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Abstract

Air pollution is a major environmental threat to public health; we know little, however, about its effects on adolescent brain
development. Exposure to air pollution co-occurs, and may interact, with social factors that also affect brain development,
such as early life stress (ELS). Here, we show that severity of ELS and fine particulate air pollution (PM2.5) are associated
with volumetric changes in distinct brain regions, but also uncover regions in which ELS moderates the effects of PM2.5. We
interviewed adolescents about ELS events, used satellite-derived estimates of ambient PM2.5 concentrations, and
conducted longitudinal tensor-based morphometry to assess regional changes in brain volume over an approximately
2-year period (N = 115, ages 9–13 years at Time 1). For adolescents who had experienced less severe ELS, PM2.5 was
associated with volumetric changes across several gray and white matter regions. Fewer effects of PM2.5 were observed for
adolescents who had experienced more severe ELS, although occasionally they were in the opposite direction. This pattern
of results suggests that for many brain regions, moderate to severe ELS largely constrains the effects of PM2.5 on structural
development. Further theory and research is needed on the joint effects of ELS and air pollution on the brain.
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Introduction
Air pollution is a major environmental threat to public health
(World Health Organization 2016). Exposure to high levels of
air pollution is associated with risk for respiratory infection,
asthma, lung cancer, heart disease, stroke incidence, and
Alzheimer’s and Parkinson’s disease (Kamppa and Castanas
2008; Block and Calderón-Garcidueñas 2009). Fine particu-
late matter (PM2.5), or air particles smaller than 2.5 μm in

diameter, may be especially dangerous. PM2.5 particles can
be composed of harmful mixtures of metals and chemicals
that are easily inhaled deeply into the lungs and absorbed into
the bloodstream, leading to local and systemic inflammation
and oxidative stress which, in turn, can adversely affect brain
development (see D’Angiulli 2018 for a review). Smaller PM2.5
particles can also reach the brain, potentially contributing
to neuroinflammation and brain damage. Ultrafine particles
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originating from combustion processes can enter the brain
directly via the olfactory nerve and bulb (Maher et al. 2016),
as well as indirectly after entering the blood stream and
translocating across the blood–brain barrier (Elder et al. 2006).
Despite these findings, compared to our understanding of
how PM2.5 affects cardiorespiratory functioning and physical
health, we still know far less about the impact of PM2.5 on
pediatric brain development in humans, especially beyond early
childhood (D’Angiulli 2018).

Children and adolescents may be particularly vulnerable to
the effects of ambient PM2.5 on brain development. Compared
with adults, children and adolescents spend more time being
physically active outdoors and breathe more air in proportion
to their body weight; these factors increase their exposure to
and intake of ambient air pollution (Sacks et al. 2011). Adoles-
cence is also a period of rapid and dramatic brain development
(Fuhrmann et al. 2015), which may confer greater vulnerabil-
ity to environmental insults. A growing number of studies are
reporting evidence that PM2.5 exposure has negative effects on
cognitive and affective functioning in children and adolescents
(Peterson et al. 2015; Sunyer et al. 2015; Jorcano et al. 2019; Miller
et al. 2019; Miller, Gillette, et al. 2020a). Fewer studies, however,
have investigated the impact of PM2.5 on the adolescent human
brain. After controlling for age, sex, and socioeconomic status
(SES), increased exposure to PM2.5 in youth in Mexico City has
been associated with damage to the nasal epithelium and blood–
brain barrier breakdown, potentially allowing more PM2.5 par-
ticles to pass into the brain (Calderón-Garciduenãs et al. 2015).
These youth also show white matter damage associated with
increased neuroinflammation (Calderón-Garcidueas et al. 2012),
further suggesting that PM2.5 exposure has adverse effects on
child and adolescent brain health. Another study that controlled
for age, birthweight, IQ, SES, race, and intracranial volume found
links between childhood exposure to higher levels of air pol-
lution and greater cortical thinning and reduced gray matter
volume (Beckwith et al. 2020). Similarly, Guxens and colleagues
found that higher levels of prenatal air pollution were associated
with cortical thinning in several brain regions (e.g., precuneus,
middle frontal, and superior frontal regions) after controlling for
factors such as SES, parental lifestyle, and ethnicity. Peterson
et al. (2015) found that higher levels of prenatal air pollution
were associated with reduced white matter. The structural alter-
ations observed in both Guxens et al. (2018) and Peterson et al.
(2015) were, in turn, associated with cognitive impairment. In the
Adolescent Brain Cognitive Development (ABCD) study, regional
PM2.5 estimates were associated with alterations in brain struc-
ture, but not with cognitive measures, in 9–10-year old partici-
pants after adjusting for various socio-demographic factors (e.g.,
age, sex, neighborhood safety) (Cserbik et al. 2020). Collectively,
these findings suggest that exposure to PM2.5 adversely affects
adolescent brain structures and networks that are critical for
healthy cognitive and affective functioning.

Although PM2.5 may alter brain structure and function
directly, it is important to recognize that exposure to air
pollution co-occurs in the context of different social envi-
ronments and events that are also implicated in adolescent
brain development. Adverse, stressful events during childhood
(i.e., early life stress; ELS), such as family violence, emotional
abuse, poverty, and separation from family, have consistently
been shown to have deleterious effects on the brain (Chen
and Baram 2016) and to contribute to pathophysiology that
could modify the impact of PM2.5 on risk for disease (McEwen
and Tucker 2011; Olvera Alvarez et al. 2018). Indeed, findings

of studies of child and adolescent respiratory health indicate
that susceptibility to the adverse effects of air pollution may
depend on exposure to ELS. Specifically, ELS has been related
to increased susceptibility to the adverse effects of traffic-
related air pollution on the development of asthma and lung
functioning (Clougherty et al. 2007; Shankardass et al. 2009;
Rancière et al. 2017). Similarly, Pagliaccio et al. (2020) recently
reported that prenatal exposure to air pollution may magnify the
effects of ELS on symptoms of psychopathology in childhood.
In research with mice, maternal stress during pregnancy has
been shown to increase offspring susceptibility to the adverse
effects of air pollution on anxiety (Bolton et al. 2013). Taken
together, these findings suggest a “double exposure” model in
which ELS exacerbates risk related to increased air pollution.
Alternatively, particularly high levels of stress or air pollution
could exacerbate risk regardless of the level of the other factor
(Clougherty and Kubzansky 2009). In fact, in a study of asthmatic
children living in urban public housing, improving air quality
by reducing allergen exposure was less effective in reducing
symptoms for families who reported greater fear of violence
in their communities (Clougherty et al. 2006). This finding fits
with a saturation effect—that is, stress may overpower positive
or negative contributions related to air quality (Clougherty and
Kubzansky 2009). From a somewhat different perspective, ELS
may organize or calibrate neurobiology in an adaptive way
that reduces or inoculates against the impact of subsequent
stressors, including those from the physical environment (Del
Giudice et al. 2011; McEwen 2012). Thus, it is possible that youth
exposed to less severe ELS will be more sensitive to the effects
of air pollution. Theoretical and empirical work suggests that
children exposed to moderate and severe ELS are less sensitive
to social environmental influences on behavioral functioning
than are their peers who are exposed to minimal ELS (Del
Giudice et al. 2011). In research on nonhuman primates, squirrel
monkeys exposed to ELS demonstrate reduced socioemotional
and neurobiological sensitivity to subsequent stressors (Parker
et al. 2004, 2006). These areas of research, however, have not
considered whether ELS moderates sensitivity to air pollution
exposure on the adolescent brain.

