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Abstract

Background: Prenatal air pollution exposure is associated with reductions in self-regulation and
academic achievement. Self-regulation has been separately linked with academic achievement.
Understudied, however, are the contributions of pollution exposure to inhibitory control, a facet
of self-regulation, and whether pollution-related inhibitory control deficits are associated with
impairment in academic achievement.

Methods: Participants were recruited from a prospective birth cohort. Measures of prenatal
airborne polycyclic aromatic hydrocarbons (PAH) during the third trimester of pregnancy,
inhibitory control (NEPSY Inhibition) at mean age = 10.4 years, and Woodcock-Johnson
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Tests of Achievement-111 at mean age = 13.7 were available for N = 200 participants.

Multiple linear regression examined sex-dependent and sex independent associations among
prenatal PAH, childhood inhibitory control, and academic achievement during adolescence, and
whether childhood inhibitory control mediated associations between prenatal PAH and academic
achievement during adolescence, controlling for ethnicity, maternal country of birth, language of
prenatal interview, maternal marital status, maternal years of education, material hardship, quality
of home caregiving environment, and early life stress.

Results: Across all participants, higher prenatal PAH was significantly associated with worse
spelling skills (WJ-I11 Spelling, g = -0.16, 95%Confidence Interval [CI]: 0.30, -0.02, p = .02).
Trend level associations between higher prenatal PAH and worse reading comprehension (WJ-I11
Passage Comprehension, p = —0.13, 95%CI: 0.28, 0.01, p = .07) and math skills (WJ-I11 Broad
Math, p = —0.11, 95%CI: 0.25, 0.03, p = .11) were detected. Across all participants, higher PAH
was significantly associated with worse inhibitory control (f = -0.15, 95%Cl: 0.29, -0.01 p
=.03). Better inhibitory control was significantly associated with better reading comprehension
(WJ-111 Passage Comprehension, § = 0.22, 95%CI: 0.09, 0.36, p <.002) and math skills (WJ-111
Broad Math Index, p = 0.32, 95%CI: 0.19, 0.45, p <.001), and trend level associations with
better spelling skills (WJ-111 Spelling, p = 0.12, 95%CI: 0.02, 0.26, p = .10). Inhibitory control
significantly mediated PAH-related achievement effects for Passage Comprehension (f = -0.61,
95%Cl: 1.49, —0.01) and Broad Math Index (B = —1.09, 95%CI: 2.36, —0.03).

Conclusions: Higher prenatal PAH exposure and lower childhood inhibitory control were
associated with worse spelling, passage comprehension, and math in adolescence. Notably,
childhood inhibitory control mediated PAH exposure-related effects on achievement in
adolescents. ldentifying these potential exposure-related phenotypes of learning problems may
promote interventions that target inhibitory control deficits rather than content specific deficits.
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Air pollutants, including compounds such as polycyclic aromatic hydrocarbons (PAH), are
neurotoxic carcinogens produced during incomplete combustion of fossil fuels, tobacco,

and other organic material (Bostrom et al., 2002). While all humans are exposed to PAH
through air and dietary sources, differential placement of outdoor pollution sources increases
risk for exposure among low-income, urban, and minority communities (Heritage, 1992;
Metzger et al., 1995; Olden and Poje, 1995; Pirkle et al., 1996; Wagenknecht et al., 1993;
Wernette and Nieves, 1992). Emerging evidence suggests that prenatal PAH exposure has
deleterious effects on child health and development (Grandjean and Landrigan, 2006; Perera
et al., 2005; Perera et al., 2006). During the fetal period and early childhood years, the brain
is developing rapidly and thus is vulnerable to neurotoxic insults that may subsequently
manifest as adverse physical and mental health outcomes in childhood and adulthood
(Shonkoff et al., 2012; Stein et al., 2002).

