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Background: Previous studies have observed an adverse association between prenatal exposure to
organophosphate pesticide (OPs) and child cognition, but few studies consider the potential role of social
stressors in modifying this relationship.

Objective: We seek to explore the potential role of early social adversities in modifying the relationship
between OPs and child IQ in an agricultural Mexican American population.

Methods: Participants from the Center for the Health Assessment of Mothers and Children of Salinas

Iéery ';vrfgdios hate pesticides (CHAMACOS) study, a prospective longitudinal pre-birth cohort study, include 329 singleton infants and
Pesgti cidis p p their mothers followed from pregnancy through age 7. Dialkyl phosphate metabolite concentrations

(DAPs), a biomarker of organophosphate pesticide exposure, were measured in maternal urine collected
twice during pregnancy and averaged. Child cognitive ability was assessed at 7 years using the Wechsler
Intelligence Scale for Children - Fourth Edition. Demographic characteristics and adversity information
were collected during interviews and home visits at numerous time points from pregnancy until age 7.
Results: Among low-income Latina mothers and their children in the Salinas Valley, total adversity and
specific domains of adversity including poor learning environment and adverse parent-child relation-
ships were negatively associated with child cognition. Adverse associations between DAP concentrations
and IQ were stronger in children experiencing greater adversity; these associations varied by child sex.
For example, the association between prenatal OP exposure and Full-Scale IQ is potentiated among boys
who experienced high adversity in the learning environment (3 = —13.3; p-value <0.01).

Conclusions: Greater total and domain-specific adversity modifies negative relationships between
prenatal OP exposure and child IQ differently among male and female children. These findings emphasize
the need to consider plausible interactive pathways between social adversities and environmental
exposures.

Early life adversity
In utero exposures
Child IQ

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Although most organophosphate (OP) pesticides are no longer
allowed for residential use, they continue to be widely used in the
United States for agricultural purposes. In 2012, more than 1.1
million kilograms of OP pesticides were used agriculturally in
California alone (California Department of Pesticide Regulation,
2012). Use is steadily declining, but risks due to exposure for
residents in agricultural communities remain relevant. OPs are
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neurotoxicants, which at high doses in humans can cause coma
and death, primarily by inhibition of the enzyme acetylcholines-
terase (Sultatos, 1994). At lower doses, exposure to some OPs may
affect second-messenger systems, growth factors, and the
production, storage and receptors for neurotransmitters including
serotonin, norepinephrine, acetylcholine, and dopamine (Slotkin
and Seidler 2007; Verma et al., 2009). Several studies have
suggested that low-dose OP exposure in utero is associated with
poorer neurodevelopment in infants (Engel et al., 2007) and
toddlers (Engel et al., 2007; Handal et al., 2008; Rauh et al., 2006).
In the CHAMACOS cohort, we reported that prenatal maternal
dialkyl phosphate (DAP) metabolites, a urinary biomarker of OP
exposure, were significantly associated with children’s mental
development at 24 months as assessed by the Bayley Scales of
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Infant Development (Eskenazi et al., 2007) and with Full-Scale and
subtest intelligence quotient (IQ) scores at 7 years, measured by
Wechsler Intelligence Scale for Children (WISC-1V) (Bouchard et al.,
2011).

There is growing evidence from animal studies suggesting that
early life exposure to toxic stress may magnify the effects of
environmental chemical exposure on neurodevelopment (Bellin-
ger, 2008). For example, studies have shown that maternal
stressors, such as restraint stress, synergistically interact with
diesel exhaust (Bolton et al., 2013) and lead (Cory-Slechta et al.,
2004) to produce more profound effects in the offspring of
pregnant rodents than either exposure alone. These relationships
varied by offspring sex. Adult male offspring demonstrated
anxiety, significant memory deficits, and an increased neuro-
inflammatory response in the brain (e.g., decreased IL-10 levels)
when co-exposed to diesel exhaust and stress during late
pregnancy; female offspring of co-exposed dams showed only a
slight increase in anxiety (Bolton et al., 2013). Co-exposure to
stress and prenatal lead was associated with changes in dopamine
and corticosterone levels in female offspring in adulthood; in
males, these exposures corresponded to increased impulsive
choice behaviors (Cory-Slechta et al., 2004). In the only study of
stress as a modifier of pesticide exposure, Levin et al. demonstrated
that when maternal rat dams were stimulated with dexametha-
sone during gestation to elicit a stress response and offspring were
exposed to chlorpyrifos, an OP pesticide, shortly after birth, the co-
exposed offspring presented with greater hyperactivity, longer
latency to begin feeding, and shorter feeding duration at 4-10
weeks after birth (adolescence and adulthood) compared to
controls and to offspring exposed to chlorpyrifos alone. Males
exposed to both factors displayed a greater increase in object
exploration time and diminished locomotor activity compared to
males exposed to individual treatments, whereas this effect was
not found in females (Levin et al., 2014).

In the present study, we investigated the relationship between
early life exposure to OPs and non-chemical stressors on cognition
in children participating in CHAMACOS, a longitudinal birth cohort
in the agricultural low-income community of Salinas Valley,
California. We explored whether adversity modifies the associa-
tions we previously reported of prenatal OP exposure and child IQ
(Bouchard et al., 2011) and, as noted in animal models, whether
this association differs by child sex.

2. Methods
2.1. Study participants

The CHAMACOS study is a community-university partnership
following a longitudinal birth cohort of low-income, predomi-
nantly Mexican American children in the Salinas Valley, CA, an
agricultural area. Between 1999-2000, 601 women who met the
following criteria were enrolled: >18 years old; spoke English or
Spanish; <20 weeks gestation; planned to deliver at Natividad
Medical Center (the local public hospital); and were eligible for
low-income health insurance (MediCal). Additional details are
reported previously (Eskenazi et al., 2003). Of 536 live births, we
excluded from analysis twins (n=10); children with autism,
Down’s syndrome, hydrocephalus, and deafness (n=4); and
children missing DAP measurements (n=2). An additional 191
children were excluded because they did not participate in the
neurodevelopmental assessment at the 7-year follow-up visit.
Final analyses were conducted on 329 participants. Compared to
the 329 children considered in this analysis, the 191 children who
did not participate were somewhat more likely to be boys, and
were more likely to have mothers who had spent less than 1 year in
the United States. They were not significantly different from the

final sample with respect to any other key demographic character-
istics or prenatal adversities considered in this analysis.

