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We have reported consistent associations of prenatal organophos-

phate pesticide (OP) exposure with poorer cognitive function and

behavior problems in our Center for the Health Assessment of

Mothers and Children of Salinas (CHAMACOS), a birth cohort of

Mexican American youth in California’s agricultural Salinas Valley.

However, there is little evidence on howOPs affect neural dynamics

underlying associations. We used functional near-infrared spectros-

copy (fNIRS) to measure cortical activation during tasks of executive

function, attention, social cognition, and language comprehension

in 95 adolescent CHAMACOS participants. We estimated associa-

tions of residential proximity to OP use during pregnancy with

cortical activation in frontal, temporal, and parietal regions using

multiple regression models, adjusting for sociodemographic charac-

teristics. OP exposure was associated with altered brain activation

during tasks of executive function. For example, with a 10-fold in-

crease in total OP pesticide use within 1 km of maternal residence

during pregnancy, there was a bilateral decrease in brain activation

in the prefrontal cortex during a cognitive flexibility task (β = −4.74;

95% CI: −8.18, −1.31 and β = −4.40; 95% CI: −7.96, −0.84 for the

left and right hemispheres, respectively). We also found that pre-

natal OP exposure was associated with sex differences in brain

activation during a language comprehension task. This first func-

tional neuroimaging study of prenatal OP exposure suggests that

pesticides may impact cortical brain activation, which could underlie

previously reported OP-related associations with cognitive and be-

havioral function. Use of fNIRS in environmental epidemiology of-

fers a practical alternative to neuroimaging technologies and

enhances our efforts to assess the impact of chemical exposures

on neurodevelopment.

organophosphates | prenatal exposure | neurodevelopment | functional
neuroimaging | fNIRS

Over 800 million pounds of pesticide active ingredients are
applied in the United States each year, with organophos-

phates (OPs) the most commonly applied class of insecticides
(1). Exposure to OP pesticides, which are endocrine-disrupting
compounds (2), is widespread in the US population, including
among pregnant women and children (3–6). The predominant
route of exposure to OP pesticides is diet, including pesticide
residues on fruits and vegetables (7). Individuals living in proximity
to agriculture or living with individuals working in agricultural
settings are also exposed to pesticides via other routes, including
from residue on clothing and drift from nearby fields (8, 9).
The Center for the Health Assessment of Mothers and Chil-

dren of Salinas (CHAMACOS) study is a longitudinal cohort
study based in California’s Salinas Valley, known as “America’s
Salad Bowl” for its agricultural production. Since 1999, we have
followed CHAMACOS mothers and children to investigate
pesticides as they relate to childhood growth and development.
We previously reported associations of children’s prenatal OP

pesticide exposure, measured as dialkyl phosphate (DAP) me-
tabolites in their mothers’ pregnancy urine samples—a matrix
that primarily reflects dietary OP exposure (10)—with a number
of neurodevelopmental outcomes, including poorer cognitive
development, attention problems, and autistic traits such as poor
social cognition (11–14). We have also reported that higher
amounts of OP pesticides applied to agricultural crops within
1 km of mothers’ homes during pregnancy—a matrix which re-
flects potential pesticide drift exposure (15)—are associated with
poorer intellectual development (15, 16), although not with au-
tistic traits (14).
The observed associations between prenatal OP exposure and

neurobehavioral outcomes imply that OPs impact children’s
brain structure and/or function. To date, the only neuroimaging
study that explored this hypothesis is a volumetric MRI study
conducted on 40 school-age children: 20 with high and 20 with
low prenatal exposure to the OP insecticide chlorpyrifos. This
study reported systematic volume differences for higher-exposed
versus lower-exposed children in the brain structures summa-
rized in the first column of Table 1 (17). In this table, we parallel
these structural neuroimaging findings with domains associated
with prenatal OP exposure in epidemiologic studies that have
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Little is known about the neural dynamics underlying pre-

viously reported associations of organophosphate (OP) pesti-

cides with adverse neurodevelopment. We used functional

near-infrared spectroscopy (fNIRS) to examine cortical brain

activation in relation to residential proximity to OP use during

pregnancy among 95 adolescents enrolled in a longitudinal

birth cohort. We found that prenatal OP exposure was associ-

ated with altered brain activation during tasks of executive

function. We also found sex differences for OPs and brain ac-

tivation during a language comprehension task. Use of fNIRS,

an inexpensive and easily accessible technology, enhances our

efforts to assess the impact of environmental exposures on

brain function.
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used neuropsychological testing, including CHAMACOS (11–
13) and other cohorts (18–20) (Table 1, column 2).
To investigate OP-related effects on cortical brain activation,

and to localize these effects, we conducted functional neuro-
imaging with a subset of 95 adolescent CHAMACOS partici-
pants using functional near-infrared spectroscopy (fNIRS), a
technology well-suited to a nonclinical research environment
(21) that correlates well with functional MRI (fMRI) (22, 23).
Our primary objective was to examine neural activity during tasks
of cognitive flexibility, working memory, attention, social cogni-
tion, and language comprehension in relation to exposure to OP
pesticides applied to agricultural crops in close proximity to
mothers’ homes during pregnancy. Results from this preliminary
research of 95 participants form the basis for conducting neuro-
imaging among the full CHAMACOS cohort of ∼600 participants.

Results

Table 2 shows sociodemographic data for the n = 95 participants
who participated in fNIRS data collection compared to those
who did not (n = 214). Similar to those without fNIRS, most
fNIRS participants were born to mothers who did not graduate
high school (70.5%) and to families at or below the poverty level
(74.7%). fNIRS participants were more likely to be born to older
mothers (46.3% were age 30+ y at delivery) compared with
nonparticipants (24.7%). The vast majority of fNIRS partici-
pants were right hand-dominant (93.7%) and did not report al-
cohol or marijuana use in the 24 h prior to their fNIRS (91.6%).
We present estimates of exposure to OP pesticides as wind-

adjusted kilograms of OP pesticide use within a 1-km radius of
maternal residence during pregnancy in Table 3. Diazinon use
was substantially higher than any of the other individual OPs,
followed by malathion. Spearman correlation coefficients be-
tween these individual pesticides ranged from moderate to high
(0.19 to 0.84) (Table 3).