The present study was conducted to test whether ELS and
PM2.5 interact to fit with a double exposure, a saturation effect,
or a calibration model. Specifically, we examined whether indi-
vidual differences in the severity of ELS moderate the asso-
ciation between community-level chronic PM2.5 and adoles-
cent brain development. To date, studies of the effects of air
pollution on brain structure and function have only included
one assessment of the brain, and have not examined devel-
opmental changes (Herting et al. 2019). In the present study,
in a sample of adolescents living in the San Francisco Bay
Area we used longitudinal tensor-based morphometry (TBM)
to assess expansion and contraction patterns across the brain
that were associated with chronic PM2.5, ELS severity, and the
interaction of these two factors. Given that no previous study has
considered how PM2.5 and ELS jointly affect brain development
in humans, we did not generate a priori hypotheses about,
or constrain analyses to, specific brain regions. Rather, using
longitudinal TBM allowed us to explore which brain structures
were associated with PM2.5, ELS, and the interaction of PM2.5
and ELS. One advantage of longitudinal TBM over FreeSurfer-
based cortical analyses that focus on cortical thickness and
surface area is that TBM allows for whole-brain (including white-
matter) voxel-wise analysis of brain volume. In addition, unlike
voxel-based morphometry (VBM), which is another whole-brain
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analytic approach, TBM does not involve tissue segmentation
or spatial smoothing steps that can limit resolution for small
effects. TBM has been used to measure developmental changes
in brain structure in both typically- and atypically-developing
samples of adolescents (Hua et al. 2009, 2013; Dennis et al. 2017).

We interpreted interaction effects through the lens of three
different hypotheses. The double exposure model predicts that
chronic PM2.5 will be associated with brain development most
strongly in adolescents who experienced more severe ELS. In
contrast, the saturation effect model predicts that more severe
experiences of ELS will overpower any association with chronic
PM2.5. Thus, potentially problematic patterns of brain develop-
ment related to higher levels of chronic PM2.5 will be observed
for adolescents who experienced less severe ELS, whereas ado-
lescent who experienced more severe ELS will demonstrate
potentially problematic patterns of brain development regard-
less of chronic PM2.5. This would be reflected by an ordinal
interaction in which the mean brain volume change at high ELS
is always higher or lower than the mean at low ELS, regardless
of PM2.5. Finally, a calibration or inoculation perspective predicts
that youth exposed to more severe ELS will be less sensitive to
the negative effects of chronic PM2.5 on brain development than
will their peers who are exposed to milder levels of ELS. From
this perspective, moderate to more severe ELS would, to some
degree, limit potentially problematic patterns of brain develop-
ment related to chronic PM2.5. This would be reflected by an
interaction in which extreme patterns of brain volume change
related to PM2.5 would be observed for adolescents exposed to
less severe ELS.

Materials and Methods
Sample

As part of a larger study on ELS and neurodevelopment, 115
adolescents (56% female) from the San Francisco and San Jose
Bay Area completed an interview to assess ELS severity and pro-
vided useable TBM data at Time 1 (Mean age = 11.51; SD = 1.08)
and again 2 years later at Time 2 (Mean age = 13.47; SD = 1.16)
of the study. Participants were diverse in terms of race and
ethnicity (51% White; 11% Asian; 8% Hispanic/Latinx; 5% Black;
18% More than one race or ethnicity; 4% Other; 2% Did not
report) and family income (58% of families reported an annual
income over $100 K; range from less than $5 k to greater than
$150 K). Males and females were matched on pubertal stage at
study entry. Given that females typically reach sexual maturity
earlier than males, females were, on average, about 8 months
younger than males in our sample (mean difference = 0.68 years,
t(113) = 3.52, P < 0.001). Of the 214 adolescents who participated
in the larger study, those who did not consent to be scanned
at both time point (n = 35), did not provide useable TBM data
due to motion (based on visual inspection) (n = 33), had braces
(n = 16), or dropped out of the study after Time 1 (n = 15), were
not included in our analyses. Participants who were included in
our analyses did not differ significantly from participants who
were excluded from analyses with respect to age at T1, sex, race
and ethnicity, community-level socioeconomic disadvantage,
and ELS (all P > 0.140). The data for the current analyses were
collected from 2013 to 2018. Our estimates of cumulative PM2.5
for the 2 years prior to T1 came from satellite-derived PM2.5 data
generated by van Donkelaar et al. (2019) (see below). Adolescents
and their parents signed assent and consent forms, respectively.
The Institutional Review Board of our university approved the
study protocol.

PM2.5

We used satellite-derived estimates of PM2.5 concentrations
that were compiled by the Atmospheric Composition Analysis
Group at Dalhousie University (van Donkelaar et al. 2019). These
estimates were based on aerosol optical depth (AOD) retrievals
from NASA MODIS as well as other satellite instruments (MISR,
SeaWIFS) combined with the GEOS-Chem model. AOD retrievals
were calibrated to ground-based monitoring observations of
PM2.5 using Geographically Weighted Regression. For each par-
ticipant’s residential address, we used monthly data to calculate
average PM2.5 over the 2 years prior to each participant’s T1
assessment month with a 0.01◦ × 0.01◦ spatial resolution (∼1
km2). The PM2.5 data generated by van Donkelaar et al. (2016,
2019) are well-validated and widely used to characterize pollu-
tion exposure for health studies (Elten et al. 2020; Wu et al. 2020;
Southerland et al. 2021).

Early Life Stress

As previously described (King et al. 2017; Miller, Ho, et al. 2020b),
we operationalized ELS as stressful events occurring up to early
adolescence. Adolescents completed an interview at Time 1 to
assess exposure to 30 different types of stressful experiences
using a modified version of the Traumatic Events Screening
Inventory for Children (e.g., parental divorce, family mental
illness/substance abuse, accidents, etc.) (Ribbe 1996). A panel
of coders who were blind to the adolescents’ reactions during
the interview rated interview responses for severity using a
modified version of the UCLA Life Stress Interview coding sys-
tem (Rudolph and Hammen 1999); the severity of each reported
stressful event was rated on scale ranging from 0 (nonevent
or no impact) to 4 (extremely severe impact) with half-point
increments. Ratings were summed across stressful events that
were rated at 0.5 or higher to create a cumulative measure of ELS
severity for each adolescent.

