy. Despite this, influenza outbreaks can occur in highly vaccinated populations, especially in confined settings.

What is added by this report?

In February 2014, a total of 25 of the 102 crew members of a U.S. Navy minesweeper sought medical care because of influenza-
like illness attributed to an influenza A (H3N2) virus antigenically similar to the H3N2 component of the 2013–14 vaccine.
Among the crew members, 99% had received influenza vaccination, including 24 of 25 ill persons. Outbreak management
included use of an antiviral medication, exclusion of the ill from the ship for 48 hours, disinfection, hand washing, and cough
etiquette. No crew member had onset of symptoms >6 days after the first crew member had symptoms.

What are the implications for public health practice?

despite vaccination measures, influenza outbreaks can still occur in highly vaccinated military populations
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This influenza outbreak highlights the risk for an outbreak of influenza A (H3N2) in a cohort of vaccinated and otherwise healthy
young persons.

FIGURE. Number of cases (N = 25) of influenzalike illness, by date of symptom onset — USS Ardent, February

5–11, 2014

Alternate Text: The figure above is a bar chart showing the number of cases (N = 25) of influenza-like illness, by date of
symptom onset on the USS Ardent during February 5–11, 2014. Twenty crew members reported sick on February 10, one on
February 11, and four more on February 12. Symptom onset dates were February 5–11.
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The Navy's fighting to get a rare viral mumps outbreak under control after it stranded a US warship at sea 

Ryan Pickrell 

Mar. 29, 2019, 10:18 AM 
Whidbey Island-class amphibious dock landing ship USS Fort 

McHenry (LSD 43) prepares for an underway replenishment-

at-sea with USNS Kanawha (T-AO 196) and USS New York 

(LPD 21) Jan. 9, 2015. U.S. Navy photo by Mass 

Communication Specialist 3rd Class Jonathan B. Trejo 

 The USS Fort McHenry has been
quarantined at sea for months due to a viral outbreak
of what is being called a "probable case of the
mumps."

 Since the story broke earlier this month, two
more servicemembers have fallen ill, raising the total
number of affected personnel to 27, Fifth Fleet told

Business Insider. 

 "It is not common for us to see outbreaks of vaccine-preventable viral infections," the Navy's Bureau of Medicine and

Surgery told BI.

A US Navy warship deployed to the Persian Gulf has been stuck at sea for months due to a viral outbreak of what's 
likely the mumps, and servicemembers are continuing to fall ill as the medical workers try to get the situation under 
control, Fifth Fleet told Business Insider Thursday. 

As of Saturday, 27 sailors and Marines aboard the dock landing ship USS Fort McHenry have been diagnosed with 
parotitis, which the Navy described in a statement earlier this month as a "viral infection which has symptoms similar 
to mumps." 

Viral parotitis is an infection of the saliva glands on either side of the face that's typically caused by the mumps. 

Read More: A rare virus outbreak at sea has left a US Navy warship quarantined for over 2 months 

The Navy's Bureau of Medicine and Surgery (BUMED) later explained to BI that "based on clinical presentation and 
laboratory testing, these cases are currently classified as probable cases of mumps," one of a number of illnesses that 
all US military personnel are vaccinated against. 

Twenty-six of the affected sailors and Marines have recovered and returned to duty. 

The first troubling case appeared on December 22, shortly after the ship departed Mayport Naval Station in Florida 
for its current deployment. "The point of origin has not yet been determined," Fifth Fleet told BI. 

Amphibious dock landing ship USS Fort McHenry in the Atlantic Ocean, December 24, 2018. US Navy/Mass Comm. Specialist 2nd 

Class Megan Anuci 

In response to the outbreak, the Navy and Marines Corps Public Health Center has deployed health professionals to 
the quarantined Fort McHenry to conduct an in-depth epidemiologic investigation, a process which has not yet been 
completed. 

The Navy has been working hard to contain the outbreak. "Since the onset of the first case, the ship's medical 
department has implemented health protection measures, provided an additional outbreak-specific dose of vaccine to 
the crew, and managed patients to stop the spread of the illness," BUMED explained. 

Complications from the mumps are rare, but can be life-threatening. 
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As of March 9, just a few days before CNN first brought the story public, 25 servicemembers aboard the Fort McHenry 
had fallen ill. By March 17, Fifth Fleet had informed BI that all 25 affected personnel had made a full recovery and 
returned to duty. 

A new case popped up last Tuesday, CNN reported at the time, and since then, the number has risen again. 

"The health and welfare of our Sailors and Marines is paramount," the Navy said, "Our servicemembers are receiving 
the best care to treat this illness and prevent it from spending to others." 

In addition to making the decision to quarantine the ship at sea while sick servicemembers received treatment, the 
Navy, exercising caution, also gave all of the more than 700 service members on the Fort McHenry booster 
vaccinations for measles, mumps, and rubella. 

"The Navy's position is that vaccines are effective at reducing the incidence and severity of vaccine-preventable 
diseases," BUMED told BI. Unfortunately, "the mumps portion of the measles, mumps, and rubella (MMR) vaccine is 
the least effective of the three components, providing 88% effectiveness after completion of the two dose series." 

While outbreaks of influenza and other common illnesses occur every year aboard Navy vessels, the situation on the 
Fort McHenry is unusual, the Navy explained. "It is not common for us to see outbreaks of vaccine-preventable viral 
infections." 

The ship hasn't made a port call since early January and now isn't likely to for at least another month — a very long 
stretch at sea that's a morale killer for the crew. Typically deployed US warships have port calls at least once a month 
to repair systems and rest the crew. 

It is difficult to know how long the Fort McHenry's ongoing quarantine at sea will last as a situation like this cannot be 
considered fully resolved until two full incubation periods have passed without incident. "This ensures that the virus 
is no longer spreading, as infected individuals sometimes show no symptoms of illness," BUMED said. 

For the mumps, the incubation period is 25 days, so it will be another 50 days after the last affected servicemember 
recovers before the Navy can declare the situation resolved. 

NOW WATCH: 

More: U.S. Navy Virus Outbreak Mumps 
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Flu season continues to be widespread throughout country
Jonathan Richie EDITOR@BURNETTCOUNTYSENTINEL.com  Feb 8, 2018

Clarification: Last week’s article “Influenza potentially made stronger by vaccines” may have been misleading. The

article’s main source, Anna Treague, is not a nurse with the Centers for Disease Control (CDC). Treague, who was

quoted, is a nurse with Burnett County Public Health. We regret the error and apologize for any confusion,

inconvenience or misunderstanding it may have caused.

The flu season has been in full swing for a few months. The seasonal disease has mutated over the years, and
professionals say it has been made stronger as medicine continues to process vaccines.

According to the Centers for Disease Control and Prevention(CDC) this season’s flu is widespread in 49 states,
Wisconsin and Minnesota are covered in high levels of the flu.

“I believe that the low effective rate of the vaccine this year is due to the mutations that the virus made in the
processing of the vaccine itself,” said Anna Treague, nurse for Public Health. “That is at least part of the reason that
influenza cases are so widespread this year.”

The flu or influenza is a seasonal contagious respiratory disease that is caused by influenza viruses. The CDC says
the dominant strain this year is H3N2, which tends to be more severe and causes more severe symptoms than most
other strains.

Treague said that symptoms include fever, chills, headache, dry cough and aching of muscles and joints. They
usually appear 1 to 3 days after being infected with most people recovering within a week.

“The H3N2 strain also has proven to not be as impacted by the vaccines as other strains,” Treague said.

That being said, Treague still suggests everyone should get a flu shot.

“If you are able, get the flu shot,” Treague said. “Even if the flu vaccine isn’t as effective as it has been in year’s past
it does help. Some protection is better than no protection.”

A number of different influenza vaccines are produced every year. The most common uses a chicken egg to grow
the virus, which is why people with an egg allergy need a special type of vaccine. Some vaccines are trivalent
(containing 3 virus strains) or quadrivalent (containing 4 virus strains.)

Treague said the flu shot is a inactive/killed virus and the nasal spray from in alive, but weakened strain.

Typically production for the next year’s flu shots are developed before the current season of the flu ended.
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The seasonal disease has mutated over the years, and professionals say it has been made stronger as medicine continues to process vaccines.

“I believe that the low effective rate of the vaccine this year is due to the mutations that the virus made in the processing of the vaccine itself,” said Anna Treague, nurse for Public Health. “That is at least part of the reason that influenza cases are so widespread this year.”

Typically production for the next year’s flu shots are developed before the current season of the flu ended.

The most common uses a chicken egg to grow the virus, which is why people with an egg allergy need a special type of vaccine. Some vaccines are trivalent (containing 3 virus strains) or quadrivalent (containing 4 virus strains.) Treague said the flu shot is a inactive/killed virus and the nasal spray from in alive, but weakened strain.



Treague explained that there are two main viruses associated with the flu, type A and type B. It spread through
droplets of moisture that go from person to person when they sneeze, cough, or talk. Those droplets are then
inhaled by another person and that is how it spreads.

“I think it is important that people know how serious influenza can be for certain people, especially those who are
very young and the older population,” Treague said.

She said this is because at the beginning and end of one’s life their immune system is not as strong and their bodies
have to work harder to fight off viruses and compensate for the symptoms of influenza.

“Fortunately, in Wisconsin to date there has been no influenza-associated pediatric deaths reported, whereas
nationwide there have been 37,” Treague said.

Treague said anyone experiencing symptoms should see their doctor immediately so it can be caught in the early
stages and treated with antiviral medication. She also stressed proper hand hygiene and covering one’s mouth when
coughing is instrumental in not spreading the flu.

“Another thing to help avoid spreading influenza, if you are sick, stay home,” Treague said “Please take a break from
daily errands and rest, don’t venture out unless needed, if you have to venture out wear a mask, to prevent the
spreading of the virus through those moisture droplets.”



LA Countywide Outbreak Of Whooping Cough
Hits Exclusive Harvard-Westlake Hard
February 27, 2019 at 4:04 pm Filed Under: Harvard Westlake, Outbreak, Whooping Cough

Harvard-Westlake’s Studio City campus. (credit:
CBS)

STUDIO CITY (CBSLA) — An exclusive private school has been hit
with dozens cases of whooping cough, which has sickened a large
number of teenagers  across Los Angeles County.

Health of�cials say they are monitoring three large clusters of
highly contagious whooping cough among 11- to 18-year-olds. The
county Department of Health issued a health alert to pediatricians
and other health care providers about the uptick in whooping cough
last week.

Harvard-Westlake, which has
campuses in Studio City and
Beverly Crest, was hit
particularly hard, with 30
students coming down with
whooping cough since
November, according to the
Hollywood Reporter.

Of about 1,600 students attend Harvard-Westlake, where tuition is
close to $40,000 a year, only 18 opted out of vaccinations for
medical reasons. None of the 30 students who contracted whooping
cough were not vaccinated.

School of�cials say they have done all they can to control the
outbreak, including sending students home, sanitizing classrooms,
and implementing a new protocol that requires students who stay
home sick must be tested at a hospital for whooping cough before
they can return to class.

Whooping cough, also known as pertussis, gets its name from the
distinctive cough that sounds like a whoop. It is highly contagious
and can be fatal for infants.

Parents are being urged to take students with �u-like symptoms to
get them tested at a hospital before allowing them to return back to
school.

¾ MENU NEWS SPORTS BEST OF VIDEO WEATHER CONTESTS & MORE

KCAL9
ON AIR

CBS2 Live
ON AIR �

13.B.6 https://losangeles.cbslocal.com/2019/02/27/whooping-cough-harvard-
westlake/

Of about 1,600 students attend Harvard-Westlake

18 opted out of vaccinations for medical reasons. None of the 30 students who contracted whooping cough were not vaccinated.
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[Major measles epidemic in the region of Quebec despite a 99% vaccine coverage].
[Article in French]
Boulianne N , De Serres G, Duval B, Joly JR, Meyer F, Déry P, Alary M, Le Hénaff D, Thériault N.

Abstract
The 1989 measles outbreak in the province of Quebec has been largely attributed to an incomplete vaccination coverage. In
the Quebec City area (pop. 600,000) 1,363 confirmed cases of measles did occur. A casecontrol study conducted to
evaluate risk factors for measles allowed us to estimate vaccination coverage. It was measured in classes where cases did
occur during the outbreak. This population included 8,931 students aged 5 to 19 years old. The 563 cases and a random
sample of two controls per case selected in the case's class were kept for analysis. The vaccination coverage among cases
was at least 84.5%. Vaccination coverage for the total population was 99.0%. Incomplete vaccination coverage is not a valid
explanation for the Quebec City measles outbreak.
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Vaccination coverage for the total population was 99.0%. Incomplete vaccination coverage is not a valid explanation for the Quebec City measles outbreak.
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Measles outbreak in a fully immunized secondaryschool population.
Gustafson TL, Lievens AW, Brunell PA, Moellenberg RG, Buttery CM, Sehulster LM.

