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Abstract

Background: Although prenatal chemical exposures influence neurobehavior, joint exposures 

are not well explored as risk factors for internalizing disorders through adolescence.

Objective: To evaluate associations of prenatal organochlorine and metal exposures, considered 

individually and as a mixture, with mid-childhood and adolescent internalizing symptoms.

Methods: Participants were 468 children from a prospective cohort recruited at birth (1993-1998) 

in New Bedford, Massachusetts. Organochlorines (hexachlorobenzene, p,p'-dichlorodiphenyl 

dichloroethylene, polychlorinated biphenyls) and metals (lead, manganese) were analyzed in 

cord blood. Internalizing symptoms (anxiety, depressive, somatic) were assessed via multiple 

informants on the Conners’ Rating Scale (CRS) at 8-years and Behavior Assessment System 

for Children, Second Edition (BASC-2) at 15-years; higher T-scores indicate greater symptoms. 

Overall and sex-specific covariate-adjusted associations were evaluated using Bayesian Kernel 

Machine Regression (BKMR) and five-chemical linear regression models.
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Results: The cohort was socioeconomically diverse (35% household income <$20,000; 55% 

maternal ≤high school education at birth). Most chemical concentrations were consistent with 

background levels [e.g., median(range) cord blood lead: 1.1(0-9.4) μg/dL]. BKMR suggested 

linear associations and no interactions between chemicals. The overall mixture was positively 

associated with Conners’ Parent Rating Scale (CPRS) and BASC-2 Self Report of Personality 

(SRP) anxiety and depressive symptoms, and negatively with somatic symptoms. Prenatal lead 

was positively associated with adolescent anxiety symptoms [1.56 (95% CI: 0.50,2.61) BASC-2 

SRP Anxiety score increase per doubling lead]. For CRPS and BASC-2 SRP, a doubling of cord 

blood manganese was positively associated with internalizing symptoms for girls [e.g., 3.26 (95% 

CI: 0.27,6.25) BASC-2 SRP Depression score increase], but not boys. Organochlorine exposures 

were not adversely associated with internalizing symptoms.

Discussion: Low-level prenatal lead exposure was positively associated with adolescent 

anxiety symptoms, and prenatal manganese exposure was positively associated with internalizing 

symptoms for girls from mid-childhood through adolescence. In utero neurotoxicant metal 

exposures may contribute to the emergence of anxiety and depression.
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1. Introduction

Approximately one in five people in the U.S. and worldwide are expected to experience 

a mental disorder in their lifetime, with anxiety and depressive disorders being two of the 

most commonly diagnosed (Merikangas et al. 2010; Steel et al. 2014). Development of an 

internalizing disorder (e.g., anxiety, depressive, somatic) (Liu et al. 2011) in childhood 

is of particular concern because childhood anxiety and depression are associated with 

social, emotional, and academic impairment, as well as increased risk for mental health 

problems through adulthood (Koenen et al. 2013; Woodward and Fergusson 2001). Recent 

epidemiologic research suggests that 4.4 million U.S. children have a current diagnosed 

anxiety disorder and 1.9 million meet criteria for depression (Ghandour et al. 2018). 

Thus, childhood internalizing disorders are a major public health problem, necessitating 

an understanding of their etiology.

Although there is a breadth of literature on sociodemographic and psychosocial risk 

factors for childhood internalizing problems (Merikangas 2005; Thapar et al. 2012), fewer 

studies have explored the extent to which these are associated with prenatal exposures 

to environmental neurotoxicants, specifically organochlorines and metals. During fetal 

development, the limbic system, which consists of brain structures integral to emotional and 

behavioral function, is rapidly developing and susceptible to toxicant exposures (Sokolowski 

and Corbin 2012). Based on evidence from animal literature, in utero organochlorine and 

metal exposures are hypothesized to induce later development of internalizing symptoms 

via numerous biological pathways, including dysregulation of dopaminergic function 

and neuroendocrine hormones, heightened oxidative stress, and increased inflammatory 

responses (Addae et al. 2013; Bell 2014; Betharia and Maher 2012; de Souza Lisboa 
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et al. 2005; Mason et al. 2014; van den Bosch and Meyer-Lindenberg 2019); however, 

the potential mental health impacts of these chemicals, which readily cross the placenta 

and blood-brain barrier, have not been well characterized in epidemiologic research. Prior 

studies of prenatal chemical exposures and child neurobehavioral outcomes have largely 

focused on externalizing symptoms (Bellinger 2013; Korrick and Sagiv 2008), even though 

anxiety and depression are mental disorders that contribute substantially to the global burden 

of disease and disability (Rehm and Shield 2019). Studies including childhood internalizing 

symptoms have provided mixed evidence for associations with prenatal exposure to 

organochlorines (Jedynak et al. 2021; Maitre et al. 2021; Plusquellec et al. 2010; Rosenquist 

et al. 2017; Sioen et al. 2013; Strom et al. 2014), lead (Pb) (Arbuckle et al. 2016a; Bellinger 

et al. 1994; Horton et al. 2018; Plusquellec et al. 2010; Sioen et al. 2013), and manganese 

(Mn) (Horton et al. 2018; Mora et al. 2015). Most of this literature considered exposures 

independently, despite humans not experiencing chemical exposures in isolation, and only 

examined symptoms through mid-childhood. No single study has considered the joint effect 

of these chemical classes with anxiety, depressive, and somatic symptoms in childhood and 

adolescence.

In our prospective study, we evaluated associations of prenatal exposure to organochlorines 

and metals, as a mixture and as individual chemicals controlling for coexposure 

confounding, with internalizing symptoms during mid-childhood and adolescence. With 

limited prior literature on the combined impact of these two chemical classes, we 

hypothesized that greater prenatal exposure to these chemicals would be associated 

with increased internalizing symptoms, especially by adolescence when the onset and 

exacerbation of these symptoms is more likely compared to childhood. We also explored 

the potential for sex-specific associations as 1) internalizing disorders are more common 

in females by adolescence (Koenen et al. 2013; Liu et al. 2011) and 2) associations 

between these prenatal chemical exposures and neurobehavioral outcomes have been shown 

to sometimes differ by sex (Bauer et al. 2017; Cowell et al. 2021; Desrochers-Couture et 

al. 2018; Nakajima et al. 2017), although sex-specific susceptibility has varied by exposure, 

outcome, and/or study population.

2. Methods

2.1. Study population

This study utilized data from the New Bedford Cohort (NBC), a prospective cohort of 

mother-child pairs who were recruited after delivery at St. Luke’s Hospital (New Bedford, 

Massachusetts) from 1993 to 1998. The cohort was initially established to examine 

associations of prenatal exposure to organochlorines and metals with neurodevelopmental 

outcomes among children residing near the New Bedford Harbor (NBH) Superfund Site. 

All women recruited into the study were ≥18 years old, English- and/or Portuguese-

speaking, and living in one of four towns (New Bedford, Acushnet, Fairhaven, Dartmouth) 

surrounding the NBH, which was highly contaminated with polychlorinated biphenyls 

(PCBs) and heavy metals between 1940 and late 1970s. Approximately 10% of women 

delivering at St. Luke’s Hospital met study eligibility criteria and gave birth when a study 

examiner was on site for recruitment. Infants were excluded if they were born by cesarean 
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section because their mothers were unable to consent (care included post-section narcotic 

analgesia) or were unable to undergo a study-required neonatal examination. In total, 788 

mother-infant pairs were consented and enrolled (Korrick et al. 2000; Sagiv et al. 2012).

