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ENVIRONMENTAL
EPIDEMIOLOGY

What this study adds

Prenatal and early-life exposure to organophosphate pesticides 
has been associated with adverse child neurodevelopment; how-
ever, data gaps exist regarding the impact of exposure to mix-
tures of pesticides. We employ Bayesian Hierarchical Models to 
examine associations of agricultural use of neurotoxic pesticides 
near the home during pregnancy and early childhood and ado-
lescent neurobehavior in the Centers for the Health Assessment 
of Mothers and Children of Salinas cohort. This study extends 
previous work by considering potential exposure to mixtures of 
pesticides and is the first to examine associations of pesticides 
with behavior problems measured longitudinally into adoles-
cence and young adulthood.

Associations between pesticide mixtures applied 
near home during pregnancy and early childhood 
with adolescent behavioral and emotional 
problems in the CHAMACOS study
Carly Hylanda, Patrick T. Bradshawb, Robert B. Guniera, Ana M. Moraa,c, Katherine Koguta,  
Julianna Deardorffa, Sharon K. Sagiva,b, Asa Bradmana,d, Brenda Eskenazia,*   

Introduction
Evidence from longitudinal cohort studies indicates that bio-
markers of pesticide exposure and residential proximity to 
agricultural pesticide applications during pregnancy and early 
childhood may be associated with adverse child neurodevelop-
ment, including poorer cognition1–6 and increased hyperactivity/
inattention7–9 and traits related to autism spectrum disorders.10–13 
Despite relatively consistent findings for outcomes assessed 
during early and middle childhood, previous studies have only 
followed children up to the age of 12 years, and data gaps exist 
regarding the persistence of pesticide–neurodevelopment associ-
ations into adolescence and young adulthood.

Epidemiologic studies to date have focused primarily on 
exposure to single pesticides or pesticide classes at a time, which 
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Background: Studies suggest that exposure to pesticides during pregnancy and early childhood is associated with adverse 
child neurodevelopment. Research to date has focused primarily on exposure to single pesticides or pesticide classes in isolation; 
there are little data on the effect of exposure to pesticide mixtures on child and adolescent neurodevelopment.
Methods: Using California’s Pesticide Use Reporting database, we estimated agricultural pesticide use within 1 km of the home 
during the prenatal and postnatal (ages 0–5 years) periods among participants in the Center for the Health Assessment for Mothers 
and Children of Salinas (CHAMACOS) birth cohort. We implemented a Bayesian Hierarchical linear mixed-effects model to exam-
ine associations with maternal- and youth-reported behavioral and emotional problems from the Behavior Assessment System for 
Children, 2nd edition (BASC-2) at ages 16 and 18 years (n = 593).
Results: We observed mostly null associations between pesticide applications and neurobehavioral outcomes. There were some 
trends of modestly increased internalizing behaviors and attention problems in association with organophosphate insecticide use 
near the home during the prenatal period. In the postnatal period, a two-fold increase in glyphosate applications was associated with 
more youth-reported depression (β = 1.2, 95% credible intervals [CrI] = 0.2, 2.2), maternal-reported internalizing behaviors (β = 1.23, 
95% CrI = 0.2, 2.3), and anxiety (β = 1.2, 95% CrI = 0.2, 2.3). We observed some protective associations with imidacloprid during 
the prenatal period, particularly in sex-specific analyses.
Conclusions: We found only some subtle associations between some pesticides and neurobehavioral outcomes. This study 
extends previous work by considering potential exposure to mixtures of pesticides.

Keywords: Pesticides; Glyphosate; Neonicotinoids; Organophosphates; Neurodevelopment; Bayesian methods; Children’s 
health; Adolescent health
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may result in biased measures of association due to copollut-
ant confounding by other pesticides.14 In particular, previous 
research has examined the neurodevelopmental impacts of 
exposure to organophosphate (OP) pesticides in isolation. These 
studies have largely relied on urinary biomarkers such as dial-
kylphosphate (DAP) metabolites, which are nonspecific, to char-
acterize exposure; less is known about the effects of specific OPs 
with varying levels of toxicity.15 Additionally, agricultural use of 
pesticides such as pyrethroids, neonicotinoids, and glyphosate 
has increased substantially in the United States and globally in 
recent decades16–18; yet, few longitudinal studies have examined 
their potential impacts on human health and neurobehavioral 
development.5

Bayesian methods have become increasingly utilized in epi-
demiologic analyses of chemical mixtures due to their ability 
to simultaneously model multiple highly correlated exposure 
variables.14,19,20 A particular advantage of Bayesian Hierarchical 
Modeling (BHM) is that it allows correlated exposures to “bor-
row” information from each other,21 resulting in more precise 
effect estimates.19,20,22 These estimators also reduce the potential 
for extreme exposure–outcome associations, addressing con-
cerns regarding multiple comparisons,19,23,24 and produce highly 
interpretable results.

Because many pesticides lack biomarkers or are cost-prohib-
itive to analyze in biological samples, recent analyses have used 
geospatial methods to characterize potential exposure to a range 
of pesticides.4,5,11,25 In the Center for the Health Assessment of 
Mothers and Children of Salinas (CHAMACOS) cohort study, 
we are able to leverage California’s unique and comprehensive 
Pesticide Use Reporting (PUR) database to characterize agri-
cultural pesticide applications near participants’ residences, 
allowing us to examine associations with potential exposure to 
mixtures of pesticides, including those that are now the most 
widely used in agriculture. In a previous analysis in our cohort, 
we found that participants living in the areas of highest cumu-
lative pesticide use during the prenatal period had intelligence 
quotient deficits of approximately 7 points at the age of 7 years 
compared with those living in areas of the lowest pesticide use.5

Here, we investigate associations of agricultural applications 
of neurotoxic pesticides within 1 km of the home during preg-
nancy and early childhood with maternal- and self-reported 
behavioral and emotional problems at ages 16 and 18 years 
in the CHAMACOS cohort. This analysis extends previous 
research by employing BHM to examine associations with spe-
cific pesticides while accounting for correlated coexposures. This 
is the first study to examine associations of prenatal or early-life 
pesticide exposure with behavioral or emotional problems mea-
sured longitudinally into adolescence and young adulthood.

Methods

Study population

CHAMACOS is a longitudinal birth cohort study investigating 
the developmental impacts of environmental exposures among 
children born in the Salinas Valley, an agricultural region of 
Monterey County, California. The initial cohort (CHAM1) 
included pregnant women who met eligibility criteria (≥18 years 
old, <20-week gestation, Spanish- or English-speaking, quali-
fied for low-income health insurance, and planning to deliver 
at the county hospital). CHAM1 participants were recruited in 
community clinics serving predominantly low-income Latino 
patients in 1999–2000. Of the 1,130 eligible women, 601 
(53.2%) agreed to participate in the study. Of the 601 women 
enrolled at baseline, 527 (88%) remained in the study and 
delivered a live-born singleton and 337 (56%) remained in the 
study through the child’s 9-year assessment. In 2009–2011, we 
expanded the cohort and recruited an additional 305 9-year-old 
Salinas Valley residents whose mothers met eligibility criteria 
(≥18 years at delivery, Spanish- or English-speaking, qualified 

for low-income health insurance during pregnancy, delivered 
child in local hospital, and had sought prenatal care in the first 
trimester). CHAM2 participants were recruited via newspaper 
and radio announcements advertising a study on the health 
effects of pesticides and environmental chemicals at local ele-
mentary schools, churches, libraries, food banks, and commu-
nity events. A total of 595 CHAMACOS participants (CHAM1 
and CHAM2) remained in the cohort through the 16-year study 
visit. As of March 2020, when data collection was paused due to 
the COVID-19 pandemic, 478 CHAMACOS participants had 
also completed their 18-year study visits.

Mothers of CHAM1 participants were interviewed twice 
during pregnancy, after delivery, and throughout childhood. 
CHAM2 mothers completed a comprehensive baseline inter-
view when their children were 9 years old. Mothers of CHAM1 
and CHAM2 participants completed identical assessments 
when their children were 10.5, 12, 14, 16, and 18 years of age; 
CHAMACOS youth participants were interviewed directly 
starting at the age of 10.5 years. We restricted the current anal-
yses to participants whose prenatal (n = 814) or early childhood 
(n = 443) residential history could be geocoded for pesticide 
exposure assessment and who had a maternal- or youth-re-
ported neurobehavioral assessment from the 16-year (n = 594) 
or 18-year (n = 494) study visits. We excluded participants with 
medical conditions such as Down syndrome, autism, and hydro-
cephalus that could affect neurodevelopmental assessments  
(n = 6). The total sample size with data on the exposure and out-
come for the 16-year analyses was 578 for prenatal and 428 for 
postnatal; the total for 18-year analyses was 476 for prenatal 
and 381 for postnatal.

The University of California Berkeley Committee for the 
Protection of Human Subjects approved all study activities, and 
we obtained written informed consent from all mothers at all 
study visits. We obtained youth written assent at the age of 16 
years and written consent at the age of 18 years.

Behavioral assessment

At the 16- and 18-year assessments, bilingual psychometricians 
administered the Behavior Assessment for Children, second 
edition (BASC-2)26 to mothers in their dominant language and 
the youth completed the BASC-2 Self-Report of Personality. We 
examined maternal- and youth-reported scores for four indi-
vidual scales (hyperactivity, attention problems, depression, 
and anxiety) and the internalizing problems composite scale. In 
addition, we examined maternal-reported scores for the exter-
nalizing problems composite scale (there is no externalizing 
composite score for the youth-reported BASC-2 Self-Report of 
Personality). We examined BASC-2 age- and sex-standardized 
T-scores (M = 50, SD = 10).

