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Abstract

Background: Risk for childhood psychopathology is complex and multifactorial, implicating
direct and interacting effects of familial and environmental factors. The role of environmental
neurotoxicants in psychiatric risk is of growing concern, including polycyclic aromatic
hydrocarbons (PAH), common in air pollution. Prenatal PAH exposure is linked to adverse
physical, behavioral, and cognitive outcomes as well as increasing psychiatric risk. It is unclear
whether environmental exposures, like PAH, magnify the effects of exposure to early life stress
(ELS), a critical risk factor for psychopathology. The current work aimed to test potential
interactions between prenatal PAH exposure and psychosocial/socioeconomic stress on psychiatric
symptoms in school-age children.

Methods: Data were from the Columbia Center for Children’s Environmental Health Mothers
and Newborns longitudinal birth cohort study. Prenatal PAH exposure was ascertained though air
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monitoring during pregnancy and maternal PAH-DNA adducts at delivery. Mothers reported on
ELS (child age 5) and on child psychiatric symptoms across childhood (child age 5, 7, 9 and 11)
using the Child Behavior Checklist (CBCL).

Results: Significant prenatal airborne PAH x ELS interactions (FDR-corrected) predicted CBCL
Attention ($=0.22, t(307)=3.47, p<.001,ps¢,=.003) and Thought Problems T-scores (p=0.21,
t(307)=3.29, p=.001,ps4,=.004) at age 11 (n=319). Relative to those with lower exposure, children
with higher prenatal PAH exposure exhibited stronger positive associations between ELS and
CBCL Attention and Thought Problem T-scores. This interaction was also significant examining
convergent ADHD measures (Conners, DuPaul) and examining maternal PAH-DNA adducts
(p=0.29,1(261)=2.48,p=.01;n=273). A 3-way interaction with assessment wave indicated that the
PAH x ELS interaction on Attention Problems was stronger later in development (p=0.03,
t(1601)=2.19,p=.03;n=477).

Conclusions: Prenatal exposure to PAH, a common neurotoxicant in air pollution, may magnify
or sustain the effects of early life psychosocial/socioeconomic stress on psychiatric outcomes later
in child development. This work highlights the critical role of air pollution exposure on child
mental health.
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Introduction

Risk for childhood psychopathology is complex and multifactorial, implicating direct and
interacting effects of numerous familial and environmental risk factors. The effects of
environmental neurotoxicants on psychiatry risk are of growing concern. For example,
prenatal exposure to air pollution has been linked to increased risk for a range of psychiatric
outcomes, including autism spectrum disorder in the first 5 years of life (Volk et al., 2013,
von Ehrenstein et al., 2014, Becerra et al., 2013, Volk et al., 2011) and attention deficit
hyperactivity disorder (ADHD) assessed through age 9 (Perera et al., 2014, Peterson et al.,
2015, Perera et al., 2012). Exposure to air pollution, modelled at age 17, has also been
linked to increases in psychotic experiences at age 18 (Newbury et al., 2019). Air pollution
contains numerous potentially harmful compounds including, polycyclic aromatic
hydrocarbons (PAH), which are common neurotoxicants released into the environment
during incomplete combustion of fossil fuel, tobacco, and other organic material (Bostrom et
al., 2002). Animal models have shown that prenatal exposure to PAH results in a number of
downstream alterations, including decrements in neural mMRNA expression, long-term
potentiation, and learning and memory performance (Wormley et al., 2004, Grova et al.,
2007, Schellenberger et al., 2013, Brown et al., 2007). These effects on early brain
development may underlie long-term risk for the negative outcomes associated with prenatal
exposure to PAH. Human epidemiologic studies have demonstrated associations between
prenatal exposure to PAH specifically—either measured using personal air monitors or using
PAH-DNA adducts, which are PAH-specific biomarkers—and multiple adverse behavioral
and cognitive outcomes, including developmental delay at 2—-3 years of age (Perera et al.,
2006b, Tang et al., 2008), reduced cognitive ability/IQ at 5-7 years of age (Perera et al.,
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2009, Edwards et al., 2010, Jedrychowski et al., 2015, Lovasi et al., 2014), symptoms of
anxious/depressed and attention problems (Perera et al., 2012); and reductions in the
development of self-regulatory capacity across childhood that mediated social problems at
age 11 (Margolis et al., 2016).

Exposure to stress and adversity, particularly during early life, is a critical risk factor for a
number of forms of psychopathology across the lifespan (Kessler et al., 2010). A wide
variety of stressors have been examined as risk factors for psychiatric illness, for example
abuse and neglect (Kendler et al., 2004, Molnar et al., 2001), exposure to violence (Kessler
and Magee, 1994, Golding, 1999), economic hardship (Spence et al., 2002, Gilman et al.,
2003, Gilman et al., 2002), parental psychopathology. (Williamson et al., 2004, Lieb et al.,
2002), or isolation/lack of social support (Kendler et al., 2005, Teo et al., 2013). These types
of exposures often cluster and co-occur in the general population and exposure during early
childhood is a potent risk factor for psychiatric illness, likely acting through a number of
different mediating mechanisms. These may include epigenetic changes (Wankerl et al.,
2014, Swartz et al., 2016, Oberlander et al., 2008), prenatal hormonal factors (e.g. exposure
to elevated cortisol in utero (Davis et al., 2007)), postnatal psychosocial factors (e.g.
parenting (Kiernan and Huerta, 2008, Dougherty et al., 2013)), psychological factors (e.g.
impaired emotion regulation in the child (Silk et al., 2006, Abravanel and Sinha, 2015,
Pagliaccio et al., 2015), biological factors (e.g. exaggerated cortisol or inflammatory
reactivity in the child (Pace et al., 2006, Pagliaccio and Barch, 2016, Pagliaccio et al., 2014),
and neural factors (e.g. altered brain structure and function in the child (Pagliaccio and
Barch, 2016, Pagliaccio et al., 2014).