The University of California, Berkeley Committee for the
Protection of Human Subjects approved all study activities.
Written, informed consent was obtained for all participating
women, and verbal child assent was obtained at 7 years of age.

2.2. Procedures

Women were interviewed twice during pregnancy, at 13 weeks
and 26 weeks gestation (median). DAP metabolite concentrations
were measured in maternal urine collected at each time point.
Urine was aliquoted and stored at —80 °C prior to shipment on dry
ice to the Centers for Disease Control and Prevention (CDC; Atlanta,
GA), where chemical analysis was conducted using gas chroma-
tography/tandem mass spectrometry and quantified using isotope
dilution calibration (Bravo et al., 2002 ). Each sample was measured
for the presence of six nonspecific OP DAP metabolites represent-
ing three diethyl (diethylphosphate, diethylthiophosphate, and
diethyldithiophosphate) and three dimethyl (dimethylphosphate,
dimethylthiophosphate, dimethyldithiophophate) phosphate
metabolites. These six metabolites represent byproducts from
approximately 80% of total OP use in the Salinas Valley (California
EPA, 2001). DAP concentrations below the limit of detection (LOD)
were imputed randomly from values <LOD using a log-normal
distribution whose parameters were derived from maximum
likelihood estimation (Lubin et al., 2004). We averaged the
concentrations from the two samples; if data from one visit were
missing, the non-missing value was used alone (n=20). In the main
analyses, we used unadjusted DAP concentrations. Creatinine-
adjusted DAP concentrations were used in sensitivity analyses;
results did not markedly differ and therefore are not presented.

Women were interviewed again when their children were ages
6 months and 1, 2, 3.5, 5, and 7 years old. Interviews gathered
information on demographic characteristics and varying measures
of potential sources of early adversity, including average annual
income, food insecurity, family structure, maternal depression,
stressful life events, and family conflict. The Home Observation for
the Measurement of the Environment (H.O.M.E.) (Caldwell and
Bradley, 1984) was used at 6 months and 1, 2, 3.5, and 5 years
during home visits, and in an office visit at 7 years to objectively
assess the home learning environment and social and emotional
interactions between parent and child.

We used frameworks provided by the 2000 Institute of
Medicine report, From Neurons to Neighborhoods (National
Research Council Institue of Medicine, 2000), the Adverse
Childhood Events (A.C.E.) study (Centers for Disease Control),
and other relevant literature (Alkon et al., 2014; Essex et al., 2013)
to construct a priori measures of social adversity. Although we
explored principal component analysis as a way to weight
adversity measures, results did not provide meaningful variable
reduction. Thus, all final indices were constructed by allotting one
unit for each adversity experienced within a given domain.
Continuous adversity indices were constructed by summing binary
responses to component questions (for each component question,
a binary response was constructed as 1=adverse or 0=non-
adverse). In all cases, higher values reflect greater adversity among
the individual adversity variables; H.O.M.E. scores were inverted to
be consistent with this practice. One adversity index was
constructed for each of the following six domains of experiences
as detailed in Table 1: Learning Environment, Parent-Child
Interaction, Maternal Adversity, Family Dysfunction, Economic
Adversity, and Stressful Life Events. Additionally, we averaged the
H.O.M.E. scores at each assessment point to create a measure of
long-term home environment. A Total Adversity Index was
constructed by summing binary responses to all unique
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Table 1

Construction of six adversity indices, including binary component variables used in each index to sum to total index score.

Adversity Index Contributing Variables® Child  Considered Adversity Index Contributing Variables Child  Considered Adverse
Age Adverse Age
Learning Maternal education BL" <6th grade Maternal Adversity Affective social support 5y >2.5 out of 5
Environment (continued)
(n=297)
Paternal education BL <6th grade Confidant social support 5y >2.5 out of 5
Learning H.O.M.E. z- 6mo >0 Instrumental social support 5y >2.5 out of 5
score®
Variety H.O.M.E. z- 6mo >0 Experienced everyday 5y Yes
score® discrimination
Learning H.O.M.E. z- 1y >0 Self-rated status relative to 7y Lowest 5% of responses
score® community
Variety H.O.M.E. z- 1y >0 Self-rated status relative to U. 7y Lowest 5% of responses
score® S.
Learning H.O.M.E. z- 2y >0 Family Dysfunction Family conflict score 5y > median score (2 out of
score® (n=306) 8)
Cognitive H.O.M.E. z- 3.5y >0 Maternal marital status BL Not married or living as
score® married
Cognitive H.O.M.E. z- 7y >0 Maternal marital status 2y Not married or living as
score® married
Parent-Child Mother return to work  6mo Yes Maternal marital status 3.5y Not married or living as
Interaction married
(n=274)
Physical abuse 6mo Ever physically Maternal marital status 5y Not married or living as
punish married
Physical abuse 1y Ever physically Maternal marital status 7y Not married or living as
punish married
Physical abuse 3.5y Ever spank Living with non-relatives 6mo Yes
Physical abuse 5y Ever spank Living with non-relatives 1y Yes
Time spent with father 7y Less than 1x/ Living with non-relatives 2y Yes
week
Responsivity H.O.M.E. z- 6mo >0 Living with non-relatives 3.5y Yes
score®
Avoidance H.O.M.E. z- 6mo >0 Living with non-relatives 5y Yes
score®
Interaction HO.M.E. z-  6mo >0 Living with non-relatives 7y Yes
score®
Responsivity H.O.M.E. z- 1y >0 Economic Adversity Maternal education BL < 6th grade
score® (n=258)
Avoidance H.O.M.E. z- 1y >0 Paternal education BL <6th grade
score®
Interaction HO.M.E. z- 1y >0 Mother returned to work 6mo Yes
score®
Responsivity H.O.M.E. z- 2y >0 Food insecurity BL Receiving any food
score® assistance
Avoidance H.0.M.E. z- 2y >0 Food insecurity 2y Receiving any food
score® assistance
Emotional H.O.M.E. z- 3.5y >0 Food insecurity 3.5y Receiving any food
score® assistance
Emotional H.O.M.E. z- 7y >0 Food insecurity 5y Receiving any food
score? assistance
Maternal Feels able to influence 3.5y Disagree Food insecurity 7y Receiving any food
Adversity? decisions assistance
(n=284)
Satisfied with influence 3.5y Disagree Poverty status BL At or below Federal
over life Poverty Line?
At-risk for depression 1y CES-D > 16 Poverty status 6mo At or below Federal
Poverty Line
At-risk for depression 3.5y CES-D>16 Poverty status 1y At or below Federal
Poverty Line
At-risk for depression 7y CES-D > 16 Poverty status 2y At or below Federal
Poverty Line
Chronic depression - At-risk at all Poverty status 3.5y At or below Federal
screens Poverty Line
Affective social support BL >2.5 out of 5 Poverty status Sy At or below Federal
Poverty Line
Confidant social support BL >2.5 out of 5 Poverty status 7y At or below Federal
Poverty Line
Instrumental social BL >2.5 out of 5 Chronic poverty status - In poverty >half of visits
support
Affective social support 1y >2.5 out of 5 Stressful Life Events Stressful life events scale 5y >3 events in past year
(n=315)
Confidant social support 1y >2.5 out of 5 Stressful life events scale 7y >3 events in past year
Instrumental social 1y >2.5 out of 5

