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Abstract
Many studies have investigated the neurodevelopmental effects of prenatal and early childhood
exposures to organophosphate (OP) pesticides among children, but they have not been collectively
evaluated. The aim of the present article is to synthesize reported evidence over the last decade on
OP exposure and neurodevelopmental effects in children. The Data Sources were PubMed, Web
of Science, EBSCO, SciVerse Scopus, SpringerLink, SciELO and DOAJ. The eligibility criteria
considered were studies assessing exposure to OP pesticides and neurodevelopmental effects in
children from birth to 18 years of age, published between 2002 and 2012 in English or Spanish.
Twenty-seven articles met the eligibility criteria. Studies were rated for evidential consideration as
high, intermediate, or low based upon the study design, number of participants, exposure
measurement, and neurodevelopmental measures. All but one of the 27 studies evaluated showed
some negative effects of pesticides on neurobehavioral development. A positive dose–response
relationship between OP exposure and neurodevelopmental outcomes was found in all but one of
the 12 studies that assessed dose–response. In the ten longitudinal studies that assessed prenatal
exposure to OPs, cognitive deficits (related to working memory) were found in children at age 7
years, behavioral deficits (related to attention) seen mainly in toddlers, and motor deficits
(abnormal reflexes) seen mainly in neonates. No meta-analysis was possible due to different
measurements of exposure assessment and outcomes. Eleven studies (all longitudinal) were rated
high, 14 studies were rated intermediate, and two studies were rated low. Evidence of neurological
deficits associated with exposure to OP pesticides in children is growing. The studies reviewed
collectively support the hypothesis that exposure to OP pesticides induces neurotoxic effects.
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Further research is needed to understand effects associated with exposure in critical windows of
development.
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1. Introduction
Organophosphate (OP) pesticides are a group of chemical compounds used for the control
and elimination of insects in agriculture, and in some instances for residential or industrial
applications. OP pesticides act as acetylcholinesterase (AChE) inhibitors, which prevent the
breakdown of the neurotransmitter acetylcholine, increasing both its concentration and
duration of action in the body.

Exposures to OP pesticides can be toxic to humans and animals (Levine, 2007; Tadeo et al.,
2008). During development, neurologic effects of OP exposure, even at low levels, may be
detrimental because neurotransmitters, including acetylcholine, play essential roles in the
cellular and architectural development of the brain (Barr et al., 2006). Excessive exposure in
humans results in overexcitation of muscarinic and nicotinic receptors of the nervous
system, inducing an over-accumulation of this neurotransmitter in the cholinergic synapses
due to phosphorylation of the active cholinesterase molecule site. This effect can result in a
variety of symptoms including salivation, nausea, vomiting, lacrimation, seizures and
ultimately death (Costa, 2006).

Below we summarize data on routes of exposure, metabolism, and biomarkers for OP
pesticides, and present the motivation for our review.

1.1. Routes of exposure
Humans may be exposed to OP pesticides through a variety of pathways including working
on or living in close proximity to a farm that applies OP pesticides, home or industrial use of
OP pesticides, inhalation or non-dietary ingestion of OP pesticide-laden dust, and
consumption of produce containing OP pesticide residues (Curwin et al., 2005, 2007; Lu et
al., 2004, 2008; Muñoz-Quezada et al., 2012; Naeher et al., 2010; Rodríguez et al., 2006;
Valcke et al., 2006; Vida and Moretto, 2007).

For children, dietary exposure of OP pesticides is believed to be the predominant exposure
pathway. However, a decade ago, exposure from residential use of OP pesticides was also
found to be a significant exposure pathway (Whyatt et al., 2003). In addition, para-
occupational exposure, i.e., exposure caused by contact with an occupationally exposed
person or items that person has come in contact with such as clothing or surfaces, continues
to be an important exposure pathway in children or spouses of farmers or farmworkers (Vida
and Moretto, 2007; Rodríguez et al., 2006; Valcke et al., 2006; Curl et al., 2002; Fenske et
al., 2002).

