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Abstract

Background Parental psychological distress is a well-known risk factor for developmental psychopathology, with
longer term parental distress associated with worse youth mental health. Neurotoxicant exposure during pregnancy is
a risk factor for both poor maternal and youth mental health. The impact of one class of pollutant, polycyclic aromatic
hydrocarbons (PAH), on long-term trajectories of maternal distress and youth self-reported mental health symptoms
in adolescence has been understudied.

Methods PAH exposure was measured by DNA adducts in maternal blood sampled during the third trimester of
pregnancy. Maternal distress, operationalized as maternal demoralization, was measured at 11 timepoints (prenatal
to child age 16). Adolescent mental health symptoms were measured at age 13-15. Follow up analyses examined a
subset of measures available at age 15-20 years. Structural equation modeling examined associations between PAH
exposure during pregnancy and latent growth metrics of maternal distress, and between maternal distress (intercept
and slope) and youth mental health symptoms in a prospective longitudinal birth cohort (N=>564 dyads).

Results Higher prenatal PAH exposure was associated with higher concurrent maternal distress. Prenatal maternal
distress was associated with adolescent’s self-reported anxiety, depression, and externalizing problems. On average,
maternal distress declined over time; a slower decline in mother’s distress across the course of the child’s life was
associated with greater self-reported anxiety and externalizing problems in youth.

Conclusions Our findings are consistent with an intergenerational framework of environmental effects on mental
health: PAH exposure during pregnancy affects maternal mental health, which in turn influences mental health
outcomes for youth well into adolescence. Future research is necessary to elucidate the possible social and biological
mechanisms (e.g., parenting, epigenetics) underlying the intergenerational transmission of the negative effects of
pollution on mental health in caregiver-child dyads.
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Background

Mounting evidence points to the deleterious impact of
environmental chemical exposures, and especially pollu-
tion, on physical and mental health, particularly among
vulnerable populations [1]. Polycyclic aromatic hydro-
carbons (PAHs) are a class of carcinogenic pollutants
generated from the incomplete combustion of fossil
fuel, tobacco, and other organic materials [2]. Common
sources of exposure to PAHs include air pollution and
diet [3]. PAHs in air pollution are commonly associ-
ated with smoking, cooking, domestic heating, and the
burning of incense and candles [3-9]. Dietary sources
of PAHs largely depend on the method of cooking, pres-
ervation, and storage, with the highest levels present
in charcoal-broiled or smoked meats, fats and oils, and
some leafy vegetables and grains [3]. The EPA recom-
mends that adult exposure to airborne PAHs remain less
than 11.3 m®/day for women and 15.2 m®/day for men
[10]; specific recommendations for exposure level in food
products have not been established. Background levels of
airborne PAHs measured in urban areas are reported to
be between 0.15 and 19.3 ng/m? in the United States [11]
and dietary sources of PAHs are typically in the tens of
micrograms per kilogram with maximum levels of 60 pg/
kg (60,000 ng/kg). Together, these data indicate that
exposure in the general adult population remains higher
than government recommendations. Critically, children’s
developing bodies and those of pregnant people are
uniquely vulnerable to PAH effects, making high levels
of PAH exposure particularly dangerous for youth and
pregnant people [12-16]. Further, marginalized popula-
tions experience even greater levels of exposure than the
general population as a result of environmental injustice
and associated structural factors [17]. Nevertheless these
populations remain understudied but experience high
levels of mental health problems.

