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ABSTRACT
BACKGROUND: Exposure to environmental pollutants early in life has been associated with increased prevalence
and severity of depression in adolescents; however, the neurobiological mechanisms underlying this association are
not well understood. In the current longitudinal study, we investigated whether pollution burden in early adolescence
(9–13 years) was associated with altered brain activation and connectivity during implicit emotion regulation and
changes in depressive symptoms across adolescence.
METHODS: One hundred forty-five participants (n = 87 female; 9–13 years) provided residential addresses, from
which we determined their relative pollution burden at the census tract level, and performed an implicit affective
regulation task in the scanner. Participants also completed questionnaires assessing depressive symptoms at 3
time points, each approximately 2 years apart, from which we calculated within-person slopes of depressive
symptoms. We conducted whole-brain activation and connectivity analyses to examine whether pollution burden
was associated with alterations in brain function during implicit emotion regulation of positively and negatively
valenced stimuli and how these effects were related to slopes of depressive symptoms across adolescence.
RESULTS: Greater pollution burden was associated with greater bilateral medial prefrontal cortex activation and
stronger bilateral medial prefrontal cortex connectivity with regions within the default mode network (e.g., tempor-
oparietal junction, posterior cingulate cortex, precuneus) during implicit regulation of negative emotions, which was
associated with greater increases in depressive symptoms across adolescence in those exposed to higher pollution
burden.
CONCLUSIONS: Adolescents living in communities characterized by greater pollution burden showed altered default
mode network functioning during implicit regulation of negative emotions that was associated with increases in
depressive symptoms across adolescence.

https://doi.org/10.1016/j.bpsgos.2024.100322
Adolescence is a period of heightened neuroplasticity and,
consequently, heightened sensitivity to environmental expo-
sure, which increases individuals’ opportunities for both
adaptive growth and maladaptive development, thereby lead-
ing to higher risk for the development of psychopathology. The
onset of symptoms of depression and other related disorders
increases sharply during adolescence (1) and negatively af-
fects not only individuals and their families (2) but also society
more broadly (3–5). Environmental pollution, which increases
risk for adverse physical and mental health outcomes in more
than a billion youths worldwide, is also a growing global
concern (6). Emerging research suggests that exposure in early
life to environmental pollutants, including air pollution, water
contaminants, and living in proximity to sources of pollutants
(e.g., traffic, power plants), is associated with increased prev-
alence and severity of depression in adolescents (7–10) and
alterations in neurobiological development (7,11–13); however,
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the neurobiological pathways by which environmental pollution
exposure is associated with depressive symptoms are not well
understood. Given increasing concerns about the adverse
consequences of pollution on children’s brain development
and neurocognitive functioning (14), it is important that we gain
a better understanding of the effects of pollution burden on
brain development and mental health in youth.

In this context, exposure to pollution has been found to be
associated with alterations in structural and functional brain
development in youth, particularly in regions and networks
undergoing rapid development and exhibiting heightened
plasticity, including subcortical (15–17), prefrontal, and tem-
poral regions [see (12) for a review]. Most studies that have
examined links between environmental pollution and brain
function have assessed intrinsic (i.e., resting-state) functional
connectivity and have found that exposure to air pollution
during childhood is associated with altered development of
y of Biological Psychiatry. This is an open access article under the
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intrinsic connectivity within and between the default mode
network (DMN) (including the medial prefrontal cortex [mPFC]
and posterior cingulate cortex [PCC]) and frontoparietal
network (including the lateral PFC and parietal regions) and
between cortico-subcortical regions (18–20).

To date, few studies have examined the effects of pollution
exposure on task-evoked patterns of brain activation, and
most of those have focused on activation during sensory
processing. For example, Pujol et al. (18) found that children
with greater exposure to vehicle exhaust pollution had less
deactivation (i.e., rest . stimulus) in somatosensory and pre-
motor regions during visual and auditory processing. Similarly,
Iannilli et al. (21) found that exposure to manganese-
contaminated air, soil, and water was associated with lower
activation in frontal and parietal regions and in the bilateral
insula, precuneus, and PCC during an olfactory task in ado-
lescents. However, we know little about the effects of envi-
ronmental pollution on the neural circuitry involved in emotion
regulation and their implications for adolescent mental health.
Some researchers have posited that alterations in the neural
circuitry underlying emotion regulation contribute to the onset
and maintenance of depression (22). In this context, re-
searchers have found that youth with diagnoses or elevated
symptoms of depression were characterized by greater acti-
vation in the mPFC and PCC and stronger positive amygdala-
PFC and mPFC-DMN connectivity during the regulation of
negative emotions (23–27).

