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Abstract

In the past decade, the number of epidemiological publications addressing environmental chemical
exposures and autism has grown tremendously. These studies are important because it is now
understood that environmental factors play a larger role in causing autism than previously thought
and because they address modifiable risk factors that may open up avenues for the primary
prevention of the disability associated with autism. In this review, we covered studies of autism
and estimates of exposure to tobacco, air pollutants, volatile organic compounds and solvents,
metals (from air, occupation, diet, dental amalgams, and thimerosal-containing vaccines),
pesticides, and organic endocrine-disrupting compounds such as flame retardants, non-stick
chemicals, phthalates, and bisphenol A. We included studies that had individual-level data on
autism, exposure measures pertaining to pregnancy or the 1st year of life, valid comparison
groups, control for confounders, and adequate sample sizes. Despite the inherent error in the
measurement of many of these environmental exposures, which is likely to attenuate observed
associations, some environmental exposures showed associations with autism, especially traffic-
related air pollutants, some metals, and several pesticides, with suggestive trends for some volatile
organic compounds (e.g., methylene chloride, trichloroethylene, and styrene) and phthalates.
Whether any of these play a causal role requires further study. Given the limited scope of these
publications, other environmental chemicals cannot be ruled out, but have not yet been adequately
studied. Future research that addresses these and additional environmental chemicals, including
their most common routes of exposures, with accurate exposure measurement pertaining to several
developmental windows, is essential to guide efforts for the prevention of the neurodevelopmental
damage that manifests in autism symptoms.

Introduction and Scope of Review

Autism Spectrum Disorder, commonly called autism, is now known to occur in about 1 in 68
children in the U.S.,1 increasing the likelihood that clinicians will care for children,
adolescents, and adults with autism. All people with autism have difficulties in social
communication and restricted interests and behaviors. The severity of the symptoms and the
level of functional impairment vary widely. A review in this journal has covered the



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kalkbrenner et al.

Page 2

important topics of screening/early warning signs, the role of the pediatrician within a
multidisciplinary team, and the evidence base for treatments,2 with another review covering
pharmacological interventions, genetic testing, and treatment across the life course.3

Herein, we focus on processes occurring earlier in the life history of autism—exploring
xenobiotic risk factors that tip the balance to cause the emergence of autism symptoms in a
child. We have focused on environmental chemicals; agents that arise outside of the human
body; and enter via the routes of ingestion, inhalation, dermal absorption, injection, and
placental transport from mother to fetus. Other risk factors fit into the broader definition of
environment and are likely important, such as nutrients, medications, obstetric
complications, maternal medical conditions, and social/demographic influences, but were
not included in this review.

The traditional environmental chemical exposures that we included are important in part
because exposure to these factors can be reduced, opening up viable avenues for the primary
prevention of autism. Increasingly, clinicians are called upon to play a role in identifying,
researching, educating about, and advocating for change regarding these modifiable
chemical exposures. For example, parents may desire guidance from clinicians regarding the
potential risk to their fetus or infant from living with someone who smokes cigarettes or
from the use of plastics or residential pesticides. Exercising behavioral or consumer choices,
however, cannot entirely protect a patient from these widespread exposures, especially for
chemicals that are ubiquitous, such as air pollution, or for contaminants that are unknown to
the patient.

Environmental chemical exposures are increasingly understood to be important in causing
autism, with current theories positing that autism is caused by the interplay of multiple
genetic and environmental contributions that differ from individual to individual.#> While
initial studies suggested a strong genetic heritability of autism, recent studies with larger
sample sizes have demonstrated a lesser influence, including a study of over 14,000 children
with autism in Sweden that demonstrated a heritability of 50%, supporting an equally strong
role for environmental risk factors.® Genetic and environmental factors may combine to
disrupt the normal processes of nervous system development, interfering with neuron
formation and migration, synapse formation, or neurological connectivity, ultimately causing
autism. Environmental chemical exposures may act through pathophysiologies, including the
direct disruption of cells and structures of the nervous system, endocrine hormone- or
immune system-mediated impacts, epigenetic changes, and more (Table 1). The important
role for environmental chemical exposures in these processes has received data support and
increased attention.”=9 These calls for research are bolstered by the dearth of understanding
of the role of our complex, human-created chemical environment on development, with
estimates that, out of a chemical universe topping 80,000 agents, over 1000 have laboratory
evidence of neurotoxicity, but only a small fraction have been studied in humans during
critical windows of development.1911 Human exposures to these chemicals are common:
250 xenobiotic chemicals were detected in biological samples from a 2013 representative
sample of the U.S. in the National Health and Nutrition Examination Survey.12 Furthermore,
chemical mixtures predominate; in earlier data from this same study, 100% of pregnant
women had detectable levels of five chemical classes that were examined.13
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Although a mere decade ago publications addressing the environment and autism could
almost not be found, now epidemiological publications have examined the association of
autism with estimates of exposure to tobacco, air pollutants, volatile organic compounds,
metals, pesticides, and organic pollutants, such as plasticizers and non-stick chemicals. The
state of evidence regarding autism and exposures to some of these pollutants has been
reviewed.1415 In this review, we provide contextual information about these chemicals,
along with an assessment of the current state of epidemiological knowledge regarding
exposures to these chemicals and autism, with special attention to assessing validity,
integrating results, and evaluating evidence for causality. Our goal is to evaluate and
summarize the current state of knowledge, while informing clinicians about the complexities
surrounding study in this area together with current approaches. We seek to engage
clinicians in the continued identification of, and ultimately, the reduction of, environmental
factors that harm neurodevelopment, specifically autism (Box 1).

Review Methodology: Evaluating the Epidemiological Evidence

In this review, we present study design details (in tables) and results (in figures) from valid
research reports. Our inclusion criteria are listed in Box 2 and described in greater detail
following.

Population-Based Human Studies

This review focuses on evidence regarding environmental chemical exposures and autism
from human, population-based literature, that is, epidemiological studies, published as
primary research reports in English-language, peer-reviewed journals with publication dates
prior to March 1, 2014. We also included articles under review when one of us was an
author. Findings from controlled laboratory studies on other animals are important in
elucidating mechanisms, screening many exposures, and creating highly controlled
conditions that strengthen causal inference, but cannot directly address the full spectrum of
autism or the real-world human living condition.

We separately included estimates for multiple chemicals within a publication that met our
inclusion criteria, for example, reporting on inhaled diesel particles, metals, and volatile
organic compounds from one publication.1® We did not, however, include multiple measures
for one chemical-autism question from a given publication, but instead included only the
measure most illustrative of the findings, as follows: when results were presented for both
the continuous autism phenotype and a dichotomous autism classification, we chose the
association that had the most precision, or was of the same type of comparison as the other
studies of the same chemical. When exposures were categorized into different levels or
geographic distances, we chose either the results emphasized by the authors, or the
comparisons that were the most extreme, such as presenting the 4th quartile comparison of
an air pollutant rather than the 2nd quartile comparison, or the closest geographic distance to
a pesticide application rather than a moderate distance.
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Individual-Level Data on Autism Diaghoses or Behaviors

We restricted our scope of review to studies that were able to include individual-level data
on autism or the dimensional nature of autism-like symptoms in analyses, excluding those
studies that only had access to aggregated data on autism occurrence (e.g., community-level
or ecological outcome data). Although ecological studies are useful in generating
hypotheses, we excluded such studies because of some inherent limitations in this design. In
aggregate outcome data, it cannot be known that the individual experiencing the exposure is
the same individual within the group that had an autism diagnosis. Furthermore, it is not
possible to account for individual-level confounding influences in this type of design, biases
that are critically important to remove before concluding that an observed statistical
association represents a causal relationship.17-18 In contrast, we did include studies that
measured exposure at the community level (ecological exposures). Community-level
exposures (e.g., an air toxic pollutant estimated for a census tract) often serve as reasonable
proxies of individual-level exposure, although they include some degree of exposure
measurement error. Importantly, when these studies include an individual measure of autism,
proper confounding control is possible and they are not subject to the ecological fallacy.

The studies included in this review included data from multi-faceted research studies and
from pre-existing records (Table 2). Different means of diagnosing autism or measuring
autism symptoms and characteristics (the continuous autism phenotype) were included
(Table 3). Measures of the continuous autism phenotype in a general population differ from
clinical diagnoses because fewer study children will exhibit symptoms at the upper extreme
that would lead to an autism diagnosis, and because the behavioral traits measured may
differ from the constructs that led a clinician to diagnose autism. We have included these
studies because the psychometric autism screening tests used have been validated, the
continuous measures allow for robust statistical properties, all children are tested and so an
outside comparison group is not needed, and these studies allow greater feasibility for
prospective, and therefore more accurate, measurement of prenatal environmental exposures.

Prenatal and Early Postnatal Exposures

We restricted this review to studies that addressed chemical exposures during, or pertaining
to, conception, pregnancy, and the 1st postnatal year, to assure that the exposure could have
been part of the multifactorial landscape that preceded and caused the emergence of autism
symptoms. Although the precise critical periods of susceptibility to environmental factors
for autism have not been fully elucidated, evidence from neuroanatomical, animal, and
epidemiologic studies support the prenatal and early postnatal origins of autism.19-24 A
critical period in early pregnancy was suggested from a study of autism cases suspected to
be caused by thalidomide exposure in early pregnancy.2? Later pregnancy and early
postnatal life are additionally implicated by accumulating molecular and pathological
evidence pointing to altered neuronal connectivity and a resultant perturbation in signaling
pathways, systems under intense development in these periods.2%26 These developmental
windows are a time of known neurodevelopmental susceptibility, and it is believed to be
exposures during these times that can exert causal influences on developmental
disorders.14:27.28 By [imiting to exposures pertaining to these periods, it is assured that the
environmental chemical exposures occurred prior to the development of autism symptoms
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and could not result from the sequelae of autism. For example, metals in hair during
childhood may indicate altered metal metabolism and clearance, or altered diet or
medication use, any of which could result from autism, instead of contributing to the
development of autism. As illustration, we provided a partial list of publications excluded
because of exposure timing criteria (Table 4), but this is not a comprehensive list, especially
in the case of metal exposures, for which there is a large literature measuring metal exposure
in childhood.

Valid Comparisons

We included studies without major validity concerns of selection biases and confounding,
because when these influences can be ruled out, epidemiological studies reporting
associations can suggest a population-level causal association between the risk factor and
autism. Across all studies, we evaluated whether the comparison group, typically children
without autism, was a valid representation of the underlying population that generated the
group of children with autism diagnoses. Selection bias is common in studies of autism
because children receiving an autism diagnoses may differ from the set of all children who
could, under ideal conditions, receive a diagnosis. For example, disadvantaged racial/ethnic
or sociodemographic groups have been shown to have lower rates of diagnosis-2° and up to
20% of children are not diagnosed by 8 years of age,! perhaps because of limited health care
access or parent knowledge of developmental milestones. We excluded a study when we
assessed that the comparison population may be meaningfully different from the underlying
population that generated the group of children with autism, when key confounding factors
(which differed by chemical group) were not accounted for, or when publications did not
provide the details to assess these considerations. We reported on the specific reasons for
every publication excluded due to major validity problems that otherwise met inclusion
criteria (Table 4).

Adequate Sample Sizes and Statistical Precision

An alternate explanation of an elevated (or reduced) measure of association between an
environmental chemical and autism is sampling error, often ruled out using standard
statistical testing and p values. In this review, we emphasized the magnitude of the
association together with the precision with which it was estimated, where the precision is
reflected by the width of the confidence interval. We, and others, prefer this approach over
dichotomizing results into those that do or do not pass a statistical significance threshold,
because more information on the strength of the evidence is considered.30:31 Study estimates
that have greater precision (more narrow confidence intervals) contribute more strongly to
the accumulated evidence, for example, they carry more weight when included in a meta-
analysis.

We have excluded some estimates with poor precision, which we defined as estimates with a
confidence interval ratio or difference (upper 95% CI divided by, for ORs, or with a
subtraction of, for slopes, the lower 95% CI) >10. These estimates arose when fewer than
five children with autism had the xenobiotic exposure, a commonly used criterion of
insufficient sample size. Every publication excluded using precision criteria is listed in Table
4,

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kalkbrenner et al. Page 6

Identifying and Reviewing Publications

We used a multi-method, iterative approach to locate all publications that met these
inclusion criteria, as follows. We searched our personal libraries and performed online
searches in PubMed and Google Scholar, including the PubMed feature “Related Citations.”
These searches used the outcome keywords: autism, Pervasive Developmental Disorder, and
social impairment, combined with keywords pertaining to the exposure (e.g., for air
pollutants: air pollution, air toxic, and traffic). We then searched for additional publications
by the authors and parent studies that were generated from the initial search (e.g.,
CHARGE). We reviewed all citations from each located primary publication, from two
recent reviews of environmental factors and autism,14:32 and from reviews of individual
exposure groups, such as thimerosal-containing vaccines and autism,33:34 and endocrine-
disrupting compounds and autism.3> When publications were located outside of the online
literature searches, we then performed repeat online literature searches after adjusting our
keywords and approach. We recognized that associations of tobacco and autism were often
reported in descriptive tables of publications without being mentioned in the title or abstract,
and so we widened our scope of consideration for tobacco publications. For each exposure
group (e.g., pesticides) at least two of us performed independent, iterative searches.

Among primary, human population-based publications pertaining to our included chemical
groups, we reviewed the abstract or complete publication for ecological outcome data and to
determine the developmental timing of the exposure information. This resulted in a set of 58
publications that met inclusion criteria 1-5 (see Box 2). We thoroughly reviewed these 58
publications, excluding 26 due to validity and precision criteria 6-7 (Table 4), resulting in
the final set of 32 publications included, several of which reported on multiple
environmental chemicals.

