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BACKGROUND: Prenatal exposure to environmental chemicals may increase risk of childhood internalizing problems, but few studies have explored
the potential for longer-term consequences of such exposures.

OBJECTIVE: We evaluated associations between prenatal organochlorine and metal levels and early adulthood internalizing symptoms, considering
whether sociodemographic/nonchemical stressors modified these associations.

METHODS: Participants were 209 young adults, born (1993-1998) to mothers residing in or near New Bedford, Massachusetts. As part of the early-
adult assessment, self-reported anxiety (7-item Generalized Anxiety Disorder scale) and depressive (8-item Patient Health Questionnaire) symptoms
(=10: elevated symptoms) were ascertained. We previously analyzed levels of cord serum organochlorines [hexachlorobenzene, dichlorodiphenyldi-
chloroethylene (p,p’-DDE), polychlorinated biphenyls (XPCBy: sum of congeners 118, 138, 153, 180)] and whole blood lead shortly after partici-
pants’ birth, and levels of cord whole blood manganese from archived samples at the time of the adolescent study visit. We used modified Poisson
regression models and quantile g-computation, adjusting for sociodemographics, and explored whether biological sex, race/ethnicity (proxy for
unmeasured consequences of racism), prenatal social disadvantage (assessed when participants were neonates), and quality of the home environment
(assessed during adolescence) modified these associations.

REsuLTS: Participants were (mean + standard deviation) 22.1 + 1.5 y old, 76% Non-Hispanic White, and 67% female. Prenatal hexachlorobenzene,
p.p’-DDE, and lead exposures were moderately associated with increased risk of elevated anxiety symptoms. There were strata-specific associations for prena-
tal social disadvantage and quality of home environment such that adverse associations of p,p’-DDE and lead and the overall mixture with anxiety and depres-
sive symptoms were largely only evident in those with lower nonchemical stress [e.g., risk ratio and 95% confidence interval (CI) per doubling p,p’-DDE for
anxiety: 1.54 (95% CI: 1.20, 1.99) in high-quality home environments and 0.77 (95% CI: 0.51, 1.16) in low-quality home environments]. Associations between
prenatal hexachlorobenzene and p,p’-DDE and anxiety symptoms were stronger for underrepresented racial/ethnic group participants vs. Non-Hispanic
Whites. We found minimal evidence for sex-specific effects, and no consistent associations with manganese or XPCB,.

DiscussIoN: Prenatal organochlorine pesticides and lead exposure possibly increases risk of internalizing problems, particular anxiety symptoms, in
young adults. Varying risk was observed by sociodemographic/nonchemical stressor strata, demonstrating the importance of considering interactions
between chemical and other stressors. https://doi.org/10.1289/EHP11171

Introduction
As the prevalence of anxiety disorders and depression in young
adults continues to rise,'? a better understanding of the contribut-
ing role of early-life stressors is critical to identifying susceptible
individuals and reducing physical, mental, and societal burden
caused by these internalizing disorders.? Certain risk factors for
anxiety and depression, such as female sex,>* lower socioeco-
nomic status,>* and a poorer-quality home and family environ-
ment,*> have been well characterized, but there is limited
research on the extent to which prenatal exposures to environ-
mental neurotoxicant chemicals influence risk in adulthood.
Prenatal exposures to environmental chemicals, including
organochlorines and metals, have been implicated as detrimental
to neurobehavioral development. However, most studies evaluated
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these exposures in relation to externalizing (e.g., hyperactivity,
inattention) rather than internalizing (e.g., anxiety, depression)
symptoms and focused on outcomes in childhood prior to major
core risk periods for anxiety and depression.®’ Prenatal organo-
chlorine and metal exposures may play a role in the development
of anxiety and depression. These chemicals, which readily cross
the placenta and blood-brain barrier, are hypothesized to alter the
function of neurotransmitters implicated in emotion regulation,
such as dopamine, gamma-aminobutyric acid (GABA), and gluta-
mate.®1* Insults to these neurobiological pathways may program
an individual for dysregulation of emotional and behavioral func-
tion across the life span.

Previous studies of internalizing symptoms in childhood, includ-
ing our prior work in the New Bedford Cohort (NBC),'> have pro-
vided limited evidence of associations (i.e., largely null results) with
prenatal exposure to organochlorines, including hexachlorobenzene
(HCB),'®!® dichlorodiphenyldichloroethylene (p,p’-DDE),!¢-20
and polychlorinated biphenyls (PCBs),'®2! and mixed evidence of
associations (i.e., positive and null results) with prenatal exposure to
lead (Pb)!'®21-2* and manganese (Mn).2423 In the NBC, we found an
adverse association between prenatal Pb and self-reported anxiety-
related symptoms in adolescence but not with parent-reported
symptoms in mid-childhood,'> highlighting that neurobehavioral
effects related to early chemical exposures may not be apparent until
later in development, during or after core risk periods for onset of
internalizing disorders,>2® and when more accurate self-report of
symptoms?”-28 can be ascertained. Additionally, most of this litera-
ture did not explore whether coexposures to other risk factors for
neurobehavioral disorders (e.g., sociodemographic, nonchemical,
and other chemical stressors) modify associations.
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In the current study, we examined prospective associations
between prenatal organochlorine and metal levels and early-
adulthood anxiety and depressive symptoms. Because sociodemo-
graphic and nonchemical risk factors, such as sex, race/ethnicity
(proxy for unmeasured consequences of racism), prenatal social
disadvantage, and quality of the childhood home environment,
may modify the impact of chemical exposures on neurobehav-
ior,2°73! we explored possible interactions with these stressors. We
hypothesized that greater prenatal chemical levels would be associ-
ated with higher risk of elevated symptoms, with stronger adverse
effects among those with sociodemographic-related or nonchemi-
cal stress risk factors (i.e., biological female sex, racial discrimina-
tion and/or structural racism, and social/material deprivation
reflected in prenatal social disadvantage or a poorer-quality home
environment).

Methods

Study Population: New Bedford Cohort (NBC)

The NBC is a longitudinal birth cohort of mother—child pairs who
were recruited after delivery at St. Luke’s Hospital (New Bedford,
Massachusetts) from 1993 to 1998.3233 During pregnancy, NBC
mothers resided in one of four towns (New Bedford, Acushnet,
Fairhaven, Dartmouth) adjacent to the New Bedford Harbor
Superfund site, a waste site highly contaminated with PCBs and
heavy metals between 1940 and the late 1970s. Eligible women
recruited into the study were >18 y old and English- and/or
Portuguese-speaking and had delivered vaginally (postsurgical nar-
cotic analgesia restricted consent after cesarean delivery). Infants
were excluded if they were not available for study-required neonatal
examination. The NBC ultimately consented and enrolled 788
mother—child pairs. Child participants have undergone periodic
follow-up assessments from birth through early adulthood.'>-3>3>

Between 2017 and 2019, a series of web-based neurobehavio-
ral assessments were completed by NBC participants at the early-
adult visit (age range: 19-25 y). Specifically, eight distinct neuro-
behavioral or questionnaire assessments were emailed, one at a
time, typically with a few months between mailings. One of these
emails included both the anxiety and depressive symptom assess-
ments; that information was used in the present study along with
data from a general questionnaire sent separately. Eligibility cri-
teria included intact cognition (i.e., no history of central nervous
system cancer or posttraumatic cognitive impairment that pre-
cluded testing), availability of at least one biomarker of prenatal
chemical exposure, and trackable contact information. Among
the 788 child participants enrolled at birth, 565 were eligible for
young-adult follow-up and had an email address to receive study
questionnaires. Of these, 325 consented to participate and com-
pleted at least one early-adult visit study questionnaire, with 240
specifically completing an anxiety and/or depressive symptom
evaluation (mean age: 22.1 y). A subset of participants also com-
pleted in-person testing to validate the web-based neurobehavio-
ral approach (89 participants did both in-person and web-based
anxiety and depressive symptom assessments).

The study research protocol was approved by the human sub-
jects committee of Brigham and Women’s Hospital (Boston,
Massachusetts). Web-based written consent was obtained from all
participants prior to early-adult study evaluations. Before other
study visit evaluations, we obtained written consent from all partic-
ipating parents and assent from all adolescent participants.