Abstract
An outbreak of measles occurred among adolescents in Corpus Christi, Texas, in the spring of 1985, even though vaccination
requirements for school attendance had been thoroughly enforced. Serum samples from 1806 students at two secondary schools
were obtained eight days after the onset of the first case. Only 4.1 percent of these students (74 of 1806) lacked detectable antibody
to measles according to enzymelinked immunosorbent assay, and more than 99 percent had records of vaccination with live
measles vaccine. Stratified analysis showed that the number of doses of vaccine received was the most important predictor of
antibody response. Ninetyfive percent confidence intervals of seronegative rates were 0 to 3.3 percent for students who had
received two prior doses of vaccine, as compared with 3.6 to 6.8 percent for students who had received only a single dose. After the
survey, none of the 1732 seropositive students contracted measles. Fourteen of 74 seronegative students, all of whom had been
vaccinated, contracted measles. In addition, three seronegative students seroconverted without experiencing any symptoms. We
conclude that outbreaks of measles can occur in secondary schools, even when more than 99 percent of the students have been
vaccinated and more than 95 percent are immune.

PMID: 3821823  DOI: 10.1056/NEJM198703263161303
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An outbreak of measles occurred among adolescents in Corpus Christi, Texas, in the spring of 1985, even though vaccination requirements for school attendance had been thoroughly enforced.

more than 99 percent had records of vaccination with live measles vaccine.

outbreaks of measles can occur in secondary schools, even when more than 99 percent of the students have been vaccinated and more than 95 percent are immune.
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SMITHTOWN, N.Y. --

Eyewitness News

none

Whooping cough outbreak on Long Island

June 22, 2011 4:16:51 AM PDT

Officials on eastern Long Island are
reporting an outbreak of whooping cough, also known as pertussis.
Thirteen students in three schools in Smithtown have been
confirmed with the contagious bacterial infection.

Health officials in Suffolk County said Tuesday they had alerted
area pediatricians and had given advice to school officials on how to
control the outbreak.

Pertussis causes an uncontrollable, violent cough lasting several
weeks or even months. It may begin with cold-like symptoms or a
dry cough that progress to episodes of severe coughing. It is spread
from person to person.

Officials say all of the Smithtown students had been immunized,
helping to reduce the severity of their illness.

The three schools with ill children are St. James Elementary
School, Tackan Elementary School and Nesaquake Middle School.
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Officials say all of the Smithtown students had been immunized
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NEW YORK
There are now 13 reported cases, 12 at the Rose Hill campus in the Bronx and one at the Lincoln Center campus
in Manhattan.

The symptoms are similar to the flu, but the virus can also cause painful swelling.

All of the infected patients had the mumps vaccine, but doctors say it's not 100 percent effective.

Infected students have been either isolated or sent home.

- UHS saw 1 case in January, 4 cases on Feb. 18; 3 cases on Feb. 19 and 5 cases on Feb. 20.

- All the students with suspected mumps infections have either returned home or have been isolated from other
residents during the infectious phase of the illness.

- All Fordham students are required to have full vaccinations before attending the University, including the
vaccination for mumps, measles, and rubella (MMR).

- All of the students who were tentatively diagnosed with mumps had been vaccinated. Vaccinations do not offer
100 percent protection, however, vaccination is still strongly recommended.

- Typically mumps patients are contagious for two days prior to the outbreak of symptoms and five days after.

Mumps is a viral infection. The symptoms are:

- Fever

- Headache

- Muscle aches

- Tiredness

- Loss of appetite

- Swollen and tender salivary glands under the ears or jaw on one or both sides of the face (parotitis)

Mumps is spread from person to person through contact with respiratory secretions, e.g., saliva and sneeze
droplets, from an infected person. Items used by an infected person, such as cups, utensils, etc., can also be
contaminated with the virus and should not be shared.

LINK: MORE FROM CDC

Copyright © 2019 WABC-TV. All Rights Reserved.

Fordham University mumps outbreak jumps campuses
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All of the students who were tentatively diagnosed with mumps had been vaccinated.

All of the infected patients had the mumps vaccine
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Mumps Outbreak Among a Highly Vaccinated University 
Community—New York City, January–April 2014
Leena N. Patel,1 Robert J. Arciuolo,2,3 Jie Fu,4 Francesca R. Giancotti,4 Jane R. Zucker,2,5 Jennifer L. Rakeman,4 and Jennifer B. Rosen2

1Public Health/Preventive Medicine Residency Program, Division of Epidemiology, and 2Bureau of Immunization, New York City Department of Health and Mental Hygiene, Queens, New York; 
3Council of State and Territorial Epidemiologists Applied Epidemiology Fellowship, Atlanta, Georgia; 4Public Health Laboratory, New York City Department of Health and Mental Hygiene, Queens, 
New York; and 5National Center for Immunization and Respiratory Diseases, Centers for Disease Control and Prevention, Atlanta, Georgia

Background. On 14 January 2014, a vaccinated student presented with parotitis. Mumps immunoglobulin M (IgM) testing was 
negative and reverse-transcription polymerase chain reaction (RT-PCR) testing was not performed, resulting in a missed diagnosis 
and the start of an outbreak at a New York City (NYC) university.

Methods. Mumps case investigations included patient interviews, medical records review, and laboratory testing including 
mumps serology and RT-PCR. Case patients were considered linked to the outbreak if they attended or had epidemiologic linkage to 
the university. Epidemiologic, clinical, and laboratory data for outbreak cases residing in NYC were analyzed.

Results. Fifty-six NYC residents with mumps were identified with onset between 12 January and 30 April 2014. Fifty-three cases 
(95%) were university students, 1 (2%) was a staff member, and 2 (4%) had epidemiologic links to the university. The median age 
was 20 years (range 18–37 years). All cases had parotitis. Three cases were hospitalized, including 1 of 2 cases with orchitis. Fifty-
four (96%) cases had received ≥1 mumps-containing vaccine, 1 (2%) was unvaccinated due to religious exemption, and 1 (2%) had 
unknown vaccination status. Two of the 44 (5%) cases tested by serology were mumps IgM positive, and 27 of the 40 (68%) tested 
by RT-PCR were positive.

Conclusions. Mumps outbreaks can occur in highly vaccinated populations. Mumps should be considered in patients with par-
otitis regardless of vaccination status. RT-PCR is the preferred testing method; providers should not rely on IgM testing alone. High 
vaccination coverage and control measures likely limited the extent of the outbreak.

Keywords. mumps; outbreak; parotitis; university; vaccination.

Mumps is an acute viral infection characterized by inflamma-
tion of the parotid and other salivary glands [1]. Parotitis is the 
most common clinical presentation; however, 20%–30% of peo-
ple with mumps infection are asymptomatic [2, 3]. Although 
most people recover, complications of infection can include 
orchitis, oophoritis, aseptic meningitis, encephalitis, pancre-
atitis, and deafness [2]. The incubation period, or time from 
exposure to symptom onset, ranges from 12 to 25 days. People 
with mumps are most likely to be infectious up to 2 days before 
parotitis onset through 5 days after [4–6].

In the United States, mumps was a universal childhood 
disease prior to the introduction of the vaccine in 1967 [1]. 
Following the recommendation for routine use of mumps vac-
cine in 1977, incidence declined 98% in the United States by 
1985 [1, 7]. A resurgence of mumps occurred in 1986–1987, 
largely due to cohorts of unvaccinated persons [8]. With the 

recommendation of a 2-dose measles, mumps, and rubella 
(MMR) vaccination policy in 1989, mumps incidence further 
declined to 0.1 case per 100 000 annually by 2001 [9]. However, 
outbreaks continue to occur, particularly in communities with 
large, congregate settings [10–12]. In 2006, a large multistate 
outbreak occurred in the Midwestern United States with >6500 
cases reported, primarily among young, vaccinated university 
students [11, 13, 14]. An outbreak involving >3500 cases fol-
lowed in 2009–2010 in the Northeastern United States, among 
vaccinated religious communities [10].

On 19 February 2014, the student health center at a university 
in New York City (NYC) reported a cluster of students with sus-
pected mumps infection to the NYC Department of Health and 
Mental Hygiene (DOHMH). We describe the epidemiology of 
the ensuing outbreak in a highly vaccinated student population.

METHODS

Case Identification and Investigation

Mumps is a reportable disease in NYC [15]. The outbreak case 
definition was acute parotitis or other salivary gland swelling, 
orchitis, or oophoritis in a person who had an epidemiologic 
link to the affected university between 12 January 2014 and 25 
May 2014. Patients were classified according to the Council 
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of State and Territorial Epidemiologists definition as a con-
firmed case if they had positive laboratory confirmation either 
with mumps reverse-transcription polymerase chain reaction 
(RT-PCR) testing or viral culture, or as a probable case if they 
had a positive serologic test for mumps immunoglobulin M 
(IgM) or an epidemiologic link to the outbreak [16].

Medical records were reviewed, and patients were interviewed 
regarding their symptoms, vaccination status, and settings 
attended during their infectious and incubation periods. Student-
cases were asked to provide information about housing, course 
schedules, and participation in any campus clubs or organizations.

Immunization records from providers, the university health 
center, and NYC’s population-based immunization informa-
tion system, the Citywide Immunization Registry (CIR), were 
reviewed. The CIR was established in 1996 after the NYC health 
code required all providers in NYC to report immunizations 
given to all children aged <8 years, and in 2005, the requirement 
was expanded to include immunizations administered to all 
children aged <19 years [17, 18]. In accordance with New York 
State Public Health Law and NYS Sanitary Code,, the university 
requires documentation of 2 doses of measles-containing vac-
cine and 1 dose of mumps-containing vaccine or other evidence 
of immunity [19]. This university recorded immunization dates 
for each antigen separately, and only recorded the required num-
ber of doses. For example, students with 2 doses of MMR vac-
cine were documented as having 2 doses of measles-containing 
vaccine and 1 dose of mumps-containing vaccine.

Laboratory Investigations

Serologic testing was performed at various commercial labora-
tories and the NYC DOHMH Public Health Laboratory (PHL). 
At the PHL, serum specimens were tested for mumps-specific 
IgM antibodies using enzyme-linked immunosorbent assay 
(Serion, catalogue number ESR103M). Specimens with indeter-
minate IgM results were considered IgM negative for the pur-
pose of the analysis. RT-PCR was performed at the PHL. RNA 
was extracted from buccal swab specimens using the NucliSens 
easyMAG automated extraction system (bioMérieux, Durham, 
North Carolina). Mumps virus RNA was detected using a real-
time RT-PCR assay targeting the nucleoprotein (N) gene [20].

Statistical Analysis

Outbreak-associated cases residing in NYC were included in 
the analyses. Fisher exact test was used to compare the propor-
tion of cases testing positive by RT-PCR, stratified by timing 
of specimen collection. The analysis was conducted using SAS 
software, version 9.2 (Cary, North Carolina).

RESULTS

Case Identification and Investigation

A total of 56 cases were identified during the outbreak inves-
tigation with onset from 12 January 2014 and 30 April 2014 

(Figure 1). Three additional cases linked to the outbreak resided 
outside of NYC and were excluded from our analyses.

The index case was a university student who developed uni-
lateral parotid swelling on 12 January 2014. The student was 
seen at the university health center, and mumps serologic test-
ing was performed; however, the provider ruled out a mumps 
diagnosis given the negative IgM result. RT-PCR testing was not 
performed. The index case exposed another student who subse-
quently presented to the student health center with symptoms 
consistent with mumps on 31 January 2014; the student was 
diagnosed with sialoadenitis, and diagnostic testing for mumps 
was not performed. On 19 February 2014, the student health 
center reported 5 students with parotitis to the DOHMH, 
including the index case and 4 students who presented to stu-
dent health for evaluation on 18 February.

Of the 56 total cases, 28 (50%) cases were classified as con-
firmed and 28 (50%) were classified as probable cases (Figure 
1). Among all cases, 53 (95%) were university students, 1 (2%) 
case was a university staff member, and 2 (4%) cases had other 
epidemiologic links to the university. The median age of cases 
was 20 years (range 18–37 years). Twenty-six (46%) cases were 
female. All cases had parotitis and 2 male cases (7%) had orchi-
tis. Three (5%) cases were hospitalized.

No single source of transmission was identified. Multiple 
common settings where exposure may have occurred were 
identified; 28 (50%) cases shared a classroom with at least 1 
other case and 24 (43%) cases resided in a dormitory where at 
least 1 other case resided (n = 8 dormitories).

Student cases identified while infectious were excluded from 
classes and, when feasible, dormitories for the remainder of 
their infectious period. Non-case students who did not have 
documentation of mumps vaccination or other presumptive 
evidence of immunity to mumps were excluded from school 
during the outbreak. The university sent 4 notifications to the 
campus community, and the DOHMH alerted providers cit-
ywide and health departments nationally through Epi-X, the 
Centers for Disease Control and Prevention’s communica-
tion system for public health professionals to share and access 
information, as students were expected to travel during spring  
break [21].