Follow-up assessments have included detailed neurodevelopmental and psychological 

assessments via in-person visits conducted in mid-childhood at approximately 8 years of 

age (n=607) and in adolescence at approximately 15 years of age (n=528). For the current 

analyses, 468 participants had available data to be included. Children were eligible for 

in-person visits if they lived within commuting distance of New Bedford study offices, did 

not have neurologic impairment that precluded participation in assessments, and had at least 

one biomarker of prenatal chemical exposure available.

The study protocol was approved by the human subjects committee of the Brigham 

and Women’s Hospital (Boston, Massachusetts). Written consent was obtained from all 

participating parents and assent from adolescent participants prior to study evaluations.

2.2. Chemical exposure assessment

Umbilical cord blood samples for organochlorines and metals analyses were collected 

at birth. Prenatal organochlorine exposure was estimated by measuring levels of 

hexachlorobenzene (HCB), p,p’-dichlorodiphenyl dichloroethylene (p,p’-DDE), and 51 PCB 

congeners in cord serum on a wet-weight basis via high-resolution gas chromatography 

with electron capture detection and use of primary and confirmatory capillary columns at 

the Harvard T.H. Chan School of Public Health Organic Chemistry Laboratory (Boston, 

Massachusetts) (Korrick et al. 2000). In the current analysis, we used the sum of the four 

most prevalent PCBs (ΣPCB4; congeners 153, 118, 138, 180), as these were measured 

with the least error and are frequently used when exploring congener-specific effects. 

Due to insufficient serum sample volume, lipid concentrations could not be measured 

for study participants, and thus organochlorine concentrations were not lipid corrected. 

Cord serum lipid measurements were done in 12 randomly selected anonymous samples 

from the study hospital. Results demonstrated relative homogeneity of lipid concentration 

across samples [mean (SD) total lipid concentration: 1.7 (0.3) g/L], supporting the utility of 

wet-weight concentrations (Sagiv et al. 2012). The limits of detection (LOD) for HCB, p,p’-

DDE, and individual PCB congeners were 0.01, 0.07, and 0.01 ng/g serum, respectively. 

Reproducibility was excellent for organics analyses, with a 3% within-batch coefficient of 

variation (CV) and 20% between-batch CV for the ΣPCBs and a similar performance for 

p,p’-DDE; HCB was similar with respect to within-batch, but had a 39% between-batch CV 

(Korrick et al. 2000).

Prenatal Pb and Mn exposures were estimated by measuring concentrations in cord whole 

blood at the Harvard T.H. Chan School of Public Health Trace Metals Laboratory (Boston, 

Massachusetts). Analyses were done using isotope dilution inductively coupled plasma 

mass spectrometry for Pb measurement (ICP-MS, Sciex Elan 5000, Perkin Elmer, Norwalk, 

CT) and external calibration on a dynamic reaction cell-inductively coupled plasma-mass 

spectrometer for Mn measurement (DRC-ICP-MS, Elan 6100, Perkin Elmer, Norwalk, CT). 

Concentrations were reported as the mean of five replicate measurements. The LOD for Pb 
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and Mn was 0.02 μg/dL whole blood. Laboratory recovery rates for quality control standards 

ranged from 90-110%; precision was >95%.

We did not collect biosamples to assess postnatal chemical exposures in the NBC. However, 

infant and childhood blood Pb levels were abstracted from pediatric medical record reports 

of annual childhood Pb exposure screenings. Peak early childhood blood Pb [an available 

postnatal exposure index in the NBC that has been associated with cognitive deficits at 

low-level Pb exposure (Canfield et al. 2003; Lanphear et al. 2005)] was calculated as the 

maximum value between ages 12-36 months.

In the present 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 (Kim et al. 1995).

2.3. Outcome assessments

At the 8-year assessment, participants’ parents and teachers completed the revised 

Conners’ Rating Scale (CRS). Both the Conners’ Parent Rating Scale (CPRS), an 80-item 

questionnaire, and the Conners’ Teacher Rating Scale (CTRS), a 59-item questionnaire, ask 

respondents to rank relative frequency of observed symptoms using a four-point Likert scale 

(Conners 1997). For this analysis, we selected scales related to internalizing symptoms (i.e., 

anxiety, depressive, or somatic): Anxious-Shy from CPRS and CTRS and Psychosomatic 

from CPRS. CRS scores are standardized to age- and sex-adjusted T-scores, with a 

mean±standard deviation (SD) of 50±10; a higher score indicates greater symptoms. As 

previously described (Sagiv et al. 2010), some participants had multiple CTRS assessments 

(n=14 for this analysis). These duplicate assessments did not differ by completeness or 

by school grade. In cases where a primary and secondary teacher from the same grade 

completed the CTRS, the assessment from the primary teacher was selected (n=2 tests from 

secondary teachers were excluded). If two primary teachers from the same grade completed 

assessments, then a mean score was calculated (tests averaged: n=12).

At the 15-year assessment, participants, their parents, and their teachers completed the 

Behavior Assessment System for Children, Second Edition (BASC-2) (Reynolds and 

Kamphaus 2004). The BASC-2 Self Report of Personality (SRP), validated for ages 

12-21 years, is a questionnaire comprising 176 items. The Parent Rating Scale (PRS) and 

Teacher Rating Scale (TRS) questionnaires have 150 and 139 items, respectively. On all 

forms, behaviors/symptoms are rated on a four-point Likert scale for frequency. For this 

analysis, we focused on the subset of internalizing symptom scales that were assessed 

across the three reporters. These included the clinical subscales of Anxiety, Depression, 

and Somatization, as well as the Internalizing Problems composite, which for BASC-2 

PRS and TRS contains the above three scales, and for SRP includes four additional scales 

(Atypicality, Locus of Control, Sense of Inadequacy, Social Stress). BASC-2 scores are 

standardized to age- and sex-adjusted T-scores, with a mean±SD of 50±10; a higher score 

specifies greater symptoms. In a few cases, participants in this analysis had multiple 

BASC-2 PRS (n=3) or TRS assessments (n=6); in these instances, the most complete 

questionnaire administered closest to the participant’s 15-year assessment was included (test 

excluded due to completeness: 1 for BASC-2 TRS; tests excluded due to timing: 1 for 
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BASC-2 PRS and 5 for BASC2-TRS). If two parent or teacher assessments had the same 

completeness and were within one-month of the adolescent’s study visit, their mean score 

was calculated (tests averaged: 2 for BASC-2 PRS).

In primary analyses, we focused on CPRS and BASC-2 SRP outcomes. In mid-childhood, 

parents are viewed as more accurate judges of internalizing symptoms as compared to 

teachers (Achenbach et al. 1987; Smith 2007). However, in adolescence, the child is seen as 

an optimal informant, as symptoms are less disruptive and oftentimes kept to oneself, and 

therefore less visible to parents and teachers (Koenen et al. 2013; Smith 2007).