1.2. Metabolism
After exposure, OP pesticides may be metabolized to their more toxic oxon form, which can
react with AChE, releasing its pesticide-specific metabolite. If the bound AChE ages, that is,
if the adducted pesticide loses its carbon sidechains, the AChE becomes irreversibly bound,
which is most often the case. If an OP pesticide does not bind to AChE, it may be
enzymatically hydrolyzed through paraoxonase (PON), or spontaneously hydrolyzed to form
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pesticide-specific metabolites and non-specific diaklyphosphate (DAP) metabolites. These
metabolites or their glucuronide- or sulfate-bound conjugates are excreted primarily in the
urine. The half-life of OP pesticides in the body varies for each pesticide but is in the range
of 24–48 h. A small portion of some of these pesticides is also believed to be sequestered in
lipid stores of the body (Bakke and Price, 1976).

1.3. Biomarkers of exposure
OP pesticide exposure can be assessed via questionnaires, environmental measurements, and
biomonitoring, the latter of which is increasingly common. Biomonitoring measurements
used to assess OP pesticide exposure include AChE activity screening, measurement of
specific and non-specific urinary metabolites, and measurement of the parent pesticide in
blood (Barr et al., 2006; CDC, 2009; Duggan et al., 2003; Sudakin and Stone, 2011; Wessels
et al., 2003). Blood pesticide measurements provide unequivocal evidence of exposure but
are often difficult to obtain because of the biological reactivity of the pesticides. It is best to
analyze samples soon after collection to minimize reaction/degradation and soon after
exposure occurs, the timing of which is typically not known. Furthermore, the levels found
in blood are typically three orders of magnitude lower than urinary metabolite levels, which
additionally complicates their measurement (Barr et al., 1999).

The most widely used biologically based exposure assessment involves measuring generic
urinary DAP metabolites, pesticide-specific metabolites such as 3,5,6-trichloropyridinol
(metabolite of chlorpyrifos and chlorpyrifos-methyl), malathion dicarboxylic acid
(metabolite of malathion), 2-isopropyl-4-methyl-6 hydroxypyrimidine (metabolite of
diazinon) or urinary soluble pesticides such as methamidaphos, acephate and dimethoate
(Barr et al., 2006; CDC, 2009, 2012). DAP metabolites include dimethyl phosphate (DMP),
dimethylthiophosphate (DMTP), dimethyldithiophosphate (DMDTP), diethylphosphate
(DEP), diethylthiophosphate (DETP), and diethyldithiophosphate (DEDTP). Each of these
metabolites corresponds to one or more OP pesticides, e.g., in the case of the DEP
metabolite, it corresponds to chlorpyrifos, disulfoton or diazinon pesticides (see Table 1),
(Barr et al., 2006; CDC, 2009). The measurement of urinary DAP metabolites or pesticide-
specific metabolites represents exposure to their preformed metabolites in the environment
as well as to the parent pesticide, so it likely overestimates exposure. Regardless, these
measurements, in particular the DAP metabolite measurements, remain one of the most
widely used OP pesticide exposure assessment tools.

1.4. Biomarkers of susceptibility
In addition to biomarkers of exposure, biomarkers of susceptibility have been measured and
have been used to assist in evaluating the association between exposure to OP pesticides and
neurodevelopment (Eskenazi et al., 2010). The biomarker of susceptibility studied for OP
exposures is PON1, the gene responsible for transcribing PON, has a polymorphism at
amino acid 192 (R → Q) that can alter expression and activity of PON, thus altering a
person’s ability to detoxify OP pesticides (González et al., 2012; Huen et al., 2012).
Individuals with wildtype PON1 (RR) have almost three times the PON activity as those
with the Q/Q variant and about 1.5 times more activity than the R/Q variant (Rojas-García et
al., 2005).

1.5. Biomarkers of effect
Biomarkers are also used to assess the effects of OP exposure, although the tools available
for this approach are limited. Red blood cell AChE and plasma butyrylcholinesterase
(BuChE) activities are used as biomarkers in clinical and occupational settings (Farahat et
al., 2011). The most commonly used biomarker of effect of OP pesticide exposure is a
functional decrease in AChE activity, primarily to monitor acute exposures in farmers or
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farmworkers, but this requires baseline assessment (pre-exposure), and is believed to be
sensitive only to high exposures. In addition, even though AChE activity is an appropriate
measure of acute effects, this measure may not be an informative biomarker of
neurodevelopmental effects in children, because most of these are believed to result from
interference of dopaminergic or serotonergic pathways during development at exposure
levels that do not cause appreciable AChE inhibition (Aldridge et al., 2005a,b).