Evidence Regarding Environmental Chemical Pollutants

Tobacco

Tobacco use, despite its known harmful health impacts, is still common: more than 13% of
women smoked cigarettes during pregnancy in the U.S. in 1999-2006 and even more infants
live with a parent who smokes.36 Both direct smoke and secondhand smoke are complex
mixtures including thousands of chemicals,3” including nicotine, volatile organic
compounds, and metals such as cadmium and lead,38:3% and so tobacco smoke overlaps with
chemical groups covered later in this review. Increasingly, it is understood that there are
important differences in the chemical make-up of smoke inhaled by a smoker (direct) vs.
smoke inhaled by a non-smoker (secondhand smoke), with each representing a different
toxic load with suspected different impacts on neurodevelopment. These exposures are
strongly suspected to disrupt the developing nervous system, with evidence supporting links
with attention-deficit disorders and intellectual disabilities.*0-42 Mechanisms responsible for
the harmful effects of tobacco include direct interaction of nicotine with the receptor of the
neurotransmitter acetylcholine, impacts on the immune system, interference with folate
homeostasis, general oxidative stress, epigenetic alterations, and placental blood flow
impacts.43-49
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Tobacco exposure is currently one of the more-studied chemical exposures in relation to
autism, in part because it is reported on birth certificates and in medical registries, and so is
often studied in concert with other obstetric factors (e.g., C-section and preterm birth).
Because of the strong associations between tobacco use and lower income or education,
which are related to many other health-detracting factors such as stress and poor nutrition,
socioeconomic status is an especially important potential confounder of this question, and so
we excluded studies that did not account for this (Table 4). We included seven studies (Table
5), taking place in the U.S., Canada, Sweden, Finland, Norway, and England/Wales. These
studies included cohort and nested case—control samples and varying measures of autism,
ranging from parent report of diagnosis to direct evaluation of children. Tobacco use in
pregnancy was measured by parent recall, which is subject to some degree of under-
reporting because of stigma, and by medical data (e.g., birth certificates) that was collected
prospectively and considered reasonably valid for measuring /7 utero tobacco exposure,>0
but was still subject to under-reporting.36

Results of these studies were scattered above and below the null, with most confidence
intervals crossing the null, consistent with no association between direct maternal smoking
in pregnancy and Autism Spectrum Disorder diagnosis, overall (Fig. 1). Some studies also
examined autism subtypes, including lower-functioning groups (e.g., autistic disorder and
Autism Spectrum Disorder with co-occurring intellectual disability) and higher-functioning
groups (e.g., Asperger’s Disorder and Autism Spectrum Disorder without co-occurring
intellectual disabilities). Associations between maternal smoking during pregnancy and
higher-functioning autism were elevated compared to associations with lower-functioning
autism for two studies, including a study for which one of us (A.K.) was an author (Fig. 1,
green and purple).5152 Two studies examining the continuous autism phenotype also
suggested that tobacco may impact higher-functioning autism (Fig. 1).23:54 These
associations between tobacco and higher-functioning autism and continuously measured
autism behaviors could (1) indicate that direct maternal smoking causes elevation of some
domains of autism, such as social functioning; (2) reflect random error; (3) be caused by
confounding bias that acts differently for different autism subtypes; or (4) actually reflect
associations with other neurodevelopmental disorders, for example, attention-deficit
problems, which are suspected to be influenced by tobacco, and are highly comorbid with
autism.55:56

The importance of social class confounding for studies of tobacco and autism was affirmed
in the results: associations were altered after adjustment for factors such as maternal
education or income. The direction of this confounding differed by country. In the U.S. and
Canada, associations were higher after adjusting for sociodemographic variables,52:57
whereas in European countries (Sweden, Finland, and Norway), associations were
attenuated after adjustment.>1:53:58.59 These patterns may reflect different practices of autism
screening and health services access between the U.S. vs. Scandinavian countries, and this
hypothesis has direct data support.59

In summary, evidence does not support a strong causal link between direct maternal smoking
during pregnancy and autism. A possible link with higher-functioning autism was suggested,
but complicated by sociodemographic confounding and the phenotypic overlap with other
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neurodevelopmental disabilities. The published literature on the role of tobacco is currently
limited by the absence of any measures of secondhand smoke exposure to the mother during
pregnancy. This is an important gap, given that (1) secondhand smoke is a different chemical
mixture than primary smoke, (2) there is evidence that secondhand smoke exhibits
neurodevelopmental toxicity,51:62 and (3) it is a very common exposure. Given the
complexity of tobacco mixtures and the biologic plausibility of impact, future studies should
evaluate the role of secondhand exposure and consider biomarker measures of tobacco; these
measures are objective, quantitative, and integrate all sources of exposure and, although not
yet used in this literature due to the preponderance of retrospective designs, could be used
when biologic materials have been stored or can be prospectively collected. Research on the
neurotoxicity of tobacco should additionally resolve different components of the combustion
mixture, which may open up more customized direction for preventive actions. Lastly, future
studies should consider the possibility of confounding by genetics.>® Women who continue
to smoke when pregnant may be genetically predisposed toward addictive behavior, which in
turn may pass along increased genetic loading for neuropathologies that are related to autism
risk (e.g., through dopamine or serotonin pathways), complicating the study of tobacco and
neurodevelopment.

Regulated and Traffic-Related Air Pollutants

Outside air pollutants include hundreds of chemicals, present as particulates, droplets, or
gases. These pollutants arise mostly from human activities, conventionally grouped into (1)
point pollutants arising from spatially separated large plumes (factories, power plants, and
waste incineration); (2) area pollutants associated with population density (gas stations, dry
cleaners, and residential and commercial heating and cooling); and (3) mobile pollutants
associated with vehicles, primarily from roadway traffic. After entering the atmosphere,
pollutants move and undergo chemical reactions, creating new pollutants. In this section, we
discuss air pollutants that arise from traffic or that are regulated in the U.S., such as
particulate matter (PM), nitrogen dioxide (NO>), and ozone. In the next section, we cover
volatile organic compounds (VOCSs) in the outside air together with indoor sources of VOCs.
Lastly, we cover airborne metals such as mercury, lead, and manganese in the section on
metals. Although levels of some air pollutants have declined in the U.S. because of the Clean
Air Act and vehicle emissions standards, these declines have not put an end to concerns
about the health impacts of air pollutants, in part because the developmental impacts of
current levels of ambient air pollutants have not been adequately studied. Furthermore,
recent reductions may be offset by future population growth, climate change®3 and
international transport of air pollutants.54

Air pollutants enter the human body via inhalation and by direct translocation from the nose
to the brain via the olfactory bulb.%® Particulate pollutants have mixed chemical properties
and are defined by size, such as particulate matter <2.5 pm (PM> 5) and particulate matter
<10 pm in diameter (PM1g). Smaller particulate pollutants penetrate more deeply into the
lungs than larger particulates and have greater surface area, increasing their biological
activity. Chemical constituents of air pollution can enter blood circulation; the level of
absorption and half-life in the body vary from chemical to chemical. Some air pollutants are
known to induce oxidative stress and cause a systemic inflammatory reaction, a proposed
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mechanism whereby air pollutant exposures may perturb neurodevelopment.66-68 Fetuses
can be exposed to the chemical constituents of the air pollutant itself (e.g., metals) and also
to the elevated levels of inflammatory cytokines (or other resultant biologic factors) in the
maternal circulation. Given the chemical and physical complexity of air pollutants, some
likely cause additional pathophysiologies that have not yet been fully explored, such as
epigenetic alterations.59

Air pollution exposures are widespread. While urban areas are hotspots for air pollutant
mixtures—given that air pollutants arise from traffic and population density—rural areas can
also have high levels of air pollutants when they are close to factories, waste incineration
facilities, and the like. The spatial patterns of air pollutant exposures coincide with other
drivers of autism occurrence and detection, necessitating the strong control of
socioeconomic confounding for questions about air pollutants and autism. As an example,
individuals with high pollutant exposures may be living near highways in neighborhoods
that are impoverished, full of social stressors, and reduced access to healthy food or health
care.

Seven publications of traffic-related and criteria air pollutants met our inclusion criteria for
further consideration (Table 6). These studies all took place in the U.S. and included case—
control studies with controls sampled from a population base and one prospective cohort
study.”® The studies had adequate sample sizes (ranging from 284 to 7594 children with
autism) and controlled for appropriate confounders such as maternal age and parents’
education level. Although confounding by such family social characteristics was expected,
the degree of this confounding was not strong and acted in opposite directions across
studies, attenuating ORs in some studies’?:72 and producing elevated ORs in other
studies.”374 Season of birth is also an important potential confounder because the
occurrence of autism varies by season of conception for unknown reasons, and because
criteria air pollutant concentrations exhibit strong seasonal gradients, so that an observed
association between an air pollutant and autism may actually reflect another seasonal risk
factor (e.g., influenza infections and vitamin D levels). Season of birth was accounted for in
one of the included studies.’

One potential confounding influence was not explored in any study: that of noise due to
traffic. Noise can cause a stress response or interfere with sleep and has been associated with
cognitive performance.’® It is possible that associations observed between autism and air
pollutants from traffic could be due wholly or in part to traffic noise, although one attempt to
adjust for noise in studies of traffic pollution has not borne this out.”8

Results for the included studies showed elevated associations between autism and measures
of mixed air pollutant exposures and diesel particulate matter (Fig. 2) and for the individual
air pollutants PM; 5, PM1, and NO», with less consistently elevated associations for NO,
ozone, and CO (Fig. 3). The size of the ORs was not consistent across studies, despite the
standardized comparison of air pollutant concentrations that we calculated, for example,
ORs were around 1.5 per 10 ppb increase in NO, for the California CHARGE study (Fig. 3,
red),”2 but only 1.04 for the California Department of Developmental Services study (Fig. 3,
green).”3 Reasons for this different size in impact could reflect air pollutant differences
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between California regions, a greater degree of exposure measurement error in the DDS
study, or that this study adjusted for a possible mediating factor, gestational age, which did
result in the attenuation of ORs for some air pollutants.”® For almost every pollutant and
every study, associations were stronger for exposures in the 3rd trimester of pregnancy and
the 1st year of life compared to in earlier pregnancy (Fig. 3).

All of these studies estimated exposure to outside levels of these air pollutants using
historical data that could be related geographically to the home residence of the pregnant
woman or infant. Direct person-based air sampling was not possible in these retrospective
studies. The residence-based metrics included measurement error due to inaccuracies in geo-
locating residences, air modeling assumptions, and the inability to include time spent away
from home, measurement error that would be expected to attenuate findings. Yet elevated
associations were found for some air pollutants. As pointed out by the authors of these
studies, the likelihood is low that exposure measurement error could have resulted in
overestimated associations (possible if measurement error was related to autism status). It is
therefore possible that these study results are conservative, that is, these air pollutants may
have stronger associations with autism than suggested by the observed data.

In summary, the published literature shows associations between traffic-related and criteria
air pollutants and the development of autism and possibly increased susceptibility when
exposures occur in late pregnancy or early postnatal life. These findings are bolstered by
strong study designs and consistent findings across different means of measuring pollutant
concentration and identifying children with autism. Reasons for these findings include a true
causal relationship, a consistent bias such as residual social class confounding, or the
impacts of traffic noise. Questions about the size of the impact and the individual chemical
pollutant most responsible for these findings remain, as most studies have not accounted for
the correlations between multiple chemical pollutants or the differences in air pollutant
mixtures between the West and East coasts of the U.S.

Volatile Organic Compounds/Solvents

\olatile organic compounds (VOCs) include a large group of chemicals that become gaseous
close to room temperature and are released/emitted from products or processes (sometimes
called *“off-gassing” or “out-gassing”), chemicals such as formaldehyde and benzene. VOCs
overlap partly with other chemical groups: organic solvents (a group defined by their ability
to dissolve other chemicals) and some air toxics (defined as chemicals detectable in outside
air that are known to harm human health). VOCs are emitted from many human products
and activities, including indoor residential and workplace paints, furnishings, and air
fresheners; vehicle fuel combustion (benzene, toluene, ethyl benzene, and xylene,
abbreviated BTEX); dry cleaning (tetrachloroethylene, also known as perchloroethylene or
PERC); refrigeration; cigarette smoke (benzene, ethyl benzene, formaldehyde, and xylenes);
hair and nail salons (toluene); and in other industries involving fuels, lubricants, paints, and
more. Organic solvents have been reported as among the most prevalent occupational
chemical exposures for women.”’” VOC concentrations are generally 2—5 times higher in
indoor compared to outdoor air,”879 and have been hypothesized to cause Sick Building
syndrome.80 VVOCs are ubiquitous and occur in combination with other VOCs and pollutants
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covered elsewhere in this review: tobacco, traffic-related criteria air pollutants, and
pesticides. Petroleum-based VOCs like benzene, toluene, ethyl benzene, and xylenes have
been widely detected in biological samples from a U.S. representative sample in 2013.12
These body burdens are especially notable given that the biological half-lives of VOCs range
from minutes to days, indicating frequent exposure to these chemicals.

The primary route of exposure to VOCs is by inhalation, although VOCs can be ingested
through contaminated drinking water and can be dermally absorbed.8! Biologic mechanisms
of harm include oxidative stress after metabolism by P450 enzymes and direct interference
with cell membrane integrity for the many VOCs that are lipophilic.82 VVOCs interact with
many organ systems, including the nervous system, as demonstrated by evidence in rats of
neurodevelopmental toxicity.83 Epidemiological studies of the impacts of early-life VOC
exposures are few, but have demonstrated that women occupationally exposed to multiple
VOCs have children with cognitive and visual-motor functioning deficits84:8% and symptoms
of attention-deficit disorder.86

The seven studies of VOCs included in our review (Table 7) measured exposures with the
following methods: (1) self-report or birth certificate report of parental exposure in the
workplace and occupation, which was coded into multiple chemical classes based on the
work duties and products manufactured®’-88; (2) parent report of exposure to “textiles” and
“newly built homes”89: and (3) a vehicle and factory emissions-based air pollutant model of
the U.S. Environmental Protection Agency that models census tract levels of air toxics for
selected years, the National-scale Air Toxics Assessment (NATA), including a study for
which one of us (A.K.) was an author.16.70.90 The NATA model predicted concentrations of
over 30 air toxics in 1996 and over 180 air toxics in 1999, 2002, and 2005. In summary,
these exposure methods had the following strengths: (1) corresponding to the pertinent
prenatal and early postnatal time periods; (2) independent expert verification/coding of
occupational exposures’:88; and (3) prospective measurement, along with a reduced chance
of a recall bias, in the studies of air toxics and the occupation study based on birth
certificate-reported occupation.16:70.88.90

Results for VOC exposures and autism were scattered above and below the null, a pattern
expected to result from sampling error when no causal relationship exists (Fig. 4). Upon
closer inspection, a few groups of VOCs (paints and chlorinated solvents) showed elevated
associations compared to other groups. Some individual VOCs had consistently elevated
associations, although the VOC concentration comparisons differed somewhat across
studies: methylene chloride, trichloroethylene, and styrene. Given this consistency, and that
some of these associations had the statistical power to rule out no association, these VOCs
deserve future study as candidate risk factors for autism.