Estimation of agricultural pesticide use

To characterize potential exposure to a range of pesticides, 
including those for which biomarkers do not exist, we used 
California’s PUR database to characterize agricultural pesticide 
use near each participant’s residence during the prenatal and 
early childhood (0–5 years) periods, as has been described previ-
ously.4,5 We characterized agricultural applications of pesticides 
that (1) had evidence of neurotoxicity in humans or animals, 
(2) had more than 4,500 kg applied in Monterey County in the 
time period of interest, and (3) were used within 1 km of the 
home of at least 50% of CHAMACOS participants in the time 
period of interest (11 pesticides for the prenatal period and 12 
pesticides for the postnatal period). We used the latitude and 
longitude coordinates from geocoded residential addresses, 
reported prospectively at all study visits for CHAM1 partici-
pants, and reported retrospectively at the 9- and 16-year vis-
its from CHAM2 participants. We estimated the total amount 
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of each pesticide that met these criteria applied within a 1-km 
radius of each residence. We selected a 1-km buffer because this 
distance has been used in previous epidemiologic analyses4,5 and 
has been shown to be most strongly correlated with concentra-
tions of agricultural pesticides from house-dust samples.27,28 To 
account for the potential downwind transport of pesticides from 
the application site, we obtained data on wind direction from 
the closest meteorological station; these were located in Arroyo 
Seco, Castroville, King City, Salinas North, Salinas South, and 
Pajaro.29 We calculated wind frequency using the daily propor-
tion of time the wind blew from each of eight directions during 
each time period (pregnancy and 0–5 years). We determined the 
direction of each Public Land Survey System centroid relative to 
residences and weighted pesticide use in a section according to 
the percentage of time that the wind blew from that direction 
for each time period. All pesticide use estimates were log2-tran-
formed and thus measures of association correspond to a two-
fold increase in pesticide use.

Covariates

At each study visit, bilingual study staff administered struc-
tured questionnaires to ascertain participant characteristics. 
The following confounders were selected a priori using a 
directed acyclic graph30: maternal age (continuous), years spent 
in the United States (categorical: ≤5 years, >5 years but not 
born in United States, born in United States), education (cat-
egorical: ≤6th grade, 7th–12th grade, completed high school), 
and marital status (dichotomous: not married/living as mar-
ried vs. married/living as married) at the time of delivery. We 
also included the following predictors of the outcome a priori: 
maternal depression status at the 9-year assessment (categor-
ical: yes vs. no) assessed using the Center for Epidemiologic 
Studies Depression Scale,31 child sex (dichotomous) and 
exact age at assessment (continuous), Home Observation 
Measurement of the Environment-Short Form32 z-score at the 
10.5-year visit (continuous) to assess enrichment in the home, 
household income at the time of assessment (categorical: at 
or below poverty line vs. above poverty line), and language of 
interview assessment for maternal-reported outcomes (dichot-
omous: English vs. Spanish; all youth completed assessments 
in English).

Statistical analysis

We implemented a two-stage BHM19,33–39 to examine expo-
sure–outcome associations with all pesticides included simul-
taneously. In the first stage, we regressed each BASC outcome 
on the exposures and covariates in a single linear mixed-effects 
model with a random subject-specific effect as: (E[Y|X,W]) = 
α + Xβ + Wγ + u; where X is the vector of all pesticides, W 
is the vector of confounders, and u is a normally distributed 
subject-specific random effect. In the second stage, we modeled 
the exposure effects (β) as a function of an exchangeability 
matrix Z, coefficient vector π, and residual error δ (normally 
distributed with mean zero and variance τ2) as: β = Zπ + δ. 
We used a Z matrix with indicator variables (0/1) for the class 
to which each individual pesticide belongs, incorporating our 
a priori expectation that pesticides from the same class would 
exert similar effects of the outcome. For the primary analyses, 
we included only pesticide classes that had >1 pesticide in the 
Z matrix (i.e., OPs). We specified vague second-stage priors 
for individual pesticides not included in the Z matrix. For the 
postnatal analyses, we included a second Z matrix in which we 
adjusted for the 11 pesticides that were included in the prenatal 
analyses. The Bayesian framework allowed us to automatically 
account for missing outcomes for any participants missing data 
from a particular BASC domain, but who completed a neurobe-
havioral assessment at 16 and/or 18 years. We present β effect 

estimates and 95% credible intervals (CrIs) for each pesticide 
predicted from the first-stage model.

As suggested by the previous study,40 we specified vague pri-
ors on some model parameters (α, γ, and π) and prespecified the 
variance for δ (i.e., τ) based on background information. We 
selected a value of τ that assumed that β parameters would lie 
within ± 0.5 SD of the mean of the BASC outcome of interest in 
our population (i.e., from −5 to 5 in the normative sample). We 
specified models in a Fully Bayesian framework21 and estimated 
the posterior distribution of all model parameters via Markov 
Chain Monte Carlo sampling.41 We summarized the posterior 
distributions of these parameters by estimating the posterior 
median and 95% CrIs through Markov Chain Monte Carlo 
sampling42 using Just Another Gibbs Sampler.43 Models were 
run with 50,000 iterations after an initial burn-in of 10,000. 
Convergence was assessed graphically using trace plots, auto-
correlation plots, and density plots,41 and statistically using the 
Geweke test44 and Gelman–Rubin test statistic.45 All analyses 
were conducted using R Studio Version 1.2.1335 (R Foundation 
for Statistical Computing, Vienna, Austria).

We conducted sex-specific analyses by including an interac-
tion term between each pesticide and child sex in the first stage 
model. For sex-specific analyses, we included all pesticides in 
the second-stage model, as all pesticides would benefit from 
shrinkage due to the pesticide × sex interaction term (as com-
pared with the primary analyses, where we only included pesti-
cides with >1 pesticide in a class in the second-stage model, as 
described previously).

Sensitivity analyses

We examined the robustness of our results by conducting sen-
sitivity analyses in which we varied the specification of the Z 
matrix. First, we used a Z matrix in which we included indi-
cator variables (0/1) for the class to which each individual 
pesticide belongs (i.e., OPs, carbamates, pyrethroids, neon-
icotinoids, fungicides, herbicides; Table S1; http://links.lww.
com/EE/A135) for all pesticide classes, as opposed to exclud-
ing classes with only one pesticide from the Z matrix, as in 
the main analyses. In the second sensitivity analysis, we indi-
cated whether each OP was a diethyl or dimethyl using a 0/1 
indicator variable and incorporated the benchmark dose10, as 
used by the US Environmental Protection Agency for cumu-
lative OP risk assessments46 (Table S2; http://links.lww.com/
EE/A135). In addition to the hierarchical models, we also ran 
multivariable linear mixed-effects regression models in which 
we included all exposures simultaneously without specifying a 
second-stage model.

Results
A total of 593 participants completed a maternal- or youth-re-
ported BASC assessment at the 16- and/or 18-year study visits and 
provided residential history during pregnancy and/or childhood 
(ages 0–5 years). Most mothers were born in Mexico (87%) and 
nearly half had spent <5 years in the United States before delivery 
and had a sixth-grade education or less (Table 1). About 51% of 
the youth participants included in these analyses were girls.

The distributions of wind-adjusted neurotoxic pesticide appli-
cations within 1 km of the home during the prenatal and postna-
tal periods, as well as the total kilograms of pesticides applied in 
Monterey County in the years 2000 and 2005 (reflecting general 
trends in pesticide use during the prenatal and postnatal peri-
ods), are shown in Table 2. In general, applications of pesticides 
were highly correlated with each other during both the prena-
tal (Figure S1; http://links.lww.com/EE/A135) and postnatal 
(Figure S2; http://links.lww.com/EE/A135) periods. Individual 
OPs had some of the highest correlation coefficients (ρ = 0.4–
0.9 during both prenatal and postnatal periods). Correlations 

http://links.lww.com/EE/A135
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coefficients for individual pesticides ranged from 0.50 to 0.71 
across the prenatal and postnatal periods (Table 2).

Associations with pesticide applications during prenatal 
period

We observed largely negligible associations between pesticide 
use near the home during pregnancy and neurobehavioral out-
comes. There were some subtle associations of chlorpyrifos 
use and increased internalizing behaviors from both maternal- 
and youth-report. More specifically, each two-fold increase in 
chlorpyrifos applications was associated with increased BASC-2 
T-scores for maternal-reported depression (β = 1.0, 95%  
CrI = −0.2, 2.1; Table  3) and youth-reported depression and 
internalizing problems (β = 1.1, 95% CrI = −0.1, 2.3; β = 1.0,  
95% CrI = −0.2, 2.2, respectively; Table  4). For maternal 
depression only, we observed stronger associations among 
girls than among boys (boys: β = 0.7, 95% CrI = −0.7, 2.1; 
girls: β = 1.7, 95% CrI = 0.1, 3.3; Table S3; http://links.lww.
com/EE/A135). We also observed some isolated associations of 
increased youth-reported attention problems in association with 

applications of the OPs diazinon and dimethoate during preg-
nancy (β = 1.2, 95% CrI = 0.0, 2.5 and β = 1.9, 95% CrI = 0.0, 
3.6, respectively; Table 4).

In contrast, we found associations of use of the neonicotinoid 
imidacloprid with fewer maternal- and youth-reported behav-
ioral and emotional problems (Tables  3 and 4), particularly 
for girls (Table S3; http://links.lww.com/EE/A135 and Table 
S4; http://links.lww.com/EE/A135). Among all participants, 
each two-fold increase in imidacloprid use during the prenatal 
period was associated with decreased maternal-reported atten-
tion problems (β = −2.4, 95% CrI = −5.3, 0.4; Table 3), with 
evidence of stronger inverse associations among girls (boys:  
β = −2.2, 95% CrI = −4.8, 0.5; girls: β = −4.5, 95% CrI = −7.9, 
−0.9; Table S3; http://links.lww.com/EE/A135). Imidacloprid 
use was also associated with decreased maternal-reported 
internalizing problems and depression among girls, as well as 
youth-reported internalizing problems and anxiety among girls. 
We also observed that the use of the pyrethroid permethrin 
was associated with fewer youth-reported attention problems 
among all participants (β = −1.9, 95% CrI = −4.2, 0.3; Table 4). 
Table S5 (http://links.lww.com/EE/A135) summarizes associa-
tions observed in the prenatal period.

