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Abstract
The association between pesticide exposure and neurobehavioral and neurodevelopmental effects
is an area of increasing concern. This symposium brought together participants to explore the
neurotoxic effects of pesticides across the lifespan. Endpoints examined included neurobehavioral,
affective and neurodevelopmental outcomes amongst occupational (both adolescent and adult
workers) and non-occupational populations (children). The symposium discussion highlighted
many challenges for researchers concerned with the prevention of neurotoxic illness due to
pesticides and generated a number of directions for further research and policy interventions for
the protection of human health, highlighting the importance of examining potential long-term
effects across the lifespan arising from early adolescent, childhood or pre-natal exposure.
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1. Introduction
The focus of this symposium, part of the International Neurotoxicology Association (INA)
and International Commission of Occupational Health (ICOH) Joint International
Neurotoxicology Conference in Xian, China, June 5-10, 2011, was to highlight some of the
current challenges and advances in our understanding of the health effects of pesticide
exposure across the lifetime. In featuring topics ranging from developmental toxicity studies
using animal models to on-going epidemiological studies of the effects of pesticide exposure
at all stages of the human life course, this symposium signaled the importance of adopting a
lifecourse approach to disease epidemiology (Ben Shlomo and Kuh, 2002). Organized by
Leslie London and Cheryl Beseler, the symposium, comprising 5 papers, began with a
discussion of the inherent limitations in developmental toxicity testing before moving into
studies of neurobehavioral deficits and Attention Deficit and Hyperactivity (ADHD) in
children, neurobehavioral changes in adolescents applying organophosphate (OP) pesticides
to cotton in Egypt and concluding with studies of depression and suicidality in adults with a
history of pesticide poisoning and cumulative low-dose exposure to OPs.

Developmental neurotoxicity studies have been informed by the epidemiological data
showing that prenatal exposure to OP pesticides may be associated with an increased risk of
pervasive developmental disorders, delays in cognitive development, and attentional
deficits. Postnatally, children are at greater risk from OP toxicity than adults because the
brain is rapidly developing, the dose of pesticides per body weight is likely to be larger in
children and children have a reduced capacity for detoxifying xenobiotics. In children, OP
exposure has been associated with behavioral problems, poorer short-term memory and
motor skills, and longer reaction time. Given ubiquitous exposures to OPs in the
environment, the need for further toxicological and epidemiological data to characterise the
nature of the risk to children is evident.

Amongst older subjects, such as adolescent and adult agricultural workers, workplace
injuries and exposure to pesticides pose health hazards. Pesticides are widely used in
developing countries where child labour remains a feature of many countries' agricultural
sectors. High levels of exposure, including poisoning, may result in an elevated risk of
agricultural injury and neuropsychiatric sequelae. Pesticide poisoning is thought to alter
neurotransmitter systems in the adult brain leading to increased anxiety and depression.
Further, suicide is a major public health problem in developing countries, often involving
the use of pesticides as the agent for suicide. Recent work suggests that exposure to
organophosphate pesticides affecting non-cholinergic systems may contribute to depression,
impulsivity or some combination of these disturbances in mood and could explain an
elevated association of organophosphate exposure with suicide.

Drs. Moretto and Colosio provided a starting point for the symposium with a discussion of
the issues associated with developmental neurotoxicity studies currently conducted for
regulatory purposes. These studies are conducted according to approved guidelines and
indications for the interpretation of the results are available. Many pesticides, especially
organophosphates, have been studied according to experimental protocols using varying
doses and assessing different parameters. These studies were reviewed with the aim of
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identifying toxicity endpoints that may help in understanding the results of epidemiological
studies.

Drs. Harari and Grandjean presented a study using an expanded battery of neurobehavioral
tests in 87 children attending two grades in a local public school in northern Ecuador, where
floriculture is intensive. Children with prenatal exposure from maternal greenhouse work
showed consistent deficits particularly for motor speed, motor coordination, visuospatial
performance and visual memory. These associations corresponded to a developmental delay
equivalent to 1.5-2 years. These findings support the notion that prenatal exposure to
pesticides, at levels not producing adverse health outcomes in the mother - can cause lasting
adverse effects on brain development and contribute to a “silent pandemic” of
developmental neurotoxicity.

Dr. Bouchard and colleagues examined the association between urinary concentrations of
dialkyl phosphate metabolites of organophosphates and ADHD in children (8-15 years)
representative of the general US population. They found that children with higher urinary
dialkyl phosphate concentrations, especially for dimethyl alkylphosphate, were more likely
to be diagnosed as having ADHD.

Dr. Rohlman and colleagues discussed their study of pesticide exposure amongst
adolescents in Egypt hired seasonally to work as pesticide applicators for the cotton crop.
Adolescent pesticide applicators (n=58) and controls who did not apply pesticides were
recruited from the same villages (n=40) to participate in a 10-month longitudinal study from
April 2010 to January 2011. The results showed depression in both plasma
butyrylcholinesterase (PChE) and red blood cell acetylcholinesterase (AChE) levels in
applicators followed by recovery after the application had ended. Applicators had impaired
performance compared to controls on the majority of tests on the neurobehavioral battery
developed for the study. Work practice questionnaires indicate limited use of personal
protective equipment. This study provided data to characterize chlorpyrifos exposure and
identified numerous behavioral deficits in an adolescent population occupationally exposed
to pesticides.

Drs. Beseler and Stallones presented evidence that a history of pesticide poisoning and
depression are risk factors for farm injuries. A total of 1,637 Colorado farm residents were
assessed to address associations between pesticide poisoning, depressive symptoms, safety
behaviors and injury in a Structural Equation Model. This work provides evidence that
pesticide poisoning differentially affects the negative affect, somatic and retarded activity
dimensions of depression, but not positive affect to the degree that health or financial
problems do. The negative affect symptoms feeling depressed, fearful, sad and lonely and
the retarded activity symptoms feeling unable to “get going” and that everything was an
effort showed the most robust association with injury.