2.4. Covariate assessment

After birth, information on the mother’s pregnancy and delivery, and the infant’s race/

ethnicity, sex, and birth weight were abstracted from hospital records by a trained study 

nurse. At a home visit occurring approximately two weeks postpartum, mothers were 

interviewed for information on parental sociodemographics (maternal age, marital status, 

parity, maternal and paternal education), household income, and maternal smoking, alcohol 

consumption during pregnancy, pre-pregnancy weight, height, and gestational weight 

gain. We calculated pre-pregnancy body mass index (BMI) via self-reported weight and 

height. Additionally, participants reported information on their diet during pregnancy via 

a modified food frequency questionnaire (Salvini et al. 1989). At the 8- and 15-year 

assessments, sociodemographic characteristics and child health information were updated. 

Using information on parental and household sociodemographic factors at birth, we 

developed a prenatal social disadvantage index (PNSDI), adapting methods from prior 

research that constructed childhood social disadvantage indices (Gilman et al. 2017; Non 

et al. 2014). The data used for the PNSDI included 1) maternal age (≥20, <20 years); 

2) maternal education level and 3) paternal education level (post-high school education, 

≤high school graduate); 4) maternal marital status (married, not married); and 5) annual 

household income (≥$20,000, <$20,000). Each item was scored as (0, 1), respectively, and 

summed to produce a composite measure ranging from 0 to 5, with higher scores suggesting 

a greater degree of disadvantage. We derived a dichotomized variable in which ≥3 was 

considered high disadvantage, as this cut-point was particularly sensitive to greater risk of 

other environmental and social stressors, such as maternal smoking during pregnancy.

The 8- and 15-year assessments included a home visit during which quality of the home 

environment and parenting skills were assessed via the Home Observation for Measurement 

of the Environment (HOME) (Caldwell and Bradley 1985). On the 8- and 15-year study-

visit questionnaires, parents reported their child’s medication use for behavioral disorder(s) 

and, at the 15-year assessment, reported on history of mental illness among biologically-

related family members (i.e., has ever: had a serious mental illness, emotional problem, or 

nervous breakdown; seen a health professional or been given medicine for a psychological 

or emotional problem; been diagnosed or given medication by a physician or psychologist 

for a behavioral disorder; and/or stayed overnight at a facility due to mental or emotional 

problems). On the 8-year questionnaire, parents reported if their child ever had a “diagnosis 

of an emotional illness (e.g., depression)” based on information provided by a physician. 

At the 15-year assessment, parents reported if, during the prior five years, their child ever 
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had a diagnosis of an anxiety disorder or depression by a physician, psychologist, or school 

professional. Outpatient pediatric medical records were also reviewed at both time points, 

noting if the participant ever had these diagnoses; and this information along with parent-

reported information was utilized to define participants with these diagnosed internalizing 

disorders. Maternal IQ was assessed using the Kaufman Brief Intelligence Test at either the 

8-year or 15-year assessment (Kaufman and Kaufman 1990).

2.5. Statistical analysis

In our analyses examining associations of prenatal chemical exposures with CRS and 

BASC-2 internalizing symptoms, we log2-transformed skewed chemical concentrations. In 

cases where chemical concentrations were zero, we imputed values as one-tenth of the non-

zero minimum. In the overall analytic cohort, 0.2% (n=1) of HCB and of Pb concentrations 

were zero, while all other biomarkers had no zero values. Based on prior literature, we 

used directed acyclic graphs (Greenland et al. 1999) to select a priori potential confounders 

and predictors of internalizing symptoms for inclusion in models (See: Figure S2) (Liu et 

al. 2011; Merikangas 2005; Sagiv et al. 2010; Valeri et al. 2017). The covariates included 

in all models were parental characteristics at time of delivery [maternal age (continuous), 

PNSDI score (<3, ≥3)] or maternal characteristics during pregnancy [smoking (no, yes), 

alcohol consumption (≤1, >1 serving/week), average servings/week seafood consumption 

(continuous)]; child characteristics [race/ethnicity (Non-Hispanic White, Hispanic, Other), 

sex (female, male), age at CRS or BASC-2 (continuous)]; HOME score at 8-year 

(CRS analyses) or 15-year assessment (BASC-2 analyses) (continuous); and maternal IQ 

(continuous). For BASC-2 analyses, in cases where HOME score at 15 years was missing, 

we used the score at 8 years when available (n=15 observations).

Among the 607 children assessed at 8 years, 606 had complete CPRS and/or CTRS data. 

Of those 606 participants, 589 had cord serum organochlorine measures, 545 of these had 

cord blood Pb and Mn measures, and 448 of these had complete covariate data. Participants 

with at least one complete outcome, in addition to complete exposure and covariate data 

(n=448), were included in CRS analyses. For the 528 children assessed at 15 years, all had 

complete BASC-2 data for at least one reporter. Of those 528 participants, 519 had cord 

serum organochlorine measures, 477 of these had cord blood Pb and Mn measures, and 389 

of these had complete covariate data. Participants with at least one complete outcome, as 

well as complete exposure and covariate data (n=389), were included in BASC-2 analyses. 

The overall analytic cohort consisted of 468 participants included in at least one complete 

case CRS and/or BASC-2 analysis (see flow chart: Figure S1).

We used Unix SAS version 9.1.4 (Cary, North Carolina) for data management and 

descriptive statistics, and R 4.0.3 (R Core Team, Vienna, Austria) for all regression analyses.

2.5.1. Bayesian Kernel Machine Regression—We first used Bayesian Kernel 

Machine Regression (BKMR) to explore possible nonlinearity and non-additive interactive 

effects for associations of the prenatal chemical mixture and internalizing symptom 

subscales. Briefly, BKMR is a supervised, flexible approach, which uses a kernel function 

to estimate the joint health effects of multivariate exposures, while adjusting for covariates 

Rokoff et al. Page 7

Environ Res. Author manuscript; available in PMC 2023 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Bobb et al. 2015; Bobb et al. 2018). We applied BKMR with the component variable 

selection procedure, which provides variable-specific posterior inclusion probabilities (PIPs) 

to quantify relative importance of each exposure to the outcome. Our BKMR analyses used 

50,000 Markov chain Monte Carlo iterations, in which the first 10,000 iterations were used 

as burn-in and then model convergence was evaluated with trace plots. Models were run in 

the overall analytic cohort, as well as stratified by sex.

2.5.2. Linear regression models—After visually assessing BKMR exposure-response 

functions, we largely observed no evidence of non-linear associations or interactions 

between exposures, and thus, in primary analyses, we fit covariate-adjusted five-chemical 

(i.e., HCB, p,p’-DDE, ΣPCB4, Pb, Mn) linear regression models. As exposures were 

log2-transformed, estimates are interpreted as the T-score difference per doubling prenatal 

chemical concentration. We examined possible sex-specific associations of chemical 

concentrations with internalizing symptoms by including product interaction terms between 

each chemical and child sex in models. We investigated magnitude and precision of sex-

specific associations within strata and via product interaction term p-values.

2.5.3. Secondary analyses—As it is less common to have data for multiple reporters 

of child behavioral outcomes in environmental epidemiologic studies, we conducted 

secondary analyses using scores from parents (BASC-2 PRS) and teachers (CTRS, BASC-2 

TRS). As prior studies have noted weak correlations and poor agreement among informants 

for adolescent internalizing symptoms (Reynolds and Kamphaus 2004; Sourander et al. 

1999), we hypothesized that directions of associations may differ across BASC-2 reporters. 