Published results for this research question often had wide confidence intervals reflecting
small numbers of exposed children with autism, especially for the occupational studies. This
imprecision and uncertainty in estimates also resulted from the inherent measurement error
of VOCs in these studies. Despite the strengths of the exposure methods, all of these
methods provided only a rough approximation of the internal dose of VOCs to the
developing nervous system. The emissions-based NATA model is especially problematic for
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VOCs because it relies on proximity to sources emitting VOCs outdoors, such as traffic and
large factories, ignoring the important unique indoor sources for several VOCs."®

In summary, studies of VOCs and autism, despite being underpowered with some degree of
exposure measurement error, have shown patterns suggestive of causal associations that
point to the need for more research on certain VOCs (e.g., methylene chloride,
trichloroethylene, and styrene). Other VOCs are not cleared from culpability, but instead
have simply not been adequately studied. Given that VOCs themselves occur in mixtures and
also occur together with other pollutants, large studies with multiple detailed measured
exposures would be required to disentangle a potential causal impact of an individual VOC,
ubiquitous chemicals with high biologic plausibility of damaging the developing nervous
system.

Metals From Air, Occupation, Dental Amalgams, and Diet

Lead and mercury have strong and consistent evidence of harming the developing nervous
system, resulting in impairments such as the loss of 1Q points and behavioral problems.*2
Other metals, including arsenic, fluoride, and manganese, are increasingly recognized as
also being human neurodevelopmental toxicants.11:92-93 These health impacts are not
restricted to high-exposure scenarios, but have been seen with typical exposure levels,
leading to “silent toxicity.”%4 Metals cross the placenta and the blood—brain barrier,
accumulate in developing brains, and interact directly at the cellular level through a variety
of mechanisms, including interfering with key cellular receptors and causing reactive
oxygen species.

Metals are widespread in the environment, each metal with different sources of exposure, via
ingestion and inhalation, illustrated here using the examples of lead, arsenic, and mercury.
Historically, leaded gasoline and lead-containing paint resulted in the contamination of
homes and soils, and many families in the U.S. remain exposed to lead hazards, especially
those living in poorly maintained older homes. Sociodemographic and neighborhood factors,
therefore, are important potential confounders when studying lead (and other metal)
exposures. Lead can still be measured in outside air, and air may constitute an important
source of lead exposure for some families.9® Arsenic is found in contaminated drinking
water resulting from arsenical soil, including in some parts of the U.S., with secondary
sources including arsenic-treated wood, arsenic-containing pesticides, and some dietary
sources (e.g., rice). Mercury exposure, especially the most toxic form, methylmercury,
occurs primarily from diet, because it bioaccumulates in the environment. Persistent
environmental chemicals like mercury often have affinity for fatty tissues (they are
lipophilic) and so are not readily broken down. After widespread use and distribution, such
chemicals deposit in waterways and concentrate toward the top of the food chain in
predatory fish and human milk. The same fish that contain methylmercury accumulate other
persistent organic pollutants, such as those covered later in this review, and also contain
beneficial nutrients (e.g., fatty acids), leading to problems of negative and positive
confounding from the mixtures of chemicals present in some fish. Less important sources of
mercury exposure include dental amalgams (during placement and from continual release of
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trace amounts of mercury vapor for the life of the amalgam) and outside air near coal
combustion and some industrial facilities.

Five epidemiological studies of metal exposure from air, occupation, dental amalgams, and
diet were included (Table 8). The studies addressed multiple airborne metals among a panel
of other air pollutant exposures measured using the emissions-based air toxics model,
NATA,16.70.90 metals from parental occupation in the California-based CHARGE Study,8”
mercury from dental amalgams present in mothers during pregnancy, and mercury in
maternal hair studied in the Republic of Seychelles, a high fish-consuming island country in
the Indian Ocean near Madagascar.%8

Across all metals in these studies, results were predominantly above the null, a pattern
consistent with either higher risk due to metal exposure or consistent residual confounding
across designs, confounding not highly likely given that all of these studies adjusted for
socioeconomic status and maternal age, but possible (Fig. 5). The pattern of elevated
associations was especially striking given the measurement error inherent in the emissions-
based air pollutant model used in three of these studies, which would be expected to
attenuate observed ORs.16.70.90

For the metals chromium and nickel, the ORs were of consistent magnitude across studies,
although the exposure concentration comparisons differed somewhat; if combined in a meta-
analysis, the expectation would be that precision would improve, resolving elevated
associations (Fig. 5). In one study, lead, and, to a lesser extent, manganese, appeared
inversely related to autism risk, which could have been caused by a stronger association with
the comparison group in this design: children with speech and language impairment (Fig. 5,
purple).16 Autism risk due to mercury exposure was supported by the studies of airborne
mercury,’%90 but not from the Seychelles longitudinal biomarker study reflecting all sources
of mercury (Fig. 5, red).9 One possible reason for the lack of observed elevated association
in the Seychelles study is that mercury exposure was almost entirely from fish consumption
in this population, so that the impacts of brain-enhancing nutrients contained in fish may
have counteracted any toxic impact of mercury. Mercury from dental amalgams was also
associated with increased autism severity (Fig. 5, dark green).97 In this study, some typical
confounders were not accounted for, but were unlikely to strongly bias results: maternal age,
while a strong risk factor for autism diagnosis, may not be relevant for autism severity,% and
sociodemographics were somewhat homogenous in this study population in which all study
children had received an autism diagnosis and were attending a genetic clinic.

In summary, the existing studies of autism due to metals from air, occupation, dental
amalgams, and diet are suggestive that metal exposure may cause autism but are, for the
most part, limited in scope. The only biomarker study took place in a high fish-consuming
population with limited generalizability to other populations. The other studies only
pertained to less important routes of metal exposure (e.g., air), and so are unlikely to
represent the full impact of these metals on autism risk. For example, although three studies
measured arsenic in ambient air, no studies addressed the most common source of arsenic:
drinking water, and no studies addressed lead exposure from ingestion of items
contaminated with house dust and soil. Given the established neurotoxicity of many metals
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and the suggested trends shown here, future research to address the common sources of
metal exposure and autism is essential.

Metal (Ethylmercury) From Vaccinations

Metal exposure, specifically ethylmercury from the vaccine preservative thimerosal, has
been studied in relation to autism and we reviewed these publications. Thimerosal contains
ethylmercury, considered a less toxic form of mercury compared to methylmercury.%°
Because of the biologic plausibility that thimerosal may pose neurotoxic harm, the U.S.
Food and Drug Administration suggested removing, or reducing, thimerosal in childhood
vaccines in 2001. Currently, the only vaccines containing more than trace amounts of
thimerosal are some influenza vaccines, to which both infants and pregnant women may be
exposed.100 Of note, additional community and research attention regarding vaccines and
autism has focused on measles, mumps, and rubella (MMR) vaccine, which never contained
thimerosal and so is outside the scope of this review.

We included six epidemiological studies of thimerosal-containing vaccines and autism; these
were conducted in the U.S., United Kingdom, and Denmark (Table 9). The included studies
utilized pre-existing data from government health registries or linked medical records from
health maintenance organizations participating in the Vaccine Safety Datalink or the U.S.
National Health Interview Survey and were all cohort designs or case—control designs nested
within these cohorts (Table 3). We included studies that adjusted for suspected confounders.
Additionally, for this exposure (but not some others in this review), we also included studies
that did not account for the potential confounding influences of maternal age or
sociodemographics. This decision was based on our assessment that these factors did not act
as strong confounders in the four studies that were able to adjust for these factors: ORs were
identical after adjusting for maternal age (OR of 1.12 and 1.12),192 similar when adjusting
for education [OR of 3.0 vs. 2.8 (unadjusted)],192 and similar in two studies that adjusted for
both maternal age and education, among other factors [OR of 1.0 vs. 1.1 (unadjusted)]193
and [OR of 1.12 vs. 1.13 (unadjusted)].104

For all but two of the associations between thimerosal and autism, results were most
consistent with a pattern due to chance, demonstrated by ORs of small magnitude (most
between 0.9 and 1.2), above and below the null, and with confidence intervals spanning the
null, suggesting that thimerosal does not increase autism risk (Fig. 6). This assessment is
consistent with previous reviews, including the Institute of Medicine review from 2004,
which concluded that “the body of epidemiological evidence favors rejection of a causal
relationship between thimerosal-containing vaccines and autism,”105 several other
reviews,33:34.106-109 3nd 3 meta-analysis published in 2014.110 One exception to the pattern
of no association was an estimate of thimerosal from multiple vaccines and Autism
Spectrum Disorder with regression; this result was markedly protective/inverse but imprecise
and inconsistent with biologic plausibility (Fig. 6, orange).104 The second exception was
from a study of thimerosal from hepatitis B vaccination in the 1st month of life, limited to
males, that showed an elevated association (Fig. 6, purple).192 This result has not been
included in prior reviews. Alternate explanations of this elevated result include (1) the
failure to adjust for temporal trends, (2) random error and a consequent bias away from the
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null given that only 30 cases were included, or (3) that non-mercury constituents of the
hepatitis B vaccine could increase autism risk.

Concluding that a factor like thimerosal is not causative using epidemiological studies is
difficult, however, and requires ruling out biases that may artificially attenuate ORs.
Although the studies we included met our validity criteria, some minor flaws may have
created such an influence. For example, in a California study,103 it was assumed that all
children obtaining Rh immunoglobulin received thimerosal exposure even though only about
50% of market formulations contained thimerosal.® This situation could lead to attenuated
observed ORs comparing between children who did and did not receive any Rhig vs. the
ORs that would have been observed if thimerosal content was measured directly and was
related to autism status. Another example of complications in this literature is that the
healthiest babies may be given vaccines earlier, and may be independently less likely to
develop autism, possibly leading to an artificial influence where earlier vaccines are
associated with less autism.15

When patterns of autism risk were examined by the timing of the vaccine, more associations
for prenatal vaccines were above null compared to the later postnatal vaccines, such as in the
case—control study conducted using the Vaccine Safety Datalink (Fig. 6, orange).104
Whether these data support that the earlier, prenatal, vaccines deserve more research for
causing autism is tenuous, but warrants mention because the only vaccines currently
containing more than trace levels of thimerosal (influenza vaccines given to pregnant
women) can be given prenatally.

In summary, the published literature on thimerosal, although not consistently adjusted for
some potential confounders and with other potential biases, does not suggest an association
with autism. The public health importance of this controversial issue has diminished given
the prophylactic removal of thimerosal from pediatric vaccines, although pregnant women
may still receive thimerosal-containing influenza vaccines. Of note, these studies have not
examined the potential influence of vaccine co-factors. Vaccines contain carriers and
adjuvants (e.g., aluminum), each of which could possibly cause toxicity, and the active
ingredient is an immune trigger that, itself, may be deleterious for the developing nervous
system.

Over 600 unique chemical pesticides and 20,000 commercial pesticide products, categorized
by function as insecticide, herbicide, fungicide, rodenticide, fumigant, and repellant, are on
the market, and over one billion pounds are used in the U.S. each year.11 Though individual
pesticides enter and leave the market quickly, pesticide classes remain the same, and of
these, organophosphates (OP) and organochlorines (OC) have the most evidence of
neurotoxicity. Pesticide exposure is widespread, for example, in a representative sample in
the U.S., OC pesticides were detected in over 97% of bio-samples, while OP pesticide
metabolites were detected in 70%.12 Pesticides can pass through the placenta and the blood—
brain barrier.113
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Many pesticides act to control insects through direct impacts on the insect nervous system,
with suspected analogous impacts on humans. Demonstrated biological mechanisms also
suggest pesticides as candidate risk factors for autism.112 OP pesticides inhibit
acetylycholinesterase production in the brain,114 restricting neurotransmission in the
peripheral and central nervous systems, ultimately impacting synapse formation, axon
transmission, cell maturation, and programmed cell death.115 In contrast, OC pesticides act
on the nervous system via gamma aminobutyric acid (GABA) receptor-mediated chloride
ion channels1® and may also derail neurodevelopment through their endocrine-disrupting
properties.11? Population-based human studies have shown some pesticides to cause
neurodevelopmental decrements.118-121

OP and OC pesticides are currently used most often in agricultural applications,22 and so
the primary route of exposure to OP and OC pesticides is via diet.123.124 Many different
pesticides have been detected in fruits, vegetables, grains, and breast milk.125126 Secondary
routes, especially for areas close to farms, include inhalation from pesticide drift after
agricultural applications!2” and dermal absorption from direct contact with a pesticide, most
common in occupational settings. OC pesticides are persistent pollutants and some are
detectable in the environment and human tissues decades after they have been banned, such
as the OC pesticide DDT.128

Pesticide exposures occur together with factors that may harm or benefit the developing
nervous system, factors that can act as confounders in studies of pesticides and autism.
Examples of pollutants that co-occur with pesticides in diet include metals from soil and
chemicals in non-stick cookware (perfluorinated compounds or PFCs, discussed below).12°
Pesticide drift co-exposures include aerosols from high-pressure cleaning,139 and ammonia
from fertilizer and animal waste.13! Beneficial co-exposures include vitamins and minerals
from the fruits, vegetables, and grains that contain pesticide residues. Sociodemographics
are also important to consider because dietary patterns, including the consumption of an
organic diet, determine pesticide exposure and also the ability to obtain an autism diagnosis.
Maternal age is another potential confounder because total body burden of pesticides
increases with agel32 and advanced maternal age is a well-supported risk factor for

autism. 133134

Seven epidemiological studies of pesticides and autism met our criteria for inclusion in this
review (Table 10). All of these studies exhibited reliable information on autism diagnosis or
characteristics, used suitable controls with limited selection bias, and accounted for
important confounders such as social class and maternal age. OP and OC pesticides and their
metabolites, as well as some other pesticides, were measured using maternal and child
biological samples,135-137 residential proximity to agricultural applications,138.139 and
retrospective parent questionnaires.8”:140 These studies generally supported an association
with elevated risk of autism with pesticide exposure, with most point estimates above the
null, many with large enough impacts and statistical precision to rule out sampling error
(Fig. 7). Elevated associations were not limited to one pesticide class, but were found for
OC, OP, and other types of pesticides, and were not limited to one exposure route, but seen
across studies addressing agricultural drift, use of flea/tick pet treatments, and dietary
sources as reflected by biomarkers (Fig. 7). The largest measured impacts were seen in a
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study of agricultural drift for two developmental windows: a period in the 1st trimester of
pregnancy corresponding to central nervous system development (pregnancy weeks: 1-7),
and a period that emerged, a posteriori, from the data (pregnancy weeks: 4-12) (Fig. 7,
orange).138

Limitations in these studies include that none adjusted for other agricultural exposures, and
it is therefore possible that observed associations between pesticides and autism may, in
actuality, be reflecting a causal influence of another chemical along for the ride. While
possible, this co-pollutant confounding influence is not likely to be large: pesticides are
chemicals with demonstrated neurotoxicity and these studies measured pesticides using
different methods and across different settings. In one study among a largely Hispanic,
agricultural community, the association between pesticides and autism may have been
overestimated because of unusual performance of the psychometric test in this population
and because the study used an OR, which is best suited for rare diseases, for a common
outcome.15

The elevated associations observed across this literature may also be attenuated compared to
the true relationship, given that pesticide exposure measurement methods included error. For
example, residential proximity to agricultural applications may incur error from wind
patterns, time spent away from home, or limitations in the pesticide application data
sources.138.139 Another example is that blood and urine pesticide/metabolite biomarkers
used in some studies only reflected the past 48 h of exposure,13° so that even repeated
measures in pregnancy may not have accurately reflected the true dose to developing
neurological structures. Another attenuating influence may be negative confounding by
nutrients in the fruit and vegetables that contribute pesticides, which could counter-balance
the toxic impact of the pesticide given some evidence that nutrients like folate are associated
with reduced risk for autism,141.142

In summary, the results from these studies suggest that several types of pesticide exposures
may, for some children, be part of what causes the emergence of autism. A period of
susceptibility in early pregnancy was suggested by one study, but this trend did not hold in
other studies and requires confirmation. Importantly, many pesticides have not been studied
in relation to autism, though most give rise to neurotoxicity.143 Continued study of varying
pesticides, combinations, and developmental windows is necessary to substantiate the
current evidence of the deleterious effects of pesticide exposure.