Dr. London and colleagues presented their cross-sectional study of 810 workers on
commercial grape farms in the Western Cape province of South Africa showing an
association between reported past poisoning by pesticides and depression as measured on
the GHQ, but no relationship with long term cumulative exposure. Structural Equation
Modelling did not improve the exposure-effect characterization nor identify any relevant
causal pathways. Whereas this study confirmed the association of affective disorders with
past poisoning consistent with the literature, the contribution of long-term low-dose
exposures to depression and suicidality remains uncertain.
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Evaluation of experimental data for developmental neurotoxicity of pesticides
The development of the central nervous system occurs both in utero and postnatally, and
requires an adequate environment that depends on a complex relation between different
factors that have different spatial and temporal roles. Disturbances of development may have
genetic as well as external factors acting during any of the phases of development (Connors
et al., 2008). Many groups of pesticides act through a neurotoxic mechanism that is relevant
both to target and non-target mammals, including humans. The majority of such neurotoxic
compounds are included in the groups of anticholinesterases, i.e. organophoshates (OP) and
carbamates, pyrethroids, and organochlorines, although other groups or individual
compounds might also show neurotoxic properties. Consequently, the issue of possible
effects by pesticides on the normal development of the central nervous system was raised
and ways of addressing the identification and prevention of these effects have been
discussed (Barlow et al., 2007; Eskenazi et al., 2008; Fitzpatrick et al., 2008; Raffaele et al.,
2010). In particular, in the USA the passage in 1996 of the Food Quality Protection Act
mandated an increased effort on the assessment of the potential toxicity of pesticides to
children, and a special focus was given to developmental neurotoxicity (Raffaele et al.,
2010).

A number of epidemiological studies have been performed to identify possible consequences
on the neurological development after perinatal exposure to pesticides, and results have been
subject to several criticism regarding the relevance of the findings (for a review see e.g.:
Bjorling-Poulsen et al., 2008; Jurewicz and Hanke, 2008; Weselak et al., 2007). In
particular, it has been concluded that many of the studies suffered from poor exposure
estimation, that the effects were inconsistent, and that there was limited or inadequate
evidence to support causality between neurodevelopment and perinatal low level repeated
pesticide exposure. Given these uncertainties, a review of the experimental evidence was
undertaken in order to assess whether animal data support the hypothesis of specific
neurodevelopmental effects of pesticides; in other words the question asked was that of a
particular sensitivity of the developing organism to neurotoxic effects, that occur at doses
that are lower than the doses causing neurotoxic effects in the adult, including the pregnant
animal.

The design of developmental neurotoxicity (DNT) studies has been the subject of specific
guidelines, but there remain a number of issues related to their interpretation. Issues related
to normal variability (Raffaele et al., 2008), statistics (Holson et al., 2008), use of adequate
positive controls (Crofton et al., 2008), and identification and interpretation of effects (Tyl et
al., 2008) have been found to be particularly relevant. Treatment-related effects can be
obscured by excessive variability, or, on the other hand, minor, but statistically significant
changes, can be considered as biologically significant and treatment related, when in fact
they might fall within the normal range (Raffaele et al., 2008). Since DNT studies, including
those not performed according to the Guidelines, generally entail a high number of
comparisons and significance tests, an a priori statistical analysis that takes into account this
fact is strongly suggested. When a number of the DNT studies submitted to EPA were
analyzed in this respect, several inadequate approaches have been identified. These
included, among others, inadequate Type I error control, power considerations, and
allocation of gender, time, and litter as relevant factors in the analysis. It has been
emphasized that potential p-values in a typical DNT test can amount to over 1300; a fact that
with a significant p set at <0.05, leads to 65 expected significant results by chance alone
(Holson et al., 2008). It is widely accepted that positive controls in DNT studies should be
introduced in the experimental design (see Crofton et al., 2008 for a review) as one of the
tools to demonstrate the proficiency of the performing laboratory, and also to determine the
biological significance of positive results or provide confidence in negative results. Given all
these problematic issues, detection, measurement and interpretation of effects are not simple

London et al. Page 4

Neurotoxicology. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tasks. A weight-of-evidence approach has been suggested where the qualitative nature and
magnitude of effects, and their temporal patterns of development, should be taken into
account. In addition, all findings should be put within the context of the study and
interpreted in conjunction with other findings and other studies. Even statistically significant
findings should be consistent with a pattern of effects; e.g.: dose related or accompanied by
other biologically related effects (Tyl et al., 2008).

According Raffaele et al. (2010), as of December 2008, DNT studies on 72 pesticide active
ingredients have been performed and submitted for review to the EPA. The study design
included treatment of rat dams from gestational day 6 to post-natal day 11 or 21, the latter
being the experimentally preferred one. Offspring were directly treated when exposure via
maternal milk could not be demonstrated. A high number of functional, neurobehavioural,
morphological and morphometric parameters were evaluated in offspring, but much fewer
and much less sensitive parameters were evaluated in dams. Thus, the findings and related
no/lowest-observable-adverse-effect levels (NOAELs/LOAELs) are not strictly comparable
between offspring and dams, and no firm conclusion can be drawn about the relative
sensitivity of dams and pups. In about 20% of the cases the NOAEL in pups or young
animals was lower than in adults (in the same or other studies) and in another 20% of the
cases it was likely to be so, although full information was not available in the latter case. It
should be noted that the toxicity endpoints that were observed at the lowest-observable-
adverse-effect level (LOAEL) were generally not specifically neurotoxic (e.g. reduced body
weight) and were transient (e.g. observed at an early life-stage but not later). In particular, of
the 15 studies showing a lower NOAEL for pups, the effect seen at the LOAEL was reduced
body weight or body weight gain, alone or more frequently accompanied by other effects in
11 studies, and reduced survival in 2 studies. Moreover, information was not available on
dose spacing (i.e. between the NOAEL and the LOAEL) in DNT vs. other studies, and
therefore it cannot be ascertained whether the LOAEL in the DNT study was lower than the
NOAEL in other studies. Only in this case it could be concluded that the offspring were
really more sensitive than adult animals. In conclusion, it appears that DNT studies
performed according to regulatory guidelines may discover a higher sensitivity of animals to
toxic effects when exposed perinatally. However, it remains to be ascertained in how many
cases this is an artifact of dose-spacing, and/or of limited endpoint evaluations in dams. It
should be noted that the NOAELs were based on effects at the LOAEL that were not
neurotoxic and most of the time were associated with signs of general systemic toxicity such
as those on body weight (gain). In addition, tested compounds were known neurotoxicants
(mainly OPs), frequently there was a sole effect, either systemic or neurodevelopmental, and
in 30% of the cases there was a sole and transient effect observed. Taken together, these data
point out that pup sensitivity to neurotoxicants at the NOAEL generally is not higher, or
significantly higher, than that of adult animals.