We also know little about the effects of exposure to multiple
pollutants. Most investigations have focused on only one type
of toxicant class or medium of exposure (e.g., ozone from
ambient air pollution); in actuality, however, individuals, espe-
cially those living in disadvantaged communities, are exposed
to multiple contaminants from multiple sources simultaneously
(28–30). Despite the fact that different pollutants (e.g., ozone,
particulate matter, copper, manganese) have distinct physi-
cochemical characteristics, epidemiologic and toxicologic
studies indicate that they have common effects on brain
structure and function [see (31,32) for reviews], underscoring
the importance of examining the cumulative impact of pollut-
ants on brain development.

In the current longitudinal study, we investigated whether
pollution burden in early adolescence (ages 9–13 years) was
associated with altered brain activation and connectivity
during an implicit emotion regulation task and with changes
in depressive symptoms across adolescence. We used
participants’ residential addresses and the California Envi-
ronmental Screening Tool (CalEnviroScreen) as a proxy for
adolescents’ pollution burden. Participants completed an
affect labeling task in the scanner, which assessed implicit
emotion regulation in the context of positively and negatively
valenced stimuli. We hypothesized that adolescents
exposed to greater pollution burden would have greater
activation and connectivity in brain regions implicated in
implicit emotion regulation (i.e., prefrontal, subcortical, pa-
rietal, and temporal regions) (33). We also examined whether
pollution burden–related changes in patterns of brain con-
nectivity during implicit emotion regulation were associated
with increases in depressive symptoms across adolescence
and whether these effects were moderated by pollution
burden.
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METHODS AND MATERIALS

Participants

Starting in 2013 and ending in 2017, 224 participants (n = 132
female, ages 9–13 years, mean = 11.42 years, SD = 1.08) were
recruited from the San Francisco Bay Area for a longitudinal
study of the effects of early-life adversity on psychobiological
functioning across adolescence. Inclusion and exclusion
criteria are described in the Supplement. Of the 224 partici-
pants, 145 had at least one high-quality functional magnetic
resonance imaging (fMRI) run/scan and complete data. Except
for differences in the distribution of race/ethnicity and higher
pollution burden percentiles, participants with missing/low-
quality fMRI data (n = 79) did not differ demographically from
those with complete data (n = 145) (Table S1).

Procedure

Study procedures were approved by the Stanford University
Institutional Review Board. Eligible families were invited to
attend a laboratory session during which research staff ob-
tained consent and assent from parents or legal guardians and
adolescents, respectively. During this first session of the time 1
(T1) assessment, parents and adolescents completed inter-
view and questionnaire measures. Approximately 2 weeks
later, adolescents completed the MRI scan, and approximately
every 2 years over 4 years (i.e., T2, T3), they completed the
questionnaires again.

Pollution Burden

The California Office of Environmental Health Hazard
Assessment created the CalEnviroScreen, which maps various
environmental indicators across California neighborhoods at
the census tract level. We used CalEnviroScreen 3.0
(https://oehha.ca.gov/calenviroscreen/report/calenviroscreen-30;
updated June 2018), which includes measurements of various
environmental indicators (e.g., ozone and PM2.5 concentra-
tions, drinking water contaminants, traffic density, proximity to
hazardous waste facilities) between 2012 and 2016, corre-
sponding approximately to the first time point of our data
(2013–2017). See the Supplement for detailed descriptions of
each indicator and its distribution (Figure S1). Comparison of
the indicator values in CalEnviroScreen 3.0 with the most
recent values in CalEnviroScreen 4.0 (https://oehha.ca.gov/
calenviroscreen/report/calenviroscreen-40, updated October
2021, spanning 2015–2021) indicated that there was generally
either stability or increases in exposures over time (Table S2).
We accounted for the variability in the time difference between
when pollution burden was measured and when participants
completed their brain scans by calculating the time difference
(in days) between the earliest indicator measurement (May 1,
2012) and the date of each participant’s scan (mean = 1023.85
days, SD = 293.51). CalEnviroScreen combines percentile
values of indicators related to exposures and environmental
effects to form an index of pollution burden, represented in
percentiles across the entire state, that we used in the current
study. We used percentile scores to put the environmental
indicators on a common scale; using percentile scores also
frees us from making assumptions about the distributions of
the indicators, which can vary across indicators.
.sobp.org/GOS
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Neighborhood Socioeconomic Disadvantage