Prenatal and postnatal exposure to air pollutants have been linked to lowered academic
achievement in both males and females (Grineski et al., 2020; Lett et al., 2017; Stingone,
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McVeigh, & Claudio, 2016, 2017), highlighting the costs of high levels of air pollution

to society. The developmental pathways linking exposure to achievement, however, remain
understudied. Prior findings suggest strong links between self-regulation and academic
achievement in both males and females (Matthews et al., 2009; McClelland and Cameron,
2011; McClelland and Wanless, 2012). One possibility is that air pollution operates on
academic achievement through its effects on self-regulation. One prior study showed
associations between prenatal exposure to fine particulate matter and children’s self-
regulation as measured by a response inhibition task (Guxens et al., 2018). Our previous
work has demonstrated an association between prenatal PAH exposure and impaired
development of parent-reported self-regulation of thought, behavior, and emotion across
childhood (Margolis et al., 2016). To date, some studies have also identified sex-specific
effects of prenatal air pollutant exposure on child executive functions that contribute to
self-regulatory capacity in boys (Chiu et al., 2013, 2016; Cowell et al., 2015; Rivas et

al., 2019). Moreover, both human studies and animal models have documented effects

of prenatal PAH exposure on brain structures that support self-regulatory processes and
behavioral outcomes, such as hyperactivity (Lapole et al., 2007; Patten et al., 2020; Peterson
et al., 2015), underscoring the effects of exposure to PAH on self-regulation.

Studies have not yet examined the effects of prenatal exposure to PAH on child performance
using an inhibitory control task, specifically. Inhibitory control is commonly operationalized
by tasks that measure an individual’s ability to inhibit a prepotent response in favor of a

less habitual response (Diamond, 2013). Although it is known that air pollution exposure
and poor inhibitory control are each associated with worse academic performance, and that
air pollution exposure is associated with reduced executive functions, almost nothing is
known about the shared versus distinct contributions of prenatal air pollution exposure and
inhibitory control to academic achievement. Leveraging a large prospective birth cohort,

we examined associations between prenatal exposure to PAH and performance on tests

of reading and math skills as well as performance on a measure of inhibitory control

in late childhood. We further examined whether these effects were sex-specific, given
previously observed sex-dependent neurodevelopmental effects of prenatal air pollution
exposure. First, consistent with prior studies we hypothesized that effects of PAH exposure
on reading and math would be detected in both males and females. We further hypothesized
that effects of PAH exposure on inhibitory control would be detected only in males.

Third, we hypothesized that childhood inhibitory control would be positively associated
with performance on measures of math and reading skill during adolescence. Last, we
hypothesized that inhibitory control would mediate associations between prenatal exposure
and academic achievement.

1. Method

1.1. Sample

Participants in this study were recruited from the Mothers and Newborns prospective birth
cohort (Perera et al., 2006) followed by the Columbia Center for Children’s Environmental
Health (N = 727). The cohort enrolled pregnant women recruited from obstetrics and

gynecology clinics at New York Presbyterian Hospital and Harlem Hospital between 1998
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and 2006. Participants were self-reported Black and Hispanic/Latinx women who resided

in Washington Heights, Central Harlem, or the South Bronx. Exclusion criteria included
active maternal smoking during current pregnancy and documented or reported substance
abuse, gestational diabetes, hypertension, or human immunodeficiency virus. The study was
approved by the Institutional Review Board of Columbia University and each parent and
child provided written consent and assent, respectively.

Of the 727 participants in Mothers and Newborns, 683 had complete prenatal airborne
PAH data (four participants with PAH scores greater than 3.5 standard deviations from the
mean were excluded from analyses; Supplementary Fig. S1), 356 had complete PAH and
inhibitory control data derived from the NEPSY Inhibition task, and 200 of this subset had
complete data from the Woodcock-Johnson Tests of Achievement-I11 (Fig. S1). With the
exception of being younger, the subset of children with available achievement data did not
differ demographically from the larger set with inhibitory control data (Table 1).

1.2. PAH assessment

During the third trimester of pregnancy, maternal air data were acquired and analyzed as
previously described (Perera et al., 2006; Tonne et al., 2004). Briefly, mothers received

an air monitoring backpack that collected airborne vapors, aerosols, and Particulate

Matter 2.5 (PM2.5). Particle bound and volatile and semi-volatile PAH were extracted

from the filter and PUF via a Soxhlet Extractor and extracts were assayed by GC-MS

for pyrene and eight non-volatile, carcinogenic PAH at Southwest Research Institute:
(benz[glanthracene, benzo[a]pyrene, chrysene, benzo[ b]fluroanthene, benzo[ A]fluroanthene,
indeno-[1,2,3-cd]pyrene, disbenz[a A]anthracene, and benzo[g,/,/]perylene). Exposure was
computed as the log transformed sum of these eight carcinogenic PAHSs (see Supplementary
Methods).