OPs and fNIRS Activation. We present associations of total OP
pesticide exposure and measures of brain activation, measured
with fNIRS, for the 6 tasks in Tables 4 and 5. We found that with
every 10-fold increase in total OP pesticide use within a 1-km
radius of maternal residence during pregnancy there was a bi-
lateral decrease in brain activation in the inferior frontal poles of
the prefrontal cortex (localization clusters 1 and 9) during the
Wisconsin Card Sorting Test (covariate-adjusted but not false
discovery rate [FDR]-corrected β = −4.74; 95% CI: −8.18,
−1.31 and β = −4.40; 95% CI: −7.96, −0.84 for the left and right
hemispheres, respectively) (Table 4 and Fig. 1). There was also
slightly lower bilateral activation across other regions of the
frontal, temporal, and parietal lobes during the Wisconsin Card

Sorting Test. We found similar, albeit much weaker, decreases in
activation in regions of the frontal lobe during the visuospatial
working memory N-back task, also in the inferior frontal poles of
the prefrontal cortex (β = −2.27; 95% CI: −4.82, 0.28 and
β = −2.78; 95% CI: −5.58, 0.02 for the left and right hemi-
spheres, respectively) (Table 4). In contrast to the Wisconsin and
N-back task findings, we found increased activation for the
Sternberg working memory task, with significantly higher acti-
vation in the left superior parietal lobe (β = 4.00; 95% CI: 0.90,

Table 1. Regions of interest for fNIRS study based on structures identified in an MRI study of chlorpyrifos-exposed children and

epidemiologic studies of OPs and neurodevelopment

Brain structures associated with chlorpyrifos
from MRI study (17)

Domains associated with OPs in epidemiologic
studies with neuropsychological testing Regions of interest for fNIRS

Posterior temporal regions (enlarged) Attention (12, 13, 19), language
comprehension (11, 15, 18, 20)

Temporal, parietal

Superior temporal gyrus, medial superior
frontal gyrus, cuneus and procuneus (enlarged)

Social cognition (12), language
comprehension (11, 15, 18, 20)

Temporal, frontal, parietal

Gyrus rectus, orbitofrontal regions (enlarged) Response inhibition (13), working
memory (11, 18, 20)

Frontal

Dorsal and medial surfaces of the superior
frontal gyrus (inward deformations)

Working memory (11, 18, 20) Frontal

Prefrontal cortex (reduced cortical thickness) Attention (12, 13, 19), working memory
(11, 18, 20), response inhibition (13)

Frontal

Dorsal parietal (reduced cortical thickness) Visuospatial (11, 18, 20) Parietal
Orbitofrontal (reduced cortical thickness) Working memory (11, 18, 20) Frontal

Table 2. Characteristics of n = 95 participants with fNIRS data in

the CHAM2 study, enrolled 2009 in Salinas Valley, California

fNIRS
participants
(n = 95)

Nonparticipants
(n = 214)

Characteristics n (%) n (%)

Maternal age at delivery,* y
17–24 32 (33.7) 93 (44.3)
25–29 19 (20.0) 65 (31.0)
30–34 27 (28.4) 36 (17.1)
35–45 17 (17.9) 16 (7.6)

Maternal education†

≤Sixth grade 41 (43.1) 81 (39.1)
Some middle/high school 26 (27.4) 69 (33.3)
High school graduate 28 (29.5) 57 (27.5)

Family poverty level at 14 y
≤100% federal poverty level 71 (74.7) 155 (77.1)
>100% federal poverty level 24 (25.3) 46 (22.9)

Child’s sex
Female 49 (51.6) 97 (45.3)
Male 46 (48.4) 117 (54.7)

Child’s age at assessment, y
15 54 (56.8) N/A
16 40 (42.1)
17 1 (1.1)

Child’s handedness
Right 89 (93.7) N/A
Left 6 (6.3)

Child’s self-reported substance use (alcohol or marijuana use) in
previous 24 h of fNIRS
No 87 (91.6) N/A
Yes 8 (8.4)

N/A, not applicable.
*Distribution different between participants and nonparticipants (P < 0.01).
†Imputed maternal education for 1 participant using data collected at an-
other time point.
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7.10) and the right posterior superior/middle temporal sulcus
(β = 2.21; 95% CI: 0.03, 4.38) (Table 4). We found no strong or
consistent associations of OP pesticides with brain activation
during the other 3 tasks (attention/impulsivity, language com-
prehension, and social cognition), with effect estimates all
hovering at the null (Table 5). There were no statistically
significant associations after adjusting for multiple compari-
sons with FDR correction. In addition, effect sizes estimated
with the f2 were all in the small range (<0.15). Associations
were more or less the same for individual OPs (SI Appendix,
Tables S1–S5).
We found predominantly null associations for prenatal total OP

use and performance (e.g., accuracy, errors, and reaction time) on
the tasks administered with the fNIRS (SI Appendix, Table S6). The
1 exception was for Sternberg letter-retrieval working memory,
where we observed that higher prenatal total OP use was associated
with slightly longer reaction time (β = 0.25; 95% CI: 0.06, 0.45).
When we stratified OP–fNIRS associations by task perfor-

mance, we observed differences only for the Wisconsin Card

Sorting Test. As shown in Table 6 and SI Appendix, Fig. S1, we
found that OP–fNIRS associations were much stronger among
high performers (fewer total and perseverative errors) vs. low
performers. For example, for the left inferior frontal pole, brain
activation was reduced by 10.84 (95% CI: −16.01, −5.66) per
10-fold increase in prenatal OP use among high performers vs.
only a reduction of 1.35 (95% CI: −6.26, 3.55) among low
performers (Table 6). A number of these estimates remained
statistically significant after adjusting for multiple comparisons
(FDR-corrected P value <0.05). We did not see a strong or
consistent pattern of differences in OP–fNIRS associations
across performance for any of the other fNIRS tasks (SI Ap-
pendix, Tables S7–S9).

Sex Differences. When we stratified OP use and fNIRS associa-
tions by child sex, we found the strongest sex differences for the
Pyramids and Palm Trees (semantic language) task (Table 7).
Total OP use was associated with increased activation in males
and reduced activation in females across nearly all of the 15

Table 3. OP pesticide use (wind-adjusted kilograms) within a 1-km radius of maternal residence during pregnancy from the California

Pesticide Use Reporting program for n = 95 participants with fNIRS data in the CHAM2 study, enrolled 2009 in Salinas Valley, California

Spearman correlation coefficients

Exposure, kg Mean (SD) P25 P50 P75 Total OPs Acephate Chlorpyrifos Diazinon Malathion Oxydementon-methyl

Total OPs 56.4 (147.5) 2.2 13.8 41.2 1 0.79 0.68 0.90 0.55 0.79
Acephate 6.1 (13.0) 0.2 1.5 4.3 1 0.67 0.74 0.30 0.84
Chlorpyrifos 6.4 (17.0) 0.2 0.8 4.3 1 0.76 0.19 0.76
Diazinon 15.7 (47.2) 0.7 3.3 8.4 1 0.44 0.76
Malathion 8.1 (25.2) 0.0 0.4 3.0 1 0.24
Oxydemeton-methyl 6.8 (23.1) 0.2 1.4 3.4 1

Table 4. Adjusted* associations for a 10-fold increase in of total OP pesticide use within a 1-km radius of maternal residence during

pregnancy and fNIRS brain activation by task and region of interest for cognitive flexibility and working memory tasks among

participants with fNIRS data in the CHAM2 study, enrolled 2009 in Salinas Valley, California

Region (localization cluster)