Polychlorinated Biphenyls, Flame Retardants, Non-Stick Chemicals, Phthalates, and

Bisphenol A

Persistent organic pollutants are synthetic, carbon-based chemicals that accumulate in the
environment and in human tissues, including legacy chemicals that have since been banned
along with chemicals currently used. Persistent organic pollutants that were banned by the
Stockholm Convention in 2001 include PCBs (heat-stable lubricants used throughout
industry) and some dioxins (such as 2,3,7,8-tetrachlorodibenzodioxin, TCDD, the dioxin
present as a contaminant in the Vietnam-era defoliation compound, Agent Orange).144
Currently used chemicals include polybrominated diphenyl ethers (PBDEs, used as flame-
retardant additives to textiles and plastic casings of electronics) and perfluorinated
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compounds (PFCs, used as non-stick coatings in cookware and outdoor gear). Some of the
pesticides reviewed in the previous section are persistent organic pollutants (e.g., DDT).

Also covered in this section are two groups of non-persistent organic pollutants: bisphenol A
(BPA) and phthalates. Although these chemicals are not persistent, that is, they are readily
cleared from the human body in part because they are water soluble, exposure is ubiquitous
and continuous, so is important to examine for chronic effects. BPA is used in plastics and
resins, including linings of canned foods, receipts, toys, and medical equipment. High-
molecular-weight phthalates are plasticizers, used in medical tubing, food packaging, and
polyvinyl chloride (PVC) plastics and flooring. Low-molecular-weight phthalates are used in
cosmetics, fragrances, and medication coatings.

These persistent and non-persistent chemical groups are all suspected to interfere with
hormone systems and have thus been termed endocrine-disrupting chemicals. Some
chemicals covered in other sections of this review, such as pesticides, also act to disrupt the
endocrine system. Such chemicals have been shown to mimic, block, or alter hormone
signaling of steroid hormones, oxytocin, or thyroid hormones.14® For example, PBDES are
structurally similar to thyroid hormone, which is required during discrete periods of
neurodevelopment.146 Other pathophysiological mechanisms of these organic pollutants
include neurotoxicity or immunotoxicity.247-149 Epigenetic mechanisms are suggested by a
mouse study that demonstrated transgenerational impacts on social recognition following
BPA exposure, 199 and the involvement of mitochondrial impairment is supported by the
demonstration that a flame retardant interfered with brain mitochondrial function in mice.151
Human epidemiological studies have widely examined a role for these chemicals in various
neurodevelopmental end points, with reviews concluding a plausible role in attention-deficit
disorders?! and autism.152

Diet is a predominant source of exposure for many persistent pollutants (PCBs, PBDEs, and
PFCs), because they bioaccumulate in predatory fish and breast milk. In addition, these
chemicals can be widely present in interior spaces because they are not chemically bound in
the products in which they are used, and so are readily liberated into the environment,
leading to further ingestion or inhalation. Examples here include PBDEs in indoor dust after
release from computers or carpets and phthalates released from fragrances and scented
products. All of these chemicals, whether banned or not, or persistent or not, are near-
universally detected in representative human biological samples from the U.S.12 Some
chemicals are even increasing in body burden, for example, PBDE flame retardants!®3 and
some, but not all, types of phthalates.1>* Body burdens of PBDE flame retardants may
correspond to regulatory standards: dust biomarker levels are especially high in California,
where flammability standards had until recently been more strict than in the U.S. as a
whole.155 Additional drivers of exposure include lifestyle patterns, such as greater
consumption of canned food or having older home upholstery or electronic equipment, and
neighborhood, because of proximity to polluting sources, and so sociodemographic and
neighborhood factors are plausible confounders for this question.156 Calendar time and
child-rearing practices are similarly important: maternal age, because older moms were
living in times prior to chemical bans and incurred more years to accumulate body burdens,

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kalkbrenner et al.

Page 19

and birth order and breast-feeding practices, in part because breast-feeding is one of the
most effective methods of excreting lipophilic chemicals.1%”

Five studies, from different countries and using different valid measures of autism diagnosis
or the continuous autism phenotype, met our inclusion criteria (Table 11). Two studies used
parent questionnaire to measure exposures,®8:89 and three studies used prospective
biomarkers pertaining to pregnancy, including a study for which one of us (A.K.) was an
author.136:137.158 pregnancy biomarkers are especially valid for the persistent pollutants
(PCBs, PBDEs, and PFCs) because they have long half-lives and reflect exposures over the
entire relevant period. In contrast, biomarkers for phthalates and BPA may incur more
measurement error because they only reflect exposure for a few days instead of the entire
relevant period of development. Still, biomarkers of phthalates and BPA have strengths of
being objective, quantitative measures, and in one study were collected more than one time
in pregnancy.136 All of these studies adjusted for important sociodemographic confounders,
and all except for one adjusted for maternal age.>®

Associations between PCBs (individual congeners and mixtures) and autism were scattered
above and below the null and so were not consistent with a causal relationship. Associations
between PCBs and autism from a pilot study in Finland were mostly elevated; however, the
modest sample (75 children with autism) did not allow for precise, conclusive results, and
the lack of adjustment for birth order may have slightly biased these findings (Fig. 8,
purple).137 Results for flame-retardant (PBDE) and non-stick (PFCs) chemicals, all from
one publication, showed mixed findings, with suggestions that some congeners may be
associated with more autistic behaviors (e.g., PBDE-28), whereas others may be associated
with fewer autistic behaviors (e.g., PBDE-85 and PFOA) (Fig. 8, red).136 Associations
between autism and BPA from two studies were not consistent with a causal
association.136.158 Several phthalate congeners, in contrast, appeared associated with
increased autism across three different studies, although results were not consistent across
these studies and most lacked the statistical precision for conclusive results.58.136.158

In summary, the emerging literature on autism and persistent and non-persistent endocrine-
disrupting compounds does not allow definitive conclusions regarding a role for PCBs,
flame retardants, non-stick chemicals, or BPA, while results for phthalates are more
suggestive that exposures to some phthalates may be risk factors for autism. Given the
difficulty in measuring exposure, especially for phthalates and BPA, which have short half-
lives, it is not possible to rule out any of these chemicals from causing neurodevelopmental
harm. Their known endocrine-disrupting properties are also a reason not to dismiss concern
regarding these chemicals. Two caveats deserve mention. Studies to date have focused on the
important prenatal period, yet if transgenerational impacts are implicated via epigenetic
mechanisms, these studies may completely miss the relevant exposures that occurred for
parents or grandparents. Lastly, the studies to date have not addressed numerous other
chemicals that disrupt hormone signaling and are ubiquitous in the environment, such as
dioxin and the anti-bacterial compound, triclosan.
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Susceptibilities and Heterogeneity of Response to Xenobiotic Exposures

Greater Susceptibility in Males or Females

Being a male is one of the strongest predictors of being diagnosed with autism, especially
higher-functioning autism, and while reasons for this have been explored,15%-162 there is
currently no definitive explanation. Given the link between autism and child’s sex together
with the endocrine activity of many environmental chemicals, there is good reason to
explore sex-specific susceptibility to the impacts of xenobiotic exposures (i.e., sex
modification or interaction). While greater susceptibility may be a priori expected in males
as a driver of their higher autism prevalence, either sex may be more susceptible.
Additionally, whether males or females are more susceptible may vary from one chemical to
another.

Some studies reviewed here have addressed susceptibilities in males vs. females, without
finding clear trends.”%:136 The very strength of the child sex-autism association presents a
research challenge because the number of females with autism in any given study will be
much smaller than the number of males, limiting the statistical power to assess sex x
environment interactions. This is an important research area, and future studies may need to
over-sample females with autism or pool data across studies to better answer questions about
sex-specific susceptibilities.

Genetic Susceptibilities

It is likely that the autism risk associated with a given xenobiotic exposure will differ based
on the child’s genes or the mother’s genes. Genetic polymorphisms of possible relevance
include those encoding proteins involved in the metabolism or biological activation of the
xenobiotic, genes allowing improved resiliency to neurodevelopmental damages, or genes
that confer some degree of autism risk that, when combined with xenobiotic damage, result
in autism. Some examples of research in this area include a study demonstrating interaction
between traffic-related air pollutants and a functional variant of the Met receptor tyrosine
kinase (MET) gene with regard to autism risk,163 and a study finding no interaction between
OP pesticide exposure and polymorphisms in the gene encoding the detoxifying enzyme,
paraoxonase 1 (PON1) with autism risk.164

In this report, we did not provide a comprehensive review of studies of gene—environment
interaction in autism, but instead point to ways in which this area influences our knowledge
about the main effects of a xenobiotic exposure. Failing to account for genetic
susceptibilities may result in the missed identification of an environmental risk factor: If a
genetically susceptible subgroup is combined with a non-susceptible group, the overall
impact of the xenobiotic exposure on autism risk may be diluted or obscured. Future
research is needed in this area, and will require expanded knowledge of biological pathways
to select candidate polymorphisms and sufficiently large sample sizes required to detect
gene x environment interactions.
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Different Responses Across the Spectrum of Neurodevelopmental Phenotypes

Epidemiological studies of environmental chemicals and autism are also complicated by the
fact that children diagnosed under the autism umbrella exhibit a very wide range of
symptoms, level of disability, and co-occurring conditions. Furthermore, autism, like other
psychiatric disorders, is diagnosed based on observable symptom clustering, not causal
pathways, and so diagnostic definitions may not be ideal for causal research, a phenomena
termed “etiological heterogeneity.”65-167 The environmental chemical risk factors for a
given phenotype, such as high-functioning autism, may be quite different from risk factors
for children with severe autism and intellectual disability. When multiple autism subtypes
are combined in a given study, true causal impacts may be diluted or masked. However,
defining a discrete disorder that reflects a common causal pathway remains elusive. The
defining variables are not known.

A corollary to etiologic heterogeneity is that autism is one manifestation of developmental
neurological damage, part of the broader set of neurodevelopmental problems including
cognitive impairments, attention-deficit disorders, sensory processing disorders, and more.
Instead of studying autism in isolation, a more holistic approach would comprehensively
define neurodevelopmental impairments along multiple cross-cutting dimensions of behavior
and abilities, and this nuanced “phenome” approach may aid in the further discovery of
modifiable, environmental chemical risk factors that may impact neurodevelopment.

Conclusions

The environment is not one entity, and the question about whether environmental exposures/
compounds, as a whole, cause autism, is not sufficient to guide the primary prevention of
autism. Instead, important questions address individual environmental chemicals, during
discrete critical periods of development for the fetus or infant, in relation to specific
phenotypic domains of autism symptoms. Definitive causal conclusions cannot yet be drawn
from this emerging body of literature. So far, evidence suggests that some criteria air
pollutants, some metals, and several pesticides, with suggestions that some volatile organic
compounds (e.g., methylene chloride, trichloroethylene, and styrene) and phthalates, may be
linked to autism. These associations have emerged despite difficulties of study in this area,
most notably the error in accurately measuring exposure concentrations and obtaining
sufficient sample sizes.

Increasingly, studies that examine exposures by developmental time period suggest that all
windows are not equal. Although evidence for a discrete developmental window of
susceptibility for autism is in its early stages, results shown here suggest that early
pregnhancy may be a period of susceptibility to pesticides, whereas later pregnancy may be a
period of susceptibility to criteria air pollutants. Different critical windows for different
exposures is not unexpected given the various biological activities of environmental
chemicals and the many, interwoven events of neurodevelopment, taking place during
pregnancy and postnatal life, which, if disrupted, could manifest in autism symptoms.

The volume of questions that remain are staggering, constituting an important gap in
pediatric health. The number of chemicals not yet studied is large—chemicals that are
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widely detectable in humans and have animal or mechanistic evidence of the endocrine,
immune, epigenetic, and other pathophysiologies that may be involved in causing autism.
Even more daunting is the large number of permutations of relevant research questions when
it is considered that each chemical exposure is best studied in combination with many
critical windows of exposure, several autism phenotypic subdomains, each child’s gender,
and a myriad of genetic susceptibilities, many of which remain undiscovered. Lastly, the
issue of potentiation due to chemical mixtures and autism, that is, whether the
neurodevelopmental response to chemical X differs when combined with chemical Y (and Z,
and so on), has only been addressed in a handful of reports.

In the meantime, clinicians have an important role to play in protecting the vulnerable brains
of fetuses, infants, and children. Clinicians are on the front lines of autism diagnosis and can
advocate for the equitable early diagnoses that are so important in assisting children toward
appropriate therapy, diagnoses that ultimately support the validity of research studies in this
area. The demonstrated racial/ethnic and social disparities in the timely receipt of an autism
diagnosis remain pressing public health problems. Clinicians serve as the experts on autism
symptomatology, raising observations that may provide the clues for future study, refining
the understanding of autism phenotype, and participating as autism experts in
epidemiological research. Clinicians advise pregnant women and parents toward avoiding
harmful substances in their environment. Yet more powerful than these is the leadership role
of the clinician in advocating for a healthy environment and the societal prevention activities
that have the most impact. Clinicians increasingly must have a strong voice in advocating for
policies that protect the public’s health, including calls for research into environmental
chemicals, potentially modifiable factors that may contribute to autism or other
neurodevelopmental problems in childhood.
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Box 1
Abbreviations
CDC: United States Centers for Disease Control and Prevention
EPA: United States Environmental Protection Agency
FDA: United States Food and Drug Administration

DSM: Diagnostic and Statistical Manual of the American Psychiatric Association,
various versions

ICD: International Classification of Diseases, morbidity and disease codes, various
versions

ASD: autism spectrum disorder

AD: autistic disorder

Asp: Asperger’s disorder

ASD w/ID: ASD with co-occurring intellectual disability
ASD w/o ID: ASD without co-occurring intellectual disability
ASD w/Reg.: ASD with developmental regression

ASD-NOS: ASD not otherwise specified

PDD: pervasive developmental disorder

PDD-NOS: PDD not otherwise specified

OR: odds ratio

95% CI: 95% confidence interval

NATA: National-scale Air Toxics Assessment model of the US EPA

CALINE4: California line source air emissions dispersion model
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Box 2
Review inclusion criteria
Primary report of population-based human (epidemiological) research.