1.6. The current review
In the last decade, many studies have reported on neurobehavioral effects associated with
OP pesticide exposure in children (Alavanja et al., 2004; Bradman and Whyatt, 2005;
Eskenazi et al., 2008; Garry et al., 2004; Jurewicz and Hanke, 2008; Rosas and Eskenazi,
2008). However, to date, there has been no systematic review of this literature. Compiling
all of these results in a systematic way allows for an assessment of the current state of
knowledge and to identify research gaps.

Our aim with this study was to systematically review and synthesize findings from studies
that evaluated OP pesticide exposure and neurodevelopmental outcomes in children. We
excluded studies published prior to 2002 because many of these lack current exposure
assessments or neurological tests that are common to the more recent studies (Jurewicz &
Hanke, 2008). We restricted our review to children (including those exposed in utero)
because our current understanding of the potential modes of action involves different
pathways than acute toxicity in adults (Aldridge et al., 2005a,b).

2. Methods
Epidemiological studies that included OP pesticide exposure assessment and
neurobehavioral testing were identified through literature searches in PubMed, Web of
Science, EBSCO, SciVerse Scopus, SpringerLink, SciELO, and DOAJ databases. Search
terms included: “organophosphate AND pesticides AND children”; “pesticides AND
children AND neurobehavioral”; “organophosphate pesticides AND children AND
neurobehavioral”; and “chlorpyrifos AND pesticides AND neurodevelopment”. Criteria for
inclusion in the review included: 1) exposure assessment for OP pesticides; (2) neurological
effects assessed; (3) participants 0–18 years; and (4) studies published from 2002 to 2012.
The languages of publication considered were English and Spanish. We identified a total of
461 articles with our search terms, after excluding duplicate articles we screened 441
articles, from which 29 met our eligibility criteria and finally only 27 articles were included
in this review (Fig. 1). From each study, we extracted information about the population
characteristics, study design, instruments used for measuring effects (Table 2) and exposure,
results, and confounders controlled. Each study was assessed for its individual strengths and
was given a rating based upon: (1) exposure assessment methods used; (2)
neurodevelopmental assessments used; (3) study design; (4) sample size; and (5) whether
important confounders were appropriately controlled. To give the rating to each study, it was
assigned a score of 0 to 2 for each of 5 parameters. The characteristics of these five
parameters and the ranking scheme are described in more detail in Table 3. Studies were
classified into three mutually exclusive categories: Low (0–2 points), Intermediate (3–7
points), and High (8–10 points). The studies rated in the High category were given more
consideration in our conclusions than those in the other two categories.

The main neurodevelopmental effects observed in children and adolescents exposed to OP
pesticides were classified in five categories: (1) Cognitive, which includes IQ, mental and
psychological development, memory, language and reasoning; (2) Behavioral, which
includes attention function problems, attention deficit hyperactivity disorder (ADHD),
adaptive behavior, pervasive development disorder, inhibitory control and social
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development; (3) Sensory, which includes auditory and visual stimulation; (4) Motor, which
includes motor skills; and (5) Morphology, which includes physical changes measured in the
brain.

3. Results
Table 4 summarizes the design, sample characteristics, exposure assessment techniques
outcome measures, and ratings of the 27 studies included in our review. All studies except
one cross-sectional study in China (Guodong et al., 2012) provided some evidence that
exposure to OP pesticides was a risk factor for poor neurodevelopment, with the strongest
effects stemming from prenatal exposures. Eleven studies (all longitudinal) were rated High,
14 studies were rated Intermediate, and two studies were rated Low. A positive dose–
response relationship (i.e., increased effect with higher levels of exposure) between OP
exposure and neurodevelopmental issues was found in 11 of the 12 studies that evaluated it.

The majority of studies (N = 16) were conducted in the United States (Bouchard et al., 2010,
2011; Dahlgren et al., 2004; Engel et al., 2007, 2011; Eskenazi et al., 2007, 2010; Lizardi et
al., 2008; Marks et al., 2010; Rauh et al., 2006, 2011, 2012; Rohlman et al., 2005, 2007;
Ruckart et al., 2004; Young et al., 2005), but studies were also conducted in Ecuador (N = 5)
(Grandjean et al., 2006; Handal et al., 2007a, 2007b, 2008; Harari et al., 2010), Chile (N = 1)
(Muñoz et al., 2011), Egypt (N = 1) (Abdel Rasoul et al., 2008), Israel (N = 1) (Kofman et
al., 2006), Argentina (N = 1) (Martos Mula et al., 2005), Brazil (N = 1) (Eckerman et al.,
2007) and China (N = 1) (Guodong et al., 2012). Exposure scenarios included occupational
(N = 3), residential (N = 3), poisonings (N = 1), para-occupational (N = 11) and background
environmental (N = 9). The OP pesticide exposure assessment varied among studies, and
ranged from biomarker-based exposure assessments to questionnaire data or screening of
hospital records.