Community Socioeconomic Disadvantage

Community-level disadvantage was assessed using the area
deprivation index (ADI; https://www.neighborhoodatlas.medi
cine.wisc.edu; Kind and Buckingham 2018). The ADI maps
socioeconomic disadvantage at the Census-block group level
using Census data and 2018 American Community Survey data.
Socioeconomic disadvantage is based on a factor analysis of
measures of educational attainment, poverty, housing quality,
and unemployment. The ADI converted these factor scores into
deciles representing the amount of socioeconomic disadvantage
in a given Census-block group relative to other Census-block
groups in California.

Scan

Magnetic resonance imaging (MRI) scans were acquired using a
3T GE Discovery MR750 (GE Medical Systems) equipped with a
32-channel head coil (Nova Medical). Whole-brain T1-weighted
images (T1w) were collected using the following spoiled
gradient echo pulse sequence: 186 sagittal slices; TR (repetition
time)/TE (echo time)/TI (inversion time) = 6.24/2.34/450 ms;
flip angle = 12◦; voxel size = 0.9 × 0.9 × 0.9 mm; scan dura-
tion = 5:15 min.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhab346/6380063 by Stanford U

niversity Libraries user on 09 M
arch 2022

https://www.neighborhoodatlas.medicine.wisc.edu
https://www.neighborhoodatlas.medicine.wisc.edu


4 Cerebral Cortex, 2021, Vol. 00, No. 00

Tensor-Based Morphometry

Volumes were automatically skull-stripped using Brainsuite and
brain masks were manually edited to remove extraneous skull
or meninges by trained neuroanatomical experts. Advanced
Normalization Tools (ANTs) N4 correction was used to correct
for intensity inhomogeneities (Tustison et al. 2010). As described
in earlier papers from this cohort, thirty participants, selected
to be representative of the population, were used to make the
minimal deformation target (MDT) (Dennis et al. 2019). The
MDT serves as cohort-specific template for image registration,
a critical step in examining alterations in brain structure and
can lead to improved statistical power over generic templates
(Leporé et al. 2007).

Each participant’s masked, nonuniformity-corrected T1-
weighted image was aligned to the MDT using ANTs for rigid,
affine, and nonlinear registration (symmetric normalization
(SyN); Avants et al. 2008). Image similarity was measured using
the ANTs implementation of mutual information (Avants et al.
2011). Image intensities were winsorized, excluding top and
bottom 1% of voxels, and histogram matching was used. To
assess changes between Time 1 and Time 2, we used ANTs unbi-
ased_pairwise_registration (https://github.com/ANTsX/ANTs/
blob/master/Scripts/unbiased_pairwise_registration.sh) which
provides a less biased output than registering Time 1 and Time 2
images by creating a midpoint to which both scans are registered
(Tustison et al. 2019).

The Jacobian determinant image, the warp field resulting
from the midpoint registration, showed the direction and mag-
nitude of the change between the participant’s Time 1 and Time
2 anatomical images. Output was visually checked for quality.

Statistical Analyses

In our voxel-wise linear regression testing for group differences,
we included intracranial volume (ICV) as a covariate. The linear
registration that is part of our processing protocol accounts
for differences in overall brain scale, removing much of the
effect of ICV; nevertheless, we included ICV, computed from the
linearly registered image, as a covariate. In a prior analysis of this
dataset, we found minimal differences between models with
and without ICV as a covariate (Dennis et al. 2019). We examined
one model to test unique associations with ELS and air pollution,
and we examined a second model to test associations with the
interaction between ELS and air pollution. TBM measurements
could vary as a function of age, sex, ICV, and the length of
the interval between Time 1 (T1) and Time 2 (T2) assessments.
Further, being a person of color (POC) who experiences discrim-
ination, or living in a disadvantaged community in terms of SES,
could be additional sources of stress that impact TBM. Thus, we
included age, sex, ICV, interval between Time 1 and Time 2, POC
status, and community-level SES as covariates in both models.
The two models that we tested were:

Model
(
associations with PM2.5 and with ELS

)
X ∼ A

+βSexSex + βageT1AgeT1 + βIntervalInterval + βPOCPOC
+βSESSES + βICVT1ICVT1 + βPMPM2.5 + βELSELS + ε.

Model
(
interaction between ELS and PM2.5

)
: X ∼ A

+βSexSex + βageT1AgeT1 + βIntervalInterval + βPOCPOC
+βSESSES + βICVT1ICVT1 + βELSELS + βPMPM2.5
+βELS×PMELS × PM2.5 + ε

where X is the Jacobian determinant value at a given position,
A is the constant Jacobian determinant term, the βs are the

covariate regression coefficients, and ε is an error term. In
longitudinal models, the Jacobian determinant is the difference
between timepoints and thus is the change score. In the second
model testing the interaction between PM2.5 and ELS, all pre-
dictors were centered prior to forming the continuous by con-
tinuous interaction term. For each model, results were corrected
for multiple comparisons across all voxels tested using Search-
light FDR (q < 0.05) (Langers et al. 2007). We only conducted
further analyses and report on those clusters that exceeded
our criteria of 50 voxels. Given that our models controlled for
ICV, observed clusters reflect localized areas of expansion and
contraction in brain volume after accounting for global brain vol-
ume. Values representing average change in brain volume were
extracted from each cluster and were inspected for extreme
outlier values using boxplots (values outside of three times
the interquartile above or below the third and first quartiles,
respectively). In clusters containing extreme outliers, regression
analyses were rerun with the cluster as the dependent variable
after winsorizing these values to the next most extreme value
(Erceg-Hurn and Mirosevich 2008). We have used these methods
to detect and winsorize extreme outliers in prior analyses of
PM2.5 and neurobiology (Miller et al. 2019; Miller, Gillette, et al.
2020a). Clusters that were no longer statistically significantly
associated with ELS or PM2.5 in model 1, or with the ELS by
PM2.5 interaction term in model 2, were dropped from our
results.

Results
Descriptive statistics and correlations are presented in Table 1.
In the supplement, Supplementary Table 1 shows descriptive
statistics for ELS and PM2.5 estimates broken down by sex,
race/ethnicity, and community disadvantage. Supplementary
Figure 1 shows the study locations, the locations of Environmen-
tal Protection Agency ground monitors, and the distribution of
PM2.5 estimates.