Fifty-four (96%) cases had documentation of at least 1 
mumps-containing vaccine including 32 (57%) cases with 2 
documented doses. One (2%) case was unvaccinated due to 
religious exemption, and the vaccination status of 1 (2%) non-
student case was unknown.

Laboratory Investigations

Of the 56 cases, 52 (93%) had laboratory testing performed. 
Of the 40 cases who had RT-PCR testing performed, 27 (68%) 
tested positive (Figure 2A); of the 44 cases who had mumps IgM 
serologic testing performed, 2 (5%) tested positive (Figure 2B). 
Mumps virus was isolated from 2 of 11 (18%) cases tested by 
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viral culture. When comparing specimens collected <2 days vs 
≥2 days after parotitis onset, 83% vs 44%, respectively, of speci-
mens tested for RT-PCR were positive (P = .015).

DISCUSSION

This outbreak investigation highlighted several challenges 
with mumps diagnosis in the post-vaccination era and the 
consequences for disease transmission. The investigation 
demonstrated the role of mumps transmission among vacci-
nated persons, limited sensitivity of diagnostic tests, and lack 
of provider suspicion for mumps and awareness of appropriate 
diagnostic testing. Although the national mumps vaccination 
program has been highly effective in significantly reducing 
the incidence of mumps in the United States [1, 7, 9], sporadic 
mumps outbreaks still occur, particularly in congregate settings 
[10–12]. In the prevaccine era, mumps was common in pri-
mary school-aged children, with most children infected by age 
14 [1, 22]. In the postvaccination era, there has been a shift in 
the epidemiology of mumps to adolescents and young adults, 
as seen in several recent outbreaks in college and university set-
tings [11, 12, 23–25]. The results of this outbreak investigation 
highlight the importance of maintaining a high index of clinical 
suspicion in patients presenting with parotitis, regardless of age, 
vaccination status, or laboratory test results.

Laboratory confirmation of mumps is challenging, par-
ticularly in vaccinated populations [10, 12, 20]. Mumps IgM 
serologic testing had low sensitivity (5%) in this investigation, 
consistent with prior outbreaks among vaccinated popula-
tions [10, 12, 20]. In this outbreak, only serologic testing was 

performed on the index case, and negative results likely con-
tributed to the missed diagnosis. Reliance on serologic testing 
alone may have also contributed to delayed recognition of other 
outbreaks [26–28]. The timing of IgM serologic testing is also 
important; the sensitivity of IgM testing may improve as spec-
imens are collected further from symptom onset [20, 29]. In 
unvaccinated persons, mumps IgM antibody is usually detect-
able within 5 days after illness onset and peaks at about 7 days 
post-onset [30, 31]. However, patients often present for medical 
care soon after symptoms appear. Furthermore, vaccinated per-
sons may not mount an IgM response or the IgM response may 
be transient [30, 31]. The sensitivity also varies between differ-
ent assays [20, 29]. In a study by Rota et al, the IgM sensitivity in 
unvaccinated persons ranged from 80% to 90% by assay, com-
pared with 9%–51% among recipients of 2 doses of MMR [20]. 
Although the sensitivity of mumps IgM is impacted by assay 
type and timing of collection, the overall sensitivity in vacci-
nated persons still remains low, and a negative mumps IgM 
result should not exclude a mumps diagnosis [10, 12, 20, 26].

The overall sensitivity of RT-PCR testing in this outbreak 
(68%) was much higher than that of serologic IgM testing, 
consistent with findings from other investigations [10, 12, 20, 
26, 32, 33]. The sensitivity of RT-PCR may be impacted by the 
assay and genes targeted. In this investigation, RT-PCR sensitiv-
ity was similar to that seen in a prior mumps outbreak in NYC 
using the RT-PCR assay targeting the same nucleoprotein (N) 
gene, but higher than that using the short hydrophobic (SH) 
gene (57%) [20]. The timing of specimen collection also impacts 
the sensitivity of RT-PCR testing, with higher positivity rates for 
specimens collected closer to the time of symptom onset [10, 

Figure 1. Number of outbreak-associated mumps cases by parotitis onset date, New York City. Data exclude 3 non–New York City residents. Abbreviation: DOHMH, 
Department of Health and Mental Hygiene. 
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12, 20, 32]. In our investigation, virus detection by RT-PCR was 
significantly higher for swabs collected <2 days after onset rela-
tive to those collected at ≥2 days (83% vs 44%; P < .05). Despite 
RT-PCR testing being more sensitive than IgM testing in a vac-
cinated population, not all providers were aware that RT-PCR is 
a recommended diagnostic test for mumps. The initial cases in 
this outbreak had serologic testing only; if RT-PCR testing had 
been performed, these diagnoses might not have been missed.

The mumps virus is primarily transmitted through respira-
tory droplets. Extended person-to-person contact in congre-
gate, high-density settings, such as university campuses, may 
facilitate mumps transmission [10, 26, 27, 34, 35]. In our inves-
tigation, no single source of transmission was identified, but 
there were multiple settings of overlap, including dormitories 
and classrooms, which may have facilitated this outbreak.

It is possible that the herd immunity threshold level, esti-
mated to be 88%–92%, exceeded the population immunity 
level in this congregate setting with a high population density 

[36]. The median mumps vaccine effectiveness is estimated to 
be 78% (range 49%–92%) for 1 dose and 88% (range 66%–95%) 
for 2 doses [1]. As part of a New York State–mandated survey, 
the school self-reported that >99% of all students had at least 1 
dose of mumps-containing vaccine or positive mumps serology 
demonstrating immunity. Ninety-six percent of cases in this out-
break had at least 1 dose of mumps-containing vaccine, and 57% 
of cases had 2 doses of mumps-containing vaccine; it is likely 
that most had received 2 doses of mumps-containing vaccine as 
the school self-reported that >99% of students received 2 doses 
of measles-containing vaccine (most commonly given together 
as MMR vaccine), as required for school entry. However, we 
were not able to obtain documentation of a second dose of 
mumps-containing vaccine for all cases with 1 documented dose 
because the university did not maintain records for nonrequired 
doses. Also, mumps IgG avidity testing was not performed, so 
we were unable to evaluate for evidence of waning immunity.

Our evaluation has several limitations. The university 
only maintained documentation of the 1 required dose of 
mumps-containing vaccine, so we were unable to confirm 
receipt of a second dose for all cases. We were unable to identify 
the immunizing providers for these cases to obtain their com-
plete vaccination records, and many students were from other 
states and therefore their records were not in the CIR. Although 
single-antigen mumps-containing vaccine was available in the 
United States at the time these cases were likely to have been 
vaccinated, it is probable that these cases received 2 doses of 
mumps-containing vaccine because they would have been vac-
cinated after the 2-dose measles vaccination schedule was rec-
ommended with the use of MMR vaccine in 1989 [37]. Because 
there was only 1 unvaccinated case, we were unable to determine 
how vaccination status impacted serologic testing for mumps.

Despite laboratory confirmation for 52% of cases, 48% of the 
cases only had an epidemiologic link to the outbreak. There 
are various other causes of parotitis, and misclassification of 
cases without laboratory confirmation was possible [38–40]. 
However, mumps is the only documented cause of epidemic 
parotitis; persons with parotitis and epidemiologic link to the 
university during the outbreak period likely had mumps infec-
tion [4, 30].

CONCLUSIONS

Despite the decline in the incidence of mumps, it is important 
for providers to maintain a high index of suspicion, report sus-
pected cases to local health departments, and collect buccal 
swabs for RT-PCR testing in addition to serologic specimens. 
When feasible, buccal swab specimens should be collected as 
soon as possible after parotitis onset for higher likelihood of 
mumps virus detection by RT-PCR. It is important to recog-
nize that negative test results do not preclude a mumps diag-
nosis, especially among vaccinated patients. Earlier recognition 
and reporting and appropriate diagnostic testing during this 

Figure 2. Results of mumps diagnostic testing by timing of specimen collection. 
A, Reverse-transcription polymerase chain reaction. B, Mumps immunoglobulin M 
(IgM) serology.
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outbreak would have allowed for earlier implementation of con-
trol measures and might have prevented or limited the scope of 
the outbreak. Maintaining high vaccination rates remains one 
of the most important ways to prevent cases and outbreaks of 
mumps. Very high vaccination coverage at this large university 
likely prevented a much larger outbreak.
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Measles Outbreak Traced to Fully Vaccinated Patient for First Time

By Nsikan Akpan Apr. 11, 2014 , 12:00 PM

Get the measles vaccine, and you won’t get the measles—or give it to anyone else. Right? Well, not always. A person fully

vaccinated against measles has contracted the disease and passed it on to others. The startling case study contradicts

received wisdom about the vaccine and suggests that a recent swell of measles outbreaks in developed nations could

mean more illnesses even among the vaccinated.

When it comes to the measles vaccine, two shots are better than one. Most people in the United States are initially

vaccinated against the virus shortly after their �rst birthday and return for a booster shot as a toddler. Less than 1% of

people who get both shots will contract the potentially lethal skin and respiratory infection. And even if a fully vaccinated

person does become infected—a rare situation known as “vaccine failure”—they weren’t thought to be contagious.

That’s why a fully vaccinated 22-year-old theater employee in New York City who developed the measles in 2011 was

released without hospitalization or quarantine. But like Typhoid Mary, this patient turned out to be unwittingly contagious.

Ultimately, she transmitted the measles to four other people, according to a recent report in Clinical Infectious Diseases
that tracked symptoms in the 88 people with whom “Measles Mary” interacted while she was sick. Surprisingly, two of the

secondary patients had been fully vaccinated. And although the other two had no record of receiving the vaccine, they

both showed signs of previous measles exposure that should have conferred immunity.

A closer look at the blood samples taken during her treatment revealed how the immune defenses of Measles Mary broke

down. As a �rst line of defense against the measles and other microbes, humans rely on a natural buttress of IgM

antibodies. Like a wooden shield, they offer some protection from microbial assaults but aren’t impenetrable. The vaccine

(or a case of the measles) prompts the body to supplement this primary buffer with a stronger armor of IgG antibodies,

some of which are able to neutralize the measles virus so it can’t invade cells or spread to other patients. This secondary

immune response was presumed to last for decades.

By analyzing her blood, the researchers found that Measles Mary mounted an IgM defense, as if she had never been

vaccinated. Her blood also contained a potent arsenal of IgG antibodies, but a closer look revealed that none of these IgG

antibodies were actually capable of neutralizing the measles virus. It seemed that her vaccine-given immunity had waned.

Although public health o�cials have assumed that measles immunity lasts forever, the case of Measles Mary highlights

the reality that “the actual duration [of immunity] following infection or vaccination is unclear,” says Jennifer Rosen, who

led the investigation as director of epidemiology and surveillance at the New York City Bureau of Immunization. The

possibility of waning immunity is particularly worrisome as the virus surfaces in major U.S. hubs like Boston, Seattle, New

York, and the Los Angeles area. Rosen doesn’t believe this single case merits a change in vaccination strategy—for

example, giving adults booster shots—but she says that more regular surveillance to assess the strength of people’s

measles immunity is warranted.

If it turns out that vaccinated people lose their immunity as they get older, that could leave them vulnerable to measles

outbreaks seeded by unvaccinated people—which are increasingly common in the United States and other developed

countries. Even a vaccine failure rate of 3% to 5% could devastate a high school with a few thousand students, says Robert

Jacobson, director of clinical studies for the Mayo Clinic’s Vaccine Research Group in Rochester, Minnesota, who wasn’t

involved with the study. Still, he says, “The most important ‘vaccine failure’ with measles happens when people refuse the

vaccine in the �rst place.”

Posted in: Health
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ABSTRACT During measles outbreaks, it is important to be able to rapidly distin-
guish between measles cases and vaccine reactions to avoid unnecessary outbreak
response measures such as case isolation and contact investigations. We have devel-
oped a real-time reverse transcription-PCR (RT-PCR) method specific for genotype A
measles virus (MeV) (MeVA RT-quantitative PCR [RT-qPCR]) that can identify measles
vaccine strains rapidly, with high throughput, and without the need for sequencing
to determine the genotype. We have evaluated the method independently in three
measles reference laboratories using two platforms, the Roche LightCycler 480 sys-
tem and the Applied Biosystems (ABI) 7500 real-time PCR system. In comparison to
the standard real-time RT-PCR method, the MeVA RT-qPCR showed 99.5% specificity
for genotype A and 94% sensitivity for both platforms. The new assay was able to
detect RNA from five currently used vaccine strains, AIK-C, CAM-70, Edmonston-
Zagreb, Moraten, and Shanghai-191. The MeVA RT-qPCR assay has been used suc-
cessfully for measles surveillance in reference laboratories, and it could be readily
deployed to national and subnational laboratories on a wide scale.