English-language peer-reviewed publication prior to March 1, 2014 or manuscript
under review if one of us was included as an author.

Odds ratio, slope, statistical test, or similar estimate describing the association
between an environmental chemical exposure in regard to autism.

Individual-level data on autism diagnoses or a psychometric measurement of the
continuous autism phenotype.

Environmental chemical measurements pertaining to exposures during conception,
pregnancy, or the 1st postnatal year.

Valid comparison including appropriate sample selection and accounting for
confounders.

Adequate sample sizes to generate precise measures of association, defined as a
confidence interval ratio or confidence interval difference <10.
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Associations between autism and maternal smoking in pregnancy. Other results not reported

as measures of association with confidence intervals included the following: Ronald et
al.>*—small positive adjusted correlations between smoking in pregnancy and autism

symptoms reported by parents and teachers—and Indredavik et al.>3—adjusted elevations of
1.4 points when mothers smoked during pregnancy compared to not smoking on the ASSQ,
a scale with a maximum of 54 points. 2Author provided information not included in the

publication.
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Adjusted OR and 95% ClI for Increase in
Traffic-Related Air Pollution
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Associations between autism and estimates of exposure to mixed traffic and diesel air
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pollutants. Exposure measured during developmental windows: 1, trimester 1; 2, trimester 2;

3, trimester 3; P, pregnancy; Yr 1, 1st postnatal year. 2Author provided information not

included in the publication.
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Fig 3.
Asgsociations between autism and estimates of exposure to individual traffic-related and
criteria air pollutants. PMy, particulate matter <10 m in diameter; PM, 5, particulate matter
<2.5 m in diameter; NO», nitrogen dioxide; NO, nitrogen oxide; O3, ozone; CO, carbon
monoxide. Exposure measured during developmental windows: PC, peri-conceptual; 1,
trimester 1; 2, trimester 2; 3, trimester 3; P, pregnancy; Yr 1, 1st postnatal year. ®We re-
calculated parameters to reflect a change in the exposure comparison to be consistent with

-8~ Kalkbrenner et al. 2014 - Regulatory Monitors
-@- Volk et al. 2013 - Regulatory Monitors *
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other comparisons in the figure, involving calculations assuming that parameters were
normally distributed.
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Products/
Mixtures

Petroleum-
based

Chlorinated
Solvent

Other

T
. Comparison OR 95% CI
Antifreeze — Any vs. none 0.76 0.26,2.19
Auto fluids o Any vs. none 0985 031,297
Brake fluid *— Any vs. none 081 027,243
Cutting oils ; = Any vs. none 1.73 069, 4.30
Degreaser @ - Any vs. none 0.89 0.36,2.25
Disinfectants ; = Any vs. none 40 14, 120
Freon @ T Any vs. none 0.50 0.18, 1.37
Gasoline e Any vs. none 1.09 0.36, 3.29
Lube oil —e Any vs. none 1.18 045, 3.10
Paint : @ Any vs. none 222 083 591
L - Any vs. none 2.04 082 508
Paint thinner i @ Any vs. none 2.20 0.71,6.85
: = Any vs. none 14 07, 3.0
Solvents ' = Any vs. none 313 127,77
—_— 1438 vs. 742 ng/m? 09 05 16
Beazens » Any vs. none 1.03 043,247
Toluene : & Any vs. none 1.83 081,414
) s Any vs. none 2.74 1.13,6.69
Xylene ‘o 1935vs. 505 ng/m® 1.1 04, 34
1, 1, 2, 2 - Tetrachloroethane i 0.8 vs. 0.1 ng/m?® 12 04, 32
1, 3 - Dichloropropene . o 71vs. 14 ng/m? 19 08, 4.8
—— >0.72vs. <054 pg'm* 1.37 0.96, 1.96
Methylene chioride _— 640 vs. 183 ng/m? 14 07, 25
, ——— 0.98 vs. 0.15 pa/im* 1.8 12, 27
e >0.69vs. <052 ug/m* 1.11 078, 1.59
Perchiormetiyiena (FERC) —tg 271vs. 155ng/m® 14 07, 17
Propylene Dichloride @& 0.08 vs. 0.01 ng/m? 08 03 23
e >0.19vs. <015 pg/m* 1.47 1.03, 2.08
2 —— 129 vs. 85 ng/m* 10 08, 13
Trichloroethylene (TCE) : o Aowy vs:nonie 168 0.70,4.08
— 0.65 vs. 0.06 pg/m?* 13 08, 21
! [ — >0014 vs. <0.01 pg/m* 1.75 1.25, 243
Vinyl chloride - 2.0 vs. 0.3 ng/m? 08 04, 20
—_— 0.0898 vs. 0.0004 pg/m* 1.2 08, 1.8
1, 3 - Butadiene A -2 79 vs. 18 ng/m? 15 07, 33
Acetaldehyde ————ees 756 vs. 238 ng/m? 11 08, 23
Acrolein —_—l 109 vs. 53 ng/m? 12 07, 21
Acrylonitrile —_—— 14 vs. 0.2 ng/m? 08 05 15
Chloroform -+ 90 vs. 83 ng/m? 10 08 14
Ethylene Oxide —_— 8.4 vs. 0.5 ng/m® 10 06, 16
Formaldehyde —— 1074 vs. 589 ng/m® 09 06 14
Glycolether » Any vs. none 1.03 043, 248
Hexane & 523 vs. 120 ngim® 1.0 04, 28
Hydrazine —_— | 24E“vs34E*ng/m* 06 04, 09
Methyl tert=butyl ether (MTBE) —_— 100 vs. 30 ng/m? 09 05 15
PAHT —_—— 49vs. 1.2 ng/m? 07 04, 13
Propionaldehyde A .. 208 vs. 56 ng/m? 15 06, 36
o —— 0.0051 vs. 0.0001 ng/m* 1.4 1.0, 2.2
Quinoline — 0.0001vs. Opg/m* 1.0 07, 14
I —— 41 vs. 5 ng/m? 18 10, 31
Stywons e 0.185vs. 0007 ug/m® 14 10, 2.1
0.25 0.50 1.0 20 30 50 75 12.0
Adjusted OR and 95% ClI for Increase in VOC
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-@- Kalkbrenner et al. 2010 - NATA -8 Roberts et al. 2013 - NATA
Fig 4.

Associations between autism and estimates of exposure to volatile organic compounds/
solvents. Other results not reported as measures of association with confidence intervals
included Kim et al.82: higher retrospective reports of pregnancy exposures to “newly built
homes” and “textiles” for children with autism compared to other children. VOC, volatile
organic compounds; PAH7, mixed group of 7 polycyclic aromatic hydrocarbons. 2Author
provided information not included in the publication.
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H Comparison OR 95% CI
Metal dust v Ary va. nene 095 041,219
Metal fume i Any vs. none 10 042,237
Metals 5 > Ay vs. none 12 054,271
Metals L Any vs. nene 151 05, 454
—a Ay s, none 108 046,252
Antimony e 0.001 va. 2°10°% pgim?® 14 08, 22
R — >0.0001 vs. < 0.00009 pg'm* 128 08, 181
Arsanic —_—— 021 vs. 0.03 ngm? 10 08 13
. - 0.0008 va. 310" pgim? 13 09, 20
Beryllium — 0.031 vs. 0.003 ngim” 09 04, 21
| ——— > D001 vs. < 0.00007 pgim® 154 108,22
T 0.07 va. 0.01 ngim* 11 08, 20
Cadmium '
* Any v, nane 0.91 034,230
—.— 0.0006 v3. 2107 pgim? 15 10, 21
- > 0,005 va. < 0.002 pghm® 112 079,158
- 345 02 ngm’ 12 08, 25
Chromium
o Any w8, none 1.34 059,306
- 0.0037 vs. 0.0001 pgim* 14 08, 20
Iron o Any vs. none 121 053,279
_— > 0.000 va. < 0.006 pgim® 107 076,151
° - 3.1 vs. 0.3 ngim® 07 04, 11
Lead )
i Any vs. none 128 054,302
— 0.015 vs. 0,0008 pgiy 16 11, 23
_— > 0.004 v3. < 0.003 pgim? 108 075,150
. - 7.1 vs. 0.4 ngien® 08 04, 14
Manganese i
+ - Any va. none 128 05530
_——— 0.011 vs. 0.0006 pgim* 16 11, 22
L _—— >0.0005vs. < 0.0004 poir®  1.92 138,271
o ——— >= 6 vs. <Bdental amaigams 32 13, BO
> 0.3 vs. 0.1 ngim® 12 BT 2
Mercury - Any vs. none 127 044,37
3 0.0027 vs. 0.0006 pgim? 20 12 33
e Por 5 ppm hair marcury 135 095,192
—_— Par 5§ ppm hair mercury 086 07, 1.05
5 o 0,004 va. < 0.003 pgim? 148 104,206
— 1.7 va. 0.1 ngim? 11 08 18
Nickel :
& Ay v8. none 1.39 081,312
- | 0.0158 vs. 0.0004 pgim? 17 11, 25
H 1
0.50 1.0 20 3.0 4.0
Adjusted OR and 95% CI per Increase in Metal
-®- Windham et al, 2006 - NATA * -@- McCanlies et al. 2012 - Self-report *
-8~ Geier et al. 2009 -8~ Roberts et al. 2013 - NATA
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Fig 5.

Associations between autism and estimates of exposure to metals from air, occupation,
dental amalgams, and diet. 2Author provided information not included in the
publication. PWe re-calculated parameters to reflect a change in the exposure comparison to
be consistent with other comparisons in the figure, involving calculations assuming that

parameters were normally distributed.
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Associations between autism and estimates of exposure to mercury from thimerosal in
vaccines. Rhlg, anti-D immune globulin injection; Hep B, hepatitis B vaccine; DTP,
combined diphtheria, tetanus, and Pertussis vaccine; Hib, Haemophilus influenzae type B
vaccine; DT, diphtheria—tetanus vaccine; ®Vaccine exposure measured as g of mercury per
kg of child’s body weight. PVaccine exposure measured as an index where higher numbers
indicated more doses received earlier.
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E Vaccine Comparison OR 95% Cl
ASD —,— Rhig Any vs. none 10 0.62,1.66
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Fig 6.
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—@~ Eskenazi et al. 2007
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Fig 7.

Associations between autism and estimates of exposure to pesticides. DE metabolites,

—@- Keiletal 2014 °
-@- Braun et al. 2014

~@- McCanlies et al. 2012 - Self-report
—-@— Cheslack-Postava et al. 2013

diethyl phosphate metabolites of organophosphate pesticides; DM metabolites, dimethyl
phosphate metabolites of organophosphate pesticides. Exposure measured during
developmental windows: CNS, a priori period of central nervous system development (7
days pre-fertilization to 49 days postfertilization); A post., a posteriori period of
development (26-81 days postfertilization); 1, trimester 1; 2, trimester 2; 3, trimester 3; P,
pregnancy; Yr 1, 1st postnatal year. Other results not reported as measures of association
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with confidence intervals included pesticides that were determined not to be associated with
increased autism risk and were not included in subsequent analyses from Roberts et al.138:
pesticide classes (cholinesterase inhibitors, copper-containing compounds, fumigants,
avermectins, halogenated organics, N-methyl carbamates, pyrethroids, and thiocarbamates)
and individual pesticide compounds (1,3-dichloropropene, chloropicrin, cypermethrin,
fenarimol, methyl bromide, norflurazon, bromacil acid, chlorpyrifos, dazomet, glyphosate,
molinate, oxadiazon, bifenthrin, diuron, metam-sodium, myclobutanil, and

paraquat). 2Author provided information not included in the publication. PWe re-calculated
parameters to reflect a change in the exposure comparison to be consistent with other
comparisons in the figure, involving calculations assuming that parameters were normally
distributed.
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Fig 8.

Associations between autism and estimates of exposure to polychlorinated biphenyls, flame
retardants, non-stick chemicals, phthalates, and bisphenol A. PCB, polychlorinated
biphenyls; NEQ, neurotoxic equivalents, a weighted index of PCB congeners; TEQthyroid,
thyroid hormone-based toxic-equivalent index of PCB congeners; BFR, brominated flame
retardants, including: BB, brominated biphenyl; PBDE, polybrominated diphenyl ethers;
PFC, polyfluorinated compounds (non-stick chemicals), including: PFOA,

perfluorooctanoate; PFOS, perfluorooctane sulfate; PFNA, perfluorononanoate; PFHXS,

perfluorohexane sulfonate; HMW phthalates, high-molecular-weight phthalates, including:
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from PVC, polyvinyl chloride; MBzP, mono-benzyl phthalate; MCPP, mono-3-
carboxypropy! phthalate; MECPP, mono(2-ethyl-5-carboxypentyl) phthalate; MEHHP,
mono(2-ethyl-5-hydroxyhexyl) phthalate; MEHP, mono(2-ethylhexyl) phthalate; Total
DEHP, di(2-ethylhexyl) phthalates = [MECPP, MEHHP, MEOHP, mono(2-ethyl-5-
oxohexyl) phthalate and MEHP]; Total HMWP = MBzP and MCPP; LMW phthalates, low-
molecular-weight phthalates, including: MBP, monobutyl phthalate; MEP, monoethy!l
phthalate; MiBP, mono-iso-butyl phthalate; MMP, monomethyl phthalate; Total LMW =
MMP, MEP, MBP, MiBP. PVC Flooring A was in the child’s bedroom, PVC Flooring B was
in the parents’ bedroom. Other results not reported as measures of association with
confidence intervals included, for Kim et al.8%: higher parent report of various non-specific
exposures likely to include persistent and endocrine-disrupting compounds for children with
autism. 8Author provided information not included in the publication.
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TABLE 1
Pathophysiological mechanisms hypothesized to mediate relationships between xenobiotic exposures and
autism
Mechanism Rationale
Immune Close connection between immune cells and neurons during development, and evidence of immune alterations in children with
autism, such as elevated cytokine levels168-171
Endocrine The male preponderance of autism, combined with requirements for thyroid and other endocrine hormones for optimal
neurodevelopment.146:172
Epigenetic Epigenetic alterations such as altered methylation act at the intersection between genetic and environmental factors and are
implicated in the etiology of autism, including markers of reduced methylation capacity observed in children with autism and
their mothers,173-178
Microbiome Microbiome may regulate host immunity to pathogenic microbial or xenobiotic exposures and microbiota may differ in

Mitochondrial

children with autism,179180

Mitochondrial dysregulation has been shown in children with autism.181.182
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TABLE 2

Research studies and data sources used in two or more studies of environment and autism

Page 50

Abbreviation Full name Description Citation
CHARGE Childhood Autism Risks from Case—control study of environmental and genetic causes and risk 183
Genetics and the Environment factors for autism and developmental delay in central California.
ADDM The Autism and Developmental A group of programs funded by the CDC to estimate the number of 1,184
Disabilities Monitoring Network children with autism spectrum disorders and other developmental
disabilities living in different areas of the United States.
CaliforniaDDS  Department of Developmental The agency through which the state of California provides free 185
Services diagnostic and therapeutic services to individuals with developmental
disabilities.
VSD Vaccine Safety Datalink Established by the CDC to monitor immunization safety, includes 186
linked electronic medical data from three Health Maintenance
Organizations in Oregon and California.
FiPS-A Finnish Prenatal Study of Autism and A study examining prenatal serologic factors, mediating and 187

Autism Spectrum Disorders moderating developmental antecedents, and autism, using government
health data linkages and stored serum samples.
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TABLE 3

Page 51

Psychometric tests to measure autism diagnoses and symptoms used in studies of environment and autism

Abbreviation

Full Name

Method of Administration

Description

ADI-R

ADOS

CAST

ASSQ

SRS

SCQ

CBCL

Autism Diagnostic Interview-Revised!88

Autism Diagnostic Observation
Schedule?8

Childhood Asperger Syndrome Test1%0

Autism Spectrum Screening
Questionnaire!9!