Wisconsin Card Sort (cognitive
flexibility)

Sternberg (letter-retrieval
working memory)

N-back (visuospatial working
memory)

n β (95% CI)* f2 n β (95% CI)* f2 n β (95% CI)* f2

Left hemisphere
Inferior frontal pole (1) 91 −4.74 (−8.18, −1.31)† 0.09 87 −0.59 (−3.43, 2.26) <0.01 93 −2.27 (−4.82, 0.28) 0.04
Superior frontal pole (2) 89 −1.79 (−4.91, 1.32) 0.02 80 2.28 (−0.71, 5.27) 0.03 86 −1.62 (−3.97, 0.74) 0.03
Broca’s/BA 44/45 (3) 90 −2.98 (−6.81, 0.86) 0.03 85 1.58 (−0.94, 4.09) 0.02 90 −0.03 (−3.14, 3.09) <0.01
Dorsolateral PFC (4) 90 −2.17 (−5.70, 1.35) 0.02 85 2.34 (−0.38, 5.05) 0.04 88 −1.49 (−4.06, 1.07) 0.02
Broca’s/BA 44 and 6 (5) 92 −3.48 (−7.34, 0.39) 0.04 88 0.97 (−1.69, 3.64) <0.01 92 0.34 (−2.98, 3.66) <0.01
Superior/inferior

temporal /postcentral
gyrus (6)

92 −2.54 (−6.22, 1.14) 0.02 88 1.18 (−0.83, 3.19) 0.02 93 −1.11 (−4.42, 2.19) <0.01

Inferior parietal lobule (7) 92 −1.81 (−4.65, 1.02) 0.02 88 2.07 (−0.95, 5.10) 0.02 91 1.55 (−0.71, 3.82) 0.02
Superior parietal lobule (8) 87 −0.51 (−3.49, 2.46) <0.01 81 4.00 (0.90, 7.10)† 0.09 86 0.57 (−1.43, 2.57) <0.01

Right hemisphere
Inferior frontal pole (9) 92 −4.40 (−7.96, −0.84)† 0.07 87 0.81 (−2.33, 3.94) <0.01 93 −2.78 (−5.58, 0.02) 0.05
Broca’s/BA 44/45 (10) 91 −2.93 (−6.86, 0.99) 0.03 84 0.44 (−2.22, 3.10) <0.01 93 −0.23 (−3.26, 2.80) <0.01
Superior frontal

pole/dorsolateral PFC (11)
90 −1.27 (−4.42, 1.88) <0.01 82 −0.20 (−3.22, 2.81) <0.01 92 −0.67 (−3.10, 1.75) <0.01

Premotor/somatosensory
cortex (12)

92 −2.39 (−5.94, 1.17) 0.02 87 1.04 (−1.79, 3.86) <0.01 94 −1.26 (−3.92, 1.40) 0.01

Posterior superior/middle
temporal sulcus (13)

92 −2.78 (−6.16, 0.61) 0.03 88 2.21 (0.03, 4.38)† 0.05 93 0.12 (−2.24, 2.48) <0.01

Inferior parietal lobule (14) 90 −1.47 (−4.07, 1.13) 0.02 87 1.13 (−1.76, 4.03) <0.01 93 0.07 (−2.37, 2.51) <0.01
Superior parietal lobule (15) 85 −0.01 (−2.87, 2.85) <0.01 73 2.38 (−1.29, 6.04) 0.03 84 −0.99 (−3.37, 1.40) <0.01

Abbreviations: BA = Brodmann areas, PFC = prefrontal cortex.
*Adjusted for age of child at assessment (continuous variable), child’s sex, maternal age at delivery (continuous), maternal education at delivery (<sixth grade, 7th to 12th
grade, completed high school), and quality of the home environment at the 10.5-y visit (continuous HOME z-score).
†Non-FDR-corrected P < 0.05.
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localization clusters (P value for sex interaction was <0.05 for 7 of
the 15 clusters and <0.20 for all but 1 cluster) but was partic-
ularly marked for the frontal and temporal regions. There were
a few suggestive (though many were not statistically significant)
patterns across cognitive flexibility/working memory tasks (SI
Appendix, Table S10) and no notable sex differences for the Go/
No-Go and Dynamic Social Gestures tasks (SI Appendix,
Table S11).

Sensitivity Analyses. We did not see any material differences in
total OP use and fNIRS associations when we restricted our
sample to right-handed individuals, those that reported no sub-
stance use in the previous 24 h, or individuals whose mothers did
not move during the pregnancy. Estimates were also unchanged
when we adjusted our models for family poverty level.

Discussion

Most of the previous epidemiologic evidence for associations of
prenatal OP pesticide exposure with neurodevelopment comes
from studies that employ neuropsychological testing or behav-
ioral rating scales administered to the parent, teacher, or the
individual. While these assessments are critical for identifying
the impact of pesticides on cognitive and behavioral function, they
provide limited information on the brain structures or neural
functions targeted by these exposures. In the current study, we
took a first step toward examining the impact of prenatal OP
pesticide exposure on brain activation as measured with fNIRS, a
convenient and cost-effective neuroimaging technique.
We found several noteworthy associations in this preliminary

study of 95 participants. Our most salient finding was that pre-
natal OP exposure was associated with altered brain activation
patterns during tasks of executive function, including cognitive
flexibility and working memory. We also found strong sex dif-
ferences in prenatal OP and brain activation associations during
a language comprehension task. However, we did not observe
any consistent associations of prenatal OPs with brain activation
during tasks of attention/response inhibition or social cognition.
Only 1 published study of 40 children aged 6 to 12 y examined

the influence of prenatal pesticide exposure on brain structure
using volumetric MRI (17). This study reported associations of
exposure to the OP chlorpyrifos with reduced cortical thickness
of frontal, temporal, and parietal regions using MRI (Table 1).
In addition, 2 studies have examined functional neuroimaging in
children in relation to other early life environmental exposures.
Higher childhood blood lead levels among 42 young adults in the
Cincinnati Lead Study were linked with reduced activation on
fMRI in left hemisphere regions associated with semantic lan-
guage during a language task (left frontal gyrus and left middle
temporal gyrus) and increased activation in the right hemisphere

Table 5. Adjusted* associations for a 10-fold increase in total OP pesticide use within a 1-km radius of maternal residence during

pregnancy and fNIRS brain activation by task and region of interest for attention/impulse control, semantic language, and social

cognition tasks among participants with fNIRS data in the CHAM2 study, enrolled 2009 in Salinas Valley, California

Go/No-Go (attention/impulsivity)
Pyramids and Palm Trees

(semantic language)
Dynamic Social Gestures

(social cognition)