Growing awareness of the complexities of interactions between different exposures on health
and development highlights the need to study exposures to understand how prenatal and
early postnatal exposures affect developmental trajectories. Some exposures are more likely
than others to co-occur. The location of outdoor pollution sources typically places
individuals from low-income, urban, and minority communities at increased risk of exposure
to PAH (Heritage, 1992, Pirkle et al., 1996, Olden and Poje, 1995, Nieves and Wernette,
1992, Metzger et al., 1995, Wagenknecht et al., 1993). Similarly, individuals from these low-
income, urban, and minority communities are at increased risk of experiencing early life
stress (ELS) (Nurius et al., 2016, Hatch and Dohrenwend, 2007, Cronholm et al., 2015,
Mickelson and Kubzansky, 2003). Prior findings point to a potential interaction between
exposure to prenatal PAH and material hardship, one potential aspect of ELS, (e.g. (Perera et
al., 2017, Vishnevetsky et al., 2015). Understanding the interaction between exposure to
prenatal PAH and ELS may elucidate critical windows of exposure and create opportunities
to buffer effects of exposure. Importantly this type of information may help shape successful
public health messaging and personalized prevention programs.

Herein, we investigated the potential interactions between exposure to prenatal PAH and
postnatal ELS on child psychiatric symptoms using a more comprehensive measure of ELS
that includes multiple domains of stress exposure. Given prior findings that exposure to both
prenatal PAH and postnatal ELS are associated with increased symptoms of a broad range of
child psychopathologies, and that they may act through similar biological mechanisms (e.g.
neurotransmitter alteration, oxidative stress, inflammation (Pace et al., 2006, Saunders et al.,
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2006b, Block and Calderon-Garciduenas, 2009), we hypothesized that these exposures
would interact, such that exposure to both prenatal PAH and postnatal ELS would result in
higher levels of child psychiatric symptoms in late childhood than would either exposure
alone. As prior studies have implicated these risk factors in various internalizing and
externalizing behaviors, we probed a broad range of psychiatric symptom domains. We also
investigated whether the strength of the prenatal PAH by postnatal ELS interaction might
change over the course of childhood.

Participants: The Columbia Center for Children’s Environmental Health (CCCEH)

Details on CCCEH Mothers and Newborns birth cohort and study design have been
published previously (Perera et al., 2006b). Briefly, African-American and Dominican
women residing in Washington Heights, Harlem, or the South Bronx in New York City
(NYC) were recruited between 1998 and 2006 through local prenatal care clinics. Women
were included if they were between 18 and 35 years who were non-users of tobacco
products or illicit drugs, free of diabetes, hypertension, or known HIV, and if they had
initiated prenatal care by the 20th week of pregnancy. The full cohort included data from
727 women/children. The Institutional Review Board of Columbia University approved the
study. Mothers provided informed consent for themselves and their children; beginning at
age 7 children provided assent.

Prenatal PAH assessment

Prenatal exposure to PAH was measured using two methods: personal air monitoring
collected an external measure of exposure to PAH components for all participants; maternal
PAH-DNA adducts were also collected from a smaller subset (N=581) of the sample as
biomarker of the biologically effective dose of PAH. Air monitoring of PAH was the primary
predictor of interest in the current analyses as this directly measures external PAH
concentrations and was measured in the entire cohort. Complementary analyses evaluated
maternal PAH-DNA adducts as a biological dosimeter of PAH exposure reflecting both the
mother’s exposure to PAH and her toxicokinetic and toxicodynamic capacity (e.g.
differences in absorption, metabolic activation, and DNA repair). Therefore, PAH-DNA
adducts provide an indicator of the biologically effective dose of PAH, thus capturing inter-
individual variability in potential risk.

Air monitoring.—Personal air monitoring was carried out during the third trimester of
pregnancy. As previously describes, participants wore a backpack designed to measure air
quality for 48 hours and slept with it next to their bed (Perera et al., 2003). Vapors and
particles of <2.5um in diameter were collected on a precleaned quartz microfiber filter and a
precleaned polyurethane foam cartridge backup (University Research Glassware, Chapel
Hill, NC). Samples were analyzed at Southwest Research Institute for benzo[a]pyrene
(B[a]P), benz[a]anthracene, chrysene, benzo[b]fluroanthene, benzo[k]fluroanthene,
indeno[1,2,3-cd]pyrene, dibenz[a,h]anthra-cene, and benzo[g,h,i]perylene. Additionally,
each personal air monitoring result was assessed for completeness of documentation and
accuracy of flow rate and time. Exposure levels were totaled across the components
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examined and total scores were log transformed, as in prior work, and examined as a
continuous predictor.