We used data from the socioeconomic indicators on the Cal-
EnviroScreen to create a composite measure of neighborhood
socioeconomic disadvantage at the census tract level by
averaging standardized percentiles of poverty, educational
attainment, unemployment, and housing burden indicators.
Higher scores on this composite indicate greater neighbor-
hood socioeconomic disadvantage. Detailed descriptions of
these indicators and their distributions (Figure S2) are pre-
sented in the Supplement.

Household Socioeconomic Disadvantage

We created a household socioeconomic disadvantage com-
posite by averaging standardized scores of household income-
to-needs ratio and parental education and then multiplying the
composite by 21 so that higher values represent greater
household socioeconomic disadvantage. Parents reported
total household income over the past 12 months, the number
of people in their household, and the highest level of
completed education (1 = no General Educational Develop-
ment/high school diploma; 8 = doctorate). Parents reported
income on a 10-point scale as follows: 1 =#$5000; 2 = $5001–
$10,000; 3 = $10,001–$15,000; 4 = $15,001–$25,000; 5 =
$25,001–$35,000; 6 = $35,001–$50,000; 7 = $50,001–$75,000;
8 = $75,001–$100,000; 9 = $100,001–$150,000; 10 =
$$150,000. Income-to-needs ratios were calculated by
dividing the midpoint of the endorsed income bin by the low-
income limit for Santa Clara County (80% of the median in-
come) as determined by the Department of Housing and Urban
Development based on household size.

Depressive Symptoms

Participants completed the 10-item short form of the Child
Depression Inventory (34), a self-report measure of depressive
symptoms for youth ages 8 to 17 years. Participants indicated
the severity of symptoms of depression that they were expe-
riencing over the past 2 weeks on a 3-point scale from 0 (no
symptoms) to 2 (definite symptoms). A summary score was
calculated to represent the cumulative frequency and severity
of depressive symptoms, with higher scores indicating greater
symptoms. Reliabilities for the depressive symptoms scale at
T1, T2, and T3 are 0.75 (95% CI, 0.70–0.80), 0.80 (95% CI,
0.76–0.84), and 0.85 (95% CI, 0.82–0.88), respectively.

Implicit Emotion Regulation (Affect Labeling) Task

Participants completed an affect labeling task in the scanner to
assess the neural correlates of implicit emotion regulation
(35,36). Participants saw a target facial expression at the top of
the screen and were instructed to press a button to select the
correct option in the bottom left or right of the screen. For label
conditions, the 2 options were words describing the emotion;
for match conditions, the 2 options were images of facial ex-
pressions. Emotions within a block were all either positively
valenced (happy, calm, excited) or negatively valenced (fearful,
angry, sad). A sensorimotor control condition was included in
which participants matched shapes (shape match), resulting in
5 separate conditions/blocks per run: positive match, positive
label, negative match, negative label, and shape match. Each
block contained 10 trials, each presented on the screen for 5
Biological Psychiatry:
seconds, with a 15-second fixation rest period between
blocks. Conditions and stimuli were presented randomly
across all participants, who completed 2 runs of the task.
Consistent with other studies (35–37), we examined the
contrast between positive label . positive match and negative
label . negative match to isolate the processes specific to
implicit emotion regulation.

MRI Acquisition, Preprocessing, and Individual-
Level Modeling of fMRI Data

Neuroimaging data were acquired at the Stanford Center for
Cognitive and Neurobiological Imaging using a 3T General
Electric Discovery MR750 scanner with a 32-channel head coil
(Nova Medical). See the Supplement for details on acquisition
parameters. Anatomical T1-weighted images were first pro-
cessed with FreeSurfer (version 6.0.1) (38) for surface-based
registration, followed by functional processing using fMRI-
Prep (version 20.2.1) (39,40) and functional analyses using
FSL’s (version 6.0.1) FEAT (41,42). See the Supplement for a
detailed description of the fMRIPrep protocol and individual-
level modeling.