PAHs are known to cause deleterious physical and
mental health effects, including cancer and disruptions
to gene, reproduction, and immune system function
(for review: [18]). Meta-analytic evidence indicates that
concurrent PAH exposure in adults is associated with
elevated symptoms of depression [19-21]; animal and
human cell models suggest that that this may operate
through inflammatory processes associated with PAH
exposure [22-24]. Importantly, pregnancy represents
a unique and critical period of vulnerability during the
adult life course [25] and exposure to PAHs during this
period may heighten effects of PAH exposure. Thus,
PAHs are a viable but unstudied risk factor for mater-
nal mental health symptoms in the perinatal or postpar-
tum periods. However, no studies have yet examined the
effects of PAH exposure during pregnancy on mental
health symptoms in pregnant people.
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In youth, meta-analytic evidence indicates that pre-
natal exposure to PAH is associated with increased risk
for numerous neurodevelopmental problems, includ-
ing problems with social behavior, attention, and motor
skills [21]. Prenatal PAH exposure has also been linked
to anxiety and depression symptoms in youth, though
meta-analytic support for these findings are mixed [21,
26]. Evidence from both animal and human studies sug-
gest that prenatal exposure to PAH in air pollution may
alter the trajectory of fetal brain development [27-29],
potentially through inflammatory processes, leading
to cascading changes in neural structure and function
[29, 30] and increased vulnerability to later chemical or
social exposures [31]. Given that effects of prenatal PAH
exposure on children’s mental health have been previ-
ously examined, the current study aims to elucidate the
effects of PAH exposure during pregnancy on maternal
mental health in order to better understand the indirect
pathway through which PAH exposure during pregnancy
may increase risk for long term mental health problems
in youth.

Maternal psychological distress is a robust and well-
replicated risk factor for child psychopathology and men-
tal health symptoms [32-34]. The mechanisms driving
associations between maternal psychological distress and
child mental health symptoms are diverse and intersect-
ing, as has been described in several theoretical frame-
works. For example, the family stress model posits that
maternal psychological distress can influence parent-
ing style [35], early attachment and bonding [36], and
family processes, such as stress, cooperative caregiv-
ing, and home environment [37]. Theories of intergen-
erational psychiatry posit that transmission of mental
health symptoms may also be biological, with emerging
evidence suggesting genetic, epigenetic, and physiologi-
cal (e.g., oxytocin, immune, etc.) mechanisms underlying
offspring vulnerability to psychiatric disorders [38—40].
Together, these frameworks highlight the importance of
understanding, and potentially intervening on, risk fac-
tors for maternal psychological distress given its associa-
tion with poor child mental health outcomes [41].

Psychological distress encompasses a range of mental
health symptoms from diagnosable disorders to relatively
transient, minor stress [42]. Experiences of incompetence
in the face of distress are described as demoralization [43,
44]. Importantly, demoralization is related to, but dis-
tinct from, depression, and elevated demoralization has
been linked to risk for depression and suicidality beyond
symptoms of depression alone [45, 46].

Demoralization is operationalized as both subjec-
tive psychological distress (e.g., feeling bothered by sad-
ness, restlessness, or fear) and the inability to cope with
those distressing feelings (e.g., feeling helpless, lonely,
or unsupported). Demoralization in adults is associated
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with elevated risk for psychiatric disorders as well as
symptoms of depression and anxiety (for review: [47]).
Demoralization in mothers has been linked to numerous
physical and mental health outcomes in children, includ-
ing upper respiratory distress, poor immune function,
anxiety, depression, and attention problems (e.g., [26, 48—
51]). Notably, however, maternal mental health sequa-
lae related to mothers’ own demoralization have not yet
been investigated.

Risk for maternal demoralization is not well under-
stood. Existing, though limited, research has focused on
psychosocial factors associated with maternal demoral-
ization, such as unemployment, low educational achieve-
ment, marital conflict, dependence on public assistance,
single status, and low income [52-56]. As described
above, environmental chemical exposures, particularly
during the highly vulnerable pregnancy period, may also
increase risk for demoralization. Although associations
between PAH and demoralization have not been exam-
ined, associations between PAHs and adult depression
appear to be strongest in women [31, 53-55]. Evidence
from animal models indicates potential biologic pathways
through which air pollution exposure during gestation
results in demoralization-like behaviors in both dams and
offspring [31, 57-59]. For example, dams exposed to air
pollution demonstrated fewer caregiving behaviors when
compared to non-exposed dams [59]; offspring of dams
exposed to air pollutants during gestation demonstrated
behavioral markers of demoralization (e.g., floating dur-
ing forced swim; immobility during tail suspension) [31,
57, 58]. Further research is needed to understand the
psychosocial and biological pathways through which
PAH-related changes in maternal behavior is associated
with offspring outcomes.