Maternal PAH-DNA adducts.—At the time of delivery, research staff collected maternal
blood. Biospecimens were transported to the CCCEH Molecular Epidemiology Laboratory
within several hours of collection. The buffy coat, packed red blood cells, and plasma were
separated and stored at —70 °C. DNA adducts of the representative PAH, B[a]P, were
analyzed in extracted white blood cell DNA using a high-performance liquid
chromatography (HPLC)/fluorescence method which detects B[a]P tetrols (Alexandrov et
al., 1992, Perera et al., 2004). As in prior work, adduct levels were dichotomized based on
the limit of detection (0.25 adducts per 108 adducts) to group mothers who had detectable
(“high adducts”) vs. non-detectable (“low adducts™) maternal blood DNA samples levels.
Adducts reflect multiple possible biological pathways for the pathogenic effects of PAH,
representing DNA damage (genotoxicity), detoxification, and DNA repair (Godschalk et al.,
2003, Veglia et al., 2008). They may also play a role in epigenetic alterations (DNA
methylation) (Herbstman et al., 2012). The assay specifically measures the adducts formed
by benzo[a] pyrene as a proxy for PAH-DNA because it is considered a representative PAH
and is highly correlated with other PAH class members (Perera et al., 2006a).

Early Life Stress (ELS)

Data were aggregated from a structured interview with the parent at child age 5 and used to
create a composite measure assessing multiple aspects of ELS exposure. The interview
includes items from several published scales (see Appendix S1) measuring six domains of
early life stress: 8 items regarding material hardship in the past year (Mayer and Jencks,
1989), 14 items regarding mother’s perceived stress in the past month (Cohen et al., 1994),
12 items regarding experience of intimate partner violence in the child’s lifetime (Straus et
al., 1996), 8 items regarding lack of current social support (Cohen et al., 2000, Cohen et al.,
1985), 32 items about current neighborhood quality (Sampson and Raudenbush, 1999,
Sampson et al., 1997, Kim et al., 2008), and 27 items regarding nonspecific maternal distress
or demoralization in the past year (Dohrenwend et al., 1980). These scales generally show
good reliability and psychometric properties (Straus, 2017, Cohen et al., 2000, Cohen, 1988,
Cohen et al., 1983, Vega and O’Leary, 2007). All item responses were rescaled to 0-1 for
the current analysis with higher scores indicating more stress exposure. Responses were
averaged within each of the 6 domains, and then averaged across domains to create a
composite score (range=0-1). The composite score was used as the independent variable;
scores from each stress domain were utilized in complementary analyses.

Maternal report of stress in two of these domains (material hardship and demoralization)
was also collected during the third trimester of pregnancy and was used as a measure of
prenatal exposure to stress (other stress domains were not measured prenatally). Primary
analyses examined postnatal stress; prenatal stress effects were examined in complementary
analyses.
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Child psychiatric outcomes

CBCL.—Parent-report on the Child Behavior Checklist (CBCL) (Achenbach and Rescorla,
2001) was acquired at child age 3-5, 7, 9, and 11-years old. The first assessment included
the preschool (1 %2 -5 years) version and the subsequent visits included the school-age (6-18
years) version. Age- and sex-normed T-scores were examined for the eight main subscales:
Anxious/Depressed, Withdrawn/Depressed, Somatic Complaints, Social Problems, Thought
Problems, Attention Problems, Rule Breaking Behavior, and Aggressive Behavior.

Conners.—ADHD symptom severity was assessed with the Conners Parent Report Scale
(CPRS)-Revised: 80-item Version (Conners, 1997) at child age 9-years old under the
guidance of trained research staff. The CPRS provides inattentive and hyperactive-impulsive
subscales as well as a total score, derived from the DSM-1V (American Psychiatric
Association, 2000) to screen for ADHD-behavior problems. Normed T-scores were
examined for these indices.

DuPaul.—Mothers completed the ADHD Rating Scale-1V consisting of 18-items (0-3
Likert scale) regarding children’s ADHD symptom severity (DuPaul et al., 1998) at child
age 9-14 years old. Mothers rated the frequency of their child’s ADHD behaviors both over
the prior six months and during the period of the child’s worst symptoms ever. This scale
was administered as part of an additional study examining other exposures in this cohort
(Rauh et al., 2014).

Statistical analyses

All statistical analyses were performed using R v3.5.1 (Team, 2015). All statistical models
controlled for potential confounding variables and covariates commonly associated with
ELS or PAH exposure and/or psychiatric and behavioral outcomes: sex, gestational age
(weeks), ethnicity (binary: African American vs. Dominican/Hispanic), presence of a
smoker in the home (binary), maternal 1Q (Test of Non-Verbal Intelligence-Third Edition
[TONI] (Brown et al., 1997), maternal years of education, quality of the proximal caretaking
environment at age 3 (Caldwell and Bradley’s Home Observation for Measurement of the
Environment [HOME] (Bradley, 1994), and change of residence by age 5 (i.e., subsequent to
PAH air monitoring). Distributions of independent and dependent variables were examined
for outliers. Given the large sample size included in the main analysis (N=319), linear
regression is generally robust to violations of the assumption of normality of residuals.
Standardized regression coefficients (B) are presented in the results. Only complete cases
were examined; i.e., list-wise deletion for missing data. All tests were two-tailed;
significance thresholds were set at p<.05 and the main analysis was corrected for multiple
comparisons using false discovery rate (FDR; R p.agjust function).