Early Life Stress Effects on Brain Volume Changes

In our longitudinal whole-brain analyses we covaried for sex,
age at Time 1, interval between Time 1 and Time 2, ICV at
Time 1, POC status, and socioeconomic disadvantage. In our first
model, we included both ELS and PM2.5 as predictors in order
to control for each risk factor and to identify their independent
effects. There were 22 clusters that were significantly associated
with ELS that were larger than 50 voxels (see Table 2). ELS
was positively associated with change in brain volume (expan-
sion) in 13 of these clusters (β ranging from 0.32 to 0.45, all
P < 0.001), which included white matter in the left cerebellum
and bilateral superior frontal gyrus, and gray matter in the left
caudate, right cuneus, right lateral and inferior occipital gyrus,
and various frontal cortical regions (e.g., bilateral superior and
inferior frontal gyrus, bilateral medial orbitofrontal cortex). ELS
was negatively associated with volumetric change (contraction)
in 9 clusters (β ranging from −0.31 to −0.46, all P < 0.003) that
included gray matter in the right globus pallidus, right entorhi-
nal cortex and fusiform gyrus, left posterior cingulate gyrus, and
various frontal, temporal, and parietal cortical regions (e.g., right
superior frontal gyrus, left supramarginal gyrus). One cluster
that was associated with ELS contained an extreme outlier TBM
value (left supramarginal gyrus); winsorizing this value did not
change our findings.
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Table 1 Descriptive statistics and correlations for ELS severity, fine particulate matter (PM2.5), and covariates

1 2 3 4 5 6 7 8

1. Sex (male = 1) 1
2. Person of color status (POC = 1) −0.05 1
3. T1 age 0.31∗∗∗ −0.06 1
4. T1–T2 interval (year) −0.11 −0.16 −0.03 1
5. T1 intracranial volume −0.06 −0.20∗ 0.05 −0.09 1
6. Community disadvantage
(state-level decile ranking)

0.07 0.20∗ −0.16 −0.00 0.04 1

7. ELS severity 0.01 0.16 0.02 0.04 0.12 0.28∗∗ 1
8. PM2.5 (μg/m3) 0.04 0.03 −0.03 0.07 0.02 0.43∗∗∗ −0.04 1
Mean or % 44% 48% 11.51 1.96 1347.41 2.57 6.61 9.24
SD 1.08 0.45 15.02 2.04 5.20 0.98
Range 9.35–13.95 1.18–4.16 1298.14–1405.08 1–10 .00–24.00 7.03–12.09

Notes: T1 = Time 1; T2 = Time 2; ELS = Early life stress; PM2.5 = particulate matter <2.5 μm. Females were coded as 0 and males were coded as 1.
∗P < 0.05.
∗∗P < 0.01.
∗∗∗P < 0.001.

Table 2 Clusters that are uniquely associated with severity of ELS

Voxels Max. T-stat X Y Z Side Structure Tissue

Positive effects
3426 4.39 −22 −53 −33 L Cerebellum WM
2452 3.89 12 16 19 R Caudate GM
664 4.37 −21 53 −6 L Superior frontal gyrus WM
233 3.71 14 −97 21 R Cuneus GM
213 3.53 40 −83 −5 R Lateral occipital gyrus GM
188 3.85 29 46 1 R Superior frontal gyrus WM
122 3.84 66 −2 19 R Inferior frontal gyrus GM
119 4.71 0 41 −18 R Medial orbitofrontal cortex GM
96 3.80 64 2 10 R Inferior frontal gyrus GM
86 3.63 40 −68 −3 R Inferior occipital gyrus GM
71 3.71 −45 11 −3 L Inferior frontal gyrus GM
56 4.00 −16 55 4 L Superior frontal gyrus WM
55 3.28 −5 22 −19 L Medial orbitofrontal cortex GM
Negative effects
1340 3.84 18 −8 1 R Globus pallidus GM
598 3.77 27 4 −29 R Entorhinal cortex/fusiform

gyrus
GM

513 4.02 −58 7 −25 L Middle temporal gyrus GM
453 3.60 −60 −44 28 L Supramarginal gyrus GM
439 3.85 −63 −2 6 L Inferior frontal gyrus GM
243 3.73 −52 8 35 L Precentral gyrus GM
236 3.40 −7 −50 12 L Posterior cingulate gyrus GM
61 3.42 20 6 48 R Superior frontal gyrus GM
53 3.22 26 4 61 R Superior frontal gyrus GM

PM2.5 Effects on Brain Volume Changes

PM2.5 was significantly associated with 38 clusters that were
larger than 50 voxels (see Table 3). PM2.5 was positively associ-
ated with change in brain volume in 21 of these clusters (volume
change per μg/m3 of PM2.5 ranging from 0.05% to 0.22%, β

ranging from 0.29 to 0.48, all P < 0.007), which included white
matter in the left caudate and corpus callosum, left cingulum,
bilateral inferior fronto-occipital fasciculus, and right inferior
frontal and temporal gyrus. PM2.5 was positively associated with
change in gray matter in various regions, including the left
precentral gyrus, left cerebellum, bilateral medial orbitofrontal
cortex, and PM2.5 was negatively associated with volumetric

change in brain volume in 17 clusters (volume change per μg/m3

of PM2.5 ranging from −0.05% to −0.11%, β ranging from to −0.29
to −0.41, all P < 0.006), including white matter in the left inferior
temporal gyrus, left angular gyrus, left posterior thalamic radi-
ation, left middle frontal gyrus, left hippocampal cingulum, and
right postcentral gyrus. PM2.5 was negatively associated with
gray matter clusters located in the left insula, right cingulate
gyrus, right caudate, left cerebellum, and various cortical regions
(e.g., bilateral fusiform gyrus, right precentral gyrus, bilateral
middle frontal gyrus). Six clusters that were associated with
PM2.5 contained an extreme outlier TBM value; winsorizing
these values did not change our findings.
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Table 3 Clusters that are uniquely associated with PM2.5

Voxels Max. T-stat X Y Z Side Structure Tissue

Positive effects
4756 4.29 −14 10 19 L Caudate/corpus callosum GM/WM
2679 4.88 −31 −10 61 L Precentral gyrus GM
839 3.51 −14 −19 36 L Cingulum WM
716 3.70 −49 −72 22 L Lateral occipital gyrus GM
677 3.88 −48 −68 −32 L Cerebellum GM
590 4.70 −42 2 −16 L Planum polare GM
385 3.55 41 −46 25 R Angular gyrus GM
363 3.46 37 −23 −4 R Inferior fronto-occipital

fasciculus
WM

327 4.26 −13 47 −15 L Medial orbitofrontal cortex GM
245 3.58 −52 −47 −41 L Cerebellum GM
205 3.94 −11 58 3 L Superior frontal gyrus GM
189 3.75 −37 −15 −11 L Inferior fronto-occipital