We also explored binary outcomes that may indicate more severe psychopathology, with 

suggestive clinically significant symptoms defined by diagnostic cut points from each 

instrument’s a priori specification of clinical risk – the CRS dichotomizes risk at the 

86th percentile (T-score≥61) and the BASC-2 dichotomizes risk at the 85th percentile 

(T-score≥60) (Conners 1997; Reynolds and Kamphaus 2004). Since these outcomes were 

not rare (Tables S1, S2), we used multivariable modified Poisson models with robust error 

variance to calculate risk ratios.

For a sensitivity analysis, we utilized inverse probability of censoring weighting (IPCW) 

(Cole and Hernán 2008; Hernán et al. 2004) to assess potential selection bias due to 

exclusion of participants with incomplete outcome and/or covariate data. We first ran logistic 

regression models to determine probability of inclusion in complete case analyses for CPRS 

and BASC-2 SRP as the dependent variable, and covariates collected at birth or the two-

week postpartum home visit as independent variables. Based on predictors of inclusion in 

complete case analyses (Table S3), we used a subset of 622 participants (79% of the enrolled 

cohort) to assign weights to each observation. Covariates chosen for weighting at one or 

both follow-up points included: prenatal chemical concentrations (HCB, p,p’-DDE, £PCB4, 

Pb); parental and household characteristics at birth (maternal age, education, marital status, 

smoking during pregnancy; paternal education; household income) and child characteristics 

(sex, race/ethnicity, birth weight). To ensure that bias was not evident in the subset of 

622, we compared distributions of several covariates with the enrolled 788 and saw no 

appreciable differences (Table S3). Because unstablized weights, defined as the inverse of 
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the estimated probability of inclusion, may have extreme observations due to individuals 

with a rare combination of covariates, we stabilized weights with a numerator based on the 

probability of inclusion predicted by the exposures in the model (Cole and Hernán 2008). 

We additionally truncated the stabilized weights at the 2.5th and 97.5th percentiles (Hernán et 

al. 2004).

We used postnatal blood Pb measures from pediatric medical records to investigate whether 

a certain exposure window (i.e., prenatal versus postnatal Pb) was more strongly related to 

internalizing symptoms. Specifically, we used hierarchical variable selection with BKMR, 

in which the five prenatal chemicals were treated as one group and peak childhood Pb as 

another group (Valeri et al. 2017), and assessed group PIPs to see if the prenatal exposure 

mixture versus postnatal Pb was relatively more important with respect to the outcome. 

Furthermore, we ran BKMR models with a mixture that only included prenatal and peak 

childhood blood Pb.

In other sensitivity analyses for CPRS and BASC-2 SRP, we evaluated raw score instead 

of T-score outcomes to assess whether the potential truncation of T-scores impacted the 

direction and magnitude of associations. To elucidate whether clinical cases were driving 

associations or if results were generalizable to non-clinical samples, we ran models 

excluding those on prescription medications for behavioral problems and those with a 

diagnosis of an emotional illness at 8 years (for CPRS) and diagnosis of anxiety and/or 

depression at 15 years (for BASC-2 SRP). In those with available data, we adjusted 

models for family history of mental illness. Additionally, while maternal weight gain 

was not predictive of child internalizing symptoms in our analytic cohort, prior studies 

have found gestational weight gain to be associated with lower blood concentrations of 

lipophilic compounds (Lee et al. 2017) and child behavioral problems (Pugh et al. 2016). 

Therefore, we further adjusted models for gestational weight gain, as a categorical variable 

(insufficient, adequate, excessive) based on prepregnancy BMI-specific recommendations 

from the U.S. Institute of Medicine (Institute of Medicine and National Research Council 

Committee to Reexamine I. O. M. Pregnancy Weight Guidelines 2009). For CPRS, we ran 

models restricted to participants also included in BASC-2 SRP complete case analyses.

3. Results

3.1. Study population characteristics

Of 468 mother-child pairs in the analytic dataset, a substantial proportion of child 

participants were born to mothers who had no post-high school education (n=257; 55%), 

were unmarried (n=184; 39%), and/or had an annual household income <$20,000 (n=162; 

35%). Approximately one-third of mothers reported smoking during pregnancy (n=149; 

32%). The majority of study children were Non-Hispanic White (n=324; 69%), and 50% 

(n=234) were female. The mean±SD age of participants at the CPRS assessment was 

8.1±0.7 years and at the BASC-2 SRP assessment was 15.5±0.6 years (Table 1).

Compared to those excluded from the analytic cohort, children included were younger at 

study assessments and more likely to be female, Non-Hispanic White, and have a low 

PNSDI score. On average, included participants had lower cord blood Pb levels. CPRS 
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complete case participants had lower prenatal HCB levels, whereas those in BASC-2 SRP 

analyses had higher p,p’-DDE levels (Table S3).

3.2. Organochlorine and metal exposures

The median concentrations of organochlorines measured in cord serum were 0.02 ng/g for 

HCB, 0.31 ng/g for p,p’-DDE, and 0.18 ng/g for ΣPCB4. For cord blood metals, median 

concentrations were 1.1 ng/dL for Pb and 4.0 μg/dL for Mn. Mean concentrations of 

organochlorines were greater in girls compared to boys, whereas median concentrations 

were similar across sexes. In contrast, mean and median metal concentrations were higher in 

boys than in girls (Table 2). The organochlorines were positively and moderately correlated, 

with Spearman’s rank correlation coefficients (rs) ranging from 0.37 (HCB and p,p’-DDE) 

to 0.67 (p,p’-DDE and ΣPCB4. Cord blood Pb and Mn had a weaker, positive rs of 0.16, 

and were not strongly correlated with organochlorines (rs: −0.03 to 0.20). The correlation 

between cord blood and peak childhood Pb was moderate and positive (rs: 0.33) (Figure S3).

3.3. Internalizing symptoms in mid-childhood and adolescence

For the 8-year assessment, study children’s average internalizing symptoms were 

qualitatively slightly higher (worse) than the standardization samples, with mean±SD 

T-scores of 52.8±10.6 for CPRS Anxious-Shy and 53.7±11.1 for CPRS Psychosomatic 

scales. Boys and girls had similar distributions of scores. For CPRS, a larger percentage 

of girls than boys were categorized as having potentially clinically significant Anxious-Shy 

symptoms, while a higher percentage of boys than girls were classified this way by teachers. 

Overall, approximately 20% of participants had potentially clinically significant CPRS 

Anxious-Shy and/or Psychosomatic symptoms. CPRS Anxious-Shy and Psychosomatic 

scores were positively and moderately correlated (rs: 0.34), but CPRS and CTRS Anxious-

Shy scores were not correlated (rs: 0.06) (Table S1).

In contrast to CPRS assessment, adolescents’ average scores were qualitatively slightly 

lower (better) than those of the standardization sample. Specifically, for the 15-year 

assessment, mean±SD T-scores for the BASC-2 SRP scales were 49.2±10.9 for Anxiety, 

47.8±10.7 for Depression, 49.4±10.2 for Somatization, and 47.9±10.8 for the Internalizing 

Problems composite scales. For BASC-2 SRP, on average, girls had higher Anxiety, 

Depression, and Somatization scores than boys; this sex-specific pattern also was present 

with BASC-2 PRS and TRS. Between 14-17% of participants had potentially clinically 

significant self-reported symptoms (Table S2).