1.3. Inhibitory control

Inhibitory control was measured during late childhood (range 8-14 years old, mean =

10.4 years) by the NEPSY-I1I Inhibition subtest (Korkman et al., 2007), which assesses a
participant’s ability to inhibit automatic responses and instead activate a novel response.
First, the child is instructed to name shapes (squares and circles) or the direction of arrows
as fast as possible (Inhibition Naming; INN). Next, the child is instructed to name the other
shape or arrow direction instead, i.e. saying “square” for each circle and “circle” for each
square (Inhibition; INI). Raw scores were converted to age-adjusted scaled scores based on
the NEPSY-II normative sample.

1.4. Academic achievement

Reading and math skills were measured using the Woodcock-Johnson Tests of Achievement-
I11 (WJ-11) during adolescence (range 13-15 years old, mean = 13.7), on average 3.4 years
(standard deviation = 1.1 years) and always after inhibitory control was measured. Raw
scores were converted to age-adjusted standard scores based on the WJ-111 normative sample
(Woodcock et al., 2000).

Environ Res. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Margolis et al.

Page 5

Components of reading skills including decoding, encoding, and comprehension were
measured by the Basic Reading Index, a standard score that combines performance

across Letter-Word Identification and Word Attack subtests, and by the Spelling and

Passage Comprehension subtests, analyzed separately. Letter-Word Identification requires
the participant to read words aloud, testing single word reading. Word Attack requires the
participant to read pseudowords (nonsense) words aloud, testing the ability to apply phonetic
rules to decode unknown words. These subtests are combined in a weighted normed Basic
Reading Index that reflects an individual’s ability to decode words. The Spelling subtest
measures encoding by requiring the child write out the spelling of words spoken by the
examiner. Passage Comprehension measures the ability to read a short passage and provide a
missing word that completes the sentence.

Components of math skills including problem solving, calculating, and fluency were
measured by the Broad Math Index. The Index combines performance across three subtests,
Applied Problems, Calculation, and Math Facts Fluency. Applied Problems measures the
participant’s ability to solve word problems; the problems are simultaneously read aloud by
the examiner and presented on a stimulus book, reducing memory requirements. Calculation
presents the participant with computation problems of increasing complexity in a paper-
and-pencil format. Math Facts Fluency challenges participants to solve as many one- and
two-digit addition, subtraction, and multiplication problems as possible in 3 min.

1.5. Statistical analyses

The distribution of prenatal PAH exposure was examined and log-transformed as in
previous studies (Perera et al., 2012) (Fig. S2). To minimize the influence of potential
outliers, academic performance scores more than three standard deviations from the mean
(z-score>3) were Winsorized to the next most extreme non-outlier value (Table 1).

To address our first hypothesis, multiple linear regression analyses were used to examine
sex-dependent effects of prenatal airborne PAH exposure on academic achievement (WJ-

I11 Basic Reading, Passage Comprehension, Spelling, Broad Math) during adolescence.
Next, we tested sex-dependent effects of PAH on childhood inhibitory control (NEPSY-

Il Inhibition-Inhibition (INI) scaled score), additionally controlling for baseline naming
speed (NEPSY-I1I Inhibition-Naming (INN) scaled score). To address our third hypothesis,
multiple linear regression tested the sex-dependent effects of childhood inhibitory control on
academic achievement during adolescence. Non-significant sex interaction terms (p < .05)
were dropped from final models. Exploratory analyses examined associations between PAH
or inhibitory control and individual achievement subtests that contributed to any significant
composite scores.

Finally, we used a nonparametric bootstrapping method (5000 simulations) implemented

in the R (version 4.0.0) mediation package (version 4.5.0) to test the third hypothesis that
childhood inhibitory control would serve as a mediator between prenatal PAH exposure and
academic achievement in adolescence. The indirect effect of PAH on achievement through
a mediator (inhibitory control) was defined as the average causal mediation effect (ACME).
The ACME equals the product, ab, of the regression coefficient, &, relating the independent
variable (PAH) to the mediator, and the regression coefficient, b, relating the mediator to
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the dependent variable (WJ-111 achievement) with the independent variable as a covariate.
Whether the ACME was significantly different from zero was tested using a bootstrapping
method with 5000 resamples (Tingley et al., 2014). We tested mediation for academic

skills that were significantly associated with inhibitory control whether or not there was a
significant total effect (PAH on achievement). This criterion was selected because mediation
can occur in the absence of a significant total effect (Hayes and Rockwood, 2017).