KEYWORDS measles, PCR, genotyping, measles vaccine, molecular methods

Endemic transmission of measles virus (MeV) was interrupted in the Americas in 2002
(1), but since then, importations of measles from areas of endemicity have caused

frequent and sometimes large outbreaks (2–6) and a recent transitory suspension of the
elimination status (7). An important component of the public health response to a
measles outbreak is vaccination of unimmunized contacts (8). Since approximately 5%
of recipients of measles virus-containing vaccine experience rash and fever which may
be indistinguishable from measles (9), it is very important to identify vaccine reactions
to avoid unnecessary isolation of the patient, as well as the need for contact tracing and
other labor-intensive public health interventions. Recent measles outbreaks in the
Canadian provinces of Alberta and British Columbia have emphasized the need for
rapid differentiation of vaccine reactions (18, 19) from reactions to infection with the
wild-type virus. During the measles outbreak in California in 2015, a large number of
suspected cases occurred in recent vaccinees (3). Of the 194 measles virus sequences
obtained in the United States in 2015, 73 were identified as vaccine sequences (R. J.
McNall, unpublished data). In contrast, only 11 of 542 cases genotyped in the National
Reference Center for Measles, Mumps, and Rubella in Germany were associated with
the vaccine virus.

Genotyping is used to confirm the origin of an outbreak and to exclude endemic
circulation, but it is also the only way to distinguish vaccine strains from wild-type
viruses. Genetic characterization of MeV is accomplished by sequencing of the 450
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nucleotides (nt) coding for the COOH terminal 150 amino acids of the nucleoprotein
(N-450) (10). The WHO currently recognizes 24 genotypes of measles virus, and all of the
vaccine strains are in a single genotype, genotype A. Wild-type viruses of genotype A
are no longer circulating (11).

It is difficult, especially during outbreaks, to perform rapid confirmation of vaccine
reactions by sequencing, and there is interest in developing rapid molecular tests to
detect vaccine strains (12). Here, we describe a real-time reverse transcription-PCR
(RT-PCR) method that detects the vaccine genotype (MeVA RT-quantitative PCR [RT-
qPCR]) and that can provide rapid discrimination between wild-type-virus infections
and vaccine reactions. The method was developed initially on the Roche LightCycler
480 platform at the Canadian National Microbiology Laboratory (NML) and then
independently evaluated at the Robert Koch-Institute (RKI) in Germany using the same
platform and at the US Centers for Disease Control (CDC) using the Applied Biosystems
7500 platform.

RESULTS
Assay development and evaluation at the NML. The analytical sensitivity of the

MeVA RT-qPCR on the Roche LightCycler 480 platform was established using the
synthetic RNA standard, which was serially diluted from 103 to 10�1 copies per reaction
and tested in triplicate in at least 6 separate assays in parallel with the MeV RT-qPCR.
The lower limit of detection of the MeVA RT-qPCR was 10 to 100 copies per reaction,
compared to a sensitivity of 1 to 10 copies per reaction for the MeV RT-qPCR (Table 1).

Eighty-eight surveillance specimens that were previously genotyped as genotype A,
96 specimens of nonvaccine measles virus genotypes (B3, C2, D3, D4, D6, D7, D8, D9,
E, H1, and H2), and isolates for genotypes B2, C1, D2, D5, D6, D7, D10, G1, G2, and H2
(WHO Measles Strain Bank, US Centers for Disease Control, Atlanta, GA, USA) were
tested with MeVA RT-qPCR and produced no false-positive results. The amplification
curves of 33 wild-type measles virus samples, including all the genotypes listed above,
did not rise significantly in comparison to the curves of samples containing vaccine
strain RNA (Fig. 1). However, 3 of 88 genotype A specimens were not detected by the
MeVA RT-qPCR (Table 2). These three specimens were near the lower limit of detection
(crossing-point [Cp] value, �35) for the MeV RT-qPCR. The sensitivity of the MeVA
RT-qPCR in relation to the MeV RT-qPCR was 97% (90% to 99%, 95% confidence interval
[CI]), and the specificity was 100% (95% to 100%, 95% CI) (Table 3). Specificity was
further evaluated by testing a panel of other viral agents from cell culture-derived
material or clinical specimens (parvovirus B19, dengue virus serotypes 1 to 4, influenza
virus H3N2, poliovirus Sabin 1 species C, enterovirus D68-2 [EV-D68-2] species D,
Coxsackie virus, EV71, parechovirus, echovirus 18, herpes simplex virus 1 [HSV1], HSV2,
Epstein-Barr virus [EBV], cytomegalovirus [CMV], human herpesvirus 6 [HHV-6], HHV7,

TABLE 1 The lower limit of detection of MeVA RT-qPCR compared to MeV RT-qPCR was
determined by testing serial dilutions of synthetic MeV RNA with a known copy number

Assay Copy no.
No. of samples with positive
results/total no. of samples tested % positive results

MeVA RT-qPCR 103 18/18 100
102 18/18 100
101 13/20 65
100 1/18 6
10�1a 0/3 0

MeV RT-qPCR 103 18/18 100
102 18/18 100
101 18/18 100
100 4/18 22
10�1a 0/3 0

aThis concentration was tested only 3 times since it is undetectable by both assays and therefore was not
informative in the determination of the lower limit of detection.
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varicella zoster virus [VZV], rubella virus, and mumps virus). All specimens were nega-
tive by MeVA RT-qPCR.

Fifty specimens that were positive for vaccine strain A were tested in parallel by
MeVA RT-qPCR and MeV RT-qPCR, and there was a good correlation of the Cp values
between the two methods, with a slope of 0.88 (0.82 to 0.94, 95% CI). The slope was
significantly different from 1.00, and a y intercept of 4.1 (2.2 to 6.0, 95% CI) confirmed
that the sensitivity and limit of detection of the MeVA RT-qPCR method were lower
than those of the MeV RT-qPCR (Fig. 2).

Assay evaluation at RKI. The MeVA qPCR was also independently evaluated at RKI
by testing 46 archival measles virus specimens of genotype A and 112 samples
containing wild-type MeV, including genotypes B3, D4, D5, D6, D8, D9, D10, G2, and H1.
The same LightCycler 480 platform was used. The MeV RT-qPCR (16) includes the
SuperScript III Platinum One-Step qRT-PCR kit (Invitrogen), so an evaluation was
performed comparing the SuperScript III and QuantiTect reagent kits. The SuperScript
III PCR kit produced suboptimal results, with significant increases of the amplification
baseline of nonvaccine measles virus genotypes D10, D8, and B3 (Fig. 3A).

When the QuantiTect Probe RT-PCR kit was used for the MeVA RT-qPCRs, the test
was 89% sensitive and 99.5% specific for genotype A measles virus (Table 3), with
amplification curves comparable to those shown in Fig. 1. There was a single false-
positive result from a genotype D5 wild-type strain, which produced amplification with

TABLE 2 Comparison of MeVA RT-PCR and MeV RT-qPCR in three reference laboratories

Reference laboratory and
MeVA RT-qPCR result

No. of MeV RT-qPCR samples
Total no. of
samplesGenotype A Not genotype A

NML
Positive 85 0 85
Negative 3 96 99
Total 88 96 184

CDC
Positive 12 0 15
Negative 1 12 13
Total 13 12 28

RKI
Positive 41 1 42
Negative 5 111 116
Total 46 112 158

FIG 1 Amplification curve from the MeVA RT-qPCR on the Roche LightCycler 480 system. The bundle of
the flat curves includes 33 wild-type measles virus specimens comprising the following genotypes: B2,
B3, C1, C2, D2, D3, D4, D5, D6, D7, D8, D9, D10, G1, G2, E, H1, and H2. The amplification curves are from
MeV vaccine RNA from 102 to 105 copy numbers, assessed in duplicate. The QuantiTect Probe RT-PCR kit
was used for these reactions.
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the MeVA RT-qPCR. The region targeted by the MeVA assay was sequenced, and the
sequence differed from the vaccine strain sequence by a G at position 517 in the probe
region (conserved in all wild-type genotypes listed in Fig. 4), by a C at position 538 in
the reverse primer region (similar to genotypes D4, D7, and D8), and by a T at position
548, at the 5= terminus of the reverse primer (similar to genotypes B3 and D6). These
genotypes did not produce any cross-reactivity with the MeVA-specific assay, and the
reason for the false-positive result for this D5 specimen is unclear.

Assay evaluation at CDC on the ABI 7500 platform. The MeVA RT-qPCR method
was independently evaluated at the CDC on the ABI 7500 instrument, which is a
commonly used instrument in state public health laboratories and is available in many
laboratories in the WHO Measles Rubella Laboratory Network (14). Similarly to the
results seen with the LightCycler 480 platform, the MeVA RT-qPCR assay performed
suboptimally with the SuperScript III kit with respect to the resulting amplification
curves for wild-type measles virus genotypes (Fig. 3B).

The MeVA RT-qPCR and MeV qPCR were compared using the ABI 7500 platform and
the QuantiTect kit, and the samples included synthetic MeV RNAs serially diluted from
105 to 101 copies per reaction. The dilutions were tested in duplicate on at least four
separate assays. The results were similar to those obtained from the Roche LightCycler
480 system (Table 1) in that the lower limit of detection of the MeVA RT-qPCR assay was
approximately 1 Log10 higher than for the MeV RT-qPCR assay.

To assess the specificity of the MeVA RT-qPCR assay on the ABI 7500 platform and
to compare it to the performance of the MeV RT-qPCR assay, three sets of samples were
used, i.e., synthetic RNAs containing the entire N gene open reading frames from six
currently circulating wild-type genotypes (B3, D4, D8, D9, G3, and H1) (B. Bankamp,
unpublished data), RNA from cell culture lysates from five vaccine strains (AIK-C,
CAM-70, Edmonston-Zagreb, Moraten, and Shanghai-191), and RNA extracted from 28

TABLE 3 Summary of sensitivity and specificity of MeVA RT-qPCR for the detection of MeV genotype A

Center No. of samples
% sensitivity
(95% CI)

% specificity
(95% CI) Genotypes tested

NML 184 97 (90–99) 100 (95–100) B3, B2, C1, D2, C2, D3, D4, D5 D6, D7, D8, D9, D10, G1,
G2, E, H1, H2

RKI 158 89 (0.76–0.96) 99 (94–100) B3, D4, D5, D6, D8, D9, D10, G2, H1
CDC 28 92 (66–100) 100 (70–100) B3, D4, D8, D9, G3, H1, AIK, CAM-70, Edmonston-Zagreb,

Moraten, Shanghai-191a

Overall 370 94 (88–97) 99 (97–100)
aGenotypes D4 and G3 and the non-Edmonston vaccine strains, tested using synthetic RNAs and culture lysate, respectively, were not included in the sensitivity and
specificity calculations.

FIG 2 Correlation between Cp values of 50 genotype A measles virus specimens tested by MeVA
RT-qPCR and the standard MeV RT-qPCR method. The regression line has a slope of 0.88 (0.82 to 0.94,
95% CI), a y intercept of 4.1 (2.2 to 6.0, 95% CI) and an R2 value of 0.949 (P � 0.0001). The QuantiTect
Probe RT-PCR kit was used for these reactions.
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archival respiratory swabs and urine specimens that were submitted to the CDC for
routine surveillance. Three archival specimens were negative by MeV RT-qPCR, and the
other 25 were positive by MeV RT-qPCR and included clinical specimens from measles
cases and vaccine reactions (with threshold cycle [CT] values ranging from 14 to 36).

Of the positive archival specimens, all specimens with wild-type genotypes (n � 12)
were negative in the MeVA RT-qPCR assay but positive in the MeV RT-qPCR assay and
12 of 13 specimens from vaccine reactions were positive in both assays (Table 2). Three
of the specimens from the vaccine reactions had CT values ranging from 38 to 40 in the
MeV RT-qPCR assay and from 38 to 40 in the MeVA RT-qPCR.

The RNA from all five vaccine strains was detected in both assays with slightly lower
sensitivity (CT value, 2 to 3) in the MeVA RT-qPCR assay than in the MeV RT-qPCR assay
(data not shown). In addition, the MeVA RT-qPCR assay did not produce a positive
signal in samples containing high copy numbers of synthetic RNA from the six
commonly circulating wild-type genotypes (Fig. 5).

If we consider all samples that were amplified within 40 PCR cycles, as was done at
NML and RKI for the LightCycler platform, the sensitivity of the MeVA test on the ABI
7500 platform was 94% and the specificity was 100% (Table 3).

FIG 3 Negative effect of the use of the SuperScript III Platinum One-Step quantitative RT-PCR kit on the
specificity of the MeVA RT-qPCR for the vaccine genotype. (A) The use of SuperScript III on the Roche
LightCycler 480 platform caused a significant rise in the baseline of the amplification curves for genotype
D10, D8, and B3. (B) Results of the use of SuperScript III on an ABI 7500 platform in amplification curves
from wild-type measles virus RNA.
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DISCUSSION

In response to the need for prompt differentiation between vaccine reactions and
wild-type measles virus infection cases, laboratories have been developing methods
that do not require sequencing of N-450. A method targeting a region on the hem-
agglutinin gene has been described and tested with a small number of vaccine and
wild-type specimens or isolates (15). Here, we describe the development and validation
of a measles virus genotype A-specific RT-qPCR, MeVA RT-qPCR, that targets the N gene
of MeV. This assay produces rapid results and is capable of high throughput. The MeVA
RT-qPCR was thoroughly tested at three global reference laboratories. Two RT-qPCR
platforms and over 300 samples were included in the evaluation. Overall, our data show
very high (99.5%) specificity for the A genotype, albeit with lower (94%) sensitivity than
the standard MeV RT-qPCR (16). Because of the lower sensitivity, the MeVA RT-qPCR is
intended to be used as a tool for rapid detection of genotype A sequences and not as
a primary diagnostic test. The MeVA RT-qPCR should be performed in parallel with the
MeV RT-qPCR method. Multiplexing of the two tests is in progress to increase the
efficiency of this method.

