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Importance—Polycyclic aromatic hydrocarbons (PAH) are carcinogenic and neurotoxic
combustion by-products commonly found in urban air. Exposure to PAH is disproportionately high
in low income communities of color who also experience chronic economic stress.

Objective—In a prospective cohort study in New York City (NYC) we previously found a
significant association between prenatal PAH exposure and Attention Deficit Hyperactivity
Disorder (ADHD) behavior problems at age 9. Here, we have evaluated the joint effects of
prenatal exposure to PAH and prenatal/childhood material hardship on ADHD behavior problems.

Materials and Methods—We enrolled nonsmoking African-American and Dominican pregnant
women in New York City between 1998 and 2006 and followed their children through 9 years of
age. As a biomarker of prenatal PAH exposure, PAH-DNA adducts were measured in maternal
blood at delivery and were dichotomized at the limit of detection (to indicate high vs. low
exposure). Maternal material hardship (lack of adequate food, housing, utilities, and clothing) was
self-reported prenatally and at multiple time points through child age 9. Latent variable analysis
identified four distinct patterns of hardship. ADHD behavior problems were assessed using the
Conners Parent Rating Scale-Revised. Analyses adjusted for relevant covariates.

Results—Among 351 children in our sample, across all hardship groups, children with high
prenatal PAH exposure (high adducts) generally had more symptoms of ADHD (higher scores)
compared to those with low PAH exposure. The greatest difference was seen among the children
with hardship persisting from pregnancy through childhood. Although the interactions between
high PAH exposure and hardship experienced at either period ( “persistent” hardship or “any”
hardship) were not significant, we observed significant differences in the number of ADHD
symptoms between children with high prenatal PAH exposure and either persistent hardship or any
hardship compared to the others. These differences were most significant for combined high PAH
and persistent hardship: ADHD Index (p<0.008), DSM-IV Inattentive (p=0.006), DSM-IV
Hyperactive Impulsive problems (p=0.033), and DSM-IV Index Total (p=0.009).

Conclusion—The present findings add to existing evidence that co-exposure to socioeconomic
disadvantage and air pollution in early life significantly increases the risk of adverse
neurodevelopmental outcomes. They suggest the need for multifaceted interventions to protect
pregnhant mothers and their children.

Keywords
air pollution; PAH; ADHD; prenatal; adducts; material hardship

1: Introduction

Approximately 11% of children 4-17 years of age in the United States (U.S.) have been
diagnosed with Attention-deficit/hyperactivity disorder (ADHD), making it one of the most
commonly diagnosed behavioral disorders in children (Visser et al., 2014) ADHD symptoms
of hyperactivity, impulsivity and inattention often persist and may lead to poor performance
in the academic and occupational settings throughout the adult years (Biederman and
Faraone 2005). The etiology of ADHD is complex; genetic, environmental and social factors
all contribute to the emergence and severity of the disease (Biederman and Faraone 2005).
Known or suggested risk factors include obstetrical complications, maternal smoking,
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alcohol use, lead exposure, polycyclic aromatic hydrocarbon (PAH) exposure, low
socioeconomic status, and psychosocial adversity (Faraone et al. 2005; Grizenko et al. 2012;
Sagiv et al. 2013).

As reviewed previously, exposure to PAH is prevalent in urban populations from combustion
of fossil fuels and other organic material (Vishnevetsky et al. 2015). The sources of PAH
include combustion of diesel, gasoline, coal, residential heating oil; tobacco smoking and
chargrilling or broiling of foods (Bostrom et al. 2002; Larsen and Baker 2003). Exposures to
ambient and indoor air pollutants tend to be disproportionately high in lower income
communities or communities consisting largely of racial or ethnic minorities (Hou et al.
2012; Jerrett 2009; Mohai et al. 2009; Morello-Frosch et al. 2011; Woodruff et al. 2003), as
is experience of material hardship, an indicator of economic stress. Racial disparities in self-
rated health persist even after differences in socioeconomic status are controlled for
(Morello-Frosch et al. 2011). Residents are also more likely to live in low quality housing
and have inadequate educational and nutritional resources compared to higher income
communities (Vishnevetsky et al. 2015). Socioeconomic and psychological stress
experienced by the mother during pregnancy and/or stress in the early childhood years have
been associated with child ADHD (Grizenko et al. 2012; Linnet et al. 2003; Russell et al.
2015). Socioeconomic stressors have been shown to exacerbate the neurodevelopmental
impacts of toxic environmental exposures (Bellinger et al. 1987; Bellinger et al. 1989;
Bellinger 2000; Darmon and Drewnowski 2008; Evans and Kantrowitz 2002; Lansdown et
al. 1986; Vishnevetsky et al. 2015).