Chemical Exposure Assessment

Umbilical cord blood samples for organochlorine analyses (BD
Vacutainer” red top tubes without anticoagulant) and metal
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analyses (BD Vacutainer” lavender top tubes with EDTA anticoa-
gulant) were collected at birth. For organochlorines, blood sam-
ples were centrifuged, and the serum fraction was removed and
transferred into solvent-rinsed glass vials and stored at —20°C
until analysis. Organochlorine analyses were performed within
approximately 2 to 12 months of sample collection at the
Harvard T.H. Chan School of Public Health Organic Chemistry
Laboratory (Boston, Massachusetts). Using high-resolution gas
chromatography with electron capture detection, with primary
and confirmatory capillary columns, cord serum samples were
analyzed for HCB, p,p’-DDE, and 51 PCB congeners (see
Korrick et al.3* for complete list of congeners and their concen-
trations). In our analysis, we used the sum of the four most preva-
lent PCBs in the general population during the 1990s and early
2000s (XZPCBy; congeners 153, 118, 138, 180),3°-3% because
these were measured with the least error and are often used when
exploring congener-specific effects. The limits of detection
(LOD) for HCB, p,p’-DDE, and most individual PCB congeners
were 0.01, 0.07, and 0.01 ng/g serum, respectively. For the orga-
nochlorine analyses, within-batch coefficients of variation (CV)
ranged from 3% to 7% and between-batch CV from 20% to
39%.32:3339 CVs reflected replicate analyses of cord serum qual-
ity assurance (QA)/quality control (QC) samples.

Cord whole blood samples for metal analyses were stored at
4°C and then digested prior to analysis at the Harvard T.H. Chan
School of Public Health Trace Metals Laboratory (Boston,
Massachusetts). We selected Pb and Mn as exposures for this anal-
ysis because «a) there is animal and epidemiological evidence of
associations between prenatal exposure to these metals and inter-
nalizing symptoms or other adverse neurobehavioral outcomes;
and b) these metals were the only ones measured in the same bio-
marker as organochlorines in the NBC, and there was minimal
missingness for cord blood samples in comparison with other neu-
rotoxic metals (e.g., arsenic, cadmium, mercury) measured in
maternal peripartum hair or toenails. Pb analyses were performed
on average about 6 months after sample collection, and analyses of
archived cord blood digests for Mn were performed as part of the
15-y assessments. Chemical analyses were conducted using iso-
tope dilution (ID) inductively coupled plasma—mass spectrometry
(ICP-MS) for assessment of concentrations of Pb (Sciex ELAN
5000; Perkin Elmer) and external calibration on a dynamic reaction
cell (DRC) ICP-mass spectrometer (DRC-ICP-MS; ELAN 6100,
Perkin Elmer) for assessment of concentrations of Mn. Metal con-
centrations were reported as the mean of five replicate measure-
ments. The LOD for Pb and Mn was 0.02 pg/dL whole blood.
Laboratory recovery rates for QC standards and spiked samples
ranged from 90% to 110%. The relative standard deviation (SD)
percentage of replicate sample analyses was <5%.40

In the current analyses, machine concentration readings <LOD
for organochlorines and metals were used to optimize statistical
power and avoid biased exposure estimates due to censoring at the
detection limit.*! For this analytic cohort, machine concentration
readings were above zero for all included organochlorine and metals.

In addition to evaluating Pb levels in cord blood, for a subset
of the NBC where comprehensive pediatric medical record
review for routine Pb exposure screening data was possible
(n=1576), infant and childhood blood Pb levels were abstracted.
Peak early childhood Pb, an available postnatal exposure index in
the NBC that has been previously linked to Pb-associated cogni-
tive deficits,*>*> was estimated as the maximum value between
ages 12 to 36 months.

Outcome Assessments

On web-based and/or in-person assessments at the early-adult
visit (age range: 19-25 y), participants completed the 7-item
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Generalized Anxiety Disorder scale (GAD-7)** and 8-item
Patient Health Questionnaire (PHQ-8).*> The GAD-7 and PHQ-8
are questionnaires that assess severity of anxiety and depressive
symptoms, respectively, in the prior 2 wk, using a 4-point Likert
scale (0-3). These questionnaires are used as diagnostic screen-
ing tools for generalized anxiety disorder and depression, dicho-
tomized at a score of >10 to indicate moderate levels of
symptoms and a clinical cut point for further evaluation.*+43

In analyses, we included GAD-7 and PHQ-8 scores that were
fully complete or only lacked a response to one question. In a
few cases where one response was not answered [n=3 (1%) for
GAD-7 and PHQ-8, each], we prorated the score and rounded it
to the nearest whole number (e.g., multiplying an incomplete
GAD-7 score by seven-sixths). Web-based questionnaire scores
were used in cases where participants also completed an in-
person study visit, but in some instances participants only filled
out these assessments in-person, and in those cases, we used
the available scores from the in-person assessment (n=31 for
GAD-7, n=32 for PHQ-8; 13%). Although web-based and in-
person visits were typically completed 4 months apart [median
(range): 4.0 (0.8-19) months], retest scores were positively and
highly correlated, with Spearman’s rank correlations (r;) of 0.71
for GAD-7 and 0.81 for PHQ-8 scores. Reliability among retest
scores remained high regardless of timing between questionnaires
(e.g., ry for GAD-7 was 0.70 when retested in a time span of <4
months, and 0.71 for >4 months). Of the 240 participants who
completed either questionnaire at least once, 239 participants had
available GAD-7 and PHQ-8 scores, because two individuals
completed only one of the assessments.

On an early-adult visit general questionnaire, participants
reported whether, during the past 10 y, they had ever had a diag-
nosis of an anxiety disorder or depression by a psychologist, ther-
apist, school professional, or other doctor. At this time, study
participants also reported medications taken on a regular basis,
including psychotropic drugs frequently used to treat anxiety or
mood disorders (see Table S1).

Covariate Assessment

Just after the child’s birth, a trained study nurse abstracted infor-
mation on the medical course of each NBC mother’s pregnancy
and delivery, and on infant’s race/ethnicity, biological sex, and
birth outcomes from hospital records. As previously described,*
an obstetrical risk score was derived to summarize adverse condi-
tions prior to or during pregnancy, labor and delivery, and the
neonatal period.*®

During home visits occurring approximately 2 wk after birth,
information on parental and household characteristics, including
maternal age, marital status, diet, smoking during pregnancy,
maternal and paternal education, and annual household income
were ascertained via questionnaires completed by study mothers.
Maternal marital status and smoking status, parental education,
and annual household income questions were asked of study
mothers at the 6-month, 8-y, and/or 15-y assessments to update
information. Generally, child race/ethnicity was ascertained from
infant medical record review data, but where those data were not
available, race/ethnicity information collected from study moth-
ers at 6-month or 8-y assessments was used. The child’s race/
ethnicity was determined using questionnaire categories that
included White; Hispanic; Black or African American; Asian
American; Native American; and Other, with a free-text option
for specifying. Because a significant portion of “Other” responses
included “Cape Verdean,” it was added as its own category.

Modifying methods used in prior studies that examined child-
hood social disadvantage,*’*® we constructed a measure of
prenatal social disadvantage specific to the NBC, based on five
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sociodemographic factors at birth. This index summarized data
on maternal age (<20, >20 y); maternal and paternal education
(<high school graduate, post—high school education); maternal
marital status (not married, married); and annual household
income (<USD $20,000, >$20,000), scored as 1 or 0, for a total
possible range of 0-5. In cases where data on one of these covari-
ates were missing in our analytic cohort (n = 3; 1%), we weighted
the composite score to five responses and rounded to the nearest
whole number (i.e., multiplied by five-fourths); if >1 covariate
was missing data, then the prenatal social disadvantage index
(PNSDI) score was considered missing. For analyses, we derived
a dichotomized variable in which >3 was considered high disad-
vantage, 3404950 because this cut point was sensitive to greater
risk of exposure to other prenatal and childhood environmental
and social stressors in the NBC.