We have shown that the MeVA RT-qPCR can be used on both the Roche LightCycler
480 and the ABI 7500 platforms, which are available in a large number of laboratories
around the world. We also demonstrated that the QuantiTect kit gave optimal perfor-
mance on both platforms.

An alignment of the nt 478 to 548 region used for the MeVA RT-qPCR (Fig. 4) shows
that some wild-type strains differ only by a single nucleotide in the probe region, a G
at position 517, although other mismatches that may favor specificity are present in the
primer regions. This point mutation may be stable, since it results in an amino acid
change (serine in wild-type strains to isoleucine in vaccine strains), but it is conceivable
that wild-type strains may arise with a mutation in this position that cross-reacts with
the MeVA assay. Therefore, we currently still confirm every MeVA RT-qPCR result by
WHO-recommended sequencing of the N-450 region.

FIG 4 Alignment of the N gene region (positions 478 to 548) amplified by the MeVA RT-qPCR. The alignment includes examples of
each genotype available on GenBank for this region, except for genotype D9, which was sequenced from one of our archival
specimens. Row 1, 31 identical sequences from various vaccine strains; row 2, MVi/Maryland.USA/54 (A); row 3, two vaccine strains
showing a 1-nt difference in the forward primer region; row 4, MVi/Yaounde.CMR/12.83 (B1); row 5, MVi/Libreville.GAB/84 (B2); row
6, MVi/Ibadan.NIE/971 (B3); row 7, MVi/New_York.USA/94 (B3); row 8, MVi/Maryland.USA/77 (C2); row 9, MVi/Illinois.USA/89/1 (D3); row
10, MVi/Montreal.CAN/89 (D4); row 11, Bankok.THA/12.93 (D5); row 12, MVi/New_Jersey.USA/94/1 (D6); row 13, MVs/Dundee.UNK/82
(D7); row 14, MVi/BritishColumbia.CAN/13.10/1 (D8); row 15, MVi/Manchester.GBR/30.94 (D8); row 16, MVs/Ontario.CAN/14.14 (D9);
row 17, MVi/Berkeley.USA/83 (G1); row 18, MVi/Amsterdam.NLD/49.97 (G2); row 19, MVi/Gresik.IDN/17.02 (G3); row 20, MVi/
Hunan.CHN/93/7 (H1); row 21, MVi/Beijing.CHN/94/1 (H2).
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The specificity of the test has been assessed on most of the measles virus genotypes
currently circulating in the world (except D11 and G3) (11, 14), and there was only one
genotype D5 specimen that gave a false-positive result. The sequence of the MeVA
RT-qPCR target region of this genotype D5 virus differed from that of the vaccine strains
by the G at position 517, conserved in all measles virus wild-type strains, and by two
additional nucleotides in the reverse primer. Genotypes D4, D6, and D8 have the same
sequence as this D5 strain in the probe region and one fewer difference in the reverse

FIG 5 Specificity of the MeVA RT-qPCR assay, using an Applied Biosystems 7500 platform. Synthetic RNA from the
six active wild-type measles virus genotypes (B3, D4, D8, D9, G3, and H1) was tested. Panel A shows detection of
107 copies of RNA/reaction in the MeV qPCR assay, and panel B shows the lack of amplification of 107 copies of
RNA/reaction in the MeVA RT-qPCR assay. The QuantiTect Probe RT-PCR kit was used for these reactions.
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primer region (Fig. 4), but they did not cross-react with the MeVA RT-qPCR. Another
genotype D5 strain, tested at the NML, and 12 additional D5 strains, tested at the RKI,
were not amplified by the MeVA RT-qPCR. Therefore, the reasons for this false-positive
result remain unclear.

During measles outbreak investigations, rapid detection of measles vaccine reac-
tions is necessary to avoid unnecessary public health interventions. In Canada, the NML
has been using the MeVA and MeV RT-qPCRs with a turnaround time of 2 days.
Therefore, local health authorities can initiate appropriate public health responses
without waiting for sequencing results, which often take several days to obtain. The
MeVA RT-qPCR is especially useful during large measles outbreaks, when it is
difficult for laboratories to perform sequencing on a large number of specimens in
a timely manner. Similarly, recent measles outbreaks in the United States have
reinforced the need for rapid confirmation of vaccine reactions. In countries such as
Germany, which is still experiencing frequent measles outbreaks, this RT-PCR-based
method has already proven to be a valuable tool for guiding the public health
responses. The MeVA RTqPCR assay is a straightforward application of real-time
RT-PCR methodology, and the two platforms evaluated here are available in many
laboratories. This assay could be readily deployed to national and subnational
laboratories on a wide scale.

MATERIALS AND METHODS
Primers, probes, and control RNA. The primers and probe for the vaccine-specific assays were

designed following analysis of 31 sequences available on GenBank from Edmonston-derived and
non-Edmonston-derived vaccine strains. These sequences are identical in the target region of MeVA
RT-qPCR (the 3= region of the MeV N gene between nt 478 and nt 548 of the Edmonston strain [GenBank
accession no. AF266288.2]), including the more divergent non-Edmonston-derived strains Shanghai-191
and CAM-70 (Fig. 4) (15). Two vaccine strains, Schwarz FF-8 (GenBank AB591381.1) and Edmonston AIK-C
(GenBank S58435.1), have a 1-nt difference in the sequence of the forward primer, but they are identical
to the other vaccine strains in the probe region (Fig. 4). The primers (Invitrogen) for reverse transcription
and cDNA amplification were 5=-AGGATGAGGCGGACCAATACTT-3= (MeVAF) and 5=-GAACCATCCGAACC
TGGAT-3= (MeVAR). Both primers were used at a concentration of 0.9 �M. Amplification was detected by
a TaqMan probe (TIB Molbiol) with 6-carboxyfluorescein (FAM) as a fluorophore, at a concentration of
0.25 �M. The probe had the sequence 5=-FAM-CATGATGATCCAATTAGTAGTGA-BBQ-3= (MeVA probe
[BBQ, black berry quencher]), where the underlined characters indicate locked nucleic acid bases
containing a 2=O,4-C methylene bridge which has the effect of increasing the melting temperature (Tm)
and potentiating the destabilizing effect of a nucleotide mismatch (17).

As a standard for the measurement of MeV copy numbers, synthetic measles virus RNA was
prepared by in vitro transcription, using a MEGAscript T7 transcription kit (Invitrogen, Life Technol-
ogies Inc.), either from a plasmid containing the open reading frame of the N gene of genotype A
(16) or from PCR amplicons that included the T7 promoter in the forward primer (Bankamp,
unpublished). DNase-treated RNA was purified with a MEGAclear transcription cleanup kit (Ambion,
Life Technologies Inc.) and quantitated fluorometrically (Qubit, Life Technologies Inc.). The absence
of residual DNA was verified by real-time RT-PCR (MeV RT-qPCR) (16) in the presence or absence of
the reverse transcriptase.

Samples tested. For this study, 370 samples were tested to evaluate the sensitivity and specificity
of the MeVA RT-PCR. The majority of these were clinical samples that were submitted to NML, CDC, or
RKI as part of routine surveillance activities for measles.

Roche LightCycler 480 platform. Archival nasopharyngeal swabs and urine specimens sent to the
NML for molecular surveillance were used. These specimens tested positive for measles virus by MeV
RT-qPCR using a previously described method (16) and were genotyped using the N-450 target (10, 11).
RNA was extracted using the QIAamp viral RNA minikit (Qiagen; catalog no. 52904) or the MagNA Pure
liquid chromatograph (LC) total nucleic acid isolation kit— high performance (Roche Diagnostics; catalog
no. 05323738001) on the MagNA Pure LC 2.0 instrument (Roche Diagnostics). For RT-PCR, 2 �l of
extracted RNA was subjected to one-step reverse transcription and qPCR using the QuantiTect Probe
RT-PCR kit (Qiagen; catalog no. 204443) according the instructions of the manufacturer. The RT-qPCR
mixtures (total volume, 20 �l) were incubated at 50°C for 20 min (RT step) and 95°C for 15 min (activation
of the polymerase) and subjected to 40 cycles of amplification (95°C for 5 s and 60°C for 1 min) on the
Roche LightCycler 480 instrument. The RT-qPCR result was considered positive if there was amplification
within 40 cycles, but crossing-point (Cp) values were recorded for only the first 35 cycles.

At the National Reference Center for Measles, Mumps, and Rubella at the RKI, archival surveillance
specimens were extracted using the QIAamp viral RNA minikit (Qiagen; catalog no. 52906) and amplified
by using the SuperScript III Platinum One-Step quantitative RT-PCR kit (Invitrogen; catalog no. 11732-088)
or the QuantiTect Probe RT-PCR kit (Qiagen; catalog no. 20443). MeVA RT-qPCR, MeV RT-qPCR, and
genotyping at the N-450 region were performed as described above. The RT-PCR result was considered
positive if amplification was detected within 40 cycles.

Roy et al. Journal of Clinical Microbiology

March 2017 Volume 55 Issue 3 jcm.asm.org 742

 on June 19, 2019 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

https://www.ncbi.nlm.nih.gov/nucleotide/AF266288.2
https://www.ncbi.nlm.nih.gov/nucleotide/AB591381.1
https://www.ncbi.nlm.nih.gov/nucleotide/S58435.1
http://jcm.asm.org
http://jcm.asm.org/


Applied Biosystems 7500 platform. At the CDC, RNA was extracted with the QIAamp viral RNA
minikit as described above. The MeV RT-qPCR was performed using the same reaction conditions and
primers and probes (16). As for the Roche LightCycler 480, the SuperScript III and QuantiTect reagent kits
were evaluated as described in Results. For the comparisons described in this report, the RT-qPCR result
was considered positive if there was amplification within 40 cycles; however, during routine use of this
assay at the CDC, specimens with threshold cycle (CT) values between 38 and 40 are considered to
represent equivocal results.

Statistical analyses. Sensitivity and specificity of MeVA RT-qPCR were calculated using the VassarStats
website (13). Linear regression and related statistics were calculated using an online calculator developed
by GraphPad Software, Inc. (http://www.graphpad.com/quickcalcs/linear1) and graphed using Microsoft
Excel.
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Whooping cough resurgence due to vaccinated people not 

knowing they're infectious? 
Date: 

June 24, 2015 
Source: 

Santa Fe Institute 
Summary: 

The dramatic resurgence of whooping cough is due, in large part, to vaccinated people who are 
infectious but who do not display the symptoms, suggests a new study. 

Share: 
FULL STORY 

Whooping cough has made an astonishing comeback, with 2012 seeing 
nearly 50,000 infections in the U.S. (the most since 1955), and a death rate in 
infants three times that of the rest of the population. The dramatic resurgence 
has puzzled public health officials, who have pointed to the waning 
effectiveness of the current vaccine and growing anti-vaccine sentiment as the 
most likely culprits. 

But that might not be the whole story, suggests a new study published in BMC Medicine by Santa Fe 
Institute Omidyar Fellows Ben Althouse and Sam Scarpino. Their research points to a different, but 
related, source of the outbreak -- vaccinated people who are infectious but who do not display the 
symptoms of whooping cough, suggesting that the number of people transmitting without symptoms 
may be many times greater than those transmitting with symptoms. 

In the 1950s, highly successful vaccines based on inactivated pertussis cells (the bacteria that 
causes whooping cough) drove infection rates in the U.S. below one case per 100,000 people. But 
adverse side effects of those vaccines led to the development and introduction in the 1990s of 
acellular pertussis vaccines, which use just a handful of the bacteria's proteins and bypass most of 
the side effects. (Currently given to children as part of the Tdap vaccine.) 

The problem is, the newer vaccines might not block transmission. A January 2014 study in PNAS by 
another research team demonstrated that giving baboons acellular pertussis vaccines prevented 
them from developing symptoms of whooping cough but failed to stop transmission. 

Building on that result, Althouse and Scarpino used whopping cough case counts from the CDC, 
genomic data on the pertussis bacteria, and a detailed epidemiological model of whooping cough 
transmission to conclude that acellular vaccines may well have contributed to -- even exacerbated -- 
the recent pertussis outbreak by allowing infected individuals without symptoms to unknowingly 
spread pertussis multiple times in their lifetimes. 

'There could be millions of people out there with just a minor cough or no cough spreading this 
potentially fatal disease without knowing it,' said Althouse. 'The public health community should act 
now to better assess the true burden of pertussis infection.' 