support
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component questions across domains. While the range varied for
each index, indices were standardized for analysis as z-scores, with
mean=0 and standard deviation=1, to allow for comparisons
across domains of adversity. Indices are constructed as continuous
measures, but analyzed as binary (>median and <median) in
models containing interaction terms.

The Wechsler Intelligence Scale, 4th edition (WISC-IV) was used
to assess cognitive ability in children at 7 years of age (Wechsler,
2003), and was administered in the dominant language (English or
Spanish) based on the child’s performance on the oral vocabulary
subtest of the Woodcock-Johnson/Woodcock-Muiloz Tests of
Cognitive Ability (Woodcock and Johnson, 1990). WISC yields a
Full Scale Intelligence Quotient (FSIQ), which is comprised of four
subscales: Verbal Comprehension IQ (VCIQ), Perceptual Reasoning
1Q (PRIQ), Working Memory I1Q (WMIQ), and Processing Speed 1Q
(PSIQ). PSIQ and WMIQ were not completed in full during the first
three months of administered interviews. Thus, 297 children have
scores for FSIQ; 329 completed VCIQ and PRIQ; 298 completed
PSIQ and WMIQ.

2.3. Statistical analysis

For individuals missing H.O.M.E. subscores at only one time
point (n=29), we imputed the missing value with an average of
their subscore from the time points before and after. Individuals
missing a H.O.M.E. subscore at only 6 months were imputed with
the score received at 12 months; individuals missing a H.O.M.E.
score only at 7 years were given the score received at 5 years.
Average income per person was imputed using the same method
(n=49). Individuals missing a H.O.M.E. score at more than one time
point (n=27), missing average income per person at more than one
time point (n=29), or missing any other adversity variables, which
we could not reasonably impute, were excluded from models in
which the missing variable was incorporated. Maternal Peabody
Picture Vocabulary score was imputed when missing (n=38) using
the mean value from our study population (M=100.7). Table 1
specifies the total sample size included in each index.

We assessed the association between each adversity index and
IQ, and explored effect modification of the association between
maternal prenatal DAP concentration and child 1Q by various
adversity indices in multivariable linear regression models.
Because previous literature indicated that social-environmental
interactions may vary by sex (Bolton et al., 2013; Cory-Slechta etal.,
2004; Levin et al., 2014), we examined the relationship between
adversity and child sex on IQ, as well as a three-way interaction
between adversity index, maternal DAP concentration, and child
sex on IQ (relationship of maternal DAP concentrations on child IQ
by sex was discussed in Bouchard et al. (Bouchard et al., 2011)).
Regression coefficients were determined by building models with
a two-way interaction term between prenatal DAP concentrations
and adversity index scores, stratified by child sex. We report two-
way interactions in order to allow comparisons between children
with high and low adversity within sex, and the p-value of the
three-way interaction of total DAP concentration*adversity*sex to
demonstrate significance of three-way interaction; pinteraction<0.-2
was considered statistically significant.

The same confounders were used as in our previous publication
(Bouchard et al., 2011) that demonstrated a relationship between
maternal prenatal DAP concentrations and 7-year 1Q. We adjusted
for maternal intelligence (as a continuous variable based on the
Peabody Picture Vocabulary Test standardized score assessed

Table 2
Information on select demographic characteristics and social adversities, CHAMA-
COS birth cohort, Salinas, CA, 1999-2000 (n=329).

Variable N(%)
Maternal age at pregnancy (years)
18-24 140(42.6)
25-29 109(33.1)
30-34 53(16.1)
35-45 27(8.2)
Country of birth
Mexico 282(85.7)
us. 43(13.1)
Other 4(1.2)
Time lived in U.S. at pregnancy (years)
<1 70(21.3)
2-5 84(25.5)
6-10 86(26.1)
11+ 53(16.1)
Entire Life 36(10.9)
Language spoken at home during pregnancy
Mostly or only Spanish 298(90.1)
English and Spanish equally 15(4.6)
Mostly or only English 13(4.0)
Other 3(0.9)
Worked in agriculture during pregnancy
Yes 129(39.2)
No 200(60.8)
Maternal intelligence (PPVT score)®
<74 106(32.2)
75-99 112(34.0)
>100 103(31.3)
Missing (imputed to mean for analysis) 8(2.4)
Child sex
Male 154(46.8)
Female 175(53.2)

o

Peabody Picture Intelligence Test.

when the children were 6 months old), maternal education
(measured as a categorical variable of maternal education at
baseline) and language of assessment (for FSIQ and VCIQ only).
Models assessing the relationship between DAP concentration and
7-year 1Q scores controlled for 6-month H.O.M.E. score in order to
replicate previous results (Bouchard et al., 2011), whereas all other
models where components of the H.O.M.E. score were not included
in the adversity indices controlled for an average of H.O.M.E. scores
over time (long-term H.O.M.E. score) in order to control more
completely for adversity in the home. Models that included
parental educational attainment in adversity indices were not
adjusted for maternal education.
All analyses were performed in STATA 13.1.