In addition to the studies performed for regulatory purposes, more studies that used different
protocols and assessed different, allegedly more sensitive, endpoints have been performed
with the aim to define and understand possible developmental neurotoxic effects of
chemicals, in particular pesticides (see e.g.: Levin et al., 2010; Slotkin et al., 2008a; 2008b;
Timofeeva et al., 2008; Torres-Sanchez et al., 2009). Most of these studies have been
performed with OPs and the doses used were reported to be “low”, in most cases meaning
not causing overt clinical signs or even asymptomatic acetylcholinesterase (AChE)
inhibition, but to be around the NOAEL for AChE inhibition. It should be pointed out that it
is known that recovery from AChE inhibition by synthesis of new enzyme is much quicker
in neonatal animals than in adults. Therefore, timing of measurement of AChE activity is
most critical in younger animals, and measurements performed at e.g. 24 h or more after
dosing, as is the case in most of these studies, may identify some inhibition in adults but
miss an earlier, quickly recovered, inhibition in neonatal animals (Eaton et al., 2008). This is
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particularly relevant because it is known that acute insults to the developing brain, even after
an “apparent” recovery may have long-lasting consequences (Counotte et al., 2011, Pugh et
al., 2011). Scattered, and sometimes in opposite directions, biochemical, molecular and/or
neurobehavioral changes were observed in these studies at “low doses”, and compound-
specific (among OPs) and even sex-specific effects and mechanisms have been advocated to
explain the results. While, as indicated above, most of the effects may have in fact occurred
at doses causing AChE inhibition, and may be a consequence of this inhibition, no clear
biological explanation could be given to those changes. Clear effects were instead observed
with doses causing AChE inihibition in both adults and pups. Consequently, the results at
“low doses” of these studies are of difficult interpretation for human risk assessment because
changes were inconsistent both within and between studies, and of unknown or questionable
biological relevance. It should also be noted that, while it is widely accepted that in many
instances younger organisms are more susceptible to neurotoxic effects of relatively high
single doses of chemicals, this may not be held true for repeated, lower doses (Vidair, 2004).
Consequently, it is still debated whether at doses comparable to those humans are exposed to
as a consequence of presence of trace contaminants in food and in the living environment,
young individuals are, in fact, more sensitive than adults, and whether extrapolation of data
(NOAEL/LOAEL) from pups given a bolus dose (e.g.: by gavage) to the human situation is
feasible. In addition, it should be noted that while butyrylcholinesterase activity appears to
have some role in the development of the nervous system (Eaton et al., 2008), it was not
measured in these studies.

In conclusion, epidemiological and experimental data neither support the possible
neurodevelopmental effect of pesticides at doses below the NOAEL identified in other
studies (eg.: for OPs below the doses causing AChE inhibition), nor indicate a significantly
higher susceptibility of young animals to repeated low doses of chemicals. Certain
biochemical findings reported in several studies do not have a clear biological explanation.
In this respect, it should be particularly emphasized that any attempt of testing hypotheses
on the same data that generated them should be avoided and ad hoc experimental designs
should be developed (Holson et al., 2008). However, as also indicated by studies with other
compounds (Counotte et al., 2011), treatment of developing brain with doses of chemicals
that cause reversible effects (e.g. on receptors) can have long-lasting effects appearing in
adulthood. Therefore, both epidemiological and experimental studies should focus on the
consequences of acute (relatively) high exposures, to understand and assess long-term
effects. For these reasons it is of primary importance that public health interventions focus
on prevention of such exposures to pesticides that usually derive from lack of training and/or
of adequate equipment.

Risks of Neurobehavioral Deficits in Children Prenatally Exposed to Pesticides in
Developing Countries

Pesticides are widely used in developing countries to control a variety of pests. Although
pesticides are designed to be toxic, many of them toxic to the nervous system of insects and
other species, the long-term risks from prenatal exposures to humans are unclear (Bjorling-
Poulsen et al. 2008). Concern has previously been raised about the agricultural use of
pesticides and their possible effects on children's neurodevelopment (Guillette et al. 1998).
In Ecuador, a unique situation exists on the Andean plateau. Floriculture is intensive and
relies on female employment. As few other job opportunities exist, children in communities,
such as Tabacundo, are therefore likely to have been exposed to pesticides from the mother's
work during pregnancy.

Two cross-sectional studies of children aged 6-8 years assessed neurobehavioral functions in
regard to the maternal occupational history (Grandjean et al. 2006; Harari et al. 2010). On
each occasion, close to 100 children attending the two lowest grades in the local public
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school were examined. Information on pesticide exposure during the index pregnancy was
obtained from maternal interview. The study design therefore aimed at comparing two
groups of children (prenatally exposed versus non-exposed) with similar background, except
for the maternal history of occupational exposure to pesticides. Some socioeconomic
indicators showed better conditions in the exposed group, possibly due to the possibility for
both parents to be economically active. Almost one-half of the children had been prenatally
exposed to pesticides.

Results showed consistent deficits that were the strongest for motor speed (Finger Tapping);
motor coordination (Santa Ana Form Board); visuospatial performance (Stanford-Binet
Copying); and visual memory (Copying recall). These associations corresponded to a
developmental delay of 1.5-2 years history (Grandjean et al. 2006; Harari et al. 2010).
Prenatal pesticide exposure was also significantly associated with an average increase of 3.6
mm Hg in systolic blood pressure, perhaps as an additional indication of developmental
neurotoxicity. Joint analysis of the data from the two studies strengthened the conclusions.