We previously showed that prenatal PAH was significantly associated with symptoms of
ADHD (Hou et al. 2012). Here we tested the hypothesis that the observed effect of prenatal
PAH exposure on ADHD behavior problems is increased in the presence of material
hardship experienced by the mother during pregnancy and the child’s early years. Concern
about prenatal exposures to PAH arises from their ready transfer across the placenta and the
fetal blood brain barrier reviewed in (Brown et al. 2007; Hood et al. 2000). Moreover, the
fetus is particularly susceptible to chemical insults due to the rapid, dynamic and complex
brain development taking place during this period, as well as their inability to efficiently
detoxify and clear chemicals and repair DNA damage (Grandjean and Landrigan 2006;
Perera et al. 2004). Prenatal exposure to PAH can be measured by PAH-DNA adducts in
maternal blood or cord blood donated at delivery. Since adducts reflect not only exposure
but also absorption, metabolic activation, and DNA repair, they are considered an individual
biologic dosimeter of PAH. Moreover, PAH-DNA adducts in white blood cells have the
advantage of providing an integrated measure of exposure over the past 3—4 months
(Mooney et al. 1995). This biomarker has previously been associated with multiple adverse
neurodevelopmental outcomes in children (Hou et al. 2012; Perera et al. 2008; Perera et al.
2011; Perera et al. 2012).

Material hardship assesses an individual’s unmet basic needs in the areas of food, housing,
and clothing (Mayer and Jencks 1989). Because prior studies have reported adverse effects
of economic disadvantage and stress experienced both during pregnancy and childhood
(Bolton et al. 2013; Schoon et al. 2012), as in our prior paper on child 1Q, we evaluated
material hardship experienced during both of these developmental periods. We addressed the
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following questions: Do PAH exposure and material hardship interact to influence ADHD
symptoms? Does the co-occurrence of high prenatal PAH exposure and the pattern

(trajectory) of prenatal and postnatal hardship though childhood impact ADHD scores? Is
there a pattern of hardship that is worse in combination with high prenatal PAH exposure?

2: Methods
2.1: The Columbia Center for Children’s Environmental Health (CCCEH) cohort study

For a more detailed description of the CCCEH cohort and study design, see our prior report
(Perera et al. 2006). Briefly, between 1998 and 2006 we recruited African-American and
Dominican women who resided in Washington Heights, Harlem, or the South Bronx in New
York City (NYC) through the local prenatal care clinics. Enrollment was restricted to women
who were nonsmokers, between 18-35 years, non-users of other tobacco products or illicit
drugs, free of diabetes, hypertension, or known HIV, and who had initiated prenatal care by
the 20t week of pregnancy. The Institutional Review Board of Columbia University
approved the study. The mothers provided informed consent for themselves and their
younger children; beginning at age 7 children provided assent.

2.2: Personal interviews, home caretaking environment, maternal intelligence, maternal
ADHD, child anxiety/depression at age 9

2.2.1: Prenatal interview—A trained bilingual interviewer administered a 45-minute
questionnaire during the last trimester of pregnancy to elicit demographic information,
residential history, health and environmental data such as active smoking (to confirm
nonsmoking status as reported on the screening questionnaire) and exposure to
environmental tobacco smoke (ETS). In the cohort, the mean cotinine measured in cord
blood was significantly higher in newborns whose mothers reported ETS exposure during
pregnancy (t-value=-3.08, p-value=-0.002). Additionally, information was collected on
dietary PAH (specifically, consumption of broiled, fried, grilled or smoked meat), income
and education.