Statistical Analyses

Group-Level Whole-Brain Analyses. We first conducted
whole-brain general linear model (GLM) analyses using
FLAME1 on the condition 3 valence contrast (i.e., [negative
label . negative match] . [positive label . positive match]) to
examine whether pollution burden was associated with neural
activation during implicit emotion regulation and whether the
effects differed by affective valence (see the Supplement for
details about the analytic procedure). Results of these analyses
were used to inform the functional connectivity analyses.

Psychophysiological Interaction Analyses. To examine
how pollution burden was related to functional connectivity
during implicit emotion regulation, we conducted psycho-
physiological interaction (PPI) analyses (43). Because results
from the whole-brain analyses testing the interaction of con-
dition, valence, and pollution burden indicated that pollution
burden was associated with bilateral mPFC (left mPFC: 214,
56, 10, Z max = 4.11, 126 voxels; right mPFC: 14, 36, 6, Z
max = 3.77, 146 voxels) (Figure 1A) activation during implicit
emotion regulation of negatively but not positively valenced
stimuli (Figure 1B, C), PPI analyses focused on connectivity
during regulation of negatively valenced stimuli (i.e., negative
label . negative match). Furthermore, because the associa-
tions of pollution burden with the left and right mPFC did not
differ in slope (b = 0.07, p = .474) (Table S3 and Figure S5), we
combined the left and right mPFC clusters to form a binarized
mask that we used as the seed region. For each participant
and run, we conducted a PPI GLM analysis in FSL that
included the deconvolved time series from the bilateral mPFC
seed (physiological regressor), the regressor representing the
negative label . negative match contrast (task regressor), the
product of the physiological and task regressors (psycho-
physiological interaction term), and other task regressors (i.e.,
positive label, positive match, shape match). We convolved
task regressors with the canonical double-gamma hemody-
namic response function and combined individual-level PPI
Global Open Science July 2024; 4:100322 www.sobp.org/GOS 3
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Figure 1. Results from whole-brain cluster analyses depicting a significant condition 3 valence interaction effect ([negative label . negative match] .
[positive label . positive match]) in left (L) (214, 56, 10, Z max = 4.11, 126 voxels) and right (14, 36, 6, Z max = 3.77, 146 voxels) medial prefrontal cortex
(mPFC) activation as a function of pollution burden (A). Visual inspection of the association of pollution burden with bilateral mPFC by valence suggests that
greater pollution burden was associated with greater bilateral mPFC activation during implicit regulation (label . match) of negative emotions (B), but not of
positive emotions (C).
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results from the 2 runs in a fixed-effects model, generating
whole-brain maps of functional connectivity with the mPFC
seed region, which we then used in group-level whole-brain
GLM analysis using FLAME1 with pollution burden percentile
scores (mean-centered) entered as a regressor in the GLM.
Participant sex (21 = male, 1 = female), age (mean-centered),
4 Biological Psychiatry: Global Open Science July 2024; 4:100322 www
household socioeconomic disadvantage (mean-centered),
neighborhood socioeconomic disadvantage (mean-centered),
time difference between pollution measurement and scan date
(mean-centered), and mean framewise displacement (mean-
centered) were included as covariates. Z (Gaussianized T)
statistic images were thresholded at Z . 3.1, with a corrected
.sobp.org/GOS
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Table 1. Descriptive Statistics for Participant Characteristics
(n = 151)

Variables n (%) or Mean (SD) [Range]

Sex, Female/Male 90 (59.6%)/61
(40.4%)

Age, T1, Years 11.42 (1.08) [9–13]

Race/Ethnicity

African American 10 (6.6%)

Asian 19 (12.6%)

Biracial 29 (19.2%)

Hispanic 10 (6.6%)

Other 6 (4.0%)

White 77 (51.0%)

Pollution Burden Percentile 30.82 (21.46) [0.16–91.45]

Parent Education 4.96 (1.24) [2–8]

Income-to-Needs Ratio 1.33 (0.52) [0.05–1.97]

Depressive Symptoms, T1 2.23 (2.57) [0–11]

Depressive Symptoms, T2 2.26 (2.66) [0–13]

Depressive Symptoms, T3 3.36 (3.36) [0–13]

Mean Framewise Displacement, mm 0.16 (0.10) [0.05–0.56]

Parent education was coded as follows: 1 = no General Education Development/
no high school diploma; 2 = General Education Development/high school diploma;
3 = some college; 4 = 2-year college degree; 5 = 4-year college degree; 6 =
master’s degree; 7 = professional degree (M.D., J.D., D.D.S., etc.); 8 = doctorate.