Associations with pesticide applications during the 
postnatal period

The most consistent associations we observed for pesticide use 
during the postnatal period were for glyphosate and mater-
nal- and youth-reported internalizing behaviors. Each two-
fold increase in glyphosate applications was associated with 
increased maternal report of internalizing problems and anxiety 
(β = 1.3, 95% CrI = 0.2, 2.3 and β = 1.2, 95% CrI = 0.2, 2.3, 
respectively; Table 5) and youth report of depression (β = 1.2, 
95% CrI = 0.2, 2.2; Table 6), with trends of stronger associa-
tions among girls (Table S6; http://links.lww.com/EE/A135 and 
Table S7; http://links.lww.com/EE/A135). Notably, in contrast, 
chlorpyrifos and naled were each associated with decreased 
maternal-reported anxiety (β = −1.7, 95% CrI = −3.3, −0.1 and 
β = −1.2, 95% CrI = −2.5, 0.0, respectively; Table 5), with stron-
ger inverse associations for chlorpyrifos and maternal-reported 
anxiety among girls (boys: β = −0.9, 95% CrI = −2.7, 0.9; girls: 
β = −2.2, 95% CrI = −4.1, −0.3; Table S5; http://links.lww.com/
EE/A135).

We observed some associations of OP use postnatally and 
increased externalizing problems, though there were no con-
sistent trends. For example, dimethoate was associated with 
increased youth-reported hyperactivity (β = 2.0, 95% CrI = 0.0, 
3.9) and naled was associated with increased youth-reported 
attention problems (β = 1.2, 95% CrI = 0.1, 2.4). Additionally, 
acephate was associated with increased maternal-reported 
hyperactivity (β = 1.6, 95% CrI = 0.1, 3.0). We also observed 
some inverse associations, with the OPs oxydemeton methyl and 
malathion associated with decreased maternal- and youth-re-
ported attention problems (β = −2.3, 95% CrI = −4.6, 0.2 and 
β = −0.9, 95% CrI = −1.8, 0.1, respectively). Table S8 (http://
links.lww.com/EE/A135) summarizes associations observed in 
the prenatal period.

Sensitivity analyses

Results from our sensitivity analyses were robust to variations of 
the specification of the Z matrix, and our overall interpretations 
were qualitatively the same (data not shown). Results were also 
very similar from multivariable models in which we included all 
exposure variables simultaneously without specifying the sec-
ond-stage model (Table S9; http://links.lww.com/EE/A135 and 
Table S10; http://links.lww.com/EE/A135 for prenatal analyses 
and Table S11; http://links.lww.com/EE/A135-S12; http://links.
lww.com/EE/A135 for postnatal analyses). Confidence intervals 

Table 1.

Sociodemographic characteristics of Center for the Health 
Assessment for Mothers and Children of Salinas study partic-
ipants with 16- or 18-year neurobehavioral assessments and 
data on agricultural pesticide use near home during prenatal or 
postnatal (0–5 years) periods (n = 593).

Characteristic
n (%) or median  

(P25 to P75)

Maternal/household characteristics  
 Age at enrollment (years) 26.0 (22.0 to 30.0)
 Country of birth  
  Mexico or other 519 (88.6)
  United States 67 (11.4)
 Years in the United States at delivery  
  ≤5 years 280 (47.7)
  >5 years, but not born in United States 254 (43.3)
  Born in United States 53 (9.0)
 Education at baseline  
  ≤6th grade 258 (44.0)
  7th–12th grade 194 (33.0)
  ≥High school graduate 135 (23.0)
 Marital status at baseline  
  Not married/living as married 106 (18.1)
  Married/living as married 481 (81.9)
 Maternal depression at 9-year visit (≥16 CES-D score)a  
  No 417 (71.0)
  Yes 170 (29.0)
 Household income at 16-year assessmenta  
  At or below poverty level 333 (56.7)
  Above poverty level 254 (43.3)
 Language of 16-year maternal assessmenta  
  English 72 (12.5)
  Spanish 506 (87.5)
 HOME z-score at 10.5-year assessmentb 0.2 (−0.6 to 0.6)
Child characteristics  
 Child’s sex  
  Boy 286 (48.7)
  Girl 301 (51.3)
 Exact age at 16-year assessment 16.3 (16.1 to 16.5)
 Exact age at 18-year assessment 18.0 (18.0 to 18.1)

aMissing data filled in from data collected at earlier or later time points. n = 41 participants missing 
maternal depression at 9-year assessment; 7 missing poverty status at 16-year assessment; 16 
missing maternal language of 16-year assessment.
bMissing data filled in from earlier or later assessments for 13 participants missing HOME score 
at 10.5-year assessment; filled in as median HOME score observed for population included in this 
analysis for one participant missing HOME score at all visits.
CES-D indicates Center for Epidemiologic Studies Depression Scale; HOME, Home Observation 
Measurement of the Environment.

http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
http://links.lww.com/EE/A135
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were slightly wider for some pesticides in multivariable linear 
mixed-effects regression models; however, our overall interpre-
tation of the results was consistent with findings from the hier-
archical analyses.

Discussion
We observed mostly null associations of agricultural pesticide 
use near the home during critical periods of brain development 
and behavioral and emotional problems at ages 16 and 18 years 
among participants living in an intensive agricultural region. We 
observed some associations of use of the OP chlorpyrifos near 
the home during pregnancy and use of glyphosate near the home 
during early childhood with increased internalizing problems; 
however effect estimates were small. We also observed trends of 

fewer maternal- and youth-reported internalizing behaviors and 
attention problems in association with imidacloprid use near the 
home during pregnancy. This is the first study to examine longi-
tudinal associations of agricultural pesticide use near the home 
during pregnancy or early childhood with behavioral problems 
during adolescence or young adulthood, a critical time for the 
manifestation of these outcomes.47 Our study also extends the 
previous research by investigating potential exposure to multi-
ple classes of pesticides.

Previous studies examining associations of prenatal or post-
natal OP exposure and child neurodevelopment have largely 
assessed exposure using nonspecific DAP metabolites, limiting 
inferences regarding associations with specific OP pesticides. 
In this analysis, we found associations of agricultural use of 
chlorpyrifos, a diethyl OP, during pregnancy with increased 

Table 2.

Total pesticide use in Monterey County in 2000 and 2005 and distributions of wind-adjusted agricultural pesticide applications within 
1 km of maternal residence during prenatal and postnatal periodsa

 
Kilograms  

used (2000)
Kilograms  

used (2005)

Prenatal Postnatal Spearman correlation coefficient  
for prenatal and postnatal periodsP25 P50 P75 Max P25 P50 P75 Max

Organophosphate insecticides           
 Acephate 40,077 22,340 0.22 1.12 2.07 6.29 1.69 3.09 4.35 6.98 0.60
 Chlorpyrifos 30,691 30,459 0.19 0.92 2.03 6.76 1.11 2.67 4.22 7.59 0.63
 Diazinon 50,999 73,707 1.07 1.95 3.02 7.01 2.53 3.79 5.43 8.47 0.55
 Malathion 30,490 29,513 0.00 0.31 1.47 6.68 0.92 2.14 3.89 7.86 0.31
 Oxydemeton methyl 31,084 33,330 0.20 1.00 1.97 5.77 1.55 2.94 4.19 8.32 0.64
 Naledb 13,090 7,839 0.00 0.00 0.54 3.93 0.00 0.98 2.48 6.37 0.50
 Dimethoate 20,259 18,948 0.10 0.53 1.50 5.01 0.89 2.08 3.56 6.73 0.71
Carbamate insecticides           
 Methomyl 35,371 28,843 0.22 0.82 1.86 4.91 1.50 2.71 3.77 7.33 0.51
Pyrethroid insecticides           
 Permethrin 11,869 10,467 0.10 0.47 1.16 4.12 0.59 1.49 2.85 5.70 0.61
Neonicotinoid insecticides           
 Imidacloprid 8,729 5,753 0.15 0.41 0.89 3.32 0.71 1.42 2.33 4.74 0.55
Fungicides            
 Mn-fungicides 161,154 169,887 1.62 3.13 4.32 5.30 3.85 5.43 6.76 10.02 0.60
Herbicides            
 Glyphosate 44,236 55,886 0.00 0.07 1.23 4.51 0.91 2.01 3.23 6.75 0.53

aPrenatal period accounts for 9 months of pregnancy and postnatal period accounts for child ages 0–5 years.
bIncluded in postnatal, but not in prenatal analysis.

Table 3.

Adjusteda associations [β (95% credible intervals)] of two-fold increase in pesticide use within 1 km of residence during pregnancy 
with maternal-reported behavioral and emotional problems at age 16 and 18 years using linear mixed-effects Bayesian Hierarchical 
Modeling (n = 1,049; k = 587)

 Internalizing problems Depression Anxiety Externalizing problems Hyperactivity Attention problems

Organophosphates       
 Acephate 0.1 (−1.4, 1.5) −0.1 (−1.6, 1.3) 0.5 (−0.9, 2.9) −0.5 (−1.5, 0.7) −0.3 (−1.5, 0.8) −0.7 (−2.1, 0.7)
 Chlorpyrifos 0.7 (−0.5, 1.9) 1.0 (−0.2, 2.1) 0.5 (−0.6, 1.6) 0.3 (−0.6, 1.1) 0.3 (−0.6, 1.2) −0.1 (−1.2, 0.9)
 Diazinon 0.0 (−1.4, 1.4) −0.2 (−1.6, 1.2) 0.4 (−0.9, 1.8) 0.2 (−0.8, 1.3) 0.1 (−1.0, 1.1) 0.3 (−1.0, 1.6)
 Malathion 0.2 (−0.6, 1.0) 0.6 (−0.2, 1.4) −0.4 (−1.2, 0.4) −0.1 (−0.7, 0.5) −0.1 (−0.8, 0.5) 0.1 (−0.6, 0.9)
 Oxydemeton methyl −0.1 (−2.2, 2.0) 0.3 (−1.8, 2.4) −0.3 (−2.4, 1.8) −0.1 (−1.6, 1.5) −0.4 (−2.1, 1.3) 0.2 (−1.8, 2.2)
 Dimethoate 0.5 (−1.4, 2.4) 0.4 (−1.5, 2.3) 0.0 (−1.9, 1.9) 0.4 (−1.0, 1.9) 0.8 (−0.8, 2.3) 1.2 (−0.6, 3.0)
Carbamates       
 Methomyl 0.0 (−1.2, 1.2) −0.2 (−1.3, 1.1) 0.1 (−1.0, 1.3) 0.4 (−0.5, 1.3) 0.3 (−0.7, 1.2) 0.0 (−1.1, 1.1)
Pyrethroid       
 Permethrin −1.5 (−3.9, 0.9) −1.3 (−3.8, 1.1) −1.4 (−3.8, 0.9) 0.2 (−1.6, 2.1) 0.1 (−1.8, 2.0) 0.5 (−1.8, 2.7)
Neonicotinoid       
 Imidacloprid −0.2 (−3.3, 2.8) 0.0 (−3.1, 3.1) −1.1 (−4.2, 1.8) −0.3 (−2.5, 2.0) −0.6 (−3.1, 1.8) −2.4 (−5.3, 0.4)
Fungicide       
 Mn-fungicides 0.0 (−1.3, 1.2) −0.1 (−1.3, 1.1) 0.1 (−1.1, 1.3) −0.3 (−1.2, 0.6) 0.0 (−1.0, 0.9) 0.1 (−1.1, 1.2)
Herbicide       
 Glyphosate 0.2 (−0.5, 0.9) −0.1 (−0.9, 0.6) 0.4 (−0.4, 1.1) 0.3 (−0.2, 0.9) 0.4 (−0.2, 1.0) 0.4 (−0.3, 1.1)