A summary of the neurodevelopmental effects observed across studies is shown in Table 5.
Cognitive effects were evaluated in 23 studies, behavioral effects in 19, sensory effects in 8,
motor effects in 18, and one study used a MRI to evaluate morphological effects. With
regards to cognitive performance, the Wechsler scales are indicated by the literature as the
most reliable and valid to assess intelligence in children (Brunner et al., 2011; Gass and
Curiel, 2011; Kanaya and Ceci, 2012; San Miguel Montes et al., 2010). The Wechsler scale
mostly used was the WISC, which was created to assess the intelligence of children between
6 and 16 years old. Six studies used this standard instrument in its full version (Bouchard et
al., 2011; Engel et al., 2011; Grandjean et al., 2006; Muñoz et al., 2011; Rauh et al., 2012,
2011). Other studies used only some subtests from that scale to assess specific cognitive
functions or administered abbreviated forms of the instrument (Grandjean et al., 2006;
Harari et al., 2010; Kofman et al., 2006; Lizardi et al., 2008; Martos Mula et al., 2005;
Abdel Rasoul et al., 2008).

Eleven studies assessed neurological and behavioral symptoms associated with pesticide
exposure through questionnaires or clinical history (Bouchard et al., 2010; Eskenazi et al.,
2007, 2010; Handal et al., 2007a, 2007b, 2008; Lizardi et al., 2008; Marks et al., 2010;
Martos Mula et al., 2005; Abdel Rasoul et al., 2008; Rauh et al., 2006).

Sensory development was assessed in only one study by a specific instrument (Abdel Rasoul
et al., 2008), in three studies by the sensory subtests of Wechsler scales (Dahlgren et al.,
2004; Grandjean et al., 2006; Martos Mula et al., 2005), and in three studies by the sensory
subtests of the Behavioral Assessment and Research System (BARS) (Eckerman et al.,
2007; Rohlman et al., 2005, 2007). Assessment of motor skills was conducted in fourteen
studies administering a battery containing specific subtests for motor abilities among others
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that assessed other neurodevelopmental areas as well (Eckerman et al., 2007; Engel et al.,
2007, 2011; Eskenazi et al., 2007, 2010; Guodong et al., 2012; Handal et al., 2007a, 2007b,
2008; Rauh et al., 2006; Rohlman et al., 2005, 2007; Ruckart et al., 2004; Young et al.,
2005). In five studies the motor skills were assessed by specific instruments for that area
(Abdel Rasoul et al., 2008; Grandjean et al., 2006; Handal et al., 2007b; Harari et al., 2010;
Lizardi et al., 2008).

The ten studies stemming from birth cohorts were conducted by different research centers.
Five of the studies reviewed here were conducted by the Center for the Health Assessment
of Mothers and Children of Salinas (CHAMACOS) study, based at University of California,
Berkeley. In this project, investigators studied the association of pesticides and other
environmental exposures on the health of pregnant women and their children in the
agricultural area of Salinas Valley in North California (Bouchard et al., 2011; Marks et al.,
2010; Eskenazi et al., 2007, 2010; Young et al., 2005). Three of the studies reviewed here
were part of a birth cohort study conducted by the Columbia Center for Children’s
Environmental Health, evaluating the effects of prenatal exposures to ambient pollutants on
birth outcomes and neurocognitive development in a cohort of mothers and newborns from
low-income communities in New York City (Rauh et al., 2006, 2011, 2012). Finally, two
studies reviewed here were part of a third birth cohort study conducted by the Mount Sinai
Children’s Environmental Health Center in New York City. This project evaluated the
impact of pesticide and PCB exposure on pregnancy outcome and child neurodevelopment
in an inner-city multiethnic cohort of women recruited during pregnancy (Engel et al., 2007,
2011). While multiple studies came from the same cohorts (and all studies from the same
cohort had the same exposure assessment), each reported different neurodevelopmental
outcomes.