Social Responsiveness Scalel9?

Social Communication Questionnaire1%3

Child Behavior Checklist!%

Parent questionnaire

Interactive observation by
trained person

Parent or teacher questionnaire

Parent or teacher questionnaire

Parent or teacher questionnaire

Parent questionnaire

Parent questionnaire

A 93-item scale assessing language and
communications; reciprocal social
interactions; and restricted, repetitive, and
stereotyped behaviors and interests.

A semi-structured assessment using various
activities allowing observation of social and
communication behaviors related to the
diagnosis of pervasive developmental
disorders.

A 37-item questionnaire of yes/no question
regarding a child’s social behaviors and
communication tendencies.

A 27-item checklist for completion by lay
informants when assessing symptoms
characteristic of Asperger’s disorder and
other high-functioning ASDs in children and
adolescents with normal intelligence or mild
mental retardation.

A 65-item rating scale that measures the
severity of autism spectrum symptoms by
assessing social impairments, social
awareness, social information processing,
capacity for reciprocal social
communication, social anxiety/avoidance,
and autistic preoccupations and traits.

A total of 40 yes-no questions to evaluate
communication skills and social functioning
in children who may have autism spectrum
disorders.

Evaluates maladaptive behavioral and
emotional problems across several domains,
including internalizing and externalizing
behaviors, including a DSM-oriented scale
pertaining to PDD.
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Excluded publications?

TABLE 4

Page 52

Environmental exposure

Reason

Citations

Tobacco

Regulated and traffic-related air
pollutants VOCs/solvents

Metals—air, occupation, and diet

Metals—vaccines

Pesticides

PCBs, flame retardants, non-
stick chemicals, phthalates, and

bisphenol A

No accounting for socioeconomic status, important in studies of tobacco and autism
because of the strong associations between factors like income and education and
tobacco use.

Measures of criteria pollutants pertained to postnatal periods after 1 year of age.

Biomarkers in childhood reflected, in part, exposures after the 1st year of life.

Metals in acid-digested whole baby teeth included metal exposures up until the tooth
was shed.?!!

Limited information about maternal age or other sociodemographic characteristics of
cases vs. controls and no adjustment for these factors.

For placement of dental amalgams containing mercury in pregnancy: did not meet
precision criteria—two children whose mothers had dental amalgams containing
mercury. For seafood consumption as a source of metals, no description of
measurement and no adjustment for confounders.

Studies using the Vaccine Adverse Event Reporting System (VAERS) that did not
account for temporal trends in vaccine formulations or autism prevalence or the
voluntary nature of autism reporting, along with other limitations previously discussed.
105

A study reported as a letter to the editor without sufficient reporting on methods such as
multivariable adjustment.

No information on sociodemographic and maternal age characteristics of the cases and
controls without adjustment for these factors.

A study based on a convenience sample in a genetic clinic that did not account for
temporal trends or maternal age.

Did not meet precision criteria (1 child with autism)
Did not meet precision criteria.

Measures of phthalates, PBDES, or PCBs pertained to later childhood.
Not meeting precision criteria (5 children with autism), external contamination of
PCBs, and no adjustment for confounding.

21,165,195-203

204
None

205-210
212

213

212

214-220

221,222

223

224

225
226

227-230
231

aFor the following publications, some odds ratios or slopes among several met precision criteria, whereas others did not and were
excluded.87,88,136-138,226

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



Page 53

Kalkbrenner et al.

usiBay  9ouasald pue ‘abe jeuoirelsab SON-aad
yuig [e2IpalAl ysiul4 ay1 01 1oy yBIam s,Juejul ‘uoneanpa lapiosip 1915169y
Aoueubaid aiuz payiodal pue sesinu dIUId 1o uoiednad0 UO paseq Sse|d s.Jab1adsy Japlosip onsnny abeyosiq [endsoH
Ja)sawiy 1sii4 Aluisrew Ag uonas|j0)  [e190S [eularew ‘abe [eulsleln asv ysiul4 ay ul sapod ol V-Sdl4  |0ju0d-3sed palseN  G8T'9T/0Z0F  S00Z2—066T puejui4 gl 18 URIL
‘abe jeusslew @Sy Buiuonoung-1aybiH ASY suolrenjens 866T pue
pue ‘sniess [elsew ‘AIo1uyle Buruonouny-1smo-] |ewuawdojansp 0 paijdde ‘0966T ‘V66T VSN
Aoueubald "podal 8111199 yuig /39EJ ‘UOIIRINPA [eUIBIeIN asv BLIBMID Y-AIFINSA  ddUE|IBAINS INAQY  |04IU0I-3SeD PalseN  686'€E9/STES ‘Z66T U Ul SBMS [BIOABS  zg'|B 18 JauusIgy[eN
"yuiq Jo uibo jeussrew
pue ‘awodul Ajiwey ‘ssejo Joo030.d
"USIA [ereuald IST Jeuoirednago ‘uoneonpa dl p1gIoWod oYM Asy [euoifias 03 Buipiodge (paseq Ansibal
18 8JIMpIW 0] payodal-}|as ‘Aired ‘abe eussred ‘abe dl p1gJowod yum asy sisouBelp 1sifel0ads ysipams) uoyod
Js)sawi 1sii “asifey yuig [edlpaiN [eusayew ‘1opuab seak yuig asv Aq pamoyjo4 Buiusaids UINOA WIOYXJ0)S  |0JJUOD—dsed PaIseN  £86'8E/856E  £00C—1786T uspams 15119997
‘(e1sdwiejos
-ald pue ‘Aunyews.d ‘ybiam
Uuig mop) Jesk yuig pue
‘19puab s,pl1yo ‘2109s Jebdy
‘uonoas- ‘Joge| Jo uonanpul
‘uonejuasald yoaalq
‘SnJe)s 91WOoU0930190s ‘Ated
‘ureb yb1am Jood ‘Aoueubaud
‘welboid YjeaH [ereutiad ui Buipas|q ‘saleqelp SSaU| |9/
©1aq|Y Ul papJodal Jeuonelsab ‘saraqelp pue yijeaH edaq|y
‘A13A119p 10} UoISSIWpe Aoueubaid-aid ybram 0 SpJ0dal Wolj 8'662 [IEN] v
Aoueubald  uodn jendsoy Aq uonds|jod |eusarew ‘abe [eusare|n asy pue 0°662 Sep02 6-ADI u1 sabexjui| pioday uoyod  /TZ'ST2/2ZIT ¥002—-866T epeue) ‘euaq|v ,5'[2 18 uA1sing
AIFNSd
"PIIY2 1T Te abe [eulslew uo paseq aireuuonsanb
pue ‘|ans| uoiyednddo Buisn Bunel Jayoea|
Jeusajed ‘[ans] uoirednddo AIFINSA
‘AoueuBaid ui Jeulalew ‘uoreanpa Jeusared uo paseq alreuuonsanb
wow Ag payouws sanalebio ‘UoIIRONPA [euIdEW U0 Buisn Buiel Juased
J0 Jagwinu Jo alreuuonsanb  paseq a1sodwod ssed [e100s (1SWD) 1581 BwoIpuAS Apnis 1uswdojaneg
Aoueubald juated anndadsoney pue Aujige aaniubod pjiyo adAouayd wsnne snonunuod Jabiadsy pooup|iyd Apre3 suimp 1oyod 069‘€T 966T—¥66T  S9IEM pue puejbug g[8 19 pleuoy
‘(plo sieak 9-T ‘swiajqoud
Sem pJ1yd usym) Buriodas [eIoUBUL PUB ‘SNJEIS BLIYISE
10 aw1 8y e 1o ‘Jeak S.p11yd ‘abe pue xas s,pjIyd
pauIqwod 1ST S, pPI1Yyd ayy ‘“Aoueubaid ‘SMOPUIM UO UOIJeSUapUOd
pooypliyd u1 Bujows Jo uodas ‘(poom 'sA DAd) woolpaq
Aldes + Aoueubaid [eusalew aAnoadsonsy  Swualed ul [euslew BulloO]l4  BWIOIPUAS S,81191n01 pue ASY uodal Juaied u1 ssaudweq uoyod 6LlV/2.  666T—V66T uspams gg [€ 18 uOossJeT
‘Yijeay [eiusw siayiow
pue ‘afe ,s1aypow ‘|oyoale
‘AoueuBaid Bunnp siaylow Jo asn ,siayiow ‘ussed (Ossv) Apnis
Aq payiodas ‘uondasuod Jo  ajbuls ‘sniels J1LIOUOIB0II0S alreuuonsang Bulusalos 1104092 Aoueubaid
uondaouo) awin ayl Je bupjows Ajreq ‘WBiam yuiq ‘Jepus adAjouayd wsnne snonunuo)d wnoads wisnnNy  J8lusdinw e Jo Led Hoyod 1l 886T—986T ARemioN eg € 19 MIAepalpu]
uoiyeo1ysSe o 9904nos ubsep qPZs uo17e00|
Buiwi ainsodx3 JUBWe JnseaLl 8 Insodx3 gIel e Jewisn [py wsnny pieuR.Insesw usnny elep wsnny Apnis o|dues  sies yriig a1yde boss) uoieD

Author Manuscript

Author Manuscript

G 37149vL

2Aourubaid ul Bupjows [eusajew pue wsine Jo suolnealjgnd jealbojoiwsapids papnjou|

Author Manuscript

Author Manuscript

available in PMC 2016 May 04.

Curr Probl Pediatr Adolesc Health Care. Author manuscript



Page 54

Kalkbrenner et al.

"s)nsaJ 10edul 10U PIP A8Y) 8SNLIS] S|8POL [BULY U1 PAPNJOUL 10U ING PaIen|eAs aJam sasayualed ul salqeLren,

'€ 9|geL Ul paqLIasap ale s|00} dLawoydAsd pue ansoubelp Em::,cwN

'Z 3L Ul PAGUOSIP BJ2 S30INOS Blep WSy

'$|03U02/SBSED JO JaquINU Y3 Se ‘aSIMIBYI0 ‘10 ‘adAouayd wisinNe JO aINsesll SNONUIUO0D B PapN[oul S|SPOW [BINISIIEIS UBYM Jaquinu ajBuls e Aq pajuasaid si azis m_QEmwQ

T ainBi4 Ul sHnsay,

Buiwnainsodxgy JUB WL JNseaw @ Insodx3

‘|sasoubelp
ou1eIydAsd [eussrew Jo
uoIeolsSe P 592.ncs ubsep PZs UoITe00|
gSIqelen Juewisnlpy wsnny pieuRInsesw usnny elep wsnny Apnis aidues  siesA yrig ayde boss) uoielD

Author Manuscript

Author Manuscript Author Manuscript Author Manuscript

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



Page 55

Kalkbrenner et al.