The current study is focused on understanding one
possible indirect pathway through which exposure to
PAH during pregnancy could drive maternal demoral-
ization and in turn increase adolescents’ mental health
problems. We hypothesize that maternal exposure to
PAH during pregnancy will increase risk for demoraliza-
tion in mothers prenatally and over time. Furthermore,
we hypothesize that PAH-related increases in maternal
demoralization over childhood will be associated with
higher self-reported anxiety, depression, and externaliz-
ing problems as reported by their adolescent children.

Methods

Participants

Detailed demographic and recruitment information
regarding the Columbia Center for Children’s Environ-
mental Health (CCCEH) Mothers and Newborns pro-
spective birth cohort have been previously published
[60]. Briefly, Black and Latiné women who resided in
Washington Heights, Harlem, or the South Bronx in New
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York City were recruited between 1998 and 2006 through
local prenatal care clinics. Recruited women were non-
users of tobacco products or illicit drugs, between the
ages of 18 and 35 years, and free of diabetes, hyperten-
sion, or known HIV, and had initiated prenatal care by
the 20th week of pregnancy. The full cohort included data
from 727 mother-child dyads. Of the 727 dyads enrolled
in the Mothers and Newborns cohort, 440 had available
data for all predictors of interest (i.e., PAH-deoxyribo-
nucleic acid (DNA) adducts, maternal demoralization,
and baby’s sex at birth) and were included in the current
analyses.

Measures

Maternal demoralization

Maternal demoralization was measured using the Psy-
chiatric Epidemiology Research Instrument—Demoral-
ization (PERI-D; [61]), a 27-item scale measuring eight
composite domains of non-specific psychological distress
(perceived physical health, sadness, poor self-esteem,
dread, anxiety, confused thinking, hopelessness/helpless-
ness, and psychophysiological symptoms). Previous stud-
ies examining the trajectories of maternal mental health
on child behavior outcomes have primarily focused on
the early childhood period (e.g., 62—65) and only one has
examined maternal mental health into adolescence and
young adulthood [66]. Maternal demoralization was col-
lected at 11 timepoints between mother’s third trimester
of pregnancy and child age 16 (Prenatal, 6 Months, 12
Months, 24 Months, 36 Months, 5 Years, 7 Years, 9 Years,
11 Years, 14 Years, 16 Years; See Table 1). Total sum score
was used in all analyses.

Adolescent socioemotional functioning

Previous studies of associations between maternal men-
tal health symptoms and child behavior have relied on
parent-report of children’s symptomatology (e.g., [62—
66]. However, when compared to self- or teacher-reports
of children’s behaviors, mothers experiencing elevated
levels of psychological distress are known to overreport
mental health symptoms for their children, particularly
related to externalizing behavior problems [67-70]. Fur-
thermore, adolescents tend to be better reporters of their
own mental health symptoms [71]. Therefore, we extend
previous literature and examine adolescents’ self-report
of their anxiety, depression, and externalizing problems
at age 13-15. The Revised Children’s Manifest Anxiety
Scale (anxiety symptoms) and Youth Self-Report (exter-
nalizing behavior problems) were repeated between ado-
lescent ages 15-20. All symptom scales were z-scaled
prior to inclusion in the models. Participants with z-scale
values above or below 3 standard deviations were win-
sorized to the next non-outlier value.
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Table 1 Demographic characteristics of participants at each study visit

Prenatal 6 Months 12 Months 24 Months 36 Months 5Year 7Year 9Year 11Year 14Year 16 Year

N 530 502 509 484 489 510 491 454 366 351 260
Average maternal 30.7(17.13) 30.52 28.38 28.68 28.38 27.23 2625 2546 2601 2845 28.54
demoralization (SD) (18.80) (17.11) (17.33) (17.11) (18.14) (18.75) (17.87) (17.88) (19.36) (17.92)
Sex (% male) 256 (48.30) 242 245(48.23) 225(46.58) 235(48.16) 242 235 213 168 157 117

(48.21) (47.54) (47.96) (47.02) (45.90) (44.86) (45.0)
Maternal years of 11.89(2.20) 11.92 11.88(219) 1194 (2.13) 11.9(2.19) 11.9 1186 1187 1194 11.82 11.87
education at prenatal (2.16) (2.17) (2.15)  (213)  (1.95) (2.16) (2.06)
visit (SD)
Child gestationalage 3920 (1.29) 39.2(1.30) 39.22(1.28) 39.18(1.31) 39.22(1.27) 3921 3922 3924 3922 39.21 39.23
(SD) (1.28) (1280  (1.26)  (1.30) (1.31) (1.37)
PAH-exposed (% yes) 171 (41.71) 157 162 (41.12) 150 (40.11) 150(39.27) 161 157 148 115 112 85