Primary analyses.—L.inear regression analyses were run to examine whether prenatal
airborne PAH and postnatal ELS measured at child age 5 were associated with child
psychiatric symptoms at child age 11. Specifically, centered ELS, log transformed total PAH
scores, and the interaction term were entered into a linear regression predicting CBCL T-
scores at child age 11. T-tests and chi-squared tests evaluated whether those with complete
data in the main analyses (n = 319) differed from those excluded for missing data (n=408).
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The main effects of ELS, PAH, and their interaction predicting each of the eight CBCL
subscales at child age 11 were FDR-corrected for multiple comparison (24 p-values). To
determine whether any non-significant results indicated the absence of an effect or
inconclusive data, Bayesian regression analyses were conducted using the R BayesFactor
package (Morey et al., 2015) to evaluate the strength of evidence for the prenatal PAH x
postnatal ELS interaction. Specifically, the Bayes factor (BF) was extracted, comparing the
above model with and without the prenatal PAH x postnatal ELS interaction, to determine
whether adding this interaction improved the model’s description of the data. Bayes factors
<1 indicate no evidence to support the alternative hypothesis while scores >20 indicate
strong evidence for the alternative hypothesis (recomputed with 100,000 iterations).
Complementary analyses further exploring and confirming results from the primary analyses
are detailed in the Appendix S1.

Patterns of development over time.—To investigate the effect of early life stress and
PAH exposure on patterns of development, significant associations between the prenatal
PAH x postnatal ELS interaction term and child psychiatric symptoms at age 11 were
examined across all available assessment waves using a repeated measures model.
Specifically, we examined the 3-way prenatal PAH x postnatal ELS x time (of assessment:
age 3-5, 7, 9, and 11 years) interaction in a linear mixed-effects model, using all available
data at each timepoint and allowing for missing data, with a random effect for participant
and the same covariates used in the main regression analyses (sample size with complete
data by visit: n=469 at 3-5-year, n=438 at 7-year, n=321 at 9-year, 319 at 11-year
assessment).

Participants

Of the 727 children in the sample, 527 had available prenatal PAH and 5-year ELS data. Of
these, 200 children were missing predictors of interest (176 were missing postnatal ELS
scores and 40 were missing useable prenatal PAH scores). Intercorrelations between prenatal
PAH, postnatal ELS and its component measures, and CBCL T-scores at age 11 are
presented in Table S1. There was no significant association between prenatal exposure to
PAH and postnatal ELS (r=-.01, t(525)=-0.32, p=.74). Table 1 presents a summary of all
predictors and covariates for the subsamples of children with complete data for all covariates
and the primary outcomes of interest (CBCL T-scores at age 11: n=319; see Table S2, for
secondary analysis subsets). The 319 children included in the main CBCL 11-year analyses
did not show significant differences in demographic covariates or ELS but did exhibited
slightly higher prenatal PAH air monitoring values on average, relative to the 408 children
with any missing data (Table S3).

Primary effects on child psychiatric outcomes

We detected significant prenatal airborne PAH x postnatal ELS interaction effects (passing
FDR correction for multiple comparisons; Tables S4 and S5) that predicted CBCL Attention
Problems T-scores (p=0.22, t(307)=3.47,p<.001, pfy=-003, BF=64.67 + 2.12%) and
Thought Problems (B=0.21, t(307)=3.29,p=.001, pfy,=-004, BF=38.72 = 1.75%) at child age
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11. Children with higher prenatal PAH exposure showed stronger positive associations
between postnatal ELS and CBCL Attention Problems and Thought Problems T-scores. For
display purposes, Figure 1 indicates that higher levels of ELS were associated with higher
CBCL Attention and Thought Problems T-scores for children at high, but not low, PAH
exposure based on a median split (median=2.28). Examining exposure as continuous
variables, region of significance analyses indicated that greater postnatal ELS exposure
significantly predicted more severe CBCL problems when log PAH values were elevated
(>0.65 for thought or >0.73 for attention problems; Johnson-Neyman plots in Figure S1),
while this association was not significant at lower PAH exposure. See Appendix S2 for
outlier analyses. A similar PAH x ELS interaction was obtained examining PAH DNA
adducts predicting CBCL Attention problems (n=273; p=0.29, t(261)=2.48,p=.01; Figure
S2, see Appendix S2). Bayes factor analyses demonstrated no evidence for (i.e. the absence
of an effect of) non-significant airborne PAH x ELS interactions predicting the other six
CBCL subscales, rather than inconclusive data (all p>.05, Bayes factors < 1.53; Table S4).
Regression main effects indicated that higher levels of ELS, but not PAH, were associated
with greater symptom severity on all but one CBCL subscale (psqr >.05; Table S4).
Complementary analyses of gold-standard Attention Disorder Hyperactivity Disorder
measures (DuPaul and Conner’s) replicated the PAH x ELS interaction (see Appendix S2).
The primary PAH x ELS interaction predicting CBCL Thought Problems was driven by
effects on specific subscale items (repetitive thoughts, strange behaviors, strange thoughts;
see Appendix S2). The primary PAH x ELS interactions were driven by the maternal
demoralization, material hardship, perceived stress, and intimate partner violence stress
domains (see Appendix S2).

