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1 Introduction 
This consensus statement outlines the current scientific understanding of the links between environmental 
factors and learning and developmental disabilities. It also identifies important research areas that hold 
promise of further advancing our understanding of these links. This statement is intended as a guide to 
scientists, medical professionals, policymakers, public health advocates, and the general public in 
advancing their efforts to address the important individual and social issues raised by learning and 
developmental disabilities. 
 
Terms in orange underlined font are defined in a Glossary of Terms and Term Usage specific to this 
document, beginning on page 19. 
 
1.1 Purposes of the document 

 To review findings from diverse research 
disciplines concerning environmental 
contaminants and the biological basis of 
compromised learning and development, 
with special attention to critical recent 
discoveries in related basic sciences; 

 To identify conclusions that could be 
drawn with confidence from existing data; 

 To identify critical knowledge gaps and 
areas of uncertainty; 

 To establish key elements of a coherent 
research agenda to help fill these gaps and 
resolve uncertainties; 

 To form a foundation of current scientific 
knowledge upon which to make policy 
decisions that promote and protect an 
environment in which all children can 
reach and maintain their full potential. 

 
1.2 Scope and incidence of disorders 
Within the human brain lies our capacity to learn, 
talk, read, calculate, memorize, conceptualize, 
organize, pay attention, utilize motor skills, 
interact socially and behave appropriately. We 
cannot reach our full potential with a damaged 
brain or nervous system.  
 
Though many of the environmental contaminants 
discussed in this document can also undermine the 
healthy development of other biological systems in 
the body, such as the reproductive, endocrine and immune systems, this consensus statement is focused 
solely on the developing brain and nervous system. This distinction is somewhat artificial since the 
impact of toxicants upon these other systemic processes may have effects that feed back and impact brain 
function. Although it is often believed that endocrine function, for example, is independent of brain 
development, it is now clear that  they are so closely entwined that endocrine toxicants are, in essence, 
neurodevelopmental toxicants. 

Children are not little adults 

 
 

 Environmental exposures start early: pre-
conception, during gestation (in utero 
exposure), via breast milk, infant formula 
and then through contact with the 
environment. 

 For their body weight, children eat and 
breathe more than adults, thus a small 
exposure translates into a big dose.  

 Their organ systems, particularly the 
nervous system, are forming and are thus 
more susceptible to the effects of 
chemicals. 

 Young children are prone to hand-to-mouth 
behaviors that expose them to higher levels 
of ambient chemicals. 

 Children rely on adults to ensure that they 
develop in an environment in which they 
can reach and maintain their full potential. 
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Other neurologically based disorders have also been shown to have environmental contributors, especially 
Parkinson’s disease (1-4), mental illness including schizophrenia (5), cerebral palsy (6) and epilepsy. This 
document focuses on learning and developmental disorders and does not address these conditions. 
 
1.2.1 Definitions of LDDs 
In this report, we define learning and developmental disorders broadly as conditions resulting from 
interference of normal brain development and function that adversely affect an individual’s performance. 
Learning and developmental disabilities (LDDs) include but are not limited to deficits in learning and 
memory, reduced IQ, attention deficit hyperactivity disorder (ADHD), autism spectrum disorder, conduct 
disorders and developmental delays.  
 
1.2.2 Overview of brain development 
The development of the human brain begins in utero and continues through adolescence, following a 
precise and delicate step-by-step sequence involving complex neurobiological processes including the 
formation of the neural tube, cell proliferation, differentiation, migration and selection, synapse 
formation, development of neurochemical systems, cell pruning; and myelination. These processes 
ultimately involve 10 to 100 billion neuronal cells with many trillions of connections. The long and 
complex development of the brain and nervous system leaves it susceptible to the adverse effects of 
chemical exposures. 
 
Even minor changes in the structure or function of the nervous system can have profound consequences 
for neurological, behavioral and related body functions. Disruption of the brain’s normal development can 
happen in utero as a baby develops within the mother’s body or as the brain continues to develop from 
infancy through adolescence. Brain function 
can also be impacted in adulthood from an 
accident, trauma or exposure to 
neurotoxicants

Critical recent discoveries 
.   Even very low doses of some biologically 

active contaminants can alter gene expression 
important to learning and developmental 
function. 

 
1.2.3 Incidence 
Autism, attention deficit hyperactivity disorder 
(ADHD), dyslexia, mental retardation, 
lowered IQ and other disorders of learning and 
behavior are highly prevalent among 
American children. The incidence of learning 

 Exposures during fetal development can 
adversely affect learning and development of 
the individual and last a lifetime. 

 Humans are exposed to complex mixtures of 
chemicals that can interact to enhance adverse 
effects. 

and developmental disabilities (LDDs) 
appears to be rising, affecting between five 
and 15 percent of all children under the age of 
18 in the United States, or more than 12 
million children under 18 (7). In general, 
disabilities have increased significantly over 
the past four decades (8). 

 Due to genetic variation (polymorphisms) 
people differ in susceptibility to exposures. Not 
identifying and studying susceptible subgroups 
can result in failure to protect those at high 
risk. 

  Children are often more susceptible than adults 
to the effects of exposure to environmental These disabilities include disorders of 

learning, attention, emotional state and 
behavior. Mental

agents
 retardation impacts two 

percent of children, or approximately 1.4 
million children (9-12). ADHD

. 

 is conservatively estimated to occur in three to six percent, or 
approximately two million children (13) (14). A more recent study in the National Health and Nutrition 
Examination Survey (NHANES) found 8.7 percent of 8- to 15-year-old children met the Diagnostic and 
Statistical Manual of Mental Disorders (DSM-IV-TR) criteria for ADHD based on parent recall (15). 
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Autism spectrum disorder is estimated to affect approximately 0.7 percent, or 450,000 children and 
appears to be 10 times more prevalent today than it was in the 1980s (16), although that estimate is still 
debated.  
 
These nonfatal disabilities that affect an individual for a lifetime can be classified as the “new 
morbidities,” and the prevalence in children is summarized in Figure 1 below. This figure presents a 
compilation of data from different sources (7, 15, 17-19), demonstrating the interrelation of these 
childhood conditions. 
 

Prevalence of the “New Morbidities” in United States Children 
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Figure 1.   

 
 
1.2.4 Impacts on individuals, families and society 
In children, developmental, learning, attention and behavioral problems can cause tremendous challenges 
for the affected children, their families and communities. Consequences include psychological and 
economic costs associated with learning delays, aggressive or otherwise inappropriate behavior, school 
dropout, teen parenting, substance abuse, unemployment, welfare dependency and involvement with 
juvenile and adult criminal justice systems (20).  
 
Attempts to calculate the costs of these childhood “morbidities” have only recently been undertaken (20, 
21). Providing special education services to students with disabilities amounted to $77.3 billion, or an 
average of $12,474 per student in 1999-2000, almost twice the cost per regular education student, which 
is almost 22 percent of the 1999-2000 total spending on all elementary and secondary educational 
services in the US (22) (for additional information see the Center for Special Education Finance (CSEF) 
at http://www.csef-air.org/).  
 
2 Historical Perspective 
The effects of chemicals on the nervous system have been recognized since ancient times. Most of the 
early reports were the results of high exposures in workers that led to debilitating conditions or even 
death. For example, 2000 years ago people knew that lead exposure “makes the mind give way.” As 
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science progressed, it was recognized that even small doses of some chemicals result in subtle nervous 
system impacts that affect an individual’s performance. Despite this knowledge, lead was added to paint 
and gasoline, removed only following considerable research that confirmed what was already known. 
Many investigations have now demonstrated that even small amounts of lead affect the developing 
nervous system (23).  
 
Similarly, the adverse effects of exposure to elemental mercury, recognizable because of its liquid silver 
appearance, which evaporates at room temperature and can be inhaled, were recognized in miners well 
before the common era. Subsequently, workers in the felt-hat industry, where mercury was used to 
process the fur, succumbed to its neurotoxic effects – truly an example of “mad hatters” (see Alice’s 
Adventures in Wonderland by Lewis Carroll). Organic mercury, formed by the conversion of inorganic 
mercury to methylmercury by bacteria, bioaccumulates in fish and is readily absorbed. Organic mercury 
exposures in Iraq in 1971 and in Minimata, Japan, beginning in the late 1950s revealed both the overt and 
more subtle effects of organic mercury on development and the nervous system. Even low doses of 
methylmercury damage the nervous system and cause neurobehavioral deficits (24-28).  
 
Exposure to a wide range of potentially hazardous chemicals from conception to death is now 
unavoidable. Approximately 3,000 chemicals are produced in quantities greater than one million pounds 
per year. For the majority of these chemicals little information exists about the potential effects on 
learning and development. There is good evidence that about 200 of these chemicals are adult 
neurotoxicants and another 1000 are suspected of affecting the nervous system (29) (see Figure 2, in part 
from (29)). Overall there has been a gross failure to require developmental neurotoxicity testing.  
 
 

 

What we don’t know about chemicals 
 

More than 
80,000 

unknown

~1,000 
suspected 

~200 with 
good 

evidence

~10 we know 
for sure 

 
Figure 2. 
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As our testing methods have become more sophisticated, the recognition of individual sensitivity and, in 
particular, the sensitivity of the developing nervous system to the effects of environmental agents has 
grown. The causes of and initiatives to prevent LDDs have received increased attention from national 
organizations (30-32), the government and academic researchers (20, 29, 33). A substantial recent 
initiative, the National Children’s Study, will examine the effects of environmental influences on the 
health and development of more than 100,000 children across the United States, following them from 
before birth until age 21, with the goal of improving the health and well-being of children 
(http://www.nationalchildrensstudy.gov/). 
 
3 Environmental Contributors to Disorders 
Many factors – heredity, gene expression, socioeconomic environment, infectious disease, nutrition, 
stress, drugs and chemical contaminants – contribute in complex ways to brain development and thus to 
the genesis of LDDs. There is growing evidence that the interaction of these factors is associated with or 
exacerbates a variety of developmental disorders (34-37). Of all the factors contributing to LDDs, 
chemical contaminants in the environment have historically been the least studied despite being the most 
preventable. We now have solid scientific evidence that a variety of environmental agents can adversely 
affect the nervous system. The impact of chemical contaminants on children is a worldwide issue and the 
focus of this document. 
 
The susceptibility of the developing nervous system to the adverse effects of environmental agents, and 
the need to take preventive measures were recently recognized by international researchers in the Faroes 
Statement (38). International groups have also developed statements on the developmental effects of 
metals and the need to take preventive action to protect public health (39). In addition, comprehensive 
reports have documented the effects of environmental agents on development (40).  
 
3.1 Timing of exposure 
A child’s developing nervous system is more sensitive to chemical exposures than the adult nervous 
system. This can be seen in the effects of alcohol: a pregnant woman who drinks enough to become 
intoxicated may suffer a hangover, but her fetus may suffer permanent brain damage resulting in fetal 
alcohol spectrum disorder (41). Also, in both the Iraq and Minimata methylmercury disasters, pregnant 
women showed minimal signs of toxicity, but their children displayed effects ranging from cerebral palsy 
to delayed development (6). Extensive animal data also establish the effects of mercury exposure on the 
developing nervous system. 
 
Research on brain development has mapped out the progression of the proliferation, differentiation and 
migration of different cell types into selected regions of the brain. This work has been extended as 
neurotoxicologists have examined the effects of exposure to chemicals at different points during 
development (42-45). Vulnerability to chemical exposure varies across the stages of brain development 
(43) such that exposure at three months gestation may result in a different effect than exposure to the 
same chemical at six months gestation or at two years of age.  
 
3.2 Bioaccumulation and mixtures 
Concentrations and/or potency of environmental agents can be amplified because of persistence 
(biomagnification and bioaccumulation) and because agents occur in mixtures. Mercury accumulation in 
fish is a well known example of both biomagnification and bioaccumulation (24, 46). Fish can also be 
contaminated with other compounds, such as polychlorinated biphenyls (PCBs); thus we are often 
consuming a mixture of compounds. Recent biomonitoring studies reveal the range of compounds we are 
exposed to and that accumulate in our bodies. Experiments with single chemicals can underestimate the 
effects of these chemicals in mixtures. 
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The interplay among multiple toxicants whether stored or through ongoing exposures, and other 
environmental factors can cumulatively interfere with the brain’s development and exacerbate the impact. 
For example, there is good evidence that lead exposure and maternal stress interact, and there is some 
evidence of potentiated effects of combined exposures of the pesticides paraquat and maneb during 
development (47). 
 
3.3 Mechanisms of disruption 
Brain development is a long and complex process that involves cellular proliferation, migration, 
differentiation, synaptogenesis, myelination and apoptosis (programmed cell death). Chemicals can 
interfere with or stop these processes through the extended period of brain development from conception 
to adolescence (43). There are multiple mechanisms by which chemicals can disrupt neurological 
development, including gene expression acting on protein pathways (48) (49, 50) and hypothyroidism 
(51-53). Recent research has focused on how genes act on protein pathways, determining how tissue and 
cells form and grow. The expression of multiple genes can affect multiple protein pathways. A single 
contaminant that influences gene expression can affect endpoints in more than one tissue. Some 
contaminants have been shown to alter the expression of hundreds of genes, and effects can vary with the 
timing and dose of the contaminant.  
 
3.4 Variable sensitivity 
Genetic variation, or DNA polymorphisms, within populations (humans, wildlife and laboratory animals) 
can result in greater sensitivity to specific contaminants in some individuals. Specific genetic 
polymorphisms are linked to increased risk to various disorders such as fetal alcohol spectrum disorder 
(54) and are associated with increased susceptibility to organophosphate pesticide toxicity (55-57). 
Genetic variations are also associated with increased susceptibility to higher blood-lead levels (58, 59). 
 
The effects of environmental agents, particularly endocrine disruptors, have recently been shown to 
promote epigenetic transgenerational effects – changes passed down to subsequent generations. 
Epigenetics, a molecular phenomenon, typically methylation of the genome, regulates gene expression 
without alterations to the DNA sequence (60, 61). Recent studies have demonstrated that the commonly 
used fungicide vinclozolin has produced epigenetic transgenerational effects on development and cancer 
(62-64). Epigenetic effects may explain in part the transgenerational effects of the synthetic estrogen 
diethylstilbestrol (65). The low-dose effects of endocrine disruptors are being actively explored (66, 67). 
 
3.5 Evidence of exposures (body burden) 
Recent measurements of contaminants in people demonstrate that humans are exposed, starting at 
conception, to hundreds of chemicals simultaneously – and some at levels within ranges known 
individually to affect neurological development (68-70).  
 
Chemicals may also be passed from one generation to the next, from mother to developing child, as 
chemicals stored in or consumed by the mother cross the placenta or are incorporated into breast milk. 
While breast milk is clearly the best food for infants and breast feeding is almost always recommended, 
persistent, bioaccumulative chemicals stored in a woman’s body fat are mobilized during breast feeding 
and excreted in breast milk. 
  
3.6 Other environmental factors 
There are many other chemicals of concern, as well as other environmental factors that interact with 
chemicals, that can affect development and contribute to LDDs. We include a brief discussion of some of 
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these factors due to increasing evidence of their interactions with chemical agents and their contribution 
to LDDs. 
 
3.6.1 Pharmaceuticals  
A wide range of drugs have neurotoxic side effects in children when consumed by a pregnant mother, 
infant or child. When these drugs are given to children (even when needed) and not adequately monitored, 
serious lifetime disabilities can result. A classic example is aminoglycoside antibiotics, which can cause 
severe hearing loss and subsequent learning and development challenges. We know much less about the 
long-term effects of psychoactive compounds. There is evidence that thalidomide or valproate exposure 
during pregnancy increases the risk of autism (71-74).  
 
3.6.2 Genetic factors 
With autism in particular, new research is beginning to reveal that the disorder involves the whole body, a 
complex interaction of genes and the environment, and perhaps many factors working in concert with one 
another (75, 76). While the low-dose effects of endocrine disruptors are still being explored, some have 
argued that genetic susceptibility plays an important role in the etiology of autism (76). 
 
3.6.3 Environmental justice: socioeconomics, nutrition and stress 
Six million children live in poverty in the United States, increasing the likelihood of exposures and 
heightened vulnerability to environmental agents that adversely affect learning and development. 
Economically disadvantaged children are more likely to live in older homes contaminated with lead, live 
in neighborhoods and around schools where pesticides have traditionally been applied, and have diets that 
are less nutritious. Additionally, there is growing evidence that stress combined with environmental 
exposures increases susceptibility to developmental disorders (36, 47). Recent research indicates that 
stress and social ecology can play an important role in developmental disorders (36).  
 
Children lacking certain nutrients are more vulnerable to toxicants. For example, iron and/or calcium 
deficiency affects the absorption and toxicity of heavy metals such as lead (77) and manganese (78, 79). 
Lead is stored in bone and may be mobilized with calcium from bone to the fetus during pregnancy. The 
role of nutrition in mitigating exposure to environmental agents is an important public health issue (80). 
 
4 Status of Evidence on Environmental Agents 
Research definitively shows that environmental agents such as lead, mercury, manganese, arsenic, PCBs, 
alcohol, toluene, tobacco smoke and many pesticides are capable of disrupting human brain development, 
resulting in negative impacts on the functions controlled by the brain. Additional environmental 
chemicals and pollutants, other solvents and other heavy metals have been shown to disrupt brain 
development in animal studies and are suspected of having similar effects in humans. 
 
4.1 Human and animal assessment of learning and development 
Evaluating the potential neurotoxic effects of a compound often requires evaluating animal data and then 
incorporating any human data into the assessment.  
 
Given the large number of compounds with limited or no data on nervous system effects, it is important to 
consider in vitro testing. In vitro systems typically use cell culture techniques for initial assessment of 
neurotoxic potential. New tests utilizing cell lines are now used to assess the effects of chemicals on eye 
irritation or damage. Cell lines are available with which to examine a variety of endpoints on neuron or 
glial cells. Endpoints include proliferation, migration, synpatogenesis and apoptosis. Well-characterized 
in vitro testing systems have a number of potential advantages including minimizing the use of animals, 
reducing costs and increasing adaptability to rapidly screen agents for potential cellular effects. In vitro 
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tests are not sufficient for setting exposure standards, but they can provide a rapid assessment that further 
testing is needed. 
 