Region (localization cluster) n β (95% CI)* f2 n β (95% CI)* f2 n β (95% CI)* f2

Left hemisphere
Inferior frontal pole (1) 94 −1.29 (−3.54, 0.97) 0.02 93 0.33 (−1.97, 2.62) <0.01 91 −0.40 (−1.69, 0.89) <0.01
Superior frontal pole (2) 83 −0.61 (−2.88, 1.66) <0.01 90 −1.17 (−3.43, 1.08) 0.01 90 −1.25 (−2.54, 0.05) 0.05
Broca’s/BA 44/45 (3) 92 0.18 (−2.25, 2.61) <0.01 91 0.40 (−1.93, 2.72) <0.01 92 0.80 (−0.50, 2.10) 0.02
Dorsolateral PFC (4) 92 −0.77 (−2.80, 1.26) <0.01 90 −0.34 (−2.35, 1.66) <0.01 92 −0.12 (−1.34, 1.11) <0.01
Broca’s/BA 44 and 6 (5) 93 −0.08 (−2.55, 2.38) <0.01 94 0.38 (−1.81, 2.57) 0.01 94 0.39 (−0.80, 1.58) <0.01
Superior/inferior

temporal /postcentral
gyrus (6)

94 −1.11 (−3.36, 1.15) 0.01 93 1.26 (−1.09, 3.61) <0.01 93 0.66 (−0.67, 2.00) 0.01

Inferior parietal lobule (7) 92 −0.49 (−2.40, 1.42) <0.01 92 −0.36 (−2.17, 1.46) <0.01 94 −0.83 (−2.07, 0.42) 0.02
Superior parietal lobule (8) 85 0.09 (−1.96, 2.14) <0.01 83 −1.04 (−2.68, 0.60) 0.02 84 −1.08 (−2.24, 0.08) 0.05

Right hemisphere
Inferior frontal pole (9) 93 −0.75 (−2.91, 1.40) <0.01 94 0.35 (−1.80, 2.50) <0.01 93 0.33 (−0.88, 1.54) <0.01
Broca’s/BA 44/45 (10) 92 −0.80 (−3.13, 1.52) <0.01 91 0.48 (−1.99, 2.96) <0.01 91 0.95 (−0.43, 2.32) 0.02
Superior frontal

pole /dorsolateral PFC (11)
93 −1.50 (−3.59, 0.59) 0.02 92 −1.12 (−3.05, 0.81) 0.02 84 −1.00 (−2.21, 0.22) 0.04

Premotor/somatosensory
cortex (12)

93 −0.86 (−2.92, 1.21) <0.01 94 0.35 (−1.86, 2.56) <0.01 94 −0.09 (−1.36, 1.19) <0.01

Posterior superior/middle
temporal sulcus (13)

94 −0.16 (−2.30, 1.98) <0.01 94 −0.31 (−2.44, 1.81) <0.01 94 −0.04 (−1.28, 1.20) <0.01

Inferior parietal lobule (14) 93 −1.44 (−3.53, 0.66) 0.02 93 −1.18 (−3.02, 0.67) 0.02 94 −1.00 (−2.19, 0.18) 0.03
Superior parietal lobule (15) 85 0.21 (−1.77, 2.19) <0.01 85 −1.36 (−2.99, 0.27) 0.04 87 −1.50 (−2.56, −0.44)† 0.10

Abbreviations: BA = Brodmann Areas, PFC = prefrontal cortex.
*Adjusted for age of child at assessment (continuous variable), child’s sex, maternal age at delivery (continuous), maternal education at delivery (<sixth grade, 7th to 12th
grade, completed high school), and quality of the home environment at the 10.5-y visit (continuous HOME z-score).
†Non-FDR-corrected P < 0.05.

Fig. 1. Regions with significant (non-FDR corrected P < 0.05) associations of
total OPs with brain activation (reduced activation) during the Wisconsin
Card Sorting Test for n = 95 participants of the CHAM2 study, enrolled
2009 in Salinas Valley, California.

4 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1903940116 Sagiv et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903940116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903940116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903940116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903940116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1903940116


regions (Wernicke’s area) (24). A study in a subset of 12 ado-
lescent boys in the Faroe Islands birth cohort showed that ado-
lescents with higher prenatal exposure to methylmercury and
polychlorinated biphenyls had greater brain activation during
tasks requiring visual processing (photic stimulation) and manual
motor movement (finger tapping) than those with lower expo-
sure (25). This growing body of neuroimaging literature comple-
ments studies of environmental exposures and neurodevelopment
by identifying the neural underpinnings of previously observed
associations with cognitive and behavioral function. These
neuroimaging studies may also detect subtle exposure-induced
impacts on neural structure and function that could be missed in
traditional studies of neuropsychological assessment due to
compensatory mechanisms and brain plasticity.
We found both an increase and decrease in brain activation in

association with prenatal OPs during tests of executive function.
We observed a negative association (i.e., lower relative activa-
tion) during tests of cognitive flexibility (Wisconsin Card Sorting
Test) and visuospatial working memory (N-back) in relation to
OP exposure that were most pronounced in the inferior frontal
poles. We also observed a positive association (i.e., greater rel-
ative activation) during a test of letter-retrieval working memory
(Sternberg) with higher OP exposure, though in different brain
regions–primarily the left parietal lobule and right temporal/
parietal regions. The inconsistent directions of these associations,
aside from their emergence in different regions of the brain, could
be explained by the variable cognitive demands of these tasks. For
example, higher activation with increased exposure could indicate
an increase in recruitment of neural resources to effectively meet

the demands of a straightforward working memory task (Sternberg),
as has been observed in older persons with beta-amyloid depo-
sition (26–28). Reduced activation, on the other hand, could
indicate that exposure has altered the overall neural response,
including the ability of a region or network to marshal a typical
response to a task, particularly one with higher complexity (e.g.,
Wisconsin Card Sorting Test). Similar findings have also been
observed in cognitively impaired neurogenetic groups previously
assessed with fMRI (29, 30).
We previously reported associations of working memory with

nonspecific OPs measured via urinary DAP metabolites during
pregnancy, where a 10-fold increase in DAPs was associated with
reduced age 7 y Wechsler Intelligence Scale for Children, fourth
edition (WISC-IV) working memory subtest scores of 4.3 points
(95% CI: −7.7 to −0.9) (11). This is consistent with associations
with poorer working memory found in associations with cord
blood chlorpyrifos, a single OP pesticide, in the Columbia Center
for Children’s Environmental Health (20). More relevant to our
current findings, we also found associations of OP use within a
1-km radius of maternal residence during pregnancy (estimated using
Pesticide Use Reporting [PUR] data) and poorer age 10 y WISC-
IV working memory in CHAMACOS (working memory scores
decreased by 2.8 points [95% CI: −5.6, −0.1] for the fourth vs. first
quartile of pesticide use) (16). Notably, the latter associations were
independent of our prenatal DAP metabolite associations.
In contrast with our previous OP–working memory findings

(11, 16), we did not detect associations of prenatal OP use with
performance (e.g., errors, accuracy, and reaction time) on any of
the working memory or executive function tasks administered