Patterns of development over time

In linear-mixed effects models examining CBCL T-scores as a repeated measure at child age
3-5,7, 9, and 11-year assessments (n=477 children with at least one wave of CBCL data;
n=1617 total CBCL scores), we detected a significant prenatal PAH x postnatal ELS x time
interaction on CBCL Attention Problems T-scores (p=0.02, t(1241)=2.68,p=.008; Figure 2).
The prenatal PAH x postnatal ELS interaction effect was significantly associated with CBCL
Attention Problems T-scores at age 11 (as in main analysis above) and age 9 (n=391;
=0.12, t(379)=2.13,p=.03), but not at child age 3-5 (n=469) or 7 years (n=438). At the two
later assessments, ELS associated with increased attention problems among children with
higher, but not lower PAH exposure. The main effect indicated that, at mean PAH, postnatal
ELS was positively associated with greater CBCL Attention Problems T-scores at all four
times (ages 3-5, 7, 9, and 11, all t>4.20, p<.05). Furthermore, in a regression analysis, the
prenatal PAH x postnatal ELS interaction effect was associated with worsening attention
problems at child age 11 over and above attention problems at child age 5 (when ELS was
measured; p=0.19, t(299)=3.03,p=.003).

The prenatal PAH x postnatal ELS x time interaction on CBCL Thought Problems T-scores
was not significant (=0.01, t(1269)=0.79,p=.43). Significant prenatal PAH x postnatal ELS
interactions were observed at all ages (3-5, 9, and 11) and this did not vary significantly
over time. The main effect indicated that, at mean PAH, was positively associated with
greater CBCL Thought Problems T-scores at all four timepoints (all t>3.56, p<.05). In
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addition, the prenatal PAH x postnatal ELS interaction effect was associated with increasing
CBCL Thought Problems T-scores at child age 11 over and above CBCL Thought Problems
T-scores at child age 5 (when ELS was measured; $=0.18, t(299)=2.71,p=.007).

Discussion

The current study examined the association between exposure to prenatal PAH and early life
stress on psychiatric symptoms across childhood from age 5 to 11 years old. Higher levels of
ELS at child age 5, encompassing both socioeconomic and psychological stress, predicted
significantly higher symptoms on all but one CBCL subscale at age 11. Critically, we
identified a significant interaction between exposure to prenatal PAH and postnatal ELS
predicting elevated T-scores on the CBCL Attention Problems and Thought Problems
subscales at age 11. Bayes factors document that the lack of interaction effects predicting
other CBCL subscales indicates the absence of an effect and not inconclusive data. Further,
prenatal PAH exposure moderated the association between postnatal ELS and attention
problems more strongly at older versus younger ages. These age-specific findings suggest
that effects of earlier exposure emerge over development, either as symptoms worsen or
psychiatric disorders emerge, or as an effect of changing context e.g. ADHD symptoms are
more salient at older ages when school or other context requires more attention and
behavioral control, even though the problems were actually present at a younger age. Last,
the prenatal PAH x postnatal ELS exposure interaction was reproduced when examining the
presence of maternal PAH-DNA adducts during the third trimester of pregnancy as a
biological dosimeter of PAH exposure. These findings highlight the multifactorial etiology
of psychiatric risk in children and the negative sequalae of early exposure to air pollution.

Attention and thought problems

Prenatal exposure to PAH moderated the association between ELS and CBCL Attention and
Thought Problems at age 11, such that ELS more strongly predicted symptom severity
among children with higher relative to lower prenatal PAH exposure. The prenatal PAH x
postnatal ELS interaction effect was also confirmed with two measures specifically probing
DSM symptom severity of ADHD, underscoring the robustness of these findings. These
convergent results also indicated that the PAH x ELS interaction predicted higher levels of
inattentive and hyperactive symptoms of ADHD. Further, the strength of the observed
prenatal PAH x postnatal ELS interaction on attention problems varied over the course of
development. At older ages, higher levels of ELS were associated with more attention
problems among children with higher but not lower prenatal PAH exposure. At younger
ages, greater ELS predicted more attention problems regardless of the level of PAH
exposure. Thus, risk for attention problems in late childhood appears to be highest among
those with exposure to both high prenatal PAH and postnatal ELS. Further, this interaction
was associated with attention problems at age 11, over and above symptoms at age 5,
pointing to the worsening of symptoms over time. Our findings are consistent with prior
work documenting that prenatal PAH exposure and material hardship are risk factors for
attention/ADHD problems in early childhood (Perera et al., 2012, Perera et al., 2011, Perera
et al., 2014, Perera et al., 2018). Moreover, studies have shown that prenatal PAH exposure
as measured by maternal PAH-DNA adducts is associated with an altered developmental
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trajectory of self-regulatory capacity (Margolis, 2016), and that the presence of prenatal
PAH-DNA adducts interacts with prenatal and postnatal material hardship to predict
children’s working memory performance at age 7 (Vishnevetsky et al., 2015). Such factors
may contribute to the manifestation of ADHD symptoms. Herein, we extend prior work later
into childhood. We document the long-lasting effects of prenatal PAH exposure and the
complexities of environmental determinants on neurodevelopment. We highlight the
importance of a holistic assessment of psychosocial, environmental, and socioeconomic
determinants of developmental outcomes.