It is also possible to use in vitro models to examine chemical mixtures, such as additives, on neuronal 
cells (81). There are, however, a number of challenges with in vitro neurotoxicity testing, such as 
characterizing cell migration and interconnection (82). 
 
Several different tests are used to assess neurotoxic effects in adult and developing animals. Functional 
assessment can be supplemented with morphological assessment of the nervous system (83) although 
conventional pathological assessments are relatively insensitive and may not detect subtle adverse cellular 
changes. A basic screen for behavioral function and neurological involvement is the functional 
observational battery (FOB) (84). The FOB is typically used to evaluate the need for more sophisticated 
neurotoxicity testing. 
 
The US Environmental Protection Agency (EPA) and the Paris-based Organisation for Economic Co-
operation and Development (OECD) established a protocol for the evaluation of developmental 
neurotoxicity (DNT) in laboratory animals (US EPA 870.6300 and OECD 426) (85, 86). These protocols 
include tests of neurobehavioral function, auditory startle (hearing), learning and memory function, 
changes in motor activity, neuropathologic examination and morphometric analysis. For examples and 
comments on the testing protocols see papers by Claudio et al., Cory-Slechta et al, Dorman et al., Garman 
et al. and Mileson and Ferenc (87-91).  
 
Testing involving animals, including nonhuman primates, has been invaluable in evaluating the effects of 
a number of neurotoxicants (92). Recent studies have examined the neurotoxicity of pesticide mixtures in 
animals (93), and protocols are available to examine cognitive effects on weanling rodents (94). 
Advanced assessment of learning and memory in rodents has been used to evaluate the effects of lead 
(95). Tests of specific functions using nonhuman primates are used to evaluate the low-level effects of 
neurotoxicants, such as mercury, on vision, auditory function and vibration sensitivity (96-99) or lead on 
learning and memory (100, 101). The concordance between human and animal neurotoxicity assessment 
is remarkable as demonstrated for lead, mercury and PCBs (102, 103). 
 
Despite significant challenges, human testing for the neurotoxic 
effects of occupational exposures to chemicals is steadily 
advancing (104-107). These procedures have also been used to 
examine the neurotoxic

Environmental agents that 
we are confident cause 
learning and developmental 
disabilities in humans 

 effects of the stress and hazards of war 
(108, 109), which demonstrates broadening utility and acceptance 
of these testing procedures. The World Health Organization 
(WHO) recommended a neurobehavioral test battery for humans 
(110) and test batteries for assessing children (111). Notable 
examples of childhood neurotoxic

 Alcohol 
 Lead 
 Mercury   evaluation include examination 

of the effects of low-level lead exposure (112, 113) and mercury 
exposure (114).  

 PCBs 
 PBDEs 
 Manganese  

4.2 High-confidence conclusions  Arsenic 
 Solvents Many environmental contaminants have been conclusively shown 

to affect the developing nervous system, causing a range of 
performance deficits (29, 115). 

 PAHs 
 Pesticides 
 Nicotine & ETS  
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4.2.1 Alcohol 
The effects of ethyl alcohol on brain development and function are well established. Fetal Alcohol 
Syndrome (FAS), now considered part of Fetal Alcohol Spectrum Disorder (FASD), is the most 
preventable form of behavioral and learning disabilities. In the US, FASD is estimated to affect 9.1 per 
1000 infants (41), with even higher rates in other parts of the world (116). Even low or moderate 
consumption of alcohol during pregnancy can cause subtle and permanent performance deficits (117, 
118). Specific genetic polymorphisms enhance the risk of FASD (54).  
 
4.2.2 Lead 
Lead is probably the most 
studied of environmental 
contaminants in both humans 
and animals. Its effects on 
learning and development are 
undisputed. Recent research 
indicates that there is no safe 
level of lead exposure for 
children (112, 119, 120). Lead 
exposure impairs overall 
intelligence as measured by 
IQ, learning and memory and 
is associated with ADHD even 
at minute exposures. Efforts to 
prevent lead exposure provide 
an outstanding example of the 
struggle when science meets 
policy (23, 121, 122). Figure 3 
(right) documents the gradual recognition of the harmful effects of lead at ever lower exposures. This 
debate is still unfolding: the US Centers for Disease Control and Prevention (CDC) has not adjusted the 
blood-lead action level since 1990 despite scientific evidence of behavioral effects well below 10 
micrograms per deciliter (μg/dL). Arguments have been made to reduce the CDC blood-lead action level 
to 2 μg/dL (23).  
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Figure 3 

 
4.2.3 Mercury 
There is no doubt that mercury exposure causes learning and developmental disorders; the controversy 
regards the level of exposure. We are all exposed to some form of mercury. Inorganic mercury is the 
liquid silver form and is used in dental amalgams. Mercury is also present in coal, and coal-burning 
electric utilities facilities are a significant source of atmospheric environmental mercury. While much of 
the mercury falls close to the facility, mercury can be carried long distances to pollute water supplies and, 
ultimately, contaminate the food supply. Inorganic mercury is converted to the organic methylmercury 
and bioaccumulates in the flesh of fish, being biomagnified up the food chain. Methylmercury 
contamination often results in fish-consumption advisories, particularly for women and children. The 
knowledge (and concern) that methylmercury exposures affect the developing nervous system resulted in 
several very sophisticated studies designed to assess the effects of very low-level exposures on a range of 
learning and memory tests and on other performance-based tests (6, 27, 28, 46, 102, 103, 123-127). These 
tests typically included age-related assessment of learning and memory, reading, IQ and other 
neurological functions.  
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4.2.4 PCBs 
Polychlorinated biphenyls (PCBs) are mixtures of chlorinated compounds that were once used as cooling 
and insulating fluids in electrical transformers and other electronic components. Because they are very 
persistent, PCBs have become widely distributed in the environment despite being banned in the 1970s. 
Because PCBs bioaccumulate in fat, human exposure continues through the food supply, and infant 
exposure continues through contaminated breast milk. Numerous studies have documented that PCB 
exposure can adversely affect motor skills, learning and memory as shown in lower full-scale and verbal 
IQ scores and reading ability (103, 128-134). 
 
4.2.5 PBDEs 
Polybrominated diphenyl ethers (PBDEs) have been used commonly as flame-retardant chemicals for 
several decades. PBDEs, structurally similar to PCBs, bioaccumulate in animals and humans, and are 
excreted in human breast milk. Recent studies have left little doubt that PBDEs are developmental 
neurotoxicants in animals and lead to changes in motor activity and reduced performance on learning and 
memory tests (135, 136). 
 
4.2.6 Manganese 
Manganese is a trace element which is necessary in small amounts for growth and development. Recent 
studies indicate that high levels of manganese exposure, either from inhalation (welding fumes) (137, 
138) or through drinking water, can damage the developing nervous system (139, 140) as measured in 
full-scale IQ and verbal tests (139, 141-146). For example, a case study documented memory effects in a 
child exposed to manganese in drinking water (142), and a more recent study confirmed similar effects 
(140). The US EPA advises that water levels of manganese should not exceed 300 μg Mn/L, but 
approximately six percent of domestic household wells exceed this level (146). 
 
4.2.7 Arsenic 
Arsenic is commonly found in drinking water around the world, sometimes in concentrations high enough 
to cause cancer (147). Recent studies have found a dose-response relationship between exposure to 
arsenic and intellectual impairment (141, 148-151). While additional studies assessing the impact of low 
levels of arsenic in drinking water are needed, it is clear that arsenic affects the neurodevelopment of 
children.  
 

4.2.8 Solvents 
Solvents include a broad array of 
different compounds including 
toluene, benzene, alcohol, 
turpentine, acetone and 
tetrachloroethylene (TCE) (see 
Table 1), with more than 50 
million metric tons used in the 
US and more than 10 million 
people exposed in the workplace. 
Solvent neurotoxicity is well 
recognized in adult workers 
(152). Ethyl alcohol is a widely 
used and consumed solvent with 
clear learning and developmental 
effects (see above). Recent 
studies indicate that occupational exposure to solvents in salons and laboratories can result in visual 
deficits in offspring (153-156). Several reports have documented that the adverse developmental effects 

Products that are mostly solvent Partially solvent-based 
Glues Gasoline 
Adhesives Diesel fuel 
Oil-based paints Charcoal lighter fluid 
Fingernail polish Lantern fuel 
Furniture polishes Grease 
Floor polishes and waxes Lubricating oils 
Spot removers Degreasing agents 
Metal and wood cleaners Paint strippers 
Correction fluid Paint thinner 
Computer disk cleaners Turpentine 
Varnishes and shellacs Nail polish remover 
Wood and concrete stains Rubbing alcohol 

Table 1. Examples of Solvents 
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of maternal toluene exposure include low birth weight, decreased head circumference and developmental 
delays (157, 158). Awareness of developmental effects of solvent exposure has resulted in increasing 
concern for women working in nail and beauty salons. Some solvents, such as toluene, have also been 
abused by pregnant women who purposely sniff them. 
 
4.2.9 PAHs 
Polycyclic aromatic hydrocarbons (PAHs) are widely distributed air pollutants and well-recognized  
human mutagens and carcinogens. PAHs are generated during combustion of fuels from motor vehicles, 
coal-fired power plants, residential heating and cooking and are also present in tobacco smoke. Recent 
studies have indicated that elevated exposure to PAHs results in lower birth weight (159) and affects 
cognitive development (160). 
 
4.2.10 Pesticides 
Major classes of pesticides are specifically designed to kill insects, plants, fungi or animals. Agricultural 
and residential application of pesticides in the US totals more than one billion pounds per year, with 
thousands of people exposed every year. Data from acute exposure incidents leave no doubt that some 
pesticides, particularly insecticides, are neurotoxic. There is now evidence that childhood exposure to 
pesticides, such as organophosphates, enhances the risk for developmental disorders including deficits in 
memory (161), poorer motor performance (111, 162) and an array of other conditions (163-171). A recent 
study documented the developmental effects of the pesticide chlorpyrifos on inner-city children (172). 
There is also evidence of specific genetic susceptibility to pesticide exposure and related health effects 
(55-57, 163).  
 
4.2.11 Nicotine and environmental tobacco smoke 
Many studies link maternal smoking during pregnancy to behavioral disorders in children (37, 173-175), 
and developmental delays caused by environmental tobacco smoke (ETS, also known as secondhand 
smoke) are costly and preventable (176). Furthermore, new data indicates that childhood exposure to 
ETS is associated with neurobehavioral effects (177). There is growing recognition of subsequent 
behavioral disorders in young adults following exposures either prenatally or as children. (175, 178, 
179). The CDC reported in 2002 that 11.4 percent of all women giving birth in the United States smoked 
during pregnancy (180). Clearly this highly preventable form of developmental disorder requires that 
parents, both male and female, be educated about the harmful effects of tobacco. 
 
4.3 Other contributors and emerging evidence 
It is not possible to address all the chemicals that might be associated with causing learning and 
developmental disorders. A more comprehensive assessment of developmental neurotoxicity of chemicals 
was undertaken by Grandjean and Landrigan (29) in which they pointed out that, for the majority of 
chemicals, we do not have the data necessary to conclude there are no adverse developmental effects. 
They estimate that more than 200 chemicals are known to cause neurotoxic effects in adults and that, for 
many of these chemicals, developmental effects have not been examined. In addition, very few studies 
have focused on the potential synergistic impacts of chemicals in mixtures. Highlighted below are just a 
few agents that are of significant concern. 
 
4.3.1 Endocrine disruptors 
Animal studies have documented that a wide range of chemicals have the ability to disrupt endocrine 
function in animals and affect cognitive function (50). Endocrine disruptors include phthalates, PCBs and 
polychlorinated dibenzodioxins, brominated flame retardants, dioxins, DDT, perfluorinated compounds 
(PFCs), organochlorine pesticides, bisphenol A and some metals. The controversy around the effects of 
endocrine disruptors is perhaps best illustrated by research on bisphenol A (181, 182) whose estrogenic 
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activity was first reported in 1936. It was subsequently found to stabilize polycarbonates and resins and is 
now widely used in many products including food-can liners. There is a growing body of evidence related 
to the very low-dose effects of bisphenol A (66, 67, 183). The very low-dose effects of endocrine 
disruptors can not be predicted from high-dose studies, which contradicts the standard “dose makes the 
poison” rule of toxicology. Nontraditional dose-response curves are referred to as nonmonotonic dose-
response curves.  
 
4.3.2 Fluoride 
Fluoride is commonly added to municipal drinking water across the United States based on strong data 
that it reduces dental decay. This practice is supported by the US Centers for Disease Control (CDC) 
(184, 185). In addition to drinking water, fluoride is also present in a range of consumer products 
including toothpaste (1,000-1,500 parts per million or ppm), mouthwashes and fluoride supplements. The 
drinking water standards were established prior to the introduction of fluoride into many consumer 
products and the direct application of fluoride by dentists. 
 
The central question, which is still unresolved, is what level of exposure results in harmful health effects 
to children. Children's small size means that, pound-for-pound of body weight, they receive a greater dose 
of fluoride than adults. The CDC estimates that up to 33% of children may have dental fluorosis because 
of the excessive intake of fluoride either through drinking water or through other sources -- an estimate 
which is supported by other studies (186). This concern has resulted in CDC issued a recommendation to 
limit fluoride exposure in children under eight years of age and to use fluoride-free water when preparing 
infant milk formula. 
 
In addition, some recent studies suggest that excessive ingestion of fluoride lowers thyroid hormone 
levels, which is particularly critical for women with subclinical hypothyroidism. Decreased maternal 
thyroid levels are known to adversely affect fetal neurodevelopment (51). A study in China, for example, 
reported decreased child IQ levels associated with fluoride in drinking water. (Children in this study were 
also exposed to arsenic in drinking water, which may have confounded the results) (184, 185). The same 
year, in Fluoride in Drinking Water: A Scientific Review of EPA's Standards, a report produced by the 
National Academy of Sciences (NAS) (184), researchers analyzed the appropriateness of EPA's four ppm 
maximum contaminant level goal for fluoride in drinking water. The NAS was not directed to conduct a 
risk assessment of the effects of low-level fluoride exposure nor analyze other sources of exposure to 
fluoride. Referring to human and animal studies related to neurobehavioral effects, the NAS reports states 
"the consistency of the results appears significant enough to warrant additional research on the effects of 
fluoride on intelligence." The primary question remains as to whether exposures to fluoride via multiple 
routes of exposure, from drinking water, food and dental-care products, may result in a high enough 
cumulative exposure to contribute to developmental effects. 
 
While it is clear that fluoride has beneficial effects on dental health, emerging science suggests we need to 
further study the dose at which fluoridation may increase risks of neurodevelopment disorders, cancer and 
skeletal or dental fluorosis, particularly for sensitive individuals. 
 
4.3.3 Food additives 
Artificial or synthetic food colors and additives are ubiquitous in the food supply and have long been 
suspected of causing conduct disorders. Their use has encouraged treatments such as the Feingold Diet 
(187, 188) in which many food additives are removed from the diet of individuals with ADHD. Previous 
and recent carefully conducted double-blind human studies have confirmed that artificial food colorings 
such as sunset yellow, tartrazine, carmoisine and ponceau, as well as the preservative sodium benzoate, 
can cause conduct disorders (187-193). Recent studies using well-designed randomized, double-blind, 
placebo-controlled, crossover trials show that artificial food colors and additives cause increased 
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hyperactivity in three-year-old children (191). This has the potential to become a serious issue given the 
large number of children diagnosed with ADHD. 
 
5 Call for Further Research  
Further research into the links between environmental agents and LDDs is urgently needed, as is 
regulatory action in those cases in which the weight of evidence is sufficient now, to reduce exposures. 
Cumulative exposures (from different chemicals with similar modes of action) and aggregate exposures 
(from all sources of exposure to a chemical such as via dust, food, air, water), as well as direct exposure 
from items in the home environment and from food, must be taken into account in assessing risk and 
devising appropriate action. 
 
5.1 Better assessment tools and procedures 
While some progress in testing methodology has been made, few chemicals have been evaluated using the 
Developmental Neurotoxicity Test (DNT) to date, although it has been determined as one of the most 
sensitive tests, in some cases showing adverse effects at lower levels of exposure than other tests.  
There is a growing demand to gather data on and screen compounds for effects on the nervous system. 
More sophisticated methodologies for testing humans and animals are also required, including testing 
procedures that address specific neurological disorders. New methods will be necessary to gather data as 
most high-volume chemicals have little or no developmental or neurotoxicity data. 
 
5.2 In vitro (test-tube) screening of both new and old compounds 
For most chemicals there are very little data on the potential to cause learning or developmental disorders 
or even basic data on potential neurotoxicity. Basic research is needed to develop reliable and 
reproducible in vitro tests that accurately predict the potential for neurotoxic effects. Development of 
these tests will also help reduce the need for animal-based research studies. Relatively quick and 
inexpensive in vitro tests will need to be followed by more efficient, integrated neurobehavioral test 
methods if indicated (see the National Research Council report on toxicity testing (194)). 
 
5.3 Chronic effects of hazardous chemicals 
While the acute high-dose effects of exposure to some chemicals are well documented, the learning and 
developmental effects of chronic, low-level exposure to pesticides, endocrine disruptors, flame retardants 
and other chemicals need further research. 
 
5.4 Multiple exposures 
More research is needed on the consequences of exposure to multiple chemicals and cumulative 
exposures as children and adults are exposed to low levels of a variety of chemical agents throughout life. 
More data are needed on the interaction of the chemicals and their effects on development, and better 
risk-assessment procedures are needed to evaluate multiple exposures (195). 
 