Cognitive findings were relatively consistent across the three birth cohorts. In two of those
studies that assess cohort children at 7 years old was found association with working
memory deficits (Bouchard et al., 2011; Rauh et al., 2011). Previously, and for the same
cohorts, the authors found substantial decreases in the mental development index (MDI)
scores on the Bayley Scale of Infant Development (BSID) and decrements in IQ related to
OP pesticides exposures. The behavioral and motor skill findings were somewhat less
consistent over the 10 birth cohort studies. With regard to attention problems, almost all the
studies found positive evidence, except for those that assessed neonates with the Brazelton
Neonatal Behavioral Assessment Scales (BNBAS). In two studies from the CHAMACOS
cohort (Eskenazi et al., 2007, 2010), the behavior measure was the same in both studies for
the children of 2 years old (the CBLC), so it is somewhat expected that the behavioral
findings reported were in the same direction, with the difference being that in one study the
behavior measure was associated with DAP levels and in the other with PON1 activity. In
the case of the motor findings in the birth cohort studies, both that assessed neonates found
positive evidence related to abnormal reflexes. On the other hand, only one that assessed
toddlers with the Bayley Scales of Infant Development (BSID-II) found decreases in
psychomotor development. In synthesis, in the 10 birth cohort studies cognitive findings
related to working memory deficits were consistent for children at 7 years, the behavioral
findings were more consistent for toddlers, while the motor findings were more consistent
for neonates.

4. Discussion
All studies except one cross-sectional study in China (Guodong et al., 2012) provided
evidence that exposure to OP pesticides was a risk factor for poor neurodevelopment, with
the strongest linkages resulting from prenatal exposures. While publication bias may play a
role in these results, the consistency of positive findings in 26 studies suggests that

Muñoz-Quezada et al. Page 6

Neurotoxicology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pesticides negatively affect children’s neurodevelopment. The highest rated data in this
review originates from ten longitudinal studies of three birth cohorts, in which exposure was
assessed prenatally via measurement of urinary dialkyl phosphates in the mothers during
pregnancy or umbilical cord plasma chlorpyrifos, prior to any assessment of
neurodevelopment. These longitudinal studies with dose–response data, found a positive
dose–response relationship between OP exposure and most neurodevelopmental outcomes,
which strengthens a presumption of causality. A positive relationship was found in all but
one of the 12 studies that assessed dose–response. One caveat is that multiple
neurodevelopmental endpoints within one cohort may be correlated, which would make the
consistency across endpoints less striking We were unable to conduct a meta-analysis of the
27 studies reviewed primarily because the outcome measures differed between the studies,
limiting their comparability. In addition, research design, method of measuring exposure and
outcome, control of bias and confounding all varied greatly among studies.

Many of the studies published between 2004 and 2008 used only partial portions of
neurological testing batteries, including the Stanford-Binet scale (Grandjean et al., 2006;
Harari et al., 2010), WISC-R (Grandjean et al., 2006; Harari et al., 2010; Kofman et al.,
2006; Martos Mula et al., 2005), the WISC-III (Lizardi et al., 2008), and the Wechsler Adult
Intelligence Scale (WAIS) for adolescents (Abdel Rasoul et al., 2008). Because only
selected sub-tests in these batteries were used, they show only a partial quantification of the
effects on cognitive development of children exposed to OP pesticides (Williams et al.,
2003a). It is important to note that each sub-test in these batteries measures a cognitive skill
that alone does not represent the construct of intelligence or cognitive functioning as a
whole (San Miguel Montes et al., 2010) and a child’s performance in a sub-test may be
altered by other extraneous variables such as anxiety, culture or education (Brunner et al.,
2011; Gass and Curiel, 2011).

Several studies (Grandjean et al., 2006;Harari et al., 2010; Kofman et al., 2006; Martos
Mula et al., 2005) administered older versions of the Wechsler scales (e.g., WISC-R, from
the 1970s) to assess intelligence, which have shown lower reliability on both the full scale
and the individual tests compared to the newer versions (Williams et al., 2003b). Given that
the mis-measurement of outcome is likely to be non-differential in relation to exposure, we
would expect use of the WISC-R may results in bias toward the null.