Higher levels of prenatal PAH exposure also moderated the association between ELS and
CBCL Thought Problems T-scores at child age 11, again over and above symptoms at age 5.
CBCL Thought Problems T-scores have been linked to a number of different outcomes
including psychotic symptoms and risk in youth (Salcedo et al., 2018, Simeonova et al.,
2014) and autism spectrum disorder (Mazefsky et al., 2011, Duarte et al., 2003). The
thought problems subscale of the CBCL characterizes a heterogenous set of symptoms with
a generally low base rate of endorsement, e.g. hallucinations, OCD-symptoms, strange
thoughts and behaviors, and self-harm. Although this subscale shows relatively lower
internal consistency and long-term stability than other subscales (Achenbach and Rescorla,
2001), its unidimensional nature and measurement invariance have been confirmed in large
samples (Abdellaoui et al., 2012). Nonetheless, we detected a significant prenatal PAH x
postnatal ELS interaction on three items that drove the overall CBCL Thought Problems
effect: can’t get mind off certain things, do things that others find strange, or have thoughts
that others find strange. Further, these specific items have been included in a proposed
autistic CBCL subscale (Rescorla, 1988) and a proposed obsessive compulsive scale
(Hudziak et al., 2006). Thus, the specificity to risk for a specific disorder is hard to
determine from this current data and should explored more deeply in future research.
Though these results do build on prior findings and highlight links between air pollution and
symptoms associated with risk for autism spectrum disorder (Volk et al., 2013, von
Ehrenstein et al., 2014, Becerra et al., 2013, Volk et al., 2011) and psychotic experiences
(Newbury et al., 2019).

Domains of stress

Increased levels of ELS at child age 5, encompassing both socioeconomic and psychological
stress, were associated with increased psychiatric symptoms in all but one CBCL subscale at
all of the ages that we studied. Such findings are consistent with the extant literature
documenting the deleterious effects of ELS on psychiatric outcomes (Green et al., 2010,
Kessler et al., 1997, Carr et al., 2013). Of the different domains of stress that we examined,
material hardship, maternal perceived stress, experience of intimate partner violence, and
maternal distress/demoralization each interacted with levels of prenatal PAH to predict
psychiatric symptoms. Neighborhood quality and social support did not interact with levels
of prenatal PAH in predicting psychiatric symptoms. These stress-specific factors point to
important targets for personalized prevention which will have greatest impact on child health
outcomes. Last, a significant interaction between prenatal PAH and prenatal maternal
demoralization on attention problems was mediated by the interaction between prenatal PAH
and postnatal ELS. Although the continuity of stress exposure over time makes it difficult to
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pinpoint a specific vulnerable window of development, these results highlight that exposure
to prenatal and/or early postnatal psychosocial and socioeconomic stress represents a key
component of psychiatric risk that is moderate the impact of prenatal PAH exposure.

Shared biological pathways for ELS and PAH exposure

A number of different mechanisms have been theorized to underlie the effects of both ELS
and PAH on neurodevelopmental and psychiatric outcomes. Herein, we studied exposure to
both PAH and ELS, which independently alter multiple downstream pathways but also may
serve as a “double hit” on shared mechanistic pathways. Stress exposure likely leads to wide
ranging changes in, for example, epigenetic expression, cortisol, inflammation, and brain
structure and function (e.g. (Wankerl et al., 2014, Swartz et al., 2016, Oberlander et al.,
2008, Davis et al., 2007, Pace et al., 2006, Pagliaccio and Barch, 2016, Pagliaccio et al.,
2014). The mechanism underlying the effects of PAH are still being interrogated, however,
alterations in brain structure/function and inflammation represent possible shared
mechanistic pathways. For example, PAH has been linked to widespread alterations in
cortical structure and downstream associations with cognitive functioning and ADHD
symptoms (Peterson et al., 2015). The maturation of cortical architecture has also been
suggested to underlie the link between perinatal stress and ADHD outcomes (Bock and
Braun, 2011). Further, inflammation and oxidative stress are linked to ELS exposure (e.g.
(Pace et al., 2006, Bierhaus et al., 2003, Bierhaus et al., 2006)), PAH exposure (Saunders et
al., 2006a), and ADHD (Joseph et al., 2015). Our findings are also consistent with mouse
models showing an interaction between prenatal exposure to air pollution (diesel exhaust
particles) and nest material restriction (stress) on offspring cognitive outcomes that operates
through an inflammatory mechanism (Bolton et al., 2013). Other ‘double hit” interaction
effects have been found in human work, for example, showing stronger adverse associations
between organophosphate pesticide exposure and 1Q in children experiencing greater
adversity (Stein et al., 2016). Low socio-economic status/ high deprivation environments,
more generally, have also been suggested to magnify the link between air pollution and
autism spectrum disorder in children (McGuinn et al., 2019, O’Lenick et al., 2017).
Understanding the importance of stress and environmental exposure and the relevant timing
of critical windows of vulnerability and critical windows for manifesting symptomatology
can highlight targets for personalized prevention and intervention programs.