fasciculus
WM

152 3.50 36 −15 −22 R Inferior temporal gyrus WM
122 3.33 48 −45 −2 R Middle temporal gyrus WM
85 4.55 1 42 −18 R Medial orbitofrontal cortex GM
84 3.56 44 28 2 R Inferior frontal gyrus WM
77 3.57 −11 −35 11 L Splenium WM
67 3.44 29 25 9 R Inferior frontal gyrus GM
64 3.11 −38 −51 57 L Superior parietal lobule GM
62 3.55 −19 18 −17 L Medial orbitofrontal cortex GM
60 2.94 −26 −73 −36 L Cerebellum GM
Negative effects
6043 5.22 −37 −19 8 L Insula GM
1599 4.31 −43 −9 −25 L Inferior temporal gyrus WM
869 3.37 39 −68 −18 R Fusiform gyrus GM
815 4.16 28 −12 66 R Precentral gyrus GM
744 4.01 −16 −44 −9 L Fusiform gyrus GM
424 3.62 44 16 −21 R Superior temporal gyrus GM
390 3.24 14 19 12 R Caudate GM
201 3.17 −44 −41 23 L Angular gyrus WM
144 3.70 −35 −36 10 L Posterior thalamic radiation WM
120 3.80 42 12 54 R Middle frontal gyrus GM
109 3.61 16 −52 7 R Cingulate gyrus GM
95 3.48 −1 −47 −10 L Cerebellum GM
83 4.06 −30 −18 38 L Precentral gyrus GM
75 2.99 −29 13 30 L Middle frontal gyrus GM
73 3.29 −30 6 38 L Middle frontal gyrus WM
63 3.47 −26 −17 −25 L Hippocampal cingulum WM
52 3.42 52 −21 30 R Postcentral gyrus WM

Interactive Effects of ELS and PM2.5 on Brain Volume
Changes

There were significant interactions between ELS and PM2.5 on
32 clusters that were larger than 50 voxels. After identifying
and winsorizing extreme outlier TBM values in five clusters (no
more than five values winsorized in a single cluster), 31 clusters
remained (see Fig. 1 and Table 4); the ELS by PM2.5 interaction
term was positively and negatively associated with 19 and 12
of these clusters, respectively. We probed these interactions
to determine whether PM2.5 was associated with volumetric
changes (i.e., more expansion or contraction) for adolescents
who had experienced less, average, or more severe ELS (i.e., less
and more severe ELS defined as 1 SD below and above the mean,
respectively). Figures 2 and 3 illustrate the estimated positive
and negative interaction effects, respectively.

As Table 5 shows, in 25 of 31 clusters PM2.5 was significantly
associated with volumetric changes in adolescents who had
experienced less severe ELS (volume change per μg/m3 of PM2.5
ranging from −0.06% to −0.15% for negative effects and 0.04%
to 0.14% for positive effects, |β | ranging from 0.27 to 0.56, all
P < 0.040). In contrast, in 18 of 31 clusters PM2.5 was unrelated
to volumetric changes in adolescents who had experienced
more severe ELS (|β | ranging from 0.01 to 0.19, all P > 0.937). The
opposite pattern—that PM2.5 was associated with volumetric
change in youth who had experienced more severe ELS and not
in youth who had experienced less severe ELS—was detected
in five clusters located in the left middle frontal gyrus, right
superior frontal gyrus, left postcentral gyrus, right cerebellum
(all gray matter), and in right corona radiata white matter. At
average ELS severity, PM2.5 was only associated with volumetric
change in four clusters located in left middle temporal gyrus and
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Early Life Stress and Air Pollution Miller et al. 7

Figure 1. Clusters showing a significant interaction between ELS and PM on

regional brain volume. Note. T-maps are shown for significant clusters, with
blue-purple for negative associations and red-yellow for positive associations.
Left in image is right in brain. CR = corona radiata, IFG = inferior frontal gyrus,

IOG = inferior occipital gyrus, mOFC = medial orbitofrontal cortex, MFG = middle
frontal gyrus, MTG = middle temporal gyrus, SCR = superior corona radiata,
SFG = superior frontal gyrus, SPL = superior parietal lobule, SS = sagittal stratum,
STG = superior temporal gyrus, TTG = transverse temporal gyrus.

left superior frontal gyrus gray matter, in right cerebral peduncle
white matter, and in left lateral ventricle cerebrospinal fluid. In
8 of 31 clusters, PM2.5 was significantly associated with TBM
values at both low and high levels of ELS severity, but in opposite
directions (i.e., crossover effects; see Table 5).

At lower levels of ELS severity, PM2.5 was associated with
contraction in 16 clusters and with expansion in 13 clusters.
Specifically, PM2.5 was associated with contraction of white
matter clusters in the cerebellum and gray matter in clusters
located in, among other regions, the bilateral middle frontal and
bilateral superior frontal gyrus, left medial orbitofrontal cortex,
left cuneus, and left superior parietal lobule. At lower levels
of ELS severity, PM2.5 was associated with expansion of white
matter in the right superior frontal gyrus, right superior corona
radiata, right cerebral peduncle, left sagittal stratum, and right
middle frontal gyrus, and expansion of gray matter in the right
superior frontal gyrus, right cuneus, right inferior frontal gyrus,
and left transverse temporal gyrus.

At higher levels of ELS severity, PM2.5 was associated with
contraction in four clusters and expansion in nine clusters.
Specifically, PM2.5 was associated with contraction of white
matter in the right middle frontal gyrus and gray matter in
clusters located in right inferior frontal gyrus, left postcentral
gyrus, and right cerebellum. At higher levels of ELS severity,
PM2.5 was associated with expansion of white matter in the
right cerebellum and gray matter in clusters located in the

bilateral middle frontal gyrus, right superior frontal gyrus, left
middle temporal gyrus, left superior parietal lobule, left cuneus,
and left medial orbitofrontal cortex.

In summary, PM2.5 was associated primarily with change in
volume in several gray and white matter clusters at lower levels
of ELS severity—nearly twice as many clusters were significantly
associated with PM2.5 at low than at high ELS severity. Fewer
clusters were significantly associated with PM2.5 at average lev-
els of ELS severity. At low levels of ELS, PM2.5 was associated with
contractions across various frontal, temporal, and parietal gray
matter clusters and white matter clusters in the cerebellum,
but also with expansion of white matter in, among areas, the
left superior corona radiata. At high levels of ELS, statistically
significant clusters related to PM2.5 primarily reflected expan-
sion in gray matter in specific frontal, temporal and parietal
regions. These findings were robust to our analytical decisions
concerning which covariates to include versus exclude from the
model, and to sensitivity analyses conducted with participants
who lived at the same residential location at both T1 and T2 (see
Supplementary Material).

