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Purpose of review
Autism is a biologically based disorder of brain development. Genetic factors –
mutations, deletions, and copy number variants – are clearly implicated in causation of
autism. However, they account for only a small fraction of cases, and do not easily
explain key clinical and epidemiological features. This suggests that early environmental
exposures also contribute. This review explores this hypothesis.
Recent findings
Indirect evidence for an environmental contribution to autism comes from studies
demonstrating the sensitivity of the developing brain to external exposures such as lead,
ethyl alcohol and methyl mercury. But the most powerful proof-of-concept evidence
derives from studies specifically linking autism to exposures in early pregnancy –
thalidomide, misoprostol, and valproic acid; maternal rubella infection; and the
organophosphate insecticide, chlorpyrifos. There is no credible evidence that vaccines
cause autism.
Summary
Expanded research is needed into environmental causation of autism. Children today
are surrounded by thousands of synthetic chemicals. Two hundred of them are
neurotoxic in adult humans, and 1000 more in laboratory models. Yet fewer than 20% of
high-volume chemicals have been tested for neurodevelopmental toxicity. I propose a
targeted discovery strategy focused on suspect chemicals, which combines expanded
toxicological screening, neurobiological research and prospective epidemiological
studies.
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Introduction
Autism is a complex, serious, biologically based disorder
of brain development first described in 1943 by Kanner
[1]. Social deficits, abnormalities in communication,
repetitive behaviors, and cognitive inflexibility are the
characteristic features [2]. There is no specific biochemical indicator or distinct neuroanatomical abnormality that defines autism, and the diagnosis is based on
clinical and behavioral assessment.
Cases of autism vary from mild to profound and in the
relative prominence of particular features and comorbidities. Approximately 50% of autistic children have intellectual disability, some have abnormally increased brain
size, one-third have had at least two epileptic seizures by
late adolescence, and about half have severely impaired
speech [3]. Yet some children with autism, notably those
with Asperger’s syndrome, have highly developed intellectual skills, sometimes in specific areas such as mathematics. Because of this heterogeneity, the term ‘autism
spectrum disorder’ (ASD) has come into use. ASD
1040-8703 ß 2010 Wolters Kluwer Health | Lippincott Williams & Wilkins

encompasses autistic disorder (DSM 299.00), Asperger’s
syndrome (DSM 299.80) and pervasive developmental
disorder – not otherwise specified (PDD-NOS) (DSM
299.80).
The causation of autism is the subject of intense
inquiry [4–7,8]. Genetic factors are clearly important.
Gene mutations, gene deletions, copy number variants
(CNVs) and other genetic anomalies are all persuasively
linked to autism [9]. But none accounts for more than a
relatively small fraction of cases. The hypothesis therefore arises that early environmental exposures may also
contribute to causation, perhaps acting in concert with
genetic susceptibilities. It may further be hypothesized
that variation in the interplay between different
environmental exposures and inherited vulnerabilities
may account for the observed heterogeneity in the
autism phenotype.
The article explores the possible contribution of early
environmental exposures to causation of autism, with
particular focus on the possible role of toxic chemicals.
DOI:10.1097/MOP.0b013e328336eb9a
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It proposes a strategy for discovery of currently unrecognized and potentially preventable causes of autism.

Epidemiology of autism
The prevalence of autism currently reported in the US is
6–7 cases per 1000 children [10]. This reported prevalence is substantially higher than that of a decade earlier.
Similar increases have been noted in the UK, Europe and
Japan [11,12]. The CDC survey that established the
current US rate found no significant difference between
Caucasian and African–American children. It confirmed
previous reports that ASD is 3–5 times more common in
boys [13].
The reported increase in prevalence of autism has triggered vigorous debate as to whether the trend reflects a
true increase in incidence, or is merely a consequence of
expansion in the definition of ASD and greater awareness, improved diagnosis and better reporting [11]. This
highly controversial question is not yet settled [14]. A
recent critical analysis concludes that increases in recognition, changed diagnostic criteria, and changing public
attitudes about autism have played a major role in catalyzing the upward trend in reported prevalence. This
analysis observes, however, that the possibility of a true
rise in incidence cannot be excluded [12].