Concordance between reporters for internalizing symptoms was relatively low. Of 58 

adolescents who were categorized with potentially clinically significant Anxiety problems 

by self-report, 22% were also defined this way by BASC-2 PRS and 7% by TRS. BASC-2 

SRP and PRS were in stronger agreement for Depression (55%) and Somatization (44%) 

than for Anxiety (22%), and agreement between these sub-scales was low (range: 7-23%) 

for BASC-2 SRP and TRS (Table S4). While BASC-2 SRP subscale scores were positively 

and moderately correlated (rs: 0.48 to 0.64), correlations across different reporters were 

weak (e.g., Anxiety rs: 0.26 for SRP and PRS; 0.07 for SRP and TRS; Table S2).
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In univariate regression models examining predictors of CPRS Anxious-Shy and BASC-2 

SRP Anxiety scores, higher T-scores were associated with a high PNSDI score, maternal 

smoking during pregnancy, younger maternal age at birth, and lower maternal IQ. With 

respect to child characteristics, Hispanic race/ethnicity, female sex, poorer HOME score, 

behavioral disorder medication use, family history of mental illness, and diagnosis of 

an emotional illness (for CPRS) and anxiety and/or depression (for BASC-2 SRP) were 

associated with greater anxiety-related scores (Table 1).

3.4. Covariate-adjusted regression models

In exploratory BKMR analyses, univariate and bivariate exposure-response functions 

suggested linear associations of p,p’-DDE, ΣPCB4, Pb, and Mn with CPRS Anxious-Shy 

and Psychosomatic outcomes and BASC-2 SRP Anxiety, Depression, and Somatization 

outcomes (Figures 1, S4) and no interactions among the five chemicals (Figures S5, S6). For 

HCB, associations were also linear, except in the cases of CPRS Anxious-Shy for girls and 

BASC-2 SRP Somatization overall in which the exposure-response functions suggested an 

inverted U-shape (Figures 1, S4). However, because the credible intervals were wide at the 

lower-tail due to associations being driven by the minimum HCB concentration and because 

inclusion of a quadratic terms for HCB in these regression models did not significantly 

improve model fit, we treated HCB as a linear term.

In five-chemical linear regression models, effect modification by sex was present for 

the association between prenatal Mn and CPRS Anxious-Shy score (Mn-sex interaction 

p-value=0.03) (Figure 2; Table S5). Although confidence intervals (CI) crossed the null, 

prenatal Mn was positively (i.e., adversely) associated with CPRS Anxious-Shy score 

for girls and negatively associated for boys in mid-childhood. Specifically, a doubling in 

prenatal Mn was associated with a 2.47 (95% CI: −0.56, 5.49) score difference for girls 

and −2.18 (95% CI: −4.98, 0.63) difference for boys. There were no associations of HCB, 

p,p’-DDE, or Pb with CPRS Anxious-Shy score. Prenatal ΣPCB4 was positively associated 

with CPRS Anxious-Shy score for girls, but the CI crossed the null [1.81 (95% CI: −0.02, 

3.64) per doubling ΣPCB4]. For CPRS Psychosomatic score, there was a positive association 

with Pb, which was stronger for boys than girls [1.89 (95% CI: 0.06, 3.72) versus 0.41 (95% 

CI: −0.85, 1.67) per doubling Pb]. Per doubling prenatal p,p’-DDE, there was a negative 

association for boys [−1.62 (95% CI: −3.21, −0.04)], but not girls [0.82 (95% CI: −0.94, 

2.59)] (p,p’-DDE-sex interaction p-value=0.04) (Figure 2; Table S5)

Prenatal Pb was positively associated with anxiety symptoms for the total cohort in 

adolescence, with a doubling of Pb exposure associated with a 1.56 (95% CI: 0.50, 2.61) 

BASC-2 SRP Anxiety score difference. The association of Pb with BASC-2 SRP Depression 

was also positive, although weaker than with Anxiety score and the CI crossed the null 

[0.69 (95% CI: −0.35, 1.72) per doubling Pb]. Prenatal Mn was positively associated with 

BASC-2 SRP Depression score for girls, for whom a doubling in Mn was associated with 

a 3.26 (95% CI: 0.27, 6.25) score difference, and null for boys [−0.23 (−3.16, 2.71)]. This 

pattern was also apparent for BASC-SRP Anxiety score and prenatal Mn, although the 

CI crossed the null [2.69 (95% CI: −0.39, 5.77) per doubling Mn for girls]. Additionally, 

a doubling in prenatal HCB was negatively associated with BASC-2 SRP Somatization 

Rokoff et al. Page 11

Environ Res. Author manuscript; available in PMC 2023 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



score for the overall cohort [−1.11 (95% CI: −2.22, −0.01)], and negatively associated 

with Anxiety score for girls [−1.92 (95% CI: −3.69, −0.14)]. No other prenatal chemical 

was associated with BASC-2 SRP Somatization score. The BASC-2 SRP Internalizing 

Problems composite was strongly influenced by Anxiety and Depression scales (rs: 0.80, 

0.84, respectively; Table S2), as the composite score was positively associated with prenatal 

Pb overall and Mn for girls (Figure 3; Table S6).

In addition to utilizing BKMR to inform model specification, we used this method to 

evaluate the relationship of the overall mixture with CPRS and BASC-2 SRP outcomes. For 

anxiety and depressive symptoms (CPRS Anxious-Shy; BASC-2 SRP Anxiety, Depression), 

the overall mixture was positively and linearly associated with symptoms for the total 

cohort, although credible intervals crossed the null. However, in sex-stratified models, the 

mixture was positively associated with CPRS Anxious-Shy score for girls and had no 

association for boys, whereas the mixture was positively associated with BASC-2 SRP 

Anxiety and Depression scores for boys and had no association for girls. The overall mixture 

was negatively and linearly associated with somatic symptoms (CPRS Psychosomatic, 

BASC-2 SRP Somatization) for the total cohort, with stronger associations in adolescence 

and for boys (Figure 4). These overall mixture associations reflect the sex-specific univariate 

exposure-response functions; for example, with BASC-2 SRP Anxiety, the null association 

of the mixture for girls is likely due to the positive associations of prenatal metal exposures 

counteracting the negative associations with the organochlorines, whereas the positive 

association of the mixture for boys is reflective of the positive association with prenatal 

Pb and null associations with all other chemicals (Figure 1).

3.5. Secondary analyses

When comparing across informants, patterns of association were similar for parents and 

teachers on the CRS, but more variable for self-report versus parent- and teacher-report on 

the BASC-2. CTRS Anxious-Shy score was positively associated with Mn for girls, as it 

was for CPRS (Table S5). Likewise, when CPRS and CTRS scores were dichotomized, 

directions of associations were generally similar for risk ratios and linear regression 

estimates, although magnitude and precision varied, particularly with a weak and imprecise 

positive association for prenatal Mn and potentially clinically significant CPRS Anxious-

Shy symptoms for girls (Figure S7). For BASC-2 continuous and dichotomized score 

outcomes, prenatal Pb was consistently associated with higher Anxiety score; otherwise, 

directions and magnitude of associations with chemicals differed based on informant. 