5.5 Low-level exposures 
Many animal and human studies have examined the effects of relatively high exposures. There is 
increasing evidence that low-level exposures to a variety of environmental toxicants (such as lead or 
tobacco) are associated with adverse consequences. In some cases the deficits are proportionately greater 
at lower levels. These new data indicates that studies should be designed specifically to examine the 
effects in representative samples, such as in the National Children’s Study. 
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5.6 Interactions with socioeconomic factors (environmental justice) 
Disadvantaged groups are at a higher risk for learning and developmental disorders. More research is 
needed to determine the mechanisms and relationship by which socioeconomic factors and stress interact 
with chemical exposures to produce learning and developmental disorders. Furthermore, we must develop 
tools and systemic models for prevention.  
 
5.7 Effects of endocrine disruption on cognitive deficits 
Children and adults are exposed to a wide range of chemicals that affect the endocrine system and which 
can cause a range of learning and developmental disorders. Additional research is needed to evaluate the 
effects of low-level exposures and ascertain possible mechanisms of action and better characterize the 
adverse effects.  
 
5.8 Interactions with genetics and identification of susceptible subpopulations  
There is increased need to identify subpopulations who, due to genetic contributors and susceptibility to 
developmental disorders, may be vulnerable to chemical exposure or other factors, including stress, that 
exacerbate the onset of these disorders.  
 
5.9 World Health Organization research recommendations  
Research recommendations on evaluating children’s risk to exposure to environmental chemicals are 
defined in a recent report by the World Health Organization (196). 
 
6 Ethical and Policy Considerations 
6.1 Ethical considerations 
There is growing recognition that ethical, legal and social considerations play a crucial role in public- and 
child-health decision making that involves conflicts between individual, corporate, human rights and 
social-justice goals (197-201). Knowledge of the causes of learning and developmental disabilities 
implies an ethical duty and responsibility to act to protect children’s health and well-being (122, 202). 
Accepting childhood exposure to contaminants that result in compromised learning and behavioral 
abilities violates the basic tenets of biomedical ethics. The principle of beneficence (“do good”) requires 
that the benefits be maximized while the harm be minimized or eliminated. Respect for autonomy or 
personhood is violated when children are unnecessarily exposed to harmful substances. Respect of person 
also implies informed consent, and no child has given the informed consent for exposure to harmful 
chemicals. Finally, the principle of justice requires that burdens be shared equally, and because children 
are more vulnerable they endure a greater burden. In addition there are disparities related to 
socioeconomic status demonstrated by the increased burden of lead exposure in children of poverty (203). 
Perhaps America’s first bioethicist Aldo Leopold said it best when he wrote in 1949: “A thing is right 
when it tends to preserve the integrity, stability, and beauty of the biotic community. It is wrong when it 
tends otherwise” (204). It is wrong to allow the exposure of children to environmental agents that cause 
learning and developmental disorders. 
 
6.2 Policy considerations 
Recognition of the contribution of chemical contaminants to LDDs has increased substantially in recent 
years as new evidence has emerged both about the ability of neurotoxic chemicals to interfere with brain 
development and the susceptibility of the brain to chemicals (29). Given this established knowledge, it is 
clear that protecting children from neurotoxic environmental exposures from the earliest stages of fetal 
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development is an essential public health measure if we are to help prevent LDDs and create an 
environment in which children can reach and maintain their full potential.  
 
There is a vast amount of information already available upon which to base sound policy decisions. As 
Garrett Hardin observed in 1968, many problems cannot be solved by technical solutions or additional 
research but only through responsible management of the problem (205). Our society is still contending 
with the effects of adding lead to paint and gasoline, even though its toxic effects were well documented 
at the time. Knowledge was sufficient, but management was not. To protect children, a precautionary 
approach is required that shifts the burden of responsibility to producers or manufacturers to demonstrate 
safety prior to potential exposure.  
 
The researchers and reviewers for this statement are developing a companion document outlining specific 
policy recommendations based on the status of scientific knowledge outlined in this statement. 
 
7 Conclusions 
The scientific evidence we have reviewed indicates environmental contaminants are an important cause of 
learning and developmental disabilities. The proportion of environmentally induced LDDs is a question of 
profound human, scientific and public policy significance. Existing animal and human data suggest that a 
greater proportion is environmentally influenced than has yet been generally realized or than can be 
demonstrated with scientific certainty.  
 
The consequences of LDDs are most significant for the affected individual but also have profound 
implications for the family, school system, local community and greater society. Despite some 
uncertainty, there is sufficient knowledge to take preventive action to reduce fetal and childhood 
exposures to environmental contaminants. Given the serious consequences of LDDs, a precautionary 
approach is warranted to protect the most vulnerable of our society.  
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8 Resources: Children and Environmental Agents 
American Association on Intellectual and 
Developmental Disabilities (AAIDD) 

 
Learning Disabilities Association of America’s 
Healthy Children Project www.aaidd.org/

 www.healthychildrenproject.org
American Pediatric Association   

Learning Disabilities Association of Canada 
(LDAC) 

www.aap.org
 
Autism Society of America www.ldac-taac.ca  
www.autism-society.org  

Mt. Sinai Children’s Environmental Health 
Center 

 
Center for Health, Environment and Justice 
www.chej.org/ 
 

www.cehcenter.org/ 
 
The National Association for the Dually 
Diagnosed 

Children’s Environmental Health Network 
www.cehn.org
 www.thenadd.org
Collaborative on Health and the Environment   
www.healthandenvironment.org National Institute for Environmental Health 

Science Centers for Children’s Environmental 
Health & Disease Prevention Research 

 
Greater Boston Physicians for Social 
Responsibility www.niehs.nih.gov/research/supported/centers/p
http://psr.igc.org/ revention/ 

  
Preventing Harm: A Resource and Action 
Center on Children and the Environment 

Healthy Child, Healthy World 
http://healthychild.org/ 
 
Healthy Schools Network, Inc. 

www.preventingharm.org
 
Toxipedia www.healthyschools.org 

 
Institute for Children’s Environmental Health 

http://toxipedia.org/ 
 
University of Tennessee Youth Environment and 
Health Research Group 

www.iceh.org
 
Learning and Developmental Disabilities 
Initiative 

http://utyeah.utk.edu
 

www.iceh.org/LDDI.html US Environmental Protection Agency Office of 
Children’s Health Protection 
http://yosemite.epa.gov/ochp/ochpweb.nsf/conte
nt/homepage.htm
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9 Glossary of Terms and Term Usage Specific to This Statement 
(A number of the definitions were taken in whole or in part from the Vallombrosa Consensus Statement 
on Environmental Contaminants and Human Fertility Compromise October 2005.) 
 
Attention deficit hyperactivity disorder (ADHD) – The principal characteristics of ADHD are 
inattention, hyperactivity and impulsivity. According to the most recent version of the Diagnostic and 
Statistical Manual of Mental Disorders (DSM-IV-TR) (206), there are three patterns of behavior that 
indicate ADHD. People with ADHD may show several signs of being consistently inattentive. They may 
have a pattern of being hyperactive and impulsive far more than others of their age. Or they may show 
both types of behavior. This means that there are three subtypes of ADHD recognized by professionals. 
These are the predominantly hyperactive-impulsive type (that does not show significant inattention); the 
predominantly inattentive type (that does not show significant hyperactive-impulsive behavior) 
sometimes called ADD – an outdated term for this entire disorder; and the combined type (that displays 
both inattentive and hyperactive-impulsive symptoms) (see also a document from the National Institute of 
Mental Health (13)). 
 
Autism spectrum disorders – The Diagnostic and Statistical Manual of Mental Disorders DSM-IV-TR 
(206) includes autism as one of the five pervasive developmental disorders (PDD), more often referred to 
today as autism spectrum disorders (ASD). All these disorders are characterized by varying degrees of 
impairment in communication skills, social interactions and restricted, repetitive and stereotyped patterns 
of behavior (see also a document from the National Institute of Mental Health (16)). 
 
Bioaccumulation – A process whereby contaminants taken up from the surrounding environment (air, 
food, water) are retained and concentrate in tissues at a rate faster than they can be broken down and 
excreted. With bioaccumulation, tissue levels of a contaminant become greater than surrounding 
environmental levels.  
 
Biomagnification – A process whereby the concentration of contaminants increases up the food chain 
due to larger organisms ingesting smaller organisms containing contaminants. Humans and other 
predatory organisms accumulate the highest concentrations of contaminants. 
 
Biomarker – A biological substance found in body fluids (blood, urine, breast milk) or tissues (fat) that 
can be measured and is associated with exposure to a contaminant. Biomarkers can help monitor exposure 
to contaminants and may help characterize individual susceptibilities to exposure. A biomarker of 
exposure is a measure of either the contaminant or a metabolite occurring shortly after exposure. A 
biomarker of effect is an enduring genetic change caused by a contaminant exposure that can be measured 
by changes in DNA or chromosome structures (such as genetic mutations). Biomarkers of effect are not 
necessarily specific to contaminant exposure. A biomarker of susceptibility is a gene or expression of a 
gene (polymorphism) that renders an individual more vulnerable to the adverse effects of contaminant 
exposure. For example, due to differences in enzymes some individuals may not be able to detoxify a 
contaminant as efficiently as others, resulting in higher levels of exposure and greater toxicity. 
 
Biomonitoring – The assessment of exposure to contaminants by measuring biomarkers of exposure in 
body tissues or fluids (such as blood, urine, breast milk, amniotic fluid, hair, adipose tissue, bone). 
Biomonitoring can be used to monitor not only exposures in populations but also changes in levels of 
contaminants over time. 
 
Bisphenol A – A common chemical compound that forms the building block of polycarbonate plastics 
and epoxy resins. Bisphenol A is used in polycarbonate plastic in food containers, water bottles, baby 
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bottles, compact disk cases, eyeglass lenses, the lining of food cans and as a dental sealant. It binds with 
nuclear and extracellular estrogen receptors. 
 
Conduct disorders – Refers to behavior characterized by hostility and aggression. 
 
Developmental delays – Refers to development which is delayed compared with age peers. 
Developmental delays can be associated with varied or negative effects in multiple areas such as sensory, 
motor, language, social, reading and emotional areas. These are also referred to as neurodevelopmental 
delays.  
 
Dioxins – A class of hundreds of related persistent chemicals, some of which are known to be highly 
toxic, that result from industrial combustion/incineration processes; burning of household trash or fuels 
such as wood, coal and oil; chlorine bleaching of pulp/paper; and some types of chemical manufacturing. 
Cigarette smoke also contains dioxins.  
 
DSM-IV-TR – The Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR) (206) is a 
handbook for mental health professionals that lists categories of mental disorders and the criteria for 
diagnosing them according to the American Psychiatric Association. It is used worldwide by clinicians 
and researchers as well as insurance companies, pharmaceutical companies and policymakers.  
 
Dyslexia – A specific learning disability that manifests primarily as a difficulty with written language, 
particularly with reading and spelling. Dyslexia is the result of a neurological difference but is not an 
intellectual disability. Most people with dyslexia have average or above-average intelligence. 
 
Endocrine disruptors – Environmental compounds that interfere with the normal function of 
endogenous hormones (those produced by an organism). Endocrine disruptors can stimulate or block the 
actions of hormones or can interfere with their metabolism. Endocrine disruptors continue to be 
discovered but have been recognized to include a diverse range of chemicals including pesticides, 
plasticizers, flame retardants, industrial byproducts, pharmaceuticals and plant-derived compounds. 
 
Endpoints – In a scientific study, the outcome that is being measured. In the field of environmental 
health, this could be a biomarker, toxic effect, disease outcome or other measure anticipated to differ 
between exposed and unexposed populations. 
 
Environmental agents – These include natural or synthetic chemicals, heavy metals (such as lead, 
mercury, cadmium), and naturally occurring compounds such as plant-derived estrogens.  
 
Environmental factors – In this document, “environmental factors” refers to a broader range of possible 
environmental influences than the environmental agents listed above. Environmental factors include 
pharmaceutical use, stress, other chemical agents or physical conditions that adversely affect learning or 
development.  
 
Epigenetics – The molecular phenomena that regulate gene expression without alterations to the DNA 
sequence. 
 
Genetic mutation – A change in the nucleotide sequence of a DNA molecule. Genetic mutations are a 
kind of genetic polymorphism. Genetic mutation refers to changes in DNA sequence which are not 
present in most individuals of a species and either have been associated with disease (or risk of disease) or 
have resulted from damage inflicted by external agents (such as viruses or radiation).  
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Genetic Polymorphism – A difference in DNA sequence among individuals, groups or populations (for 
example, a genetic polymorphism might increase susceptibility to Fetal Alcohol Spectrum Disorder). 
Genetic polymorphisms may be the result of chance processes, may be inherited or may be induced by 
external agents (such as viruses or radiation), which is then referred to as a genetic mutation.  
 
In vitro testing – Generally refers to experiments done in a test tube, outside a living organism. In vitro 
systems typically use cell culture techniques for initial assessment of harmful effects.  
 
Learning and developmental disabilities (LDDs) – Conditions resulting from interference of normal 
brain development and function that adversely affect an individual’s performance. Learning and 
developmental disabilities include but are not limited to deficits in learning and memory, reduced IQ, 
attention deficit hyperactivity disorder, autism spectrum disorder, conduct disorders and developmental 
delays, but do not consider effects of the peripheral nervous system.  
 
Mental retardation – According to the American Association on Intellectual and Developmental 
Disabilities (AAIDD), mental retardation is a disability characterized by significant limitations both in 
intellectual functioning and in adaptive behavior as expressed in conceptual, social and practical adaptive 
skills (see www.aaidd.org/Policies/faq_mental_retardation.shtml).  
 
Mixtures – In this context, “mixtures” indicates the effects of two or more contaminants in which the 
outcome of exposure is different from their separate effects. The interaction could be additive (a sum of 
individual effects), subtractive (one substance is stimulatory and another inhibitory), or multiplicative (the 
effect is greater than the sum of individual effects). 
 
Morphometric – Generally refers to procedures that count or quantitatively assess the number of specific 
cell types. 
 
National Health and Nutrition Examination Survey (NHANES) – A program designed to assess the 
health and nutritional status of adults and children in the United States. The survey is unique in that it 
combines interviews and physical examinations. NHANES is a major program of the National Center for 
Health Statistics (NCHS), which is part of the Centers for Disease Control and Prevention (CDC), US 
Public Health Service, and has the responsibility for producing vital and health statistics for the nation 
(www.cdc.gov/nchs/nhanes.htm). 
 
National Children’s Study – Led by a consortium of US government agencies 
(http://nationalchildrensstudy.gov), this study aims to examine the effects of environmental factors on the 
health and development of more than 100,000 children from before birth to age 21.  
 
Neuropathology/neuropathological – The microscopic study of cells of the brain or nervous system. 
 
Neurotoxic / neurotoxicity – An adverse change in the chemistry, structure or function of the nervous 
system, during development or at maturity, following exposure to a chemical or physical agent. 
 
Neurotoxicant – A chemical or physical agent that produces neurotoxicity. 
 
Nonmonotonic dose-response curve (NMDR) – A traditional dose-response curve in toxicology 
assumes that the response to exposure will increase with increasing dose. This is known as a monotonic 
curve, one in which the slope of the dose-response curve does not change from positive to negative or 
vice versa. In a nonmonotonic dose-response curve, the slope of the dose-response curve changes sign as 
the level of exposure increases. Some NMDR curves are shaped like a U, while others are shaped like an 
inverted U. NMDR curves are important from a public-health perspective because in dose-response 
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curves that are nonmonotonic, low-dose effects cannot be predicted from high-dose testing. The 
traditional assumption that higher doses cause greater harm (“the dose makes the poison”) is used in 
standard risk-assessment studies to identify the level of a chemical exposure beneath which contamination 
should cause no effect. This old assumption may be true for many chemicals and for many classic health 
effects, but it can be misleading for exposures that have a nonmonotonic dose-response curve.  
 
Octyl/nonyl phenols – Chemicals that belong to a broader class of compounds known as alkylphenol 
ethoxylates (APEs). APEs are high-volume chemicals that have been used for more than 40 years as 
detergents, emulsifiers and wetting and dispersing agents. These chemicals are used as ingredients in 
spermicides, cosmetics and detergents and as inert ingredients in pesticides. Some are endocrine 
disruptors. Several are noted contaminants in aquatic environments.  
 
Perfluorinated compounds (PFCs) – Persistent, bioaccumulative chemicals found in a wide array of 
products including stain-resistant coatings for carpets and clothing (Gore-Tex), nonstick cookware 
(Teflon), and insecticides. Widespread contamination of human tissues has been documented, with some 
of the highest levels found in US populations. PFCs have been linked to neuroendocrine and reproductive 
effects.  
 
Persistence – This refers to the stability of a contaminant in the environment. Persistent contaminants are 
characterized by their ability to resist natural degradation so that they build up in the environment with 
time. Persistent contaminants often are transported globally on currents of wind or water. 
 
Phthalates – Chemicals added to personal-care products to enhance penetration and hold scent/color and 
used as plasticizers in rigid plastics such as polyvinyl chloride (PVC) to create flexibility. Phthalates are 
found in numerous and diverse consumer products including vinyl flooring, plastic shower curtains, 
cosmetics and fragrances, shampoos and lotions, toys, pharmaceutical and herbal pill coatings – and in 
hospital equipment including intravenous bags and tubing.  
 
Polybrominated diphenyl ethers (PBDEs) – Persistent, bioaccumulative chemicals added to electronics, 
upholstery foam, textiles and numerous other materials to make them more flame-resistant. PBDEs have a 
chemical structure very similar to PCBs and have been rapidly accumulating in wildlife and human 
tissues. 
 
Polychlorinated biphenyls (PCBs) – There are 209 individual chlorinated PCB compounds (known as 
congeners) that are persistent and bioaccumulative. Manufacture was banned in the US in the late 1970s, 
although PCBs are still found in some products, and widespread environmental contamination still exists. 
PCBs were used in hundreds of commercial and industrial applications, including as lubricants, 
plasticizers, insulators for electrical applications, caulking and paint. Health effects of PCB exposure 
include acne-like skin conditions in adults and neurobehavioral and immunological changes in children. 
PCBs cause cancer in animals (see ATSDR fact sheet www.atsdr.cdc.gov/tfacts17.html).  
 
Polymorphism – see genetic polymorphism above.  
 
Potentiated or potentiate – To enhance or increase the effect of a drug or chemical, which results in an 
increased response or undesired action or effect. 
 