Genetic factors in autism
Genetic and familial factors are unquestionably involved
in causation of autism [4]. Families with multiple cases
have been described. Autism has repeatedly been seen in
sibs and twin pairs. Concordance in monozygotic twins is
reported to be as high as 70% [15], and, when the broader
phenotype of autism is considered, concordance in monozygotic twins approaches 90%. Concordance rates for
autism in dizygotic twins appear no higher than among
singleton siblings. Families with autistic children may
contain members with ‘autistic traits’ such as social
isolation or tendency toward repetitive behavior [13].
Autism occurs in a number of genetic conditions, among
them Fragile X syndrome, Down syndrome, Cohen syndrome, Angelman syndrome [16] and Rett syndrome [17].
Ongoing research into the genetics of autism has
employed the following three main strategies [18]:
(1) Family-based and case–control evaluations of candidate genes [19,20]. These studies have identified
numerous candidate loci, most consistently on
chromosomes 7q, 15q and 2q [19,20]. They have also
identified specific mutations associated with ASD,
notably in SHANK3, a gene that encodes a synaptic
scaffolding protein; in NLGN 3/4, also involved in
synapse formation; and in PTEN [16].

(2) Cytogenetic studies. Cytogenetic studies have identified abnormalities on chromosome 15q [19].
(3) Genome-wide association screens [9,21]. These studies – the most recent generation of genetic investigations into the causation of autism – have
identified large-scale genetic duplications, deletions
and CNVs associated with ASD. These include
CNVs in CNTN4, a gene involved in development
of neuronal networks; in NRXN1, involved in synaptogenesis [21]; and a recurrent microdeletion on
chromosome 16p [22,23]. Each of these microdeletions accounts for approximately 1% of cases of
ASD.
At the present time, genetic factors are thought to
account for 7–8% of autism cases, but this fraction
will likely increase as genetic research advances and
additional genetic causes are discovered.
Despite rapid advances in understanding the genetic
contribution to autism, a purely genetic explanation
for causation has difficulty in explaining certain clinical
and epidemiological aspects of autism, among them the
occurrence of sporadic cases, wide heterogeneity in
clinical presentation, discordant development in monozygotic twins, and occurrence within families of members with fully developed autism side by side with others
who manifest only ‘autistic traits’ [7,20]. This situation
therefore raises the possibility that environmental
exposures could also play a role in causation of autism
[7,20]. These factors could act in concert with inherited
susceptibilities or through inducing epigenetic changes
[24].

Plausibility for an environmental contribution
to causation of autism
Support for the possibility that there is an environmental
contribution to causation of autism comes from the following two sources:
(1) Current understanding of the exquisite vulnerability
of the developing human brain to toxic exposures in
the environment [25]; and
(2) Historically important, proof-of-concept studies that
specifically link autism to environmental exposures
experienced prenatally.
Vulnerability of the developing human brain to toxic
exposures

Long and tragic experience that began with studies of
lead [26] and methylmercury [27] has documented that
toxic chemicals can damage the developing human brain
to produce a spectrum of neurodevelopmental disorders
ranging from overt toxicity at high levels of exposure
down to subclinical dysfunction [28–31].
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The developing human brain is understood today to be
exquisitely susceptible to injury caused by toxic chemicals in the environment [32]. This vulnerability is greatest during embryonic and fetal life, and may be especially
great in the first trimester of pregnancy [33–35]. There
exist windows of susceptibility in early development that
have no counterpart in the mature brain [36].

sites [49]. They are routinely detected in air, food and
drinking water. Measurable quantities of several hundred
HPV chemicals are found in the blood and urine of nearly
all Americans, as well as in human breast milk and the
cord blood of newborn infants [50]. Fewer than 20% of
HPV chemicals have been tested for potential to cause
neurodevelopmental toxicity [51].