All analyses controlled for ethnicity (Hispanic/Latinx vs. non-Hispanic/Latinx Black), and
commonly included potential confounds of PAH exposure (Pagliaccio et al., 2020) or
predictors of academic achievement: maternal country of birth (USA vs. other), language

of prenatal interview (English vs. other), maternal marital status (married or live with partner
>7 yrs vs. other) at prenatal visit, material hardship at prenatal visit (see Supplementary
Methods), maternal years of education at prenatal visit, quality of home caregiving
environment at child age 3 (Home Observation for Measurement of the Environment
[HOME (Bradley, 1994);]), and early life stress at child age 5 (Pagliaccio et al., 2020).

Age was not included as a covariate as all dependent variables were norm-referenced
standardized, age-adjusted scores. Missing values were multiple imputed with the MICE
package in R (van Buuren &Groothuis-Oudshoorn 2011). We report standardized regression
coefficient estimates, significance tests were two-tailed, and alpha was set at p < .05.

2. Results

2.1. Participants

Children with available PAH and NEPSY data (n = 356) did not differ systematically from
those without NEPSY-I11 data (n = 327, Table 1). Among children with available PAH
exposure and inhibitory control data, those with academic achievement data (n = 200) were
younger at NEPSY-II completion than those without achievement data (n = 156) but did not
differ on other measures (Table 1).

2.2. Prenatal PAH and academic achievement

There were no significant prenatal PAH-by-sex interaction effects on any measure of
achievement (interaction p-values > .31) and, thus, this term was dropped from all

models. Higher prenatal PAH exposure was associated with worse Spelling (B = —0.16,
95%Cl: 0.30,-0.02, p = .02; Fig. 1A). Trend level findings were observed for Passage
Comprehension (f = -0.13, 95%ClI: 0.28, 0.01, p = .07), and Broad Math Index (§ = -0.11,
95%Cl: 0.25, 0.03, p = .11). No significant associations were detected between prenatal
PAH and Basic Reading (p = —0.06, 95% CI: 0.21, 0.08, p = .40).

2.3. Prenatal PAH and inhibitory control

Higher prenatal PAH exposure was associated with worse performance on the inhibitory
control task (f = -0.15, 95%Cl: 0.29, —-0.01, p < .03, Fig. 1B). The prenatal PAH-by-sex
interaction was not significant (B = —0.0007, 95%Cl: 0.30, 0.30, p > .9).

Environ Res. Author manuscript; available in PMC 2022 November 01.
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2.4. Inhibitory control and academic achievement

There were no significant inhibitory control-by-sex interaction effects on any measure of
achievement (interaction p-values > .30) and, thus, this term was dropped from all models.
Better performance on the inhibitory control task was associated with better performance

on the Passage Comprehension subtest (p = 0.22, 95%CI: 0.09, 0.36, p <.002) and the
Broad Math Index (B = 0.32, 95%CI: 0.19, 0.45, p < .001 Fig. 2; Table 2) as well as a trend
level association between inhibitory control and the Spelling subtest (B = 0.12, 95%Cl: 0.02,
0.25, p = .10). Inhibitory control was not associated with the Basic Reading Index score

(B =0.03,95% CI: 0.12, 0.17, p = .72). Exploratory analyses of the separate subtests that
comprise the Broad Math Index were each also associated with between inhibitory control
(Supplementary Results).

2.5. Mediation models

Inhibitory control significantly mediated associations between prenatal PAH and Passage
Comprehension (B = -0.61, 95%ClI: 1.5, —0.01) as well as Broad Math Index (f = -1.1,
95%Cl: 2.4, -0.03, Table 3).