LDDI Consensus Statement February 20, 2008 Page 22 of 34  

http://www.atsdr.cdc.gov/tfacts17.html


10 Acknowledgments 
This document would not exist but for the drive and vision of Elise Miller, MEd, executive director of the 
Institute for Children’s Environmental Health (ICEH) and national coordinator of the Collaborative on 
Health and the Environment’s Learning and Developmental Disabilities Initiative, as well as the 
persistence and expertise of Steven G. Gilbert, PhD, DABT. A special acknowledgment goes to Nancy 
Snow, MS, research and communications manager at ICEH, who consistently provided thoughtful editing 
and invaluable organizational comments and always responded throughout numerous drafts. Sean Foley 
of Toxipedia and the Institute for Neurotoxicology and Neurological Disorders was instrumental helping 
with early research and editorial comments, and A. T. Birmingham-Young of Precise Words Editing 
Services provided final copyediting. We are particularly indebted to Bernie Weiss, Ted Schettler, Philip 
Landrigan, Bruce Lanphear, Martha Herbert, and Barbara McElgunn for their in-depth comments on 
various aspects of the document throughout the editing process. And finally, thank you to the entire 
review team for their formal and informal suggestions, encouragement and support in conceiving and 
developing this document. 
 

LDDI Consensus Statement February 20, 2008 Page 23 of 34  



11 References 
 
1. Dick FD. Parkinson's disease and pesticide exposures. Br Med Bull 2006;79-80:219-31. 
2. Dick FD, Seaton A, Haites N, Semple SE, Dick S, Prescott GJ, et al. Environmental risk 
factors for Parkinson's disease and parkinsonism: the Geoparkinson study. Occup Environ Med 
2007. 
3. Richardson JR, Caudle WM, Wang M, Dean ED, Pennell KD, Miller GW. Developmental 
exposure to the pesticide dieldrin alters the dopamine system and increases neurotoxicity in an 
animal model of Parkinson's disease. Faseb J 2006;20(10):1695-7. 
4. Singh C, Ahmad I, Kumar A. Pesticides and metals induced Parkinson's disease: 
involvement of free radicals and oxidative stress. Cell Mol Biol (Noisy-le-grand) 2007;53(5):19-28. 
5. Schmidt CW. Environmental connections: a deeper look into mental illness. Environ Health 
Perspect 2007;115(8):404-410. 
6. Gilbert SG, Grant-Webster KS. Neurobehavioral effects of developmental methylmercury 
exposure. Environ Health Perspect 1995;103 Suppl 6:135-42. 
7. Boyle CA, Decoufle P, Yeargin-Allsopp M. Prevalence and health impact of developmental 
disabilities in US children. Pediatrics 1994;93(3):399-403. 
8. Perrin JM, Bloom SR, Gortmaker SL. The increase of childhood chronic conditions in the 
United States. Jama 2007;297(24):2755-9. 
9. Biasini FJ, Grupe L, Huffman L, Bray NW. Mental retardation: a symptom and a 
syndrome. In: Netherton SD, Holmes D, Walker CE, editors. Child and Adolescent Psychological 
Disorders: A Comprehensive Textbook (Oxford Textbooks in Clinical Psychology, Vol 4). USA: 
Oxford University Press; 1999. 
10. Davidson P, Myers C, Weiss B, editors. Neurotoxicity and Developmenal Disabilities: 
Academic Press; 2006. 
11. Larson SA, Lakin KC, Anderson L, Kwak N, Lee JH, Anderson D. Prevalence of mental 
retardation and developmental disabilities: estimates from the 1994/1995 National Health Interview 
Survey Disability Supplements. Am J Ment Retard 2001;106(3):231-52. 
12. Schroeder SR. Mental retardation and developmental disabilities influenced by 
environmental neurotoxic insults. Environ Health Perspect 2000;108 Suppl 3:395-9. 
13. NIMH. Attention Deficit Hyperactivity Disorder. In: Health NIoM, editor.: National 
Institute of Mental Health; 2006. 
14. Goldman LS, Genel M, Bezman RJ, Slanetz PJ. Diagnosis and treatment of attention-
deficit/hyperactivity disorder in children and adolescents. Council on Scientific Affairs, American 
Medical Association. Jama 1998;279(14):1100-7. 
15. Froehlich T, Lanphear B, Epstein J, Barbaresi W, Katusic S, Kahn R. Prevalence, 
recognition and treatment of attention-deficit, hyperactivity disorder in a national sample of US 
children. Arch Ped Adolesc Med 2007;in press. 
16. NIMH. Autism Spectrum Disorders (Pervasive Developmental Disorders). In: Health 
NIoM, editor.: National Institute of Mental Health; 2004. 
17. Branum AM, Schoendorf KC. Changing patterns of low birthweight and preterm birth in 
the United States, 1981-98. Paediatr Perinat Epidemiol 2002;16(1):8-15. 
18. Braun JM, Kahn RS, Froehlich T, Auinger P, Lanphear BP. Exposures to environmental 
toxicants and attention deficit hyperactivity disorder in US children. Environ Health Perspect 
2006;114(12):1904-9. 
19. Hedley AA, Ogden CL, Johnson CL, Carroll MD, Curtin LR, Flegal KM. Prevalence of 
overweight and obesity among US children, adolescents, and adults, 1999-2002. JAMA 
2004;291(23):2847-50. 

LDDI Consensus Statement February 20, 2008 Page 24 of 34  



20. Landrigan PJ, Schechter CB, Lipton JM, Fahs MC, Schwartz J. Environmental pollutants 
and disease in American children: estimates of morbidity, mortality, and costs for lead poisoning, 
asthma, cancer, and developmental disabilities. Environ Health Perspect 2002;110(7):721-8. 
21. Davies K. Economic costs of childhood diseases and disabilities attributable to 
environmental contaminants in Washington State, USA. EcoHealth 2006;3(2):86-94. 
22. Chambers JG, Parrish T, Harr JJ. What are we spending on special education services in 
the United States, 1999-2000?, Advance Report #1: American Institutes for Research; 2002 March 
2002. 
23. Gilbert SG, Weiss B. A rationale for lowering the blood lead action level from 10 to 2 
microg/dL. Neurotoxicology 2006;27(5):693-701. 
24. Clarkson T. Methylmercury and fish consumption: weighing the risks. Can Med Assoc J 
1998;158:1465-1466. 
25. Clarkson TW. The three modern faces of mercury. Environ Health Perspect 2002;110 
Suppl 1:11-23. 
26. Debes F, Budtz-Jorgensen E, Weihe P, White RF, Grandjean P. Impact of prenatal 
methylmercury exposure on neurobehavioral function at age 14 years. Neurotoxicol Teratol 
2006;28(5):536-47. 
27. Grandjean P, Weihe P, White RF, Debes F, Araki S, Yokoyama K, et al. Cognitive deficit in 
7-year-old children with prenatal exposure to methylmercury. Neurotoxicol Teratol 
1997;19(6):417-28. 
28. Grandjean P, White RF. Effects of methylmercury exposure on neurodevelopment. Jama 
1999;281(10):896; author reply 897. 
29. Grandjean P, Landrigan PJ. Developmental neurotoxicity of industrial chemicals. Lancet 
2006;368(9553):2167-78. 
30. Antoniadis A, Gilbert SG, Gagnon M. Neurotoxicants: environmental contributors to 
disability in children. The ASHA Leader - American Speech-Language-Hearing Association 
2006;11(13):6-7, 38-39. 
31. Miller E, Snow N. Safeguarding our children at home: reducing exposures to toxic 
chemicals and heavy metals. Zero to Three 2005;November:26-32. 
32. Orzech D. Chemical kids — environmental toxins and child development. Social Work 
Today 2007;7(2):37-40. 
33. Perera FP, Illman SM, Kinney PL, Whyatt RM, Kelvin EA, Shepard P, et al. The challenge 
of preventing environmentally related disease in young children: community-based research in New 
York City. Environ Health Perspect 2002;110(2):197-204. 
34. Cory-Slechta DA, Virgolini MB, Thiruchelvam M, Weston DD, Bauter MR. Maternal stress 
modulates the effects of developmental lead exposure. Environ Health Perspect 2004;112(6):717-30. 
35. van den Hazel P, Zuurbier M, Babisch W, Bartonova A, Bistrup ML, Bolte G, et al. Today's 
epidemics in children: possible relations to environmental pollution and suggested preventive 
measures. Acta Paediatr Suppl 2006;95(453):18-25. 
36. Weiss B, Bellinger DC. Social ecology of children's vulnerability to environmental 
pollutants. Environ Health Perspect 2006;114(10):1479-85. 
37. Linnet KM, Dalsgaard S, Obel C, Wisborg K, Henriksen TB, Rodriguez A, et al. Maternal 
lifestyle factors in pregnancy risk of attention deficit hyperactivity disorder and associated 
behaviors: review of the current evidence. Am J Psychiatry 2003;160(6):1028-40. 
38. Grandjean P, Bellinger D, Bergman A, Cordier S, Davey-Smith G, Eskenazi B, et al. The 
faroes statement: human health effects of developmental exposure to chemicals in our environment. 
Basic & Clinical Pharmacology & Toxicology 2007;0(0):1-3. 
39. Landrigan P, Nordberg M, Lucchini R, Nordberg G, Grandjean P, Iregren A, et al. The 
Declaration of Brescia on prevention of the neurotoxicity of metals. Am J Ind Med 2007;50(10):709-
11. 

LDDI Consensus Statement February 20, 2008 Page 25 of 34  



40. Schettler T, Stein J, Reich F, Valenti M. In Harm's Way: Toxic Threats to Child 
Development. Cambridge, MA: Greater Boston Physicians for Social Responsibility; 2000. 
41. Sokol RJ, Delaney-Black V, Nordstrom B. Fetal alcohol spectrum disorder. JAMA 
2003;290(22):2996-9. 
42. Adams J, Barone S, Jr., LaMantia A, Philen R, Rice DC, Spear L, et al. Workshop to 
identify critical windows of exposure for children's health: neurobehavioral work group summary. 
Environ Health Perspect 2000;108 Suppl 3:535-44. 
43. 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 3:511-33. 
44. Rodier PM. Vulnerable periods and processes during central nervous system development. 
Environ Health Perspect 1994;102 Suppl 2:121-4. 
45. Rodier PM. Developing brain as a target of toxicity. Environ Health Perspect 1995;103 
Suppl 6:73-6. 
46. Clarkson TW. Mercury: major issues in environmental health. Environ Health Perspect 
1992;100:31-38. 
47. Cory-Slechta DA. Studying toxicants as single chemicals: does this strategy adequately 
identify neurotoxic risk? Neurotoxicology 2005;26(4):491-510. 
48. Okey AB, Franc MA, Moffat ID, Tijet N, Boutros PC, Korkalainen M, et al. Toxicological 
implications of polymorphisms in receptors for xenobiotic chemicals: the case of the aryl 
hydrocarbon receptor. Toxicol Appl Pharmacol 2005;207(2 Suppl):43-51. 
49. Palanza P, Morellini F, Parmigiani S, vom Saal FS. Prenatal exposure to endocrine 
disrupting chemicals: effects on behavioral development. Neurosci Biobehav Rev 1999;23(7):1011-
27. 
50. Schantz SL, Widholm JJ. Cognitive effects of endocrine-disrupting chemicals in animals. 
Environ Health Perspect 2001;109(12):1197-206. 
51. LaFranchi SH, Haddow JE, Hollowell JG. Is thyroid inadequacy during gestation a risk 
factor for adverse pregnancy and developmental outcomes? Thyroid 2005;15(1):60-71. 
52. Oerbeck B, Sundet K, Kase BF, Heyerdahl S. Congenital hypothyroidism: influence of 
disease severity and L-thyroxine treatment on intellectual, motor, and school-associated outcomes 
in young adults. Pediatrics 2003;112(4):923-30. 
53. Selva KA, Harper A, Downs A, Blasco PA, Lafranchi SH. Neurodevelopmental outcomes in 
congenital hypothyroidism: comparison of initial T4 dose and time to reach target T4 and TSH. J 
Pediatr 2005;147(6):775-80. 
54. Warren KR, Li TK. Genetic polymorphisms: impact on the risk of fetal alcohol spectrum 
disorders. Birth Defects Res A Clin Mol Teratol 2005;73(4):195-203. 
55. Furlong CE, Cole TB, Jarvik GP, Pettan-Brewer C, Geiss GK, Richter RJ, et al. Role of 
paraoxonase (PON1) status in pesticide sensitivity: genetic and temporal determinants. 
Neurotoxicology 2005;26(4):651-9. 
56. Furlong CE, Holland N, Richter RJ, Bradman A, Ho A, Eskenazi B. PON1 status of 
farmworker mothers and children as a predictor of organophosphate sensitivity. Pharmacogenet 
Genomics 2006;16(3):183-90. 
57. Holland N, Furlong C, Bastaki M, Richter R, Bradman A, Huen K, et al. Paraoxonase 
polymorphisms, haplotypes, and enzyme activity in Latino mothers and newborns. Environ Health 
Perspect 2006;114(7):985-91. 
58. Kelada SN, Shelton E, Kaufmann RB, Khoury MJ. Delta-aminolevulinic acid dehydratase 
genotype and lead toxicity: a HuGE review. Am J Epidemiol 2001;154(1):1-13. 
59. Montenegro MF, Barbosa F, Jr., Sandrim VC, Gerlach RF, Tanus-Santos JE. A 
polymorphism in the delta-aminolevulinic acid dehydratase gene modifies plasma/whole blood lead 
ratio. Arch Toxicol 2006;80(7):394-8. 
60. Anway MD, Skinner MK. Epigenetic transgenerational actions of endocrine disruptors. 
Endocrinology 2006;147(6 Suppl):S43-9. 

LDDI Consensus Statement February 20, 2008 Page 26 of 34  



61. Jones PA, Takai D. The role of DNA methylation in mammalian epigenetics. Science 
2001;293(5532):1068-70. 
62. Skinner MK, Anway MD. Epigenetic transgenerational actions of vinclozolin on the 
development of disease and cancer. Crit Rev Oncog 2007;13(1):75-82. 
63. Anway MD, Leathers C, Skinner MK. Endocrine disruptor vinclozolin induced epigenetic 
transgenerational adult-onset disease. Endocrinology 2006;147(12):5515-23. 
64. Anway MD, Memon MA, Uzumcu M, Skinner MK. Transgenerational effect of the 
endocrine disruptor vinclozolin on male spermatogenesis. J Androl 2006;27(6):868-79. 
65. Newbold RR, Padilla-Banks E, Jefferson WN. Adverse effects of the model environmental 
estrogen diethylstilbestrol are transmitted to subsequent generations. Endocrinology 2006;147(6 
Suppl):S11-7. 
66. vom Saal FS, Hughes C. An extensive new literature concerning low-dose effects of 
bisphenol A shows the need for a new risk assessment. Environ Health Perspect 2005;113(8):926-33. 
67. vom Saal FS, Nagel SC, Timms BG, Welshons WV. Implications for human health of the 
extensive bisphenol A literature showing adverse effects at low doses: a response to attempts to 
mislead the public. Toxicology 2005;212(2-3):244-52, author reply 253-4. 
68. Deutch B, Pedersen HS, Asmund G, Hansen JC. Contaminants, diet, plasma fatty acids and 
smoking in Greenland 1999-2005. Sci Total Environ 2007;372(2-3):486-96. 
69. Huwe JK, Larsen GL. Polychlorinated dioxins, furans, and biphenyls, and polybrominated 
diphenyl ethers in a US meat market basket and estimates of dietary intake. Environ Sci Technol 
2005;39(15):5606-11. 
70. NHANES. National Health and Nutrition Examination Survey. Hyattsville, MD: US 
Department of Health and Human Services, Centers for Disease Control and Prevention National 
Center for Health Statistics; 2007. 
71. Rodier PM, Ingram JL, Tisdale B, Croog VJ. Linking etiologies in humans and animal 
models: studies of autism. Reprod Toxicol 1997;11(2-3):417-22. 
72. Hallene KL, Oby E, Lee BJ, Santaguida S, Bassanini S, Cipolla M, et al. Prenatal exposure 
to thalidomide, altered vasculogenesis, and CNS malformations. Neuroscience 2006;142(1):267-83. 
73. Sadamatsu M, Kanai H, Xu X, Liu Y, Kato N. Review of animal models for autism: 
implication of thyroid hormone. Congenit Anom (Kyoto) 2006;46(1):1-9. 
74. Miyazaki K, Narita N, Narita M. Maternal administration of thalidomide or valproic acid 
causes abnormal serotonergic neurons in the offspring: implication for pathogenesis of autism. Int 
J Dev Neurosci 2005;23(2-3):287-97. 
75. Herbert MR, Russo JP, Yang S, Roohi J, Blaxill M, Kahler SG, et al. Autism and 
environmental genomics. Neurotoxicology 2006;27(5):671-84. 
76. Muhle R, Trentacoste SV, Rapin I. The genetics of autism. Pediatrics 2004;113(5):e472-86. 
77. Mahaffey KR. Nutrition and lead: strategies for public health. Environ Health Perspect 
1995;103 Suppl 6:191-6. 
78. Golub MS, Hogrefe CE, Germann SL, Tran TT, Beard JL, Crinella FM, et al. 
Neurobehavioral evaluation of rhesus monkey infants fed cow's milk formula, soy formula, or soy 
formula with added manganese. Neurotoxicol Teratol 2005;27(4):615-27. 
79. Davidsson L, Cederblad A, Lonnerdal B, Sandstrom B. The effect of individual dietary 
components on manganese absorption in humans. Am J Clin Nutr 1991;54(6):1065-70. 
80. Hu H, Kotha S, Brennan T. The role of nutrition in mitigating environmental insults: policy 
and ethical issues. Environ Health Perspect 1995;103 Suppl 6:185-90. 
81. Lau K, McLean WG, Williams DP, Howard CV. Synergistic interactions between 
commonly used food additives in a developmental neurotoxicity test. Toxicol Sci 2006;90(1):178-87. 
82. Tiffany-Castiglioni E, editor. In Vitro Neurotoxicology: Principles and Challenges (Methods 
in Pharmacology and Toxicology) Humana Press; 2004. 