A growing list of chemicals is now implicated in causation
of neurodevelopmental disabilities, including:

A recent systematic review of the world’s literature
undertaken to identify chemicals potentially toxic to
the developing human brain produced a list of approximately 200 industrial chemicals documented to be neurotoxic in adult humans [33]. These are primarily industrial chemicals – metals, solvents, and pesticides – and
nearly half are HPV materials. This search also produced
a second list of approximately 1000 chemicals that have
not been examined in humans, but that are neurotoxic in
experimental models.

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

Lead [26,28–30];
Methylmercury [27,31];
Polychlorinated biphenyls (PCBs) [37,38];
Arsenic [39,40];
Manganese [41];
Organophosphate insecticides [42–44,45,46];
DDT [47];
Ethyl alcohol [48].

Can other chemicals cause developmental
neurotoxicity?

This short list of chemicals currently identified as human
developmental neurotoxicants may be only the currently
visible tip of a potentially much larger problem (Fig. 1).
Children today are at risk of exposure to 3000 synthetic
chemicals produced in quantities of more than 1 million
pounds per year, termed high-production-volume (HPV)
chemicals. HPV chemicals are found in a wide array of
consumer goods, cosmetics, medications, motor fuels and
building materials. They are common in hazardous waste
Figure 1 The iceberg (triangle) of developmental neurotoxicants
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Reproduced with permission from [33].

Given current understanding of the great vulnerability of
the developing brain to toxic chemicals, likelihood is high
that many of the materials identified through this search
have potential to cause injury to the developing brain and
to produce neurodevelopmental disorders, possibly autism among them.

Direct evidence for environmental causation
of autism
The most strongly positive, ‘proof-of-concept’ evidence
to support the hypothesis that environmental factors
contribute to causation of autism comes from clinical
and epidemiological studies that link autism with specific
environmental exposures.
(1) Thalidomide: An increased incidence of autism is
reported among children exposed prenatally to thalidomide [52]. In a population of 100 Swedish thalidomide embryopathy cases, at least four met full
diagnostic criteria for autism [53]. On the basis of
the pattern of concomitant somatic malformations,
the time of critical exposure was calculated to be 20–
24 days post conception [54].
(2) Misoprostol: Misoprostol is a prostaglandin analogue,
licensed in the US for the prevention of gastric ulcers.
It is widely used in some countries as an abortifacient.
A case series from Brazil describes a group of seven
children with ASD, of whom four (57.1%) had prenatal exposure to misoprostol [55]. The relevant
exposures were reported to have occurred in the first
trimester of pregnancy following unsuccessful abortion attempts; mean exposure was in the sixth week
post conception.
(3) Valproic acid: Children exposed prenatally to the
anticonvulsant valproic acid exhibit patterns of
somatic malformation similar to those of thalidomide
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embryopathy, but of lesser severity. These include
neural tube defects, cardiac malformations, craniofacial anomalies and limb defects. They can also
develop autism [56]. Autism was reported in 11%
of 57 children whose mothers took valproic acid in
early pregnancy. An even larger number of these
children had some autistic traits. On the basis of
the pattern of somatic malformations, the time of
critical vulnerability was calculated to be in the first
3–4 weeks post conception [57]. In-utero exposure
of rats to valproic acid has been shown to produce
behavioral abnormalities analogous to autism [57].
(4) Prenatal rubella infection: Clinical and epidemiological studies have linked maternal rubella infection in
early pregnancy with autism [58]. In these studies,
autism occurred in conjunction with other anomalies
typical of the congenital rubella syndrome, including
eye defects, deafness, mental retardation and cardiac
malformations. Risk for autism appeared greatest
when infection occurred in the first 8 weeks
post conception.
(5) Chlorpyrifos: Chlorpyrifos is an organophosphate
insecticide widely used until a few years ago to
control insects in schools and homes in the US and
still used extensively in agriculture. Chlorpyrifos was
first recognized to be a developmental neurotoxicant
in experimental studies, in which perinatal exposure
of newborn rodents to low doses of chlorpyrifos was
shown to cause reduced numbers of neurons,
decreases in intelligence and persistent alterations
of behavior [59].
Prospective assessments of infants exposed in utero to
chlorpyrifos have reported exposure-related decreases in
duration of gestation and in body weight at birth, as well
as an exposure-related increase in the number of abnormally primitive neonatal reflexes [43,60,61]. Continuing
follow-up of these children through 24–36 months
demonstrated significant developmental delays [62], cognitive deficits, and increased risk for attention deficit–
hyperactivity disorder (ADHD). Most recently these
studies have found, on the basis of maternal report, an
increased incidence of PDD-NOS [47,62].
In each of these examples the environmental exposures
relevant to autism appear to have occurred prenatally,
indeed very early in the first trimester of pregnancy
[53,63]. These findings have substantial implications
for understanding the environmental contribution to
causation of autism and for the design of research that
seeks to discover these causes [64].