T, time.
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cluster significance threshold of p , .025 (Bonferroni-cor-
rected alpha = .05/2 tests [whole-brain activation and PPI]).
Anatomical localization of each cluster was defined using the
FSL Harvard-Oxford probabilistic atlas.

Brain-Behavior Associations. Consistent with previous
studies (44,45), using the lme4 package in R, we conducted
linear mixed-effects models with random intercepts and age
slopes to estimate the intercepts and slopes of depressive
symptoms across the 3 time points for each participant. We
modeled self-reported depressive symptoms as a function
of age (centered at 11 years, the mean age at T1) and
extracted the intercept and slope parameter estimates for
each participant. To explore the effects of pollution burden
on brain-behavior relationships, we first tested whether
pollution burden–related alterations in connectivity during
regulation of negatively valenced stimuli were related to
depressive symptoms at baseline (i.e., intercept) and to in-
creases in depressive symptoms over a 4-year period (i.e.,
slope) over and above baseline levels of depressive symp-
toms and covariates. In addition, given findings of differen-
tial brain-behavior associations as a function of
socioeconomic status (46) and pollution exposure (47), we
also tested whether pollution burden moderated associa-
tions between functional connectivity during regulation of
negatively valenced stimuli and both initial levels and slopes
of depressive symptoms. We followed significant in-
teractions with simple slopes analysis using the Johnson-
Neyman interval, which identifies the interval of values of
pollution burden for which the association of functional
connectivity with the depressive symptoms outcome is
statistically significant.

For significant brain-behavior associations, we conducted
exploratory analyses using regularized (i.e., LASSO) regression
to determine which environmental indicator(s) might contribute
to observed effects (see the Supplement for details).

Sensitivity Analyses. We conducted sensitivity analyses to
test for the presence of residual confounding and whether we
needed to cluster participants by census tract (see the
Supplement for details). Furthermore, given that altered func-
tioning of brain regions involved in emotion regulation (36) and
depressive/internalizing symptoms (48) have also been asso-
ciated with exposure to early-life adversity, we reran analyses
additionally controlling for early-life adversity (see the
Supplement for details). We also tested whether our effects
were specific to depressive symptoms or to general psycho-
pathology/behavioral problems by rerunning brain-behavior
analyses using intercepts and slopes of externalizing symp-
toms measured with the Youth Self-Report (49) as outcomes
(see the Supplement for details).
RESULTS

Participant Characteristics

Descriptive statistics for participant characteristics are pre-
sented in Table 1. Bivariate correlations among variables are
presented in Table 2. Pollution burden did not differ as a
function of sex, age, motion, time difference, or household
Biological Psychiatry:
socioeconomic disadvantage but was positively associated
with neighborhood socioeconomic disadvantage. Main effects
of task are reported in the Supplement (Tables S4 and S5;
Figures S3 and S4).

Pollution Burden and Task-Evoked Functional
Connectivity

Greater pollution burden was positively associated with
bilateral mPFC connectivity with regions that are typically
part of the DMN, including the left temporoparietal junction,
bilateral PCC, left precuneus, and left middle frontal gyrus,
and negatively associated with bilateral mPFC connectivity
with the right inferior frontal gyrus (IFG) during implicit
emotion regulation of negatively valenced stimuli (Table 3
and Figure 2).

Pollution Burden, Functional Connectivity, and
Depressive Symptoms

We examined whether mPFC connectivity during implicit
regulation of negatively valenced stimuli (negative label .
negative match) was associated with depressive symptoms
at baseline and/or with changes in depressive symptoms
across adolescence and whether the associations were
moderated by pollution burden exposure. Clusters that
showed greater mPFC connectivity as a function of pollution
burden (i.e., the DMN regions) were standardized and aver-
aged across participants to create an mPFC-DMN connec-
tivity composite.