Although several pesticides are used in floriculture, organophosphates may be of particular
relevance in regard to our results. Acetylcholine is a major synaptic transmitter substance
that also serves as a neurotrophic signal during brain development (Slotkin 2004).
Experimental studies in rodents suggest that cholinesterase inhibitors can interfere with the
brain development and lead to permanent damage (Slotkin 2004; Ahlbom et al. 1995).
Epidemiological evidence of the neurodevelopmental toxicity of pesticide exposure during
pregnancy is growing (Bjorling-Poulsen et al. 2008; Grandjean and Landrigan 2006; Gray
and Lawler 2011). The results suggested that developmental pesticide exposure can cause
delayed mental development, reduced motor functions and visual acuity (Handal et al.
2008), and reduced short-term memory and attention and more general cognitive deficits
(Bouchard et al. 2011; Engel et al. 2011; Rauh et al. 2011).

In developing countries, effects produced by nutritional problems must be separated from
those associated with pesticides (Grandjean et al. 2006). Stunting is frequently used as an
objective indicator of malnutrition, and it has recently been reported in one out of every four
children <5 years of age in Ecuador (Larrea and Kawachi 2005). In accordance with the fetal
origins hypothesis (Walker et al. 2001), we found that both prenatal nutritional deficiencies
and toxicant exposures may adversely affect cardiovascular development. In fact, the
children with the most severe deficits were those who were stunted and also exposed
prenatally to pesticides.

A study with a cross-sectional design and retrospective assessment of prenatal exposure
cannot provide information about dose-response relationships or the time of the impact of
the exposures. However, the standardized and blinded techniques applied to the maternal
reports support the validity of the employment-based classification of exposures. The
deficits associated with prenatal pesticide exposure may have long-term health
consequences as part of a “silent pandemic” of developmental neurotoxicity (Grandjean and
Landrigan 2006). The growing evidence on pesticides should raise attention in regard to
protection of female workers during pregnancy.

For pregnant women at work, Agreement 103 of the International Labour Organization
(ILO) requires two weeks before and 10 weeks after delivery to rest (see:
http://www.ilo.org/global/lang--en/index.htm). Nonetheless, the practice in Ecuador is that
mothers generally prefer to work until the very last day before childbirth to allow more time
with their child after birth. Improved control of exposures is needed to protect all workers
and the surrounding environment and to relocate pregnant women to areas or working
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activities that do not involve exposure to pesticides. If use of pesticides cannot be avoided,
appropriate personal protection must be made available and applied.

Attention Deficit/Hyperactivity Disorder and Urinary Metabolites of Organophosphate
Pesticides in U.S. Children 8-15 Years

The EPA considers food, drinking water, and residential pesticide use as important sources
of exposure (Cohen Hubal et al., 2000). Children are generally considered to be at greatest
risk from OP toxicity because the developing brain is more susceptible to neurotoxicants,
and the dose of pesticides per body weight is likely to be larger in children. Children age 6–
11 years have the highest urinary concentrations of dialkyl phosphate (DAP) metabolites --
markers of OP pesticides exposure -- compared to other age groups in the U.S. population
(Barr et al., 2004). Contributing to their vulnerability, children have reduced expression of
detoxifying enzymes (Holland et al., 2006). Epidemiological studies linking exposure to OP
pesticides and neurodevelopment have focused on populations with high exposure relative to
the general population. Prenatal exposure to OP pesticides was associated with increased
risk of pervasive developmental disorders, delays in cognitive development, and attentional
deficits (Rauh et al., 2006, Eskenazi et al., 2007; Bouchard et al., 2011; Marks et al., 2010;
Engel et al., 2011; Rauh et al., 2011). Postnatal OP exposure has been associated with
behavioral problems, poorer short-term memory and motor skills, and longer reaction time
in children (Grandjean et al., 2006; Ruckhart et al., 2004; Rohlman et al., 2005). Very little
data is available on OP exposure risks in children with average level of exposure. Using data
on a representative sample of U.S. children, this study examined the cross-sectional
association between urinary DAP metabolite concentrations and ADHD prevalence in
children of ages 8–15 years.

The National Health and Nutrition Examination Survey (NHANES 2000-2004), a
population-based health survey of non-institutionalized U.S. residents, was used in this
study. The Diagnostic Interview Schedule for Children (DISC-IV) was used to assess the
presence of ADHD in children 8–15 years. The diagnosis is based on the presence, during
the prior 12 months, of symptoms related to inattention, hyperactivity and impulsivity, with
significant impairment in two or more settings (e.g., at school and home) (Shaffer et al.,
2007). Six urinary DAP metabolites were measured in “spot” urine samples to provide an
indicator of the body burden of common OPs in a random subsample of the participants
(National Research Council, 1993). The urinary DAP metabolites measured are 3-dimethyl
alkylphosphate (DMAP) molecules and 3-diethyl alkylphosphate (DEAP) molecules. We
conducted statistical analysis to account for the multistage probability sampling design of
NHANES and obtain robust linearized standard errors and unbiased point estimates. Urinary
concentrations of DAP were log-transformed. Logistic regression analysis was used to
estimate odds ratios (ORs) and 95% confidence intervals (CI) for ADHD per 10-fold
increase in DAP metabolites concentration. The following covariates were included in all
models: sex, age, race/ethnicity, poverty-to-income ratio, fasting time, and log-transformed
urinary creatinine. Children who received newborn care in an intensive care unit or
premature nursery (n=167), those with birth weight below 2,500 grams (n=126), children
with extremely diluted urine (creatinine 20 mg/dL; n=24), outlier for urinary DAP
concentration (n=1), and children with missing data on covariates (n=82) were excluded
from the analysis.