Vaccines and autism
Childhood immunization is a factor that has received
much scrutiny as a potential environmental cause of

autism. Claims of a link between vaccines and autism
first arose in the late 1990s in the UK, the US and other
countries and were triggered by clinical observation of
onset of autism in the days immediately following vaccination [65]. In the UK, these claims focused on the
measles–mumps–rubella (MMR) vaccine [66]. In the
US, they focused on thimerosal, a preservative containing
ethyl mercury that was added to multidose vials of many
vaccines to prevent microbial contamination.
To address the issue, a series of studies was undertaken in
the US, the UK, Europe and Japan. None of these studies
have found any credible evidence for a link between
vaccines and autism [12]. Key findings are:
(1) In the UK, there was a steady year-to-year increase in
the reported number of cases of autism from the
1980s into the late 1990s. There was no evidence
of a change in this trend line following introduction of
MMR vaccination in 1988. In a British series of 498
cases of autism, there was no difference in age at
diagnosis of autism between vaccinated children and
children never vaccinated. There was no temporal
association between MMR vaccination and onset of
autism [67,68].
(2) In California, continuous increase in the rate of
diagnosed autism occurred from the 1980s into the
1990s, but did not correlate with immunization patterns. Thus, autism cases increased from 44 per
100 000 live births in 1980 to 208 per 100 000 live
births in 1994 (a 373% increase), whereas in the same
time period MMR coverage increased from only 72 to
82% [69].
(3) In Yokohama, Japan, the MMR vaccination rate
declined significantly between 1988 and 1992, and
no MMR vaccine was administered in 1993 or thereafter. Despite declining immunizations, cumulative
incidence of ASD increased significantly each year
from 1988 through 1996 and rose especially dramatically beginning in 1993. Overall incidence of autism
nearly doubled in those years [70].
(4) In Denmark, a comparison of autism rates in 440 655
immunized children versus 96 648 unimmunized
children in the years 1991–1998 found no differences
in incidence or prevalence between the two groups.
There was no association between age at immunization or season at immunization and rate of autism
[71].
(5) In Finland, a retrospective study in 535 544 1–7-yearold children vaccinated between November 1982 and
June 1986 found no increases in incidence of autism
during the 3-month period following immunization
and no temporal clustering of autism hospitalizations
[72].
(6) In the UK, a prospective population-based cohort
study that has followed more than 14 000 children
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from birth found no evidence that early exposure to
thimerosal had any deleterious effect on neurologic or
psychological outcome [73].
(7) In the US, an analysis of neuropsychological function
in 1047 children found no consistent correlation
between neuropsychological functioning at age 7–
10 years and early exposure to thimerosal-containing
vaccines [74].
Taken together, this extensive series of high-quality,
peer-reviewed studies has failed to show any association
between autism and childhood immunization. Fear of
autism does not justify failure to vaccinate children
against life-threatening diseases [75].