LDDI Consensus Statement February 20, 2008 Page 27 of 34  



83. Bolon B, Garman R, Jensen K, Krinke G, Stuart B. A 'best practices' approach to 
neuropathologic assessment in developmental neurotoxicity testing--for today. Toxicol Pathol 
2006;34(3):296-313. 
84. Moser VC. The functional observational battery in adult and developing rats. 
Neurotoxicology 2000;21(6):989-96. 
85. EPA. Health Effects Test Guidlines. OPPTS 870.6300 Developmental Neurotoxicity Study. 
In: US Environmental Protection Agency; 1998. 
86. OECD. Draft guidance document on reproductive toxicity testing and assessment, Series on 
Testing and Assessment No. 43. Environment Directorate, Organisation for Economic Cooperation 
and Development, November 10, 2004. Available: 
http://www.oecd.org/dataoecd/38/46/34030071.pdf. 2004. 
87. Claudio L, Kwa WC, Russell AL, Wallinga D. Testing methods for developmental 
neurotoxicity of environmental chemicals. Toxicol Appl Pharmacol 2000;164(1):1-14. 
88. Cory-Slechta DA, Crofton KM, Foran JA, Ross JF, Sheets LP, Weiss B, et al. Methods to 
identify and characterize developmental neurotoxicity for human health risk assessment. I: 
behavioral effects. Environ Health Perspect 2001;109 Suppl 1:79-91. 
89. Dorman DC, Allen SL, Byczkowski JZ, Claudio L, Fisher JE, Jr., Fisher JW, et al. Methods 
to identify and characterize developmental neurotoxicity for human health risk assessment. III: 
pharmacokinetic and pharmacodynamic considerations. Environ Health Perspect 2001;109 Suppl 
1:101-11. 
90. Garman RH, Fix AS, Jortner BS, Jensen KF, Hardisty JF, Claudio L, et al. Methods to 
identify and characterize developmental neurotoxicity for human health risk assessment. II: 
neuropathology. Environ Health Perspect 2001;109 Suppl 1:93-100. 
91. Mileson BE, Ferenc SA. Methods to identify and characterize developmental neurotoxicity 
for human health risk assessment: overview. Environ Health Perspect 2001;109 Suppl 1:77-8. 
92. Burbacher TM, Grant KS. Methods for studying nonhuman primates in neurobehavioral 
toxicology and teratology. Neurotoxicol Teratol 2000;22(4):475-86. 
93. Moser VC, Simmons JE, Gennings C. Neurotoxicological interactions of a five-pesticide 
mixture in preweanling rats. Toxicol Sci 2006;92(1):235-45. 
94. Ehman KD, Moser VC. Evaluation of cognitive function in weanling rats: a review of 
methods suitable for chemical screening. Neurotoxicol Teratol 2006;28(1):144-61. 
95. Cory-Slechta DA. Lead-induced impairments in complex cognitive function: offerings from 
experimental studies. Child Neuropsychol 2003;9(1):54-75. 
96. Burbacher TM, Grant KS, Mayfield DB, Gilbert SG, Rice DC. Prenatal methylmercury 
exposure affects spatial vision in adult monkeys. Toxicol Appl Pharmacol 2005;208(1):21-8. 
97. Rice DC, Gilbert SG. Early chronic low-level methylmercury poisoning in monkeys impairs 
spatial vision. Science 1982;216(4547):759-61. 
98. Rice DC, Gilbert SG. Exposure to methylmercury from birth to adulthood impairs high-
frequency hearing in monkeys. Toxicol Appl Pharmacol 1992;115(1):6-10. 
99. Rice DC, Gilbert SG. Effects of developmental methylmercury exposure or lifetime lead 
exposure on vibration sensitivity function in monkeys. Toxicol Appl Pharmacol 1995;134(1):161-9. 
100. Rice DC. Behavioral deficit (delayed matching to sample) in monkeys exposed from birth to 
low levels of lead. Toxicol Appl Pharmacol 1984;75(2):337-45. 
101. Rice DC, Gilbert SG. Sensitive periods for lead-induced behavioral impairment (nonspatial 
discrimination reversal) in monkeys. Toxicol Appl Pharmacol 1990;102(1):101-9. 
102. Rice DC. Neurotoxicity of lead, methylmercury, and PCBs in relation to the Great Lakes. 
Environ Health Perspect 1995;103 Suppl 9:71-87. 
103. Grandjean P, Weihe P, Burse VW, Needham LL, Storr-Hansen E, Heinzow B, et al. 
Neurobehavioral deficits associated with PCB in 7-year-old children prenatally exposed to seafood 
neurotoxicants. Neurotoxicol Teratol 2001;23(4):305-17. 

LDDI Consensus Statement February 20, 2008 Page 28 of 34  

http://www.oecd.org/dataoecd/38/46/34030071.pdf


104. Anger WK. Neurobehavioural tests and systems to assess neurotoxic exposures in the 
workplace and community. Occup Environ Med 2003;60(7):531-8, 474. 
105. Farahat TM, Abdelrasoul GM, Amr MM, Shebl MM, Farahat FM, Anger WK. 
Neurobehavioural effects among workers occupationally exposed to organophosphorous pesticides. 
Occup Environ Med 2003;60(4):279-86. 
106. Kamel F, Rowland AS, Park LP, Anger WK, Baird DD, Gladen BC, et al. Neurobehavioral 
performance and work experience in Florida farmworkers. Environ Health Perspect 
2003;111(14):1765-72. 
107. McCauley LA, Anger WK, Keifer M, Langley R, Robson MG, Rohlman D. Studying health 
outcomes in farmworker populations exposed to pesticides. Environ Health Perspect 
2006;114(6):953-60. 
108. Binder LM, Storzbach D, Anger WK, Campbell KA, Rohlman DS, Center HR. Subjective 
cognitive complaints, affective distress, and objective cognitive performance in Persian Gulf War 
veterans. Arch Clin Neuropsychol 1999;14(6):531-6. 
109. Binder LM, Storzbach D, Campbell KA, Rohlman DS, Anger WK. Neurobehavioral deficits 
associated with chronic fatigue syndrome in veterans with Gulf War unexplained illnesses. J Int 
Neuropsychol Soc 2001;7(7):835-9. 
110. Anger WK, Liang YX, Nell V, Kang SK, Cole D, Bazylewicz-Walczak B, et al. Lessons 
learned -15 years of the WHO-NCTB: a review. Neurotoxicology 2000;21(5):837-46. 
111. Rohlman DS, Anger WK, Tamulinas A, Phillips J, Bailey SR, McCauley L. Development of 
a neurobehavioral battery for children exposed to neurotoxic chemicals. Neurotoxicology 
2001;22(5):657-65. 
112. Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P, Bellinger DC, et al. Low-level 
environmental lead exposure and children's intellectual function: an international pooled analysis. 
Environ Health Perspect 2005;113(7):894-9. 
113. Needleman HL, Bellinger D. The health effects of low level exposure to lead. Annu Rev 
Public Health 1991;12:111-140. 
114. Myers GJ, Davidson PW, Cox C, Shamlaye C, Cernichiari E, Clarkson TW. Twenty-seven 
years studying the human neurotoxicity of methylmercury exposure. Environ Res 2000;83(3):275-
85. 
115. Schettler T. Toxic threats to neurologic development of children. Environ Health Perspect 
2001;109 Suppl 6:813-6. 
116. Warren KR, Calhoun FJ, May PA, Viljoen DL, Li TK, Tanaka H, et al. Fetal alcohol 
syndrome: an international perspective. Alcohol Clin Exp Res 2001;25(5 Suppl ISBRA):202S-206S. 
117. Streissguth AP, Barr HM, Sampson PD. Moderate prenatal alcohol exposure: effects on 
child IQ and learning problems at age 7 1/2 years. Alcohol Clin Exp Res 1990;14(5):662-9. 
118. Streissguth AP, Barr HM, Sampson PD, Bookstein FL. Prenatal alcohol and offspring 
development: the first fourteen years. Drug Alcohol Depend 1994;36(2):89-99. 
119. Canfield RL, Henderson CR, Jr., Cory-Slechta DA, Cox C, Jusko TA, Lanphear BP. 
Intellectual impairment in children with blood lead concentrations below 10 microg per deciliter. N 
Engl J Med 2003;348(16):1517-26. 
120. Miranda ML, Kim D, Galeano MA, Paul CJ, Hull AP, Morgan SP. The Relationship 
between early childhood blood lead levels and performance on end-of-grade tests. Environ Health 
Perspect 2007;115(8):1242-7. 
121. Bellinger DC, Bellinger AM. Childhood lead poisoning: the torturous path from science to 
policy. J Clin Invest 2006;116(4):853-7. 
122. Gilbert SG. Ethical, legal, and social issues: our children's future. Neurotoxicology 
2005;26(4):521-530. 
123. Davidson PW, Myers GJ, Weiss B, Shamlaye CF, Cox C. Prenatal methylmercury exposure 
from fish consumption and child development: a review of evidence and perspectives from the 
Seychelles Child Development Study. Neurotoxicology 2006;27(6):1106-9. 

LDDI Consensus Statement February 20, 2008 Page 29 of 34  



124. Davidson PW, Myers GJ, Cox C, Wilding GE, Shamlaye CF, Huang LS, et al. 
Methylmercury and neurodevelopment: longitudinal analysis of the Seychelles child development 
cohort. Neurotoxicol Teratol 2006;28(5):529-35. 
125. Trasande L, Landrigan PJ, Schechter C. Public health and economic consequences of 
methylmercury toxicity to the developing brain. Environ Health Perspect 2005;113(5):590-6. 
126. Goldman LR, Farland WH. Methylmercury risks. Science 1998;279(5351):640-1; author 
reply 641. 
127. Grandjean P, White RF, Nielsen A, Cleary D, de Oliveira Santos EC. Methylmercury 
neurotoxicity in Amazonian children downstream from gold mining. Environ Health Perspect 
1999;107(7):587-91. 
128. ATSDR. Toxicological Profile For Polychlorinated Biphenyls (PCBs): Agency for Toxic 
Substances and Disease Registry. Available at http://www.atsdr.cdc.gov/toxprofiles/tp17.pdf; 2000. 
129. Jacobson JL, Jacobson SW. Intellectual impairment in children exposed to polychlorinated 
biphenyls in utero. N Engl J Med 1996;335(11):783-9. 
130. Jacobson JL, Jacobson SW. Dose-response in perinatal exposure to polychlorinated 
biphenyls (PCBs): the Michigan and North Carolina cohort studies. Toxicol Ind Health 1996;12(3-
4):435-45. 
131. Nakajima S, Saijo Y, Kato S, Sasaki S, Uno A, Kanagami N, et al. Effects of prenatal 
exposure to polychlorinated biphenyls and dioxins on mental and motor development in Japanese 
children at 6 months of age. Environ Health Perspect 2006;114(5):773-8. 
132. Vreugdenhil HJ, Van Zanten GA, Brocaar MP, Mulder PG, Weisglas-Kuperus N. Prenatal 
exposure to polychlorinated biphenyls and breastfeeding: opposing effects on auditory P300 
latencies in 9-year-old Dutch children. Dev Med Child Neurol 2004;46(6):398-405. 
133. Schantz SL, Gasior DM, Polverejan E, McCaffrey RJ, Sweeney AM, Humphrey HE, et al. 
Impairments of memory and learning in older adults exposed to polychlorinated biphenyls via 
consumption of Great Lakes fish. Environ Health Perspect 2001;109(6):605-11. 
134. Schantz SL, Widholm JJ, Rice DC. Effects of PCB exposure on neuropsychological function 
in children. Environ Health Perspect 2003;111(3):357-576. 
135. Costa LG, Giordano G. Developmental neurotoxicity of polybrominated diphenyl ether 
(PBDE) flame retardants. Neurotoxicology 2007. 
136. Rice DC, Reeve EA, Herlihy A, Zoeller RT, Thompson WD, Markowski VP. Developmental 
delays and locomotor activity in the C57BL6/J mouse following neonatal exposure to the fully-
brominated PBDE, decabromodiphenyl ether. Neurotoxicol Teratol 2007;29(4):511-20. 
137. Bowler RM, Nakagawa S, Drezgic M, Roels HA, Park RM, Diamond E, et al. Sequelae of 
fume exposure in confined space welding: a neurological and neuropsychological case series. 
Neurotoxicology 2007;28(2):298-311. 
138. Bowler RM, Roels HA, Nakagawa S, Drezgic M, Diamond E, Park R, et al. Dose-effect 
relationships between manganese exposure and neurological, neuropsychological and pulmonary 
function in confined space bridge welders. Occup Environ Med 2007;64(3):167-77. 
139. ATSDR. Toxicological Profile For Manganese: Agency for Toxic Substances and Disease 
Registry. Available at http://www.atsdr.cdc.gov/toxprofiles/tp17.pdf; 2000. 
140. Bouchard M, Laforest F, Vandelac L, Bellinger D, Mergler D. Hair manganese and 
hyperactive behaviors: pilot study of school-age children exposed through tap water. Environ 
Health Perspect 2007;115(1):122-7. 
141. Wasserman GA, Liu X, Parvez F, Ahsan H, Factor-Litvak P, Kline J, et al. Water arsenic 
exposure and intellectual function in 6-year-old children in Araihazar, Bangladesh. Environ Health 
Perspect 2007;115(2):285-9. 
142. Woolf AD, Wright RO, Amarasiriwardena C, Bellinger DC. A child with chronic 
manganese exposure from drinking water. Environ Health Perspect 2002;110(6):613-6. 

LDDI Consensus Statement February 20, 2008 Page 30 of 34  

http://www.atsdr.cdc.gov/toxprofiles/tp17.pdf;
http://www.atsdr.cdc.gov/toxprofiles/tp17.pdf;


143. Wright RO, Amarasiriwardena C, Woolf AD, Jim R, Bellinger DC. Neuropsychological 
correlates of hair arsenic, manganese, and cadmium levels in school-age children residing near a 
hazardous waste site. Neurotoxicology 2006;27(2):210-6. 
144. Pal PK, Samii A, Calne DB. Manganese neurotoxicity: a review of clinical features, imaging 
and pathology. Neurotoxicology 1999;20(2-3):227-38. 
145. Mergler D, Baldwin M, Belanger S, Larribe F, Beuter A, Bowler R, et al. Manganese 
neurotoxicity, a continuum of dysfunction: results from a community based study. Neurotoxicology 
1999;20(2-3):327-42. 
146. Wasserman GA, Liu X, Parvez F, Ahsan H, Levy D, Factor-Litvak P, et al. Water 
manganese exposure and children's intellectual function in Araihazar, Bangladesh. Environ Health 
Perspect 2006;114(1):124-9. 
147. Ahsan H, Chen Y, Parvez F, Zablotska L, Argos M, Hussain I, et al. Arsenic exposure from 
drinking water and risk of premalignant skin lesions in Bangladesh: baseline results from the 
Health Effects of Arsenic Longitudinal Study. Am J Epidemiol 2006;163(12):1138-48. 
148. Wasserman GA, Liu X, Parvez F, Ahsan H, Factor-Litvak P, van Geen A, et al. Water 
arsenic exposure and children's intellectual function in Araihazar, Bangladesh. Environ Health 
Perspect 2004;112(13):1329-33. 
149. Hafeman DM, Ahsan H, Louis ED, Siddique AB, Slavkovich V, Cheng Z, et al. Association 
between arsenic exposure and a measure of subclinical sensory neuropathy in Bangladesh. J Occup 
Environ Med 2005;47(8):778-84. 
150. Golub MS, Macintosh MS, Baumrind N. Developmental and reproductive toxicity of 
inorganic arsenic: animal studies and human concerns. J Toxicol Environ Health B Crit Rev 
1998;1(3):199-241. 
151. ATSDR. Toxicological Profile For Arsenic: Agency for Toxic Substances and Disease 
Registry. Available at http://www.atsdr.cdc.gov/toxprofiles/tp17.pdf; 2005. 
152. White RF, Proctor SP. Solvents and neurotoxicity. Lancet 1997;349(9060):1239-43. 
153. Eskenazi B, Gaylord L, Bracken MB, Brown D. In utero exposure to organic solvents and 
human neurodevelopment. Dev Med Child Neurol 1988;30(4):492-501. 
154. Laslo-Baker D, Barrera M, Knittel-Keren D, Kozer E, Wolpin J, Khattak S, et al. Child 
neurodevelopmental outcome and maternal occupational exposure to solvents. Arch Pediatr 
Adolesc Med 2004;158(10):956-61. 
155. Till C, Westall CA, Koren G, Nulman I, Rovet JF. Vision abnormalities in young children 
exposed prenatally to organic solvents. Neurotoxicology 2005;26(4):599-613. 
156. Till C, Westall CA, Rovet JF, Koren G. Effects of maternal occupational exposure to 
organic solvents on offspring visual functioning: a prospective controlled study. Teratology 
2001;64(3):134-41. 
157. Arnold GL, Kirby RS, Langendoerfer S, Wilkins-Haug L. Toluene embryopathy: clinical 
delineation and developmental follow-up. Pediatrics 1994;93(2):216-20. 
158. Hersh JH, Podruch PE, Rogers G, Weisskopf B. Toluene embryopathy. J Pediatr 
1985;106(6):922-7. 
159. Choi H, Jedrychowski W, Spengler J, Camann DE, Whyatt RM, Rauh V, et al. 
International studies of prenatal exposure to polycyclic aromatic hydrocarbons and fetal growth. 
Environ Health Perspect 2006;114(11):1744-50. 
160. Perera FP, Rauh V, Whyatt RM, Tsai WY, Tang D, Diaz D, et al. Effect of prenatal 
exposure to airborne polycyclic aromatic hydrocarbons on neurodevelopment in the first 3 years of 
life among inner-city children. Environ Health Perspect 2006;114(8):1287-92. 
161. Guillette EA, Meza MM, Aquilar MG, Soto AD, Garcia IE. An anthropological approach to 
the evaluation of preschool children exposed to pesticides in Mexico. Environ Health Perspect 
1998;106(6):347-53. 