For example, the associations of prenatal Mn with BASC-2 PRS and TRS Depression 

continuous and dichotomized scores for girls were either negative or null [e.g., BASC-2 

TRS T-score: −2.60 (95% CI: −5.59, 0.39) per doubling Mn], whereas the BASC-2 SRP 

associations with Mn were positive for girls (Table S6, Figure S8).

In BKMR models that additionally included peak childhood Pb in the mixture, univariate 

exposure-response functions suggested no evidence of associations of either prenatal or 

peak childhood Pb with CPRS Anxious-Shy score at 8 years for the total cohort (Figure 

S9). For the 15-year assessment, univariate exposure-response functions showed positive, 

linear associations for both prenatal and childhood Pb with BASC-2 SRP Anxiety score 
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for the total cohort, but the prenatal Pb curve had a steeper slope (i.e., larger magnitude 

estimate) (Figure S10). Specifically, in the total cohort BASC-2 SRP Anxiety model, the 

group PIP was 0.28 for the five prenatal chemicals and 0.21 for childhood Pb; when only 

prenatal and postnatal Pb were included in the mixture, the PIP for prenatal Pb was 0.24 

and childhood Pb was 0.11. Neither prenatal nor childhood Pb were associated with BASC-2 

SRP Depression and Somatization scores (Figure S10).

Sensitivity analyses using raw scores instead of T-scores as outcomes (Table S7) and 

adjusting for family history of mental illness (Table S8) or gestational weight gain (Table 

S9) did not change associations. Overall, the direction and magnitude of associations did 

not appreciably change when calculated by IPCW, although in the case of the CPRS 

Anxious-Shy outcome, the positive associations of prenatal Mn for girls were slightly 

strengthened [e.g., 3.09 (95% CI: 0.08, 6.10) per doubling Mn versus 2.47 (95% CI: −0.56, 

5.49) complete case] (Table S10). When excluding those taking medications for a behavioral 

disorder (Table S11), those diagnosed with an emotional illness by age 8, or those diagnosed 

with anxiety and/or depression by age 15 (Table S12), associations of most chemicals with 

CPRS and BASC-2 SRP outcomes did not substantially change. The exceptions were in 

analyses where participants on behavioral disorder medications at respective ages were 

excluded, the negative association between p,p’-DDE and CPRS Psychosomatic score for 

boys was attenuated, and the positive associations of Mn with CPRS Anxious-Shy and 

BASC-2 SRP Anxiety and Depression scores for girls were strengthened (Table S11). In 

CPRS analyses restricted to those participants with BASC-2 SRP follow-up, directions of 

associations did not change (Table S13).

4. Discussion

In our study of a socioeconomically diverse prospective cohort of mother-child pairs, we 

found evidence of adverse associations between prenatal metal exposures and internalizing 

symptoms. In models accounting for co-exposure confounding, positive, linear associations 

of prenatal Mn with internalizing symptoms for girls persisted from mid-childhood through 

adolescence. Although not present with mid-childhood outcomes, our findings also support 

positive associations between prenatal Pb and anxiety symptoms in adolescence. In 

analyses excluding participants on behavioral medications or with diagnosed anxiety or 

depression, associations with these metals persisted, suggesting that the findings are relevant 

to those with sub-clinical symptoms. We did not find consistent associations between 

organochlorines and internalizing symptoms at either time point. Furthermore, we observed 

that the overall mixture of prenatal organochlorines and metals was positively associated 

with child and adolescent anxiety and depressive symptoms, but negatively associated with 

somatic symptoms.

Prenatal Pb and Mn levels were similar to those observed in other United States/Canadian 

populations in the 1990s (Ettinger et al. 2020; Smargiassi et al. 2002), although cord 

blood Pb levels were higher than those measured more recently (Arbuckle et al. 2016b; 

Ettinger et al. 2020). Most prior studies of prenatal Pb exposure have assessed internalizing 

symptoms in early or mid-childhood and reported no associations (Arbuckle et al. 2016a; 

Bellinger et al. 1994; Horton et al. 2018; Plusquellec et al. 2010; Sioen et al. 2013). In 
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our analyses, although an association with prenatal Pb was not present with mid-childhood 

anxiety-related symptoms, we observed an adverse association with CPRS Psychosomatic 

score. Previous studies have focused on internalizing problems as a composite scale and not 

specifically on somatic symptoms as an individual outcome. Somatic symptoms consist of 

physical complaints, often thought to be manifestations of underlying emotional problems 

in the absence of other health issues. The presentation and recognition of internalizing 

psychopathology in childhood may vary based on sociocultural factors (Liu et al. 2011), 

and thus, consideration of somatic symptoms can help identify at-risk children who are not 

scored highly on anxiety- or depressive-related scales because such symptoms are more 

typically manifested as somatic symptoms. These symptoms may also be comorbid with 

anxiety or depression (Silber and Pao 2003), or predictive of the development of a mental 

disorder in adulthood (Bohman et al. 2018), possibly signaling that associations between Pb 

exposure and anxiety or depressive problems may present later in the life course. During 

adolescence, a vulnerable period for the onset or exacerbation of internalizing symptoms 

(Kessler et al. 2005; Koenen et al. 2013) and when symptoms are best characterized by 

the individual experiencing them (Koenen et al. 2013; Smith 2007), we observed strong, 

positive associations of prenatal Pb exposure with continuous and dichotomized BASC-2 

SRP Anxiety scores.

Prior studies of Pb exposure in infancy and childhood have shown more consistent 

associations with adverse neurobehavioral outcomes (Lanphear et al. 2005; Téllez-Rojo et 

al. 2006), as compared to Pb exposure prenatally. With use of deciduous teeth biomarkers, 

associations have been observed for postnatal, but not prenatal, Pb exposure with mid-

childhood internalizing symptoms (Bellinger et al. 1994; Horton et al. 2018). For example, a 

study using distributed lag models and lagged weighted quantile sum regression for mixtures 

of Pb, Mn, and zinc found that early postnatal Pb, from birth to 12 months, was positively 

associated with BASC-2 PRS Anxiety and Depression scores at ages 8-11 years (Horton 

et al. 2018). However, in our BKMR model that evaluated prenatal versus peak childhood 

Pb, prenatal Pb appeared to have a stronger positive association than postnatal Pb with 

BASC-2 SRP Anxiety score in adolescence. Our study differs from prior analyses in the 

use of cord blood and childhood blood as biomarkers of exposure. Although cord blood and 

deciduous teeth reflect mid- to late-pregnancy exposures, our use of peak whole blood Pb 

captures maximum exposure from 12-36 months, whereas the dentine biomatrix allows for 

exploration of more specific exposure timing from birth through early childhood. Thus, we 

do not have data on the exposure window of birth to 12 months and this may account for 

differences in our findings versus those in prior studies.

There is limited literature on prenatal Mn exposure and child internalizing symptoms. In 

a Mexico City birth cohort, prenatal Mn was not associated with BASC-2 PRS Anxiety 

score in mid-childhood, but sex-specific associations were not considered (Horton et al. 