3. Results
3.1. Study population demographics

Mothers of children included in this analysis were predomi-
nantly Latina; 86% were born in Mexico and over 90% reported
speaking mostly or only Spanish at home (see Table 2). Seventy
percent reported income below the Federal Poverty Line at more
than half of their child’s assessment visits, and almost 15% were
evaluated as being at risk of clinical depression at all three

2 All variables considered as binary in simple adversity indices with cut-offs shown here.

b BL, Baseline; assessed during pregnancy.

€ H.0.M.E. scores were inverted such that a higher score reflects poorer home environment; higher values indicates greater adversity for all variables presented in this table.

4 All variables in this index refer to maternal characteristics and experiences.
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depression screenings. Nearly 40% worked in agriculture during
pregnancy. The geometric mean for the average of the total DAP
metabolite concentrations during pregnancy was 130.4 (95%
Confidence Interval (CI): 116.7, 147.0) (see Supplemental Table 1).
At 7 years, the children averaged 103.7 (SD=14.4) for FSIQ score,
106.3 (SD=16.9) for VCIQ, 102.5 (SD=16.1) for PRIQ, 93.4
(SD=13.7) for WMIQ and 108.5 (SD=13.2) for PSIQ (see
Supplemental Table 2).

3.2. Adversity indices and 1Q

Table 3 shows the adjusted relationships between standardized
adversity indices and IQ scores for all children in the cohort, and
the same relationship stratified by sex. Considering boys and girls
together, several types of adversity are significantly associated
with decreased IQ scores. For example, adversity in the learning
environment, as well as more adverse long-term H.O.M.E. scores,
were significantly associated with moderate decreases in Verbal
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Comprehension, Perceptual Reasoning, Working Memory, and
Full-Scale 1Q. Adversity in the relationship between parent and
child was associated with moderate decreases in Verbal Compre-
hension, Working Memory, and Full-Scale 1Q. Greater total
adversity was associated with decreases in Verbal Comprehension
and Working Memory.

Among boys, only high adversity measured by H.O.M.E. score in
the early years of life was associated with lower IQ scores. A one-
unit increase in the long-term H.O.M.E. adversity index corre-
sponded to a 2.8-point decrease in VCIQ (95% CI: —5.2, —0.4), a 2.8~
point decrease in PRIQ (95% CI: —5.6, —0.1) and of borderline
statistical significance, to a 2.5-point decrease in FSIQ (95% CI:
—4.9,0.0). No other categories of adverse events were significantly
associated with lower IQ scores in boys.

Among girls, several domains of adversity were significantly
associated with moderate decreases in IQ. A one-unit increase in
long-term H.O.M.E. adversity corresponded to a 3.6-point decrease
in VCIQ (95% CI: —5.8, —1.3), a 2.7-point decrease in WMIQ (95% CI:

Table 3
Adjusted® association of adversity scores and WISC-IV 1Q, stratified by child sex, CHAMACOS birth cohort, Salinas, CA.
1Q Test Adversity Score N Total Cohort Males Females
B (95% CI) p N B (95% CI) p N B (95% CI) p DPint”
Verbal Comprehension Learning Environment 267 -2.0(-3.8,-0.3) 0.03 124 -2.1(-4.6,04) 010 143 -2.1(-4.6,04) 0.10 0.57
Parent-Child Interaction 267 -21(-3.8,-04) 0.01 124 -1.0(-3.6,17) 047 143 -3.0(-53,-08) <0.01 0.22
Maternal Adversity 279 -15(-3.1,0.1) 0.07 128 -2.3(-4.6,0.0) 0.05 151 -1.0(-3.3,1.3) 0.40 0.39
Family Dysfunction 300 0.2(-13,17) 0.83 139 09(-13,31) 043 162 -0.8(-29,13) 0.46 0.26
Economic Adversity 249 -06(-2.3,11) 0.49 117 01 (-24,2.6) 093 132 -15(-4.0,10) 0.23 0.63
Stressful Life Events 320 -0.9(-24,0.5) 0.21 154 -1.7(-2.3,2.0) 0.88 175 -2.0(-4.1,0.0) 0.05 0.21
Long-term H.O.M.E. Score® 329 -3.(-4.8, -1.5) <0.01 154 -2.8(-5.2,-04) 0.02 175 -3.6(-58,-13) <0.01 097
Total Adversity 225 -29(-4.7,-11) <001 106 -2.5(-5.1,0.2) 0.07 119 -3.7(-6.3,-12) 0.01 0.67
Perceptual Reasoning Learning Environment 267 -21(-41,-01) 0.04 124 -21(-4.6,04) 035 143 -3.0(-5.7,-0.2) 0.04 0.86
Parent-Child Interaction 267 -1.6(-3.6,0.3) 0.10 124 0.1 (-2.8,3.0) 096 143 -3.2(-5.8, -5.8) 0.02 0.08
Maternal Adversity 279 04(-15,2.3) 0.67 128 -0.4(-3.0,2.3) 0.78 151 10(-18,3.8) 0.50 0.63
Family Dysfunction 300 0.2 (-1.6,2.0) 0.82 139 16(-11,4.2) 024 162 -13(-3.8,1.2) 0.30 0.12
Economic Adversity 249 0.7 (-1.3,2.7) 0.50 117 11 (-19,4.1) 046 132 0.1 (-2.7,2.9) 0.95 0.77
Stressful Life Events 320 -12(-2.9,0.6) 0.20 154 0.1 (-24,2.7) 092 175 -25(-4.8,-0.1) 0.05 0.12
Long-term H.O.M.E. Score 329 -2.2(-3.9, -0.5) <0.01 154 -28(-56,-01) 0.04 175 -24(-52,0.3) 0.08 0.72
Total Adversity 225 -0.8(-2.9,13) 0.46 106 0.8 (-2.2,3.8) 060 119 -2.6(-5.7,04) 0.08 0.16
Working Memory Learning Environment 240 -1.7(-34,01) 0.07 114 -0.8(-3.2,17) 053 126 -2.4(-51,0.2) 0.07 0.78
Parent-Child Interaction 240 -23(-4.0,-06) <0.01 112 -16(-4.2,1.0) 0.22 128 -2.8(-51,-04) 0.02 0.59
Maternal Adversity 250 -02(-18,15) 0.84 115 -0.7 (-3.0, 1.6) 056 135 0.2 (-23,2.7) 0.88 0.50
Family Dysfunction 270 -0.8(-24,0.7) 0.30 126 -0.3 (-2.6,2.0) 0.77 145 -16(-3.7,0.6) 0.15 0.47
Economic Adversity 225 -04(-21,13) 0.63 107 -0.2(-2.8,23) 0.86 118 -0.4(-2.8,21) 0.76 0.97
Stressful Life Events 289 -04(-19,12) 0.62 141 09 (-12,3.0) 042 157 -15(-3.7,0.8) 0.19 0.10
Long-term H.O.M.E. Score 289 -2.3(-4.0, -0.6) <0.01 141 -1.7(-4.0,0.7) 016 157 -2.7(-5.2,-0.2) 0.03 0.97
Total Adversity 203 -21(-3.8,-0.2) 0.03 97 -1.1 (-3.6, 1.5) 041 106 -33(-6.0,-0.6) 0.02 0.43
Processing Speed Learning Environment 240 -0.6(-2.3,1.1) 0.48 114 -0.2 (=29, 2.6) 091 126 -0.8(-3.0,14) 0.46 0.74
Parent-Child Interaction 240 -0.9(-2.6,0.8) 0.32 112 04(-2.3,3.1) 0.77 128 -1.7(-3.9,0.5) 0.12 0.30
Maternal Adversity 249 -13(-2.9,04) 0.12 115 -15(-3.9,0.9) 021 134 -09(-3.2,14) 0.45 0.57
Family Dysfunction 270 0.2 (-14,1.8) 0.81 126 1.0(-14,3.5) 041 145 -0.5(-2.5,15) 0.64 0.34
Economic Adversity 224 0.6 (-1.2,23) 0.53 107 0.6 (-2.2,34) 0.69 117 11(-1.2,34) 0.34 0.73
Stressful Life Events 289 0.1 (-14,17) 0.88 141 -0.2(-26,21) 0.84 156 2.1 (-4.3,01) 0.06 0.63
Long-term H.O.M.E. Score 298 —1.4(-3.1,0.3) 0.10 141  -0.6 (-3.2,2.0) 0.64 157 -2.2(-4.4,0.0) 0.05 0.62
Total Adversity 203 -11(-3.0,0.8) 0.26 97 -0.7 (-3.5,2.1) 0.63 106 -1.3(-4.0,13) 0.32 0.97
Full-Scale IQ Learning Environment 239 -21(-3.9, -0.3) 0.02 14 -1.2(-3.7,14) 036 125 -29(-55,-03) 0.03 0.45
Parent-Child Interaction 240 -1.8(-3.6, -0.1) 0.04 112 -0.0(-238,2.7) 098 128 -3.5(-59,-11) <0.01 0.05
Maternal Adversity 249 -0.8(-24,0.9) 0.37 115 -1.6 (-4.0,0.8) 020 134 -0.1(-2.6,2.3) 0.91 0.46
Family Dysfunction 269 0.0 (-1.6,15) 0.96 126 1.0(-14,3.3) 043 144 -12(-34,10) 0.27 0.14
Economic Adversity 224 0.0(-1.8,1.8) 0.99 107 0.4 (-23,3.0) 0.80 117 -0.1(-2.7,2.5) 0.95 0.75
Stressful Life Events 288 -0.8(-24,0.7) 0.30 141 01 (-21,2.3) 093 156 -21(-4.3,01) 0.06 0.32
Long-term H.O.M.E. Score 297 -3.1(-4.7, -14) <0.01 141 -2.5(-4.9,0.0) 0.05 156 -39(-6.3,-15) <0.01 0.59
Total Adversity 203 -2.0(-3.9,0.0) 0.05 97 -0.7 (-3.5, 2.0) 0.60 106 -3.5(-64, -0.7) 0.02 0.23

2 Each row represents a separate model including the continuous adversity score indicated, and no other adversity scores. All models are adjusted for mean prenatal DAP
concentration, maternal IQ score at 6 m assessed by Peabody Picture Vocabulary Test. Full-Scale and Verbal Comprehension IQ models are also adjusted for language of
neurological assessment. Models in which adversity measures do not include H.0.M.E. subscores are adjusted for long-term H.O.M.E. score average; models in which adversity
measures do not include parental educational attainment are adjusted for maternal education.

b p-int is the p-value of the two-way interaction of child sex*adversity.
¢ Average of standardized H.O.M.E. scores at each assessment.
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—5.2, —0.2), and a 3.9-point decrease in FSIQ (95% CI: —6.3, —1.5).
The same trend held in the relationship of increased adversity in
long-term H.O.M.E. score and PRIQ and PSIQ, although these
associations are of borderline significance. In addition, a one-unit
increase in adverse parent-child relationship corresponded to a
3.0-point decrease in VCIQ (95% CI: —5.3, —1.1), a 3.2-point
decrease in PRIQ (95% Cl: —5.8, —0.8), a 2.8-point decrease in
WMIQ (95% CI: —5.1, —0.4), and a 3.5-point decrease in FSIQ (95%
Cl: —5.9, —1.1). A one-unit increase in adversity measured in the
learning environment was associated with a 3.0-point decrease in
PRIQ (95% CI: —5.7, —0.2). A one-unit increase in the total adversity
score was associated with a 3.7-point decrease in VCIQ (95% CI:
—6.3, —1.2), a 3.3-point decrease in WMIQ (95% CI: —6.0, —0.6), and
a 3.5-point decrease in FSIQ (95% CI: —6.4, —0.7). A one-unit
increase in Stressful Life Events was associated with moderate
decreases in VCIQ, PRIQ, PSIQ, and FSIQ, all with borderline
statistical significance.