3. Discussion

Using a large longitudinal birth cohort, we provide evidence for a pathway by which
prenatal exposure to PAH affects academic achievement through impaired inhibitory control.
Specifically, we found that higher prenatal exposure to PAH was associated with worse
inhibitory control during late childhood and worse academic skills in early adolescence,
regardless of sex. Next, we show that more difficulty with inhibitory control in late
childhood was associated with more problems with reading comprehension and math
achievement in adolescence. Finally, we provide evidence that late childhood inhibitory
control mediates associations between prenatal PAH exposure and early adolescent reading
comprehension and math skills, elucidating cognitive processes which link prenatal PAH
exposure and behavioral outcomes. Our findings suggest that exposure-related phenotypes
of learning problems are important to consider when evaluating student’s learning problems
and formulating treatment plans. Problems in academic skills related to environmental
exposures may require intervention focused on inhibitory control problems, as shown here,
rather than on content related skill deficits as is typical in interventions designed to address
learning disabilities.

We detected significant associations between prenatal PAH and early adolescent
achievement including spelling, reading comprehension, and math skills. Our findings

are consistent with prior studies showing associations between prenatal exposure to air
pollutants and achievement (Grineski et al., 2020; Lett et al., 2017; Stingone, McVeigh,

& Claudio, 2016, 2017). Childhood inhibitory control was also associated with prenatal
PAH exposure as well as with early adolescent academic achievement. Our findings are
again consistent with prior studies showing associations between prenatal exposure to PAH
and self-regulation (Margolis et al., 2016), and between inhibitory control and reading
comprehension (Kieffer et al., 2013) as well as math skills (Blair and Razza, 2007). Herein,
we show how prenatal environmental exposures may catalyze such developmental cascades.
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PAH exposure may compromise childhood inhibitory control, altering the foundation upon
which later academic skills are built. Alternatively, inhibitory control problems could

be stable over time, exerting differential effects on academic skills depending on the
developmental stage of the particular skill. For example, our test of math achievement
assessed presumably newly acquired skills that require multistep problem solving, which
might tap inhibitory control. Similarly, reading comprehension requires monitoring one’s
responses and maintaining goal directed activity, both of which require a sufficient level of
inhibitory control. Thus, these two domains of academic achievement are likely vulnerable
to inhibitory control deficits during early adolescence. In contrast, we did not observe
associations between inhibitory control and word reading, perhaps because word reading has
already become automatized (routinized or well-established) by age 13-15 years (Margolis
et al., 2019). Consistent with this interpretation, one study in a younger sample did find
associations between inhibitory control and word reading (van der Schoot et al., 2004).
Notably, inhibitory control was associated with math fluency (rapid access to math facts)
in our study, which could be seen as a parallel skill to single word reading, thereby
contradicting our theory. Alternatively, math fluency may not be as automatized as word
reading at this age, supporting our theory. Future studies should examine the modulatory
role of automaticity, expertise and/or age on associations between inhibitory control and
multiple dimensions of achievement.

Contrary to our hypothesis, we did not detect sex-specific effects of prenatal PAH on
inhibitory control. Although other studies have reported sex specific effects of black carbon
and PM2.5 on attention problems in males, e.g., increased omission errors, commission
errors, reaction time and reaction variability during the Conners’ Continuous Performance
Test (Chiu et al., 2013, 2016), we did not detect sex-specific effects on inhibitory control.
Our findings align in part with our prior study showing prenatal PAH DNA adducts were
associated with altered development of self-regulatory capacity as measured by parent report
regardless of sex (Margolis et al., 2016). In combination, these extant findings fit within the
larger epidemiologic picture that prenatal exposure to air pollution, as measured by PAH

or PM, is associated with increased levels of behaviors associated with Attention Deficit
Hyperactivity Disorder (ADHD) symptoms (Min and Min, 2016; Perera et al., 2014; Perera
et al., 2012). ADHD symptoms of impulsivity may derive from deficits in inhibitory control
as detected herein, whereas symptoms of inattention may derive from deficits in sustained
attention. More fine-grained analyses of components of air pollution on neurocognitive
capacities and behaviors associated with distinct ADHD subtypes are needed to design more
targeted interventions.