2.2.2: Postnatal interviews and assessments—~Postnatal interviews were
administered in-person at 6 months and annually thereafter to determine changes in
residence, ETS exposure, and health and environmental conditions. At child age 3, Caldwell
and Bradley’s Home Observation for Measurement of the Environment (HOME) (Bradley
1994) was used to assess the quality of the proximal caretaking environment Maternal
nonverbal intelligence was measured by the Test of Non-Verbal Intelligence-Third Edition
(TONI-3) administered during the infant’s 6 month visit or a subsequent visit using. The
TONI-3 is a 15-minute, language-free measure of general intelligence, that is relatively
stable and free of cultural bias (Brown et al. 1997). To address the high heritability rate of
ADHD (Todd et al. 2001), mothers completed the Conners Adult ADHD Rating Scales
(CAARS) (Conners et al. 1999) at the child’s 7 year visit; and maternal ADHD symptoms
were included as a covariate in our analyses. Because childhood ADHD and anxiety/
depression are frequently comorbid conditions (Spencer et al. 2007), in order to isolate the
impact of PAH and material hardship on ADHD symptoms, the continuous score for
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symptoms of anxiety/depression reported by the mother on the Child Behavior Checklist
(CBCL) at child age 9 was also included as a covariate (Achenbach and Rescorla 2001).

2.3: Material hardship

A widely used measure of material hardship (Mayer and Jencks 1989) was used to assess the
level of unmet basic needs in the areas of food, housing, and clothing. This was obtained
prenatally and at child age 6 months, and at 1, 2, 3, 5, 7 and 9 years by asking “In the past
year has there been a time when you: 1. Couldn’t afford to buy food?; 2. Couldn’t afford a
place to stay?; 3.couldn’t afford gas/electricity?; or 4. Couldn’t afford clothing?” A positive
response to each question was given a score of one point and a negative response was coded
as zero. For each time point (6 months, 1, 2, 3, 5, 7 and 9 years), a scored sum of material
hardships was created (range: 0-4 points).

2.4 Biomarker measurement for PAH

At the time of delivery, research staff collected umbilical cord blood and maternal blood and
transported the bio-specimens 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, benzo[a]pyrene
(B[a]P), were analyzed in extracted white blood cell DNA using a high performance
chromatography (HPLC)/fluorescence method which detects B[a]P tetrols (Alexandrov et al.
1992; Perera et al. 2004). The adducts were dichotomized as detectable (“high adducts”) vs.
non-detectable (“low adducts™) because 59% of maternal blood DNA samples had levels
below the limit of detection (0.25 adducts per 108 adducts). Some children lacked data on
maternal DNA adducts due to inadequate quantity or quality of DNA (n=144).

PAH metabolites were measured in spot urine samples collected at child age 3 and 5 at the
Centers for Disease Control and Prevention (CDC) using automated liquid-liquid extraction
and gas chromatography/isotope dilution high-resolution mass spectrometry, as previously
described (Li et al. 2006; Li et al. 2008; Miller et al. 2010). PAH metabolites are a short-
term biomarker (half-life of 6-35 hours) (Jongeneelen et al. 1990); however, in conditions of
chronic exposure they are considered a useful measure of exposure to PAH from all
exposure sources and pathways (Li et al. 2006; Li et al. 2008). To adjust for urinary dilution
of the samples, metabolite levels were adjusted for specific gravity (SG) using the formula:
freshweight metabolites for the subject*(mean SG-1)/(SG for that subject-1) (Hauser et al.
2004). The 5 year measures were used as the default, with 3 year values substituted when 5
year data were not available.

2.5 Outcomes

At child age 9 years, mothers completed the CPRS-Revised: Long Version (Conners 1997).
The CPRS is a focused assessment of problems associated with childhood ADHD and its
common comorbid disorders (Conners 1997; Conners et al. 1998). The instrument has been
used in studies of a number of environmental contaminants including lead and PAH (Huang
et al. 2016; Perera et al. 2014). The instrument provides scales derived from the DSM-IV
(2000) that are intended to screen for ADHD-behavior problems and indicate those children
requiring follow-up. Mothers completed the 80-item CPRS (Conners 1997) when their
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children were 9 years old, under the guidance of trained research workers. Outcomes
analyzed included the CPRS ADHD Index and DSM-IV subscales (denoted as “Total”,
“Inattentive”, and “Hyperactive-Impulsive”), with the “Total” DSM-IV measure comprising
the “Inattentive” and “Hyperactive-Impulsive” subscales. The responses were scored and
summed to a raw score that was treated continuously. In addition, T-scores were derived
from the raw scores based on the normative comparison sample, as described in the
administration manual, and used to determine the child’s classification (Conners 1997). The
CPRS DSM-IV subscales and ADHD Index scores were dichotomized based on the
classification of a T score > 65 as “moderately to markedly atypical” and a T score < 65 as
“in the normal range”(Conners 1997).