"€ 9|geL Ul pagliosap ale sjool dLnawoydAsd pue ansoubelp Em_5<,Q

¢ 9]geL ul paqLIdsap ale S324N0s elep wsiny

q

*(1enew a1eInaied |asalp pue digel) paxiw) € ainbi4 pue (Sjeatwayd ueinjjod Jre fenpiaiput) z ainbi4 ui &_:mmmm

Jeak
yuiq Jo sreak z
Ulyim Jeah e Joy

(2002 pue ‘666T ‘966T
‘066T) (V.LVN) Juswssassy

Jeak

|apow W1W¥N pue ‘pajeanps aha|j0d
ud2.ad 10811 SNSUSD ‘aLIOJUI URIpaW
10BJ) SNSUAY ‘uo1yeanpa sjuated

alreuuonsanb
BIA sisoufelp

Apms yyesH

abeJane [enuuy SOIX0[ JIV 8[edS-[euoneN Jeusalew ‘yuiq o Jeak ‘abe feussreln asy ® J0 1odal Juared (S3SINN 4O UIPJIYD Hoyod  T0T'Ze/SeE 2002-186T VSN ‘sarels 0 |1V o,'1€ 39 suaqoy
awisnipe jeuoseas yum UuiIq Ye s)aam [euoiielsad
Aoueubaid ainus Jopow uolissaifial asn pueT] pue ‘adAy asueinsul ‘Ajsed ‘yuiqg Jo yeis
pue sJa1sawL} Joyuow Aloreinfas  adAy ‘yuiq Jo adeld [eussrew ‘AudIuyId SAaa Aq pauiw.alep VSN
AoueuBald  1SaJeau WOy UOITRAUIIU0D /20e1 ‘abe [eulalew ‘xas ‘Jeak yuig  JapJosip onsiny d-AI-NSA Sdd eluioyie)  [013U02—-ased PaIsaN GE9'/76S/ 9002-566T ‘elulopljed ‘sajabuy so ¢, |8 10 B1I333g
siojuow AloyeinBal anoy
aJ1] Jo Jeak 03 dn usamiaq uonejodiaiu| AoueuBaid ur Bunjows Jeulsrew pue
1ST pue SI2ISaWIL |apouw suoIssIWa ‘abe [euJarew ‘sjuased Jo UOEINPd
AKoueubaid paseq-ouge} #INITVO ‘Audrua s, pl1yd 4apualb s,plyD  48pIosIp dnsINY d-1av + soav JOUVHO 101Uu02-8s8) Sve/6le 90022667 VSN ‘BluIo[ED [enus) gez 8 19 AIOA
yuiq AoueuBaid ur Bunjows Jeulsrew pue
1e pue SIaISaW ‘abe [euJarew ‘sjuased Jo UOEINPd
AKoueubaid Kempeol 0} 8oueisiq ‘Audrua s, pi1yd Japualb s,plyD  48pIosIp dnsINY d-1av + soav EREL/ ] |0u02-8se] 652/50€ 900¢-L66T VSN ‘BluIojifeD [enusd 2z [B 18 AIOA
UYHIq Jo uoseas pue ‘Ajueqin suolyen|end
Kepyuiq slonuow SNSUS ‘BW0IUI UBIPaW SNSUa) lejuawidolanap 0002 VSN ‘euljose)d
18T ybnoayy Kiore|nBas usamiaq ‘abe |eussieW ‘UOIIEINPS [BUIBTRW 0} parjdde pue ‘66T  YLON [elua) pue elulojied
uondasuoa-aid uonrejodiaul swn-adeds ‘A191uYIa/a2e ‘1eak yuig ‘arels asy BLIAID Y-AI-INSA d0UB|[IBAINS INAQY  |04JU02-3SeD PalseN  999'%T/6.6 ‘966T ‘66T ‘ealyy Aeg 00sIoUeI] UBS ;[ 18 JBUUBIGN [N
SOIX01 J1e Jay10 €€ pue ‘Alueqin suolyen|end
Jeak yuiq SNSU32 ‘aW0aUl UeIpaW SNSUad |euswdojanap
01950j0 Jeak 10} (966T) (WLVN) JUBWSSSSY ‘RoueuBaid ur Bupjows ‘abe [eussrew 0} paljdde 966T pue VSN ‘euljosed yuoN
abeJane [enuuy SOIX0[ JIV 8]edS-[euoneN ‘Uo1IRINPA [eUIaleW ‘B0l ‘Jeak ‘a1eIs asy eLIAIO Y-AI-INSA a0Ue|[IBAINS INAAY  |041U0D—3SeD PaIsaN 6282/£8¢ ‘¥66T ‘2661 lenuad pue eIUIBIIA 1S9\ o7 1B 19 JBUURIGY e
suolyen|ensd
Jeak yuiq |ewuawdojanap
01950]0 Jeak 10} (966T) (WLVN) JUBWSSISSY aoel 0} paljdde VSN ‘eluioyed
abelane [enuuy SJIX0] 1Y/ 8]edS-[euolieN Py pue ‘uoreanpa ‘abe jeulsiein asv eLIBILO Y-AI-INSA J0UB[[1IBAINS INAQY  |0J1U0J—8SeD PalSaN 189/¥8¢ 66T ‘ealyy Aeg 0ds1oueIH URS 06 18 19 Weypuip\
uon
Buiwn B WIS INsesw -eolyssep sieWaInsesW gel1nos uo17e00|
aJnsodx3 aJnsodx3 sa|qelen Juswisnh [py wsnny wsny elep wsiny ubsap Apnis ozl a|dwes sieah yrig o1yde s6oa uoleld

Author Manuscript

Author Manuscript

LS1ueIn|jod Jie (e1191149) pale|nbal pue pajejal-olell pue wsiine Jo suolealjgnd eaibojolwsapids papnjoul

93149Vl

Author Manuscript

Author Manuscript

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



Page 56

Kalkbrenner et al.

‘€ 8|qeL Ul PaqLIasap a.e s]00) dL18WwoydAsd pue ansoubeip wsnny,_

*Z 9]l Ul PaglIosap aJe $804nos elep Wsiny

q
‘¥ a1nbi4 ul ww_:mmmw

"9 91 L U1 PaqLIIss

os'[B 18 SUBG0Y

Buiueam 10dai Juased
10 YuIqg [1un 10 Bupod 1s1usIBAY [esnpul papullg poyiaw juswAed pue ‘abe s, pjydo
Aoueubauid 'sainsodxa aauelsgns o1y19ads ‘19puab s, pj1yo 481uad Jeuoibal
0} Joud 10 1s1] Buipnjoul suonednaao ,s1ayre) pue ‘uoireanpa s, Jayow ‘abe s, Jaylow
SUIUOIN € .S1ayrow Jo suonsanb auoyd aAnoadsollsy ‘Buipssy-1sesiq Jo uoneing asv d-1av +soav JOYVHO  |0U09-3SeD 18/€6 €002—866T VSN ‘elulojifed [enusy 1g8'[B 19 SAIUEDIN
AoueuBaid ui uondwnsuod
Joyoaje Jo ‘Buipasyisealq
‘SNJeIS 21WOU0I30II0S ‘U0IRINPS Aouabe Juswuianoh
S911%31,, pue [euJajew ‘abe [euslew ul S|0JIU0I Aq pawlipuod
Sasnoy 1jing Ajmau,, 01 ainsodxa Aoueubald pue Sased Uaamlaq Seoualaip ‘1sureIydoAsd 0T0Z>- |00Y2s
Aoueubald 10 alreuuonsanb juated sAnodadsoney ou Ing “uawisnipe [eansiels oN asv pIYyd Aq sisoubeiq paunIoal AMeN  |0J3U0d—-aseD ¥2€/90T Areyuawiaja uj ©aI0Y| 6g 1€ 19 W
‘g 9|qeL Ul paquassq  or' 1B 18 Jauuigy[ey
suo1edna20 [e3IpaW Uo-Spuey
= SJUBIIBJUISIQ "IIUBYIBW ‘UOIIINIISUOD
‘Jajured ‘ABojorawsod ‘Buiues|d
AIp >JIOM Q| ‘UBIPOISNI ‘SIIU0III8D
= SJUaA|0S 'sali0ba1ed peoiq oul suolenjens
81801411432 YUIq eluloyieD wolj uoirednado [eiuawdojanap
|ensn [euJajew woly sainsodxa papod uoIeINPA [euJslEW 0} paljdde VSN ‘eluiojied
Aoueubald  -ueldIsAyd payinad-auldipaw [euonednddQ pue ‘afe [eularew ‘a2el S,pjIyD asy BUBIIO Y-AI-INSA  d2UB|[ISAINS INAQY  |043U03-3SeD 659/782 66T ‘ealy Aeg 09s19uUeIH UBS gg'[€ 18 WeYpuIM
‘9 3|qeL ul paquaseq 06 |2 18 WeypuIpn
uon
Buiwn -eo1yssep oiBWa Insesw gel1nos ubsop uo17e00|
ainsodx3 JUB WL INsesW 8 INsodx3 s9|geljen Juewish py wsnny wsiny elep wsiny Apnis  azsa|dwes sread yiig olyde s6oa uoield
mmgcm>_0m\mcc:oac._oo o_cmmho 9|11e]OA pue wsline jJo mco_u.mo__nsa _mo_oo_o_EwU_Qm papnjau]
/. 379vLl

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



Page 57

Kalkbrenner et al.

"s)nsaJ 10edul 10U PIP A3y} 8SNBIB( S|9POW [BULY U1 PAPNJOUI 10U ING PaYen|eAs aJam sasayjuated ul salqeLien,

"€ 8]qeL Ul PaqgLIasap a.te s|00) d1IsWoyaAsd pue ansoubelp wsnny

q
'g a.nbi4 Ul sHnsay,

Mg punose
P8198]]02 JIBY |euSIeW
ur AinasswijAyrew

(abe Jeusared
pue [eularew) HoYod

(ssrewsy) ¥9 ¥ SHS
(ssrew) 69 ¥ SUS

Apms
juawdojanag

L€G/28T SUS

9618

Aoueubald 10 sisAJeue Aloresoqe] JuBWIINIOAI ‘X3S S,PlIYD adAjouayd wsnne snonunuod YT ODS  PIYD Saj18ydkes  1oyod ¥8/T/6¥T ODS  T0O0Z PUe 066T—986T  S9|18YdAas Jo d1jgnday 18 uap.eebulipn uep
‘9 3|qeL U1 paquosaq o,'1€ 19 SU3q0Y
') 8|geL Ul paquaseq 15’18 18 SalueDIN
‘9 9|qeL Ul paguasaq or'[€ 19 JauuBIg ey
‘Aoueubaid
Burinp suoireudoeA
BZUaN|JUI Jo saulngo|f
‘Aoureubaid aunwuwi (g) oyy 03 sjuated Aqg pale|dwod 1s1398yd
Bunnp swow  8Insodxa oYM UBIP[IYD uolenjeAd Juawileal ] wsiny
U1 Juasaid swebjewre 0} paloLsal Apns pue UOITeAI3SGO P|IYd UO paseq
[EJUSP JO Jaguinu 'S'N ay} Jo uoibal pue (08'662) (asv) 08'662 10 ('Q'V) 00'662 BOLIBWY JO 09 :dsV 0
Aoueubald 10 AI0ISIY [eaIpaN  ‘@ded ‘Japuab ‘abe s.pliyD  pliw Jo (00662 H6-ADI1) 819AsS d6-ADl Jo sisoubelp UedISAUd S8 JNBUSD  HOYoD  :J3pJosIp dnsiNy 666T-066T vsSn YR EREIED)]
‘9 3|qeL U1 paquosaq 06 1€ 39 WEYpuIm
Buiwn JUSWB INSeaLl o=|qelren uoIeoyISSe o 80Inos  uBisap Uo17e00|
a.nsodx3 aunsodx3 swisn py wsnny giueuRInsesw wshiny elepusnny  Apnis azisa|dures sk yiig a1yde 16oss) uoieD

Author Manuscript

Author Manuscript

191D pue ‘swebewe [ejusp

83149Vl

Author Manuscript

‘Uo1edN220 “IIe WoJj S[e1swW pue wsnne Jo suolrealjgnd [eaifojoiwapids papnjaul

Author Manuscript

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



Page 58

Kalkbrenner et al.

uoleWIOo}UI
JainjoenuBWw YIM
payul| pue ‘SMalAIRuL
Jeussjew pue

‘SRYO [e21PAW ‘SPJ02al
|eaipaw paziieindwiod

pIYd ‘ainsodxa

pes| pliyd ‘uondsul
[eJIA [euJsjeW ‘asn
p19® 01|04 [eUJBleW
‘uondwnsuod

Joyoaje [eulsjew

‘1591 ded Jo asn
‘BulU8a10S 10431S8|0YD
10 8sn ‘ared [ejeustd
J0 Aoenbape ‘uoneinp
Buipasjisealq

‘JapJo yuIq
‘UoITeINpPa [BUIaYRL)
awooul Ajiwey pue

259/uoissaibal

Syluow / 01 yuig wouy paurelqo  ‘afe eussrew ‘yBrom g-1av pim asy 6y
Yuow T 01 yuig ‘suofyeuldaeA [ereusod yuiq ‘uoneziuehlio uoissalbal yum asy pue SOAV Yum ¥z //4epiosia
jereusod pue [eulayew [ereuasd  ased pabeuew ‘lapush lapiosip ansiny paWIUO0d 8662 ansnNy /8T
AKoueubaid wouy Ainosew Jo wng S.pIyd ‘reak yuig asv 10 0'66¢ 6-A2I Nuifeleq Alojes auIodBA  |0U0D-8SB PBISAN 2S//ASY 95¢  666T—66T VSN 40 15800 1S9\ vor |E 19 8lid
"UOIeINPA [BUIBTRW
pue ‘Anotuyie
"pJ0231 [e2Ipaw [ejeusid /39e1 [euJalew
3y} Wouy pajoessge ‘abe |eussrew
8UI9JBA BZUBN[JUI ‘Aijeanid ‘1apio yuiq
Jo unngojBounwiwil  ‘yuig Jo fendsoy ‘reaA  SON-QQAd/4apJosip s, Jabiadsy 8662 /0  djusuBWIad Jasiey] :uejd
AKoueuBaid Uy [eulsieN UyuIq ‘x8s s,pl1yd lspiosiponsnny  0°66¢ IND-6-AJI Uieay Ul diysioquisiNl - |0A)U09—3SeD PRIseN 0TP/00F  666T-G66T VSN ‘BlUioji[eD UIsyLOoN gor [B 18 UB0ID
SOMSIIEIS [eUONEN 10}
991140 Y} JO Saseqerep
Jereussod || uonuanaid pue
syuow y o yuig  ‘eaipaw ‘uaied paxull (g (@¥do)
syluow € 03 yuig 3y} wouy abe Ag sasop JO yluow) yuiq jo 0'662 9p02 aseqereq Uoseasay
-[ereuisod 1d/d.La jo JsqunN J1eak pue xas s.pIyo Japlosip anshny 6-Adl 10 8-adl Jauonnoeld [essus Hoyod ¢ST'L0T/90T  L66T—886T wophury| paun ezSMaIpUY
‘SOWH papnjoul Jo “Jo1neyaq Burxaas
saseqerep pazuaindwod  81ed yieay JusisiSuod
syjuow / 01 yuig woJy ‘ypuow um ssoyy 01 €88'0TT
sypuow g o yuig  Ag ‘aiH pue ‘1dQ ‘AgH  UONOLISal pue ‘oluljd /(SON-Add)
Ypuow T 031 yuig :SBUIDJBA JUBJUI WO [ensn ‘Jeak pue yuow  SON-Add/48pJosip s, Jabiadsy 8'66¢ 80T ‘(4apJosia
Jereuisog - suod Ainossw Jo wng UyuIq ‘x8s s,pl1yd 1apiosip onshny 10 0'66¢ 6-A2I utfereq A1afes aulodeA Hoyod onsINY) 202 L66T-T66T VSN 4015800 1S9\ vez 1€ 13 USISEAISIBN
‘porsad sepusjed
8J1] JO syuow QT pue  pue ‘aBe s,p[1yd ‘yuIg asv
‘2 ‘T INoge 1e ‘yieaH Jo 10 A1unod s Jaylow 18410 /8.
pJeog [euoleN ysiueq ‘abe s, Jayiow lapiosig
0} palodal se [enowsal ‘abe Jeuorreiseh NSINY Oty
lesosawiy} o} Jond ‘rebdy uiw-g ‘Wybram 6'784 (sreak-uosiad
SUOIEUIDIBA SISsniIad UIg ‘ypg Jo doerd asv 8yio -T'¥84 10 084 Jasiboy [enus) 759'986'2)
a1 Jo reak 1su14 wo AndJaw Jo wng S.PIIYd %8s S, plIyD Jsplosip onsnny  0T-ADl 40 8-A2l oHeIYaAsd ysiueq Hoyod 0S¥'297  966T—066T Jlewusqg 101 [B 38 PlIAH
BB Insesw pRlqelren uoIpeolyIsse o sileuBINsESW gelInocs sreak Uo17e00|
Buiwiyainsodxg ansodx3 juewisnlpy wsnny wsnny elep wsnny ubisap Apnis azisa|dures yiig o1yde sboes uoleld

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.