Need for an autism discovery strategy
Although vaccines and their components are not credible
causes of autism, the possibility remains open that there
exist unrecognized environmental causes of autism [33].
Most likely these are to be found among the HPV
chemicals to which pregnant women and children today
are routinely exposed. The rationale for seeking environmental causes of autism is that, once discovered, these
causes are potentially preventable [76].
A successful strategy for discovering the environmental
causes of autism will need to be highly interdisciplinary.
It will need to bring together researchers from outside
the traditional autism research community [12]; from
a wide array of disciplines including toxicology,
epidemiology, developmental psychology, developmental neurobiology, neuropathology, molecular genetics,
genomics, proteomics, functional neuroimaging and
medical informatics.
Three key components of a proposed autism discovery
strategy are:
(1) Toxicological studies: To identify chemicals that are
developmental neurotoxicants and therefore have
potential to contribute to causation of autism, a highly
targeted toxicological search is urgently needed. A
logical starting point for this search would be the 1200
chemicals identified as neurotoxic through the literature review described above [33]. Highest priority
should be assigned to examining the chemicals on
these lists that are already known to be neurotoxic in
either humans or animals and that are most widely
distributed in children’s environments. Chemical
classes that fulfil these criteria are organophosphate
pesticides, organohalogens, phthalates and phenols,
such as Bisphenol A.
New, more rapid screening tools for detection of
developmental neurotoxicity need to be applied in
this search [77,78]. Current testing methods are slow

and cumbersome and leave too many common
chemicals untested. Also, to better detect the potential of chemicals to injure the developing brain,
toxicity testing protocols need to expand to include
examination of neurobehavioral function [79]. Current test protocols rely mainly on such crude
parameters as brain weight and gross morphology
[80,81] and are therefore relatively insensitive.
(2) Neurobiological research: To understand the cellular
and molecular mechanisms involved in environmental causation of autism, a broad range of neurobiological studies need to be undertaken. These studies
will discover how toxic chemicals interact with the
developing brain, and identify the ways in which
chemicals interact with the genome to produce
changes in brain structure and function.
A possible approach to such studies would be to
expose animals in early gestation to chemicals known
to cause autism, such as thalidomide or valproic acid,
and then to study the cascade of genetic, molecular
and cellular effects that these exposures produce in
offspring. That work has the potential to identify
perturbations in signaling pathways that are critical in
the genesis of autism. Those pathways could then be
queried in relation to other synthetic chemicals in
new, high-throughput toxicological testing systems.
(3) Prospective epidemiological studies: Large-scale,
prospective epidemiological studies such as the
recently launched US National Children’s Study
are extraordinarily powerful engines for discovery
of the environmental causes of autism. The National
Children’s Study is the largest study of children’s
health ever undertaken in the US. It will follow
100 000 children, a statistically representative sample
of all children born in the United States from conception to age 21 [81,82]. It is the first large-scale
prospective study of children’s health to specifically
measure children’s environmental exposures, prenatally as well as after birth, using a combination of
maternal and infant biological markers and direct
sampling of the ambient environment. It will collect
samples for genetic analysis from each mother
and child.
The National Children’s Study will attempt to link
children’s prenatal and postnatal environmental
exposures with the subsequent appearance of disease
and dysfunction. It will examine gene–environment
interactions. It is hypothesis-driven and will specifically
seek environmental causes of autism and other neurodevelopmental disorders. Findings from the toxicological
and neurobiological studies described above could inform
and focus the National Children’s Study by identifying
particular classes of chemicals as targets for investigation.
Given the currently reported prevalence of autism in the
US, the study can be expected to include nearly 700
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children with autism. It will provide an unparalleled
opportunity to examine interactions between genetic
and environmental factors in the genesis of autism.

8 Institute of Medicine. Autism and the environment: opportunities and chal lenges for research. Washington: National Academies Press; 2008.
A scholarly report on a 2007 forum convened by the Institute of Medicine to
examine the interplay of environmental and genetic factors in causation of autism.
It proposes a framework for a research agenda.
9

Conclusion
Much attention in recent years has focused on understanding the genetic contribution to causation of
autism. This elegant research has identified a series
of genetic factors and will likely discover still more.
But none of these anomalies accounts to date for more
than a small fraction of cases, and there is substantial
imbalance between the extensive and highly sophisticated information on the genetics of autism and the
scarcity of investigation into potential environmental
causes. This situation raises the possibility that unsought
environmental exposures contribute to causation of
autism.
To discover the undiscovered environmental causes of
autism, an interdisciplinary autism discovery strategy is
proposed that combines toxicological screening, neurobiological research and prospective epidemiological
study. Likelihood is high that this strategy will identify
new environmental causes of autism, causes that can in
theory be prevented. Potential for breakthrough discovery is high.