PAH air monitoring versus adducts

Findings from our primary analyses examining air-monitored prenatal PAH measures were
largely consistent with findings when we instead examined the presence of maternal DNA
adducts as a measure of PAH exposure. Specifically, PAH measured either by air monitoring
during the third trimester, an external marker of exposure, or by the presence of maternal
DNA adducts, an internal biomarker of the downstream effects of PAH on the mother,
interacted with postnatal ELS to predict CBCL Attention Problems T-scores and approached
significance for Thought Problems T-scores. It is noteworthy that the results reported here
were consistent for both air monitoring measures of PAH and PAH-DNA adducts in
maternal blood. While these metrics are related, they are not associated significantly in these
data and reflect different underlying constructs. PAH in air is a summed combination of
eight individual PAH components whereas PAH-DNA adducts using HPLC reflect only
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benzo(a)pyrene, one of the eight PAH included in the air measure. Although the single 48-
hour PAH air monitoring measure has been shown to correlate highly with three sequential
2-week integrated indoor air samples (r = 0.57-0.76; (Rundle et al., 2012), PAH-DNA
adducts have a half-life of several months (Mooney et al., 1995) and thus may reflect a
longer exposure period. Finally, PAH in air indicates the exposure that is available to be
inhaled whereby PAH-DNA adducts represent an integrated index of exposure from all
routes (e.g., inhalation, ingestion, absorption) as well as individual metabolic differences in
detoxification. The observation that models using either metric of PAH exposure support
similar inferences support the robustness of these findings.

Limitations and conclusions

A number of limitations should be noted here. First, although the Mothers and Newborns
Cohort study importantly focused on understanding the effects of environmental exposure
among African-American and Dominican women in NYC, this may limit the
representativeness of the results to other populations and areas. Yet, it is important to note
that low-income, urban, and minority communities are at disproportionate risk for PAH
exposure (Heritage, 1992, Pirkle et al., 1996, Olden and Poje, 1995, Nieves and Wernette,
1992, Metzger et al., 1995, Wagenknecht et al., 1993), and thus, this targeted research is
critical to understanding threats to development in children in these communities. Second,
although the community sampling of the study was a strength in acquiring an unbiased,
random sample of participants and given the typical prevalence of ADHD, most children in
the sample were within normative ranges of symptom severity. Future work over-sampling
for psychopathology may further extend these findings to larger samples of children meeting
diagnostic criteria for ADHD. Third, our assessment of stress exposure and psychiatric
symptom outcomes relied on maternal report. Although we cannot fully rule out reporter
bias, i.e. that mothers experiencing more stress may report greater symptoms in their
children, the observed prenatal PAH x postnatal ELS subscales interactions remained
significant when we controlled for maternal distress/demoralization. Furthermore, maternal
report can be supplemented by child self-report in later waves of the study. It is also
important to note that the prospective longitudinal nature of the study was a key strength,
which circumvents the challenges of retrospective report of stress exposure where recall bias
is a concern, e.g. neuroticism has been linked to greater retrospective recall of childhood
adversity than reported during prospective assessment (Reuben et al., 2016). Fourth, it is
important to note that the PAH and ELS assessments capture exposure at specific timepoints.
Measuring PAH during the prenatal period captures potential effects of exposure on fetal
brain development that may affect developmental trajectories. Measuring ELS at child age 5
may capture a cumulative measure of stress experienced during early childhood, but ELS
items generally assessed stress in the prior month or year. Thus, the level of stress
experienced could vary over childhood as a function of a family’s changing socioeconomic
status. Fifth, it is possible that a gene-environment correlation exists between ELS exposure
and psychiatric risk, which should be examined more in future research. Sixth, although we
highlight interactions between prenatal PAH and broadband assessment of psychosocial and
socioeconomic stress, data were not available regarding the occurrence of specific stressful
life events. Seventh, the prenatal assessment only examined two domains of stress, which
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limited our ability to fully parse the temporal specificity of the stress effects to the prenatal
vs. postnatal period. Finally, fewer mothers reported severe lack of social support, relative to
the other stress domains examined, which may limit our power to identify specific
associations with this factor.