The analytic sample comprised 1,139 children 8 to 15 years. One hundred nineteen children
met the diagnostic criteria for any ADHD subtype, which corresponds to a population
prevalence of 12.1% (95% CI, 9.6–15.1%). The odds of meeting the DISC-IV criteria for
ADHD increased with the urinary concentration of total DAP metabolites (Table 1).
Adjustment for covariates only slightly attenuated the estimates (for a 10-fold increase in
total DAP, unadjusted OR 1.3, CI1.1–1.6; adjusted OR 1.2, CI 0.97–1.5). This association
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was driven by DMAP metabolites, for which the association was statistically significant
even after covariate adjustments (OR 1.6, CI 1.1–2.1). When children taking ADHD-
medication were included as cases, slightly higher effect estimates were obtained for DMAP
(adjusted OR 1.7, CI 1.3–2.3). DEAP metabolites were not significantly associated with
odds of ADHD. The metabolite dimethylthiophosphate was the most commonly detected
DMAP (64.3% of children). Children with creatinine-adjusted dimethylthiophosphate
concentrations above the median of detectable values had double the odds of ADHD
compared to those with concentrations below the detection limit (adjusted OR 1.9, CI 1.2–
3.0). The effect estimates were not affected by adjusting for blood lead concentration,
maternal age at birth, or maternal smoking during pregnancy.

The odds of meeting the diagnostic criteria for hyperactive-impulsive subtype increased
significantly with higher DEAP, DMAP, and total DAP (adjusted OR for a 10-fold increase
in concentration 2.2, CI 1.1–4.4, 2.1, CI1.1–4.2, and 1.9, CI 1.0–3.3, respectively). The odds
of inattentive subtype increased with higher concentrations of DMAP metabolites although
this did not reach significance level (adjusted OR 1.5 [0.99–2.2]). Concentrations of DAP
metabolites were not significantly associated with odds of combined subtype.

The study indicated an association between urinary DMAP metabolite concentrations --
indicators of exposure to dimethyl-containing OP pesticides -- and increased odds of ADHD
in children 8-15 years. There was a 55% to 72% increase in the odds of ADHD for a 10-fold
increase in DMAP concentration, depending on criteria used for case identification. Whether
DAP metabolite concentrations are more strongly associated with a specific ADHD subtype
is uncertain due to the small numbers of cases, though the association was stronger for the
hyperactive-impulsive subtype. This study is generalizable to the U.S. population, unlike
previous studies among highly exposed groups (Rauh et al., 2006; Eskenazi et al., 2007;
Grandjean et al., 2006; Ruckhart et al., 2004; Rohlman et al., 2005).

An important limitation of the present study is the assessment of OP pesticides exposure by
measurement of DAP metabolites in one spot urine sample. Long-term exposure to OP
pesticides would likely be necessary to produce neurochemical changes causing ADHD-like
behaviors, and serial measurements of urinary metabolites of OP pesticides over a longer
time period would provide a better assessment of average exposure. For OP pesticides
coming from the diet, the measure of metabolites in a single urine sample may reflect
average exposure levels reasonably well, to the extent that diet is consistent. Given that OP
pesticides are eliminated from the body after 3–6 days (Bradway et al., 1977), the detection
of DAPs in the urine of most children indicates continuing exposure.

In conclusion, the findings support the hypothesis that current levels of OP pesticides
exposure might contribute to ADHD prevalence. Future studies should employ a prospective
design, with multiple urine samples collected over time to better assess chronic exposure
and critical windows of exposure, and establish appropriate temporality.

The impact of pestcide exposure in adolescents across an application season
Agricultural workers, both adults and adolescents, are at risk for many occupational hazards
including workplace injuries and exposure to pesticides. Experimental animal studies
indicate that the developing brain is more susceptible to the neurotoxic effects of
organophosphorus pesticides (OP) than the adult brain, and low-level exposures to OPs
cause significant neurobehavioral deficits (Levin et al. 2001; Slotkin et al. 2001; Slotkin et
al. 2002). The human adolescent brain is still developing; yet little is known about the extent
or magnitude of health problems related to occupational exposure to pesticides in
adolescents. Adolescents in Egypt are hired seasonally to work as pesticide applicators for

London et al. Page 9

Neurotoxicology. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the cotton crop. Pesticide application to the cotton crop is highly regulated and standardized
across Egypt, and has been limited primarily to OPs, generally chlorpyrifos.

Behavioral studies of pesticide applicators, greenhouse workers, agricultural workers and
farm residents exposed repeatedly over months or years to low levels of OPs reveal a
relatively consistent pattern of neurobehavioral deficits. Although several studies have
examined children who live in agricultural communities or whose parents work in
agriculture, only a few studies have examined adolescents who are currently working in
agriculture (Eckerman et al. 2007; Rohlman et al. 2007; Rohlman et al. 1999). The most
extensive range of deficits were shown in a population of adolescents applying pesticide in
Egypt (Abdel Rasoul et al. 2008). Children and adolescents (ages 9-19) who applied
pesticides demonstrated impaired neurobehavioral performance, reported more symptoms,
and had lower AChE levels than children from the same communities that do not apply
pesticides. This study also shows a correlation between days worked during the current
season and increased symptom reports and also with decreased neurobehavioral
performance. However, this study is limited by the absence of exposure data.

An ongoing study is examining the impact of pesticide exposure across the application
season in adolescents working as pesticide applicators, compared to controls. The goal of
this project is to examine the dose-related response of the adolescent nervous system to OP
pesticides, to determine if repeated exposures produce a progressive deficit and to determine
if this deficit is reversible.

The Egyptian national government provides the seeds for, purchases the production of and
sells the country's entire cotton production. Once farmers agree to plant cotton in their fields,
applications of chemicals on those fields come under control of the Ministry of Agriculture.
Each Governorate has a Deputy Minister of Agriculture who is responsible for pesticide
applications on the cotton crop in their governorate. Application equipment (sprayers) and
pesticides are purchased by the central Ministry office in the Governorate, the equipment is
calibrated by their staff and then it is distributed to the agricultural district offices along with
the pesticides to be used. Thus, all pesticides, equipment and calibration procedures are
standardized across the Governorate and follow strict guidelines set out by the national
Ministry of Agriculture for Governorates throughout the country. Adolescents living in
villages near the fields are hired as seasonal workers to apply pesticides and may work for
repeated seasons. Applicators wear backpack sprayers driven by a 2-cycle engine and apply
pesticides in a staggered line through the cotton fields. Insecticides are usually applied in
three waves of approximately 15 days each, according to the following pattern: OPs,
pyrethroid pesticides, and OPs. The primary OP used in Egyptian cotton fields is Pestban™,
an emulsifiable concentrate formulation that contains 48% chlorpyrifos as the active
ingredient.