2018). In contrast to our study, an analysis of prenatal Mn dentine levels observed a positive 

association with mid-childhood BASC-2 PRS Internalizing Problems score for boys but not 

girls (Mora et al. 2015). With sexual dimorphism in neural, as well as placental, structure 

and function, it is plausible that the absorption or toxicity of chemical insults, such as 

Mn, may differ based on sex (Cowell and Wright 2017; Sacher et al. 2013). Although 

investigation of sex-specific effects of prenatal Mn and internalizing symptoms is limited, 
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adverse associations of Mn with other neurobehavioral outcomes have been observed just 

for girls. Specifically, high prenatal Mn exposure was adversely associated with visuospatial 

learning and working memory for girls aged 11-14 years (Bauer et al. 2017), and postnatal 

Mn exposure was negatively associated with long-term memory/learning (Torres-Agustín et 

al. 2013) and intellectual functioning for girls in mid-childhood (Riojas-Rodríguez et al. 

2010). There is evidence that genetic variation in Mn transporter genes SLC30A10 and 

SLC39A8 may lead to dysregulation of excess brain Mn levels (Chen et al. 2015; Wahlberg 

et al. 2016), with girls being genetically less efficient in regulating Mn (Broberg et al. 2019).

Animal studies have observed increased anxiety-like behaviors in mice (Elnar et al. 

2012) and depressive-like behaviors in rats (Lilienthal et al. 2014) following perinatal 

PCB exposure. PCBs, along with other organochlorines, may dysregulate glutamate and 

dopamine-mediated functions, which play essential roles in the limbic system (Bell 

2014). However, our mainly null findings assessing prenatal organochlorine exposures, 

as a mixture with metal components, and internalizing symptoms in mid-childhood and 

adolescence are consistent with observations in a small number of prior epidemiologic 

studies, mostly focused on individual exposures and/or symptoms through mid-childhood. 

In single-chemical models, prenatal 2,2′,4,4′,5,5′-hexachlorobiphenyl (PCB-153) and p,p’-

DDE were not associated with odds of mid-childhood abnormal emotional symptoms 

(Rosenquist et al. 2017; Sioen et al. 2013) or depression diagnosis through early adulthood 

(Strom et al. 2014). Additionally, studies considering co-exposure to a wide range of 

prenatal environmental exposures, including HCB, p,p’-DDE, and PCB congeners, found 

no associations with internalizing behaviors at 3-7 years (Jedynak et al. 2021) or 6-11 

years (Maitre et al. 2021). Prior studies also did not observe associations between prenatal 

HCB and internalizing problems (Sioen et al. 2013; Strom et al. 2014). In a population 

with high prenatal PCB exposure, a study showed a positive association between prenatal 

PCB-153 and early childhood anxiety behaviors (Plusquellec et al. 2010), with behaviors 

assessed in a testing session via the Bayley Scales of Infant Development rather than more 

natural environments reflected in parent and teacher observations as well as self-report via 

behavioral check lists. Notably, prenatal organochlorine levels in the NBC were relatively 

low compared to other high risk exposure cohorts (Korrick et al. 2000; Longnecker et al. 

2003), despite residence near the NBH Superfund Site. Thus, this study may have been 

underpowered to detect more modest effects.

For both mid-childhood and adolescent internalizing outcomes, we observed associations 

in which HCB or p,p’-DDE appeared protective against anxiety or somatic symptoms. 

This unexpected finding has also been reported in a few studies of prenatal or postnatal 

organochlorine exposure in relation to mid-childhood behaviors (Jedynak et al. 2021; 

Lenters et al. 2019; Maitre et al. 2021). As several of the proposed biological mechanisms 

for the effects of organochlorines on the neuroendocrine system are hypothesized to increase 

susceptibility to internalizing symptoms (Bell 2014), it is plausible that apparent protective 

associations are due to negative confounding bias by dietary factors (Choi et al. 2008) or 

live birth bias (Liew et al. 2015). Although we controlled for prenatal seafood consumption, 

a major source of organochlorines is diet (Schecter et al. 2010); thus, measurement error in 

self-reported responses may lead to residual confounding. Furthermore, a study of perinatal 

HCB exposure and childhood ADHD observed protective associations (Lenters et al. 2019), 
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and proposed that if high organochlorine exposure increases likelihood of pregnancy loss 

(Jarrell et al. 1998; Longnecker et al. 2005), then this could possibly cause a protective 

association due to collider stratification bias (i.e., live birth bias) (Liew et al. 2015). 

However, NBC enrollment was based on live births, so we cannot quantify the impact of 

fetal loss.

We observed no evidence of interactions among our targeted organochlorines and metals in 

associations with internalizing symptoms. Several prior studies have observed that prenatal 

or postnatal Pb exposures modify the association of Mn and neurodevelopmental outcomes 

in early- or mid-childhood, with toxicity of one metal being stronger at higher levels of the 

other (Claus Henn et al. 2012; Kim et al. 2009; Lin et al. 2013; Menezes-Filho et al. 2018; 

Mora et al. 2015). The lack of interaction could be due to relatively low cord blood Pb levels 

in our cohort, a sample size insufficient to detect more moderate interactions, or simply no 

true effect modification.

Limitations of our study include potential for selection bias due to cohort attrition. We aimed 

to address potential selection bias with IPCW, which showed minimal bias, as complete 

case and IPCW effect estimates were similar. However, residual bias may remain, as 

some predictors of dropout may not have been measured or had too much missingness 

to be included in creating weights. Our results also may be prone to residual bias 

from measurement error of confounding covariates, as prenatal maternal behaviors (i.e., 

diet and smoking) were assessed retrospectively at approximately two weeks postpartum. 

Furthermore, while our sample size was relatively large in comparison to prior studies with 

follow up in mid-childhood and adolescence, we may still have been limited in our power 

to detect potential effect modification by sex in linear regression models. Additionally, we 

did not correct for multiple comparisons in our linear regression models, and thus some 

associations may be false positives. However, with correlated internalizing outcomes and 

expected modest differences in internalizing symptom T-scores per doubling of chemical 

level, we prioritized risk of false positive over false negative results. Replication in future 

studies is needed, particularly for findings on sex-specific associations. Generalizability 

was possibly limited due to NBC eligibility criteria of English- and/or Portuguese-speaking 

women, maternal residence near the NBH, and vaginal births, although the socioeconomic 

and demographic variability of our cohort would be expected to aid its generalizability 

to diverse populations. Lastly, except for Pb, we were only able to explore prenatal, not 

postnatal, chemical mixtures and thus were unable to elucidate which is a more susceptible 

window of exposure. Prior studies that used deciduous tooth dentine as a biomarker 

have been able to evaluate both prenatal and early postnatal chemical exposures (Horton 

et al. 2018; Mora et al. 2015), although sample sizes are often much smaller due to 

difficulties with teeth collection. Although not applied to the complete mixture, we used 

BKMR to investigate the impact of prenatal versus peak childhood Pb exposure and found 

that when associations with Pb were present, prenatal Pb appeared to have a stronger, 

positive association with mid-childhood and adolescent internalizing symptoms, even though 

exposure levels were lower during pregnancy than in early childhood.

Even with these limitations, our study had a number of strengths. This is the first study to 

use a flexible mixture approach to consider joint exposure to organochlorines and metals in 
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relation to internalizing symptoms throughout childhood. With ascertainment of symptoms 

at two timepoints, we could explore whether associations change or persist from childhood 

to adolescence. Use of self-report in adolescence provides insight into symptoms at a life 

stage when anxiety and depressive disorders are more likely to present as compared to 

mid-childhood (Kessler et al. 2005; Koenen et al. 2013; National Research Council et al. 