2.6: Statistical analysis

As shown in Figure 1, a total of 581 children had available data on maternal PAH-DNA
adducts. Of these, 362 had available data on maternal ADHD and child anxiety/depression at
age 9; 351 of these children also had complete data on the Conners; and all 351 had data on
material hardship from at least four of 8 possible time points. The covariates in the present
analysis included child’s sex, ethnicity, maternal self-report of ETS exposure during
pregnancy, maternal education (<high school, >high school), gestational age, maternal
intelligence (treated as a continuous variable), maternal ADHD (treated as a continuous
variable), quality of the early home caretaking environment assessed at child age 3 (treated
as a continuous variable), child anxiety and depression at age 9 using the CBCL (treated as a
continuous variable), child’s exact age at assessment (in months) and season (heating vs.
non-heating) of the third trimester. We conducted multiple imputation for missing data on all
covariates except for maternal ADHD and child anxiety and depression at age 9. In no case
were data missing for more than 5% of children. For each continuous variable that had
missing values, we randomly drew a value from a normal distribution with mean and
variance estimated from the available data for that variable. Similarly, for each binary
variable, we randomly drew a value from a binomial distribution with probability of event
estimated from the available data for that variable. We repeated the procedure 10 times and
obtained 10 imputed datasets. We then computed 10 different sets of point and variance
estimates for the parameter of interest in our model, and used Rubin’s method to combine
these results and generated valid inference about this parameter (Rubin et al,. 2004).

We used group-based trajectory analysis (Jones et al. 2001) with a Poisson distribution to
identify groups of participants with shared experiences of material hardship between the
prenatal period and 9 year follow-up visit. We fit models on all 351 children. We varied the
number of groups from 1-5 and used Bayesian information criterion (BIC) values to
evaluate fit (see Supplemental Table S1). The best fitting model revealed four unique
trajectories of hardship over time as shown in Figure 2: latent class 4 or “persistent’ (i.e.,
constant prenatal and postnatal hardship, 22.3%); latent class 3 (increasing over time,
20.0%); latent class 2 (decreasing over time,15.3%); and latent class 1 (never/infrequent,
42.4%). The number of latent classes was chosen based on the BIC (Supplemental Table
S1).
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The associations between the dichotomized (“high”/“low”) PAH exposure (maternal PAH-
DNA adducts) and/or material hardship (group/trajectory) and the continuous ADHD-related
behavior scores or the classification of moderately or markedly atypical symptoms were
analyzed using generalized linear models (with a scale parameter to fit for over-dispersed
Poisson distributions) and binomial distributions for binary outcomes, respectively,
including covariates described above. As per our a priori hypothesis, we assessed the
potential interaction between PAH exposure and the four material hardship groups; that is,
whether the effects of high vs. low prenatal PAH exposure on ADHD-related behavior
outcomes differed by the four hardship trajectory classes, by including their product terms in
the regression models. After examining the magnitude of the effects of prenatal PAH
exposure on ADHD-related behavior scores within each of the four hardship trajectory
classes based on this interaction model, we created two binary hardship groups by
combining trajectories with similar prenatal PAH effects on ADHD. The resultant groups
were: a) “persistent” hardship (hardship trajectory class 4) vs. all others (hardship trajectory
classes 3, 2, and 1); and b) “any” hardship (hardship trajectory classes 4, 3, and 2) vs. never/
infrequent hardship (hardship trajectory class 1). We then assessed the interaction between
PAH exposure and each binary hardship variable. We further examined the effects of
combined high PAH exposure and “persistent’ hardship as well as the effects of combined
high PAH exposure and “any” hardship on ADHD symptoms by introducing a new
categorical variable with 1 as having both high PAH exposure and persistent hardship and 0
otherwise, and a new categorical variable with 1 as having both high PAH exposure and any
hardship and 0 otherwise.

In sensitivity analyses, we examined whether the inclusion of postnatal PAH exposure,
represented by the sum of 9 urinary metabolites at age 5 or 3 years, substantially altered the
association of adducts and hardship with ADHD outcomes. As in our prior analysis with age
7 1Q as the outcome, results did not differ before and after adjusting for postnatal PAH
exposure; therefore this variable was not included in our final model. Further, in post-hoc
sensitivity analyses, we applied the inverse probability weighting (IPW) technique (Curtis et
al. 2007; Hernan et al. 2004; Robins et al. 2000) in order to account for potential bias due to
loss to follow-up.