(40.26) (40.66) (40.67) (39.89) (36.86) (38.23) (38.29)
Heat season (% yes) 267 (50.66) 252 254 (50.20) 240 (49.90) 241 (49.59) 254 238 220 173 166 123

(50.50) (50.10) (48.77) (48.78) (47.53) (47.43) (47.49)
Smoker at home (% 175(3333) 171 166 (32.94) 162(33.82) 161(33.26) 164 159 145 124 121 83
yes) (34.41) (3248)  (3272) (3229) (3425  (3487) (3230)
Maternal IQ (SD) 85.21 85.1 84.88 85.02 85.05 84.99 85.2 8495 84.89 849 84.24

(13.30) (13.33) (12.90) (13.24) (13.36) (13.20)  (13.20) (12.78) (13.04)  (1299)  (12.50)

Latine 334 318 327 301 304 315 301 272 227 211 167
Black 196 184 182 183 185 195 190 182 139 140 93

PAH polycyclic aromatic hydrocarbons, SD standard deviation

The Revised Children’s Manifest Anxiety Scale (RCMAS;
[72-74] is a 37-item measure of youth anxiety symptoms.
Items are rated on a 0—1, presence or absence scale. Total
scores are generated by summing across 28 anxiety items,
ignoring the 9 social desirability items. Scores range from
0 to 28. Total scores above 19 may indicate clinically sig-
nificant anxiety [75].

The Center for Epidemiologic Studies Depression Scale
(CES-D; [76] is a 20-item self-report measure of depres-
sion symptoms. Items are rated on a 0-3 scale indicat-
ing the frequency of experience (e.g., rarely or none of the
time to most or all of the time). Total scores are gener-
ated by reverse scoring positively worded items and then
summing across all items. Scores range from 0 to 60, with
scores above 15 indicating significant levels of depression
symptoms [77].

The Youth Self-Report of the Children’s Behavior Check-
list (YSR; [78]) is a 112-item self-report measure of
socioemotional functioning. The YSR derives several
subscales, of which the Externalizing Problems subscale
was used in the current analyses. The Externalizing Prob-
lems subscale contains items reflecting rule-breaking and
aggressive behavior, such as “I destroy things belonging
to others” and “I disobey my parents” Items are rated
0-2, not true to very true or often true. Subscale scores
are generated by summing across 34 relevant items
and converting to t-scores based on youth age and sex.
T-scores between 60 and 64 indicate risk for problem
behaviors; t-score>65 indicate clinically significant exter-
nalizing problems.

PAH exposure

PAH exposure was measured by DNA adducts in mater-
nal blood sampled during the third trimester of preg-
nancy. DNA adducts integrate PAH exposure over a
period of months (estimated half-life: 3—4 months in
blood [79, 80]) and so represent individual variation in
exposure, absorption, metabolic activation, and DNA
repair. Thus, DNA adducts provide a biological dosim-
eter incorporating both exposure and biological suscep-
tibility. Adducts reflect multiple biological mechanisms
for the pathogenic effects of PAH, including DNA dam-
age, detoxification, and DNA repair [81]. Further, they
may also play a role in downstream epigenetic alterations
underlying individual variation in behavior [82-84]. The
assay leveraged in the current study specifically measures
adducts formed by Benzol[a] Pyrene as a proxy for PAH-
DNA because it is considered a representative PAH and
is highly correlated with other PAHs [60]. The method
used to measure the adducts has been described in detail
in prior work [60]. In brief, a total of 100 ug DNA was
dissolved in 0.1 N HCL and acid hydrolysis was com-
pleted at 90 °C for 6 h. The resulting solution was ana-
lyzed in a Shimadzu HPLC system with an automatic
sample injector and RF-10Axl spectrofluorometric detec-
tor. The tetrol concentrations were calculated by compar-
ing the areas of samples to be analyzed with an external
calibration curve, generated from the fluorescence peak
of an authentic BPDE tetrol standard, every time a set of
samples was analyzed. Calibration was conducted using
DNA from calf thymus, alone (background) and added
to 2, 4, and 8 pg anti-BPDE tetrol. These standard solu-
tions were then treated in the same way as the tested
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samples (hydrolyzed in 0.1 N HCI at 90 °C for 6 h). The
minimum correlation coefficient was 0.98 and the mean
coefficient of variation for analyses repeated on different
days was 12%. This assay can measure 0.25 adducts/10—-8
nucleotides. PAH exposure (DNA adducts) was used as a
dichotomous variable (detectable v non-detectable). 40%
of the mothers in the sample had DNA adduct levels in
the detectable range.