13.C.3 https://www.sciencedaily.com/releases/2015/06/150624071018.htm

https://www.sciencedaily.com/


What's worse, their model shows that if the disease can be spread through vaccinated, 
asymptomatic individuals essentially undetected, the level of vaccination needed to protect those 
that are unvaccinated (so-called 'herd immunity') is over 99 percent, impractically high at a time 
when anti-vaccine campaigns are turning people away from vaccination. 

Their results also suggest that a practice called cocooning, where mothers, fathers, and siblings are 
vaccinated to protect newborns, isn't effective. 'It just doesn't work, because even if you get the 
acellular vaccine you can still become infected and can still transmit. So that baby is not protected,' 
Althouse says. 

Does this mean the current vaccine is useless? Not at all, the pair says. Until researchers can 
develop a new pertussis vaccine that blocks transmission, the protection the acellular vaccine offers 
to individuals is vital. 

'It's the symptoms of pertussis infection that kill people,' Scarpino says, 'and the existing vaccine 
prevents the most debilitating effects of whooping cough.' 

In that sense, the research underscores the importance of getting vaccinated, especially for children. 
'There are lots of people out there who may be transmitting pertussis unknowingly,' Scarpino says. 
'Not vaccinating your own child puts her or him at increased risk of severe disease, even death.' 

Story Source: 

Materials provided by Santa Fe Institute. Note: Content may be edited for style and length. 

Journal Reference: 

1. Benjamin M. Althouse, Samuel V. Scarpino. Asymptomatic transmission and the resurgence of
Bordetella pertussis. BMC Medicine, 2015; 13 (1) DOI: 10.1186/s12916-015-0382-8
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HIGHLIGHTS OF PRESCRIBING INFORMATION


These highlights do not include all the information needed to use INFANRIX safely and effectively. See full prescribing information for INFANRIX.


INFANRIX (Diphtheria and Tetanus Toxoids and Acellular Pertussis Vaccine Adsorbed)

Suspension for Intramuscular Injection

Initial U.S. Approval: 1997


INDICATIONS AND USAGE



INFANRIX is a vaccine indicated for active immunization against diphtheria, tetanus, and pertussis as a 5-dose series in infants and children 6 weeks to 7 years of age. (1)



DOSAGE AND ADMINISTRATION



A 0.5-mL intramuscular injection given as a 5-dose series: (2.2)


· One dose each at 2, 4, and 6 months of age.


· One booster dose at 15 to 20 months of age and another booster dose at 4 to 6 years of age.


DOSAGE FORMS AND STRENGTHS



Single-dose vials and prefilled syringes containing a 0.5-mL suspension for injection. (3)


CONTRAINDICATIONS



· Severe allergic reaction (e.g., anaphylaxis) after a previous dose of any diphtheria toxoid-, tetanus toxoid-, or pertussis-containing vaccine, or to any component of INFANRIX. (4.1)


· Encephalopathy within 7 days of administration of a previous pertussis-containing vaccine. (4.2)


· Progressive neurologic disorders. (4.3)



WARNINGS AND PRECAUTIONS



· If Guillain-Barré syndrome occurs within 6 weeks of receipt of a prior vaccine containing tetanus toxoid, the decision to give INFANRIX should be based on potential benefits and risks. (5.1)


· The tip caps of the prefilled syringes contain natural rubber latex which may cause allergic reactions. (5.2)

· Syncope (fainting) can occur in association with administration of injectable vaccines, including INFANRIX. Procedures should be in place to avoid falling injury and to restore cerebral perfusion following syncope. (5.3)


· If temperature (105(F, collapse or shock-like state, or persistent, inconsolable crying lasting (3 hours have occurred within 48 hours after receipt of a pertussis-containing vaccine, or if seizures have occurred within 3 days after receipt of a pertussis-containing vaccine, the decision to give INFANRIX should be based on potential benefits and risks. (5.4)


· For children at higher risk for seizures, an antipyretic may be administered at the time of vaccination with INFANRIX. (5.5)

· Apnea following intramuscular vaccination has been observed in some infants born prematurely. Decisions about when to administer an intramuscular vaccine, including INFANRIX, to infants born prematurely should be based on consideration of the individual infant’s medical status, and the potential benefits and possible risks of vaccination. (5.6)


ADVERSE REACTIONS



Rates of injection site reactions (pain, redness, swelling) ranged from 10% to 53%, depending on reaction and dose number, and were highest following Doses 4 and 5. Fever was common (20% to 30%) following Doses 1-3. Other common solicited adverse events were drowsiness, irritability/fussiness, and loss of appetite, reported in approximately 15% to 60% of subjects, depending on event and dose number. (6.1)

To report SUSPECTED ADVERSE REACTIONS, contact GlaxoSmithKline at 1-888-825-5249 or VAERS at 1-800-822-7967 or www.vaers.hhs.gov.



DRUG INTERACTIONS



Do not mix INFANRIX with any other vaccine in the same syringe or vial. (7.1)

See 17 for PATIENT COUNSELING INFORMATION.
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FULL PRESCRIBING INFORMATION

1
INDICATIONS AND USAGE


INFANRIX® is indicated for active immunization against diphtheria, tetanus, and pertussis as a 5-dose series in infants and children 6 weeks to 7 years of age (prior to seventh birthday).


2
DOSAGE AND ADMINISTRATION

2.1
Preparation for Administration

Shake vigorously to obtain a homogeneous, turbid, white suspension. Do not use if resuspension does not occur with vigorous shaking. Parenteral drug products should be inspected visually for particulate matter and discoloration prior to administration, whenever solution and container permit. If either of these conditions exists, the vaccine should not be administered.

For the prefilled syringes, attach a sterile needle and administer intramuscularly.


For the vials, use a sterile needle and sterile syringe to withdraw the 0.5-mL dose and administer intramuscularly. Changing needles between drawing vaccine from a vial and injecting it into a recipient is not necessary unless the needle has been damaged or contaminated. Use a separate sterile needle and syringe for each individual.

Do not administer this product intravenously, intradermally, or subcutaneously.

2.2
Dose and Schedule

A 0.5-mL dose of INFANRIX is approved for intramuscular administration in infants and children 6 weeks to 7 years of age (prior to the seventh birthday) as a 5-dose series. The series consists of a primary immunization course of 3 doses administered at 2, 4, and 6 months of age (at intervals of 4 to 8 weeks), followed by 2 booster doses, administered at 15 to 20 months of age and at 4 to 6 years of age. The first dose may be given as early as 6 weeks of age.

The preferred administration site is the anterolateral aspect of the thigh for most infants younger than 12 months of age and the deltoid muscle of the upper arm for most children 12 months of age to 7 years of age.


2.3
Use of INFANRIX with Other DTaP Vaccines

Sufficient data are not available on the safety and effectiveness of interchanging INFANRIX and Diphtheria and Tetanus Toxoids and Acellular Pertussis (DTaP) vaccines from different manufacturers for successive doses of the DTaP vaccination series. Because the pertussis antigen components of INFANRIX and PEDIARIX® [Diphtheria and Tetanus Toxoids and Acellular Pertussis Adsorbed, Hepatitis B (Recombinant) and Inactivated Poliovirus Vaccine] are the same, INFANRIX may be used to complete a DTaP vaccination series initiated with PEDIARIX.

2.4
Additional Dosing Information

If any recommended dose of pertussis vaccine cannot be given [see Contraindications (4.2, 4.3), Warnings and Precautions (5.5)], Diphtheria and Tetanus Toxoids Adsorbed (DT) For Pediatric Use should be given according to its prescribing information.


3
DOSAGE FORMS AND STRENGTHS

INFANRIX is a suspension for injection available in 0.5-mL single-dose vials and prefilled TIP‑LOK® syringes.

4
CONTRAINDICATIONS


4.1
Hypersensitivity


Severe allergic reaction (e.g., anaphylaxis) after a previous dose of any diphtheria toxoid-, tetanus toxoid-, or pertussis-containing vaccine, or to any component of INFANRIX is a contraindication [see Description (11)]. Because of the uncertainty as to which component of the vaccine might be responsible, no further vaccination with any of these components should be given. Alternatively, such individuals may be referred to an allergist for evaluation if immunization with any of these components is being considered.


4.2
Encephalopathy


Encephalopathy (e.g., coma, decreased level of consciousness, prolonged seizures) within 7 days of administration of a previous dose of a pertussis-containing vaccine that is not attributable to another identifiable cause is a contraindication to administration of any pertussis-containing vaccine, including INFANRIX.

4.3
Progressive Neurologic Disorder


Progressive neurologic disorder, including infantile spasms, uncontrolled epilepsy, or progressive encephalopathy is a contraindication to administration of any pertussis-containing vaccine, including INFANRIX. Pertussis vaccine should not be administered to individuals with these conditions until a treatment regimen has been established and the condition has stabilized.

5
WARNINGS AND PRECAUTIONS

5.1
Guillain-Barré Syndrome

If Guillain-Barré syndrome occurs within 6 weeks of receipt of a prior vaccine containing tetanus toxoid, the decision to give any tetanus toxoid-containing vaccine, including INFANRIX, should be based on careful consideration of the potential benefits and possible risks. When a decision is made to withhold tetanus toxoid, other available vaccines should be given, as indicated.

5.2
Latex


The tip caps of the prefilled syringes contain natural rubber latex which may cause allergic reactions.

5.3
Syncope

Syncope (fainting) can occur in association with administration of injectable vaccines, including INFANRIX. Syncope can be accompanied by transient neurological signs such as visual disturbance, paresthesia, and tonic-clonic limb movements. Procedures should be in place to avoid falling injury and to restore cerebral perfusion following syncope.

5.4
Adverse Events following Prior Pertussis Vaccination


If any of the following events occur in temporal relation to receipt of a pertussis-containing vaccine, the decision to give any pertussis-containing vaccine, including INFANRIX, should be based on careful consideration of the potential benefits and possible risks:


· Temperature of (40.5oC (105oF) within 48 hours not due to another identifiable cause;


· Collapse or shock-like state (hypotonic-hyporesponsive episode) within 48 hours;


· Persistent, inconsolable crying lasting (3 hours, occurring within 48 hours;


· Seizures with or without fever occurring within 3 days.


5.5
Children at Risk for Seizures

For children at higher risk for seizures than the general population, an appropriate antipyretic may be administered at the time of vaccination with a pertussis-containing vaccine, including INFANRIX, and for the ensuing 24 hours to reduce the possibility of post-vaccination fever.

5.6
Apnea in Premature Infants


Apnea following intramuscular vaccination has been observed in some infants born prematurely. Decisions about when to administer an intramuscular vaccine, including INFANRIX, to infants born prematurely should be based on consideration of the individual infant’s medical status, and the potential benefits and possible risks of vaccination.

5.7
Preventing and Managing Allergic Vaccine Reactions


Prior to administration, the healthcare provider should review the patient’s immunization history for possible vaccine hypersensitivity. Epinephrine and other appropriate agents used for the control of immediate allergic reactions must be immediately available should an acute anaphylactic reaction occur.


6
ADVERSE REACTIONS

6.1
Clinical Trials Experience

Because clinical trials are conducted under widely varying conditions, adverse reaction rates observed in the clinical trials of a vaccine cannot be directly compared with rates in the clinical trials of another vaccine and may not reflect the rates observed in practice. There is the possibility that broad use of INFANRIX could reveal adverse reactions not observed in clinical trials.

Approximately 95,000 doses of INFANRIX have been administered in clinical studies. In these studies, 29,243 infants have received INFANRIX in primary series studies, 6,081 children have received a fourth consecutive dose of INFANRIX, 1,764 children have received a fifth consecutive dose of INFANRIX, and 559 children have received a dose of INFANRIX following 3 doses of PEDIARIX.

Solicited Adverse Events

In a US study, 335 infants received INFANRIX, ENGERIX-B® [Hepatitis B Vaccine (Recombinant)], inactivated poliovirus vaccine (IPV, Sanofi Pasteur SA), Haemophilus b (Hib) conjugate vaccine (Wyeth Pharmaceuticals Inc.), and pneumococcal 7-valent conjugate (PCV7) vaccine (Wyeth Pharmaceuticals Inc.) concomitantly at separate sites. All vaccines were administered at 2, 4, and 6 months of age. Data on solicited local reactions and general adverse events were collected by parents using standardized diary cards for 4 consecutive days following each vaccine dose (i.e., day of vaccination and the next 3 days) (Table 1). Among subjects, 69% were white, 16% were Hispanic, 8% were black, 4% were Asian, and 2% were of other racial/ethnic groups.