The 8-y and 15-y study assessments included a home visit in
which the Home Observation for Measurement of the Environment
(HOME) was used to assess and summarize the quality of the home
environment and parenting skills. Consisting of direct questions as
well as observed items, the HOME is a validated tool that measures
the physical environment, as well as the amount and quality of sup-
port and stimulation available to a child at home, with a higher score
indicating a more enriching environment.>'>> We prioritized
HOME scores (total score: 0-60) from the 15-y assessment, using
the previous (8-y) scores if available in cases (n=16; 8%) when
15-y scores were not. For analyses, we derived a dichotomized vari-
able in which less than the sample median HOME score value of 45
was considered a low score that indicated a poorer-quality home
environment.

Statistical Analysis

For all analyses, we log,-transformed biomarkers of chemical ex-
posure levels. Using prior literature and with consideration of
avoiding overfitting regression models,>* we used directed acy-
clic graphs (Figure S1) to select a priori potential confounders,
predictors of internalizing symptoms, and effect modifiers in
regression models.>* The covariates included in all models were
parental and household characteristics [PNSDI score (<3, >3),
maternal smoking during pregnancy (no, yes), HOME score
(>median of 45, <45)] and participant characteristics [biological
sex (female, male), age at early-adult assessment (continuous;
years), race/ethnicity (Non-Hispanic White, underrepresented
racial/ethnic group)]. Due to limited sample size in racial/ethnic
identities besides Non-Hispanic White, we categorized Hispanic,
Black or African American, Asian American, Native American,
Cape Verdean, and Other racial/ethnic groups together for analy-
sis, because we hypothesize these groups experience a greater,
although varying, degree of discrimination and racism.

Because elevated GAD-7 and PHQ-8 scores were not a rare
outcome and because we were interested in relative risk, we used
modified Poisson regression with a robust error variance
approach® to estimate associations between prenatal chemical
concentrations and risk of elevated symptoms. We first examined
potential nonlinear associations between prenatal biomarker con-
centrations and the log risk ratio (RR) of outcomes using
covariate-adjusted generalized additive models and, in most
cases, found linear relationships. Some of the modeled splines
indicated possible quadratic associations; consequently, we com-
pared goodness of fit, using the quasi-likelihood under the inde-
pendence model information criterion (QIC,), between models
including linear terms vs. linear and quadratic terms for expo-
sures. In these cases, QIC, values were better for the linear term
model or not appreciably different (within 1 point of each other)
between the two models (Figure S2); thus, for the sake of parsi-
mony, all exposures were modeled as linear terms, with effect
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estimates representing risk per doubling cord blood biomarker
concentration. We evaluated the presence of associations based
on both magnitude and precision of effect estimates.

Based on prior literature, we identified sociodemographic and
nonchemical stressors (hereafter referred to as other stressors),
including participant biological sex, race/ethnicity (surrogate for
experience with racial discrimination and/or structural racism),
PNSDI, and adolescent HOME score; we explored whether these
other stressors modified the association of prenatal chemical con-
centrations with internalizing symptoms. We did so by a) includ-
ing product interaction terms between chemical concentrations
and the other stressors in models (our primary approach) and b)
running main effects models in data sets stratified by each dicho-
tomized other stressor. These two approaches were used due to
possible concerns of varying confounder relationships in expo-
sure—outcome relationships by strata, in which the use of an inter-
action term would be inappropriate and bias results.

In main analyses, we fit single-exposure covariate-adjusted
models for the overall analytic cohort and then models that addi-
tionally included product interaction terms between the exposure
and one of the other stressors. Thus, for each exposure and out-
come, we ran five separate models (i.e., main effects model; ones
additionally including an exposure—sex, exposure—race/ethnicity,
exposure-PNSDI, or exposure-HOME product interaction term).
With respect to an explicit statistical significance level, we used
a=0.05, but we also highlighted findings that were suggestive
but did not meet this threshold. For possible heterogeneity in
strata-specific effects, we assessed the magnitude and precision
of associations within strata and interaction term p-values.

Additionally, to evaluate the effect of the five-chemical mixture
on risk of elevated internalizing symptoms, we used quantile-based
g-computation.>® Briefly, this approach specifies an index formed as
a weighted combination of quantile scores for each pollutant in the
model and applies g-computation to estimate the joint association of
a quantile increase of the total mixture. Based on our assessment of
generalized additive models, we assumed linearity of associations.
We fit logistic regression models with no bootstraps to obtain
weights for each exposure (i.e., strength/direction of the association
between each exposure and outcome). Then, running 10,000 boot-
strap samples, we estimated RRs (95% “pointwise” bounds) for the
overall mixture effect. We ran quantile g-computation in the overall
analytic cohort and in data sets stratified by the other stressors to
obtain effect estimates. Then, in the overall analytic cohort, we fit
models with a product term between the chemical mixture and each
of the other stressors to test statistical interactions.

We investigated concordance between elevated GAD-7 and
PHQ-8 symptoms in the overall analytic cohort. Furthermore, in
the subset of participants who completed medical history ques-
tionnaires at the early-adult assessment (n=167), we first deter-
mined concordance between a) elevated GAD-7 symptoms and
self-report of clinical diagnosis of an anxiety disorder and b) ele-
vated PHQ-8 symptoms and self-report of a clinical diagnosis of
depression. Then, we performed secondary single-chemical anal-
yses considering self-report of an anxiety disorder and of depres-
sion in the prior 10 y as outcomes of interest. As with the GAD-7
and PHQ-8, we explored overall and strata-specific associations.

We performed sensitivity analyses in which we examined poten-
tial selection bias, residual confounding, or influence of outliers for
the single-chemical main analysis of GAD-7 and PHQ-8 outcomes.
First, we used inverse probability of censoring weighting (IPCW) to
quantify potential selection bias due to cohort attrition and exclusion
of participants without complete case information.>”->® We explored
predictors of dropout (i.e., missing exposure, outcome, and/or cova-
riate data) and then calculated stabilized truncated weights to
include in the analysis. To evaluate possible coexposure
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confounding, we a) mutually adjusted for all chemical exposures in
one model (i.e., by including the five separate chemical variables)
and b) further adjusted models of organochlorine exposures for
maternal seafood (continuous; servings per day) and local produce
consumption (yes/no) during pregnancy, because these dietary
exposures may act as negative confounders (i.e., consumption is
associated with higher organochlorine exposures, and with positive
neurobehavioral effects due to coexposure to essential nutrients).>
We also fit models that excluded participants on regular psycho-
tropic medications, because these individuals’ symptoms may be
altered by medication use. When considering cord blood Pb as the
exposure of interest, we included peak early childhood Pb as a cova-
riate to investigate the effect of Pb in these two separate exposure
windows. Last, in generalized additive models, we observed that the
HCB minimum value was an influential outlier, and so we ran all
single-chemical HCB models excluding that observation.

Among 240 participants who completed the GAD-7 and/or
PHQ-8 assessments in early adulthood, 234 had cord serum orga-
nochlorine measures, and of those, 204 had complete covariate
data. For analyses of prenatal Pb and Mn, 228 and 220 partici-
pants had cord blood biomarker measures, respectively. Of those
with these prenatal metal biomarkers, 198 and 193 participants
had measures of cord blood Pb and Mn, respectively, as well as
complete data on covariates. Data from 188 participants were
used in five-chemical Poisson regression and quantile g-computa-
tion analyses. A total of 209 participants were included in at least
one complete case analysis (see flow chart: Figure S3).

Results

Study Population Characteristics

Of those 209 participants included in the analytic data set, a large
proportion of their parents [49% (n=101) of mothers and 63%
(n=131) of fathers] had an education level of high school graduate
or lower at the time of their child’s birth. One-quarter of mothers
reported smoking during pregnancy (n=53, 25%), and 33%
(n=68) were categorized with a high PNSDI (more disadvantaged).
At the time of GAD-7 and PHQ-8 assessment, the mean + SD age
of study participants was 22.1 + 1.5 y. Approximately two-thirds of
early-adult study participants were female (n = 139, 67%), and most
identified as Non-Hispanic White (n =158, 76%) (Table 1). Of the
51 participants from underrepresented groups, most participants
identified as Cape Verdean (n =20, 10%) or Hispanic (n =18, 9%);
the others identified as Black or African American, Native
American, Asian American, or another race/ethnicity. Among those
categorized as belonging to a higher risk sociodemographic or psy-
chosocial stressor group, concordances between high PNSDI, low
HOME score, and the underrepresented racial/ethnic group were
moderate to strong, with the greatest overlap between those with a
high PNSDI also having a low HOME score (Table S2).