3.3. Adversity, DAPs, and child sex on IQ

In general, adverse relationships between maternal prenatal
DAPs and IQ tended to be stronger in children who had experienced
more adversity than those who experienced less (Table 4). In some
cases these relationships varied by child sex; thus, results are
presented in Table 4 for all children, and also stratified by child sex.
Table 4 also presents significance of three-way interactions
between adversity, DAPs, and child sex.

Considering boys and girls together, the relationship between
maternal total DAPs and Verbal Comprehension is stronger among
children whose mothers have experienced greater adversity
(B =-2.8,p=0.13),and among children with greater total adversity
(B=-3.6, p=0.09), as shown in Table 4. The relationship between
DAPs and Processing Speed is stronger among children with
greater adversity in their learning environment (3 = —2.8, p=0.15),
and with greater family dysfunction (B =-2.7, p=0.18).

As shown in Table 4, among boys, the relationship between
maternal prenatal DAP concentrations and select IQ scores was
stronger among those who grew up in a poorer learning
environment. For example, among boys who lived in a poorer
learning environment, a 10-fold increase in DAP concentration was
associated with a 13.3-point decrease in FSIQ (95% CI —19.9, —6.7)
compared to a non-significant 4.2-point increase (95% CI —4.2,
12.5) among boys who lived in better learning environment
(p <0.01). Similar relationships were observed for VCIQ (3 =-9.7
vs 5.4,p=0.06),PRIQ (3=-9.8vs 7.4, p < 0.01),and PSIQ (B = —12.7
vs —0.2, p=0.01). Also, among those boys with lower H.O.M.E.
scores there was a stronger adverse relationship between maternal
prenatal DAP concentrations and VCIQ, PSIQ, and FSIQ scores than
for boys who had higher H.O.M.E. scores (VCIQ B=-7.3 vs —1.3,
p=0.15; PSIQ B=-6.9 vs —4.1, p=0.17; FSIQ 3=-9.6 vs —2.4,
p=0.09; shown in Table 4). No other adversity index scores
modified the relationships between prenatal DAP concentrations
and IQ scores in boys.

Among girls, the adverse relationship between maternal
prenatal DAP concentrations and IQ was stronger among those
living in poverty and those whose mothers had experienced more
overall adversity (Table 4). For example, the adverse association of
prenatal DAP concentration and FSIQ (3=-8.5 vs. —4.7, p=0.18)
and WMIQ (B =-5.9 vs. —2.6, p=0.05) was stronger among girls
living in households with greater than the median economic
adversity compared to less than the median. Similarly, among girls
whose mothers experienced greater adversity, a 10-fold increase in
DAP concentration was associated with an 11.5-point decrease in
VCIQ compared to only a 1.5-point decrease among girls whose
mothers experienced less than the median adversity (p=0.07). The
relationship between prenatal DAP concentration and VCIQ was

also potentiated among female children with a total adversity
index score greater than the median compared to below the
median (3=-13.1 vs. —4.9, p=0.13).

Three-way interactions among adversity scores, total prenatal
DAP concentration, and child sex were significant for IQ scores in
some cases (Table 4). For example, the interaction between
adversity in parent-child relationship, total DAP concentration, and
child sex was significant for Perceptual Reasoning (pin:=0.10) and
Full Scale 1Q (pint=0.06). The interaction between stressful life
events, total DAP concentration, and child sex was significant for
Verbal Comprehension (pj,;=0.19), Perceptual Reasoning (pinc=
0.12), and Working Memory (pin:=0.11). The interaction between
total adversity, total DAP concentration, and child sex was
significant for Full Scale 1Q (pjne=0.13).

4. Discussion

This study expands upon our previous findings demonstrating
an adverse association between prenatal exposure to OPs (as
measured by maternal urinary DAPs) and IQ in school-age children
in the CHAMACOS cohort (Bouchard et al., 2011). In the present
study, we found a stronger association between prenatal OP
exposure and IQ scores among children who have experienced
certain adversities, and that the type of adversity that modifies this
relationship may vary by sex. Among boys, poorer learning
environment most strongly modified the adverse associations of
prenatal OP exposure and IQ, whereas among girls, maternal and
economic adversities most strongly modified this association.

Our results support previous findings demonstrating inter-
actions between chemical and non-chemical stressors in animal
studies (Bolton et al., 2013; Cory-Slechta et al., 2004; Horton et al.,
2012; Levin et al., 2014), and present some of the first evidence in
humans (Chen et al., 2008; Horton et al., 2012). In addition, as in
previous animal studies (Bolton et al., 2013; Cory-Slechta et al.,
2004), we report that the interaction between environmental and
social stressors varied by offspring sex; for example, poorer
learning environment most strongly modified the adverse
associations of prenatal OP exposure and IQ among boys, whereas
maternal and economic adversities most strongly modified this
association in girls.

Associations between chemical and non-chemical stressors are
biological plausible. Organophosphates target the nervous system
of humans, and are associated with changes in neurotransmitters
including serotonin, norepinephrine, acetylcholine, and dopamine
(Slotkin and Seidler, 2007; Verma et al., 2009). The adverse effects
of high allostatic load, a biological response triggered by exposure
to adversity and stress, can include disrupted regulation of the
normal physiologic stress response and unusually elevated stress
hormone levels (Shonkoff and Garner, 2012). Our results indicate
that both these exposures may target neural pathways in
developing children. Future research is needed to address potential
mechanisms of this interaction.

Apart from the interactions we have noted between chemical
and non-chemical stressors, we have also identified that various
adversities are associated with decreased cognitive function in
children and may be important targets for educational and
psychosocial intervention. For example, we have demonstrated
that among both boys and girls, the home environment over the
child’s lifetime is predictive of school-age IQ. In addition, girls IQ
may be predicted in part by adverse parent-child interactions,
poorer learning environments, and greater overall adversity.