Table 6. Adjusted* associations for a 10-fold increase in total OP pesticide use within a 1-km radius of maternal residence during

pregnancy and fNIRS brain activation during the Wisconsin Card Sorting Test, stratified by test performance (dichotomized at the

median for perseverative errors [median = 2] and total errors [median = 24]), by region of interest for participants with fNIRS data in

the CHAM2 study, enrolled 2009 in Salinas Valley, California

Total errors Perseverative errors

High performers Low performers High performers Low performers

Region (localization cluster) n β (95% CI)* n β (95% CI)* n β (95% CI)* n β (95% CI)*

Left hemisphere
Inferior frontal pole (1) 46 −10.84 (−16.01, −5.66)†, ‡ 45 −1.35 (−6.26, 3.55) 40 −8.57 (−14.85, −2.29)†, ‡ 51 −2.01 (−6.07, 2.05)
Superior frontal pole (2) 44 −6.90 (−11.95, −1.84)†, ‡ 45 0.51 (−3.46, 4.48) 38 −3.78 (−9.26, 1.69) 51 0.61 (−2.95, 4.17)
Broca’s/BA 44/45 (3) 45 −9.06 (−14.56, −3.57)†, ‡ 45 2.49 (−3.24, 8.23) 39 −8.63 (−14.96, −2.31)†, ‡ 51 1.74 (−3.17, 6.64)
Dorsolateral PFC (4) 46 −6.84 (−12.76, −0.91)†, ‡ 44 1.16 (−3.55, 5.88) 40 −4.90 (−11.59, 1.78) 50 0.79 (−3.24, 4.82)
Broca’s/BA 44 and 6 (5) 46 −9.97 (−15.49, −4.45)†, ‡ 46 2.55 (−3.24, 8.34) 40 −10.98 (−17.41, −4.55)†, ‡ 52 2.37 (−2.28, 7.03)
Superior/inferior

temporal /postcentral
gyrus (6)

46 −8.76 (−13.76, −3.75)†, ‡ 46 2.58 (−3.17, 8.33) 40 −8.76 (−14.28, −3.24)†, ‡ 52 2.52 (−2.17, 7.21)

Inferior parietal lobule (7) 46 −4.52 (−8.78, −0.26)†, ‡ 46 0.07 (−4.15, 4.30) 40 −2.37 (−7.44, 2.71) 52 −0.78 (−4.29, 2.72)
Superior parietal lobule (8) 46 −1.83 (−6.60, 2.95) 41 −0.77 (−5.25, 3.72) 40 −1.37 (−6.62, 3.87) 47 0.46 (−3.41, 4.33)

Right hemisphere
Inferior frontal pole (9) 46 −9.83 (−14.77, −4.89)†, ‡ 46 −1.23 (−6.86, 4.39) 40 −7.44 (−13.41, −1.48)†, ‡ 52 −1.92 (−6.31, 2.48)
Broca’s/BA 44/45 (10) 45 −8.26 (−14.10, −2.43)†, ‡ 46 1.39 (−4.42, 7.20) 40 −7.07 (−13.48, −0.65) 51 0.21 (−4.54, 4.97)
Superior frontal

pole /dorsolateral PFC (11)
45 −6.08 (−10.90, −1.26)†, ‡ 45 0.88 (−3.37, 5.13) 40 −2.67 (−8.25, 2.92) 50 0.04 (−3.56, 3.65)

Premotor/somatosensory
cortex (12)

46 −7.97 (−13.63, −2.31)†, ‡ 46 2.09 (−2.96, 7.14) 40 −4.27 (−10.20, 1.65) 52 0.17 (−4.21, 4.55)

Posterior superior/middle
temporal sulcus (13)

46 −8.99 (−13.79, −4.19)†, ‡ 46 1.73 (−3.21, 6.66) 40 −7.99 (−13.34, −2.65)†, ‡ 52 1.66 (−2.11, 5.43)

Inferior parietal lobule (14) 45 −4.96 (−8.80, −1.12)†, ‡ 45 1.77 (−2.06, 5.60) 39 −2.22 (−6.40, 1.95) 51 0.18 (−3.26, 3.61)
Superior parietal lobule (15) 42 −2.74 (−7.51, 2.04) 43 0.60 (−3.31, 4.50) 38 −0.57 (−6.02, 4.89) 47 0.58 (−2.98, 4.14)

Abbreviations: BA = Brodmann Areas, PFC = prefrontal cortex.
*Adjusted for age of child at assessment (continuous variable), child’s sex, maternal age at delivery (continuous), maternal education at delivery (<sixth grade,
7th to 12th grade, completed high school), and quality of the home environment at the 10.5-y visit (continuous HOME z-score).
†Non-FDR-corrected P < 0.05.
‡FDR-corrected P < 0.05.
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with the fNIRS. This could be explained by our smaller sample
size, or the differences between these experimental tasks, opti-
mized for fNIRS testing, and standardized neuropsychological
tests. Notably, while there was insufficient sensitivity to detect
associations of OPs with task performance, we did observe as-
sociations with brain activation. This underscores the potential
for neuroimaging to detect very subtle impacts of pesticide ex-
posure on the brain.
We found strong sex differences for prenatal OPs and brain

activation during a semantic language task (Pyramids and Palm
Trees); increased OP exposure was associated with higher acti-
vation among males and lower activation among females across
nearly all brain regions assessed. We previously reported asso-
ciations of prenatal urinary OP metabolites with lower age 7 y
WISC-IV verbal comprehension scores in CHAMACOS (β =
−5.3; 95% CI:−8.6,−2.0 per 10-fold increase in DAPs) (11);
associations were similar for PUR OP use within a 1-km radius
of maternal residence during pregnancy (β = −2.9; 95% CI:
−4.4, −1.3 for an SD increase in OP pesticide use) (16). How-
ever, we did not report sex differences for any of these associa-
tions, nor did the Columbia study, which also reported main
effects with verbal comprehension (20). Previous studies show
sexual dimorphism in brain activation when engaged in semantic
language processing tasks (31–33). In addition, there is rationale
for differences in the impact of endocrine-disrupting chemicals
like OP pesticides among males and females (34). However,
there was no a priori reason to expect that associations of OPs
with brain activation during a semantic language task would be
different across child sex. These findings should therefore be
interpreted with caution and replicated in larger study samples.
We did not detect any strong or consistent associations of

prenatal OP exposure with alterations in brain activation during
tasks of attention/response inhibition (Go/No-Go task) and so-
cial cognition (Dynamic Social Gestures task), despite our pre-