Participants included adolescents 12 to 18 years of age working as pesticide applicators
(N=58) for the cotton crop and controls (N=40) from the same villages with similar age and
education recruited for the study. The pesticide applicators worked in teams of 3 to 4
applicators with adult supervisors and investigators that oversaw the application and
monitored the pest infestation; these teams were responsible for the pesticide application in
every village in the Governorate. Information was collected from the participants on
demographics, occupational history, work practices, and symptoms. Participants completed
a battery of neurobehavioral tests, including both non-computerized tests and tests from the
computer-based Behavioral Assessment and Research System (BARS). Urine and blood
samples were collected at the beginning of the work shift. Participants completed multiple
test sessions before, during and after the pesticide application season.
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The mean age of both applicators and controls was 15.5 years. Applicators reported working
4-5 days per week 5 hours per day, for an average of 3 years (range from 1-7 years). The
majority of applicators (97%) and controls (78%) were currently enrolled in school. Because
of the use of computer-based testing, previous computer use is important. Sixty-five percent
of the controls and approximately half of the applicators (46%) report using computers at
least once a week. A smaller percentage of controls (8%) compared to applicators (24%)
report never using a computer.

Applicators were asked about their use of Personal Protective Equipment (PPE) during
application. Although the majority of applicators (90%) report wearing long pants and long
sleeves during application, only about half of the applicators (48%) report wearing shoes
when applying, many prefer to go barefoot when applying due to the uneven ground. None
of the applicators reported wearing earplugs, gloves, safety glasses or goggles, respirators or
other PPE.

Urinary metabolite levels and cholinesterase activity will be used to characterize pesticide
exposure across the season. Neurobehavioral data will be used to examine behavioral
outcomes associated with pesticide exposure across the season. Performance data will be
associated with urinary metabolite levels and cholinesterase activity to identify the more
effective biomarkers of acute and chronic exposure effects. This study will examine the
dose-related response of the adolescent nervous system to OP pesticides, and provide
information to determine if repeated exposures produce a progressive deficit and if this
deficit is reversible.

Depressive symptoms in pesticide poisoned and non-poisoned individuals: Association
with injury

Farm work is a dangerous occupation and identifying modifiable risk factors to target in
injury prevention is critical. Depression is one modifiable risk factor which, if addressed,
may reduce risk of injuries among farm workers (Beseler & Stallones, 2010; Zwerling et al.,
1995; Park et al., 2001; Sprince et al., 2002; Tiesman et al., 2006). One risk factor for
depression is pesticide poisoning (Stallones & Beseler, 2002; Beseler & Stallones, 2008).
Further, pesticide poisoning was related to several machine- and animal-related safety
behaviors (Stallones & Beseler, 2004; Beseler & Stallones, 2006). Being depressed
increased the probability of an injury among those who scored low on safety knowledge
(Beseler & Stallones, 2010). Thus, pesticide poisoning may result in depressive symptoms
and may increase the risk of injury. This study investigated the hypothesis that specific
depressive symptoms occur more often in those with a pesticide poisoning and these
symptoms lead to an increased risk of farm injuries.

Study participants included principal operators and their spouses (n=1,637) from two
surveys conducted using similar methods. Farms (places selling $1,000 USD or more in
agricultural commodities in a normal year) were enrolled between 1993-1997; data were
collected in November to March (the slow months of agricultural production in this region)
of the study years. A total of 876 farm operators and their spouses representing 485 farms in
Colorado were recruited and interviewed by telephone in one survey. A total of 761
principal farm operators and their spouses representing 479 farms in Northeastern Colorado
were interviewed in-person at their farm by trained study personnel in the other survey.

The primary outcome was injury resulting in losing at least one day of work in the past year
(0=no injury, 1=injury). The 20-questions Center for Epidemiologic Studies-Depression
(CES-D) was used to assess depressive symptoms. Response categories are reported based
on weekly symptoms (rarely/none of the time; some of the time, occasionally, nearly all of
the time); four latent constructs are represented: negative affect, somatic/retarded activity,
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positive affect and interpersonal problems (Radloff, 1977). The CES-D scale was analyzed
as an ordinal variable with rarely or none of the time as the reference group. Safety
knowledge was measured with a 10-item scale with possible responses being true, false, or
don't know; a correct answer was coded as 0; incorrect/don't know responses were coded as
1. Covariates included a history of pesticide poisoning, past-year financial problems and
self-perceived health. Positive responses to ever having become ill from exposure to
pesticides were used to assess pesticide poisoning (0=no, 1=yes). An increase in debt or a
decrease in income in the past year was used to assess financial problems (0=no, 1=yes).
Self-perceived health was a binary measure (0=excellent/very good/good; 1=fair/poor).
Control variables included sex (male=0, female=1) and age categorized into three groups
(<45, 45-64, 65+) because younger farm residents were at higher risk of injury than those in
the older category and because the safety knowledge items differed by age group (Beseler &
Stallones, 2011).

Statistical analysis included descriptive statistics used to summarize the characteristics of the
sample using SAS version 9.2 (The SAS Institute, Cary, NC). Item Response Theory (IRT)
was used to assess CES-D item functioning and identify depressive symptoms that differed
between the pesticide-poisoned and non-poisoned groups. Structural Equation Modeling
(SEM) was used to model the individual depressive symptoms with significant covariates
and the latent safety knowledge factor antecedent to injury. All models were run in MPlus
version 5.1 (Muthén and Muthén, 2008). All tests are two-sided and results are considered
significant at the p=0.05 level of significance. Standardized coefficients are presented.

The farm sample was 53.0% male, 98.9% white, 91.4% married, 91.7% were high school
graduates, fewer than 7% were in fair/poor health, 7.5% reported a past pesticide poisoning,
31.4% had financial difficulties, 7.9% were depressed by the CES-D scale and 9.4%
reported an injury (154 injuries). The mean age was 48.9 (SD 13.2). The pesticide-poisoned
group endorsed the most severe category of the negative affect/somatic/retarded activity
symptoms at higher frequencies than the non-poisoned group (Table 2).