Participants who completed the GAD-7 and PHQ-8 assess-
ments at the early-adult visit were more likely to be female and
Non-Hispanic White and have low PNSDI and high HOME
scores than those initially enrolled in the cohort who did not par-
ticipate in these assessments (Table S3).

Organochlorine and Metal Exposures

The median biomarker levels of organochlorines in cord serum
were 0.02, 0.33, and 0.20ng/g for HCB, p,p’-DDE, and XPCBy,
respectively. Median peak early childhood Pb concentration was
higher than cord blood Pb (5.8 vs. 1.1 pg/dL), and median cord
blood Mn was 4.0 pg/dL (Table 2). The cord serum organochlor-
ines were positively and moderately correlated, with r, of 0.36
for HCB and XPCB4, 0.38 HCB and p,p’-DDE, and 0.61
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Table 1. Characteristics of 209 young adult New Bedford Cohort participants included in at least one complete case analysis and their associated RRs (95%
CI) [RR (95% CI)] for elevated anxiety symptoms on the GAD-7 scale and elevated depressive symptoms on the PHQ-8.

Mean + SD or n (%)

RR (95% CI) of elevated GAD-7
anxiety symptoms

RR (95% CI) of elevated PHQ-8
depressive symptoms

Parental and household characteristics
PNSDI score (0-5 scale)

High (>3) 68 (33)

Low (<3) 141 (67)
Maternal age at child’s birth”

<20 y” 24 (11)

>20y 185 (89)
Maternal education™”

High school graduate or less” 101 (49)

Junior college, college, and/or postgraduate 107 (51)
Paternal education®”

High school graduate or less” 131 (63)

Junior college, college, and/or postgraduate 76 (37)
Annual household income at birth” (USD)

<$20,000” 64 (31)

>$20,000 145 (69)
Maternal marital status at birth”

Not married” 68 (33)

Married 141 (67)
Maternal prenatal smoking

Yes 53 (25)

No 156 (75)
HOME score (0-60 scale)”

Low [<median (45)] 93 (44)

High [>median (45)] 116 (56)
Participant characteristics

Age at GAD-7 and PHQ-8 assessment (per year) 22.1+1.5
Sex

Female 139 (67)

Male 70 (33)
Race/ethnicity

Underrepresented group” 51 (24)

Non-Hispanic White 158 (76)

Early adult anxiety and depressive symptom characteristics

GAD-7 anxiety symptoms score (0-21 scale)” 5.6+4.1
PHQ-8 depressive symptoms score (0—24 scale) 6.4+5.7
GAD-7 symptoms*

Elevated (>10) 40 (19)

Not elevated (<10) 168 (81)
PHQ-8 symptoms

Elevated (>10) 51 (24)

Not elevated (<10) 158 (76)
Psychotropic medication use”

Yes 15 (9)

No 149 (91)
Diagnosis of an anxiety disorder”

Yes 43 (25)

No 129 (75)
Diagnosis of depression?

Yes 36 (21)

No 136 (79)

2.33(1.34,4.02) 2.33 (1.46, 3.72)
Ref Ref

2.01 (1.06, 3.82) 1.65 (0.92, 2.95)
Ref Ref

2.82(1.49,5.34) 1.78 (1.08, 2.94)
Ref Ref

1.97 (0.99, 3.91) 1.65 (0.94,2.91)
Ref Ref

1.88 (1.09, 3.26) 2.01 (1.27, 3.20)
Ref Ref

2.33 (1.34,4.02) 2.16 (1.35, 3.44)
Ref Ref

1.57 (0.89, 2.78) 1.47 (0.90, 2.41)
Ref Ref

1.89 (1.07, 3.35) 2.29 (1.38, 3.79)
Ref Ref
1.04 (0.87, 1.24) 1.11 (0.95, 1.29)

1.52(0.79, 2.93) 1.47 (0.84, 2.58)
Ref Ref

1.90 (1.09, 3.30) 1.55(0.95, 2.53)
Ref Ref

3.29 (1.81, 5.98) 2.88 (1.72, 4.84)
Ref Ref

4.58 (2.50, 8.40) 2.73 (1.66, 4.49)
Ref Ref

5.77 (3.19, 10.4) 3.78 (2.34,6.11)
Ref Ref

Note: —, no data; CI, confidence interval; GAD-7, Generalized Anxiety Disorder scale; HOME: Home Observation for Measurement of the Environment; PHQ-8, Patient Health
Questionnaire; PNSDI, prenatal social disadvantage index; Ref, reference; SD, standard deviation.

“For participants included in any of the complete case analyses, the following covariates have missing data (n missing): 1 with maternal education level, 2 for paternal education level;
1 with GAD-7 score; 45 with psychotropic medication use; 37 for diagnosis of an anxiety disorder/depression.

These parental and household characteristics contribute toward the total score for the PNSDL

“For 16 participants who were missing the HOME score at the 15-y assessment, the HOME score from the 8-y assessment was used.
“The underrepresented group includes those categorized as Cape Verdean, Hispanic, Black or African American, Native American, Asian American, or another race/ethnicity.

p,p’-DDE and XPCBy. The cord blood metals, Pb and Mn, were
positively correlated (7, =0.18). Across the two chemical classes,
concentrations were not strongly correlated (r;: —0.03 to 0.14).
Peak early childhood Pb was positively and moderately corre-
lated with cord blood Pb (r; =0.39) (Figure S4).

Average concentrations of chemical biomarker levels were
similar across those included and not included in any complete
case analysis, except for cord blood and peak early childhood
Pb, which were lower among those in complete case analyses
(Table S3).
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Symptoms and Diagnoses of Anxiety and Depression

In the analytic cohort, 19% (n=40) of participants had elevated
GAD-7 anxiety symptoms, and 24% (n=>51) had elevated PHQ-8
depressive symptoms (Table 1; Table S4). The strongest risk fac-
tors for elevated symptoms included high PNSDI, low HOME
score, underrepresented racial/ethnic group, psychotropic medi-
cation use, and prior diagnosis of an anxiety disorder and depres-
sion (Table 1). Elevated anxiety and depressive symptoms were
often comorbid, although there were more cases of elevated
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Table 2. Distributions of cord blood biomarkers of organochlorine and metal exposures among 209 New Bedford Cohort participants included in at least one

complete case analysis.

Percentiles
Mean + SD GM + GSD Minimum 25th 50th 75th Maximum
Organochlorines (ng/g)***
HCB 0.03+0.02 0.02+1.88 0.001 0.02 0.02 0.03 0.13
p.p'-DDE 0.48+0.77 0.33+2.09 0.03 0.21 0.33 0.46 9.74
SPCB,¢ 0.28 +0.40 0.20+2.23 0.01 0.12 0.20 0.31 4.41
Metals (ug/dL)“>
Pb
Cord blood 143+1.12 1.17+1.87 0.07 0.77 1.14 1.66 9.39
Peak childhood® 6.56 +3.79 5.60+1.79 1.00 4.00 5.82 8.66 22.8
Mn 430+1.67 4.05+1.40 1.92 3.19 4.01 491 14.6

Note: GM, geometric mean; GSD, geometric standard deviation; HCB, hexachlorobenzene; LOD, limit of detection; Mn, manganese; Pb, lead; PCB, polychlorinated biphenyl;
p.p'-DDE, dichlorodiphenyldichloroethylene; SD, standard deviation; £PCBy, sum of four polychlorinated biphenyls congeners.