Neither mPFC-DMN nor mPFC-IFG connectivity was
associated with baseline depressive symptoms over and
above the effects of pollution burden, and there were no sig-
nificant interactions between pollution burden and mPFC-DMN
Global Open Science July 2024; 4:100322 www.sobp.org/GOS 5
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Table 2. Bivariate Correlations Among Variables

2 3 4 5 6 7 8 9 10

1. Age 20.34a 20.15 20.13 20.07 0.02 0.16 20.15 20.10 20.14

2. Sex – 0.13 20.14 0.03 20.05 0.06 0.27b 20.02 20.1

3. Household Socioeconomic Disadvantage – – 0.37a 0.16 20.01 0.06 0.13 0.01 20.05

4. Neighborhood Socioeconomic Disadvantage – – – 0.29a 0.02 20.06 20.02 0.13 20.01

5. Pollution Burden Percentile – – – – 20.04 20.17 0.02 20.02 0.04

6. Depressive Symptoms (T1) – – – – – 0.29b 0.08 20.03 0.18b

7. Depressive Symptoms (T2) – – – – – – 0.59a 0 20.02

8. Depressive Symptoms (T3) – – – – – – – 0.02 0.04

9. Mean Framewise Displacement – – – – – – – – 0.12

10. Time Difference – – – – – – – – –

Participant sex is coded 21 = male, 1 = female.
T, time.
ap , .001.
bp , .01.
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(Table 4) or mPFC-IFG (Table S6) connectivity in relation to
baseline depressive symptoms. In contrast, however, there
was a significant interaction between MPFC-DMN connectivity
and pollution burden predicting slopes of depressive symp-
toms, controlling for baseline depressive symptoms and
covariates (b = 0.007, SE = 0.026, t132 = 2.63, p = .0095)
(Table 4). Simple slopes analysis using the Johnson-Neyman
interval indicated that greater mPFC-DMN connectivity was
associated with greater increases in depressive symptoms for
youth residing in neighborhoods that rank in the 46.61st
percentile (0.63 SD above the mean) and above in pollution
burden (Figure 3). mPFC-IFG connectivity was not related to
changes in depressive symptoms, and pollution burden did not
interact with mPFC-IFG connectivity to predict changes in
depressive symptoms (Table S6).

Exploratory supplemental analyses indicated that the
following 7 environmental indicators moderated the associa-
tion between mPFC-DMN connectivity and slopes of depres-
sive symptoms: ambient ozone, diesel particulate matter, toxic
releases from facilities, and living near cleanup sites, ground-
water threats, hazardous waste facilities, and impaired water
bodies (Table S7).

Including early-life adversity as a covariate did not change
the findings (Table S10). The interaction between pollution
burden and mPFC-DMN connectivity during negative label .
Table 3. Results From Whole-Brain Psychophysiological Interac

Region Hemisphere Voxels x

Pollution Burden, Positive

TPJ Left 357 244

PCC Left 336 28

Right 6

Precuneus Left 178 216

MFG Left 157 230

Pollution Burden, Negative

IFG Right 228 32

Results indicating regions/clusters that were functionally correlated with bilateral m
valenced stimuli (negative label . negative match) and which differed as a function of

IFG, inferior frontal gyrus; MFG, middle frontal gyrus; PCC, posterior cingulate cort

6 Biological Psychiatry: Global Open Science July 2024; 4:100322 www
negative match predicting the intercept and slope of exter-
nalizing symptoms was not significant (Table S11).
DISCUSSION

The current study extends previous investigations to examine
the effects of pollution burden on task-evoked brain func-
tioning during implicit emotion regulation through adolescence
and whether these effects underlie the link between pollution
burden and depressive symptoms in youth. Using a data-
driven approach, we localized regions/circuits activated dur-
ing implicit emotion regulation that differed as a function of
census tract–level pollution burden during early adolescence
(9–13 years). Then we assessed whether these pollution-
related differences in brain functioning were associated with
within-person changes in depressive symptoms across 4
years. Consistent with extant structural and intrinsic fMRI
findings [e.g., (18,20)], we found that adolescents exposed to
relatively high levels of environmental pollution showed greater
activation in the mPFC as well as stronger connectivity be-
tween the mPFC and regions that are part of the DMN (e.g.,
temporoparietal junction, PCC, precuneus) during implicit
regulation of negatively valenced stimuli, which in turn were
associated with greater longitudinal increases in depressive
symptoms across adolescence in pollution-burdened
tion Analyses

y z Z Max p

262 20 4.46 ,.001

248 40 4.54 ,.001

252 48 3.64

264 16 4.23 .006

26 42 4.29 .012

30 12 4.43 .002

edial prefrontal cortex (the seed region) during implicit regulation of negatively
pollution burden, cluster-corrected at Z . 3.1, p , .025.
ex; TPJ, temporoparietal junction.