3: Results

Socio-demographic and exposure characteristics of the sample included in the analysis are
presented in Table 1. Among the children with maternal adduct data, there were no
significant differences between those who were included in the analysis and those not
included due to lack of data on material hardship, required covariates, or ADHD (n=230),
except that the mean for child anxiety and depression at age 9 was significantly higher in the
sample analyzed (p=0.04). In the sample analyzed, the association between high prenatal
material hardship and high cord adducts was not significant (X2=0.29, p=0.59).
Supplemental Table S2 provides the descriptive statistics of the maternal adduct levels in
each latent class of material hardship. Table S3 presents the ADHD scores and the number
of children in the “moderately to markedly atypical” range and the number in the “normal”
range, with respect to each ADHD outcome.
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Among the 351 children in our sample, the interactions between PAH exposure (“high” vs.
“low™) and material hardship latent classes (4 groups) on ADHD symptom scores were not
statistically significant. However, across all four hardship groups, children with high
prenatal PAH exposure (high adducts) generally had more symptoms of ADHD (higher
scores) compared to those with low PAH exposure (Figure 3). The greatest difference
between scores of children who had high vs. low PAH exposure was seen within the
“persistent” hardship group (latent class 4) (Figure 3 and Supplemental Table S4). Although
the interactions between PAH exposure (high vs. low) and each binary hardship variable
were not statistically significant, they suggested that i) the effects of having both high PAH
exposure and “persistent™ hardship or ii) having both high PAH exposure and “any” hardship
may be greater than the sum of their individual effects (Supplemental Figures S1 and S4,
and Supplemental Table S5). Further analyses assessing the combined effects of a) having
high PAH exposure and “persistent” hardship vs. everything else (Table 2) or b) having high
PAH exposure and “any” hardship vs. everything else (Table 3) showed significant combined
effects on multiple ADHD scores (more symptoms) and on a child’s classification of having
moderately to markedly atypical scores. These associations were strongest for combined
high PAH and “persistent” hardship: ADHD Index (p=0.008), DSM-1V Inattentive
(p=0.006), DSM-IV Hyperactive-Impulsive problems (p=0.033), and DSM-IV Index Total
(p=0.009). Increases in odds of having moderately to markedly atypical scores in the PAH/
“persistent” hardship group were significant for ADHD Index (p=0.030), DSM-IV
Inattentive (p=0.003) and DSM-1V Index Total (p=0.009). For combined high PAH and any”
hardship, the corresponding p-values were: ADHD Index (p=0.037), DSM-IV Inattentive
(p=0.047), DSM-IV Hyperactive-Impulsive problems (p=0.026), and DSM-IV Index Total
(p=0.024). Increases in odds of having moderately to markedly atypical scores in the PAH/
“persistent” hardship group were significant for DSM-IV Inattentive (p=0.046) and DSM-IV
Index Total (p=0.024). Each of the exposures (adducts and material hardship) individually
was associated with significant adverse impacts on ADHD scores (Supplemental Table S6
and S7). While the interaction term was not statistically significant, the effect of having both
high maternal adducts and persistent maternal hardship on a number of outcomes appears to
be greater than the sum of their separate effects, suggesting that the effect is greater than
additive (as shown in Supplemental Figure S1). The measure of postnatal PAH exposure
(child urinary metabolites) was not significantly associated with prenatal PAH (X?=1.16,
p=0.28) or with any of the ADHD continuous scores. After adjustment for postnatal PAH
exposure in the smaller sample with available child PAH metabolite data (N=330), the
effects of prenatal exposure were similar to those without adjustment (Supplemental Tables
S68 and S9). Repeating the analysis of combined high exposure (high adduct and
“persistent” material hardship vs. other) and ADHD with IPW, we found that the direction
and magnitude of associations were similar albeit less significant (see Supplemental Table
S10). This result indicates that there is some selection bias; however, the inference remains
the same.

The results using the prenatally monitored concentration of PAH in air, rather than the
biomarker of exposure, as the independent variable were generally nonsignificant, with the
exception of the association of combined air PAH and persistent hardship with the DSM-1V
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Inattentive outcome (p=0.018). This finding is consistent with our previous report (Hou et al.
2012).