2009). While a few prior studies have explored simultaneous prenatal organochlorine or 

metal exposures (Horton et al. 2018; Jedynak et al. 2021; Maitre et al. 2021), or internalizing 

outcomes assessed beyond mid-childhood (Strom et al. 2014), to the best of our knowledge, 

no prior study has done both. Our study addresses this limitation in prior research by 

leveraging both comprehensive chemical biomarker data and data from multiple study visits 

to evaluate how exposure to a chemical mixture, rather than exposures in isolation, influence 

anxiety, depressive, and somatic symptoms from mid-childhood through adolescence, the 

latter being a sensitive period for onset or exacerbation of internalizing disorders. As a 

fetus is exposed to numerous chemicals and the toxicity of some chemicals may depend 

on the presence of others, it is important to optimize characterization of exposure risk in 

vulnerable populations, including children exposed in utero (Claus Henn et al. 2014; Mitro 

et al. 2015). Additionally, our use of continuous outcome scores has some advantages over 

clinical diagnosis, as it allows for detection of early or milder manifestations of internalizing 

disorders and enhanced power to detect exposure effects (Bellinger 2004). Furthermore, in 

a select few cases where we had multiple informants per child for teacher or parent report, 

we made the decision to average scores. This approach may induce outcome measurement 

error; however, with a continuous outcome, precision may be impacted but effect estimates 

are not biased. We also had access to assessments from multiple reporters, which permitted 

us to focus on informants known to better judge internalizing symptoms at each age, as well 

as compare patterns of associations across reporters. As anticipated based on prior research 

(Achenbach et al. 1987; Reynolds and Kamphaus 2004; Sourander et al. 1999), symptoms 

were weakly to moderately correlated across reporters. Moreover, in some cases, directions 

of association differed based on reporter. We also observed possible bias in how informants 

rate symptoms based on sex and/or context. For instance, teachers reported more CRS 

Anxious-Shy problems for boys whereas parents did so for girls. With the BASC-2, teachers 

classified relatively few participants as having potentially clinically significant symptoms. 

Such findings highlight the importance of considering the source of data for internalizing 

symptoms, which are often not easily observable by “outsiders.”

In summary, our results support a positive association of prenatal metals, but not 

organochlorines, with internalizing symptoms in mid-childhood and adolescence. Anxiety 

and depression are two of the most common psychiatric disorders, and emergence of these 

conditions in childhood increases lifelong risk of morbidity (Koenen et al. 2013; National 

Research Council et al. 2009; Woodward and Fergusson 2001). Thus, it is imperative 

to assess modifiable early life risk factors, such as prenatal chemical exposures, that 

can be intervened upon to reduce lifetime risk of internalizing disorders. These findings 

suggest that prenatal Pb and Mn exposures may contribute to susceptibility for anxiety and 

depressive symptoms and that future studies should explore associations in a sex-specific 

manner, particularly with respect to Mn exposure.
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Abbreviations:

BASC-2 Behavior Assessment System for Children, Second Edition

BKMR Bayesian Kernel Machine Regression

CI confidence interval

CRS Conners’ Rating Scale

CPRS Conners’ Parent Rating Scale

CTRS Conners’ Teacher Rating Scale

CV coefficient of variation

HCB hexachlorobenzene

HOME Home Observation for Measurement of the Environment

IPCW inverse probability of censoring weighting

LOD limit of detection

Mn manganese

NBC New Bedford Cohort

NBH New Bedford Harbor

Pb lead

PCB polychlorinated biphenyl

PIP posterior inclusion probability

PNSDI prenatal social disadvantage index

p,p’-DDE p,p'-dichlorodiphenyl dichloroethylene

PRS Parent Rating Scales

rs Spearman’s rank correlation coefficient

SD standard deviation
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SRP Self Report of Personality

TRS Teacher Rating Scales
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Figure 1. 
Univariate exposure-response functions and 95% credible intervals for each of the five 

chemicals, when the other chemicals are fixed at their medians, with A) the CPRS Anxious-

Shy T-score and B) the BASC-2 SRP Anxiety T-score. Models adjusted for parental 

and household characteristics (prenatal social disadvantage index score; maternal age at 

birth; prenatal smoking; seafood, alcohol intake during pregnancy; maternal IQ; Home 

Observation for Measurement of the Environment score) and child characteristics (sex, race/

ethnicity, age at assessment). Abbreviations: BASC-2 SRP, Behavior Assessment System 

for Children, Second Edition, Self-Report of Personality; CPRS, revised Conners’ Parent 

Rating Scale; DDE, p,p'-dichlorodiphenyl dichloroethylene; HCB, hexachlorobenzene; Pb, 

lead; PCB4, sum of four polychlorinated biphenyl congeners; Mn, manganese.

Rokoff et al. Page 24

Environ Res. Author manuscript; available in PMC 2023 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Difference [95% confidence interval (CI)] in CPRS internalizing symptom T-scores 

associated with a doubling of each chemical, among New Bedford Cohort participants. 

Models adjusted for parental and household characteristics (prenatal social disadvantage 

index score; maternal age at birth; prenatal smoking; seafood, alcohol intake during 

pregnancy; maternal IQ; Home Observation for Measurement of the Environment score 

at 8-year assessment), child characteristics (sex, race/ethnicity, age at CPRS), and the 

other chemicals. Asterisks indicate sex-chemical interaction terms with a p-value <0.05. 

Abbreviations: CPRS, revised Conners’ Parent Rating Scale; DDE, p,p'-dichlorodiphenyl 

dichloroethylene; HCB, hexachlorobenzene; Pb, lead; PCB4, sum of four polychlorinated 

biphenyl congeners; Mn, manganese.
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Figure 3. 
Difference [95% confidence interval (CI)] in BASC-2 SRP internalizing symptom T-scores 

associated with a doubling of each chemical, among New Bedford Cohort participants. 

Models adjusted for parental and household characteristics (prenatal social disadvantage 

index score; maternal age at birth; prenatal smoking; seafood, alcohol intake during 

pregnancy; maternal IQ; Home Observation for Measurement of the Environment score 

at 15-year assessment), child characteristics (sex, race/ethnicity, age at BASC-2 SRP), and 

the other chemicals; no sex-chemical interaction terms had p-values <0.05. Abbreviations: 

BASC-2 SRP, Behavior Assessment System for Children, Second Edition, Self-Report of 

Personality; DDE, p,p'-dichlorodiphenyl dichloroethylene; HCB, hexachlorobenzene; Pb, 

lead; PCB4, sum of four polychlorinated biphenyl congeners; Mn, manganese.
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Figure 4. 
Overall effect of the five chemical mixture (hexachlorobenzene, p,p'-dichlorodiphenyl 

dichloroethylene, sum of four polychlorinated biphenyl congeners, lead, manganese) and 

95% credible intervals, relative to the 50th percentile of the mixture, with A) the CPRS 

and B) the BASC-2 SRP internalizing symptom T-scores. Models adjusted for parental 

and household characteristics (prenatal social disadvantage index score; maternal age at 

birth; prenatal smoking; seafood, alcohol intake during pregnancy; maternal IQ; Home 

Observation for Measurement of the Environment score) and child characteristics (sex, race/

ethnicity, age at assessment). Abbreviations: BASC-2 SRP, Behavior Assessment System for 

Children, Second Edition, Self-Report of Personality; CPRS, revised Conners’ Parent Rating 

Scale.
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