Table 1. Solicited Local Reactions and General Adverse Events (%) Occurring within 4 Days of Vaccinationa with Separate Concomitant Administration of INFANRIX, ENGERIX-B, IPV, Haemophilus b (Hib) Conjugate Vaccine, and Pneumococcal Conjugate Vaccine (PCV7) (Modified Intent-to-Treat Cohort)

		

		INFANRIX, ENGERIX-B, IPV, Hib Vaccine, & PCV7



		

		Dose 1

		Dose 2

		Dose 3



		Localb

		

		

		



		N

		335

		323

		315



		Pain, any

		31.9

		30.0

		29.8



		Pain, Grade 2 or 3

		9.0

		8.7

		8.9



		Pain, Grade 3

		2.7

		1.5

		1.3



		Redness, any

		18.2

		32.8

		39.0



		Redness, >20 mm

		0.3

		0.0

		1.9



		Swelling, any

		9.6

		20.4

		24.8



		Swelling, >20 mm

		0.6

		0.0

		1.3



		General

		

		

		



		N

		333

		321

		311



		Feverc ((100.4(F)

		19.8

		30.2

		23.8



		Feverc (>101.3(F)

		4.5

		9.7

		5.8



		Feverc (>102.2(F)

		0.3

		3.1

		2.3



		Feverc (>103.1(F)

		0.0

		0.3

		0.3



		N

		335

		323

		315



		Drowsiness, any

		54.0

		48.3

		38.4



		Drowsiness, Grade 2 or 3

		17.6

		12.4

		11.1



		Drowsiness, Grade 3

		3.6

		0.6

		1.9



		Irritability/Fussiness, any

		61.5

		61.6

		56.5



		Irritability/Fussiness, Grade 2 or 3

		19.4

		21.1

		19.4



		Irritability/Fussiness, Grade 3

		3.9

		3.4

		3.2



		Loss of appetite, any

		27.8

		26.6

		23.8



		Loss of appetite, Grade 2 or 3

		5.1

		3.4

		5.4



		Loss of appetite, Grade 3

		0.6

		0.3

		0.0





Hib conjugate vaccine and PCV7 manufactured by Wyeth Pharmaceuticals Inc. IPV manufactured by Sanofi Pasteur SA.


Modified intent-to-treat cohort = All vaccinated subjects for whom safety data were available.

N = Number of infants for whom at least one symptom sheet was completed; for fever, numbers exclude missing temperature recordings or tympanic measurements.

Grade 2: Pain defined as cried/protested on touch; drowsiness defined as interfered with normal daily activities; irritability/fussiness defined as crying more than usual/interfered with normal daily activities; loss of appetite defined as eating less than usual/interfered with normal daily activities.


Grade 3: Pain defined as cried when limb was moved/spontaneously painful; drowsiness defined as prevented normal daily activities; irritability/fussiness defined as crying that could not be comforted/prevented normal daily activities; loss of appetite defined as no eating at all.

a
Within 4 days of vaccination defined as day of vaccination and the next 3 days.

b
Local reactions at the injection site for INFANRIX.

c
Axillary temperatures increased by 1(C and oral temperatures increased by 0.5(C to derive equivalent rectal temperature.

In a US study, the safety of a booster dose of INFANRIX was evaluated in children 15 to 18 months of age whose previous 3 DTaP doses were with INFANRIX (N = 251) or PEDIARIX (N = 559). Vaccines administered concurrently with the fourth dose of INFANRIX included measles, mumps, and rubella (MMR) vaccine (Merck & Co., Inc.), varicella vaccine (Merck & Co., Inc.), pneumococcal 7-valent conjugate (PCV7) vaccine (Wyeth Pharmaceuticals Inc.), and any US-licensed Hib conjugate vaccine; these were given concomitantly in 13.2%, 6.3%, 37.4%, and 41.2% of subjects, respectively. Data on solicited adverse events were collected by parents using standardized diary cards for 4 consecutive days following each vaccine dose (i.e., day of vaccination and the next 3 days) (Table 2). Among subjects, 85% were white, 6% were Hispanic, 6% were black, 1% were Asian, and 2% were of other racial/ethnic groups.


Table 2. Solicited Local Reactions and General Adverse Events (%) Occurring within 4 Days of Vaccinationa with INFANRIX Administered as the Fourth Dose following 3 Previous Doses of INFANRIX or PEDIARIX (Total Vaccinated Cohort)

		

		Group Primed with INFANRIXb

N = 247

		Group Primed with PEDIARIXc

N = 553



		Locald

		

		



		Pain, any

		44.5

		48.3



		Pain, Grade 2 or 3

		19.0

		18.6



		Pain, Grade 3

		3.6

		3.4



		Redness, any

		48.2

		49.9



		Redness, >20 mm

		6.1

		6.0



		Swelling, any

		32.8

		32.7



		Swelling, >20 mm

		3.6

		5.2



		Increase in mid-thigh circumference, any

		33.2

		26.2



		Increase in mid-thigh circumference, >40 mm

		0.0

		1.3



		General

		

		



		Fevere (>99.5(F)

		8.9

		15.4



		Fevere (>100.4(F)

		4.5

		6.7



		Fevere (>101.3(F)

		2.0

		2.0



		Drowsiness, any

		35.6

		31.3



		Drowsiness, Grade 2 or 3

		9.3

		6.7



		Drowsiness, Grade 3

		2.4

		1.3



		Irritability, any

		52.2

		53.9



		Irritability, Grade 2 or 3

		18.2

		19.7



		Irritability, Grade 3

		3.2

		1.4



		Loss of appetite, any

		24.7

		23.3



		Loss of appetite, Grade 2 or 3

		5.3

		4.9



		Loss of appetite, Grade 3

		2.4

		0.5





Total Vaccinated Cohort = All subjects who received a dose of study vaccine.

N = Number of subjects for whom at least one symptom sheet was completed.

Grade 2: Pain defined as cried/protested on touch; drowsiness defined as interfered with normal daily activities; irritability defined as crying more than usual/interfered with normal daily activities; loss of appetite defined as eating less than usual/no effect on normal daily activities.

Grade 3: Pain defined as cried when limb was moved/spontaneously painful; drowsiness defined as prevented normal daily activities; irritability defined as crying that could not be comforted/prevented normal daily activities; loss of appetite defined as eating less than usual/interfered with normal daily activities.


a
Within 4 days of vaccination defined as day of vaccination and the next 3 days.

b
Received INFANRIX, ENGERIX-B, IPV (Sanofi Pasteur SA), PCV7 vaccine (Wyeth Pharmaceuticals Inc.), and Hib conjugate vaccine (Wyeth Pharmaceuticals Inc.) at 2, 4, and 6 months of age.


c
Received PEDIARIX, PCV7 vaccine (Wyeth Pharmaceuticals Inc.), and Hib conjugate vaccine (Wyeth Pharmaceuticals Inc.) at 2, 4, and 6 months of age or PCV7 vaccine 2 weeks later.


d
Local reactions at the injection site for INFANRIX.

e
Axillary temperatures.


In a US study, the safety of a fifth consecutive dose of INFANRIX coadministered at separate sites with a fourth dose of IPV (Sanofi Pasteur SA) and a second dose of MMR vaccine (Merck & Co., Inc.) was evaluated in 1,053 children 4 to 6 years of age. Data on solicited adverse events were collected by parents using standardized diary cards for 4 consecutive days following each vaccine dose (i.e., day of vaccination and the next 3 days) (Table 3). Among subjects, 43% were white, 18% Hispanic, 15% Asian, 7% black, and 17% were of other racial/ethnic groups.

Table 3. Solicited Local Reactions and General Adverse Events (%) Occurring within 4 Days of Vaccinationa with a Fifth Consecutive Dose of INFANRIX When Coadministered with IPV and MMR Vaccine (Total Vaccinated Cohort)


		Localb

		N = 1,039-1,043



		Pain, any

		53.3



		Pain, Grade 2 or 3c

		12.0



		Pain, Grade 3c

		0.6



		Redness, any

		36.6



		Redness, (50 mm

		20.0



		Redness, (110 mm

		4.1



		Arm circumference increase, any

		37.8



		Arm circumference increase, >20 mm

		7.4



		Arm circumference increase, >30 mm

		3.2



		Swelling, any

		27.0



		Swelling, (50 mm

		11.5



		Swelling, (110 mm

		1.8



		General

		N = 993-1,036



		Drowsiness, any

		17.5



		Drowsiness, Grade 3d

		0.8



		Fever, (99.5(F

		14.8



		Fever, >100.4(F

		4.4



		Fever, >102.2(F

		1.1



		Fever, >104(F

		0.0



		Loss of appetite, any

		16.0



		Loss of appetite, Grade 3e

		0.6





IPV manufactured by Sanofi Pasteur SA. MMR vaccine manufactured by Merck & Co., Inc.


Total Vaccinated Cohort = All vaccinated subjects for whom safety data were available.

N = Number of children with evaluable data for the events listed.

a
Within 4 days of vaccination defined as day of vaccination and the next 3 days.

b
Local reactions at the injection site for INFANRIX.

c
Grade 2 defined as painful when the limb was moved; Grade 3 defined as preventing normal daily activities.

d
Grade 3 defined as preventing normal daily activities.


e
Grade 3 defined as not eating at all.


In the US booster immunization studies in which INFANRIX was administered as the fourth or fifth dose in the DTaP series following previous doses with INFANRIX or PEDIARIX, large swelling reactions of the limb injected with INFANRIX were assessed.


In the fourth-dose study, a large swelling reaction was defined as injection site swelling with a diameter of >50 mm, a >50 mm increase in the mid-thigh circumference compared with the pre-vaccination measurement, and/or any diffuse swelling that interfered with or prevented daily activities. The overall incidence of large swelling reactions occurring within 4 days (Day 0-Day 3) following INFANRIX was 2.3%.

In the fifth-dose study, a large swelling reaction was defined as swelling that involved >50% of the injected upper arm length and that was associated with a >30 mm increase in mid-upper arm circumference within 4 days following vaccination. The incidence of large swelling reactions following the fifth consecutive dose of INFANRIX was 1.0%.

Less Common and Serious General Adverse Events

Selected adverse events reported from a double-blind, randomized Italian clinical efficacy trial involving 4,696 children administered INFANRIX or 4,678 children administered whole-cell DTP vaccine (DTwP) (manufactured by Connaught Laboratories, Inc.) as a 3-dose primary series are shown in Table 4. The incidence of rectal temperature (104(F, hypotonic-hyporesponsive episodes, and persistent crying (3 hours following administration of INFANRIX was significantly less than that following administration of whole-cell DTP vaccine.


Table 4. Selected Adverse Events Occurring within 48 Hours following Vaccination with INFANRIX or Whole-Cell DTP in Italian Infants at 2, 4, or 6 Months of Age


		Event

		INFANRIX


(N = 13,761 Doses)

		Whole-Cell DTP Vaccine


(N = 13,520 Doses)



		

		
Number

		Rate/1,000 Doses

		
Number

		Rate/1,000 Doses



		Fever ((104(F)ab

		5

		0.36

		32

		2.4



		Hypotonic-hyporesponsive episodec

		0

		0

		9

		0.67



		Persistent crying (3 hoursa

		6

		0.44

		54

		4.0



		Seizuresd

		1e

		0.07

		3f

		0.22





a
P <0.001.

b
Rectal temperatures.


c
P = 0.002.


d
Not statistically significant at P <0.05.


e
Maximum rectal temperature within 72 hours of vaccination = 103.1(F.


f
Maximum rectal temperature within 72 hours of vaccination = 99.5(F, 101.3(F, and 102.2(F.


In a German safety study that enrolled 22,505 infants (66,867 doses of INFANRIX administered as a 3-dose primary series at 3, 4, and 5 months of age), all subjects were monitored for unsolicited adverse events that occurred within 28 days following vaccination using report cards. In a subset of subjects (N = 2,457), these cards were standardized diaries which solicited specific adverse events that occurred within 8 days of each vaccination in addition to unsolicited adverse events which occurred from enrollment until approximately 30 days following the third vaccination. Cards from the whole cohort were returned at subsequent visits and were supplemented by spontaneous reporting by parents and a medical history after the first and second doses of vaccine. In the subset of 2,457, adverse events following the third dose of vaccine were reported via standardized diaries and spontaneous reporting at a follow-up visit. Adverse events in the remainder of the cohort were reported via report cards which were returned by mail approximately 28 days after the third dose of vaccine. Adverse events (rates per 1,000 doses) occurring within 7 days following any of the first 3 doses included: unusual crying (0.09), febrile seizure (0.0), afebrile seizure (0.13), and hypotonic-hyporesponsive episodes (0.01).


6.2
Postmarketing Experience

In addition to reports in clinical trials, worldwide voluntary reports of adverse events received for INFANRIX since market introduction are listed below. This list includes serious events and events that have a plausible causal connection to INFANRIX. These adverse events were reported voluntarily from a population of uncertain size; therefore, it is not always possible to reliably estimate their frequency or establish a causal relationship to vaccination.

Infections and Infestations

Bronchitis, cellulitis, respiratory tract infection.

Blood and Lymphatic System Disorders

Lymphadenopathy, thrombocytopenia.

Immune System Disorders

Anaphylactic reaction, hypersensitivity.

Nervous System Disorders

Encephalopathy, headache, hypotonia, syncope.


Ear and Labyrinth Disorders

Ear pain.