Acknowledgements
I would like to acknowledge the generous guidance provided by
Professor Philippe Grandjean, MD of the Harvard University School of
Public Health and the Institute of Public Health of the University of
Southern Denmark; by Professor Patricia M. Rodier, PhD of the
Department of Obstetrics and Gynecology of the University of
Rochester Medical Center; and by Professors Joseph D. Buxbaum,
PhD of the Department of Psychiatry, and Eric J. Nestler, MD, PhD of
the Department of Neurosciences of Mount Sinai School of Medicine.
The work was supported by NIEHS grant number 5P01ES9584 and
EPA grant number RD-83171101.

References and recommended reading
Papers of particular interest, published within the annual period of review, have
been highlighted as:

of special interest
 of outstanding interest
Additional references related to this topic can also be found in the Current
World Literature section in this issue (p. 255).
1

Kanner L. Autistic disturbance of affective contact. Nerv Child 1943; 2:
217–250.

2

American Academy of Pediatrics. Committee on Children with Disabilities.
The pediatrician’s role in the diagnosis and management of autistic spectrum
disorder in children. Pediatrics 2000; 107:1221–1226.

3

Rapin I. The autistic-spectrum disorder. N Engl J Med 2002; 347:302–303.

4

Bailey A, Le Couteur A, Gottesman I, et al. Autism as a strongly genetic
disorder: evidence from a British twin study. Psychol Med 1995; 25:63–77.

5

Monaco AP, Bailey AJ. The search for susceptibility genes. Lancet 2001;
358:S3.

6

Hultman CM, Sparén P, Cnattingius S. Perinatal risk factors for infantile
autism. Epidemiology 2002; 13:417–423.

7

Daniels JL. Autism and the environment. Environ Health Perspect 2006;
114:A396.

Sutcliffe JS. Genetics. Insights into the pathogenesis of autism. Science
2008; 321:208–209.

10 Centers for Disease Control and Prevention (CDC). Prevalence of autism
spectrum disorders: autism and developmental disabilities monitoring
network, six sites, United States, 2000. MMWR Surveill Summ 2007; 56:1–11.
11 Fombonne E. The prevalence of autism. J Am Med Assoc 2003; 289:87–90.
12 Rutter M. Incidence of autism spectrum disorders: changes over time and
their meaning. Acta Paediatr 2005; 94:2–15.
13 Murphy M, Bolton PF, Pickles A, et al. Personality traits of the relatives of
autistic probands. Psychol Med 2000; 30:1411–1424.
14 Fombonne E. Epidemiology of autistic disorder and other pervasive developmental disorders. J Clin Psychiatry 2005; 66 (Suppl 10):3–8.
15 Folstein SE, Rosen-Sheidley B. Genetics of autism: complex aetiology for a
heterogeneous disorder. Nat Rev Genet 2001; 2:943–955.
16 Barton M, Volkmar F. How commonly are known medical conditions associated with autism? J Autism Dev Disord 1998; 28:273–278.
17 Zoghbi HY. MeCP2 dysfunction in humans and mice. J Child Neurol 2005;
20:736–740.
18 Lamb JA, Parr JR, Bailey AJ, et al. Autism: in search of susceptibility genes.
Neuromolecular Med 2002; 2:11–28.
19 Muhle R, Trentacoste SV, Rapin I. The genetics of autism. Pediatrics 2004;
113:e472–e486.
20 Santangelo SL, Tsatsanis K. What is known about autism: genes, brain, and
behaviour. Am J Pharmacogenomics 2005; 5:71–92.
21 Autism Genome Project Consortium, Szatmari P, Paterson AD, Zwaigenbaum
L, et al. Mapping autism risk loci using genetic linkage and chromosomal
rearrangements. Nat Genet 2007; 39:319–328.
22 Kumar RA, KaraMohamed S, Sudi J, et al. Recurrent 16p11.2 microdeletions
in autism. Hum Mol Genet 2008; 17:628–638.
23 Weiss LA, Shen Y, Korn JM, et al. Association between microdeletion and

microduplication at 16p11 and autism. N Engl J Med 2008; 358:667–675.
A study utilizing genotype data from 751 multiplex families with autism to identify
recurrent CNVs possibly linked to autism. The researchers identified a novel,
recurrent microdeletion and a reciprocal microduplication which were associated
with a substantial susceptibility to autism and reportedly account for approximately
1% of ASD cases.
24 Mehler MF. Epigenetics and the nervous system. Ann Neurol 2008; 64:602–