Analytic plan

We estimated a latent growth curve model of maternal
demoralization over a 16 year period beginning in the
3rd trimester of pregnancy using the growth function
of lavaan package in R studio version 2023.06.1 [85, 86].
Of note, latent growth curve models are distinct from
latent class models in that they use the continuous effects
of all predictors on the continuous, data-derived out-
comes, namely the intercept and slope scores. Intervals
between slope loadings were scaled to reflect the inter-
vals (i.e., months) between study visits. Full information
maximum likelihood estimation was used to address
missing demoralization data. Primary analyses included
mothers with any available demoralization data. Sensitiv-
ity analyses included only mothers with demoralization
data at more than 3 time points (N=548). To control for
potential confounding, the following covariates known to
be associated with PAH exposure and maternal mental

Maternal Demoralization
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health outcomes were included in the model: maternal
years of education as a proxy for socioeconomic sta-
tus, child’s gestational age, mother’s age at birth, mater-
nal intelligence (Test of Nonverbal Intelligence (TONI);
[87]), maternal ethnoracial background (Black/Latiné),
mother’s nativity (US born/emigrated), the presence of a
smoker in the home, and heating season when PAH was
measured (See supplementary methods for details). Ges-
tational age, years of education, and maternal intelligence
were z-scaled. Model fit was assessed using comparative
fit index (CFI), root mean square error of approximation
(RMSEA) and the standardized root mean square resid-
ual (SRMR), as these are recommended for smaller sam-
ple sizes (N<500 [88, 89]). The RMSEA should be close
to zero with a significance value>0.05 [90, 91], CFI>0.90
[92, 93], SRMR<0.08 [94]). Nonlinear trends in maternal
demoralization trajectories were explored using freely
estimated lambda parameters in sensitivity analyses.
Such parameters allow for the coefficients of the change
in demoralization over time to be estimated from the
data, rather than using fixed linear effects [95].

Next, adolescent’s self-reported mental health symp-
toms at age 14 were added to the structural equation
model described above. We evaluated three models, one
for each symptom group (anxiety, depression, externaliz-
ing problems; Fig. 1). Covariates known to be associated
with adolescent mental health outcomes were included

Child Mental
Health

Intercept

Anxiety

Depression

Externalizing
Problems

Fig. 1 Conceptual model
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Table 2 Age 14 mental health self-report measures

Scale N Mean (SD) Min Max
RCMAS 354 8.86 (5.99) 0 28
CESD 355 16.88 (6.49) 0 45
YSR externalizing problems 303 49.97 (9.08) 29 76

RCMAS revised children’s manifest anxiety scale, CESD center for epidemiologic
studies depression scale, YSR youth self-report

in the second step of the model, specifically: maternal
years of education as a proxy for socioeconomic status
and baby’s sex at birth [96, 97] (See supplementary meth-
ods for details). To determine if effects persisted over
time, confirmatory analyses used adolescent self-report
data from age 16 (RCMAS and YSR) in each of the above
models.

Results
Participants
Tables 1 and 2 presents demographic information for the
study sample. Mothers included in this study did not dif-
fer from those who did not have available data on age or
maternal education. Black mothers were more likely than
Latiné mothers to be excluded from the study (x*=5.24,
p=0.02). Adolescents with age 14 self-report measures
did not differ than those without self-report measures on
maternal PAH-DNA adducts, maternal nativity status,
the presence of a smoker in the home, birth season (i.e.,
heat season), ethnoracial group, gestational age, maternal
age at birth, maternal years of education, or maternal IQ.
Adolescents with age 14 self-report measures were
more likely to be biologically female (x*=6.28, p=0.01).
Adolescents with age 14 self-report measures did not
differ than those without self-report measures mater-
nal nativity, the presence of a smoker in the home, birth
season (i.e., heat season), sex at birth, ethnoracial group,
gestational age, maternal years of education, or maternal
IQ. Mothers of adolescents with age 16 self-report mea-
sures were more likely to be younger (t = -2.24, p=0.03)
and less likely to be exposed to PAH than adolescents
without age 16 self-report data.