The biological mechanism underlying the sex-specific effects of exposure to PAH remains
unknown as animal models have not examined effects of prenatal PAH exposure on
inhibitory control. One study showed no effects of prenatal elemental carbon exposure

on inhibitory control in rodents suggesting that the neurotoxicity of air pollution exposure
derives from other constituent species (Morris-Schaffer et al., 2019). Sex-specific effects

of air pollutants do appear to be brain region specific (Klocke et al., 2018), providing
potential mechanisms through which exposure may differentially affect the neural circuitry
underlying attention problems in males and females, but yield similar behavioral outcomes.
However, human neuroimaging studies of prenatal PAH exposure have been conducted with
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small sample sizes that were underpowered to detect sex-specific effects (Peterson et al.,
2015). Larger studies are needed to examine sex-specific effects of exposure on brain and
behavioral outcomes.

Our study has some limitations such as our time-limited measurement of PAH and inability
to control for postnatal or concurrent PAH exposure. Although we controlled for many
factors known to be associated with performance on tests of academic achievement
including psychosocial stressors, mother’s nativity, mother’s preferred language during

the prenatal interview, and marital status, other unmeasured factors, including postnatal
exposure, may contribute to the variance in test scores. Nevertheless, a growing body

of literature shows the deleterious health effects of prenatal exposure to air pollution

on child health outcomes, including academic achievement (Lu, 2020). Given effects of
environmental injustice, by enrolling women from low-income and race/ethnic minority
backgrounds living in Northern Manhattan and Washington Heights in NYC, the cohort was
enriched for PAH exposure and potential biological vulnerability. This strategy has allowed
us to examine the effects of these inequitably distributed exposures on health disparities and
now academic disparities in our sample, providing valuable information on the origins of
learning challenges in understudied groups. Our findings should be viewed as preliminary
and requiring replication, as the primary analyses are not corrected for multiple comparisons
and some are at trend level. Nevertheless our findings add to the growing literature on the
detrimental effects of air pollution on development with fine-grained, direct measurement of
exposure, academic skills, and a mediating neurocognitive factor.

In conclusion, identification of exposure-related phenotypes of learning problems may
help develop more targeted interventions for these academic difficulties. For example,
based on our findings, intervention may need to target inhibitory control deficits rather
than, or in conjunction with, content specific deficits. Such findings underscore the need
for neuropsychological interventions that are designed specifically for individuals with
academic problems, distinct from existing educational interventions targeting academic
content areas. Last, reducing levels of air pollution may also lead to improvement in
children’s academic achievement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Higher prenatal airborne PAH is associated with A) worse spelling across all participants

and B) worse inhibitory control, as measured with the NEPSY Inhibitory Control task.
Figures present unresidualized analyses. PAH = polycyclic aromatic hydrocarbon.
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Fig. 2.
Childhood inhibitory control, as measured with the NEPSY Inhibitory Control task, is

positively associated with adolescent A) passage comprehension and B) broad math scores.
Figures present unresidualized analyses. WJ=Woodcock-Johnson-I11I.
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Characteristics of sample participants (N = 683) with prenatal air pollution data. Comparisons are provided
based on availability of outcome measures (inhibitory control and academic achievement).

N =683

Participants with PAH/NEPSY (n =
356)

Participants with PAH but without
NEPSY (n = 327)

Mean (SD)/N (%)

Difference between samples

Sex (Female) 193 (54.2%) 158 (48.3%) x=237,p=.12

Maternal years of education  11.8 (2.2) 11.9(2.1) t=-0.46,p =.64

HOME 39.56 (5.4) 38.3(1.35) t=0.82,p=.42

Material hardship 0.62 (0.74) 0.63 (0.20) t=-0.23,p=.81

Ethnicity (Dominican) 223 (62.6) 215 (66.4) x=087,p=.35
Log-transformed PAH 0.83 (0.68) 0.87 (0.76) t=-0.75p= .45

Age at NEPSY 10.4 (1.2) - -

NEPSY INN SS 7.5(3.5) - -

NEPSY INI SS 6.8 (3.2) - -

N = 356 Participants with PAH/NEPSY/WJ Participantswith PAH/NEPSY but  Difference between samples

Sex (Female)
Maternal years of education
HOME

Material hardship
Ethnicity (Dominican)
Log-transformed PAH
Age at NEPSY (years)
NEPSY INN SS
NEPSY INI SS

Age at WJ (years)

WJ Basic Reading SS
WJ Passage Comp SS
WJ Spelling

WJ Broad Math SS

(n = 200)

without WJ (n = 156)

Mean (SD)/N (%)