“Organochlorines were measured in cord serum; prenatal Pb and Mn were measured in cord whole blood; peak childhood Pb was measured in whole blood.

bFor participants included in any of the complete case analyses, the organochlorine and metal exposures have missing data (n missing): 5 with HCB, p,p’-DDE, and ZPCBy; 11 with

cord blood Pb; 16 with peak early childhood Pb and Mn.

“The LOD for the cord blood biomarkers were: 0.01 ng/g for HCB, 0.07 ng/g for p,p’-DDE, 0.01 ng/g for individual PCB congeners, and 0.02 pig/dL for Pb and Mn. In cases where

concentrations were <LOD but >0, we used machine-read values in analyses.
4Sum of four PCB congeners (118, 138, 153, 180).
“Peak early childhood blood lead levels from ages 12 to 36 months.

depressive symptoms in the absence of elevated anxiety symp-
toms in comparison with to anxiety without depressive symptoms
(Table S5). Among participants who completed the GAD-7 and/
or PHQ-8 and self-reported on medical diagnoses in the past
10 y, there was moderate concordance between elevated recent
symptoms and prior clinical diagnosis. For example, 61%
(n=20) of participants with elevated recent anxiety symptoms
also self-reported a diagnosis of an anxiety disorder, and 50%
(n=21) of participants with elevated recent depressive symptoms
also self-reported a diagnosis of depression (Table S5).

Single-Chemical Associations with Elevated Anxiety and
Depressive Symptoms

Overall (i.e., main effects models), a doubling of prenatal Pb
level was associated with 1.41 (95% CI: 1.03, 1.94) times the risk
of elevated anxiety symptoms. There was also a positive associa-
tion between Pb and elevated depressive symptoms, but the RR
was weaker than for anxiety, and CIs included the null [1.18
95% CI. 091, 1.53)] (Figure 1; Table S6). Although CIs
included the null, prenatal HCB and p,p’-DDE levels were also
associated with higher risk of elevated anxiety, but not depres-
sive, symptoms (Figure 2; Table S6). Prenatal XPCB, and Mn
levels were not associated with risk of elevated symptoms
(Figures 1 and 2; Table S6). In comparison with effect estimates
in unadjusted models (Table S7), covariate-adjusted RRs were
typically attenuated for prenatal Pb and Mn biomarkers and
slightly strengthened for HCB, p,p’-DDE, and XPCB,; bio-
markers (Table S6).

In analyses exploring whether other stressors modified
associations between prenatal chemical exposures and risk of
elevated symptoms, we observed statistically significant inter-
actions (p <0.05) for PNSDI and HOME score, but not sex or
race/ethnicity, with at least one chemical (Figures 1 and 2; see
Table S6 for interaction p-values). For prenatal Pb, p,p’-DDE,
and XPCBy, a doubling in chemical concentration was associ-
ated with higher risk of elevated depressive symptoms for those
with a low PNSDI but associated with no or lower risk of symp-
toms for those with a high PNSDI (more disadvantaged) [e.g.,
RR per doubling Pb: 1.99 (95% CI: 1.34, 2.98) for low vs. 0.85
(95% CI: 0.58, 1.25) for high PNSDI]. Although CIs included
the null, a doubling of prenatal levels of p,p’-DDE and XPCBy,
were also associated with higher risk of elevated anxiety symp-
toms only for those with a low PNSDI [RR=1.35 (95% CI:
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0.98, 1.86) for p,p’-DDE, RR=1.33 (95% CI: 0.92, 1.91) for
2PCBy]. Similarly, for those with a high HOME score (better
home environment), a doubling of prenatal p,p’-DDE was asso-
ciated with higher risk of elevated anxiety symptoms
[RR=1.54 (95% CI: 1.20, 1.99)], and prenatal Pb was associ-
ated with higher risk of depressive symptoms [RR=1.85 (95%
CI: 1.22, 2.81)]. The pattern of adverse risk of depressive symp-
toms only for those with a low PSNDI score or high HOME
score (lower nonchemical stress groups) was also observed for
prenatal HCB exposure, but CIs included the null and interac-
tions were not statistically significant at the p =0.05 level [e.g.,
RR per doubling prenatal HCB: 1.29 (95% CI: 0.89, 1.88) in
low PNSDI strata] (Figures 1 and 2; Table S6).

Additionally, prenatal HCB and p,p’-DDE levels were associ-
ated with higher risk of elevated anxiety symptoms among under-
represented racial/ethnic group participants, and associations
were null for Non-Hispanic White participants [e.g., RR=1.86
(95% CI: 1.18, 2.95) for the underrepresented racial/ethnic group
vs. 1.07 (95% CI: 0.66, 1.72) for Non-Hispanic White per dou-
bling HCB] (Figure 2; Table S6). Although there was no statisti-
cally significant evidence of sex-specific associations with any
chemical exposure, the adverse association between prenatal Pb
and anxiety symptoms was stronger for males [RR per doubling
Pb: 2.22 (95% CI: 1.18, 4.16) vs. 1.24 (95% CI: 0.86, 1.78) for
females] (Figure 1; Table S6). Magnitude and directionality of
effect estimates did not appreciably change when estimating
strata-specific effects using interaction terms vs. stratifying the
data set by the modifier (Table S8).

Mixture Associations with Anxiety and Depressive
Symptoms

In the overall analytic cohort, quantile g-computation analysis
showed that a quartile increase in the chemical mixture was mod-
erately, albeit imprecisely with CIs that included the null, associ-
ated with an increased risk of elevated anxiety symptoms
[RR=1.32 (95% CI: 0.71, 2.44)]. The overall mixture was not
associated with risk of elevated depressive symptoms [RR =1.07
(95% CI: 0.67, 1.69)] (Table 3). The chemicals did not have coef-
ficients in the same direction, with HCB, p,p’-DDE, and Pb hav-
ing positive scaled effect weights (i.e., contributing to higher risk
of elevated symptoms), and XPCB, and Mn having negative
scaled effect weights (i.e., lower risk of elevated symptoms)
(Figure S5). In models stratified by the four other stressors, RRs
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Figure 1. Overall and sociodemographic/nonchemical stressor strata-specific RRs (95% CI) [RR (95% CI)] for early adulthood elevated anxiety (GAD-7) and
depressive symptoms (PHQ-8) associated with a doubling of cord whole blood Pb and Mn (micrograms per deciliter). Note: Single-exposure modified Poisson
regression models adjusted for parental and household characteristics (PNSDI score, maternal smoking during pregnancy) and participant characteristics [age
at assessment, race/ethnicity (URG, NHW), sex, HOME score]. For each outcome and chemical, RRs were estimated from five models: one with no interaction
term and four including a product interaction term between the chemical and each of the four specified other stressors. See Table S6 for corresponding numeric
data. CI, confidence interval; GAD-7, Generalized Anxiety Disorder scale; HOME, Home Observation for Measurement of the Environment; Mn, manganese;
NHW, Non-Hispanic White; Pb, lead; PHQ-8, Patient Health Questionnaire; PNSDI, prenatal social disadvantage index score; RR, risk ratio; URG, underre-

presented group.

between the overall mixture and elevated symptoms somewhat
varied by strata, but most estimates were imprecise, and CIs over-
lapped for strata-specific estimates. The strongest example of a
stressor modifying the association between the mixture and an out-
come was in a model stratified by PNSDI score. A quartile increase
in all chemicals was associated with increased risk of depressive
symptoms in the low PNSDI group (lower nonchemical stress) and
with lower risk of depressive symptoms in the high PNSDI group
(higher nonchemical stress); specifically, with 2.04 (95% CI: 1.01,
4.12) times the risk of elevated depressive symptoms for those
with a low PNSDI and 0.64 (95% CI: 0.32, 1.26) times the risk for
those with a high PNSDI. This was the only stratified quantile g-
computation model in which the interaction between the mixture
and another stressor was statistically significant at the p=0.05
level (Table 3).