Table 3 Latent growth curve model results
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PAH exposure is associated with higher prenatal maternal
demoralization

The latent growth model indicated good model fit
(RMSEA=0.06, RMSEA p-value<0.01, CFI=0.9,
SRMR=0.05; details in Supplementary Results). Pres-
ence (v. absence) of PAH-DNA adducts was associated
with higher prenatal maternal demoralization (intercept
p=3.02, SE=1.51, p=0.04; Table 3) but not the trajectory
of change in maternal demoralization over time (slope
= -0.01, SE=0.01, p=NS; Table 3). Main effects of race
(B = -4.19, SE=2.12, p=0.04; Table 5) and a smoker liv-
ing at home (f=3.54, SE=0.78, p<0.01; Table 5) were
also significant. Latiné mothers reported higher prena-
tal demoralization, as did mothers living with a smoker,
who also reported smaller decreases in demoralization
over time (p = -0.01, SE=0.01, p=0.03, Table 5). Across
the entire sample, the average predicted demoralization
score was approximately 39 (B=38.66; pj,ec,<0.01),
representing moderate levels of demoralization (total
score range=0-108), which declined over time (p=-0.08;
Psiope=0.03). Finally, the covariance of the intercept and
the slope differed from zero (f=-0.33; p<0.01), indicating
that prenatal demoralization scores correlated with the
change in demoralization over time.

Maternal demoralization is associated with higher
adolescent self-reported mental health symptoms

To test the association between maternal demoralization
(prenatal and change over time) and adolescent mental
health symptoms, adolescent self-report symptoms were
added to the structural equation model described above.
The latent growth curve describing maternal demoral-
ization did not meaningfully change with the addition of
adolescent mental health symptoms (see Supplement for
details).

Maternal demoralization is associated with greater
adolescent self-reported anxiety

Main effects of prenatal maternal demoralization
(B=0.01, SE=0.004, p<0.01) and the trajectory of

Outcome: Demoralization intercept Demoralization slope

Predictor Coefficient z-value p-value Coefficient z-value p-value
Maternal PAH-DNA adducts 303 2.01 0.04 -0.01 -0.80 042
Gestational age -1.09 -143 0.15 0.004 0.74 046
Maternal age at birth 1.35 1.62 0.11 0.01 1.02 0.31
Maternal nativity -3.61 -1.62 011 0.02 1.51 013
Maternal prenatal years of education -0.70 -0.81 042 -0.01 -0.85 0.39
Smoker at home 354 4.51 0.00 -0.01 -2.16 0.03
Heat season 0.25 0.16 0.87 -0.002 -0.20 0.84
Maternal intelligence -0.44 -0.51 0.61 0.003 0.55 0.58
Maternal ethnoracial identification -4.23 -2.00 0.04 0.02 1.37 0.17

PAH polycyclic aromatic hydrocarbons
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Table 5 Latent growth curve model results - adolescent
depression at Age 14

Predictor Coefficient z-value p-value
Demoralization intercept 0.01 3.39 0.001
Demoralization slope 1.26 1.29 0.20
Maternal prenatal years of education  -0.04 -0.59 0.56
Child sex at birth -0.27 -348 0.001

PAH polycyclic aromatic hydrocarbons

Table 4 Latent growth curve model results - adolescent anxiety

at Age 14

Predictor Coefficient z-value p-value
Demoralization intercept 0.01 3.78 0.00
Demoralization slope 227 244 0.02
Maternal prenatal years of education  0.03 046 0.65
Child sex at birth -0.29 -4.01 0.00

Table 6 Latent growth curve model results - adolescent
externalizing problems at Age 14

Predictor Coefficient z-value p-value
Demoralization intercept 0.01 2.18 0.03
Demoralization slope 35 349 0.00
Maternal prenatal years of education  0.09 1.34 0.18
Child sex at birth -0.16 -2.10 0.04

maternal demoralization over time (f=2.27, SE=0.93,
p=0.02) were associated with greater adolescent self-
reported anxiety symptoms. Girls reported more anxiety
than boys (B = -0.29, SE=0.07, p<0.01). No other sig-
nificant findings were observed (Table 4). Results were
similar at age 16 (Supplemental Table S1). Supplemen-
tary analysis determined that there was no direct effect
of PAH-DNA adducts on child reported anxiety at age 14
(Supplemental Table S4).