LDDI Consensus Statement February 20, 2008 Page 31 of 34  

http://www.atsdr.cdc.gov/toxprofiles/tp17.pdf;


162. Rohlman DS, Arcury TA, Quandt SA, Lasarev M, Rothlein J, Travers R, et al. 
Neurobehavioral performance in preschool children from agricultural and non-agricultural 
communities in Oregon and North Carolina. Neurotoxicology 2005;26(4):589-98. 
163. Berkowitz GS, Wetmur JG, Birman-Deych E, Obel J, Lapinski RH, Godbold JH, et al. In 
utero pesticide exposure, maternal paraoxonase activity, and head circumference. Environ Health 
Perspect 2004;112(3):388-91. 
164. Grandjean P, Harari R, Barr DB, Debes F. Pesticide exposure and stunting as independent 
predictors of neurobehavioral deficits in Ecuadorian school children. Pediatrics 2006;117(3):e546-
56. 
165. Ruckart PZ, Kakolewski K, Bove FJ, Kaye WE. Long-term neurobehavioral health effects 
of methyl parathion exposure in children in Mississippi and Ohio. Environ Health Perspect 
2004;112(1):46-51. 
166. Whyatt RM, Garfinkel R, Hoepner LA, Holmes D, Borjas M, Williams MK, et al. Within- 
and between-home variability in indoor-air insecticide levels during pregnancy among an inner-city 
cohort from New York City. Environ Health Perspect 2007;115(3):383-9. 
167. Whyatt RM, Rauh V, Barr DB, Camann DE, Andrews HF, Garfinkel R, et al. Prenatal 
insecticide exposures and birth weight and length among an urban minority cohort. Environ Health 
Perspect 2004;112(10):1125-32. 
168. Young JG, Eskenazi B, Gladstone EA, Bradman A, Pedersen L, Johnson C, et al. 
Association between in utero organophosphate pesticide exposure and abnormal reflexes in 
neonates. Neurotoxicology 2005;26(2):199-209. 
169. Handal AJ, Lozoff B, Breilh J, Harlow SD. Effect of community of residence on 
neurobehavioral development in infants and young children in a flower-growing region of Ecuador. 
Environ Health Perspect 2007;115(1):128-33. 
170. Handal AJ, Lozoff B, Breilh J, Harlow SD. Neurobehavioral development in children with 
potential exposure to pesticides. Epidemiology 2007;18(3):312-20. 
171. Handal AJ, Lozoff B, Breilh J, Harlow SD. Sociodemographic and nutritional correlates of 
neurobehavioral development: a study of young children in a rural region of Ecuador. Rev Panam 
Salud Publica 2007;21(5):292-300. 
172. Rauh VA, Garfinkel R, Perera FP, Andrews HF, Hoepner L, Barr DB, et al. Impact of 
prenatal chlorpyrifos exposure on neurodevelopment in the first 3 years of life among inner-city 
children. Pediatrics 2006;118(6):e1845-59. 
173. Orlebeke JF, Knol DL, Verhulst FC. Child behavior problems increased by maternal 
smoking during pregnancy. Arch Environ Health 1999;54(1):15-9. 
174. Thapar A, Fowler T, Rice F, Scourfield J, van den Bree M, Thomas H, et al. Maternal 
smoking during pregnancy and attention deficit hyperactivity disorder symptoms in offspring. Am 
J Psychiatry 2003;160(11):1985-9. 
175. Wakschlag LS, Pickett KE, Cook E, Jr., Benowitz NL, Leventhal BL. Maternal smoking 
during pregnancy and severe antisocial behavior in offspring: a review. Am J Public Health 
2002;92(6):966-74. 
176. Miller T, Rauh VA, Glied SA, Hattis D, Rundle A, Andrews H, et al. The economic impact 
of early life environmental tobacco smoke exposure: early intervention for developmental delay. 
Environ Health Perspect 2006;114(10):1585-8. 
177. Gatzke-Kopp LM, Beauchaine TP. Direct and Passive Prenatal Nicotine Exposure and the 
Development of Externalizing Psychopathology. Child Psychiatry Hum Dev 2007. 
178. Wakschlag LS, Pickett KE, Leventhal BL. The association between maternal cigarette 
smoking and psychiatric diseases or criminal outcome in the offspring. Reprod Toxicol 
2000;14(6):579-80. 
179. Brennan PA, Grekin ER, Mortensen EL, Mednick SA. Relationship of maternal smoking 
during pregnancy with criminal arrest and hospitalization for substance abuse in male and female 
adult offspring. Am J Psychiatry 2002;159(1):48-54. 

LDDI Consensus Statement February 20, 2008 Page 32 of 34  



180. MMWR. Smoking During Pregnancy - United States, 1990-2002. In: Center for Disease 
Control and Prevention. Available at 
http://www.cdc.gov/MMWR/preview/mmwrhtml/mm5339a1.htm; 2004. p. 911-915. 
181. Gross L. The toxic origins of disease. PLoS Biol 2007;5(7):e193. 
182. Kuehn BM. Expert panels weigh bisphenol-A risks. JAMA 2007;298(13):1499-503. 
183. vom Saal FS, Cooke PS, Buchanan DL, Palanza P, Thayer KA, Nagel SC, et al. A 
physiologically based approach to the study of bisphenol A and other estrogenic chemicals on the 
size of reproductive organs, daily sperm production, and behavior. Toxicol Ind Health 1998;14(1-
2):239-60. 
184. NRC. Fluoride in Drinking Water: A Scientific Review of EPA's Standards. In: National 
Research Council of the National Academies. Available at 
http://books.nap.edu/openbook.php?record_id=11571&page=R1; 2006. 
185. Wang SX, Wang ZH, Cheng XT, Li J, Sang ZP, Zhang XD, et al. Arsenic and fluoride 
exposure in drinking water: children's IQ and growth in Shanyin county, Shanxi province, China. 
Environ Health Perspect 2007;115(4):643-7. 
186. Erdal S, Buchanan SN. A quantitative look at fluorosis, fluoride exposure, and intake in 
children using a health risk assessment approach. Environ Health Perspect 2005;113(1):111-7. 
187. Weiss B, Williams JH, Margen S, Abrams B, Caan B, Citron LJ, et al. Behavioral responses 
to artificial food colors. Science 1980;207(4438):1487-9. 
188. Schab DW, Trinh NH. Do artificial food colors promote hyperactivity in children with 
hyperactive syndromes? A meta-analysis of double-blind placebo-controlled trials. J Dev Behav 
Pediatr 2004;25(6):423-34. 
189. Bateman B, Warner JO, Hutchinson E, Dean T, Rowlandson P, Gant C, et al. The effects of 
a double blind, placebo controlled, artificial food colourings and benzoate preservative challenge on 
hyperactivity in a general population sample of preschool children. In: Arch Dis Child; 2004. p. 
506-11. 
190. Boris M, Mandel FS. Foods and additives are common causes of the attention deficit 
hyperactive disorder in children. Ann Allergy 1994;72(5):462-8. 
191. McCann D, Barrett A, Cooper A, Crumpler D, Dalen L, Grimshaw K, et al. Food additives 
and hyperactive behaviour in 3-year-old and 8/9-year-old children in the community: a 
randomised, double-blinded, placebo-controlled trial. Lancet 2007;370(9598):1560-7. 
192. Rowe KS, Briggs DR. Food additives and behaviour. Med J Aust 1994;161(10):581-2. 
193. Rowe KS, Rowe KJ. Synthetic food coloring and behavior: a dose response effect in a 
double-blind, placebo-controlled, repeated-measures study. J Pediatr 1994;125(5 Pt 1):691-8. 
194. NRC. Toxicity Testing in the 21st Century: A Vision and a Strategy Committee on Toxicity 
Testing and Assessment of Environmental Agents: National Research Council of the National 
Academies. Available at http://www.nap.edu/catalog/11970.html; 2007. 
195. Boekelheide K. Mixed Messages. Toxicological Sciences 2007;99(1):1-2. 
196. WHO. Principles for evaluating health risks in children associated with exposure to 
chemicals 
(Environmental health criteria ; 237): World Health Organization; 2006. 
197. Lee C. Environmental justice: building a unified vision of health and the environment. 
Environ Health Perspect 2002;110 Suppl 2:141-4. 
198. Schettler TH. Human rights: necessary? sufficient? diversionary? Int J Occup Environ 
Health 2003;9(1):69-73. 
199. Callahan D, Jennings B. Ethics and public health: forging a strong relationship. Am J 
Public Health 2002;92(2):169-76. 
200. Kass NE. An ethics framework for public health. Am J Public Health 2001;91(11):1776-82. 
201. Smith C. Human rights, environment, and individual action. Int J Occup Environ Health 
2003;9(1):1-3. 

LDDI Consensus Statement February 20, 2008 Page 33 of 34  

http://www.cdc.gov/MMWR/preview/mmwrhtml/mm5339a1.htm;
http://books.nap.edu/openbook.php?record_id=11571&page=R1;
http://www.nap.edu/catalog/11970.html;


202. Weiss B. Ethics assessment as an adjunct to risk assessment in the evaluation of 
developmental neurotoxicants. Environ Health Perspect 2001;109 Suppl 6:905-8. 
203. Bernard SM, McGeehin MA. Prevalence of blood lead levels >or= 5 microg/dL among US 
children 1 to 5 years of age and socioeconomic and demographic factors associated with blood of 
lead levels 5 to 10 microg/dL, Third National Health and Nutrition Examination Survey, 1988-1994. 
Pediatrics 2003;112(6 Pt 1):1308-13. 
204. Leopold A. A Sand County Almanac: Oxford University Press, USA; 2 edition (December 
31, 1968); 1949. 
205. Hardin G. The tragedy of the commons. Science 1968;162(859):1243-8. 
206. APA. The Diagnostic and Statistical Manual of Mental Disorders. DSM-IV-TR. 4th ed. 
Washington, DC: American Psychiatric Association; 2000. 
 
 

LDDI Consensus Statement February 20, 2008 Page 34 of 34  


	 1 Introduction
	1.1 Purposes of the document
	1.2 Scope and incidence of disorders
	1.2.1 Definitions of LDDs
	1.2.2 Overview of brain development
	1.2.3 Incidence
	1.2.4 Impacts on individuals, families and society


	2 Historical Perspective
	3 Environmental Contributors to Disorders
	3.1 Timing of exposure
	3.2 Bioaccumulation and mixtures
	3.3 Mechanisms of disruption
	3.4 Variable sensitivity
	3.5 Evidence of exposures (body burden)
	3.6 Other environmental factors
	3.6.1 Pharmaceuticals 
	3.6.2 Genetic factors
	3.6.3 Environmental justice: socioeconomics, nutrition and stress


	4 Status of Evidence on Environmental Agents
	4.1 Human and animal assessment of learning and development
	4.2 High-confidence conclusions
	4.2.1 Alcohol
	4.2.2 Lead
	4.2.3 Mercury
	4.2.4 PCBs
	4.2.5 PBDEs
	4.2.6 Manganese
	4.2.7 Arsenic
	4.2.8 Solvents
	4.2.9 PAHs
	4.2.10 Pesticides
	4.2.11 Nicotine and environmental tobacco smoke

	4.3 Other contributors and emerging evidence
	4.3.1 Endocrine disruptors
	4.3.2 Fluoride
	4.3.3 Food additives


	5 Call for Further Research 
	5.1 Better assessment tools and procedures
	5.2 In vitro (test-tube) screening of both new and old compounds
	5.3 Chronic effects of hazardous chemicals
	5.4 Multiple exposures
	5.5 Low-level exposures
	5.6 Interactions with socioeconomic factors (environmental justice)
	5.7 Effects of endocrine disruption on cognitive deficits
	5.8 Interactions with genetics and identification of susceptible subpopulations 
	5.9 World Health Organization research recommendations 