.sobp.org/GOS
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Figure 2. Results from whole-brain psychophysiological interaction analyses indicated that greater pollution burden was associated with greater bilateral
medial prefrontal cortex (mPFC) connectivity with the left temporoparietal junction (TPJ), left precuneus, bilateral posterior cingulate cortex (PCC), and left
middle frontal gyrus (MFG) and lower bilateral mPFC connectivity with the right inferior frontal gyrus (IFG) during implicit regulation of negatively valenced
stimuli (negative label . negative match). FC, functional connectivity.
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adolescents. To our knowledge, the current study is the first to
link pollution burden to brain functioning during emotion
regulation across the transition to adolescence and to longi-
tudinal changes in depressive symptoms.

Consistent with meta-analytic studies examining the neural
correlates of emotion processing and emotion regulation
(33,50), we found that matching (vs. labeling) emotional stimuli
was associated with frontolimbic activation and that labeling
(vs. matching) emotional stimuli was associated with activation
in regions implicated in semantic processing. Although acti-
vation in these frontolimbic and semantic regions during
emotion reactivity and regulation did not differ by pollution
Table 4. Results From Regression Analyses

Baselin

b SE

Intercept 1.18 0.47

Sex 0.14 0.19

Age 20.02 0.09

Household Socioeconomic Disadvantage 0.13 0.11

Neighborhood Socioeconomic Disadvantage 20.07 0.13

Mean Framewise Displacement 20.23 0.82

Time Difference 0.0007 0.00

Pollution Burden Percentile 20.006 0.00

mPFC-DMN Connectivity 0.15 0.14

mPFC-DMN Connectivity 3 Pollution Burden Percentile 20.003 0.00

Baseline Depressive Symptoms – –

Results from regression analyses testing whether mPFC-DMN connectivity during
changes (right) in depressive symptoms and whether the association differed by pol
also controlled for baseline depressive symptoms. Age, depressive symptoms intercep

DMN, default mode network; mPFC, medial prefrontal cortex.

Biological Psychiatry:
burden, pollution burden was associated with the engagement
of additional regions within the DMN (e.g., mPFC, PCC, pre-
cuneus, temporoparietal junction) during implicit regulation of
negatively but not positively valenced stimuli. Activation in
these regions has been associated with the conceptualization
of emotions (50,51)—that is, making meaning out of external
sensory stimuli by drawing from prior experiences (semantic
knowledge) and integrating external sensory perceptions with
input from the body to create discrete emotions (51,52). Thus,
aberrant DMN functioning may lead to dysregulated self-
referential and affective processing. In addition to alterations
while at rest (53–55), researchers have found that adults (56,57)
Depressive Symptoms

e (Intercept) Longitudinal Changes (Slope)

t p b SE t p

2.51 .013 0.05 0.21 0.24 .81

0.76 .45 0.12 0.08 1.54 .12

20.19 .85 20.02 0.04 20.63 .53

1.11 .27 0.03 0.05 0.65 .52

20.06 .95 20.01 0.05 20.10 .92

20.28 .78 0.09 0.35 0.25 .80

03 2.28 .024 20.00002 0.0001 20.24 .81

5 21.21 .23 20.002 0.002 21.00 .32

1.06 .29 0.06 0.06 1.05 .29

6 20.45 .65 0.007 0.026 2.63 .009

– – 0.10 0.04 2.70 .008

negative label . negative match was related to baseline (left) and/or longitudinal
lution burden. Analysis examining longitudinal changes in depressive symptoms
t, and pollution burden percentile are mean centered.
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Figure 3. (A) Functional connectivity between bilateral medial prefrontal cortex (mPFC) and default mode network (DMN) regions (i.e., left temporoparietal
junction, left precuneus, bilateral posterior cingulate cortex, and left middle frontal gyrus) during implicit regulation of negative emotions was positively
associated with longitudinal increases in depressive symptoms among more (upper tercile median = 51.76st percentile: b = 0.19, SE = 0.09, t132 = 2.14, p = .03)
pollution-burdened adolescents (solid line). Bilateral mPFC-DMN connectivity during implicit regulation of negative emotions was not associated with changes
in depressive symptoms among less (lower tercile median = 9.86th percentile: b = 20.09, SE = 0.06, t132 = 21.43, p = .16) pollution-burdened adolescents
(dashed line). (B) Johnson-Neyman plot depicting the interval of values of pollution burden for which the association of mPFC-DMN connectivity with slopes of
depressive symptoms is statistically significant. n.s., not significant.
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and adolescents (27) at risk for depression show heightened
activation in DMN regions when processing negative
emotional stimuli, which is correlated with greater rumination in
adults at risk for depression (57) and greater depression
severity and earlier age of depression onset in adolescents
(27). Our finding that greater connectivity within DMN regions
during implicit regulation of negative emotions was associated
with greater increases in depressive symptoms in adolescents
exposed to greater pollution burden is consistent with this
formulation and suggests that altered DMN functioning during
emotion processing and regulation is one mechanism through
which pollution exposure is associated with heightened risk for
depression. Furthermore, mPFC-DMN connectivity was not
related concurrently to depressive symptoms at baseline,
suggesting that DMN alterations during emotion regulation in
early adolescence is a risk factor for developing depressive
symptoms across adolescence and pointing to early adoles-
cence as a period during which emotional health can be
improved.