Single-Chemical Associations with Physician Diagnosis of
Anxiety Disorders or Depression

Prenatal p,p’-DDE and Pb levels were moderately associated
with higher risk of diagnosis of an anxiety disorder or depression
in the prior ten years, but CIs included the null [e.g., RR =1.20
(95% CI: 0.90, 1.61)] for diagnosis of an anxiety disorder per
doubling Pb]. Strata-specific associations by HOME score were
observed with a doubling of prenatal p,p’-DDE and XPCB,, with
higher risk of diagnoses for those with a high HOME score and
lower risk for those with a low HOME score (poorer-quality
home environment) [e.g., RR for depression diagnosis: 1.51 (95%
CI: 1.08, 2.11) for high HOME score vs. 0.67 (95% CI: 0.45,
1.00) for low HOME score]. A similar strata-specific pattern was
present for XPCB4 and PNSDI with diagnosis of depression
[RR=1.26 (95% CI: 0.89, 1.77) for low PNSDI vs. 0.70 (95% CI:
0.46, 1.05) for high PNSDI (more disadvantaged) per doubling
¥PCB,]. Additionally, a doubling of prenatal p,p’-DDE was
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associated with higher risk of anxiety diagnosis among the
underrepresented racial/ethnic group participants [RR=1.27
(95% CI: 1.01, 1.60)], but not for Non-Hispanic White partici-
pants [RR=0.99 (95% CI: 0.64, 1.53)]. Prenatal HCB and Mn
levels were not associated with self-report of physician-
diagnosed anxiety or depression (Table S9).

Sensitivity Analyses

Findings were largely unchanged when using IPCW vs. complete
case analysis, although the association between doubling of pre-
natal HCB and elevated anxiety symptoms in underrepresented
racial/ethnic group participants was strengthened with IPCW
[RR=2.18 (95% CI: 1.49, 3.18)] (Figure 3; Table S10). When
excluding the minimum HCB outlier, the association with depres-
sive symptoms did not change, but prenatal HCB was more
strongly associated with elevated anxiety symptoms [i.e., overall
RR =1.50 (95% CI: 1.09, 2.07) per doubling HCB] (Table S11).
We saw no meaningful changes to the magnitude of associations
when further adjusting for coexposure by other chemicals (Figure 3;
Table S12) or when additionally adjusting for potential dietary con-
founders (Figure 3; Table S13). Effect estimates also did not appre-
ciably differ when comparing results from the subset that had
information available on medication use (Table S14) to the further
restricted subset of those not taking regular psychotropic medica-
tions (Table S15). However, the overall RR of prenatal Pb and ele-
vated anxiety symptoms was attenuated in the 155 participants with
data available on medication use (Table S14) and with exclusion of
those on medications (Table S15) vs. the 197 participants in the
complete case subset (Table S6).

In regression models including both prenatal and peak early
childhood blood Pb, cord blood Pb was associated with higher
risk of elevated anxiety and depressive symptoms, whereas peak
childhood Pb was not associated with elevated symptoms. In
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Figure 2. Overall and sociodemographic/nonchemical stressor strata-specific RRs (95% CI) [RR (95% CI)] for early adulthood elevated anxiety (GAD-7) and
depressive symptoms (PHQ-8) associated with a doubling of cord serum HCB, p,p’-DDE, and XPCB, (congeners: 118, 138, 153, 180) (nanograms per gram).
Note: Single-exposure modified Poisson regression models adjusted for parental and household characteristics (PNSDI score, maternal smoking during preg-
nancy) and participant characteristics [age at assessment, race/ethnicity (URG; NHW), sex, HOME score]. For each outcome and chemical, RRs were esti-
mated from five models: one with no interaction term and four including a product interaction term between the chemical and each of the four specified other
stressors; See Table S6 for corresponding numeric data. CI, confidence interval; GAD-7, Generalized Anxiety Disorder scale; HCB, hexachlorobenzene;
HOME, Home Observation for Measurement of the Environment; NHW, Non-Hispanic White; PHQ-8, Patient Health Questionnaire; PNSDI, prenatal social
disadvantage index; p,p’-DDE, dichlorobiphenyldichloroethylene; RR, risk ratio; ZPCBy, sum of four polychlorinated biphenyls congeners; URG, underrepre-
sented group.

analyses assessing strata-specific estimates, associations with peak Discussion

childhood Pb remained largely null, except for associations with In our study of NBC participants followed from birth through early
higher risk of elevated anxiety symptoms among the underrepre- adulthood, we found evidence of associations between greater pre-
sented racial/ethnic group participants and with lower risk of natal exposure to HCB, p,p’-DDE, and Pb and increased risk of ele-
depressive symptoms for male, Non-Hispanic White, low PNSDI, vated anxiety symptoms at approximately age 22 y. These adverse
and high HOME score participants (Figure 4; Table S16). associations were strongest with prenatal Pb exposure, and more

Table 3. Adjusted overall and sociodemographic/nonchemical stressor strata-specific RRs (95% CI) [RR (95% CI)] for early adulthood elevated anxiety (GAD-7)
and depressive symptoms (PHQ-8) associated with a quartile increase in all five chemicals [cord blood HCB, p,p’-DDE, XPCBy (congeners: 118, 138, 153, 180),
lead, and manganese] in quantile g-computation models.

Anxiety (GAD-7) Depressive (PHQ-8)
n RR (95% CI)“.[) pimeractionc n RR (95% CI)a.b pimeractionc
Overall 187 1.32 (0.71, 2.44) — 188 1.07 (0.67, 1.69) —
Sex-stratified — — 1.00 — — 0.85
Female 125 1.39 (0.68, 2.83) — 126 1.27 (0.73, 2.22) —
Male 62 1.46 (0.10, 20.6) — 62 0.86 (0.25, 2.98) —
Race/ethnicity-stratified — — 0.36 — — 0.72
Underrepresented group 47 1.68 (0.72, 3.94) — 48 0.87 (0.39, 1.95) —
Non-Hispanic White 140 0.99 (0.36, 2.72) — 140 1.05 (0.55, 1.99) —
PNSDI-stratified — — 0.73 — — 0.04
High (>3) 64 1.19 (0.39, 3.59) — 65 0.64 (0.32, 1.26) —
Low (<3) 123 1.66 (0.45, 6.06) — 123 2.04 (1.01, 4.12) —
HOME-stratified — — 0.78 — — 0.30
Low (<45) 85 1.22 (0.49, 3.02) — 86 0.85 (0.49, 1.50) —
High (>45) 102 1.71 (0.35, 8.35) — 102 1.86 (0.72, 4.76) —
Note: —, no data; CI, confidence interval; GAD-7, Generalized Anxiety Disorder scale; HCB, hexachlorobenzene; HOME, Home Observation for Measurement of the Environment;

PHQ-8, Patient Health Questionnaire; PNSDI, prenatal social disadvantage index; p,p’-DDE, dichlorodiphenyldichloroethylene; RR, risk ratio; ¥PCBy, sum of four polychlorinated
biphenyls congeners.

“Adjusted for parental and household characteristics (PNSDI, maternal smoking during pregnancy, HOME score) and participant characteristics (sex, race/ethnicity, age at
assessment).

PEffect estimates obtained from quantile g-computation models run in data sets stratified by the four other stressors.