£SBUIDJBA Ul [BSOJaWIY) W04 AIndJawjAy1e pue wsnne Jo suoiealjgnd eaibojoiwapida papnjoul

6 3719VL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 59

Kalkbrenner et al.

'sdnoJBgns WsIINe ‘|2 10U INg ‘U0 JO S|3POW Ul PAPN|OUI 3I8M Sasaypusled Ul S3|geLIeA e 18 901id u

"s)Insas 30edwi Jou pIp A3y} 3sneaad S|9POW [eUly Ul PAPN|aUl 10U ING Paten|ena aiam sasayjusied ul mm_%_a>h
"€ 3| Ul paqLIasap ale s|00} d1awWoydAsd pue onsoubelp wshny,

"Z 9|0 Ul PagLIosap ale $80INn0s erep Em::{Q

‘9 aInbiq ui mw_:mmw_m

P1023J UOITRUIDIRA WIOJY
uoIRUIdIRA J0 3dA) pue

"s9jew
01 pajoLisal Apnis

“UOIIRONPS [eulaIEW

‘wisnne
Pey pIiyd 1.yl pres
199 [euoissajo.d
yieay

Lpuow T 01 yuig sa1ep Jo uondiuosues) pue ‘pjoyssnoy Jayiaym jo Aiinbur  (SIHN) A8AIns mainlaiu| SIHN Ul
jereusod JamalnIau| aled-om) ‘aoey asy 01 asuodsal juased Yl[eaH [euoieN 1oyod ¥70L/0E  PUV 666T> VSN zorUeWw-poos pue Jaybe|eo
5'(eaid
pJIyd pue ‘ejwaue
WS Insesw polqelen UoITedI}ESe 0 olteuB InsEsLU ¢PR4nos s 1ok uoI7e00|
Buiwiainsodxg ansodx3 juewisnpy wsnny wsnny elep wsnny ubisap Apnis azisa|duwres yihg o1yde sboe uoieNd

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



Page 60

Kalkbrenner et al.

Burinp ajdwes wnias

‘UoIBONP3 ‘snyels [ellew

ssauanIsuodsay

pue sswodnQ

Aoueubald 10 sisAJeue Aloreloqe] ‘aoel ‘A1anijap e abe [eussrel  adAlousyd wsine snonunuod |e190S yiesH 110yod G/T  9002-£002 VSN ‘01yO ‘Ireuuidsul) et [€19 Uneug
pouiad feyeusasd
Buipasy-1seaiq malgul suoyd  Bulnp diysiaumo 1ad pue ‘Aired
10 UoIRUIWILY Jeusalew eIA alreuuonsangd pue ‘A)o1uy9/a9e. ‘UoIIRINPS
ybnoayy Aoueubaid 2Insodx3 |euUsWUOIIAUT Jeusarew ‘abe pue ‘yuiq
03 Joud SUUON € aA0adsonsy 40 433uad [euolBal xas s,plIyd Japlosip anshiny d-1av + soav IDUVHO |onuod-ased  z9z/L0F  9002-L66T VSN ‘Bluiofi[e] [enus) ort 1818 |19
Ansibay abreyosig
juanedino
'sg0d [e10} uenjjod pue [endsoH
-09 J0} paisnipe osfe alam ysiuui4 ayx
g2OH pue 3aq 4o} SYO "ajdwes pue Ansibay yuig
J31SaWIIY IST 8y} s1y3 ui Jueinjjod jualsisiad [ed1paN ystuuiq
ur Ajfensn ‘Aoueubaid Burnp Aue y1im pajeroosse 10U Ssem a1 Jo sabeyui|
Palo9]]0d WNJas Palols  SNJeIs J1WOU0280120S/uegin ‘abe P1023J Woly
Aoueubaud Areg 10 sisAJeue Aloresoqe] [eusarew ‘resA yuiq ‘xss s,plyd J3pJOSIp 1SNy 084 9p0d ADI V-Sdi4 10J1U09—-8SeD G//S/  0002-T66T puejuiq  ,e1’[e 19 BARISOd-2B[S3YD
"9 9|qeL Ul paqLIassg 19’18 18 S3IJUBDIN
‘ssalppe
[enuapIsal Uo paseq WwaisAs
uonezijiapsod uorrew.oyul d1ydesfoah
625-9v¢E SAep B pUe UoITeWIOUL
JMOPUIM [B1RUISOd doJo Buisn uaipjiyd 03
‘uonyezijispsod payui| uonrenBiay ap1ansad abe Jeussrew pue ‘sisoufelp
€9T-8¢ 10 Juswuredaq eluioyIfeD 10 191Ud2 [euolfal SAQ yeis saa
shep Aoueubaid 3y} woJy eyep uonesidde pue ‘qusluIe)Ie [euoieoNpa Aq paulwisiep VSN ‘eluioyed
ur mopuim apronsad [eanynaby pue A)o1uyis/eel [eulsien JspJosip ansiny YAIFNSd SAQ eluioyljed  |0JU0I-8SBI PAISSN  G/69/99V  866T-966T ‘R3IIEA [eUSD gerusIbua pue susgoy
g0q o} 'ssaippe
T SAep [euoijelseh |e1UapPISaI UO paseq WaisAs
:uonelsab uolewJoyul d1ydesbosh
10 ||V 18- SAep B pUe UoITeWIOUL
:pousad jeuonelsab doJo Buisn uaipjiyd 0y
Housisod v 6y payul| uonenBay ap1onsad
-/ sAep [euonelsab 10 Juswyredaq eluioyIfeD abe |eusarew pue ‘sisoubelp yeis saa
‘Juswdojanap 3y} woJy eyep uonesidde 10 J31u89 Jeuolbal SAQ Aq paulwiaiep VSN ‘eluioyed
SND :Adueubaid apronsad [einynoufy  pue ‘adel ‘uoieINPa [eulsleN JapJosip ansnuny Y-AI-NSa S eluiojied  |0JjU0d—ased palsaN  §/69/S97  866T-966T ‘R3] IBA [e13U8D ger |8 19 SHBQ0Y
gobe
Jeuajew pue ‘uoissaidap (SODVINVHD)
[eusayew ;1 Add [eulalew seulfes
‘Aied ‘ploysaiyy Ausnod Jo uaip|iyd
9A0Qe awodul pjoyassnoy pue siaylo\
a|dwes poojq feyeuaid ¢'9102s JINOH ‘uoneinp 10 JUBLUSSASSY
syuowW g 01 Yyuiq Jeusslew ‘suswioads Buipaspisealq ‘Juallssasse 709D Jo 3[eds YresH VSN ‘eluiojied
pue Aoueubaid auun pliyod pue jeulsieN Je abe joex® pue Xas s, plIyd asv add Uo %.6< 8y} 1o I8usd Hoyoo ¥0€/TS  1002—-000¢ ‘Aa|[eA seules ger [€ 19 1ZBUSXST
uo1eO1yISSe o pieuws Insesw 9324n0s ubsop qPZs SJeak uo17e00|
Buiwin ansodx3 JUSWR Jnseawl 8 Insodx3 gIgelen awisn lpy wsnny wsnny elep wsnny Apnis  o|dures yuig a1yde iboss) uoieD
mmmn_o_ummg pue wsnne Jo mco_u.mo__nsa _mo_oo_o_EwU_Qm papnjou]
0T 319Vl

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2016 May 04.

Curr Probl Pediatr Adolesc Health Care. Author manuscript



Page 61

Kalkbrenner et al.

"s)nsaJ 10edul 10U PIP A3Y) 8SNLIB S|BPOW [BULY U1 PAPNJOUL 10U ING PaJen|ens aJam sasayjualed ul salqeLien,

"€ 8]qeL Ul PaqgLIasap a.e s|00) dLI8WoyaAsd pue ansoubeip Em_5<h

“Z 91geL ul paqlIdsap aJe s8Inos erep Emﬁ:(b

'S|043U0/S8SBI JO JAgUINU By} Se ‘asIMIay10 ‘1o ‘adAlouayd wsine Jo ainseawl SNONUIUOD B PapN[aul S|9pOW [ed1ISIIeIS Uaym Jaquinu ajBuls e Aq pajuasaid si azis ajdwes

q

*J ainBi4 Ul sHnsay,

9109s JNOH
pue ‘191s3WLI} pug ul swoldwAs
anIssaidap ‘asn ulweliA [ereuaid

‘awoaul pjoyasnoy ‘Aied

Apms (IWOH)

pazijewlou pidi| ‘syaam quawAo|dwa pue ‘auiunod sieak G JUBWIUOIIAUT
9T punoJe Ajjensn ‘uonelsad winJss ‘O] ‘sniels aoueInsul pue ¢ sebe Je 3jeaS 8yl JO sainsesl
UoITeD1}ESe [0 pleupInsesw 9924ncs ubsep PZs s Jeak UoI7eo0|
Buiwin ansodx3 JUSWR Jnseaw 8 nsodx3 gRI0el fen uewisn py wsnny wsnny elep wsnny Apnis  a|dures yuig a1yde boss) uoielD
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



Page 62

Kalkbrenner et al.

*s)InsaJ 10eduil Jou PIP A3y} 8sNeIs] S|SPOW [BUL Ul PAPNJOUL 10U ING PaYen|eAd alam sasayiuated Ul sajqelien

)
‘€ 8|qeL Ul PaqLIasap a.e s]00) dL18woyaAsd pue ansoubeip wsnny,_

'S|0J1U02/SaSEI JO Jaguunu ay se ‘asimiaylo ‘1o ‘adAlouayd wisnne Jo ainseaw SNONUIUOD B PapN|oul S|aPOW [ea1ISITRIS UByM Jaquinu a|buis e Aq pajuasald si az1s ajdwes

q
‘g aInbi4 ul ww_:mmmm

Aoueubald

"pazipJepuels auIu1esId
pue (s19am 9z pue 9T punoJe) Aoueubaid wouy
sajdwies auln Ul painsesw dg pue sarefeyiyd
"pazijewou pidij pue (uonesab Jo syeam

97T e Ajjensn) wnJas Jo sisAjeue Aloreioqe|
woly painseall sQ4d pue ‘sy¥49g ‘sg0d

(s¥s
Je abe pue ‘O] pl1yo ‘uoneINpa

0T 9|BL U1 PAqUIOsaq
‘0T SIgEL Ul paguasaq

ger’e 19 UneIg

Je7 B 19 eARISOd-Y{9R]SBUD

‘O1 ‘abe [eutaren) ‘uonnip Apnis yijeaH
auLIN JO aINSeaw © ‘aulu1esld [ejuaWUoIIAUTg VSN YIoA
AoueuBald Jo syeam QO 01 GZ Wouy sajduwres Areunin pue ‘snyejs jejrew SIeak g—/ sem s, ualpjiyd MaN ‘A1
Aoueubaid aje|-piA auln jods [euJajew Jo sasAjeue Alojeloge] JaniBared ‘xas pue ades pjIyy  adAjousyd wsnne snonunuo) PI1Yd UBYM SHS leulS ‘N Hoyod IET  2002-866T MIOA MBN gg1 |8 39 YIUAOPOIIN
.[p00J 3|geaneMOIDIW,, PUE . ‘SIIU0IID3)3 PJO,,
.-sabelanaq pauued 10y, ,‘pO0Y ISBY,, . ‘SWLO)
aueyiainAjod,, . ‘spoojess,, ,‘sI0Jesaulaul
asem,, ,‘sonseld,, ,.‘pooy pauues,, 03
Aoueubald  ainsodxa Jo aireuuonsanb juaied anjoadsosey '] 8|geL ul paquased 65 [€ 19 W
swajqoad [eroueuly
'swoo.paq pue ‘snyels ewyise s,pjiyo ‘abe
pauIqwod pooypjiyd S.pI1yo pue s, uased ayy ul Buiiooly Jo adAy pue Xas s,p[1iyd ‘Bunjows eusarewl
Alrea + Aoueubaid IN0ge auljaseq Apnis Je alreuuonsanb juased ‘SMOPUIM UO UOI}eSUapuo) ‘G 9|geL ul paquasaq gg'[e 18 uossieT
uoIeolyISSe o oiBURINSESW s0inos  ubsap s uo17e00|
Buiwi] ainsodx3 JUBWR Jnses |\ 84nsodx3 pSRIqel e ewisn [py wsnny wsnny elepuwsnny  Apnis  ojdwes  s.Jeak ylig a1yde iboss) uoieD

Author Manuscript

2V [ousydsig pue ‘serefeyiyd ‘spealwiayd Xons-uou ‘syuepaelss awreyy ‘sjAusydiq pareuriojyaAjod pue wsnne Jo suoinealjgnd jeaibojoiwsapids papnjoul

Author Manuscript

1T 37149vl

Author Manuscript

Author Manuscript

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2016 May 04.



	Abstract
	Introduction and Scope of Review
	Review Methodology: Evaluating the Epidemiological Evidence
	Population-Based Human Studies
	Individual-Level Data on Autism Diagnoses or Behaviors
	Prenatal and Early Postnatal Exposures
	Valid Comparisons
	Adequate Sample Sizes and Statistical Precision
	Identifying and Reviewing Publications

	Evidence Regarding Environmental Chemical Pollutants
	Tobacco
	Regulated and Traffic-Related Air Pollutants
	Volatile Organic Compounds/Solvents
	Metals From Air, Occupation, Dental Amalgams, and Diet
	Metal (Ethylmercury) From Vaccinations
	Pesticides
	Polychlorinated Biphenyls, Flame Retardants, Non-Stick Chemicals, Phthalates, and Bisphenol A

	Susceptibilities and Heterogeneity of Response to Xenobiotic Exposures
	Greater Susceptibility in Males or Females
	Genetic Susceptibilities
	Different Responses Across the Spectrum of Neurodevelopmental Phenotypes

	Conclusions
	References
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7
	Fig 8
	TABLE 1
	TABLE 2
	TABLE 3
	TABLE 4
	TABLE 5
	TABLE 6
	TABLE 7
	TABLE 8
	TABLE 9
	TABLE 10
	TABLE 11