vious findings that higher prenatal DAPs were associated with
poorer attention and social cognition (including traits related to
autism spectrum disorders) in CHAMACOS (12–14). Inconsis-
tent with DAPs, but perhaps more consistent with the current
findings, we reported null associations of PUR-estimated OPs
with social cognition (14). This could be due to different exposure
routes (DAPs are predominantly from diet, vs. PUR estimates
which represent ambient exposure). In addition, since PUR-
estimated OP exposure does not consider exposures that may
have occurred through diet, agricultural work, or home pesticide
use, this measure may underestimate exposure or lead to exposure
measurement error that may have attenuated findings, reducing
our ability to detect associations of OPs with brain activation.
Nonetheless, PUR-estimated exposure is well correlated with
environmental pesticide concentrations (8) and has been linked
with intelligence quotient at age 7 y in CHAMACOS (15).
There were other notable limitations of our study. First, fNIRS

measures activity at the cortical surface and therefore cannot
detect hemodynamic changes in subcortical, deep-brain regions
where OP exposure may exert an effect. Second, our sample size,
while large for a neuroimaging study, which typically measures
brain activation in a case group with a specific disorder vs. a
control group, was modest for a study examining sometimes very
subtle effects of environmental toxicant exposures. This may have
limited our ability to detect OP-related associations with pre-
cision. Third, we took a rather crude approach to controlling for
test performance in our OPs–brain activation findings. Adjusting
for performance in our multivariable models was inappropriate as
performance could be affected by OP exposure and by brain ac-
tivation, and conditioning on a common effect of both exposure
and outcome could induce bias in effect estimates (35). The same
problem could be present in our stratified analysis (high vs. low
performers), in addition to the problem of small numbers in our
strata which reduced the precision of our estimates. We therefore

Table 7. Sex-specific adjusted* associations of total OP pesticide use within a 1-km radius of maternal residence

during pregnancy and fNIRS brain activation by region of interest for Pyramids and Palm Trees (semantic language)

among participants with fNIRS data in the CHAM2 study, enrolled 2009 in Salinas Valley, California

Region (localization cluster)

Pyramids and Palm Trees (semantic language)

Males Females

n β (95% CI)* β (95% CI)* P†

Left hemisphere
Inferior frontal pole (1) 93 3.11 (−0.26, 6.47) −1.67 (−4.55, 1.21) 0.03
Superior frontal pole (2) 90 0.70 (−2.73, 4.12) −2.46 (−5.33, 0.41) 0.16
Broca’s/BA 44/45 (3) 91 3.30 (−0.13, 6.73) −1.66 (−4.57, 1.25) 0.03
Dorsolateral PFC (4) 90 1.01 (−1.97, 4.00) −1.37 (−3.98, 1.24) 0.23
Broca’s/BA 44 and 6 (5) 94 2.39 (−0.86, 5.64) −1.07 (−3.84, 1.71) 0.10
Superior/inferior temporal /postcentral gyrus (6) 93 4.50 (1.11, 7.89)‡ −1.11 (−4.03, 1.82) 0.01
Inferior parietal lobule (7) 92 1.82 (−0.84, 4.48) −1.92 (−4.19, 0.35) 0.03
Superior parietal lobule (8) 83 0.72 (−1.72, 3.16) −2.32 (−4.41, −0.23)‡ 0.06

Right hemisphere
Inferior frontal pole (9) 94 3.55 (0.44, 6.66)‡ −1.95 (−4.61, 0.71) <0.01
Broca’s/BA 44/45 (10) 91 4.75 (1.22, 8.29)‡ −2.56 (−5.56, 0.45) <0.01
Superior frontal pole /dorsolateral PFC (11) 92 0.42 (−2.42, 3.27) −2.31 (−4.82, 0.20) 0.15
Premotor/somatosensory cortex (12) 94 4.18 (1.04, 7.32)‡ −2.40 (−5.08, 0.29) <0.01
Posterior superior/middle temporal sulcus (13) 94 1.83 (−1.32, 4.98) −1.85 (−4.54, 0.84) 0.07
Inferior parietal lobule (14) 93 0.55 (−2.19, 3.28) −2.42 (−4.75, −0.08)‡ 0.10
Superior parietal lobule (15) 85 −0.29 (−2.55, 1.97) −2.36 (−4.56, −0.17)‡ 0.18

Abbreviations: BA = Brodmann Areas, PFC = prefrontal cortex.
*Adjusted for age of child at assessment (continuous variable), child’s sex, maternal age at delivery (continuous), maternal education at
delivery (<sixth grade, 7th to 12th grade, completed high school), and quality of the home environment at the 10.5-y visit (continuous
HOME z-score).
†Wald P value for interaction by sex.
‡Non-FDR-corrected P < 0.05.
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interpret these results with caution and continue to explore
methods for appropriately accounting for test performance when
examining associations of exposures with brain activation. Finally,
due to the large number of tasks (6), localization clusters (15), and
OP exposure measures (6, including total OPs) as well as many
other comparisons, multiple testing is certainly a concern when
interpreting these data. When we applied an FDR correction, we
found no statistically significant associations, likely due to our
small sample size, but also because FDR correction is an ex-
tremely conservative approach to adjusting for multiple compar-
isons. We therefore interpret our non-FDR-corrected estimates
with caution, not highlighting any isolated findings but rather fo-
cusing on patterns of associations.

Conclusions

In summary, we found that prenatal OP exposure was associated
with altered brain activation patterns during tasks of executive
function and sex-specific activation patterns for language com-
prehension in this population-based CHAMACOS study. This
study of prenatal OP exposure and brain activation in humans
suggests that OPs may be impacting cognitive function at the
neural level. We anticipate that this work will pave the way for
more widespread use of neuroimaging, and more specifically
fNIRS, a relatively inexpensive and easily accessible technology,
in assessing the impact of a range of environmental exposures on
brain function.

Methods
Study Sample and Recruitment for Functional Neuroimaging Study. We
recruited youth who participated in the present study into the CHAMACOS
cohort in years 2009 to 2011, when they were 9 y old. This constituted the
second wave of enrollment to the CHAMACOS study (“CHAMACOS 2” or
“CHAM2” enrollment), which was intended to augment the existing
(“CHAM1”) portion of the cohort enrolled prenatally, with additional, de-
mographically similar children. Children were eligible for CHAM2 enrollment
if they were 1) born in 2000 to 2002 to mothers who were Spanish- or
English-speaking, 2) had lived in the Salinas Valley during pregnancy and still
resided there at child age 9 y, 3) were MediCal-eligible during pregnancy, 4)
had received prenatal care, and 5) were at least 18 y old at time of delivery.
We recruited eligible families through elementary schools, libraries, churches,
food banks, and outreach at community events. In total, we enrolled
305 children in the CHAM2 portion of the cohort, of whom 288 completed
study visits 5 y later (2014 to 2016) at age 14 y.

In 2017, we recruited a subset of participants for this preliminary fNIRS
study from among these 288 active CHAM2 participants. Our target number
of participants for this preliminary study was between 80 and 100. To op-
timize the precision of our pesticide exposure measure, which is based on the
primary residential address during pregnancy as reported by the mother at
child age 9 y, we recruited youth whose mothers 1) had provided a mappable
(i.e., valid) primary pregnancy address at the age 9 y visit and 2) had reported
living at the same address for the majority of their pregnancy (of the
95 participants in this study, 86 reported that they did not move during their
pregnancy; the 9 mothers who did move spent a median of 87% of their
pregnancy at the primary address).