IRT and SEM: The positive affect items (happy, hopeful, enjoyed life, feel as good as
others) did not differ between poisoned and non-poisoned farm residents (factor loadings
p=0.34; thresholds p=0.43); however, thresholds (severity) were greater for negative affect
items among those who were pesticide-poisoned compared to those who were not
(p<0.0001). The best fitting SEM of injury showed that pesticide poisoning and financial
and health problems preceded the negative affect construct (feeling depressed, lonely, sad,
fearful, everything was an effort and could not get going), which was significantly
associated with injury (p=0.001; Figure 1).

The results suggest that negative affect/somatic/retarded activity symptoms significantly
predicted injury including health and financial problems, and safety knowledge in the
model. The retarded activity items feeling as if everything was an effort and that you could
not “get going” are symptoms that might explain the significant associations to animal and
machinery associated injuries because they require extra effort to exercise, and, importantly,
they are some of the most common causes of farm injuries (Day et al., 2009). Depressed
mood was a significant contributor to injury risk. It was expected that sleeping restlessly
would be a significant contributor to injury risk and although it was more severe in those
with a history of pesticide poisoning, it did not add to the fit of the SEM.

This work provides evidence that pesticide poisoning differentially affects the negative
affect, somatic and retarded activity dimensions of depression, but not positive affect to the
degree that health or financial problems do. The negative affect symptoms feeling
depressed, fearful, sad and lonely and the retarded activity symptoms feeling unable to “get
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going” and that everything was an effort showed the most robust association with injury.
Future work on farm injuries should target specific symptoms of depression and injury for
use in behavioral health screening.

The association of suicidality, depression and organosphosphate exposure amongst farm
workers in South Africa

South Africa remains the largest market for pesticides in sub-Saharan Africa, where
chemical agents are widely used for control of pests in agriculture and for purposes of vector
control in public health. The Western Cape Province is an intensive fruit, grape and wheat
farming region, contributing close to half of South Africa's agricultural exports in 2011.
However, methods to reduce dependence on chemical control of pesticides, such as
Integrated Pest Management (IPM) have achieved limited impact on chemical exposures in
agriculture in the region, as have other methods of exposure reduction, such as use of
protective clothing. Moreover, agricultural workers in South Africa, despite enjoying formal
protection under the law, remain particularly vulnerable to workplace hazards due to a
combination of social factors such as low education, high alcohol consumption and highly
dependent social positioning (London et al, 2011).

While the literature is relatively clear on the central and peripheral nervous system
consequences of acute intoxication by pesticides, particularly organophosphate insecticides,
evidence for long-term nervous system sequelae of cumulative low-dose exposures is less
clear. Where such evidence is evident, the literature points to primarily symptom-based
associations, often in the area of affective consequence of long-term pesticide exposures
(Kamel and Hoppin, 2004). At the same time, it is well recognised that suicide is a major
public health problem in developing countries, often involving the use of pesticides as the
agent for suicide. Recent work suggests that a different pathway, in which exposure to
organophosphate pesticides affecting non-cholinergic systems may contribute to depression,
impulsivity or some combination of these disturbances in mood, could explain an elevated
association of organophosphate exposure with suicide. For example, animal studies have
linked OP exposure to changes in serotoninergic systems and serotonin disturbance is well
known to be associated with depression. Other data supporting a possible association include
cases series, as well as ecological, case control and cohort studies linking OP exposure and
affective disorders (London et al, 2005), though the evidence supporting an association with
suicide emerging from some of the cohort studies is equivocal.

This paper reports on a preliminary analysis of data from a cross-sectional study in 2002
involving 817 adult farm workers recruited using single stage cluster sampling from 57
commercial grape farms in the Western Cape province of South Africa, principally to
explore possible causal pathways between organophosphate exposure and depression,
impulsivity, suicide ideation and eventually suicide.

Participants were screened for depression, impulsivity and suicide ideation using the 28 –
item General Health Questionnaire (GHQ-28) and the GHQ Depression Subscale; the Brief
Symptom Inventory (BSI) Global Severity Index and BSI Depression Symptom Dimension;
Barratt's Impulsivity Scale (BIS-11) and Beck's Scale for Suicidal Ideation (SSI). Exposure
to OP pesticides was based on a detailed occupational history exploring high exposure job
tasks in current and previous jobs, as well as a and history of past pesticide poisoning.
Cumulative exposure was constructed from total years worked in agriculture as well as total
years worked in tasks determined a priori to be high exposure activities. Confounders
examined include medical and psychiatric history, alcohol consumption (measured as
current versus not current, and in terms of CAGE score), demography (age, gender,
socioeconomic status and farm type) and use of protective clothing.
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SPSS Version 15.0 was used to generate descriptive statistics to summarize the
characteristics of the sample, to conduct bivariate comparisons to explore gender differences
in exposure histories and for multiple logistic regression analyses to examine associations
between different exposure metrics and the different depression and suicide outcomes,
controlled for identified confounders and effect modifiers.

As a method suited to explaining relationships among multiple variables in which
hypotheses about relations among observed and latent variables may be examined (Hair et
al, 1999; Hoyle, 1995), Structural Equation Modelling (SEM) was used to explore possible
possible causal pathways between OP exposure and depression, impulsive behaviour and
suicidal ideation. The SEM analyses used the robust maximum likelihood method due to
multivariate non-normality of the data. Criteria for goodness of fit indices include a low chi-
square (χ2) with a non-significant p-value (i.e. p > 0.05), χ2/df < 3 and RMSEA < 0.08.
LISREL 8.8 (Scientific Statistical Software, 2007) was used for all SEM analyses.