Discussion
A growing body of work is recognizing the importance of
examining how stress and air pollution interact to affect
health (Clougherty et al. 2007; Clougherty and Kubzansky
2009; Shankardass et al. 2009; McEwen and Tucker 2011;
Rancière et al. 2017; Olvera Alvarez et al. 2018; Pagliaccio et al.
2020). To date, however, this research has focused primarily
on respiratory health or behavioral outcomes; in contrast,
human neuroimaging studies have considered the independent
contributions of psychosocial and environmental risk factors to
brain development but have not examined these two types of
factors simultaneously. Here, we identify patterns of regional
brain expansion and contraction that are uniquely associated
with ELS or PM2.5. In addition, our findings integrate and extend
previous studies by showing that the impact of fine particulate
air pollution—an environmental risk factor—on volumetric
change in various white and gray matter regions depends on
the severity of ELS—a psychosocial risk factor. Adolescents with
a history of less severe ELS were more sensitive to the effects of
PM2.5 in terms of volumetric expansion and contraction across
a number of brain regions involved in cognitive and affective
functioning, including prefrontal and temporal regions, the
cerebellum, and central white matter. There were far fewer
links between PM2.5 and brain development in youth exposed
to moderate to more severe ELS. These findings are consistent
with the perspective that ELS determines openness to the
effects of other experiences, including those related to the
physical environment (McEwen 2012). Thus, ELS may constrain
sensitivity to the effects of air pollution on the brain. Although
these findings could also be interpreted as being consistent
with a saturation effect model, ELS did not appear to have
a robust effect on brain development in these regions that
overpowered any additional effect of pollution. If this were the
case, we should have observed ordinal interaction effects in
which the mean brain volume change at high ELS was always
higher (or lower when PM2.5 was associated with contractions)
than the mean brain change at low ELS, regardless of PM2.5.
Our interaction effects did not follow this pattern and therefore
were inconsistent with an important prediction of the saturation
effect model.
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Table 4 Clusters showing a significant interaction between ELS and PM2.5 on regional brain volume

Voxels Max. T-stat X Y Z Side Structure Tissue

Positive interactions
4222 5.38 −28 62 2 L Middle frontal gyrus GM
3726 4.41 17 30 18 R Corona radiata WM
3204 3.68 48 −60 −3 R Inferior occipital gyrus GM
2109 4.20 13 52 1 R Superior frontal gyrus GM
1978 4.62 40 49 7 R Middle frontal gyrus GM
866 4.25 53 8 −19 R Superior temporal gyrus GM
860 3.27 −7 −82 −19 L Cuneus GM
810 3.41 35 −67 −22 R Cerebellum GM
627 3.20 −39 −55 16 L Middle temporal gyrus GM
476 3.92 −32 11 36 L Middle frontal gyrus GM
403 3.31 −9 54 37 L Superior frontal gyrus GM
306 3.24 −6 −83 5 L Cuneus GM
228 3.51 20 −45 −40 R Cerebellum WM
196 2.97 −55 −38 −14 L Middle temporal gyrus GM
165 3.35 −23 −80 14 L Cuneus GM
141 4.27 23 −41 −51 R Cerebellum WM
126 3.54 −11 −67 35 L Superior parietal lobule GM
95 3.52 −14 −41 −26 L Cerebellum WM
57 3.89 −12 24 −14 L Medial orbitofrontal cortex GM
Negative interactions
13 842 5.76 14 2 57 R Superior frontal gyrus GM/WM
4737 4.25 3 −62 9 R Cuneus GM
731 3.36 −30 −17 32 L Superior corona radiata WM
319 3.99 −48 −16 6 L Transverse temporal gyrus GM
317 3.49 46 35 10 R Inferior frontal gyrus GM
203 3.93 9 −13 −18 R Cerebral peduncle WM
179 3.31 −38 −42 −11 L Sagittal stratum WM
144 3.65 −19 −38 8 L Lateral ventricle CSF
137 3.24 −54 −10 12 L Postcentral gyrus GM
94 3.28 9 −63 17 R Cerebellum GM
55 3.22 35 33 16 R Middle frontal gyrus WM
54 3.63 4 −80 −32 R Cerebellum GM

Notes: Shown are the cluster size, peak regression statistic, coordinates (MNI), hemisphere, structure, and tissue type. R = right; L = left; GM = gray matter; WM = white
matter; CSF = cerebrospinal fluid.

The observed patterns of regional brain contraction and
expansion related to the main effects and interaction of ELS
and PM2.5 may reflect cumulative allostatic load related to
psychosocial and/or environmental stressors. Interestingly,
PM2.5 and ELS affect many of the same biological pathways
that have been implicated in apoptosis and neurogenesis,
allostatic load, and inflammation (McEwen and Tucker 2011;
Koutmani and Karalis 2015; Bolton et al. 2017; Peixoto et al.
2017; Thomson 2019). In the present study, the brain regions that
showed greater contraction, or shrinking, related to moderate to
severe ELS, increased PM2.5, or increased PM2.5 in the context
of a specific ELS history (i.e., less or more severe ELS), may be
experiencing accelerated cell death related to neuroinflamma-
tion (Brockmeyer and D’Angiulli 2016). Conversely, brain regions
that showed greater expansion related to these factors may be
undergoing neural reorganization. For example, moderate to
high levels of ELS or high PM2.5 may support the consistent
activation and strengthening of pathways that are atypical in
the absence of psychosocial or environmental risk factors. Brain
regions that showed greater expansion related to PM2.5 in the
context of higher levels of ELS may reflect strengthening of
pathways that are atypical in the absence of both psychosocial
and environmental risk factors. Further research is needed

to elucidate the specific biological mechanisms that underlie
regional brain expansion and contraction.

Although there were more effects of PM2.5 at low than at high
levels of ELS, it should be noted that we observed eight clusters
in which PM2.5 was significantly associated with volumetric
changes at both low and high levels of ELS, but in opposite
directions (i.e., crossover effects). For example, in adolescents
with a history of less severe ELS, PM2.5 was associated with
volumetric contractions in the right middle frontal gyrus and
cerebellum, and left middle temporal gyrus, cuneus, superior
parietal lobule, and medial orbitofrontal cortex. Conversely, in
adolescents with a history of more severe ELS, PM2.5 was asso-
ciated with volumetric expansions in these same regions. One
possible explanation for these crossover effects was that our
analysis was statistically powered to detect this specific pattern
of interaction between ELS and PM2.5 in these particular clus-
ters. Another possible explanation is that PM2.5-related devel-
opmental processes in these clusters are differentially affected
at low versus high levels of severity of ELS. For example, PM2.5-
related contractions in the context of less severe ELS history
may reflect cell death related to air pollution-specific neuroin-
flammation. Conversely, in the context of a history of more
severe ELS, PM2.5-related expansions in these same clusters
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Early Life Stress and Air Pollution Miller et al. 9

Figure 2. Interactions between ELS severity and PM2.5 that were positively associated with volumetric regional changes. Note. For the y-axis in each plot, positive
and negative values represent expansion and contraction, respectively. The y-axis scales vary across plots. L = left; R = right; GM = gray matter; WM = white matter;
PM2.5 = particulate matter <2.5 μm.

may reflect regions that undergo strengthening of pathways
that is atypical in the absence of both PM2.5 and ELS. Another
possible explanation for the observed crossover effects, and for
our interaction effects in general, is that these clusters may
have different developmental timelines following exposure to
high versus low ELS that alter the impact of chronic exposure
to PM2.5. For example, some studies suggest that ELS leads to
accelerated or earlier development of specific brain regions and
circuits, potentially reflecting reduced developmental plasticity
(Callaghan and Tottenham 2016). Different levels or stages of
developmental plasticity may dictate how PM2.5 is related to
changes in brain volume, although the specific biological pro-
cesses that might lead to PM2.5 related contractions at earlier
stages but expansions at later stages (or vice versa) are not yet
clear.