We recruited eligible participants primarily by phone, although some who
were due for a routine 16-y study visit during the data collection period were
invited to participate when they attended that visit. In all cases, our research
field coordinator first described the fNIRS study visit to the parent of the
youth and then requested permission to describe the visit to the youth. The
most common reason for nonparticipation was that the participant had a
disconnected phone line or lived out of town; other reasons included refusal
(n = 7 youth or their mothers refused to participate) and house arrest (n = 2).
When both parent and youth were in agreement that the youth could
participate, we scheduled an fNIRS study visit. Parents provided written
permission and youth (ages 15 to 16 y) provided written assent to partici-
pate. All research activities were approved by the Office for the Protection
of Human Subjects at University of California, Berkeley. We ultimately
completed a full fNIRS visit with 95 youth.

Functional Neuroimaging Data Collection. We measured cortical neural acti-
vation using fNIRS, a method of optical neuroimaging which characterizes
hemodynamic changes at the brain’s surface (i.e., just beneath the scalp) in a

priori-identified regions of the brain. Specifically, we employed the NIRScout
(NIRx Medical Technologies), a versatile neuroimaging platform that allows
customization of optode placement to target activity in specific regions of
the brain. We positioned the optodes over standard 10 to 20 system loca-
tions using individually sized caps (Brain Products) selected based on head
circumference. The 10 to 20 locations were spatially adjusted across all cap
sizes to maintain consistent coverage of our regions of interest despite
changes in head size across participants (36, 37). Consistent 3-cm channel
distance was achieved using plastic supports between each source/detector
pair that constituted a recording channel. We synchronized our fNIRS data
collection with a computerized neurobehavioral test battery, monitoring
hemodynamic changes in response to specific stimuli and tasks.

At the start of the visit, trained study staff measured participant head size,
selected an appropriately sized cap, placed it on a mannequin, and fit
28 optodes (16 sources and 12 detectors) on the cap in a set configuration
(Figs. 2 and 3), designed to optimize coverage of brain structures in the
frontal, temporal, and parietal lobes. Fig. 3 shows source and detector lo-
cations on the scalp and Fig. 2 shows the channel locations (visualized as the
midpoint between each source and detector pair) as well as the functional
localization clusters (described later). We selected these regions (Table 1,
column 3) based on the previous neuroimaging study of prenatal OP ex-
posure (20) (Table 1, column 1) as well as epidemiologic studies of prenatal
OP exposure and neurobehavioral outcomes (11–13, 18, 19) (Table 1, column
2). Prior to placement of the cap on the participant’s head, we asked par-
ticipants to complete a brief survey (Covariate Data Collection). Staff also
presented a PowerPoint-based visual practice session of each neuro-
behavioral task along with instructions on how to complete it. Staff then
placed the optode-fitted cap on the participant’s head, performed calibra-
tion tests, and adjusted optodes as needed.

Participants engaged in 6 tasks that assess neurobehavioral functions
previously linked with prenatal OP exposure in epidemiologic studies, in-
cluding attention, working memory, cognitive flexibility, response inhibition,
social cognition, and language comprehension. We generated all tasks using
code written in-house for Psychtoolbox-3 Psychophysics Toolbox Version 3 in
MATLAB 2014b, with trial order and timing optimized to maximize detect-
able changes in hemodynamic response using OptSeq2 (38). Tasks were
presented on a MacBook Pro connected to a 20-inch light-emitting diode
monitor. We collected hemodynamic activity data, including oxygenated
hemoglobin (HbO) and deoxygenated hemoglobin (HbR), with a sampling
frequency of 3.9063 Hz from 36 channels, grouped into 15 functional lo-
calization clusters on both the right and left hemispheres, including 9 clus-
ters in the prefrontal cortex, 2 in the temporal, and 4 in the parietal regions
(Fig. 3). To avoid bias associated with test fatigue, we presented the 6 tasks
in a randomized order across 2 testing sessions (3 tasks in each session with a
break in between). The 1 exception was the Go/No-Go, a test of attention
and vigilance, which was always presented at the end of 1 of the 2 testing
sessions. The tasks included 1) the Wisconsin Card Sorting Test, a test of
cognitive flexibility and executive function where the participant matches
cards based on an unstated rule (shape, number, or color); 2) the Sternberg
working memory task, a test of letter-retrieval working memory where the
participant is asked to recall if a presented letter was in a previously viewed
string of 7 to 8 letters; 3) the Visuospatial N-back, a test of visuospatial
working memory where the participant is instructed to respond if a stimulus
is presented in the same location as the previous trial (1-back) or 2 trials
previous (2-back); 4) the Go/No-Go, a test of attention and response in-
hibition where the participant is instructed to press a button when any letter
other than “X” appears (i.e., Go trials) and withhold a button press when
“X” is shown (i.e., No-Go trials); 5) Pyramids and Palm Trees, a test of verbal
comprehension where the participant decides which of 2 words is semanti-
cally related to a stimulus word; and 6) the Dynamic Social Gestures task, an
implicit test of social cognition, where the participant views video clips
portraying social gestures (e.g., friendly wave) and nonsocial gestures (e.g.,
looking at a book). We provide more comprehensive task descriptions in
SI Appendix.

We assessed patterns of brain activation for each task of interest using a
generalized linear model (GLM) approach, which has been well established
for analysis of event-related as well as blocked fNIRS designs (39). The onset
and duration of each condition of interest were submitted to the GLM
procedure as predictor variables used to estimate standardized β coefficients
for each condition and within each channel. The sign and magnitude of each
β coefficient provides an indicator of the direction (positive/negative) and
intensity of blood oxygen level-dependent change (i.e., brain activity) that
occurs during each condition. We estimated β coefficients for all task and
control conditions (we describe control conditions in SI Appendix). In order
to capture the brain activation unique to the task demands, and thus not
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expected to be present in signals corresponding to the control conditions,
we made contrasts between each β coefficient and its corresponding control.
We included data from all trials in the GLM, with the exception of the
Wisconsin Card Sorting task, in which we only included data collected for
correct responses (6 times in a row, the number required to reach criteria).

We utilized a functional localization approach (40–42) to account for variation
in cortical activation in response to our tasks. This procedure allows for minor
individual variation in the location of task-responsive brain regions across par-
ticipants and reduces the risk of committing type II (i.e., false negative) errors
due to averaging across nonresponsive channels. We grouped channels based on
proximity and anatomical location (Fig. 2) to create 15 clusters. Within each of
the 15 functional localization clusters (42), we selected the channel with the
greatest contrast value. Technical problems with data collection as well as data
cleaning (see SI Appendix for details) led to some exclusions that reduced our
sample sizes; these exclusions varied across tasks and localization clusters.