The current study highlights the moderating effects of prenatal exposure to PAH, a
neurotoxicant compound common in air pollution, on associations between exposure to
stress in early childhood and attention and thought problems in later childhood. While
alleviating stress can be difficult, particularly in minority and low-income communities, it is
critical that we continue to identify modifiable risk factors for mental health problems, like
environmental exposure (Kioumourtzoglou, 2019). Critically, work has shown that the
economic cost of PAH exposure is due to not only physical health sequalae but, for example,
preschool special education costs due to associated developmental delays (Weiland et al.,
2011). As prenatal exposure to PAH can likely magnify the deleterious effects of early life
stress on children’s mental health, taking steps to reduce the population’s exposure to
neurotoxic air pollutants is central to healthy development.
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Key points

. Prenatal exposure to polycyclic aromatic hydrocarbons (PAH) is linked to
adverse physical, behavioral, and cognitive outcomes

. Early life stress is a risk factor for childhood psychiatric disorders, but it is
unknown whether stress and environmental exposures, including PAH, show
independent or interacting effects on psychiatric outcomes

. Data from the Columbia Center for Children’s Environmental Health Mothers
and Newborns longitudinal birth cohort study showed that prenatal exposure
to PAH magnifies the association between stress and attention and thought
problems across childhood

. Exposure to neurotoxicants in air pollution have long lasting effects on child
mental health
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Figure 1: Early life stress x prenatal PAH interactions predicting thought and attention
problems at age 11

Associations between early life stress composite scores and Child Behavioral Checklist
(CBCL) thought (A) and attention (B) problems T-scores are presented here grouped by a
median split of log total PAH scores (median=2.28). All interaction models were tested with
continuous values of PAH and the median split is only used for display purposes here.
Participants with low PAH exposure are denoted by red circles and solid fit line while those
with high PAH exposure are denoted by blue triangles with dashed fit line. Greater early life
stress scores associated with greater CBCL thought and attention problems among children
with greater prenatal PAH exposure. Values represent residualized CBCL scores covarying
for all covariates in the main analysis models: sex, gestational age, ethnicity, presence of a
smoker in the home, maternal 1Q, maternal years of education, quality of the proximal
caretaking environment at age 3, and change of residence by age 5.
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Figure 2: Early life stress x prenatal PAH x assessment wave interaction predicting CBCL
Attention Problems across development

Associations between early life stress composite scores and Child Behavioral Checklist
(CBCL) Attention Problems T-scores are presented here grouped by a median split of log
total PAH scores (median=2.28) at the 3-5, 7, 9, and 11 year visits (facet panels from left to
right). Participants with low PAH exposure are denoted by red circles and solid fit line while
those with high PAH exposure are denoted by blue triangles with dashed fit line. Greater
early life stress scores associated with greater CBCL Attention Problems T-scores across all
waves of assessment and this positive association was maintained over time strongest among
children with greater prenatal PAH exposure. All interaction models were tested with
continuous values of PAH and the median split is only used for display purposes here.
Values represent residualized CBCL scores covarying for all nuisance variables in the main
analysis models: sex, gestational age, ethnicity, presence of a smoker in the home, maternal
1Q, maternal years of education, quality of the proximal caretaking environment at age 3,
and change of residence by age 5. Note: some mothers completed the CBCL 18-24 months
prior to the 5-year ELS interview.
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Table 1:
Characteristics of Main Analysis Sample

N=319 Subsample Mean (SD)/N (%) Range n

Sex (Female) 142 (44.5%) Female/Male 319
Ethnicity (African American) 121 (37.9%) African American/Dominican 319
Gestational Age (weeks) 39.27 (1.44) 30.00-42.00 319
Maternal 1Q (TONI) 84.97 (13.05) 60.00-135.00 319
Maternal Education (years) 11.95(1.93) 2-19 319
HOME caretaking scores 39.60 (5.91) 20.00-52.00 319
Change of residence by 5-year visit 222 (69.6%) Yes/No 319
Smoker in the home at baseline visit 116 (36.4%) Yes/No 319
Early Life Stress (ELS) 0.28 (0.11) 0.07 - 0.78 319
Log PAH 0.95 (0.69) -0.72-3.60 319
Maternal Adducts >.25 108 (39.6%) Present/Absent 273
CBCL Anxious/Depressed 53.24 (5.42) 50-78 319
CBCL Withdrawn/Depressed 55.18 (6.95) 50-90 319
CBCL Somatic Complaints 55.12 (6.95) 50-78 319
CBCL Social Problems 53.86 (5.31) 50-79 319
CBCL Thought Problems 53.01 (5.17) 50-86 319
CBCL Attention problems 54.25 (6.55) 50-100 319
CBCL Rule breaking Behavior 53.65 (5.36) 50-83 319
CBCL Aggressive Behavior 53.20 (5.11) 50-76 319
Conners Total 49.67 (9.86) 18-90 318
DuPaul Total - Current 9.73 (10.09) 0-54 331
DuPaul Total - Worst 10.89 (11.80) 0-54 309

Page 24

Sample characteristics are presented here to summarize the predictor, covariate, and main outcomes for the subsample of 319 participants who had
complete data for the key predictors of interest (Early Life Stress [ELS] and log transformed PAH) and main outcome of interest, CBCL T-scores at
age 11. Mean, standard deviation (SD) values, and score ranges are presented for all continuous measures. The N and percent are presented for

binary variables. The number of participants with available data on each measure are indicated in the n column. Sample characteristics for

subsamples in the complementary analyses are similarly described in Table S2. CBCL = Child Behavior Checklist at age 11; HOME = Home

Observation for Measurement of the Environment; log PAH = log transformed polycyclic aromatic hydrocarbons
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