Notes: k, number of participants with data for at least one time point; n, number of observations from both time points. Higher score for each Behavior Assessment System for Children outcome indicates 
more symptomatic behavior.
aModels adjusted for maternal age at delivery, years in the United States, education at baseline, marital status at baseline, language of assessment, depression at 9-year assessment; child sex, child age at 
time of assessment, poverty status at time of assessment, Home Observation Measurement of the Environment score at 10.5-year assessment.
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report of internalizing problems, depression, and anxiety from 
both mothers and youth; however, effect estimates were quite 
small. In the longitudinal Mount Sinai Children’s Environmental 
Health Center study, investigators found that higher prenatal 
dimethyl OP concentrations were associated with more BASC 
parent-reported internalizing problems among 141 children 
from ages 4 to 9 years.48 In addition to studies of children, 
chronic occupational OP exposure and history of acute OP 
poisonings have been associated with increased self-reported 
depression among farmworkers,49–54 and the Agricultural Health 
Study has observed some of the strongest associations for pesti-
cides such as malathion, diazinon, and chlorpyrifos.53

We observed some isolated associations of increased youth-re-
ported attention problems in association with applications of the 
OPs diazinon and dimethoate during the prenatal period. In pre-
vious analyses in this cohort, prenatal DAPs were associated with 
higher maternal-reported attention problems and psychometri-
cian-assessed Attention Deficit Hyperactivity Disorder (ADHD) 
at the age of 5, but not at the age of 3.5 years.7 Additionally, 
in a longitudinal analysis of inner-city mothers and children in 
New York City, investigators found that prenatal chlorpyrifos 
concentrations were associated with increased attention and 
hyperactivity problems at 3 years.8 Notably, we did not observe 
associations of chlorpyrifos use during the prenatal or postnatal 

Table 4.

Adjusteda associations [β (95% credible intervals)] of two-fold increase in pesticide use within 1 km of residence during pregnancy 
with youth-reported behavioral and emotional problems at age 16 and 18 years using linear mixed-effects Bayesian Hierarchical 
Modeling (n = 1,032; k = 584)

 Internalizing problems Depression Anxiety Hyperactivity Attention problems

Organophosphates      
 Acephate 0.0 (−1.5, 1.6) 0.2 (−1.3, 1.7) −0.6 (−2.2, 1.0) −0.1 (−1.5, 1.2) 0.2 (−1.2, 1.6)
 Chlorpyrifos 1.0 (−0.2, 2.2) 1.1 (−0.1, 2.3) 0.6 (−0.7, 1.9) −0.1 (−1.2, 1.0) 0.0 (−1.1, 1.1)
 Diazinon 0.5 (−1,0, 1.9) 0.4 (−1.0, 1.8) 0.4 (−1.1, 1.9) 0.1 (−1.1, 1.3) 1.2 (0.0, 2.5)
 Malathion 0.6 (−0.2, 1.4) 0.6 (−0.3, 1.4) 0.6 (−0.3, 1.5) −0.1 (−0.8, 0.7) 0.0 (−0.7, 0.8)
 Oxydemeton methyl −1.1 (−3.3, 1.1) −0.8 (−3.0, 1.4) −0.5 (−2.9, 1.8) −0.6 (−2.6, 1.3) −1.4 (−3.3, 0.6)
 Dimethoate −0.6 (−2.6, 1.4) −1.2 (−3.1, 0.8) −0.4 (−2.5, 1.8) 0.6 (−1.2, 2.4) 1.9 (0.0, 3.6)
Carbamates      
 Methomyl 0.0 (−1.3, 1.2) −0.6 (−1.8, 0.6) −0.1 (−1.5, 1.2) 0.3 (−0.8, 1.4) −0.3 (−1.4, 0.8)
Pyrethroid      
 Permethrin −0.6 (−3.2, 1.9) −0.9 (−3.3, 1.7) −1.3 (−4.0, 1.4) −0.7 (−3.0, 1.5) −1.9 (−4.2, 0.3)
Neonicotinoid      
 Imidacloprid −0.4 (−3.6, 2.7) 0.2 (−2.9, 3.3) −0.8 (−4.1, 2.5) 0.4 (−2.3, 3.2) −1.6 (−4.4, 1.3)
Fungicide      
 Mn-fungicides 0.1 (−1.2, 1.4) 0.3 (−1.0, 1.6) 0.6 (−0.8, 2.0) −0.1 (−1.2, 1.0) 0.1 (−1.0, 1.3)
Herbicide      
 Glyphosate 0.3 (−0.5, 1.0) 0.4 (−0.4, 1.1) 0.4 (−0.4, 1.2) 0.4 (−0.3, 1.1) 0.2 (−0.5, 0.8)

Notes: k, number of participants with data for at least one time point; n, number of observations from both time points. Higher score for each Behavior Assessment System for Children outcome indicates 
more symptomatic behavior.
aModels adjusted for maternal age at delivery, years in the United States, education at baseline, marital status at baseline, depression at 9-year assessment; child sex, child age at time of assessment, 
poverty status at time of assessment, Home Observation Measurement of the Environment score at 10.5-year assessment.

Table 5.

Adjusteda associations [β (95% credible intervals)] of two-fold increase in pesticide use within 1 km of residence during childhood 
(0-5 years) with maternal-reported behavioral and emotional problems at age 16 and 18 years using linear mixed-effects Bayesian 
Hierarchical Modeling (n = 797; k = 427)

 Internalizing problems Depression Anxiety Externalizing problems Hyperactivity Attention problems

Organophosphates       
 Acephate 0.8 (−1.0, 2.6) 0.5 (−1.3, 2.3) 1.0 (−0.9, 2.8) 0.8 (−0.6, 2.1) 1.6 (0.1, 3.0) 0.5 (−1.1, 2.1)
 Chlorpyrifos −1.0 (−2.5, 0.6) −0.1 (−1.7, 1.6) −1.7 (−3.3, −0.1) 0.1 (−1.1, 1.3) 0.1 (−1.2, 1.3) 0.9 (−0.6, 2.3)
 Diazinon 1.1 (−0.9, 3.1) 1.3 (−0.8, 3.3) 0.1 (−1.9, 2.2) 0.0 (−1.5, 1.5) 0.2 (−1.3, 1.8) 1.2 (−0.7, 3.0)
 Malathion 0.2 (−0.7, 1.3) 0.1 (−0.9, 1.1) 0.7 (−0.3, 1.7) −0.4 (−1.1, 0.4) −0.5 (−1.3, 0.3) −0.9 (−1.8, 0.0)
 Oxydemeton methyl 0.3 (−2.5, 3.0) −0.4 (−3.1, 2.3) 0.5 (−2.2, 3.1) −1.0 (−3.0, 1.0) −2.4 (−4.5, −0.2) −2.3 (−4.6, 0.2)
 Naled −0.7 (−2.0, 0.6) −0.2 (−1.4, 1.1) −1.2 (−2.5, 0.0) 0.4 (−0.5, 1.4) 0.3 (−0.7, 1.3) 0.8 (−0.4, 1.9)
 Dimethoate 0.9 (−1.2, 3.1) −0.3 (−2.4, 1.9) 1.0 (−1.2, 3.2) 0.7 (−1.0, 2.4) 0.8 (−0.9, 2.5) −1.1 (−3.1, 0.9)
Carbamates       
 Methomyl 0.1 (−1.6, 1.7) 0.6 (−1.1, 2.2) −0.6 (−2.2, 1.0) −0.2 (−1.5, 1.0) −0.5 (−1.8, 0.8) −0.9 (−2.4, 0.6)
Pyrethroid       
 Permethrin 0.2 (−2.1, 2.6) −0.2 (−2.6, 2.1) 0.5 (−1.8, 2.9) 0.0 (−1.8, 1.7) −0.8 (−2.6, 1.1) −0.8 (−2.9, 1.3)
Neonicotinoid       
 Imidacloprid −0.1 (−2.9, 2.7) −0.5 (−3.3, 2.2) 1.0 (−1.7, 3.7) 0.1 (−2.0, 2.2) 1.2 (−1.0, 3.3) 1.5 (−0.9, 4.0)
Fungicide       
 Mn-fungicides −1.8 (−3.9, 0.4) −0.9 (−3.1, 1.3) −1.0 (−3.2, 1.1) −0.3 (−2.0, 1.3) 0.2 (−1.5, 1.9) 0.9 (−1.1, 2.8)
Herbicide       
 Glyphosate 1.3 (0.2, 2.3) 0.6 (−0.5, 1.6) 1.2 (0.2, 2.3) 0.1 (−0.7, 0.9) 0.1 (−0.8, 0.9) 0.0 (−0.9, 1.0)

Notes: k, number of participants with data for at least one time point; n, number of observations from both time points. Higher score for each Behavior Assessment System for Children outcome indicates 
more symptomatic behavior.
aModels adjusted for maternal age at delivery, years in the United States, education at baseline, marital status at baseline, language of assessment, depression at 9-year assessment; child sex, child age at 
time of assessment, poverty status at time of assessment, Home Observation Measurement of the Environment score at 10.5-year assessment, agricultural applications of 11 pesticides included in prenatal 
assessment during the prenatal period.
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period with maternal- or youth-reported attention problems or 
hyperactivity in this analysis. Cross-sectional and case–control 
studies have also found associations between childhood OP 
exposure and more behavioral and attention problems55 and 
higher odds of having an ADHD diagnosis.56,57