617.
An overview of epigenetics, the applicability of this field to medicine, and a
discussion of possible therapeutics to promote disease prevention and recovery
related to neurological disorders, including autism.
25 National Academy of Sciences. Developmental neurotoxicology. Washington,
DC: National Academic Press; 2002.
26 Gibson JL. A plea for painted railing and painted walls of rooms as the source
of lead poisoning among Queensland children. Aust Med Gazette 1904;
23:149–153.
27 Harada M. Minamata disease: methylmercury poisoning in Japan caused by
environmental pollution. Crit Rev Toxicol 1995; 25:1–24.
28 Landrigan PJ, Whitworth RH, Baloh RW, et al. Neuropsychological dysfunction
in children with chronic low-level lead absorption. Lancet 1975; 1:708–712.
29 Needleman HL, Gunnoe C, Leviton A, et al. Deficits in psychologic and
classroom performance of children with elevated dentine lead levels. N Engl J
Med 1979; 300:689–695.
30 Canfield RL, Henderson CR Jr, Cory-Sechta DA, et al. Intellectual impairment
in children with blood lead concentrations below 10 microg per deciliter.
N Engl J Med 2003; 348:1517–1526.
31 Grandjean P, Perez M. Developmental neurotoxicity: implications of methylmercury research. Int J Environment Health 2008; 2 (3–4):417–428.
32 National Academy of Sciences. Pesticides in the diets of infants and children.
Washington, DC: National Academy Press; 1993.
33 Grandjean P, Landrigan PJ. Developmental neurotoxicity of industrial chemicals: a silent pandemic. Lancet 2006; 368:2167–2178.
34 Rodier PM. Developing brain as a target of toxicity. Environ Health Perspect
1995; 103 (Suppl 6):73–76.
35 Rice D, Barone S Jr. Critical periods of vulnerability for the developing nervous
system: evidence from humans and animal models. Environ Health Perspect
2000; 108 (Suppl 3):511–533.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Exploring the environmental contribution to autism Landrigan 225
36 Ginsberg G, Hattis D, Sonawane B. Incorporating pharmacokinetic
differences between children and adults in assessing children’s risks to
environmental toxicants. Toxicol Appl Pharmacol 2004; 198:164–183.
37 Jacobson JL, Jacobson SW, Humphrey HEB. Effect of in utero exposure to
polychlorinated biphenyls and related contaminants on cognitive functioning
in young children. J Pediatr 1990; 116:38–45.
38 Jacobson JL, Jacobson SW. Intellectual impairment in children exposed
to polychlorinated biphenyls in utero. N Engl J Med 1996; 335:783–
789.
39 Yamashita N, Doi M, Nishio M, et al. Recent observations of Kyoto children
poisoned by arsenic tainted ‘Morinaga dry milk’ [in Japanese]. Jap J Hyg 1972;
27:364–399.
40 Wasserman GA, Liu X, Parvez F, et al. Water arsenic exposure and children’s
intellectual function in Araihazar, Bangladesh. Environ Health Perspect 2004;
112:1329–1333.
41 Wasserman GA, Liu X, Parvez F, et al. Water manganese exposure and
children’s intellectual function in Araihazar, Bangladesh. Environ Health
Perspect 2006; 114:124–129.
42 Berkowitz GS, Wetmur JG, Birman-Deych E, et al. In utero pesticide exposure,
maternal paraoxonase activity, and head circumference. Environ Health
Perspect 2004; 112:388–391.
43 Whyatt RM, Rauh V, Barr DB, et al. Prenatal insecticide exposures and birth
weight and length among an urban minority cohort. Environ Health Perspect
2004; 112:1125–1132.
44 Eskenazi B, Marks AR, Bradman A, et al. Organophosphate pesticide exposure and neurodevelopment in young Mexican-American children. Environ
Health Perspect 2007; 115:792–798.
45 Eskenazi B, Rosas LG, Marks AR, et al. Pesticide toxicity and the developing
 brain. Basic Clin Pharmacol Toxicol 2008; 102:228–236.
This study reports findings from a prospective, birth cohort epidemiological study in
California. It finds that prenatal exposure to DDT is associated with impairments in
neurobehavioral development. It finds also that prenatal exposure to organophosphate pesticides is linked to PDD, a finding that confirms the observation of Rauh
et al. [62].
46 Grandjean P, Harari R, Barr DB, et al. Pesticide exposure and stunting as
independent predictors of neurobehavioral deficits in Ecuadorian school
children. Pediatrics 2006; 117:e546–e556.
47 Eskenazi B, Marks AR, Bradman A, et al. In utero exposure to dichlorodiphenyltrichloroethane (DDT) and dichlorodiphenyldichloroethylene (DDE) and
neurodevelopment among young Mexican American children. Pediatrics
2006; 118:233–241.