Finally, we note that the various measures of material hardship defined in the study were
inversely associated with the quality of the home caretaking environment (HOME) and
maternal 1Q; and the binary hardship measure (any hardship vs. no hardship) was positively
correlated with maternal ADHD.

4: Discussion

This is the first report of the effects of co-exposure to high prenatal exposure to PAH and
chronic socioeconomic stress on children’s ADHD symptoms. The findings are consistent
with our prior report on PAH, material hardship, and child 1Q at age 7 (Vishnevetsky et al.
2015) and with studies showing modification of neurodevelopmental effects of lead by
social class (Bellinger 2000). Our failure to observe statistically significant interactions
between the two “stressors” may be due in part to the limited sample size. However, the
findings indicate that high prenatal PAH exposure combined with persistent hardship or high
prenatal PAH combined with any hardship significantly increased ADHD symptoms in
children at age 9.

As noted earlier, PAH are a class of hazardous air pollutants, PAH include known
carcinogens and neurotoxicants such as B[a]P which is considered a representative PAH and
is highly correlated with most other members of the class (Perera et al. 2012). PAH are
ubiquitous in the urban environment, however low-income communities tend to be
disproportionately exposed due to the more frequent siting in those communities of highly
trafficked roadways, depots for buses and trucks, fossil fuel generating power plants and
industrial boilers; moreover there is a higher prevalence of smokers in low-income
households (Chuang et al. 1999; Evans and Kantrowitz 2002).

Many studies have demonstrated the vulnerability of the developing fetus and young child to
the toxic effects of environmental pollutants, including PAH, (Grandjean and Landrigan
2006; Perera et al. 2004) as well as to socioeconomic disadvantage (Laplante et al. 2008;
Sandman et al. 2012; Singer et al. 1997) (for review see(Matthews and Gallo 2011)). A
number of mechanisms have been described by which prenatal PAH exposure is able to exert
harmful effects on the developing brain; and they are not necessarily mutually exclusive. As
previously reviewed, they include binding to receptors for placental growth factors resulting
in decreased exchange of oxygen and nutrients (Dejmek et al. 2000) and binding to the
human Ah receptor to induce P450 enzymes (Manchester et al. 1987). PAH have also been
shown to generate oxidative stress as a result of inhibition of the brain antioxidant
scavenging system (Saunders et al. 2006). Genotoxic and epigenetic pathways are implicated
as well: DNA damage from PAH can result in activation of apoptotic pathways (Meyn 1995;
Nicol et al. 1995; Wood and Youle 1995) while epigenetic alterations (DNA methylation
changes) by PAH may affect gene expression (Perera and Herbstman 2011; Wilson and
Jones 1983) and alter expression of nuclear transcription factors that mediate the onset of
neuronal cell differentiation (Hood et al. 2000).

Environ Res. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Perera et al.

Page 10

Economic deprivation and related stress early in life are known risk factors for behavioral
problems in children (Duncan et al. 1994). The observation of combined effects of exposure
to PAH and material hardship is consistent with reports that the co-occurrence of
environmental pollutants such as lead, traffic-related pollutants or ETS with adverse social
conditions leads to more neurotoxic effects than either individually (Bellinger 2000;
Clougherty et al. 2007; Dietrich et al. 1991; Rauh et al. 2004; Winneke and Kraemer 1984)
(see (McEwen and Tucker 2011) for review). Mechanisms underlying these impacts are
being elucidated; however, chronic psychosocial stress increases allostatic load, “interfering
with the normal functioning of protective toxicokinetic and toxicodynamic processes” with
resultant inflammation that can impair an individual’s resilience in the face of toxic insults
(McEwen 1998; McEwen and Gianaros 2011; McEwen and Tucker 2011). Physical
toxicants can also stimulate the production of inflammatory mediators (Bierhaus et al. 2003;
Saxon and Diaz-Sanchez 2000). Thus both psychosocial and physical “toxicants” could
potentiate each other through the common physiological pathways of inflammation
(Bierhaus et al. 2003; Bierhaus et al. 2006; McEwen 2007; McEwen and Tucker 2011).
Research in mice on the combined effect of maternal stress during pregnancy and prenatal
air pollution showed that these stressors interact synergistically to induce
neuroinflammation, leading to neurobehavioral disorders in the offspring (Bolton et al.
2013). In our analysis, prenatal PAH exposure elicited the strongest effect when material
hardship persisted throughout early childhood. It is possible that the two factors act through
the same pathway both when experienced concurrently and when hardship continues on to
add to the earlier insult. Socioeconomic disadvantage, conceptualized as reported difficulty
in affording basic necessities (e.g., food, shelter, clothing, utilities) may have both direct
effects via psychosocial stress as outlined above or indirect impacts on a child’s risk of
ADHD such as through lower levels of parent involvement (Russell et al. 2015).