Our finding that, overall, adolescents exposed to less severe
ELS are more susceptible to the effects of PM2.5 on brain devel-
opment stands in contrast to much of the literature on respi-
ratory health, which has largely supported a double exposure
model. There are three possible explanations for this inconsis-
tency. First, our study focused on brain development rather than
on respiratory health as the outcome of interest. The brain plays
a central role in the biological embedding of early social and

physical experiences that shape responses and sensitivity to
subsequent input (Del Giudice et al. 2011; McEwen 2012). Thus,
the interaction between ELS and PM2.5 may have a different
effect on the brain than it does on other neurobiological systems
that are less centrally involved in orchestrating responses to
stress and air pollution. Second, the extent to which the interac-
tion effects of ELS and PM2.5 are specific to the overall range
of PM2.5 in our study is unclear. Our findings are consistent
with prior research suggesting that even relatively low levels of
PM2.5 affect structural brain development (Cserbik et al. 2020).
Nevertheless, it is possible that much higher levels of PM2.5
will affect brain development in youth regardless of ELS history,
or will change interaction effects such that ELS and PM2.5 will
compound risk for adverse effects on brain development. As
a related point, we assessed ELS in a community sample of
adolescents in the Bay Area who, on average, resided in socioe-
conomically advantaged communities relative to other commu-
nities in California. Although these adolescents reported a wide
range of ELS exposures (Miller, Ho, et al. 2020b), certain types
of ELS, such as family financial problems, are less prevalent in
these communities. It is possible that considering these types of
ELS, or severely traumatic forms of ELS that were less common
in our sample (e.g., sexual abuse), could provide support for a
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Figure 3. Interactions between ELS severity and PM2.5 that were negatively associated with volumetric regional changes. Note. For the y-axis in each plot, positive
and negative values represent expansion and contraction, respectively. The y-axis scales vary across plots. L = left; R = right; GM = gray matter; WM = white matter;
PM2.5 = particulate matter <2.5 μm.

saturation effect model. Third, it is possible that our findings
are in part due to our study design. We considered PM2.5 over
the 2 years prior to our first neuroimaging assessment, and we
used a retrospective measure of ELS. Prior work suggests that
there are developmental windows of increased sensitivity to the
adverse effects of PM2.5 (Rosa et al. 2020), and that prospective
and objective measures of ELS may be related to different risk
pathways (Baldwin et al. 2019). Thus, examining a different
developmental window of PM2.5 exposure, using a prospective
measure of ELS, or both, may lead to different findings. As a
related point, we conducted the first neuroimaging assessment
with this sample in early adolescence; however, ELS and PM2.5
likely also contribute to brain development that occurs in child-
hood. Conducting neuroimaging earlier in development, and
conducting repeating assessments over a longer time window,
would help to further clarify whether the joint effects of ELS
and PM2.5 on adolescent brain development are different from
or similar to their joint effects on other types of outcomes.

Given that many of the brain regions that were associated
with ELS and PM2.5 are involved in affective and cognitive
functioning, our findings may have implications for adolescent
well-being. For example, the orbitofrontal cortex and insula play
key roles in processes such as emotion regulation and salience
detection (Davidson et al. 2000; Menon and Uddin 2010). Previous

studies suggest that morphology in these regions can indicate
risk for psychopathology and is sensitive to ELS and PM2.5
(Hanson et al. 2010; Saleh et al. 2017; Cserbik et al. 2020). Our
study is the first, however, to show that PM2.5 is associated
with volumetric contractions over time in insula gray matter,
and that PM2.5 and ELS are associated with volumetric expan-
sions over time in distinct gray matter regions of the medial
orbitofrontal cortex, volumetric changes that may have implica-
tions for altered affective processes and mental health problems
in adolescence. We also found that ELS, PM2.5, and their inter-
action were associated with volumetric changes in prefrontal
regions such as the inferior and superior frontal gyrus, and
central white matter such as the corona radiata; these regions
are involved in higher cognitive processes, including executive
function and attention (Hampshire et al. 2010; Urger et al. 2014).
Further, structural variation in these regions has been impli-
cated in difficulties that emerge during adolescence, including
depression, risk-taking, and substance abuse (Ersche et al. 2012;
Schmaal et al. 2017; Herzberg et al. 2018). Interestingly, recent
research has found that increased PM2.5 is also associated with
decreased cognitive development and greater risk for emotional
and behavioral problems (Sunyer et al. 2015; Guxens et al. 2018;
Jorcano et al. 2019), although it is important to note that PM2.5
was not associated with performance on cognitive measures in
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Table 5 Associations between PM2.5 and volumetric change for adolescents who experienced less, average, and more severe ELS