This analysis has several limitations. First, the population was
relatively homogeneous with little variability in certain adversi-
ties. For example, most of the population lived below 200% of the
Federal Poverty Level. Another limitation is that we did not collect
information on certain adversities, such as sexual or emotional



Table 4
Adjusted® association of mean maternal prenatal urinary total DAP concentration (nmol/L) on WISC-IV 1Q, stratified by high/low standardized adversity score” and child sex, CHAMACOS birth cohort, Salinas, CA.
1Q Test Adversity Score Total Cohort Males Females
N B (95% CI) p N B (95% C1) N B (95%CI) p N B (95% CI) N B (95%CI) p Pint”
High Adversity Low Adversity High Adversity Low Adversity
Verbal Compre-hension Learning Environment 267 -19(-5.8,2.0) 034 66 -9.7 (-16.6, —-2.7) 58 5.4 (-24,13.2) 0.06 69 -9.2 (-17.0, -1.3) 74 —6.1(-136,14) 0.91 0.46
Parent-Child Interaction 267 0.0 (-4.3,4.3) 099 70 -13(-105,79) 54 -13(-10.7,8.1) 0.83 74 -4.5(-13.2,41) 69 -9.7(-161,-32) 086 023
Maternal Adversity 279 -28(-64,08) 013 66 —2.8(-104,438) 62 23(-89,134) 0.65 82 -11.5(-185,-44) 69 -15(-79,49) 0.07 0.38
Family Dysfunction 301 1.1(-2.74.9) 056 66 —4.0(-117,3.7) 73 -13(-9.3,6.6) 0.74 88 -4.2(-103,1.9) 74 -9.0(-17.2,-09) 040 0.35
Economic Adversity 249 -19(-57,18) 030 55 —-77(-16.5,11) 62 -01(-74,71) 0.97 58 -9.5(-179, -1.2) 74 —4.5(-11.8, 2.8) 022 041
Stressful Life Events 329 -20(-5.2,12) 021 115 -46(-958,0.5) 39 -24(-15.7,11.0) 0.24 134 -64(-116, -1.2) 41 -2.3(-13.0, 8.5) 036 0.19
Long-term H.O.M.E. Score? 32 -09(-41,23) 057 80 -73(-14.2, -0.5) 74 -13(-8.0,54) 0.15 84  -54(-125,18) 91 -65(-12.3,-0.7) 0.61 0.81
Total Adversity 225 -36(-79,06) 009 55 —-32(-113,4.8) 51 15(-9.6,12.7) 0.29 54  -131(-221,-41) 65 -49(-121,2.2) 013 0.53
Perceptual Reasoning Learning Environment 267 -25(-6.9,2.0) 030 66 —-9.8 (-174, -2.2) 58 74 (-29,17.6) <0.01 69 —4.5 (-11.9, 3.0) 74 -9.7 (-19.6, 0.2) 0.62 0.86
Parent-Child Interaction 267 -25(-74,25) 033 70 -51(-144,43) 54 5.6 (-6.0,17.3) 0.33 74 —5.8 (—14.0, 2.5) 69 —-39(-13.5,5.8) 0.62 0.10
Maternal Adversity 279 -04(-48,39) 085 66 —-18(-115,79) 62 -1.0(-12.5,10.5) 0.79 82 -5.6(-15.0,3.8) 69 —-43(-117,31) 0.89 0.61
Family Dysfunction 301 24(-21,69) 029 66 —6.0(-144,24) 73 3.0(-6.6,12.5) 0.65 88 -03(-6.96.2) 74 -88(-19.2,1.7) 012 0.26
Economic Adversity 249 -21(-65,23) 034 55 -76(-18.1,3.0) 62 11 (-76,9.8) 0.60 58 -10.8(-19.8, -1.7) 74 -5.0(-13.7 3.6) 047 0.64
Stressful Life Events 329 -09(-4.7,28) 062 115 -12(-74,5.0) 39 -125(-258,09) 0.63 134 -2.7(-8.38,3.5) 41  -72(-19.2,4.7) 0.71 0.12
Long-term H.O.M.E. Score 329 -0.6(-4.3,3.2) 077 80 -58(-13.3,17) 74 -0.7(-91,7.8) 0.21 84  -23(-9.7,51) 91 -6.1(-14.0,1.8) 0.52 0.50
Total Adversity 225 -14(-64,35) 057 55 —-52(-15754) 51 1.7 (-9.1,12.6) 0.23 54  -113(-19.7, -2.9) 65 —-4.8(-14.8,5.2) 094 0.21
Working Memory Learning Environment 240 -13(-53,28) 054 63 —8.6 (—14.6, —2.6) 51 -0.7 (-9.9, 8.6) 0.38 61 -3.3(-10.3, 3.8) 65 -3.0(-12.2,6.2) 0.86 0.84
Parent-Child Interaction 240 -17(-6.0,2.6) 044 64 —-6.6(-14.7,15) 48 -1.0(-11.3,9.2) 0.42 64 -2.6(-10.1,4.9) 64 3.7 (-117,4.3) 0.73 0.59
Maternal Adversity 250 0.9 (-2.8,4.6) 062 57 -4.6 (-12.4,3.3) 58 -3.8(-15.2,76) 0.90 73 -2.4(-10.0, 5.2) 62 —-51(-11.7, 14) 045 0.59
Family Dysfunction 271 -12(-52,28) 056 60 -82(-162,-03) 66 -2.3(-9.8,52) 0.31 75 -12(-6.0,3.5) 70 -5.7(-15.3,3.9) 099 041
Economic Adversity 225 -21(-59,16) 027 51 —-4.7(-121, 2.8) 56 —7.4(-15.6, 0.9) 0.41 50 -5.9(-13.7,18) 68 —2.6(-10.0,4.8) 0.05 0.55
Stressful Life Events 298 0.5(-2.8,3.9) 0.75 103 -5.2(-10.7, 0.3) 38 -6.8(-16.9,3.3) 0.94 119 -1.7(-73,3.8) 38 -6.3(-174,4.7) 0.80 0.1
Long-term H.O.M.E. Score 298 -0.1(-34,32) 096 72 -9.8(-16.0, -3.6) 69 -0.6(-73,6.2) 0.27 75 03(-6.1,6.7) 82 -6.1(-13.1,1.0) 041 0.79
Total Adversity 203 -21(-65,23) 035 50 —44(-119,3.2) 47 -7.0(-17.9, 3.9) 0.78 46  -103(-172, -34) 60 0.9 (-7.6,94) 027 0.25
Processing Speed Learning Environment 240 -2.8(-6.7,1.0) 015 63 -12.7 (-19.5, -6.0) 51 -0.2 (-10.5,10.1) 0.01 61 -4.0 (-9.9, 2.0) 65 -0.9(-8.6,6.8) 0.86 0.98
Parent-Child Interaction 240 11(-3.1,5.3) 061 64 —6.0(-15.6,3.6) 48 -8.7(-17.7,04) 0.94 64 0.7 (-74,8.8) 64 -09(-6.9,5.1) 0.62 0.32
Maternal Adversity 249 0.8 (-2.9,4.5) 0.67 57 -6.2 (-16.1, 3.7) 58 —-8.1(-18.0,18) 0.68 73 09 (-64,83) 61 —-3.1(-8.9,2.7) 046 0.71
Family Dysfunction 271 2.7 (-13,6.7) 018 60 —-5.6(-14.0,2.9) 66 —4.6 (—13.1, 4.0) 0.86 74 3.2 (-25,8.9) 71  -57(-13.1,17) 013 0.58
Economic Adversity 224 -1.0(-48,28) 061 51 —11.1 (-20.6, -1.5) 56 -79(-16.1,0.3) 0.89 50 -3.0(-94,34) 67 0.7 (-8.1,6.8) 0.53 0.99
Stressful Life Events 298 -1.0(-43,23) 056 103 -4.4(-106,1.8) 38 121 (-22.5,-17) 0.80 119 -02(-5.0,4.7) 38 -35(-13.3,6.1) 0.62 0.67
Long-term H.O.M.E. Score 298 -2.0(-5.2,1.3) 023 72 -6.9 (-14.8, 1.0) 69 —41(-10.9,2.7) 0.17 75 0.2 (-6.4,6.9) 82 -26(-81,238) 0.79 0.64
Total Adversity 203 11(-34,5.6) 062 50 -9.2(-19.5,11) 47 -6.4(-15.7,2.9) 0.89 46 4.7 (-135,4.2) 60 0.9 (-5.7,7.4) 0.53 0.96
Full-Scale 1Q Learning Environment 239 -27(-6.7,14) 020 63 -133(-19.9, -6.7) 51 4.2 (-4.2,12.5) <001 60 -73(-14.8,02) 65 —6.8(-15.6,2.0) 0.76  0.68
Parent-Child Interaction 240 -11(-56,33) 062 64 —-6.4(-161,3.2) 48 -1.0(-104, 8.3) 0.39 64  -3.6(-11.7,44) 64 -6.3(-14.0,13) 0.90 0.06
Maternal Adversity 249 -11(-49,27) 056 57 —-43(-14.0,54) 58 —3.1(-135,72) 0.85 73 —6.6 (—14.4, 1.1) 61 —41(-10.7, 2.5) 0.62 0.1
Family Dysfunction 270 1.8 (-2.3,5.9) 039 60 -6.8(-14.7,12) 66 —1.8(-10.3,6.7) 0.58 74 -0.9 (-6.0, 4.3) 70 -95(-18.9,-0.1) 0.22 0.23
Economic Adversity 224 -22(-6.2,17) 027 51 -10.9 (-20.2, -1.6) 56 —3.7 (-11.5,4.0) 0.99 50 -85(-16.7,-04) 67 —4.7(-12.8,34) 0.18 0.38
Stressful Life Events 297 -13(-46,2.0) 045 103 -53(-109,0.2) 38 -9.9(-224,27) 0.40 118 -3.8(-9.0,15) 38 -3.5(-16.3,9.2) 0.53 0.30
Long-term H.O.M.E. Score 297 -1.2(-44,21) 048 72 -9.6(-16.7, —2.4) 69 -24(-88,41) 0.09 75 -2.0(-88,4.7) 81 -72(-13.7,-0.7) 049 0.0
Total Adversity 203 -25(-71,21) 030 50 -76(-171,19) 47 -29(-12.8,70) 0.23 46  -13.0(-215, -44) 60 -23(-10.5,5.9) 046 0.13