We observed largely null associations of permethrin use 
near the home during either pregnancy or early childhood 
with maternal- or youth-reported behavioral or emotional 
problems. This is in contrast with previous studies show-
ing associations of prenatal pyrethroid exposure with child 
behavior problems. Specifically, longitudinal studies in New 
York City and France have identified associations of prenatal 
biomarkers of pyrethroid exposure and more parent-reported 
behavioral and emotional problems, including internalizing 
problems, depression, and externalizing problems, among 
children ages 4–9 years.58,59 Results of cross-sectional studies 
investigating childhood pyrethroid exposure and behavioral 
outcomes have been more inconsistent. While one analysis 
of 1999–2002 data from the National Health and Nutrition 
Examination Survey found no association of pyrethroid expo-
sure and parental report of ADHD among children ages 6–15 
years,60 another analysis of National Health and Nutrition 
Examination Survey participants ages 8–15 years from 2001 
to 2002 found that higher urinary levels of a nonspecific pyre-
throid biomarker, 3-phenoxybenzoic acid, were associated 
with higher odds of an ADHD diagnosis and more hyperac-
tive-impulsive symptoms.61 In the cross-sectional Canadian 
Health Measures Survey, two other pyrethroid biomarkers 
were associated with increased odds of parent-reported global 
total difficulties assessed using the Strengths and Difficulties 
Questionnaire among 779 children ages 6–11 years.62 It is 
possible that inconsistencies in findings from our study and 
previous analyses may be due to different exposure assess-
ment methods or the age at which the outcome was assessed. 
Notably, each of these previous studies assessed exposure 
using urinary biomarkers, which are a more integrated mea-
sure of total pyrethroid exposure than PUR data. Residential 
pesticide use is one of the biggest risk factors for pyrethroid 
exposure,63 which would not be captured with our exposure 
assessment method.

We also observed associations of applications of the neonicot-
inoid imidacloprid during the prenatal period with fewer mater-
nal- and youth-reported internalizing behaviors and attention 
problems, particularly among girls. While neonicotinoids are 
intended to be highly selective to insects64 and are thought to 
have low mammalian toxicity due to a lower affinity for bind-
ing to the nicotine acetylcholine receptor,65,66 few epidemiologic 
studies have examined their impacts on human health and sig-
nificant data gaps exist.66,67 Toxicological studies suggest that 
gestational imidacloprid exposure may be associated with senso-
rimotor deficits in the offspring,68 and case studies indicate that 
acute neonicotinoid poisoning can result in adverse respiratory, 
cardiovascular, and neurologic outcomes.66 However, no studies 
to date have examined associations of prenatal or early-life neon-
icotinoid exposure with adolescent neurobehavior, using either 
frequentist or Bayesian mixtures models. It is possible that we 
observed null or protective effects for imidacloprid because our 
exposure assessment method—agricultural pesticide use—did 
not adequately capture imidacloprid exposure due to the physi-
cal properties and mode of application of neonicotinoids.17,66,69,70 
Neonicotinoids are commonly applied as seed treatments,71,72 
and more integrated exposure assessment methods, such as 
urinary biomarkers, may be needed to accurately characterize 
exposure. Neonicotinoids are now the most widely used class of 
insecticides worldwide and use continues to rise.17,73 Additional 
studies, potentially using biomarkers of exposure, are needed to 
examine the neurodevelopmental impacts of neonicotinoids.

We observed relatively consistent associations of glyphosate 
use near the home during the postnatal period across mater-
nal- and youth-reported internalizing problems, depression, and 
anxiety. Very few epidemiologic studies have examined neuro-
developmental outcomes associated with glyphosate exposure, 
though toxicology studies have shown neurotoxic effects such 
as depressive behavior74,75 and poorer locomotor activity75–78 
and recognition memory.76,79 In one previous case–control 
study using PUR data, investigators found that glyphosate use 
within 2 km of the mother’s residence during pregnancy was 
associated with increased odds of autism spectrum disorder.13 
Additionally, case studies of acute poisoning have also suggested 
that glyphosate may have direct impacts on neurotoxicity and 

Table 6.

Adjusteda associations [β (95% credible intervals)] of two-fold increase in pesticide use within 1 km of residence during childhood 
(0–5 years) with youth-reported behavioral and emotional problems at age 16 and 18 years using linear mixed-effects Bayesian Hier-
archical Modeling (n = 786; k = 426)

 Internalizing problems Depression Anxiety Hyperactivity Attention problems

Organophosphates      
 Acephate 0.3 (−1.6, 2.1) 0.1 (−1.7, 1.8) −0.8 (−2.8, 1.2) 0.8 (−0.9, 2.4) −0.2 (−1.9, 1.5)
 Chlorpyrifos −1.1 (−2.7, 0.5) −1.4 (−2.9, 0.2) −0.9 (−2.6, 0.8) 0.1 (−1.4, 1.5) 0.1 (−1.4, 1.6)
 Diazinon 0.3 (−1.7, 2.3) 0.4 (−1.5, 2.3) 0.7 (−1.5, 2.8) 0.3 (−1.6, 2.1) −0.2 (−2.0, 1.7)
 Malathion −0.7 (−1.7, 0.3) −0.4 (−1.3, 0.6) −0.4 (−1.5, 0.7) −0.3 (−1.3, 0.6) −0.9 (−1.8, 0.1)
 Oxydemeton methyl −0.1 (−2.8, 2.7) 0.5 (−2.1, 3.1) 0.7 (−2.3, 3.5) −1.8 (−4.3, 0.6) −1.1 (−3.6, 1.4)
 Naled 0.5 (−0.8, 1.7) 0.3 (−0.9, 1.5) −0.3 (−1.7, 1.1) 0.0 (−1.1, 1.2) 1.2 (0.1, 2.4)
 Dimethoate 2.0 (−0.2, 4.2) 1.5 (−0.6, 3.6) 1.5 (−0.8, 3.9) 2.0 (0.0, 3.9) 1.2 (−0.8, 3.2)
Carbamates      
 Methomyl −1.4 (−3.0, 0.2) −1.1 (−2.6, 0.5) −0.3 (−2.1, 1.5) −0.8 (−2.3, 0.7) −0.9 (−2.4, 0.6)
Pyrethroid      
 Permethrin 0.3 (−2.0, 2.6) 0.0 (−2.2, 2.3) 0.5 (−2.0, 3.0) −0.1 (−2.2, 2.1) 0.1 (−2.1, 2.3)
Neonicotinoid      
 Imidacloprid −0.7 (−3.4, 2.0) −1.3 (−3.9, 1.2) −1.5 (−4.4, 1.5) −0.5 (−3.0, 2.0) 0.4 (−2.1, 3.0)
Fungicide      
 Mn-fungicides 0.1 (−2.0, 2.3) 0.1 (−2.0, 2.2) 0.3 (−2.0, 2.6) 0.8 (−1.1, 2.8) 0.7 (−1.3, 2.7)
Herbicide      
 Glyphosate 0.9 (−0.1, 2.0) 1.2 (0.2, 2.2) 0.9 (−0.3, 2.0) −0.5 (−1.5, 0.4) 0.0 (−1.0, 1.0)

Notes: k, number of participants with data for at least one time point; n, number of observations from both time points. Higher score for each Behavior Assessment System for Children outcome indicates 
more symptomatic behavior.
aModels adjusted for maternal age at delivery, years in the United States, education at baseline, marital status at baseline, depression at 9-year assessment; child sex, child age at time of assessment, 
poverty status at time of assessment, Home Observation Measurement of the Environment score at 10.5-year assessment, agricultural applications of 11 pesticides included in prenatal assessment during 
the prenatal period.
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Parkinsonism after chronic exposures.80–82 Glyphosate is the 
most widely used pesticide in the United States and worldwide, 
with global use increasing about 15-fold since the introduction 
of genetically engineered glyphosate-tolerant crops in 1996.18 
Agricultural and nonagricultural use of glyphosate has contin-
ued to skyrocket since the exposure periods of interest for the 
present analysis, and additional studies are needed to investigate 
whether early exposure to current levels of glyphosate use may 
be associated with child or adolescent neurodevelopment.

We did not observe consistent trends over prenatal and post-
natal analyses. Previous examinations of urinary biomarkers of 
OP pesticides and neurodevelopment in CHAMACOS and other 
studies have observed stronger effects for exposures occurring 
prenatally.1,7,83,84 Notably, the exposure period of interest was 
9 months for pregnancy and 5 years for childhood exposures, 
and thus prenatal and postnatal effect estimates are not directly 
comparable in the present analysis.