Cardiac Disorders

Cyanosis.


Respiratory, Thoracic, and Mediastinal Disorders

Apnea, cough.

Skin and Subcutaneous Tissue Disorders

Angioedema, erythema, pruritus, rash, urticaria.


General Disorders and Administration Site Conditions

Fatigue, injection site induration, injection site reaction, Sudden Infant Death Syndrome.

7
DRUG INTERACTIONS

7.1
Concomitant Vaccine Administration

In clinical trials, INFANRIX was given concomitantly with Hib conjugate vaccine, pneumococcal 7-valent conjugate vaccine, hepatitis B vaccine, IPV, and the second dose of MMR vaccine [see Adverse Reactions (6.1), Clinical Studies (14.3)].

When INFANRIX is administered concomitantly with other injectable vaccines, they should be given with separate syringes. INFANRIX should not be mixed with any other vaccine in the same syringe or vial.


7.2
Immunosuppressive Therapies

Immunosuppressive therapies, including irradiation, antimetabolites, alkylating agents, cytotoxic drugs, and corticosteroids (used in greater than physiologic doses), may reduce the immune response to INFANRIX.

8
USE IN SPECIFIC POPULATIONS


8.1
Pregnancy

Pregnancy Category C

Animal reproduction studies have not been conducted with INFANRIX. It is also not known whether INFANRIX can cause fetal harm when administered to a pregnant woman or can affect reproduction capacity.

8.4
Pediatric Use

Safety and effectiveness of INFANRIX in infants younger than 6 weeks of age and children 7 to 16 years of age have not been established. INFANRIX is not approved for use in these age groups.

11
DESCRIPTION


INFANRIX (Diphtheria and Tetanus Toxoids and Acellular Pertussis Vaccine Adsorbed) is a noninfectious, sterile vaccine for intramuscular administration. Each 0.5-mL dose is formulated to contain 25 Lf of diphtheria toxoid, 10 Lf of tetanus toxoid, 25 mcg of inactivated pertussis toxin (PT), 25 mcg of filamentous hemagglutinin (FHA), and 8 mcg of pertactin (69 kiloDalton outer membrane protein).


The diphtheria toxin is produced by growing Corynebacterium diphtheriae in Fenton medium containing a bovine extract. Tetanus toxin is produced by growing Clostridium tetani in a modified Latham medium derived from bovine casein. The bovine materials used in these extracts are sourced from countries which the United States Department of Agriculture (USDA) has determined neither have nor present an undue risk for bovine spongiform encephalopathy (BSE). Both toxins are detoxified with formaldehyde, concentrated by ultrafiltration, and purified by precipitation, dialysis, and sterile filtration.


The acellular pertussis antigens (PT, FHA, and pertactin) are isolated from Bordetella pertussis culture grown in modified Stainer-Scholte liquid medium. PT and FHA are isolated from the fermentation broth; pertactin is extracted from the cells by heat treatment and flocculation. The antigens are purified in successive chromatographic and precipitation steps. PT is detoxified using glutaraldehyde and formaldehyde. FHA and pertactin are treated with formaldehyde.

Diphtheria and tetanus toxoids and pertussis antigens (PT, FHA, and pertactin) are individually adsorbed onto aluminum hydroxide.


Diphtheria and tetanus toxoid potency is determined by measuring the amount of neutralizing antitoxin in previously immunized guinea pigs. The potency of the acellular pertussis components (PT, FHA, and pertactin) is determined by enzyme-linked immunosorbent assay (ELISA) on sera from previously immunized mice.

Each 0.5-mL dose contains aluminum hydroxide as adjuvant (not more than 0.625 mg aluminum by assay) and 4.5 mg of sodium chloride. Each dose also contains (100 mcg of residual formaldehyde and (100 mcg of polysorbate 80 (Tween 80).

INFANRIX is available in vials and prefilled syringes. The tip caps of the prefilled syringes contain natural rubber latex; the plungers are not made with natural rubber latex. The vial stoppers are not made with natural rubber latex.

INFANRIX is formulated without preservatives.
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CLINICAL PHARMACOLOGY


12.1
Mechanism of Action


Diphtheria

Diphtheria is an acute toxin-mediated infectious disease caused by toxigenic strains of C. diphtheriae. Protection against disease is due to the development of neutralizing antibodies to the diphtheria toxin. A serum diphtheria antitoxin level of 0.01 IU/mL is the lowest level giving some degree of protection; a level of 0.1 IU/mL is regarded as protective.1

Tetanus

Tetanus is an acute toxin-mediated infectious disease caused by a potent exotoxin released by C. tetani. Protection against disease is due to the development of neutralizing antibodies to the tetanus toxin. A serum tetanus antitoxin level of at least 0.01 IU/mL, measured by neutralization assays, is considered the minimum protective level.2,3 A level of 0.1 IU/mL is considered protective.4

Pertussis

Pertussis (whooping cough) is a disease of the respiratory tract caused by B. pertussis. The role of the different components produced by B. pertussis in either the pathogenesis of, or the immunity to, pertussis is not well understood. There is no well established serological correlate of protection for pertussis.

13
NONCLINICAL TOXICOLOGY


13.1
Carcinogenesis, Mutagenesis, Impairment of Fertility

INFANRIX has not been evaluated for carcinogenic or mutagenic potential, or for impairment of fertility.
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CLINICAL STUDIES


14.1
Diphtheria and Tetanus


Efficacy of diphtheria toxoid used in INFANRIX was determined on the basis of immunogenicity studies. A VERO cell toxin neutralizing test confirmed the ability of infant sera (N = 45), obtained one month after a 3-dose primary series, to neutralize diphtheria toxin. Levels of diphtheria antitoxin (0.01 IU/mL were achieved in 100% of the sera tested.


Efficacy of tetanus toxoid used in INFANRIX was determined on the basis of immunogenicity studies. An in vivo mouse neutralization assay confirmed the ability of infant sera (N = 45), obtained one month after a 3-dose primary series, to neutralize tetanus toxin. Levels of tetanus antitoxin (0.01 IU/mL were achieved in 100% of the sera tested.

14.2
Pertussis

Efficacy of a 3-dose primary series of INFANRIX has been assessed in 2 clinical studies.


A double-blind, randomized, active Diphtheria and Tetanus Toxoids (DT)-controlled trial conducted in Italy assessed the absolute protective efficacy of INFANRIX when administered at 2, 4, and 6 months of age. The population used in the primary analysis of the efficacy of INFANRIX included 4,481 infants vaccinated with INFANRIX and 1,470 DT vaccinees. The mean length of follow-up was 17 months, beginning 30 days after the third dose of vaccine. After 3 doses, the absolute protective efficacy of INFANRIX against WHO-defined typical pertussis (21 days or more of paroxysmal cough with infection confirmed by culture and/or serologic testing) was 84% (95% CI: 76, 89). When the definition of pertussis was expanded to include clinically milder disease with respect to type and duration of cough, with infection confirmed by culture and/or serologic testing, the efficacy of INFANRIX was calculated to be 71% (95% CI: 60, 78) against >7 days of any cough and 73% (95% CI: 63, 80) against (14 days of any cough. Vaccine efficacy after 3 doses and with no booster dose in the second year of life was assessed in 2 subsequent follow-up periods. A follow-up period from 24 months to a mean age of 33 months was conducted in a partially unblinded cohort (children who received DT were offered pertussis vaccine and those who declined were retained in the study cohort). During this period, the efficacy of INFANRIX against WHO-defined pertussis was 78% (95% CI: 62, 87). During the third follow-up period which was conducted in an unblinded manner among children from 3 to 6 years of age, the efficacy of INFANRIX against WHO-defined pertussis was 86% (95% CI: 79, 91). Thus, protection against pertussis in children administered 3 doses of INFANRIX in infancy was sustained to 6 years of age.


A prospective efficacy trial was also conducted in Germany employing a household contact study design. In preparation for this study, 3 doses of INFANRIX were administered at 3, 4, and 5 months of age to more than 22,000 children living in 6 areas of Germany in a safety and immunogenicity study. Infants who did not participate in the safety and immunogenicity study could have received a DTwP vaccine or DT vaccine. Index cases were identified by spontaneous presentation to a physician. Households with at least one other member (i.e., besides index case) aged 6 through 47 months were enrolled. Household contacts of index cases were monitored for incidence of pertussis by a physician who was blinded to the vaccination status of the household. Calculation of vaccine efficacy was based on attack rates of pertussis in household contacts classified by vaccination status. Of the 173 household contacts who had not received a pertussis vaccine, 96 developed WHO-defined pertussis, as compared with 7 of 112 contacts vaccinated with INFANRIX. The protective efficacy of INFANRIX was calculated to be 89% (95% CI: 77, 95), with no indication of waning of protection up until the time of the booster vaccination. The average age of infants vaccinated with INFANRIX at the end of follow-up in this trial was 13 months (range: 6 to 25 months). When the definition of pertussis was expanded to include clinically milder disease, with infection confirmed by culture and/or serologic testing, the efficacy of INFANRIX against (7 days of any cough was 67% (95% CI: 52, 78) and against (7 days of paroxysmal cough was 81% (95% CI: 68, 89). The corresponding efficacy of INFANRIX against (14 days of any cough or paroxysmal cough were 73% (95% CI: 59, 82) and 84% (95% CI: 71, 91), respectively.


Pertussis Immune Response to INFANRIX Administered as a 3-Dose Primary Series

The immune responses to each of the 3 pertussis antigens contained in INFANRIX were evaluated in sera obtained 1 month after the third dose of vaccine in each of 3 studies (schedule of administration: 2, 4, and 6 months of age in the Italian efficacy study and one US study; 3, 4, and 5 months of age in the German efficacy study). One month after the third dose of INFANRIX, the response rates to each pertussis antigen were similar in all 3 studies. Thus, although a serologic correlate of protection for pertussis has not been established, the antibody responses to these 3 pertussis antigens (PT, FHA, and pertactin) in a US population were similar to those achieved in 2 populations in which efficacy of INFANRIX was demonstrated.

14.3
Immune Response to Concomitantly Administered Vaccines


In a US study, INFANRIX was given concomitantly, at separate sites, with Hib conjugate vaccine (Sanofi Pasteur SA) at 2, 4, and 6 months of age. Subjects also received ENGERIX-B and oral poliovirus vaccine (OPV). One month after the third dose of Hib conjugate vaccine, 90% of 72 infants had anti-PRP (polyribosyl-ribitol-phosphate) (1.0 mcg/mL.

In a US study, INFANRIX was given concomitantly, at separate sites, with ENGERIX-B, IPV (Sanofi Pasteur SA), pneumococcal 7-valent conjugate (PCV7), and Hib conjugate vaccines (Wyeth Pharmaceuticals Inc.) at 2, 4, and 6 months of age. Immune responses were measured in sera obtained approximately one month after the third dose of vaccines. Among 121 subjects who had not received a birth dose of hepatitis B vaccine, 99.2% had anti-HBsAg (hepatitis B surface antigen) (10 mIU/mL following the third dose of ENGERIX-B. Among 153 subjects, 100% had anti-poliovirus 1, 2, and 3, (1:8 following the third dose of IPV. Although serological correlates for protection have not been established for the pneumococcal serotypes, a threshold level of (0.3 mcg/mL was evaluated. Following the third dose of PCV7 vaccine, 91.8% to 99.4% of subjects (N = 146-156) had anti-pneumococcal polysaccharide (0.3 mcg/mL for serotypes 4, 9V, 14, 18C, 19F, and 23F, and 73.0% had a level (0.3 mcg/mL for serotype 6B.
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HOW SUPPLIED/STORAGE AND HANDLING


INFANRIX is available in 0.5-mL single-dose vials and disposable prefilled TIP‑LOK syringes (packaged without needles):

NDC 58160-810-01 Vial in Package of 10: NDC 58160-810-11


NDC 58160-810-43 Syringe in Package of 10: NDC 58160-810-52

Store refrigerated between 2( and 8(C (36( and 46(F). Do not freeze. Discard if the vaccine has been frozen.
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PATIENT COUNSELING INFORMATION


The parent or guardian should be:


· informed of the potential benefits and risks of immunization with INFANRIX, and of the importance of completing the immunization series.


· informed about the potential for adverse reactions that have been temporally associated with administration of INFANRIX or other vaccines containing similar components.


· instructed to report any adverse events to their healthcare provider.

· given the Vaccine Information Statements, which are required by the National Childhood Vaccine Injury Act of 1986 to be given prior to immunization. These materials are available free of charge at the Centers for Disease Control and Prevention (CDC) website (www.cdc.gov/vaccines).

ENGERIX-B, INFANRIX, PEDIARIX, and TIP-LOK are registered trademarks of the GSK group of companies.




Manufactured by GlaxoSmithKline Biologicals

Rixensart, Belgium, US License 1617


Novartis Vaccines and Diagnostics GmbH


Marburg, Germany, US License 1754


Distributed by GlaxoSmithKline

Research Triangle Park, NC 27709


©YEAR the GSK group of companies. All rights reserved.
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