118 (59.0%)
11.8 (2.3)
39.7 (5.4)
0.58 (0.58)
136 (68.0)
0.85 (0.65)
10.3 (1.0)
7.7 (3.5)
6.8 (2.9)
13.7 (0.6)
95.1 (12.1)
86.8 (13.0)
98.8 (14.5)
89.5 (15.3)

75 (55.1%)
11.8 (2.1)
39.4 (5.5)
0.68 (0.68)
87(55.8)
0.81 (0.71)
10.7 (1.4)
7.1(35)
6.8 (3.6)

x =0.49,p= .48
t=-0.35p=.73
t=0.50,p=.61
t=-12,p=.22

X =56,p=.02
t=047,p=.64
t=-3.29,p=.001
t=-16,p=.11
t=0.06,p=.95

Notes. From N = 356: 2 participants (0.6%) were missing maternal education data, 57 (16%) were missing HOME, 57 (16%) were missing
material hardship data. From N = 327: 3 participants (0.9%) were missing for ethnicity. To address potential outliers, one Broad Math score (SS
=39), 2 Basic Reading Index scores (SS = 16, 36), 4 Passage Comprehension scores (SS = 14, 18, 30, 41), and 2 Spelling scores (SS = 22,

38) were Winsorized because they were more than 3 standard deviations from the mean. PAH = polycyclic aromatic hydrocarbon; HOME=Home
Observation for Measurement of the Environment; INN= Inhibition Naming; INI=Inhibition-Inhibition; Passage Comp = Passage Comprehension;
SS = scaled/standard score; WJ= Woodcock-Johnson.
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Effects of inhibitory control on achievement skills in N = 200 participants.

Table 2

N =200 Effect of NEPSY INI

B t 95% ClI p
WJ Basic Reading 0.03 036 -0.12,017 .71
WJ Passage Comprehension  0.22 3.18 0.09, 0.36 <.001
WJ Spelling 0.12 168 -0.02,0.26 .10
WJ Broad Math 032 482 0.19,6045 <.001

Page 16

Basic Reading, Spelling, Passage Comprehension, and Broad Math served as the dependent variables in our main analyses. All models control

for sex, ethnicity, NEPSY baseline naming performance, maternal country of birth (USA vs. other), language of prenatal interview (English vs.
other), maternal marital status (married or live with partner >7 yrs vs. other) at prenatal visit, material hardship at prenatal visit, maternal years of
education at prenatal visit, quality of home caregiving environment at child age 3 (Home Observation for Measurement of the Environment [HOME
(Bradley, 1994);]), and early life stress at child age 5 (Pagliaccio et al., 2020), reported betas are standardized. WJ=Woodcock-Johnson-111; INI=
NEPSY Inhibition-Inhibition; CI = confidence interval.
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Effects of prenatal airborne pollution on early adolescent academic performance through childhood inhibitory

control in N = 200 participants.

Outcome Estimate 95% CI

WJ Passage Comprehension
ACME -0.61 -1.49, -0.01
ADE -2.30 -5.05, 0.50
Total Effect -2.91 -5.62, -0.09
Proportion Mediated 13 -0.07,1.15

WJ Broad Math
ACME -1.09 -2.36, -0.03
ADE -1.87 -4.97,1.31
Total Effect -2.96 -6.20,0.41
Proportion Mediated -0.03 -0.82, 2.18

Passage Comprehension and Broad Math served as the dependent variables in our main analyses. All models control for sex, ethnicity, NEPSY
baseline naming performance, maternal country of birth (USA vs. other), language of prenatal interview (English vs. other), maternal marital status
(married or live with partner >7 yrs vs. other), material hardship at prenatal visit, maternal years of education at prenatal visit, quality of home
caregiving environment at child age 3 (Home Observation for Measurement of the Environment [HOME (Bradley, 1994);]), and early life stress

at child age 5 (Pagliaccio et al., 2020). The average causal mediation effect is defined as the product of a) the regression coefficient predicting
inhibitory control by prenatal PAH exposure and b) the regression coefficient predicting academic skill by inhibitory control, controlling for the
effects of prenatal PAH exposure. Confidence intervals and p-values were generated using 5000 bootstrapping simulations in the “mediation”

package in R. WJ=Woodcock-Johnson-I11; INI= NEPSY Inhibition-Inhibition; CI = confidence interval.
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