Maternal demoralization is associated with greater
adolescent self-reported depression

Main effects of prenatal maternal demoralization were
associated with greater adolescent self-reported depres-
sion symptoms (f=0.01, SE=0.004, p<0.01). Girls
reported more depression than boys (B =-0.27, SE=0.08,
p<0.01). No other significant findings were observed
(Table 5). Supplementary analysis determined that there
was no direct effect of PAH-DNA adducts on child
reported depression at age 14 (Supplemental Table S5).

Maternal demoralization is associated with greater
adolescent self-reported externalizing problems

Main effects of prenatal maternal demoralization
(p=0.01, SE=0.004, p=0.03) and the trajectory of mater-
nal demoralization over time were associated with
greater adolescent self-reported externalizing symptoms
(B=3.59, SE=1.06, p<0.01). Girls reported higher exter-
nalizing scores than boys (p = -0.16, SE = -2.10, p=0.04).
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No other significant findings were observed (Table 6).
Results were similar at age 16 (Supplemental Table S2).
Supplementary analysis determined that there was no
direct effect of PAH-DNA adducts on child reported
externalizing problems at age 14 (Supplemental Table
S6).

Discussion

The current study examined associations between prena-
tal PAH exposure, trajectories of maternal demoraliza-
tion, and adolescent self-reported anxiety, depression,
and externalizing problems. Higher prenatal PAH
exposure was associated with higher prenatal maternal
demoralization, which predicted higher adolescent self-
reported anxiety, depression, and externalizing problems.
Additionally, maternal demoralization declined over
time, with slower declines predicting higher adolescent
self-reported anxiety and externalizing problems. Within
an intergenerational transmission of mental health
framework, our findings suggest that PAH exposure dur-
ing pregnancy affects concurrent and long term maternal
mental health, which in turn influences mental health
outcomes for youth well into adolescence.

Prenatal PAH exposure associates with maternal
demoralization during pregnancy
PAH exposure during pregnancy was associated with
higher self-reported prenatal maternal demoralization.
Our work extends prior findings showing associations
of concurrent PAH exposure with depression symp-
toms and psychological distress, and suggests that PAH
exposure may also increase risk for prepartum demoral-
ization. Translational models offer several mechanisms
through which PAHs may affect adult mental and behav-
ioral health, including direct assault and damage on
neurological tissues [98, 99], oxidative stress associated
with PAH metabolism [99], and the inhibition of essen-
tial enzymes to result in downstream, cascading effects
on cognition and behavior particularly in systems reli-
ant on dopamine [100-102], a neurotransmitter closely
linked to many mental health problems [103, 104]. Criti-
cally, biological changes such as changes in blood volume
and immune system function associated with pregnancy
may increase vulnerability to the effects of PAH exposure
through inflammatory processes (for review: [104]). As
such, it is possible that PAH exposure during pregnancy
(versus not during pregnancy) differentially affects bio-
logical pathways in ways that magnify psychological dis-
tress and demoralization. Alternatively, pregnant people
who are experiencing higher demoralization may also
experience higher PAH exposure as a function of struc-
tural factors in the built environment.

Prenatal PAH exposure did not moderate trajecto-
ries of maternal demoralization. In 2010, public policy
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changes were enacted to improve air quality in New York
City, resulting in decreases in PAH exposure for individu-
als in our cohort catchment area [105]. Thus, it is possible
that improvements in outdoor air quality (i.e., less con-
current PAH exposure) were associated with improve-
ments in concurrent maternal demoralization. However,
we only measured PAH exposure in mothers during the
pregnancy period, and so we cannot directly test this
hypothesis. Future studies could measure PAH exposure
across the perinatal period to determine if changes in
exposure are associated with changes in demoralization
over time. If reductions in PAH exposure due to public
policy change resulted in reduced maternal psychological
distress, this supports the urgent need for further policy
change directed at reducing PAH exposure for vulnerable
populations.