Probing of interaction effects

Interaction effect
Association with

PM2.5 at lower ELS
Association with

PM2.5 at moderate ELS
Association with

PM2.5 at higher ELS

β P β P β P β P

PM2.5-related contractions (negative effects)
R Inferior occipital gyrus GM 0.31 0.001 −0.32 0.01 −0.08 0.39 0.16 0.16
R Superior temporal gyrus GM 0.32 0.001 −0.43 0.003 −0.17 0.10 0.08 0.50
L Cuneus GM 0.28 0.004 −0.30 0.03 −0.007 0.50 0.16 0.15
R Cerebellum GM 0.34 <0.001 −0.34 0.01 −0.07 0.46 0.19 0.09
L Middle temporal gyrus GM 0.31 0.001 −0.54 <0.001 −0.30 0.003 −0.06 0.58
L Middle frontal gyrus GM 0.30 0.002 −0.38 0.006 −0.15 0.16 0.09 0.44
L Superior frontal gyrus GM 0.32 <0.001 −0.56 <0.001 −0.31 0.003 −0.06 0.61
L Cuneus GM 0.31 0.002 −0.39 0.007 −0.15 0.16 0.09 0.44
R Cerebellum WM 0.38 <0.001 −0.43 0.002 −0.13 0.21 0.17 0.15
L Cerebellum WM 0.41 <0.001 −0.49 <0.001 −0.17 0.08 0.15 0.19
L Postcentral gyrus GM −0.37 <0.001 0.21 0.13 −0.07 0.49 −0.36 0.003
R Cerebellum GM −0.29 <0.007 0.25 0.05 −0.11 0.23 −0.48 <0.001
PM2.5-related expansions (positive effects)
R Superior frontal gyrus GM/WM −0.34 <0.001 0.37 0.009 0.11 0.32 −0.16 0.18
R Cuneus GM −0.30 0.002 0.32 0.02 0.08 0.43 −0.15 0.20
L Superior corona radiata WM −0.28 0.002 0.33 0.01 0.11 0.24 −0.11 0.33
L Transverse temporal gyrus GM −0.32 0.002 0.30 0.04 0.05 0.64f −0.20 0.10
R Cerebral peduncle WM −0.38 <0.001 0.54 <0.001 0.29 0.009 0.01 0.94
L Sagittal stratum WM −0.37 <0.001 0.37 0.007 0.09 0.39 −0.20 0.09
L Lateral ventricle CSF −0.34 <0.001 0.48 <0.001 0.21 0.04 −0.05 0.68
R Cerebellum GM −0.28 0.005 0.28 0.05 0.06 0.60 −0.17 0.17
L Middle frontal gyrus GM 0.35 <0.001 −0.25 0.07 0.02 0.82 0.30 0.01
R Corona radiata WM 0.32 0.001 −0.21 0.12 0.04 0.72 0.28 0.02
R Superior frontal gyrus GM 0.34 <0.001 −0.21 0.13 0.06 0.56 0.32 0.006
PM2.5-related expansions and contractions
(crossover effects)
R Middle frontal gyrus GM 0.33 <0.001 −0.28 0.03 −0.03 0.79 0.23 0.04
R Cerebellum WM 0.36 <0.001 −0.32 0.02 −0.03 0.75 0.25 0.04
L Middle temporal gyrus GM 0.40 <0.001 −0.33 0.02 −0.02 0.87 0.30 0.01
L Cuneus GM 0.42 <0.001 −0.31 0.02 0.01 0.89 0.34 0.003
L Medial orbitofrontal cortex GM 0.48 <0.001 −0.47 <0.001 −0.10 0.33 0.28 0.01
L Superior parietal lobule GM 0.36 <0.001 −0.27 0.04 0.00 0.97 0.28 0.01
R Inferior frontal gyrus GM −0.44 <0.001 0.31 0.02 −0.03 0.75 −0.38 0.001
R Middle frontal gyrus WM −0.44 <0.001 0.46 <0.001 0.12 0.20 −0.22 0.04

Notes: Slope estimates represent the association between fine particulate matter (PM2.5) and volumetric regional change (within clusters) at lower (−1 SD), moderate
(mean), and higher (+1 SD) values of ELS severity. These estimates are adjusted for age, sex, time interval from Time 1 to Time 2, intracranial volume at Time 1, POC
status, and community socioeconomic disadvantage. Statistically significant effects of PM2.5 at different levels of ELS are presented in bold text. L = left; R = right;
GM = gray matter; WM = white matter; CSF = cerebrospinal fluid.

the ABCD study (Cserbik et al. 2020). Future prospective studies
should test whether volumetric changes in the brain regions
observed in our study might be mechanisms by which ELS,
PM2.5, and their interaction influence cognitive, affective, and
behavioral functioning in adolescence.

We should note several limitations of this study. First, we
do not know whether our findings are specific to cumulative
PM2.5 exposure and/or to PM2.5 exposure during a particular
developmental window. We used PM2.5 estimates for the 2 years
prior to the first assessment, but did not have a complete history
of participants’ residential addresses. Conversely, the time scale
for our assessment of ELS events spanned the entirety of child-
hood. Nevertheless, we should note that individual differences
in air pollution exposure may be stable across development,
given that youth tend to grow up in similar communities over
the course of their childhood and adolescence, although this
assumption also depends on the temporal stability of other

factors such as the locations of major sources of pollution. Thus,
differentiating timing from duration effects is a challenge for
air pollution research in general (Newbury et al. 2019). Second,
we used satellite-derived estimates of PM2.5 concentrations, but
did not measure PM2.5 exposure directly (Steinle et al. 2015;
Pagliaccio et al. 2020). Capturing individual differences in expo-
sure and dose of PM2.5 will be important for determining the
degree to which effects are specific to this form of air pollution.
As a related point, our observational findings do not identify
the mechanisms by which increased PM2.5 may lead to regional
brain expansion and contraction, and do not causally link PM2.5
to brain development. Although PM2.5 directly affects the devel-
oping brain, it is also possible that our observed effects are due
to unmeasured factors related to air pollution. We controlled for
variables that have been posited to be correlated with ambient
air pollution exposure, including POC status and socioeconomic
disadvantage, but we cannot definitively rule out all possible
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confounds or selection variables that might lead individuals
to reside in certain communities that have more or less air
pollution (Oakes 2004). Randomized trials are necessary to deter-
mine whether changing PM2.5 exposure affects brain measures
differently for youth exposed to more versus less severe ELS.
Third, our sample size may have limited our ability to detect
significant interaction effects in other brain clusters. This pos-
sibility should be tested in larger, longitudinal studies. Fourth,
urban environments likely contain substantial spatial variation
in PM2.5 levels, as well as composition, which is not captured
by our resolution of 1 km2 and general PM2.5 measure. Fifth,
we did not assess indoor PM2.5. Recent estimates suggest that
more than 60% of PM2.5 indoors originates from outdoor sources
(Bi et al. 2021), but indoor sources certainly make significant
contributions, particularly at lower PM2.5 concentrations. Given
that most people spend the majority of their time indoors, future
work should consider whether the links between exposure to
indoor PM2.5 and adolescent brain development are comparable
with what we observed in our study of outdoor PM2.5. Lastly,
we should note that we were interested in examining chronic
exposure to PM2.5, but that it is possible that short-term fluctua-
tions in PM2.5 could also be related to brain development during
adolescence.

Despite these limitations, this study provides novel evidence
that psychosocial risk factors moderate the impact of environ-
mental risk factors on adolescent brain development. These
effects were consistent across different brain regions and sug-
gest that PM2.5 is associated with a greater number of volumet-
ric alterations for adolescents who are exposed to less severe
ELS. These findings provide a nuanced, rich understanding of
which adolescents may be most sensitive to PM2.5 in terms of
brain development and which brain regions are most sensitive to
ELS, PM2.5, and their interactive effects on volumetric changes.
Further, these findings serve as a call for more research and
development of theory that considers the joint effects of air
pollution and ELS on the brain. In addition, despite living in
communities with PM2.5 levels that are considered safe by the
EPA, elevated PM2.5 was nevertheless associated with altered
patterns of regional brain volumetric expansion and contrac-
tion. Thus, even at relatively lower levels, PM2.5 may affect
adolescent brain development.

Supplementary Material
Supplementary material can be found at Cerebral Cortex online.
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