While the precise mechanisms by which pollution and its
burden are related to altered DMN connectivity are not well
understood, experimental studies suggest that pollutants can
have direct effects on brain cells through translocation from
systemic circulation (e.g., through lungs) or olfactory transport
(58,59). Alternatively, and perhaps more commonly, pollutants
can also affect the brain through indirect processes, such as
through activation of the hypothalamic-pituitary-adrenal axis,
peripheral oxidative stress, and inflammation, the dysregula-
tion of which have been consistently documented to influence
brain development and health (14,31,60). For example, studies
in adults have found that systemic inflammation is associated
with altered connectivity of the DMN at rest (61), in response to
affective stimuli (62), and with weaker suppression of the DMN
during social cognitive processing in individuals exposed to
early adversity (63,64). In adolescents at high risk for depres-
sion, systemic inflammation has been associated with stronger
8 Biological Psychiatry: Global Open Science July 2024; 4:100322 www
connectivity between the ventral striatum and DMN during
reward processing (65). These studies suggest that the asso-
ciation between pollution burden and DMN functioning during
emotion regulation is mediated by increases in inflammation
(and by alterations in stress biology more generally). Future
studies that integrate biological indices of stress with mea-
sures of environmental pollutants and multimodal brain imag-
ing are needed to test these formulations more explicitly and
systematically.

We should note 3 limitations of this study. First, we did not
assess participants’ direct exposure to pollutants; instead, we
estimated their exposure to pollutants using information from
nearby monitoring sites and their geographical proximity to
pollution sources. Furthermore, because the time of mea-
surement varied between indicators (i.e., from 2012 to 2016),
our estimate of pollution burden is spatially and temporally
coarse. Future studies using personal exposure monitors are
needed to measure concentrations and durations of in-
dividuals’ exposure to pollutants more precisely. Second, we
do not have information about participants’ exposure to
pollution during the prenatal period or about the length of time
that participants resided at the address that they provided at
baseline. Consequently, we cannot distinguish chronic from
acute effects of pollution on brain development or identify
sensitive periods during which participants’ brains are most
vulnerable to the effects of pollutants. Longitudinal studies
assessing multiple pollutants across development are needed
to determine when and how different combinations of expo-
sures affect neurobiology at different stages of development
and to identify the most vulnerable individuals. Finally, our
participants are from communities within the California Bay
Area, which limits the generalizability of our findings. In this
context, although the participants in our sample experienced a
wide range of pollution burden (ranging from,1st percentile to
the 91.5th percentile), the average exposure in our sample was
relatively low (mean = 31 percentile). Nevertheless, even at
.sobp.org/GOS
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these relatively low levels, pollution burden in our study was
associated with brain functioning and increases in depressive
symptoms; certainly, it is possible that these effects are
stronger in communities with greater pollution burden.
Furthermore, we should note that in our sample, participants
with higher pollution burden were more likely to be missing
fMRI data (either they did not participate in the brain scan
portion of the study or they had low-quality fMRI scans),
reflecting the longstanding challenges of recruiting and
retaining individuals from more disadvantaged backgrounds
[e.g., (66–69)].

Conclusions

Despite these limitations, this study is important in demon-
strating that adolescents living in communities characterized
by greater pollution burden show stronger activation in the
mPFC and stronger connectivity between the mPFC and re-
gions within the DMN during implicit regulation of negatively
valenced stimuli, which in turn is associated with greater in-
creases in depressive symptoms across adolescence. Given
the ubiquity of pollutants and increasing concerns about
climate change and its effects, these findings have important
public health implications.
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