Maternal demoralization predicts adolescent self-reported
mental and behavioral health

Maternal demoralization during pregnancy and over
the course of childhood predicted higher adolescent
self-reported mental health symptoms. Notably, higher
PAH-related persistent demoralization was associated
with youth self-reported anxiety but not depression
symptoms. Our work aligns with and extends prior find-
ings showing that maternal psychological distress during
pregnancy is associated with youth internalizing symp-
toms and may be attributable in part to PAH exposure
as well as to maternal depression [106, 107]. Consistent
with robustly reported sex differences in internalizing
symptoms, females in our sample reported higher anxiety
and depression symptoms than males [108, 109]; across
males and females the average reported depression score
was in the at risk range [109] pointing to the vulnerability
of youth living in these contexts. In sum, elevated PAH
exposure prenatally may set mothers on a path towards
persistently poor mental health, which in turn predicts
greater self-reported anxiety and depression symptoms
in their children.

Maternal demoralization during pregnancy and over
time also predicted higher self-reported externalizing
problems in adolescents. Prior findings in this cohort and
others indicate associations between prenatal PAH expo-
sure and maternal ratings of externalizing behavior prob-
lems at age 9, including inattention and hyperactivity [49,
110]. Such findings could indicate report bias such that
PAH-related effects on maternal mental health influence
maternal ratings of children’s behavior. Our findings that
maternal demoralization is associated with youth’s own
perception of their ability to regulate their emotions and
behaviors suggests that reported bias does not explain
prior findings and instead points to a complex interplay
between maternal chemical exposure, maternal mental
health, and youth development.
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Summary and limitations

Children from areas with higher poverty are more likely
to face higher rates of exposure to both chemical neu-
rotoxicants and social stressors [17], including but not
limited to maternal demoralization. The specific mecha-
nisms responsible for the interaction of maternal demor-
alization and PAH are yet to be elucidated. Potential
physiological factors range from maternal cortisol trans-
fer to the fetus [111-113], mRNA expression [112] and
inflammatory pathway dysregulation [114]. Social factors
include differences in home environment [115], parent-
ing skills [116—118], and lack of material resources [97—
99]. Future studies are necessary to better understand the
biological and social underpinnings of the intergenera-
tional transmission of PAH-related emotional and behav-
ioral dysregulation. Our findings are consistent with and
extend the existing literature indicating that prenatal
exposure to air pollution predisposes both elevated, per-
sistent maternal distress and mental health problems in
adolescents.

Our findings should be considered in light of a few
limitations. First, maternal demoralization is a fairly
understudied construct separate from psychological or
psychiatric symptoms. Because our study does not con-
tain a clinical measure of maternal anxiety or depres-
sion symptoms we were unable to explore this further
but future work can delineate the boundaries and char-
acterization of maternal demoralization. Next, because
our cohort is a community sample and is not weighted
for clinical outcomes, our findings are not generalizable
to a population of youth with clinically significant men-
tal health outcomes. Future studies should examine these
trajectories in a cohort weighted for clinical symptoms
in order to assess these effects. As described above, we
did not measure concurrent PAH exposure in mothers
or children across child development which would allow
further understanding of critical timepoints for effective
intervention and exposure reduction. Finally, data miss-
ingness may limit generalizability.

Conclusions

PAH exposure has detrimental impacts on both mater-
nal and child mental health. Our study extends previous
work by examining trajectories of PAH-related maternal
demoralization symptoms and adolescent mental health.
Our findings support an intergenerational transmission
of PAH-related psychological distress such that moth-
ers exposed to PAH during pregnancy are more likely
to demonstrate higher demoralization over time and in
turn their children report higher mental and behavioral
health symptoms. These findings support public policy
changes aimed at reducing PAH exposure during preg-
nancy as well as the need for longer term screening and
intervention for maternal psychological distress. Early
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identification and intervention for maternal psychologi-
cal distress may therefore reduce the burden of psycho-
logical distress in adolescents.
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