We did observe some consistencies for associations with 
specific pesticides across maternal and youth report. For exam-
ple, effect estimates for internalizing behaviors in association 
with chlorpyrifos use during pregnancy and glyphosate use 
during early childhood were similar across maternal and youth 
report. Previous studies have reported relatively poor agreement 
between maternal and youth report of adolescent psychopathol-
ogy,85 particularly for internalizing behaviors.86–88 Mothers may 
be more reliable reporters of adolescent externalizing behaviors, 
which may be more easily observed by others, as opposed to 
depression or anxiety, which the participant may choose not to 
disclose to caregivers.86

Although it is difficult to elucidate potential mechanisms 
of actions of specific pesticides from epidemiology studies in 
which humans are exposed to a mixture of pesticides, evidence 
from animal studies suggests that possible mechanisms may 
include changes in levels of neurotransmitters,75 inhibition of 
axonal growth,89,90 alteration of voltage-gated sodium channel 
function,91–93 increased oxidative stress,94–96 and damage to or 
decreased synthesis of brain DNA.97–100 The inhibition of ace-
tylcholinesterase was long proposed as one of the primary neu-
rodevelopmental mechanisms of action of OP and carbamate 
pesticides; however, there is growing evidence from human and 
animal studies that these pesticides may exert deleterious impacts 
on neurodevelopment at levels of exposure below which ace-
tylcholinesterase inhibition would occur.83,101 For example, OPs 
may disrupt neurotransmitter systems including norepinephrine, 
dopamine, and serotonin,102–107 which could influence emotional 
and behavioral problems such as aggression, depression, and 
ADHD that have been associated with OP exposure in previous 
epidemiologic studies.7,56,108 Toxicology studies have shown that 
developmental glyphosate exposure may also impact cholin-
ergic and glutamatergic neurotransmission, increase oxidative 
stress, and induce neural cell death in the hippocampus.74 There 
is consistent evidence from epidemiologic and animal studies 
that fetuses and young children, who are undergoing periods of 
rapid brain and nervous system development,109 are particularly 
susceptible to the potential neurotoxic effects of pesticides109,110 
and may experience neurobehavioral abnormalities at doses 
that would not be toxic to adults.111–113

Our study has several strengths and limitations. One of the 
biggest limitations is that applications of pesticides near the 
home are not a direct measure of exposure and reliance on PUR 
data may result in measurement error. Previous analyses suggest 
that PUR data are correlated with environmental concentra-
tions of OPs, but not pyrethroids, in homes,27,114 and data gaps 
exist regarding how well reliance on PUR may capture exposure 
to other pesticides such as neonicotinoids or glyphosate. The 
precision of the exposure assessment was likely independent of 
the outcomes of interest and would thus result in nondifferential 
misclassification that may have contributed to our mostly null 
findings. We were also only able to characterize potential expo-
sure to pesticides based on use near the maternal residence, and 

not in other areas the mothers and children may have spent time 
during the prenatal and postnatal periods, such as work and 
childcare. Additionally, while CHAM1 participants reported 
their residential address at all study visits, addresses and timing 
of household moves were reported retrospectively for CHAM2 
participants and may be prone to error.

Strengths include a well-characterized cohort with rich col-
lection of data, including longitudinal neurobehavioral mea-
sures from two reporters (i.e., mothers and youth). While it 
has been well established that prenatal and, to a lesser extent, 
postnatal OP pesticide exposure is associated with adverse child 
neurodevelopment, a number of data gaps exist. Previous stud-
ies have examined associations among children followed up to 
age 12 years, and ours is the first to examine the persistence 
of pesticide–neurodevelopment associations into adolescence 
and young adulthood. Moreover, previous investigations have 
largely examined single pesticides or pesticide classes in isola-
tion, which may result in bias from copollutant confounding.14 
Many studies have also relied on DAPs or other nonspecific bio-
markers that reflect only very recent exposures,115 resulting in 
data gaps regarding the impact of specific pesticides with vary-
ing degrees of toxicity. By leveraging California’s unique and 
comprehensive PUR database, we were able to examine associ-
ations with multiple neurotoxic pesticides, including those that 
lack biomarkers. We employed BHM as a principled approach 
to examine associations with all pesticides included in a single 
model, allowing for estimation of mutually adjusted exposure 
effects that are more stable and interpretable than with other 
approaches to multiple exposure modeling (e.g., simultaneous 
inclusion of all exposure variables).19,20,22 While multiple meth-
ods are being developed to examine environmental mixtures, 
BHM has many advantages in that it allows the incorporation 
of a priori information; facilitates a “borrowing” of information 
across similar exposures21 that results in estimates with lower 
mean squared error and interval estimate coverage closer to the 
nominal level; reduces the potential for extreme exposure–out-
come associations, addressing concerns regarding multiple com-
parisons19,23,24; and produces highly interpretable results.

Conclusion

This is the first study to examine associations of applications of 
mixtures of neurotoxic pesticides near the home during preg-
nancy or early childhood, critical periods of brain development, 
and neurobehavioral outcomes assessed during adolescence or 
young adulthood. Adolescence is an important time for the man-
ifestation of these behavioral outcomes47 and may have import-
ant downstream effects on other outcomes, including impaired 
school performance, juvenile delinquency, increased risk-taking 
behavior, substance abuse, adult crime, and future psychopa-
thology.116–118 We found mostly null or modest associations 
between pesticides and neurobehavioral outcomes. Pesticide use 
trends have shifted drastically since the prenatal and postnatal 
exposure periods for children in this study; as many OPs are 
being phased out from residential and agricultural use due to 
evidence of neurotoxicity to the developing brain, it is increas-
ingly important to study the safety of their replacements.

ACKNOWLEDGMENTS
We gratefully acknowledge the CHAMACOS laboratory and 
field staff, students, community partners, and the participants 
and their families.

References
1. Bouchard MF, Chevrier J, Harley KG, et al. Prenatal exposure to organo-

phosphate pesticides and IQ in 7-year-old children. Environ Health 
Perspect. 2011;119:1189–1195.



Hyland et al. • Environmental Epidemiology (2021) 5:e150 www.environmentalepidemiology.com

9

2. Engel SM, Wetmur J, Chen J, et al. Prenatal exposure to organophos-
phates, paraoxonase 1, and cognitive development in childhood. 
Environ Health Perspect. 2011;119:1182–1188.

3. Rauh V, Arunajadai S, Horton M, et al. Seven-year neurodevelopmental 
scores and prenatal exposure to chlorpyrifos, a common agricultural 
pesticide. Environ Health Perspect. 2011;119:1196–1201.

4. Gunier RB, Bradman A, Harley KG, Kogut K, Eskenazi B. Prenatal resi-
dential proximity to agricultural pesticide use and IQ in 7-year-old chil-
dren. Environ Health Perspect. 2017;125:057002.

5. Coker E, Gunier R, Bradman A, et al. Association between pesticide pro-
files used on agricultural fields near maternal residences during pregnancy 
and IQ at age 7 years. Int J Environ Res Public Health. 2017;14:E506.

6. Viel JF, Warembourg C, Le Maner-Idrissi G, et al. Pyrethroid insecti-
cide exposure and cognitive developmental disabilities in children: the 
PELAGIE mother-child cohort. Environ Int. 2015;82:69–75.

7. Marks AR, Harley K, Bradman A, et al. Organophosphate pesticide 
exposure and attention in young Mexican-American children: the 
CHAMACOS study. Environ Health Perspect. 2010;118:1768–1774.

8. Rauh VA, Garfinkel R, Perera FP, et al. Impact of prenatal chlorpyrifos 
exposure on neurodevelopment in the first 3 years of life among inner-
city children. Pediatrics. 2006;118:e1845–e1859.

9. Fortenberry GZ, Meeker JD, Sánchez BN, et al. Urinary 3,5,6-tri-
chloro-2-pyridinol (TCPY) in pregnant women from Mexico City: dis-
tribution, temporal variability, and relationship with child attention and 
hyperactivity. Int J Hyg Environ Health. 2014;217:405–412.

10. Sagiv SK, Harris MH, Gunier RB, et al. Prenatal organophosphate 
pesticide exposure and traits related to autism spectrum disorders in a 
population living in proximity to agriculture. Environ Health Perspect. 
2018;126:047012.

11. Shelton JF, Geraghty EM, Tancredi DJ, et al. Neurodevelopmental dis-
orders and prenatal residential proximity to agricultural pesticides: the 
CHARGE study. Environ Health Perspect. 2014;122:1103–1109.

12. Roberts EM, English PB, Grether JK, Windham GC, Somberg L, Wolff 
C. Maternal residence near agricultural pesticide applications and 
autism spectrum disorders among children in the California Central 
Valley. Environ Health Perspect. 2007;115:1482–1489.

13. von Ehrenstein OS, Ling C, Cui X, et al. Prenatal and infant exposure to 
ambient pesticides and autism spectrum disorder in children: population 
based case-control study. BMJ. 2019;364:l962.

14. Hamra GB, Buckley JP. Environmental exposure mixtures: questions 
and methods to address them. Curr Epidemiol Rep. 2018;5:160–165.

15. US EPA. Revised Cumulative Risk Assessment of Organophosphorus 
Pesticides. Washington, DC: Office of Pesticide Programs, U.S. 
Environmental Protection Agency; 2002.

16. Burns CJ, Pastoor TP. Pyrethroid epidemiology: a quality-based review. 
Crit Rev Toxicol. 2018;48:297–311.

17. Simon-Delso N, Amaral-Rogers V, Belzunces LP, et al. Systemic insec-
ticides (neonicotinoids and fipronil): trends, uses, mode of action and 
metabolites. Environ Sci Pollut Res Int. 2015;22:5–34.

18. Benbrook CM. Trends in glyphosate herbicide use in the United States 
and globally. Environ Sci Eur. 2016;28:3.

19. Greenland S. Hierarchical regression for epidemiologic analyses of mul-
tiple exposures. Environ Health Perspect. 1994;102(suppl 8):33–39.

20. MacLehose RF, Dunson DB, Herring AH, Hoppin JA. Bayesian methods 
for highly correlated exposure data. Epidemiology. 2007;18:199–207.

21. MacLehose RF, Hamra GB. Applications of Bayesian methods to epide-
miologic research. Curr Epidemiol Rep. 2014;1:103–109.

22. Greenland S, Poole C. Empirical-Bayes and semi-Bayes approaches to 
occupational and environmental hazard surveillance. Arch Environ 
Health. 1994;49:9–16.

23. Greenland S. When should epidemiologic regressions use random coeffi-
cients? Biometrics. 2000;56:915–921.

24. Rothman K, Greenland S, Lash TL. Modern Epidemiology. 3rd ed. 
Lippincott Williams & Wilkins; 2012.

25. Park AS, Ritz B, Yu F, Cockburn M, Heck JE. Prenatal pesticide expo-
sure and childhood leukemia - a California statewide case-control study. 
Int J Hyg Environ Health. 2020;226:113486.

26. Reynolds CR, Kamphaus RW. BASC-2: Behaviour Assessment System 
for Children, Second Edition Manual. Circle Pines, MN: AGS Publishing; 
2004.

27. Harnly ME, Bradman A, Nishioka M, et al. Pesticides in dust from homes 
in an agricultural area. Environ Sci Technol. 2009;43:8767–8774.

28. Gunier RB, Ward MH, Airola M, et al. Determinants of agricultural 
pesticide concentrations in carpet dust. Environ Health Perspect. 
2011;119:970–976.

29. California Irrigation Management Information System (CIMIS), 2014. 
2020. Retrieved from https://cimis.water.ca.gov/Stations.aspx.