Relevant to the interpretation of our results, it may be that PAH are equally toxic under
different conditions of hardship, but that families without material hardship have resources
not measured in this study or have better diets that positively affect the development of
children and buffer the adverse impact of PAH exposure (Gershoff et al. 2007) (Ashiabi and
O’Neal 2007; George et al. 2005). Families without material hardship may also have lower
exposure to other chemical neurotoxicants such as lead (Brody et al. 1994; Lanphear et al.
2005), ETS (Rauh et al. 2004) and other air pollutants (Calderon-Garciduenas et al. 2008;
Suglia et al. 2008; Wang et al. 2009) that contribute to the increased ADHD symptoms seen
in the children in the present study.

We acknowledge a number of limitations. Although we have adjusted for the possible
confounding effects of a number of covariates, there is always the possibility that some
residual confounding remains. In addition, to decrease the possibility of confounding, we
excluded active smokers, illicit drug users, and women with preexisting disease, thereby
limiting generalizability. Our measure of PAH exposure (adducts in blood) does not allow us
to distinguish between inhaled versus ingested PAH; however, in our cohort our measure of
dietary PAH was not significantly associated with PAH-DNA adducts. Further, our overall
limited sample size and small numbers of subjects in certain subgroups of PAH and hardship
did not allow sufficient power for definitive analyses of interactions between the two
stressors. Finally, our adjustment of heritability was based on the maternal ADHD; paternal
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data were not available. Among the strengths of the study are the longitudinal design and the
ability to account for a number of factors other than PAH exposure known to affect child
neurobehavioral development.

There is growing recognition of the continuing need to understand the combined effects of
adverse social conditions/psychosocial stressors and environmental toxicants and to
elucidate the mechanisms involved in order to guide effective intervention (Hernandez 2006;
McEwen and Tucker 2011). The present results suggest that, although intervention on one of
these exposures might reduce the risk of ADHD problems, additional benefit to the
developing fetus and young child would come from a multifaceted approach to reduce PAH
exposure and alleviate material hardship. Such an approach would combine economic
assistance for women in need of material support with policy interventions to reduce air
pollution exposure in urban areas, especially in low-income communities of color.
Concentrations of PAH can be reduced using currently available pollution controls, greater
energy efficiency, alternative energy sources, and regulatory intervention to control or
remove highly polluting sources.

5. Conclusion

This study in a low income community of color provides the first evidence that material
hardship combines with prenatal exposure to environmental PAH to increase child ADHD
behavior problems. These results suggest the need for a multifaceted approach to prevention
that incorporates more social support for this vulnerable population and greater
environmental protection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. PAH are common carcinogenic and neurotoxic combustion-related air
pollutants.

. Exposure to PAH tends to be disproportionately high in low income
communities.

. Prenatal PAH exposure was measured by PAH-DNA adducts in maternal
blood.

. We evaluated the combined effects of prenatal PAH and material hardship on
ADHD.

. We observed significant effects of combined exposures on ADHD behavior
problems.
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Figure 1.
Selection of the sample analyzed
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Trajectory analysis of material hardship
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Table 1

Characteristics of children included in the analysis (N=351)

Variablel Subjects included in the analysis (N=351)
Gestational age at birth (weeks) 39.34 £1.32
Maternal TONI score 20.28 +8.63
HOME inventory 39.74 £5.91
Maternal ADHD 38.31+8.39
Child anxiety/depression at age 9 2.65+2.99
Age at ADHD assessment (months) | 108.15 + 2.29
Percent female 53.56

Percent African American 39.32

Percent with prenatal ETS exposure | 34.1

Percent >= high school education 62.64

Percent born in heating season 57.56

VA .
Units are means+SD unless otherwise noted.
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