“Interaction term p-values obtained from quantile g-computation models run in overall analytic data set and fit with a product term between the mixture and each of the four other
Stressors.
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Figure 3. Overall RRs (95% CI) [RR (95% CI)] for early adulthood elevated anxiety (GAD-7) and depressive symptoms (PHQ-8) associated with a doubling of
cord serum HCB, p,p’-DDE, ZPCBy (congeners: 118, 138, 153, 180) (nanograms per gram), and cord blood Pb and Mn (micrograms per deciliter), in the main mod-
els vs. sensitivity models using @) IPCW, b) adjusting for all five chemical coexposures, and c) adjusting for dietary factors associated with organochlorine exposure.
Note: Modified Poisson regression models adjusted for parental and household characteristics (PNSDI score, maternal smoking during pregnancy) and participant
characteristics (age at assessment, race/ethnicity, sex, HOME score). See Table S6 (main), Table S9 (IPCW), Table S11 (five exposures), and Table S12 (diet adjust-
ment) for corresponding numeric data of overall and stratified models. CI, confidence interval; GAD-7, Generalized Anxiety Disorder scale; HCB, hexachloroben-
zene; HOME, Home Observation for Measurement of the Environment; IPCW, inverse probability of censoring weighted; Mn, manganese; Pb, lead; PHQ-8,
Patient Health Questionnaire; PNSDI, prenatal social disadvantage index; p,p’-DDE, dichlorobiphenyldichloroethylene; RR risk ratio; XPCBy, sum of four poly-

chlorinated biphenyls congeners.

modest with the organochlorine exposures. In addition, higher pre-
natal organochlorines and Pb levels, as well as the overall effect of
the mixture, were associated with increased risk of elevated depres-
sive symptoms for those categorized as exposed to lower levels of
nonchemical stress (i.e., low PNSDI, high HOME score). These
findings suggest a possible “signal-to-noise ratio” scenario® in
which strong psychosocial risk factors for internalizing disorders
obscure modest additional risk from prenatal chemical exposures.
The strata-specific associations among those with a high PNSDI
(more disadvantaged) or low HOME score (poorer-quality home
environment) were mostly null, but in some analyses, prenatal
p.p'-DDE and XPCBy appeared to be paradoxically associated
with lower risk of elevated symptoms in these other stressor
groups. In the total analytic cohort, the overall mixture was not
associated with risk of depressive symptoms, but there was evi-
dence of a relatively strong in magnitude, but imprecise, associa-
tion with anxiety symptoms. We observed an interaction between
the overall mixture and PNSDI score, in which a quartile increase
in the mixture was associated with greater risk of depressive symp-
toms for the low PNSDI group (lower nonchemical stress group).
Other than that, the overall effect of the mixture appeared to
slightly vary in the presence other stressors, but strata-specific CIs
were wide and overlapped. In general, prenatal XPCB4 and Mn
were not adversely associated with risk of early adulthood anxiety
and depressive symptoms. We did not observe strong evidence of
sex-specific effects of these prenatal chemicals on risk for these
symptoms in early adulthood.

Consistent with associations of prenatal Pb and self-report anx-
iety symptoms in adolescence in the NBC,'> higher prenatal Pb
levels were associated with increased risk of elevated anxiety
symptoms in early adulthood. Prior studies of prenatal Pb exposure
and internalizing symptoms have mainly assessed outcomes in
early or mid-childhood,'62!=2* prior to core risk periods for the
onset of anxiety and depressive disorders,>¢ and largely have not
observed associations. Our study findings suggested that in utero
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exposure to Pb may be one factor that increases anxiety vulnerabil-
ity, possibly via the hypothesized mechanisms of disruption of do-
paminergic and GABAergic systems’; notably, these effects may
not manifest until later in development during or after critical risk
periods for anxiety. Similar findings have been reported in rodent
models, with low-level exposure to Pb during pregnancy and lacta-
tion shown to have little impact on weaned rats but to be associated
with heightened anxiety behaviors in adult rats.'*

Research on postnatal Pb exposure, either prospectively exam-
ining childhood exposure®! or cross-sectionally assessing Pb levels
in adulthood,®? has demonstrated increased risk for internalizing
symptoms in early adulthood. Despite the facts that, in the NBC,
average peak early childhood blood Pb levels were a) higher than
those measured in cord blood and b) higher than the CDC’s
recently updated (in 2021) and previous blood reference levels of
3.5and 5 pg/dL, respectively,®® we observed that prenatal Pb was
more consistently associated with risk of elevated symptoms than
early-childhood blood Pb. Although the literature on early Pb ex-
posure and child neurodevelopment supports the postnatal period
as a critical time,®* our study indicated that prenatal exposure may
also influence risk for developing internalizing problems, particu-
larly anxiety symptoms.

Although most prior literature, including in the NBC, has
reported no associations between prenatal organochlorine levels
and subsequent internalizing symptoms,'3>2! we found evidence
of prenatal HCB and p,p’-DDE as risk factors for elevated inter-
nalizing symptoms in early adulthood, in most cases with stron-
ger associations in certain levels of the sociodemographic or
nonchemical stressors. The adverse associations of prenatal HCB
and p,p’-DDE levels and risk of elevated anxiety symptoms was
stronger for young adult participants who identified as underre-
presented racial/ethnic group participants. This finding aligns
with the hypothesis that individuals experiencing stress due to
racial discrimination and/or structural racism may have increased
susceptibility to the effects of environmental exposures.®>%° It is
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Figure 4. Overall and sociodemographic/nonchemical stressor strata-specific RRs (95% CI) [RR (95% CI)] for early adulthood moderately elevated anxiety
(GAD-7) and depressive symptoms (PHQ-8) associated with a doubling of prenatal and postnatal (i.e., peak early childhood) Pb (micrograms per deciliter)
(n=197 for GAD-7; n =198 for PHQ-8). Note: Modified Poisson regression models, including both prenatal and postnatal lead, were adjusted for parental and
household characteristics (PNSDI score, maternal smoking during pregnancy) and participant characteristics [age at assessment, race/ethnicity (URG, NHW),
sex, HOME score]. See Table S16 for corresponding numeric data. CI, confidence interval; GAD-7, Generalized Anxiety Disorder scale; HOME, Home
Observation for Measurement of the Environment; Mn, manganese; NHW, Non-Hispanic White; Pb, lead; PHQ-8, Patient Health Questionnaire; PNSDI, pre-

natal social disadvantage index; RR, risk ratio; URG, underrepresented group.

important to note that our study did not have the power to look at
more distinct categories of race/ethnicity. Experiences with racial
discrimination and structural racism may differ vastly for those
who identify as Cape Verdean, Hispanic, Black or African
American, Native American, Asian American, or in other under-
represented racial/ethnic groups. Our study used a composite def-
inition of race/ethnicity and thus was unable to parse out possible
strata-specific effects by more meaningful constructs. Thus, to
better understand possible synergistic effects between the stres-
sors of chemicals and racism on subsequent mental health, future
studies should be conducted in racially diverse cohorts that mea-
sure participants’ personal experiences with discrimination and
other manifestations of structural racism using validated ques-
tionnaires (e.g., Everyday Discrimination Scale®7).

Aside from potential differential susceptibility to p,p’-DDE-
associated anxiety by race/ethnicity, associations of prenatal
p.p'-DDE exposure with higher risk of internalizing symptoms
were otherwise only apparent for those in lower stressor groups
as indicated by PNSDI and HOME score ratings. This pattern of
findings suggests a possible signal-to-noise ratio problem®® in
which the modest effects of p,p’-DDE are only detectable among
those experiencing fewer psychosocial stressors. Strata-specific
patterns may be more similar for PNSDI and HOME score strata
in comparison with race/ethnicity strata, because a large portion
of participants with a low HOME score (poorer-quality home
environment) were also categorized with high PNSDI (more
disadvantaged).

In comparison with most other studies of prenatal organochlor-
ine exposures and internalizing symptoms, our study is unique in
that we evaluated anxiety and depressive symptoms in early adult-
hood. In the NBC, a study in which prenatal concentrations of orga-
nochlorines were relatively low in comparison with other high-risk
exposure cohorts,>%® prenatal HCB, p,p’-DDE, and 2PCB, were
not associated with mid-childhood and adolescent internalizing
symptoms, even when considering sex-specific effects.!> Similarly,

Environmental Health Perspectives

027004-10

other studies exploring prenatal HCB!%!3:1% and p p’-DDE!6-18-20
exposures and symptoms in childhood observed no adverse associa-
tions. One study with follow-up through early adulthood found no
associations of these organochlorines with diagnosis of depres-
sion.!” When we considered self-report of physician diagnosed anx-
iety or depression as outcomes, we also observed no associations
with prenatal HCB and mainly strata-specific adverse associations
with p,p’-DDE and XPCBy. Our findings @) highlight the impor-
tance of considering coexposures to chemical and other stressors
because adverse associations with HCB and p,p’-DDE appeared to
be strata-specific and b) suggest that modest effects of prenatal
chemical exposures may be more likely to be observed with self-
report of symptoms rather than physician diagnoses. As is the case
for metals such as Pb, organochlorines are also hypothesized to dys-
regulate dopamine-mediated, glutamate, and GABAergic func-
tions®!® and thereby could contribute to later susceptibility to
anxiety or depressive symptoms, which may not become apparent
until adulthood.