30. Greenland S, Pearl J, Robins JM. Causal diagrams for epidemiologic 
research. Epidemiology. 1999;10:37–48.

31. Radloff LS. The CES-D Scale: a self-report depression scale for research 
in the general population. Appl Psychol Meas. 1977;1:385–3401.

32. Caldwell BM, Bradley RH. Home Observation for Measurement of the 
Environment. University of Arkansas: Little Rock, AR; 1984.

33. Braun JM, Kalkbrenner AE, Just AC, et al. Gestational exposure to 
endocrine-disrupting chemicals and reciprocal social, repetitive, and 
stereotypic behaviors in 4- and 5-year-old children: the HOME study. 
Environ Health Perspect. 2014;122:513–520.

34. De Roos AJ, Poole C, Teschke K, Olshan AF. An application of hier-
archical regression in the investigation of multiple paternal occu-
pational exposures and neuroblastoma in offspring. Am J Ind Med. 
2001;39:477–486.

35. Kalkbrenner AE, Daniels JL, Chen JC, Poole C, Emch M, Morrissey 
J. Perinatal exposure to hazardous air pollutants and autism spectrum 
disorders at age 8. Epidemiology. 2010;21:631–641.

36. White AJ, Bradshaw PT, Herring AH, et al. Exposure to multiple sources 
of polycyclic aromatic hydrocarbons and breast cancer incidence. 
Environ Int. 2016;89–90:185–192.

37. Hamra GB, Loomis D, Dement J. Examining the association of lung 
cancer and highly correlated fibre size-specific asbestos exposures with a 
hierarchical Bayesian model. Occup Environ Med. 2014;71:353–357.

38. Buckley JP, Engel SM, Mendez MA, et al. Prenatal phthalate exposures 
and childhood fat mass in a New York City Cohort. Environ Health 
Perspect. 2016;124:507–513.

39. Witte JS, Greenland S, Haile RW, Bird CL. Hierarchical regression anal-
ysis applied to a study of multiple dietary exposures and breast cancer. 
Epidemiology. 1994;5:612–621.

40. Greenland S. Methods for epidemiologic analyses of multiple exposures: a 
review and comparative study of maximum-likelihood, preliminary-test-
ing, and empirical-Bayes regression. Stat Med. 1993;12:717–736.

41. Hamra G, MacLehose R, Richardson D. Markov chain Monte Carlo: an 
introduction for epidemiologists. Int J Epidemiol. 2013;42:627–634.

42. Casella G, George EI. Explaining the Gibbs Sampler. Am Statistician. 
1992;46:67–174.

43. Plummer M. JAGS: A Program for Analysis of Bayesian Graphical Models 
Using Gibbs Sampling. 2003. Retrieved from http://www.ci.tuwien.ac.at/
Conferences/DSC-2003/Drafts/Plummer.pdf.

44. Geweke J. Getting it right: joint distribution tests of posterior simula-
tors. J Am Statistical Assoc. 2004;99:799–804.

45. Brooks SP, Gelman A. General methods for monitoring convergence of 
iterative simulations. J Comput Graph Stat. 1998;7:434–455.

46. United States Environmental Protection Agency (US EPA). 
Organophosphorus Cumulative Risk Assessment. U.S. Environmental 
Protection Agency Office of Pesticide Programs; 2006.

47. Kessler RC, Amminger GP, Aguilar-Gaxiola S, Alonso J, Lee S, Ustün 
TB. Age of onset of mental disorders: a review of recent literature. Curr 
Opin Psychiatry. 2007;20:359–364.

48. Furlong MA, Herring A, Buckley JP, et al. Prenatal exposure to organo-
phosphorus pesticides and childhood neurodevelopmental phenotypes. 
Environ Res. 2017;158:737–747.

49. Beseler C, Stallones L, Hoppin JA, et al. Depression and pesticide expo-
sures in female spouses of licensed pesticide applicators in the agricul-
tural health study cohort. J Occup Environ Med. 2006;48:1005–1013.

50. Beseler CL, Stallones L. A cohort study of pesticide poisoning and depres-
sion in Colorado farm residents. Ann Epidemiol. 2008;18:768–774.

51. Beseler CL, Stallones L, Hoppin JA, et al. Depression and pesticide expo-
sures among private pesticide applicators enrolled in the Agricultural 
Health Study. Environ Health Perspect. 2008;116:1713–1719.

52. Wesseling C, van Wendel de Joode B, Keifer M, London L, Mergler D, 
Stallones L. Symptoms of psychological distress and suicidal ideation 
among banana workers with a history of poisoning by organophosphate 
or n-methyl carbamate pesticides. Occup Environ Med. 2010;67:778–784.

53. Beard JD, Umbach DM, Hoppin JA, et al. Pesticide exposure and depres-
sion among male private pesticide applicators in the agricultural health 
study. Environ Health Perspect. 2014;122:984–991.

54. Saeedi Saravi SS, Amirkhanloo R, Arefidoust A, et al. On the effect of 
minocycline on the depressive-like behavior of mice repeatedly exposed 
to malathion: interaction between nitric oxide and cholinergic system. 
Metab Brain Dis. 2016;31:549–561.

55. Ruckart PZ, Kakolewski K, Bove FJ, Kaye WE. Long-term neurobe-
havioral health effects of methyl parathion exposure in children in 
Mississippi and Ohio. Environ Health Perspect. 2004;112:46–51.

56. Bouchard MF, Bellinger DC, Wright RO, Weisskopf MG. Attention-
deficit/hyperactivity disorder and urinary metabolites of organophos-
phate pesticides. Pediatrics. 2010;125:e1270–e1277.

https://cimis.water.ca.gov/Stations.aspx
http://www.ci.tuwien.ac.at/Conferences/DSC-2003/Drafts/Plummer.pdf
http://www.ci.tuwien.ac.at/Conferences/DSC-2003/Drafts/Plummer.pdf


Hyland et al. • Environmental Epidemiology (2021) 5:e150 Environmental Epidemiology

10

57. Yu CJ, Du JC, Chiou HC, et al. Increased risk of attention-deficit/hyper-
activity disorder associated with exposure to organophosphate pesticide 
in Taiwanese children. Andrology. 2016;4:695–705.

58. Furlong MA, Barr DB, Wolff MS, Engel SM. Prenatal exposure to pyre-
throid pesticides and childhood behavior and executive functioning. 
Neurotoxicology. 2017;62:231–238.

59. Viel JF, Rouget F, Warembourg C, et al. Behavioural disorders in 6-year-
old children and pyrethroid insecticide exposure: the PELAGIE moth-
er-child cohort. Occup Environ Med. 2017;74:275–281.

60. Quirós-Alcalá L, Mehta S, Eskenazi B. Pyrethroid pesticide exposure 
and parental report of learning disability and attention deficit/hyperac-
tivity disorder in U.S. children: NHANES 1999-2002. Environ Health 
Perspect. 2014;122:1336–1342.

61. Wagner-Schuman M, Richardson JR, Auinger P, et al. Association of 
pyrethroid pesticide exposure with attention-deficit/hyperactivity dis-
order in a nationally representative sample of U.S. children. Environ 
Health. 2015;14:44.

62. Oulhote Y, Bouchard MF. Urinary metabolites of organophosphate and 
pyrethroid pesticides and behavioral problems in Canadian children. 
Environ Health Perspect. 2013;121:1378–1384.

63. Lu C, Barr DB, Pearson M, Bartell S, Bravo R. A longitudinal approach 
to assessing urban and suburban children’s exposure to pyrethroid pes-
ticides. Environ Health Perspect. 2006;114:1419–1423.

64. Bass C, Denholm I, Williamson MS, Nauen R. The global status of 
insect resistance to neonicotinoid insecticides. Pestic Biochem Physiol. 
2015;121:78–87.

65. Buszewski B, Bukowska M, Ligor M, Staneczko-Baranowska I. A 
holistic study of neonicotinoids neuroactive insecticides-properties, 
applications, occurrence, and analysis. Environ Sci Pollut Res Int. 
2019;26:34723–34740.

66. Thompson DA, Lehmler HJ, Kolpin DW, et al. A critical review on the 
potential impacts of neonicotinoid insecticide use: current knowledge 
of environmental fate, toxicity, and implications for human health. 
Environ Sci Process Impacts. 2020;22:1315–1346.

67. Cimino AM, Boyles AL, Thayer KA, Perry MJ. Effects of neonicoti-
noid pesticide exposure on human health: a systematic review. Environ 
Health Perspect. 2017;125:155–162.

68. Abou-Donia MB, Goldstein LB, Bullman S, et al. Imidacloprid induces 
neurobehavioral deficits and increases expression of glial fibrillary acidic 
protein in the motor cortex and hippocampus in offspring rats following 
in utero exposure. J Toxicol Environ Health A. 2008;71:119–130.

69. Wood TJ, Goulson D. The environmental risks of neonicotinoid pesti-
cides: a review of the evidence post 2013. Environ Sci Pollut Res Int. 
2017;24:17285–17325.

70. Lu C, Chang CH, Palmer C, Zhao M, Zhang Q. Neonicotinoid resi-
dues in fruits and vegetables: an integrated dietary exposure assessment 
approach. Environ Sci Technol. 2018;52:3175–3184.

71. Jeschke P, Nauen R, Schindler M, Elbert A. Overview of the sta-
tus and global strategy for neonicotinoids. J Agric Food Chem. 
2011;59:2897–2908.

72. Tomizawa M, Casida JE. Neonicotinoid insecticide toxicology: 
mechanisms of selective action. Annu Rev Pharmacol Toxicol. 
2005;45:247–268.

73. Zhang Q, Lu Z, Chang CH, Yu C, Wang X, Lu C. Dietary risk of neonic-
otinoid insecticides through fruit and vegetable consumption in school-
age children. Environ Int. 2019;126:672–681.

74. Cattani D, Cesconetto PA, Tavares MK, et al. Developmental exposure 
to glyphosate-based herbicide and depressive-like behavior in adult 
offspring: Implication of glutamate excitotoxicity and oxidative stress. 
Toxicology. 2017;387:67–80.

75. Ait Bali Y, Ba-Mhamed S, Bennis M. Behavioral and immunohistochemi-
cal study of the effects of subchronic and chronic exposure to glyphosate 
in mice. Front Behav Neurosci. 2017;11:146.