OP Pesticide Exposure Assessment.We quantified ambient, prenatal exposure
to agricultural pesticides by linking the latitude and longitude coordinates of
mothers’ self-reported (at child age 9 y) primary pregnancy address with
California’s unique PUR database (43). The PUR database, compiled by Cal-
ifornia’s Department of Pesticide Regulation, contains geocoded location (in

square-mile sections) and date-stamped records with the amount of active
ingredients used for every commercial agricultural pesticide application in
the state dating back to 1990 (43). We estimated the amount (kilograms) of
agricultural OP pesticide use within a 1-km buffer distance of the pregnancy
address and weighted pesticide use based on the amount of time the resi-
dence was downwind of the applications using wind direction data. We
selected a 1-km buffer distance for this analysis because it best captures the
spatial scale most strongly correlated with measured agricultural pesticide
concentrations in house dust samples (8, 44). We replaced PUR data outliers
with unusually high application rates (>2 SD above the mean application
rate), that were likely data entry errors, with the median application rate for
that pesticide and crop combination (44). We examined exposure to the
5 most common OP pesticides (acephate, chlorpyrifos, diazinon, malathion,
and oxydemeton-methyl) and the sum of all OP pesticides used in the region
(15 total) (15). Note that because the participants in CHAM2 did not join the
CHAMACOS study until age 9 y we do not have prenatal biomarker of their
pesticide exposure, such as urinary DAPs.

Covariate Data Collection. We obtained sociodemographic data from in-
person maternal interviews at all visits between enrollment and child age
14 y. We administered the Home Observation for the Measurement of the

Fig. 3. Source and detector locations on the scalp. Sources (16) are shown in red and detectors (12) in blue. Orange dots indicate 10 to 20 positions and
purple lines indicate measurement channels. Semitransparent scalp surface rendering is shown on top of an opaque brain surface. All source and detector
positions were based on a major 10 to 20 landmark. Plastic supports were used to maintain a consistent 3-cm channel distance between each source/detector
pair that constituted a recording channel.

Fig. 2. fNIRS channel (n = 36) locations and functional localization clusters (n = 15) in the CHAM2 study, enrolled 2009 in Salinas Valley, California. Red circles
represent channel locations visualized as the midpoint between each source and detector pair. Yellow circles are clusters based on proximity of channels and
anatomy, and include 1 = left inferior frontal pole; 2 = left superior frontal pole; 3 = left Broca’s/Brodmann areas 44 and 45; 4 = left dorsolateral prefrontal
cortex; 5 = left Broca’s/Brodmann areas 44 and 6; 6 = left superior/inferior temporal gyrus/postcentral gyrus; 7 = left inferior parietal lobule; 8 = left superior
parietal lobule; 9 = right inferior frontal pole; 10 = right Broca’s/Brodmann areas 44 and 45; 11 = right superior frontal pole/dorsolateral prefrontal cortex; 12 =
right premotor/somatosensory cortex; 13 = right posterior superior/middle temporal sulcus; 14 = right inferior parietal lobule; 15 = right superior parietal lobule.

8 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1903940116 Sagiv et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903940116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1903940116


Environment-Short Form (HOME-SF) (45) to assess the home learning envi-
ronment when the child was 10.5 y of age.

In addition, just before fNIRS testing, youth completed a brief, self-
administered, tablet-based survey regarding their handedness and other
factors that could affect their performance. This included recent intake of
nicotine, alcohol, marijuana, medications, and caffeine; how well they had
slept the night before testing; whether or not they had eaten that morning;
and their self-assessed levels of sleepiness and mental fatigue.

Statistical Analysis.We used 1-sample t tests to determine whether there was
significant brain activation (increased HbO and decreased HbR) in each lo-
calization cluster for each task contrast of interest. Although we used HbO
for all subsequent analysis, localization based on both HbO and HbR ensured
we were ascertaining valid activations and taking advantage of the full
scope of the fNIRS data. Contrast conditions included maintenance/encoding
vs. recall for the Sternberg working memory task; semantic meaning vs.
control condition for the Pyramids and Palm Trees task; card sort vs. control
for the Wisconsin Card Sorting Test; No-Go vs. Go for the Go/No-Go task;
2-back vs. 1-back vs. control, parametrically analyzed, for the N-back; and
social vs. nonsocial gestures for the Dynamic Social Gesture task. We fit
linear regression models to estimate associations (β and 95% CI) of log10-
transformed OP pesticide exposure with brain activation; β coefficients
represented the change in brain activity during a challenge vs. control task
per 10-fold increase in exposure. In this preliminary study of n = 95, we
primarily examined associations without correcting for multiple compari-
sons. In secondary analysis, to account for multiple comparisons, we con-
trolled for type I error using the Benjamini–Hochberg FDR at <0.05 (46). We
tested for linearity of the exposure–outcome associations using generalized
additive models with 3 degrees of freedom cubic splines. Since linearity was
justified across most associations, we present the results of our linear
regression models.

We selected covariates to adjust for in multivariable regression models a
priori using a causal model framework (47) (refer to SI Appendix, Fig. S2 for a
directed acyclic graph). We adjusted for age of child at assessment (continu-
ous variable), child’s sex, maternal age at delivery (continuous), maternal
education at delivery (<sixth grade, 7th to 12th grade, completed high
school), and quality of the home environment at the 10.5-y visit (continuous
HOME score, standardized within our sample using z-scores). When available,
we used data from earlier time points to replace missing covariate data.

To facilitate comparison of effect size measures from these multilevel
models across other studies, we computed the proportion of variance
explained by the given effect (R2

2) relative to the proportion of outcome
variance unexplained (R2

1) f
2
= (R2

2 − R2
1)/(1 − R2

2) (48), where a value of
0.02 is considered a small effect, 0.15 a medium effect, and 0.35 a large
effect (49).

In addition to estimating associations of OPs with brain activation on the
fNIRS, we also examined associations of total OPs with task performance,
including, where applicable, errors, accuracy, and reaction time. We also
examined total OPs and brain activation associations across test performance
by dichotomizing performance at the median score for each task and esti-
mating OP-fNIRS associations for those who performed above and below the
median. We did not examine task performance for Dynamic Social Gestures.
The performance aspect of this task (pressing a button when a red dot
appeared on the screen) was to ensure that the participant was attending to
the task so that we could record their neural response to a social vs. nonsocial
gesture; performance accuracy therefore did not reflect social cognition.

We examined effect modification by sex by including an interaction term
between OP exposure and sex in the multivariable linear regression models
and computing sex-specific effect estimates. We conducted the following
sensitivity analyses to examine how robust findings were to the following
adjustments: 1) restricted to right-handed individuals (n = 6 were left-
handed); 2) restricted to those who reported no substance use (alcohol or
marijuana) in the previous 24 h (n = 8 reported substance use); 3) restricted
to individuals whose mothers did not move during the pregnancy (n = 9
moved during their pregnancy); and 4) adjusting for family poverty level.
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