With prenatal HCB, p,p’-DDE, and Pb exposures, we found
more consistent evidence of associations with anxiety in compari-
son with depressive symptoms. Although anxiety and depressive
symptoms are often comorbid,®® as was the case in our study, and
several of the hypothesized biological pathways by which prena-
tal exposures may alter neurobiological functions would be
expected to increase vulnerability to both types of symptoms, it is
plausible that neural pathways associated specifically with an
anxiety phenotype are more susceptible to early-life chemical
insults. For example, anxiety and depression phenotypes have
been proposed to align with different constructs within the sys-
tems of negative valence (anxiety with “acute threat” or “poten-
tial threat” and depression with “loss”), and these constructs are
associated with differing neural and physiological pathways.”®”!
Thus, certain chemical exposures may dysregulate pathways
more relevant to anxiety vulnerability (e.g., bed nucleus of the
stria terminalis). Research is needed to explicate the potential
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neural mechanisms by which specific chemical exposures exert
their effects.

We did not observe consistent associations between prenatal
2PCB, exposure and internalizing symptoms in early adulthood.
In fact, in some cases, cord blood levels of XPCBy, as well as
p.p’-DDE, were associated with lower risk of elevated symptoms
for those categorized as having a high PNSDI and low HOME
score (i.e., hypothesized higher nonchemical stressor groups).
These apparent protective associations, in the opposite direction
than hypothesized, could be due to chance findings in an analytic
cohort with a moderate sample size or differential sources/levels of
confounding in nonchemical stressor strata. In addition to fitting
models with interaction terms, we stratified the data set by PNSDI
and HOME score groups to explore whether this strata-specific pat-
tern was due to differing associations of confounders with expo-
sure—outcome relationships for high vs. low groups. However, this
did not appear to be the case, because RRs remained similar when
estimating effect estimates both ways. Alternatively, a small study
of mother—child pairs found that greater maternal stress and adver-
sity during pregnancy was associated with decreased cord blood
DNA methylation of the oxytocin receptor gene.”? This decrease
may lead to increased expression and easier activation of the oxyto-
cin receptor gene in childhood, in turn mitigating the adverse
impacts of stress and exerting a protective effect toward chemical
exposures. Further exploration into this potential and other mecha-
nisms is needed to better understand whether higher nonchemical
maternal stress could induce certain protective adaptations.

Prenatal Mn levels were not associated with internalizing symp-
toms here, in contrast to adverse associations observed for girls in
mid-childhood and adolescence in the NBC.'> When analogous out-
comes were evaluated in the NBC at earlier ages, symptoms were
mainly assessed using continuous measures (i.e., Conners’ Rating
Scale,”> Behavior Assessment System for Children, Second
Edition”) whereas the GAD-7 and PHQ-8 are binary screening
tools. Thus, this attenuation of the sex-specific association by early
adulthood could be due to reduced power to detect moderate differ-
ences with a dichotomized outcome and smaller sample size. It is
also possible that prenatal Mn exposure does not influence anxiety
and depressive symptoms evident in early adulthood. In other
cohorts with follow-up through mid-childhood,?*2 there is limited,
mixed evidence of associations between prenatal Mn and subse-
quent internalizing symptoms. Because Mn is an essential metal,
prenatal exposure via diet is fundamental for growth and neurode-
velopment, unlike prenatal exposure to Pb. However, deficient or
excess levels Mn can cause neurotoxicity.”> Thus, if NBC partici-
pants were largely exposed to nutritionally optimal Mn levels while
in utero, itis plausible that Mn would have no impact on anxiety and
depressive symptoms in early adulthood.

Although this study is novel by virtue of its prospective longi-
tudinal assessment of the effects of prenatal exposures on inter-
nalizing symptom risk in early adulthood, our findings may have
been influenced by selection bias due to loss to follow-up of
20 y or longer, residual and unmeasured confounding, a limited
sample size, and type II error. We aimed to address possible
selection bias due to cohort attrition with use of [IPCW and resid-
ual confounding bias by adjusting for prenatal seafood consump-
tion, local produce consumption, and chemical coexposures.
Although these sensitivity analyses showed that results were ro-
bust, IPCW model misspecification or dietary measurement error
still may result in remaining bias. Our study also had a modest
overall sample size, with relatively small numbers of participants
in some of the other stressor subgroups. Consequently, we were
only able to evaluate participants from underrepresented racial/
ethnic groups in a composite group, and strata-specific findings
may not be generalizable. Moreover, our analyses may not have
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been sufficiently powered to detect modest effect sizes or interac-
tive effects. External validity of our results may have also been
impacted by the timing of biomarker collection (1993-1998) and
changes in exposure distributions of organochlorines and metals
over time. Additionally, we did not correct for multiple compari-
sons in our models. Therefore, some of the observed associations,
including both those that supported and contradicted our a priori
hypotheses, may be the result of type II error (i.e., false posi-
tives). We elected to prioritize risk of false positives over false
negatives; thus, replication of our findings, particularly those
examining interactive effects between prenatal chemical expo-
sures and other stressors, is needed in other cohort studies.
Furthermore, missing data on medical history at the early-adult
visit (i.e., different analytic cohorts for sensitivity analyses) lim-
ited our ability to determine whether treatment for a psychiatric
illness contributed to outcome measurement error. Last, we were
unable to assess other critical windows of exposure vulnerability,
because all chemicals, except peak early childhood Pb, were only
measured in cord blood. Although this limits our ability to under-
stand specific exposure windows when the developing brain may
be most susceptible to chemical impacts, postnatal exposure lev-
els would not confound the observed associations, unless they
were highly correlated with prenatal ones; thus, their absence
does not detract from the validity of these findings.

That said, elevated anxiety and depressive symptoms were prev-
alent among the young adult NBC participants, and we observed
associations between HCB, p.p’-DDE, and Pb and internalizing
symptoms and differing associations in strata of other stressor
groups. In addition, our study had several strengths and addressed
gaps in the extant literature. In limited prior studies, there has been
evaluation of coexposures to prenatal organochlorines or metals
with mid-childhood internalizing symptoms, #1924 single-chemical
associations with early adulthood outcomes,!” or sex-specific
effects.?” However, to our knowledge, the present study is distinct as
a singular study that examined prenatal organochlorines and metal
exposures as individual components and as a mixture, assessed inter-
nalizing symptoms in early adulthood using both self-report ques-
tionnaires and physician-diagnosed disorders, and considered
interactions between chemical exposures and several sociodemo-
graphic and nonchemical stressors. We used quantile g-computa-
tion, in addition to standard parametric regression models, to better
understand how simultaneous exposure to these two classes of
chemicals may influence risk of elevated symptoms. Additionally,
we examined the outcome in early adulthood, a core risk period for
anxiety and depressive disorders. By including assessments a) not
dependent on access and use of medical care and b) not subject to
variability in clinical practice (i.e., standardized questionnaires), we
minimized outcome misclassification that can occur when only con-
sidering physician diagnosis of internalizing disorders. The use of
self-report questionnaires also better captures subclinical disease
and thus may have greater sensitivity for detecting more modest
associations. In fact, we observed stronger magnitudes of associa-
tions for GAD-7 anxiety symptoms than for diagnosis of an anxiety
disorder with HCB, p,p’-DDE, and Pb. Finally, the NBC is socioe-
conomically diverse, which not only improves the generalizability
of the findings, but also allowed us to consider a number of other
stressors as potential modifiers of the associations between chemical
exposures and internalizing symptoms.

In summary, our findings indicated adverse associations of
prenatal HCB, p,p’-DDE, and Pb exposure with risk of early
adulthood internalizing symptoms, particularly anxiety symp-
toms. Prevalence of anxiety in young adults has been rapidly
increasing in recent years'; thus, understanding how early-life
chemical exposures, in addition to more well-studied psychoso-
cial stressors, influence susceptibility to internalizing disorders is
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critical. Because anxiety is a risk factor for poor work and social
and psychiatric outcomes over the life course,’® it is important to
consider that reductions to chemical exposures during pregnancy,
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