76. Baier CJ, Gallegos CE, Raisman-Vozari R, Minetti A. Behavioral impair-
ments following repeated intranasal glyphosate-based herbicide admin-
istration in mice. Neurotoxicol Teratol. 2017;64:63–72.

77. Gallegos CE, Bartos M, Bras C, Gumilar F, Antonelli MC, Minetti A. 
Exposure to a glyphosate-based herbicide during pregnancy and lactation 
induces neurobehavioral alterations in rat offspring. Neurotoxicology. 
2016;53:20–28.

78. Martínez MA, Ares I, Rodríguez JL, Martínez M, Martínez-Larrañaga 
MR, Anadón A. Neurotransmitter changes in rat brain regions follow-
ing glyphosate exposure. Environ Res. 2018;161:212–219.

79. Gallegos CE, Baier CJ, Bartos M, et al. Perinatal glyphosate-based her-
bicide exposure in rats alters brain antioxidant status, glutamate and 
acetylcholine metabolism and affects recognition memory. Neurotox 
Res. 2018;34:363–374.

80. Malhotra RC, Ghia DK, Cordato DJ, Beran RG. Glyphosate-surfactant 
herbicide-induced reversible encephalopathy. J Clin Neurosci. 
2010;17:1472–1473.

81. Potrebić O, Jović-Stosić J, Vucinić S, Tadić J, Radulac M. Acute gly-
phosate-surfactant poisoning with neurological sequels and fatal out-
come. Vojnosanit Pregl. 2009;66:758–762.

82. Wang G, Fan XN, Tan YY, Cheng Q, Chen SD. Parkinsonism after 
chronic occupational exposure to glyphosate. Parkinsonism Relat 
Disord. 2011;17:486–487.

83. Hertz-Picciotto I, Sass JB, Engel S, et al. Organophosphate exposures 
during pregnancy and child neurodevelopment: Recommendations for 
essential policy reforms. PLoS Med. 2018;15:e1002671.

84. Muñoz-Quezada MT, Lucero BA, Barr DB, et al. 
Neurodevelopmental effects in children associated with exposure to 
organophosphate pesticides: a systematic review. Neurotoxicology. 
2013;39:158–168.

85. Achenbach TM, McConaughy SH, Howell CT. Child/adolescent behav-
ioral and emotional problems: implications of cross-informant correla-
tions for situational specificity. Psychol Bull. 1987;101:213–232.

86. Salbach-Andrae H, Lenz K, Lehmkuhl U. Patterns of agreement among 
parent, teacher and youth ratings in a referred sample. Eur Psychiatry. 
2009;24:345–351.

87. Cantwell DP, Lewinsohn PM, Rohde P, Seeley JR. Correspondence 
between adolescent report and parent report of psychiatric diagnostic 
data. J Am Acad Child Adolesc Psychiatry. 1997;36:610–619.

88. Edelbrock C, Costello AJ, Dulcan MK, Conover NC, Kala R. Parent-
child agreement on child psychiatric symptoms assessed via structured 
interview. J Child Psychol Psychiatry. 1986;27:181–190.

89. Howard AS, Bucelli R, Jett DA, Bruun D, Yang D, Lein PJ. Chlorpyrifos 
exerts opposing effects on axonal and dendritic growth in primary 
neuronal cultures. Toxicol Appl Pharmacol. 2005;207:112–124.

90. Yang D, Howard A, Bruun D, Ajua-Alemanj M, Pickart C, Lein PJ. 
Chlorpyrifos and chlorpyrifos-oxon inhibit axonal growth by inter-
fering with the morphogenic activity of acetylcholinesterase. Toxicol 
Appl Pharmacol. 2008;228:32–41.

91. Soderlund DM, Clark JM, Sheets LP, et al. Mechanisms of pyrethroid 
neurotoxicity: implications for cumulative risk assessment. Toxicology. 
2002;171:3–59.

92. Silver KS, Du Y, Nomura Y, et al. Voltage-gated sodium channels as 
insecticide targets. Adv In Insect Phys. 2014;46:389–433.

93. Shafer TJ, Meyer DA, Crofton KM. Developmental neurotoxicity 
of pyrethroid insecticides: critical review and future research needs. 
Environ Health Perspect. 2005;113:123–136.

94. Crumpton TL, Seidler FJ, Slotkin TA. Is oxidative stress involved in 
the developmental neurotoxicity of chlorpyrifos? Brain Res Dev Brain 
Res. 2000;121:189–195.

95. Slotkin TA, Seidler FJ. Oxidative stress from diverse developmental 
neurotoxicants: antioxidants protect against lipid peroxidation with-
out preventing cell loss. Neurotoxicol Teratol. 2010;32:124–131.

96. Soltaninejad K, Abdollahi M. Current opinion on the science of 
organophosphate pesticides and toxic stress: a systematic review. Med 
Sci Monit. 2009;15:RA75–RA90.

97. Campbell CG, Seidler FJ, Slotkin TA. Chlorpyrifos interferes with cell 
development in rat brain regions. Brain Res Bull. 1997;43:179–189.

98. Dam K, Seidler FJ, Slotkin TA. Developmental neurotoxicity of 
chlorpyrifos: delayed targeting of DNA synthesis after repeated 
administration. Brain Res Dev Brain Res. 1998;108:39–45.

99. Qiao D, Seidler FJ, Slotkin TA. Developmental neurotoxicity of 
chlorpyrifos modeled in vitro: comparative effects of metabolites and 
other cholinesterase inhibitors on DNA synthesis in PC12 and C6 
cells. Environ Health Perspect. 2001;109:909–913.

100. Mehta A, Verma RS, Srivastava N. Chlorpyrifos-induced DNA damage 
in rat liver and brain. Environ Mol Mutagen. 2008;49:426–433.

101. Richendrfer H, Creton R. Chlorpyrifos and malathion have opposite 
effects on behaviors and brain size that are not correlated to changes 
in AChE activity. Neurotoxicology. 2015;49:50–58.

102. Aldridge JE, Levin ED, Seidler FJ, Slotkin TA. Developmental exposure 
of rats to chlorpyrifos leads to behavioral alterations in adulthood, 
involving serotonergic mechanisms and resembling animal models of 
depression. Environ Health Perspect. 2005;113:527–531.

103. Aldridge JE, Meyer A, Seidler FJ, Slotkin TA. Alterations in central 
nervous system serotonergic and dopaminergic synaptic activity in 
adulthood after prenatal or neonatal chlorpyrifos exposure. Environ 
Health Perspect. 2005;113:1027–1031.

104. Dam K, Seidler FJ, Slotkin TA. Chlorpyrifos releases norepinephrine 
from adult and neonatal rat brain synaptosomes. Brain Res Dev Brain 
Res. 1999;118:129–133.



Hyland et al. • Environmental Epidemiology (2021) 5:e150 www.environmentalepidemiology.com

11

105. Aldridge JE, Seidler FJ, Slotkin TA. Developmental exposure to 
chlorpyrifos elicits sex-selective alterations of serotonergic synaptic 
function in adulthood: critical periods and regional selectivity for 
effects on the serotonin transporter, receptor subtypes, and cell signal-
ing. Environ Health Perspect. 2004;112:148–155.

106. Slotkin TA, Seidler FJ. Developmental neurotoxicants target neurodif-
ferentiation into the serotonin phenotype: Chlorpyrifos, diazinon, diel-
drin and divalent nickel. Toxicol Appl Pharmacol. 2008;233:211–219.

107. Venerosi A, Ricceri L, Rungi A, Sanghez V, Calamandrei G. Gestational 
exposure to the organophosphate chlorpyrifos alters social-emo-
tional behaviour and impairs responsiveness to the serotonin trans-
porter inhibitor fluvoxamine in mice. Psychopharmacology (Berl). 
2010;208:99–107.

108. Furlong MA, Engel SM, Barr DB, Wolff MS. Prenatal exposure to 
organophosphate pesticides and reciprocal social behavior in child-
hood. Environ Int. 2014;70:125–131.

109. Rice D, Barone S Jr. Critical periods of vulnerability for the developing 
nervous system: evidence from humans and animal models. Environ 
Health Perspect. 2000;108(suppl 3):511–533.

110. Eskenazi B, Marks AR, Bradman A, et al. Organophosphate pesticide 
exposure and neurodevelopment in young Mexican-American chil-
dren. Environ Health Perspect. 2007;115:792–798.

111. Qiao D, Seidler FJ, Tate CA, Cousins MM, Slotkin TA. Fetal chlorpyri-
fos exposure: adverse effects on brain cell development and cholinergic 

biomarkers emerge postnatally and continue into adolescence and 
adulthood. Environ Health Perspect. 2003;111:536–544.

112. Slotkin TA. Guidelines for developmental neurotoxicity and their 
impact on organophosphate pesticides: a personal view from an aca-
demic perspective. Neurotoxicology. 2004;25:631–640.

113. Icenogle LM, Christopher NC, Blackwelder WP, et al. Behavioral alter-
ations in adolescent and adult rats caused by a brief subtoxic exposure to 
chlorpyrifos during neurulation. Neurotoxicol Teratol. 2004;26:95–101.

114. Harnly M, McLaughlin R, Bradman A, Anderson M, Gunier R. 
Correlating agricultural use of organophosphates with outdoor air 
concentrations: a particular concern for children. Environ Health 
Perspect. 2005;113:1184–1189.

115. Bradman A, Kogut K, Eisen EA, et al. Variability of organophospho-
rous pesticide metabolite levels in spot and 24-hr urine samples col-
lected from young children during 1 week. Environ Health Perspect. 
2013;121:118–124.

116. White R, Renk K. Externalizing behavior problems during adolescence: 
an ecological perspective. J Child Family Studies. 2012;21:158–171.

117. Glied S, Pine DS. Consequences and correlates of adolescent depres-
sion. Arch Pediatr Adolesc Med. 2002;156:1009–1014.

118. Compas BE, Oppedisano G. Mixed anxiety/depression in childhood 
and adolescence. In Sameroff AJ, Lewis M, Miller SM, eds. Handbook 
of Developmental Psychopathology. Boston, MA: Springer; 
2000:531–548.