The response rate achieved was 90% of approached farms and 61% of workers on the
responding farms. After exclusion of subjects with missing data for purposes of SEM
(n=65), the sample was reduced to 752 workers of whom 59% were male with a median age
was 33.3 yrs. A history of past psychiatric illness (6% men; 15% women) and of past
pesticide poisoning (15% men; 11% women) was reported in a minority of respondents.
However, problem drinking, as measured by a CAGE score of 2 or more, was very common
among respondents (79% men; 69% women). Multivariate regression modeling, using as
outcome different depression, impulsivity and suicide scores, dichotomized around either
recommended cut offs (e.g. ‘caseness’ on the GHQ was defined as ≥24 versus ≤23), or
across the 75th percentile for scores where no standard cut-offs were available, found no
significant associations with cumulative exposure as expressed as cumulative years worked
in agriculture or in specific high risk activities. However, past poisoning as a measure of
high OP exposure, when controlled for gender, age, farm type, CAGE score, psychiatric
history, PPE use, socio-economic status and cholinesterase category, was significantly
associated with high score on the GHQ Severe Depression domain (OR = 1.62; 95% CI 1.00
– 2.63).

In the SEM analyses, evaluation of all measurement models demonstrated adequate
goodness of fit (α2/df < 3; RMSEA < 0.08; CFI and NNFI < 0.90) and all measured
variables loaded significantly on the respective latent constructs, with an absence of
Heywood cases, indicating that all models examined were valid for structural path mapping.

Across several models for long-term exposure, there was no significant association found
between long-term cumulative OP exposure and impulsivity, depression or suicide among
the various models. In the modelling postulating a pathway from exposure through both
impulsivity and depression to suicide, a history of past pesticide poisoning significantly and
positively influenced depression on the GHQ (β=0.487, p<0.001) and Socio-Economic
Status inversely influenced impulsivity (β=-0.502, p<0.001). Both depression and
impulsivity were found to map onto suicidality (β=0.387; 0<0.05 and β=0.373; p<0.001,
respectively).

The findings in this exploratory analysis of the associations involving SES and past
poisoning with impulsivity and depression are consistent with patterns described previously
in the literature, as are the associations of depression and impulsivity with suicidality.
However, the results do not provide evidence for a role for cumulative low-dose exposure to
OP's. Limitations that may explain this absence of an association include the cross-sectional
nature of the study design and its inherent vulnerability to the Healthy Worker Effect,
weaknesses in the quality of exposure assessment and the presence in this population of very
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high levels of problem drinking, which may mask the exposure-effect relationships
associated with pesticides.

In conclusion, use of Structural Equation Modelling to explore the data set did not appear to
improve the characterisation of the association between cumulative OP exposure and
adverse effects nor identify any relevant causal pathways involving low level exposure.
Whereas the findings confirmed the association of affective disorders with past poisoning
consistent with the literature, the contribution of long-term low-dose exposures to
depression and suicidality remains uncertain. Further analyses of different models for
possible causal pathways are underway. Additionally, studies based on longitudinal data and
with prospectively collected more detailed and accurate exposure measures (including
spraying schemes and info on re-entry exposure), preferably validated through biomarkers
of exposure, are desirable.

2. Conclusions
Pesticide exposures have been associated with prenatal and postnatal effects in humans as a
result of environmental exposures, as well as neurological and neuropsychiatric effects on
adults who are occupationally exposed to high levels of pesticides. Concerns are greatest in
developing countries where the use of PPE is cost prohibitive and often neither available nor
practical. Given the association of organophosphates with behavioral problems in children,
the rates of which have risen sharply in recent years, and the unknown but long-lasting
effects on the developing brain, reducing exposure is critical. The toxicological database
suggests that epidemiological and experimental studies should focus on the consequences of
acute (relatively) high exposures, to understand and assess long-term effects. Further
research should explore the biochemical basis for alterations in neurotransmitter systems so
that primary care physicians and mental health professionals will have a better
understanding of how to treat children and adults who have been exposed to pesticides. The
presentations in this symposium signal the need to rethink potential long-term effects across
the lifespan arising from early adolescent, childhood or pre-natal exposure.
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Figure 1.
Structural Equation Model of the effects of significant covariates on the latent depression
dimensions of the CES-D scale, the latent safety knowledge factor and injury
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Table 1
Odds ratios (95% confidence intervals) for any ADHD subtype for a 10-fold increase in
urinary DAP metabolites

Cases identified with the DISC-IV (n=119) Cases identified with the DISC-IV or ADHD-medicated (n=148)

Crude OR
(CI)

Adjusted OR1
(CI)

Crude OR
(CI)

Adjusted OR1
(CI)

DEAP 1.02
(0.74–1.41)

0.94
(0.69–1.28)

0.88
(0.66–1.18)

0.80
(0.60–1.05)

DMAP 1.66
(1.24–2.22)

1.55
(1.14–2.10)

1.87
(1.42–2.47)

1.72
(1.31–2.28)

Total DAP 1.31
(1.06–1.63)

1.21
(0.97–1.51)

1.48
(1.20–1.82)

1.35
(1.10–1.67)

Abbreviations: ADHD, attention deficit/hyperactivity disorder; CI, confidence interval; OR, odds ratio; DEAP, diethyl alkylphosphate; DMAP,
dimethyl alkylphosphate; DAP, dialkyl phosphate.

1
Sex, age, race/ethnicity, poverty-income ratio, fasting duration, and log-transformed urinary creatinine concentration
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Table 2

Frequency of experiencing a depressive symptom 5-7 days per week in the past week in those with and
without a history of pesticide poisoning in 1,633 Colorado farm residents, 1993-1997.

Depressive Symptom occurring 5 to 7 days in the past week Percent in poisoned group Percent in non-poisoned group

Somatic/Retarded Activity Symptoms

Bothered by things that do not usually bother you 5.0 2.5

No appetite 4.1 1.5

Trouble concentrating 8.3 4.2

Felt as if everything was an effort 18.3 6.6

Slept restlessly 11.8 5.7

Talked less than usual 1.7 2.4

Could not “get going” 7.6 2.2

Negative Affect Symptoms

Felt blue 3.3 1.4

Felt depressed 4.2 1.4

Felt like life had been a failure 1.7 0.5

Felt fearful 1.7 1.3

Felt lonely 0.8 1.0

Felt sad 2.5 0.7
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