2 Each row represents a separate model including the adversity score indicated, and no other adversity scores. All models are adjusted for maternal IQ score at 6 m assessed by Peabody Picture Vocabulary Test. Full-Scale and Verbal
Comprehension IQ models are also adjusted for language of neurological assessment. Models in which adversity measures do not include H.O.M.E. subscores are adjusted for long-term H.O.M.E. score average; models in which
adversity measures do not include parental educational attainment are adjusted for maternal education.

b High adversity considered as greater than or equal to the median score.

€ Pint is the p-value of the three-way interaction of total DAP concentration*adversity*sex.

d Average of standardized H.0.M.E. scores at each assessment.
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abuse, which are important components of the Adverse Childhood
Experiences (ACE) scale (Centers for Disease Control). Lastly,
although construction of adversity measures was based on a priori
hypotheses, there may be more sophisticated statistical methods
other than principal components analysis or simply adding adverse
events, which could be used to generate measures. These measures
could be based on specific effects on autonomic nervous system
reactivity or on epigenetic markers and we are currently exploring
these other approaches.

This study has a number of strengths. The homogeneity of the
study population can reduce the influence of uncontrolled
confounding. We have studied the interactive relationships
between exposure to social and environmental toxicants in early
life on neurodevelopment in a prospective, longitudinal study
conducted in a low-income agricultural population with particu-
larly high levels of exposure to both stress and pesticides. In
comparison to other literature regarding adverse events in youth
(Chen et al., 2008; Essex et al., 2013; Horton et al., 2012), this study
considered a broad definition of adversity across several domains,
and includes events from gestation through age 7 rather than
focusing exclusively on the early postnatal years or a specific
period during childhood.

In summary, this study demonstrated that the associations of
OPs and child IQ at age 7 that we previously noted (Bouchard
et al., 2011) are more profound in children that also experience
certain social adversities, and that the specific domains of
adversity that modify this association may differ in boys and
girls. Those who have the highest exposure to environmental
toxicants are often the same populations and individuals who
experience the greatest adversity (Morello-Frosch and Shenassa,
2006). This study suggests that children with high prenatal
exposure to organophosphates who also experience specific early
and persistent toxic stress may be at a greater risk for adverse
cognitive development.
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