	6 Ethical and Policy Considerations
	6.1 Ethical considerations
	6.2 Policy considerations

	7 Conclusions
	 8 Resources: Children and Environmental Agents
	 9 Glossary of Terms and Term Usage Specific to This Statement
	 10 Acknowledgments
	 11 References
	1. Dick FD. Parkinson's disease and pesticide exposures. Br Med Bull 2006;79-80:219-31.
	2. Dick FD, Seaton A, Haites N, Semple SE, Dick S, Prescott GJ, et al. Environmental risk factors for Parkinson's disease and parkinsonism: the Geoparkinson study. Occup Environ Med 2007.
	3. Richardson JR, Caudle WM, Wang M, Dean ED, Pennell KD, Miller GW. Developmental exposure to the pesticide dieldrin alters the dopamine system and increases neurotoxicity in an animal model of Parkinson's disease. Faseb J 2006;20(10):1695-7.
	4. Singh C, Ahmad I, Kumar A. Pesticides and metals induced Parkinson's disease: involvement of free radicals and oxidative stress. Cell Mol Biol (Noisy-le-grand) 2007;53(5):19-28.
	5. Schmidt CW. Environmental connections: a deeper look into mental illness. Environ Health Perspect 2007;115(8):404-410.
	6. Gilbert SG, Grant-Webster KS. Neurobehavioral effects of developmental methylmercury exposure. Environ Health Perspect 1995;103 Suppl 6:135-42.
	7. Boyle CA, Decoufle P, Yeargin-Allsopp M. Prevalence and health impact of developmental disabilities in US children. Pediatrics 1994;93(3):399-403.
	8. Perrin JM, Bloom SR, Gortmaker SL. The increase of childhood chronic conditions in the United States. Jama 2007;297(24):2755-9.
	9. Biasini FJ, Grupe L, Huffman L, Bray NW. Mental retardation: a symptom and a syndrome. In: Netherton SD, Holmes D, Walker CE, editors. Child and Adolescent Psychological Disorders: A Comprehensive Textbook (Oxford Textbooks in Clinical Psychology, Vol 4). USA: Oxford University Press; 1999.
	10. Davidson P, Myers C, Weiss B, editors. Neurotoxicity and Developmenal Disabilities: Academic Press; 2006.
	11. Larson SA, Lakin KC, Anderson L, Kwak N, Lee JH, Anderson D. Prevalence of mental retardation and developmental disabilities: estimates from the 1994/1995 National Health Interview Survey Disability Supplements. Am J Ment Retard 2001;106(3):231-52.
	12. Schroeder SR. Mental retardation and developmental disabilities influenced by environmental neurotoxic insults. Environ Health Perspect 2000;108 Suppl 3:395-9.
	13. NIMH. Attention Deficit Hyperactivity Disorder. In: Health NIoM, editor.: National Institute of Mental Health; 2006.
	14. Goldman LS, Genel M, Bezman RJ, Slanetz PJ. Diagnosis and treatment of attention-deficit/hyperactivity disorder in children and adolescents. Council on Scientific Affairs, American Medical Association. Jama 1998;279(14):1100-7.
	15. Froehlich T, Lanphear B, Epstein J, Barbaresi W, Katusic S, Kahn R. Prevalence, recognition and treatment of attention-deficit, hyperactivity disorder in a national sample of US children. Arch Ped Adolesc Med 2007;in press.
	16. NIMH. Autism Spectrum Disorders (Pervasive Developmental Disorders). In: Health NIoM, editor.: National Institute of Mental Health; 2004.
	17. Branum AM, Schoendorf KC. Changing patterns of low birthweight and preterm birth in the United States, 1981-98. Paediatr Perinat Epidemiol 2002;16(1):8-15.
	18. Braun JM, Kahn RS, Froehlich T, Auinger P, Lanphear BP. Exposures to environmental toxicants and attention deficit hyperactivity disorder in US children. Environ Health Perspect 2006;114(12):1904-9.
	19. Hedley AA, Ogden CL, Johnson CL, Carroll MD, Curtin LR, Flegal KM. Prevalence of overweight and obesity among US children, adolescents, and adults, 1999-2002. JAMA 2004;291(23):2847-50.
	20. Landrigan PJ, Schechter CB, Lipton JM, Fahs MC, Schwartz J. Environmental pollutants and disease in American children: estimates of morbidity, mortality, and costs for lead poisoning, asthma, cancer, and developmental disabilities. Environ Health Perspect 2002;110(7):721-8.
	21. Davies K. Economic costs of childhood diseases and disabilities attributable to environmental contaminants in Washington State, USA. EcoHealth 2006;3(2):86-94.
	22. Chambers JG, Parrish T, Harr JJ. What are we spending on special education services in the United States, 1999-2000?, Advance Report #1: American Institutes for Research; 2002 March 2002.
	23. Gilbert SG, Weiss B. A rationale for lowering the blood lead action level from 10 to 2 microg/dL. Neurotoxicology 2006;27(5):693-701.
	24. Clarkson T. Methylmercury and fish consumption: weighing the risks. Can Med Assoc J 1998;158:1465-1466.
	25. Clarkson TW. The three modern faces of mercury. Environ Health Perspect 2002;110 Suppl 1:11-23.
	26. Debes F, Budtz-Jorgensen E, Weihe P, White RF, Grandjean P. Impact of prenatal methylmercury exposure on neurobehavioral function at age 14 years. Neurotoxicol Teratol 2006;28(5):536-47.
	27. Grandjean P, Weihe P, White RF, Debes F, Araki S, Yokoyama K, et al. Cognitive deficit in 7-year-old children with prenatal exposure to methylmercury. Neurotoxicol Teratol 1997;19(6):417-28.
	28. Grandjean P, White RF. Effects of methylmercury exposure on neurodevelopment. Jama 1999;281(10):896; author reply 897.
	29. Grandjean P, Landrigan PJ. Developmental neurotoxicity of industrial chemicals. Lancet 2006;368(9553):2167-78.
	30. Antoniadis A, Gilbert SG, Gagnon M. Neurotoxicants: environmental contributors to disability in children. The ASHA Leader - American Speech-Language-Hearing Association 2006;11(13):6-7, 38-39.
	31. Miller E, Snow N. Safeguarding our children at home: reducing exposures to toxic chemicals and heavy metals. Zero to Three 2005;November:26-32.
	32. Orzech D. Chemical kids — environmental toxins and child development. Social Work Today 2007;7(2):37-40.
	33. Perera FP, Illman SM, Kinney PL, Whyatt RM, Kelvin EA, Shepard P, et al. The challenge of preventing environmentally related disease in young children: community-based research in New York City. Environ Health Perspect 2002;110(2):197-204.
	34. Cory-Slechta DA, Virgolini MB, Thiruchelvam M, Weston DD, Bauter MR. Maternal stress modulates the effects of developmental lead exposure. Environ Health Perspect 2004;112(6):717-30.
	35. van den Hazel P, Zuurbier M, Babisch W, Bartonova A, Bistrup ML, Bolte G, et al. Today's epidemics in children: possible relations to environmental pollution and suggested preventive measures. Acta Paediatr Suppl 2006;95(453):18-25.
	36. Weiss B, Bellinger DC. Social ecology of children's vulnerability to environmental pollutants. Environ Health Perspect 2006;114(10):1479-85.
	37. Linnet KM, Dalsgaard S, Obel C, Wisborg K, Henriksen TB, Rodriguez A, et al. Maternal lifestyle factors in pregnancy risk of attention deficit hyperactivity disorder and associated behaviors: review of the current evidence. Am J Psychiatry 2003;160(6):1028-40.
	38. Grandjean P, Bellinger D, Bergman A, Cordier S, Davey-Smith G, Eskenazi B, et al. The faroes statement: human health effects of developmental exposure to chemicals in our environment. Basic & Clinical Pharmacology & Toxicology 2007;0(0):1-3.
	39. Landrigan P, Nordberg M, Lucchini R, Nordberg G, Grandjean P, Iregren A, et al. The Declaration of Brescia on prevention of the neurotoxicity of metals. Am J Ind Med 2007;50(10):709-11.
	40. Schettler T, Stein J, Reich F, Valenti M. In Harm's Way: Toxic Threats to Child Development. Cambridge, MA: Greater Boston Physicians for Social Responsibility; 2000.
	41. Sokol RJ, Delaney-Black V, Nordstrom B. Fetal alcohol spectrum disorder. JAMA 2003;290(22):2996-9.
	42. Adams J, Barone S, Jr., LaMantia A, Philen R, Rice DC, Spear L, et al. Workshop to identify critical windows of exposure for children's health: neurobehavioral work group summary. Environ Health Perspect 2000;108 Suppl 3:535-44.
	43. 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 3:511-33.
	44. Rodier PM. Vulnerable periods and processes during central nervous system development. Environ Health Perspect 1994;102 Suppl 2:121-4.
	45. Rodier PM. Developing brain as a target of toxicity. Environ Health Perspect 1995;103 Suppl 6:73-6.
	46. Clarkson TW. Mercury: major issues in environmental health. Environ Health Perspect 1992;100:31-38.
	47. Cory-Slechta DA. Studying toxicants as single chemicals: does this strategy adequately identify neurotoxic risk? Neurotoxicology 2005;26(4):491-510.
	48. Okey AB, Franc MA, Moffat ID, Tijet N, Boutros PC, Korkalainen M, et al. Toxicological implications of polymorphisms in receptors for xenobiotic chemicals: the case of the aryl hydrocarbon receptor. Toxicol Appl Pharmacol 2005;207(2 Suppl):43-51.
	49. Palanza P, Morellini F, Parmigiani S, vom Saal FS. Prenatal exposure to endocrine disrupting chemicals: effects on behavioral development. Neurosci Biobehav Rev 1999;23(7):1011-27.
	50. Schantz SL, Widholm JJ. Cognitive effects of endocrine-disrupting chemicals in animals. Environ Health Perspect 2001;109(12):1197-206.
	51. LaFranchi SH, Haddow JE, Hollowell JG. Is thyroid inadequacy during gestation a risk factor for adverse pregnancy and developmental outcomes? Thyroid 2005;15(1):60-71.
	52. Oerbeck B, Sundet K, Kase BF, Heyerdahl S. Congenital hypothyroidism: influence of disease severity and L-thyroxine treatment on intellectual, motor, and school-associated outcomes in young adults. Pediatrics 2003;112(4):923-30.
	53. Selva KA, Harper A, Downs A, Blasco PA, Lafranchi SH. Neurodevelopmental outcomes in congenital hypothyroidism: comparison of initial T4 dose and time to reach target T4 and TSH. J Pediatr 2005;147(6):775-80.
	54. Warren KR, Li TK. Genetic polymorphisms: impact on the risk of fetal alcohol spectrum disorders. Birth Defects Res A Clin Mol Teratol 2005;73(4):195-203.
	55. Furlong CE, Cole TB, Jarvik GP, Pettan-Brewer C, Geiss GK, Richter RJ, et al. Role of paraoxonase (PON1) status in pesticide sensitivity: genetic and temporal determinants. Neurotoxicology 2005;26(4):651-9.
	56. Furlong CE, Holland N, Richter RJ, Bradman A, Ho A, Eskenazi B. PON1 status of farmworker mothers and children as a predictor of organophosphate sensitivity. Pharmacogenet Genomics 2006;16(3):183-90.
	57. Holland N, Furlong C, Bastaki M, Richter R, Bradman A, Huen K, et al. Paraoxonase polymorphisms, haplotypes, and enzyme activity in Latino mothers and newborns. Environ Health Perspect 2006;114(7):985-91.
	58. Kelada SN, Shelton E, Kaufmann RB, Khoury MJ. Delta-aminolevulinic acid dehydratase genotype and lead toxicity: a HuGE review. Am J Epidemiol 2001;154(1):1-13.
	59. Montenegro MF, Barbosa F, Jr., Sandrim VC, Gerlach RF, Tanus-Santos JE. A polymorphism in the delta-aminolevulinic acid dehydratase gene modifies plasma/whole blood lead ratio. Arch Toxicol 2006;80(7):394-8.
	60. Anway MD, Skinner MK. Epigenetic transgenerational actions of endocrine disruptors. Endocrinology 2006;147(6 Suppl):S43-9.
	61. Jones PA, Takai D. The role of DNA methylation in mammalian epigenetics. Science 2001;293(5532):1068-70.
	62. Skinner MK, Anway MD. Epigenetic transgenerational actions of vinclozolin on the development of disease and cancer. Crit Rev Oncog 2007;13(1):75-82.
	63. Anway MD, Leathers C, Skinner MK. Endocrine disruptor vinclozolin induced epigenetic transgenerational adult-onset disease. Endocrinology 2006;147(12):5515-23.
	64. Anway MD, Memon MA, Uzumcu M, Skinner MK. Transgenerational effect of the endocrine disruptor vinclozolin on male spermatogenesis. J Androl 2006;27(6):868-79.
	65. Newbold RR, Padilla-Banks E, Jefferson WN. Adverse effects of the model environmental estrogen diethylstilbestrol are transmitted to subsequent generations. Endocrinology 2006;147(6 Suppl):S11-7.
	66. vom Saal FS, Hughes C. An extensive new literature concerning low-dose effects of bisphenol A shows the need for a new risk assessment. Environ Health Perspect 2005;113(8):926-33.
	67. vom Saal FS, Nagel SC, Timms BG, Welshons WV. Implications for human health of the extensive bisphenol A literature showing adverse effects at low doses: a response to attempts to mislead the public. Toxicology 2005;212(2-3):244-52, author reply 253-4.
	68. Deutch B, Pedersen HS, Asmund G, Hansen JC. Contaminants, diet, plasma fatty acids and smoking in Greenland 1999-2005. Sci Total Environ 2007;372(2-3):486-96.
	69. Huwe JK, Larsen GL. Polychlorinated dioxins, furans, and biphenyls, and polybrominated diphenyl ethers in a US meat market basket and estimates of dietary intake. Environ Sci Technol 2005;39(15):5606-11.
	70. NHANES. National Health and Nutrition Examination Survey. Hyattsville, MD: US Department of Health and Human Services, Centers for Disease Control and Prevention National Center for Health Statistics; 2007.
	71. Rodier PM, Ingram JL, Tisdale B, Croog VJ. Linking etiologies in humans and animal models: studies of autism. Reprod Toxicol 1997;11(2-3):417-22.
	72. Hallene KL, Oby E, Lee BJ, Santaguida S, Bassanini S, Cipolla M, et al. Prenatal exposure to thalidomide, altered vasculogenesis, and CNS malformations. Neuroscience 2006;142(1):267-83.
	73. Sadamatsu M, Kanai H, Xu X, Liu Y, Kato N. Review of animal models for autism: implication of thyroid hormone. Congenit Anom (Kyoto) 2006;46(1):1-9.
	74. Miyazaki K, Narita N, Narita M. Maternal administration of thalidomide or valproic acid causes abnormal serotonergic neurons in the offspring: implication for pathogenesis of autism. Int J Dev Neurosci 2005;23(2-3):287-97.
	75. Herbert MR, Russo JP, Yang S, Roohi J, Blaxill M, Kahler SG, et al. Autism and environmental genomics. Neurotoxicology 2006;27(5):671-84.
	76. Muhle R, Trentacoste SV, Rapin I. The genetics of autism. Pediatrics 2004;113(5):e472-86.
	77. Mahaffey KR. Nutrition and lead: strategies for public health. Environ Health Perspect 1995;103 Suppl 6:191-6.
	78. Golub MS, Hogrefe CE, Germann SL, Tran TT, Beard JL, Crinella FM, et al. Neurobehavioral evaluation of rhesus monkey infants fed cow's milk formula, soy formula, or soy formula with added manganese. Neurotoxicol Teratol 2005;27(4):615-27.
	79. Davidsson L, Cederblad A, Lonnerdal B, Sandstrom B. The effect of individual dietary components on manganese absorption in humans. Am J Clin Nutr 1991;54(6):1065-70.
	80. Hu H, Kotha S, Brennan T. The role of nutrition in mitigating environmental insults: policy and ethical issues. Environ Health Perspect 1995;103 Suppl 6:185-90.
	81. Lau K, McLean WG, Williams DP, Howard CV. Synergistic interactions between commonly used food additives in a developmental neurotoxicity test. Toxicol Sci 2006;90(1):178-87.
	82. Tiffany-Castiglioni E, editor. In Vitro Neurotoxicology: Principles and Challenges (Methods in Pharmacology and Toxicology) Humana Press; 2004.
	83. Bolon B, Garman R, Jensen K, Krinke G, Stuart B. A 'best practices' approach to neuropathologic assessment in developmental neurotoxicity testing--for today. Toxicol Pathol 2006;34(3):296-313.
	84. Moser VC. The functional observational battery in adult and developing rats. Neurotoxicology 2000;21(6):989-96.
	85. EPA. Health Effects Test Guidlines. OPPTS 870.6300 Developmental Neurotoxicity Study. In: US Environmental Protection Agency; 1998.
	86. OECD. Draft guidance document on reproductive toxicity testing and assessment, Series on Testing and Assessment No. 43. Environment Directorate, Organisation for Economic Cooperation and Development, November 10, 2004. Available: http://www.oecd.org/dataoecd/38/46/34030071.pdf. 2004.
	87. Claudio L, Kwa WC, Russell AL, Wallinga D. Testing methods for developmental neurotoxicity of environmental chemicals. Toxicol Appl Pharmacol 2000;164(1):1-14.
	88. Cory-Slechta DA, Crofton KM, Foran JA, Ross JF, Sheets LP, Weiss B, et al. Methods to identify and characterize developmental neurotoxicity for human health risk assessment. I: behavioral effects. Environ Health Perspect 2001;109 Suppl 1:79-91.
	89. Dorman DC, Allen SL, Byczkowski JZ, Claudio L, Fisher JE, Jr., Fisher JW, et al. Methods to identify and characterize developmental neurotoxicity for human health risk assessment. III: pharmacokinetic and pharmacodynamic considerations. Environ Health Perspect 2001;109 Suppl 1:101-11.
	90. Garman RH, Fix AS, Jortner BS, Jensen KF, Hardisty JF, Claudio L, et al. Methods to identify and characterize developmental neurotoxicity for human health risk assessment. II: neuropathology. Environ Health Perspect 2001;109 Suppl 1:93-100.
	91. Mileson BE, Ferenc SA. Methods to identify and characterize developmental neurotoxicity for human health risk assessment: overview. Environ Health Perspect 2001;109 Suppl 1:77-8.
	92. Burbacher TM, Grant KS. Methods for studying nonhuman primates in neurobehavioral toxicology and teratology. Neurotoxicol Teratol 2000;22(4):475-86.
	93. Moser VC, Simmons JE, Gennings C. Neurotoxicological interactions of a five-pesticide mixture in preweanling rats. Toxicol Sci 2006;92(1):235-45.
	94. Ehman KD, Moser VC. Evaluation of cognitive function in weanling rats: a review of methods suitable for chemical screening. Neurotoxicol Teratol 2006;28(1):144-61.
	95. Cory-Slechta DA. Lead-induced impairments in complex cognitive function: offerings from experimental studies. Child Neuropsychol 2003;9(1):54-75.
	96. Burbacher TM, Grant KS, Mayfield DB, Gilbert SG, Rice DC. Prenatal methylmercury exposure affects spatial vision in adult monkeys. Toxicol Appl Pharmacol 2005;208(1):21-8.
	97. Rice DC, Gilbert SG. Early chronic low-level methylmercury poisoning in monkeys impairs spatial vision. Science 1982;216(4547):759-61.
	98. Rice DC, Gilbert SG. Exposure to methylmercury from birth to adulthood impairs high-frequency hearing in monkeys. Toxicol Appl Pharmacol 1992;115(1):6-10.
	99. Rice DC, Gilbert SG. Effects of developmental methylmercury exposure or lifetime lead exposure on vibration sensitivity function in monkeys. Toxicol Appl Pharmacol 1995;134(1):161-9.
	100. Rice DC. Behavioral deficit (delayed matching to sample) in monkeys exposed from birth to low levels of lead. Toxicol Appl Pharmacol 1984;75(2):337-45.
	101. Rice DC, Gilbert SG. Sensitive periods for lead-induced behavioral impairment (nonspatial discrimination reversal) in monkeys. Toxicol Appl Pharmacol 1990;102(1):101-9.
	102. Rice DC. Neurotoxicity of lead, methylmercury, and PCBs in relation to the Great Lakes. Environ Health Perspect 1995;103 Suppl 9:71-87.
	103. Grandjean P, Weihe P, Burse VW, Needham LL, Storr-Hansen E, Heinzow B, et al. Neurobehavioral deficits associated with PCB in 7-year-old children prenatally exposed to seafood neurotoxicants. Neurotoxicol Teratol 2001;23(4):305-17.
	104. Anger WK. Neurobehavioural tests and systems to assess neurotoxic exposures in the workplace and community. Occup Environ Med 2003;60(7):531-8, 474.
	105. Farahat TM, Abdelrasoul GM, Amr MM, Shebl MM, Farahat FM, Anger WK. Neurobehavioural effects among workers occupationally exposed to organophosphorous pesticides. Occup Environ Med 2003;60(4):279-86.
	106. Kamel F, Rowland AS, Park LP, Anger WK, Baird DD, Gladen BC, et al. Neurobehavioral performance and work experience in Florida farmworkers. Environ Health Perspect 2003;111(14):1765-72.