60 Engel SM, Berkowitz GS, Barr DB, et al. Prenatal organophosphate metabolite and organochlorine levels and performance on the Brazelton Neonatal
Behavioral Assessment Scale in a multiethnic pregnancy cohort. Am J
Epidemiol 2007; 165:1397–1404.
61 Young JG, Eskenazi B, Gladstone EA, et al. Association between in utero
organophosphate pesticide exposure and abnormal reflexes in neonates.
Neurotoxicology 2005; 26:199–209.
62 Rauh VA, Garfinkel R, Perera FP, et al. Impact of prenatal chlorpyrifos
exposure on neurodevelopment in the first 3 years of life among inner-city
children. Pediatrics 2006; 118:e1845–e1859.
63 Miller MT, Strömland K, Ventura L, et al. Autism associated with conditions
characterized by developmental errors in early embryogenesis: a mini review.
Int J Dev Neurosci 2005; 23:201–219.
64 Engel SM, Zhu C, Berkowitz GS, et al. Prenatal phthalates exposure and
 performance on the Neonatal Behavioral Assessment Scale in a multiethnic
birth cohort. Neurotoxicology 2009. doi:10.1016/j.neuro.2009.04.001.
A study examining relationship between prenatal maternal urinary concentrations
of phthalate metabolites and neonatal behaviour in a multiethnic birth cohort. This
study is of particular interest as it is the first to report an association between
prenatal phthalate exposure and neurological effects in humans and animals.
65 Baker JP. Mercury, vaccines, and autism. One controversy, three histories. Am
J Public Health 2008; 98:244–253.
66 Wakefield AJ, Murch SH, Anthony A, et al. Ileal-lymphoid-nodular hyperplasia,
nonspecific colitis, and pervasive developmental disorder in children. Lancet
1998; 351:637–641.
67 Taylor B, Miller E, Farrington CP, et al. Autism and measles, mumps, and
rubella vaccine: no epidemiological evidence for a causal association. Lancet
1999; 353:2026–2029.
68 Kaye JA, del Mar Melero-Montes M, Jick H. Mumps, measles, and rubella
vaccine and the incidence of autism recorded by general practitioners: a time
trend analysis. Br Med J 2001; 322:460–463.
69 Dales L, Hammer SJ, Smith NJ. Time trends in autism and in MMR immunization coverage in California. J Am Med Assoc 2001; 285:1183–1185.
70 Honda H, Shimizu Y, Rutter M. No effect of MMR withdrawal on the incidence of
autism: a total population study. J Child Psychol Psychiatry 2005; 46:572–579.
71 Madsen KM, Hviid A, Vestergaard M, et al. A population-based study of
measles, mumps, and rubella vaccination and autism. N Engl J Med 2002;
347:1477–1482.
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