In addition to the strong weight of evidence for the neurodevelopmental impacts of OP
pesticides that this systematic review reveals, it also identifies gaps in the literature and
factors that should be considered in future studies:

a. More research is needed to improve understanding of whether repeated exposures
over time or just short-term exposures during critical windows of development are
related to neurological deficits.

b. Where possible, future studies should provide information on the specific OP
pesticides the child is exposed to or the most likely pesticides, based upon usage
data.

c. Because residential uses of many OP pesticides were phased out a decade ago,
populations who are at higher risk of exposure should be evaluated, such as those
children and adolescents that live near to farms, or that are exposed
paraoccupational or occupationally.

d. Common exposure and outcome metrics would aid in comparing results across
studies to better enable synthesis of future research, which would allow for a meta-
analysis.

Muñoz-Quezada et al. Page 7

Neurotoxicology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Finally, it should be noted that research in this field is critical for informing regulatory and
policy decisions. For example, the U.S. Food Quality Protection Act of 1996 called for the
reassessment of food tolerances for pesticides and OP pesticides were among the first to be
evaluated. During this process, almost all registrations of residential applications of
chlorpyrifos, diazinon and azinphos-methyl were voluntarily withdrawn. Data derived from
the National Health and Nutrition Examination Survey (NHANES) has demonstrated that
these registration eliminations and reductions in pesticide food tolerances were effective in
reducing population exposure to OP pesticides (Clune et al., 2012).

5. Conclusion
The evidence obtained from this systematic review of studies points to the adverse
neurodevelopmental effects of OP pesticide exposure in children, especially for cognitive,
behavioral (mainly related to attention problems), and motor outcomes. This information is
critical for evaluating exposure and neurological deficits for future regulatory system
reviews. The research points to the need for implementation of further protection from the
harmful effects of OP pesticides in children.
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Fig. 1.
PRISMA diagram of publication selection process.
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Table 2

Neurodevelopmental assessment instruments used to study the effects of organophosphate pesticides in
children and adolescents.

Assessment instrument Specific age rangea Effects measured Studies that used the instrument

Standardized, well-validated diagnostic tests

Brazelton Neonatal Behavioral Assessment
Scale (BNBAS)

0–2 months B, M Engel et al. (2007), Young et al.
(2005)

Bayley Scales of infant development (BSID-
II)

1–42 months C, B, M Engel et al. (2011), Eskenazi et al.
(2010), Eskenazi et al. (2007), Rauh
et al., 2006

Developmental Neuropsychological
Assessment (NEPSY II)

3–16 years 11 months B Marks et al. (2010)b

Wechsler Intelligence Scale for Children,
fourth edition (WISC-IV)

6–16 years 11 months C(IQ) Rauh et al. (2012), Bouchard et al.
(2011), Engel et al. (2011), Rauh et
al. (2011)

Wechsler Preschool and Primary Scale of
Intelligence, third edition (WPPSI-III)

2–7 years C(IQ) Engel et al. (2011)

Wisconsin Card Sorting Test (WCST) 6–89 years C Lizardi et al. (2008)

Neurobiologically based markers of development

Magnetic resonance imaging (MRI) No age limits Bm Rauh et al. (2012)

Screening tests

Conners’ Kiddie Continuos Performance Test
(K-CPT)

4–5 years B Harari et al. (2010); Marks et al.
(2010)

Raven’ Colored Progressive Matrices 5–11 years C Harari et al. (2010)

Trail Making Test (TMT) Forms A & B Children’s version: 9–14 yearsc M Abdel Rasoul et al. (2008), Lizardi
et al. (2008)

Benton Visual Retention Test(BVRT) 8–64 years S Abdel Rasoul et al. (2008)

Checklists, interviews or questionnaires

Ages and Stages Questionnaire (ASQ) 4–60 months C, B, M Handal et al. (2008); Handal et al.
(2007a), Handal et al. (2007b)

Child Behavior Checklist (CBCL) Preschool version: 18 months –
5 years old.
School-age version: 6–18 years

B Eskenazi et al. (2010), Marks et al.
(2010), Eskenazi et al. (2007), Rauh
et al. (2006)

Diagnostic Interview Schedule for Children
IV (DISC IV) from the Diagnostic and
Statistical Manual of Mental Disorders (DSM-
IV)

Parent of children 6–17 years
and children 9–17 years

B Bouchard et al. (2010)

The Teacher Report Form (TRF) 6–18 years B Lizardi et al. (2008)

Outdated versions of well-validated diagnostic tests

Wechsler Intelligence Scale for Children,
revised edition (WISC-R)

6–16 years 11 months C(IQ) Harari et al. (2010)b, Kofman et al.