	107. McCauley LA, Anger WK, Keifer M, Langley R, Robson MG, Rohlman D. Studying health outcomes in farmworker populations exposed to pesticides. Environ Health Perspect 2006;114(6):953-60.
	108. Binder LM, Storzbach D, Anger WK, Campbell KA, Rohlman DS, Center HR. Subjective cognitive complaints, affective distress, and objective cognitive performance in Persian Gulf War veterans. Arch Clin Neuropsychol 1999;14(6):531-6.
	109. Binder LM, Storzbach D, Campbell KA, Rohlman DS, Anger WK. Neurobehavioral deficits associated with chronic fatigue syndrome in veterans with Gulf War unexplained illnesses. J Int Neuropsychol Soc 2001;7(7):835-9.
	110. Anger WK, Liang YX, Nell V, Kang SK, Cole D, Bazylewicz-Walczak B, et al. Lessons learned -15 years of the WHO-NCTB: a review. Neurotoxicology 2000;21(5):837-46.
	111. Rohlman DS, Anger WK, Tamulinas A, Phillips J, Bailey SR, McCauley L. Development of a neurobehavioral battery for children exposed to neurotoxic chemicals. Neurotoxicology 2001;22(5):657-65.
	112. Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P, Bellinger DC, et al. Low-level environmental lead exposure and children's intellectual function: an international pooled analysis. Environ Health Perspect 2005;113(7):894-9.
	113. Needleman HL, Bellinger D. The health effects of low level exposure to lead. Annu Rev Public Health 1991;12:111-140.
	114. Myers GJ, Davidson PW, Cox C, Shamlaye C, Cernichiari E, Clarkson TW. Twenty-seven years studying the human neurotoxicity of methylmercury exposure. Environ Res 2000;83(3):275-85.
	115. Schettler T. Toxic threats to neurologic development of children. Environ Health Perspect 2001;109 Suppl 6:813-6.
	116. Warren KR, Calhoun FJ, May PA, Viljoen DL, Li TK, Tanaka H, et al. Fetal alcohol syndrome: an international perspective. Alcohol Clin Exp Res 2001;25(5 Suppl ISBRA):202S-206S.
	117. Streissguth AP, Barr HM, Sampson PD. Moderate prenatal alcohol exposure: effects on child IQ and learning problems at age 7 1/2 years. Alcohol Clin Exp Res 1990;14(5):662-9.
	118. Streissguth AP, Barr HM, Sampson PD, Bookstein FL. Prenatal alcohol and offspring development: the first fourteen years. Drug Alcohol Depend 1994;36(2):89-99.
	119. Canfield RL, Henderson CR, Jr., Cory-Slechta DA, Cox C, Jusko TA, Lanphear BP. Intellectual impairment in children with blood lead concentrations below 10 microg per deciliter. N Engl J Med 2003;348(16):1517-26.
	120. Miranda ML, Kim D, Galeano MA, Paul CJ, Hull AP, Morgan SP. The Relationship between early childhood blood lead levels and performance on end-of-grade tests. Environ Health Perspect 2007;115(8):1242-7.
	121. Bellinger DC, Bellinger AM. Childhood lead poisoning: the torturous path from science to policy. J Clin Invest 2006;116(4):853-7.
	122. Gilbert SG. Ethical, legal, and social issues: our children's future. Neurotoxicology 2005;26(4):521-530.
	123. Davidson PW, Myers GJ, Weiss B, Shamlaye CF, Cox C. Prenatal methylmercury exposure from fish consumption and child development: a review of evidence and perspectives from the Seychelles Child Development Study. Neurotoxicology 2006;27(6):1106-9.
	124. Davidson PW, Myers GJ, Cox C, Wilding GE, Shamlaye CF, Huang LS, et al. Methylmercury and neurodevelopment: longitudinal analysis of the Seychelles child development cohort. Neurotoxicol Teratol 2006;28(5):529-35.
	125. Trasande L, Landrigan PJ, Schechter C. Public health and economic consequences of methylmercury toxicity to the developing brain. Environ Health Perspect 2005;113(5):590-6.
	126. Goldman LR, Farland WH. Methylmercury risks. Science 1998;279(5351):640-1; author reply 641.
	127. Grandjean P, White RF, Nielsen A, Cleary D, de Oliveira Santos EC. Methylmercury neurotoxicity in Amazonian children downstream from gold mining. Environ Health Perspect 1999;107(7):587-91.
	128. ATSDR. Toxicological Profile For Polychlorinated Biphenyls (PCBs): Agency for Toxic Substances and Disease Registry. Available at http://www.atsdr.cdc.gov/toxprofiles/tp17.pdf; 2000.
	129. Jacobson JL, Jacobson SW. Intellectual impairment in children exposed to polychlorinated biphenyls in utero. N Engl J Med 1996;335(11):783-9.
	130. Jacobson JL, Jacobson SW. Dose-response in perinatal exposure to polychlorinated biphenyls (PCBs): the Michigan and North Carolina cohort studies. Toxicol Ind Health 1996;12(3-4):435-45.
	131. Nakajima S, Saijo Y, Kato S, Sasaki S, Uno A, Kanagami N, et al. Effects of prenatal exposure to polychlorinated biphenyls and dioxins on mental and motor development in Japanese children at 6 months of age. Environ Health Perspect 2006;114(5):773-8.
	132. Vreugdenhil HJ, Van Zanten GA, Brocaar MP, Mulder PG, Weisglas-Kuperus N. Prenatal exposure to polychlorinated biphenyls and breastfeeding: opposing effects on auditory P300 latencies in 9-year-old Dutch children. Dev Med Child Neurol 2004;46(6):398-405.
	133. Schantz SL, Gasior DM, Polverejan E, McCaffrey RJ, Sweeney AM, Humphrey HE, et al. Impairments of memory and learning in older adults exposed to polychlorinated biphenyls via consumption of Great Lakes fish. Environ Health Perspect 2001;109(6):605-11.
	134. Schantz SL, Widholm JJ, Rice DC. Effects of PCB exposure on neuropsychological function in children. Environ Health Perspect 2003;111(3):357-576.
	135. Costa LG, Giordano G. Developmental neurotoxicity of polybrominated diphenyl ether (PBDE) flame retardants. Neurotoxicology 2007.
	136. Rice DC, Reeve EA, Herlihy A, Zoeller RT, Thompson WD, Markowski VP. Developmental delays and locomotor activity in the C57BL6/J mouse following neonatal exposure to the fully-brominated PBDE, decabromodiphenyl ether. Neurotoxicol Teratol 2007;29(4):511-20.
	137. Bowler RM, Nakagawa S, Drezgic M, Roels HA, Park RM, Diamond E, et al. Sequelae of fume exposure in confined space welding: a neurological and neuropsychological case series. Neurotoxicology 2007;28(2):298-311.
	138. Bowler RM, Roels HA, Nakagawa S, Drezgic M, Diamond E, Park R, et al. Dose-effect relationships between manganese exposure and neurological, neuropsychological and pulmonary function in confined space bridge welders. Occup Environ Med 2007;64(3):167-77.
	139. ATSDR. Toxicological Profile For Manganese: Agency for Toxic Substances and Disease Registry. Available at http://www.atsdr.cdc.gov/toxprofiles/tp17.pdf; 2000.
	140. Bouchard M, Laforest F, Vandelac L, Bellinger D, Mergler D. Hair manganese and hyperactive behaviors: pilot study of school-age children exposed through tap water. Environ Health Perspect 2007;115(1):122-7.
	141. Wasserman GA, Liu X, Parvez F, Ahsan H, Factor-Litvak P, Kline J, et al. Water arsenic exposure and intellectual function in 6-year-old children in Araihazar, Bangladesh. Environ Health Perspect 2007;115(2):285-9.
	142. Woolf AD, Wright RO, Amarasiriwardena C, Bellinger DC. A child with chronic manganese exposure from drinking water. Environ Health Perspect 2002;110(6):613-6.
	143. Wright RO, Amarasiriwardena C, Woolf AD, Jim R, Bellinger DC. Neuropsychological correlates of hair arsenic, manganese, and cadmium levels in school-age children residing near a hazardous waste site. Neurotoxicology 2006;27(2):210-6.
	144. Pal PK, Samii A, Calne DB. Manganese neurotoxicity: a review of clinical features, imaging and pathology. Neurotoxicology 1999;20(2-3):227-38.
	145. Mergler D, Baldwin M, Belanger S, Larribe F, Beuter A, Bowler R, et al. Manganese neurotoxicity, a continuum of dysfunction: results from a community based study. Neurotoxicology 1999;20(2-3):327-42.
	146. Wasserman GA, Liu X, Parvez F, Ahsan H, Levy D, Factor-Litvak P, et al. Water manganese exposure and children's intellectual function in Araihazar, Bangladesh. Environ Health Perspect 2006;114(1):124-9.
	147. Ahsan H, Chen Y, Parvez F, Zablotska L, Argos M, Hussain I, et al. Arsenic exposure from drinking water and risk of premalignant skin lesions in Bangladesh: baseline results from the Health Effects of Arsenic Longitudinal Study. Am J Epidemiol 2006;163(12):1138-48.
	148. Wasserman GA, Liu X, Parvez F, Ahsan H, Factor-Litvak P, van Geen A, et al. Water arsenic exposure and children's intellectual function in Araihazar, Bangladesh. Environ Health Perspect 2004;112(13):1329-33.
	149. Hafeman DM, Ahsan H, Louis ED, Siddique AB, Slavkovich V, Cheng Z, et al. Association between arsenic exposure and a measure of subclinical sensory neuropathy in Bangladesh. J Occup Environ Med 2005;47(8):778-84.
	150. Golub MS, Macintosh MS, Baumrind N. Developmental and reproductive toxicity of inorganic arsenic: animal studies and human concerns. J Toxicol Environ Health B Crit Rev 1998;1(3):199-241.
	151. ATSDR. Toxicological Profile For Arsenic: Agency for Toxic Substances and Disease Registry. Available at http://www.atsdr.cdc.gov/toxprofiles/tp17.pdf; 2005.
	152. White RF, Proctor SP. Solvents and neurotoxicity. Lancet 1997;349(9060):1239-43.
	153. Eskenazi B, Gaylord L, Bracken MB, Brown D. In utero exposure to organic solvents and human neurodevelopment. Dev Med Child Neurol 1988;30(4):492-501.
	154. Laslo-Baker D, Barrera M, Knittel-Keren D, Kozer E, Wolpin J, Khattak S, et al. Child neurodevelopmental outcome and maternal occupational exposure to solvents. Arch Pediatr Adolesc Med 2004;158(10):956-61.
	155. Till C, Westall CA, Koren G, Nulman I, Rovet JF. Vision abnormalities in young children exposed prenatally to organic solvents. Neurotoxicology 2005;26(4):599-613.
	156. Till C, Westall CA, Rovet JF, Koren G. Effects of maternal occupational exposure to organic solvents on offspring visual functioning: a prospective controlled study. Teratology 2001;64(3):134-41.
	157. Arnold GL, Kirby RS, Langendoerfer S, Wilkins-Haug L. Toluene embryopathy: clinical delineation and developmental follow-up. Pediatrics 1994;93(2):216-20.
	158. Hersh JH, Podruch PE, Rogers G, Weisskopf B. Toluene embryopathy. J Pediatr 1985;106(6):922-7.
	159. Choi H, Jedrychowski W, Spengler J, Camann DE, Whyatt RM, Rauh V, et al. International studies of prenatal exposure to polycyclic aromatic hydrocarbons and fetal growth. Environ Health Perspect 2006;114(11):1744-50.
	160. Perera FP, Rauh V, Whyatt RM, Tsai WY, Tang D, Diaz D, et al. Effect of prenatal exposure to airborne polycyclic aromatic hydrocarbons on neurodevelopment in the first 3 years of life among inner-city children. Environ Health Perspect 2006;114(8):1287-92.
	161. Guillette EA, Meza MM, Aquilar MG, Soto AD, Garcia IE. An anthropological approach to the evaluation of preschool children exposed to pesticides in Mexico. Environ Health Perspect 1998;106(6):347-53.
	162. Rohlman DS, Arcury TA, Quandt SA, Lasarev M, Rothlein J, Travers R, et al. Neurobehavioral performance in preschool children from agricultural and non-agricultural communities in Oregon and North Carolina. Neurotoxicology 2005;26(4):589-98.
	163. Berkowitz GS, Wetmur JG, Birman-Deych E, Obel J, Lapinski RH, Godbold JH, et al. In utero pesticide exposure, maternal paraoxonase activity, and head circumference. Environ Health Perspect 2004;112(3):388-91.
	164. Grandjean P, Harari R, Barr DB, Debes F. Pesticide exposure and stunting as independent predictors of neurobehavioral deficits in Ecuadorian school children. Pediatrics 2006;117(3):e546-56.
	165. Ruckart PZ, Kakolewski K, Bove FJ, Kaye WE. Long-term neurobehavioral health effects of methyl parathion exposure in children in Mississippi and Ohio. Environ Health Perspect 2004;112(1):46-51.
	166. Whyatt RM, Garfinkel R, Hoepner LA, Holmes D, Borjas M, Williams MK, et al. Within- and between-home variability in indoor-air insecticide levels during pregnancy among an inner-city cohort from New York City. Environ Health Perspect 2007;115(3):383-9.
	167. Whyatt RM, Rauh V, Barr DB, Camann DE, Andrews HF, Garfinkel R, et al. Prenatal insecticide exposures and birth weight and length among an urban minority cohort. Environ Health Perspect 2004;112(10):1125-32.
	168. Young JG, Eskenazi B, Gladstone EA, Bradman A, Pedersen L, Johnson C, et al. Association between in utero organophosphate pesticide exposure and abnormal reflexes in neonates. Neurotoxicology 2005;26(2):199-209.
	169. Handal AJ, Lozoff B, Breilh J, Harlow SD. Effect of community of residence on neurobehavioral development in infants and young children in a flower-growing region of Ecuador. Environ Health Perspect 2007;115(1):128-33.
	170. Handal AJ, Lozoff B, Breilh J, Harlow SD. Neurobehavioral development in children with potential exposure to pesticides. Epidemiology 2007;18(3):312-20.
	171. Handal AJ, Lozoff B, Breilh J, Harlow SD. Sociodemographic and nutritional correlates of neurobehavioral development: a study of young children in a rural region of Ecuador. Rev Panam Salud Publica 2007;21(5):292-300.
	172. Rauh VA, Garfinkel R, Perera FP, Andrews HF, Hoepner L, Barr DB, et al. Impact of prenatal chlorpyrifos exposure on neurodevelopment in the first 3 years of life among inner-city children. Pediatrics 2006;118(6):e1845-59.
	173. Orlebeke JF, Knol DL, Verhulst FC. Child behavior problems increased by maternal smoking during pregnancy. Arch Environ Health 1999;54(1):15-9.
	174. Thapar A, Fowler T, Rice F, Scourfield J, van den Bree M, Thomas H, et al. Maternal smoking during pregnancy and attention deficit hyperactivity disorder symptoms in offspring. Am J Psychiatry 2003;160(11):1985-9.
	175. Wakschlag LS, Pickett KE, Cook E, Jr., Benowitz NL, Leventhal BL. Maternal smoking during pregnancy and severe antisocial behavior in offspring: a review. Am J Public Health 2002;92(6):966-74.
	176. Miller T, Rauh VA, Glied SA, Hattis D, Rundle A, Andrews H, et al. The economic impact of early life environmental tobacco smoke exposure: early intervention for developmental delay. Environ Health Perspect 2006;114(10):1585-8.
	177. Gatzke-Kopp LM, Beauchaine TP. Direct and Passive Prenatal Nicotine Exposure and the Development of Externalizing Psychopathology. Child Psychiatry Hum Dev 2007.
	178. Wakschlag LS, Pickett KE, Leventhal BL. The association between maternal cigarette smoking and psychiatric diseases or criminal outcome in the offspring. Reprod Toxicol 2000;14(6):579-80.
	179. Brennan PA, Grekin ER, Mortensen EL, Mednick SA. Relationship of maternal smoking during pregnancy with criminal arrest and hospitalization for substance abuse in male and female adult offspring. Am J Psychiatry 2002;159(1):48-54.
	180. MMWR. Smoking During Pregnancy - United States, 1990-2002. In: Center for Disease Control and Prevention. Available at http://www.cdc.gov/MMWR/preview/mmwrhtml/mm5339a1.htm; 2004. p. 911-915.
	181. Gross L. The toxic origins of disease. PLoS Biol 2007;5(7):e193.
	182. Kuehn BM. Expert panels weigh bisphenol-A risks. JAMA 2007;298(13):1499-503.
	183. vom Saal FS, Cooke PS, Buchanan DL, Palanza P, Thayer KA, Nagel SC, et al. A physiologically based approach to the study of bisphenol A and other estrogenic chemicals on the size of reproductive organs, daily sperm production, and behavior. Toxicol Ind Health 1998;14(1-2):239-60.
	184. NRC. Fluoride in Drinking Water: A Scientific Review of EPA's Standards. In: National Research Council of the National Academies. Available at http://books.nap.edu/openbook.php?record_id=11571&page=R1; 2006.
	185. Wang SX, Wang ZH, Cheng XT, Li J, Sang ZP, Zhang XD, et al. Arsenic and fluoride exposure in drinking water: children's IQ and growth in Shanyin county, Shanxi province, China. Environ Health Perspect 2007;115(4):643-7.
	186. Erdal S, Buchanan SN. A quantitative look at fluorosis, fluoride exposure, and intake in children using a health risk assessment approach. Environ Health Perspect 2005;113(1):111-7.
	187. Weiss B, Williams JH, Margen S, Abrams B, Caan B, Citron LJ, et al. Behavioral responses to artificial food colors. Science 1980;207(4438):1487-9.
	188. Schab DW, Trinh NH. Do artificial food colors promote hyperactivity in children with hyperactive syndromes? A meta-analysis of double-blind placebo-controlled trials. J Dev Behav Pediatr 2004;25(6):423-34.
	189. Bateman B, Warner JO, Hutchinson E, Dean T, Rowlandson P, Gant C, et al. The effects of a double blind, placebo controlled, artificial food colourings and benzoate preservative challenge on hyperactivity in a general population sample of preschool children. In: Arch Dis Child; 2004. p. 506-11.
	190. Boris M, Mandel FS. Foods and additives are common causes of the attention deficit hyperactive disorder in children. Ann Allergy 1994;72(5):462-8.
	191. McCann D, Barrett A, Cooper A, Crumpler D, Dalen L, Grimshaw K, et al. Food additives and hyperactive behaviour in 3-year-old and 8/9-year-old children in the community: a randomised, double-blinded, placebo-controlled trial. Lancet 2007;370(9598):1560-7.
	192. Rowe KS, Briggs DR. Food additives and behaviour. Med J Aust 1994;161(10):581-2.
	193. Rowe KS, Rowe KJ. Synthetic food coloring and behavior: a dose response effect in a double-blind, placebo-controlled, repeated-measures study. J Pediatr 1994;125(5 Pt 1):691-8.
	194. NRC. Toxicity Testing in the 21st Century: A Vision and a Strategy Committee on Toxicity Testing and Assessment of Environmental Agents: National Research Council of the National Academies. Available at http://www.nap.edu/catalog/11970.html; 2007.
	195. Boekelheide K. Mixed Messages. Toxicological Sciences 2007;99(1):1-2.
	196. WHO. Principles for evaluating health risks in children associated with exposure to chemicals
	(Environmental health criteria ; 237): World Health Organization; 2006.
	197. Lee C. Environmental justice: building a unified vision of health and the environment. Environ Health Perspect 2002;110 Suppl 2:141-4.
	198. Schettler TH. Human rights: necessary? sufficient? diversionary? Int J Occup Environ Health 2003;9(1):69-73.
	199. Callahan D, Jennings B. Ethics and public health: forging a strong relationship. Am J Public Health 2002;92(2):169-76.
	200. Kass NE. An ethics framework for public health. Am J Public Health 2001;91(11):1776-82.
	201. Smith C. Human rights, environment, and individual action. Int J Occup Environ Health 2003;9(1):1-3.
	202. Weiss B. Ethics assessment as an adjunct to risk assessment in the evaluation of developmental neurotoxicants. Environ Health Perspect 2001;109 Suppl 6:905-8.
	203. Bernard SM, McGeehin MA. Prevalence of blood lead levels >or= 5 microg/dL among US children 1 to 5 years of age and socioeconomic and demographic factors associated with blood of lead levels 5 to 10 microg/dL, Third National Health and Nutrition Examination Survey, 1988-1994. Pediatrics 2003;112(6 Pt 1):1308-13.
	204. Leopold A. A Sand County Almanac: Oxford University Press, USA; 2 edition (December 31, 1968); 1949.
	205. Hardin G. The tragedy of the commons. Science 1968;162(859):1243-8.
	206. APA. The Diagnostic and Statistical Manual of Mental Disorders. DSM-IV-TR. 4th ed. Washington, DC: American Psychiatric Association; 2000.