(2006)b, Grandjean et al. (2006)b,

Martos Mula et al. (2005)b

Wechsler Intelligence Scale for Children, third
edition (WISC-III v.Ch)

6–16 years 11 months C(IQ) Muñoz et al. (2011), Lizardi et al.
(2008)b

Wechsler Preschool and Primary Scale of
Intelligence, revised (WPPSI-R)

3–7 years 3 months C(IQ) Dahlgren et al. (2004)

Wechsler adult intelligent scale (WAIS) 16–74 years 11 months C(IQ) Abdel Rasoul et al. (2008)b

Stanford Binet Intelligence Scale 2–23 years C(IQ) Harari et al. (2010)b, Grandjean et
al. (2006)b
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Assessment instrument Specific age rangea Effects measured Studies that used the instrument

A Developmental Neuropsychological
Assessment (NEPSY)

3–12 years B Kofman et al. (2006)b, Dahlgren et
al. (2004)b

Not widely used

Behavioral Assessment and Research System
(BARS)d

4–91 years C, B, S, M Eckerman et al. (2007), Rohlman et
al. (2007), Rohlman et al. (2005)

Gessell Developmental Schedules, Chinese
adaptation (GDS)

0–6 years C, B, M Guodong et al. (2012)

Pediatric Environmental Neurobehavioral Test
Battery (PENTB)d

Informant-based version: <4
years
Performance-based version: >4
years

C, B, M Rohlman et al. (2005)b, Ruckart et
al. (2004)

Santa Ana Form Board Test Not specified M Grandjean et al. (2006)

The Beery-Buktenica Developmental Test of
Visual-Motor Integration, fourth edition
(VMI)

3–8 years M Handal et al. (2007b)

Finger Tapping test Not specifiedc M Harari et al. (2010)

Digit Vigilance Test (DVT) of Lewis 20–80 yearsc B Martos Mula et al. (2005)

C = Cognitive; B = Behavioral; S = Sensory; M = Motor; Bm = Brain morphology; IQ = Intelligence quotient.

a
Age for which the test was designed and eventually validated.

b
Administered only selected sections of the full test or battery.

c
Designed and used mainly for the assessment of adult populations.

d
Batteries composed of several different individual tests. For more detailed information on PENTB see Zeitz et al. (2002), and for BARS see

Rohlman et al. (2003).
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Table 3

Definition of rating scores used to assess the study strength.

Parameter Score assigned

2 1 0

Exposure assessment Specific biomarkers (e.g.,
blood chlorpyrifos)

General biomarkers (e.g., DAP
metabolites)

Ecological dataa; Hospital records
of intoxication or poisoning

Neurodevelopmental assessmentb Standardized, well-validated
tests for diagnostic or
neurobiologically based
markers of development

Screening tests, interviews,
checklists or questionnaires.
Older versions of well validated
tests. Not widely used tests in
neurodevelopmental assessment

Selected sections of full test
batteries

Study design Longitudinal, exposures
precede outcome

Case control Cross-sectional, case study

Sample size >200 ≥50 <50

Confounder control Good control for important
confoundersc and standard
variables

Standard variables controlled in
analysesd

Not considered

Categories of rating: 0–2 = low rating, 3–7 = intermediate rating, 8–10 = high rating.

a
Ecological data: Exposure assumed by the proximity to places where pesticides were applied or in children or adolescents that worked in farms.

b
For specific characteristics of the neurodevelopmental assessment instruments see Table 2.

c
Important confounders to control in this class of studies could be: Parental intelligence, quality of the home environment, potential factors on the

causal pathway (birth weight, gestational age, abnormal reflexes), other suspected neuro-toxicants (i.e., PCBs, lead, and DDT), other high-level
exposures in the population (i.e., β-hexachlorocyclohexane and hexa-chlorobenzene), exposure to environmental tobacco smoke (ETS).

d
Standard variables considered: age, sex, education, income, race/ethnicity.
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