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Abstract

Objective: Exposure to high levels of fine particle air pollution (PM> 5) is associated with
adolescent pathophysiology. It is unclear, however, if PM5 5 is associated with physiology within
psychosocial contexts, such as social stress, and whether some adolescents are particularly
vulnerable to PM 5 -related adverse effects. This study examined the association between PM5 g
and autonomic reactivity to social stress in adolescents and tested whether symptoms of anxiety
and depression moderated this association.

Methods: Adolescents from Northern California (n=144) participated in a modified Trier Social
Stress Test (TSST) while providing high-frequency heart rate variability (HRV) and skin
conductance level (SCL) data. PM> 5 data were recorded from CalEnviroScreen. Adolescents
reported on their own symptoms of anxiety and depression using the Youth Self-Report, which has
been used in prior studies and has good psychometric properties (Cronbach’s alpha in this sample
was 0.86).

Results: Adolescents residing in neighborhoods characterized by higher concentrations of PM; g
demonstrated greater autonomic reactivity (i.e., indexed by lower HRV and higher SCL) (8=.27;
b=0.44, p=.001, 95% CI [0.19, 0.68]) in response to social stress; this association was not
accounted for by socioeconomic factors. In addition, adolescents who reported more severe
anxiety and depression symptoms showed the strongest association between PM5 5 and autonomic
reactivity to social stress (8=.53; b=0.86, p<.001, 95% CI [0.48, 1.23]).
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Conclusions: Exposure to PM, 5 may heighten adolescent physiological reactivity to social
stressors. Moreover, adolescents who experience anxiety and depression may be particularly
vulnerable to the adverse effects of PM 5 on stress reactivity.
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INTRODUCTION

Air pollution is currently considered the greatest environmental threat to public health (1).
Short- and long-term exposure to high levels of air pollution exacerbates and increases risk
for health problems such as autoimmune disorders, lung cancer, and cardiovascular disease
(2—-4). Many of the health risks of air pollution have been attributed specifically to fine
particle pollution, or particulate matter (PM, 5). PM, 5 refers to air-suspended mixtures of
solid and liquid particles smaller than or equal to 2.5 micrometers in diameter. PM, 5 may be
particularly detrimental to health given that these particles are composed of mixtures of
harmful chemicals (e.g., sulfates, nitrates, metals), and remain in the air for longer periods of
time, and penetrate the lungs more deeply, than more coarse particles (i.e., PM1g_25) (3).
Scientists have posited that inhalation and ingestion of PM>, 5 leads to cardiopulmonary
inflammation and oxidative stress which, in turn, may contribute to alterations in autonomic
nervous system functioning (2,4). In fact, PM 5 has been associated with elevated heart rate
(5), increased arterial blood pressure (6), and reduced heart rate variability (7), which is
often interpreted as an indicator of poor autonomic control and decreased flexibility (8).
Taken together, these associations suggest that PM, 5 increases autonomic imbalance
characterized by relatively greater sympathetic than parasympathetic nervous system activity
(5). This pattern of autonomic imbalance is involved in negative affective states (9) and, over
time, places excessive energy demands on bodily systems that can lead to health problems
such as hypertension, diabetes, metabolic syndrome, and cardiovascular disease (8).

To date, studies of PM, 5 have used measures of autonomic functioning that involve baseline
or resting state tasks (sitting, standing, or supine position), 24 hour ambulatory monitoring,
and paced breathing tasks. It is unclear, however, whether PM 5 is associated with
autonomic responding in psychosocial challenge contexts that have been implicated in health
and negative affect, such as social stress.

Adolescence is a key developmental window during which to investigate the effects of PM5 g
on reactivity to social stress. Adolescents are particularly susceptible to the adverse effects
of air pollution because they spend considerable time outdoors and are physically active,
both of which increase exposure to PM5 5 (10). Physiological systems involved in
responding to stress are also developing rapidly during adolescence, which can increase
vulnerability to environmental insults. Importantly, greater exposure to PM> 5 has been
negatively associated with adolescent development and functioning of the immune (11),
metabolic (12), and pulmonary systems (13). Adolescence is also a period of increased
sensitivity to social stress (14). Adolescents have higher physiological reactivity to social

Psychosom Med. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller et al.

Page 3

stress inductions than do children (15); moreover, adolescent physiological reactivity to
social-evaluative stressors increases with age and pubertal development (16,17). Although
the link between adolescent stress reactivity and social environmental factors such as early
caregiving experiences is well documented, researchers have not examined whether physical
environmental factors like PM, 5 also influence stress reactivity in adolescence.

A growing body of research suggests that psychological factors can moderate vulnerability
to the negative effects of environmental pollutants on health and physiology (18-20). In a
cross-sectional study, Hicken et al. (21) found that depression heightens vulnerability to the
effects of lead on high blood pressure in African-American adults. Similarly, in a cross-
sectional study Cakmak, Dales, and Blanco (22) found evidence of stronger associations
between air pollution and both higher blood pressure and reduced lung functioning in adults
who reported lower levels of happiness. These findings suggest that the combination of
physical pollutant exposure and psychosocial risk factors is most detrimental to health, as
stress may amplify adverse effects of physical pollutants (19,20). Psychosocial stress and
PM, 5 affect health through similar pathways that contribute directly (e.g., neural
mechanisms) and indirectly (e.g., oxidative stress, inflammation) to autonomic imbalance.
Thus, exposure to both psychosocial stress and PM5 5 may compound risk for impaired
physiological functioning (19,20).

Although much of the research in this area has focused on adults, it is likely that
psychological factors earlier in development contribute to the emergence of this
vulnerability. In this context, given that anxious and depressed youth experience high levels
of psychosocial stress (23), these adolescents may be particularly vulnerable to the adverse
effects of environmental pollutants. Some longitudinal studies have found evidence that
traffic-related air pollution exposure predicts children’s asthma and respiratory functioning,
but primarily in children with a greater history of social stress (24,25). Conversely, Chen et
al. (18) found that a history of chronic family stress was associated concurrently with more
inflammation, and longitudinally predicted increases in asthma symptoms over 6 months,
but only for adolescents who were exposed to less traffic-related air pollution. It is important
to note that these studies focused on family stress and exposure to violence rather than on
mental health status as the moderator of the link between air pollution and outcome. In the
only study to date that examined mental health status as a moderator of the concurrent
association between air pollution exposure and physiology in a pediatric sample, Dales and
Cakmak (26) found that living in neighborhoods with greater air pollution was associated
with higher resting blood pressure and reduced lung function in children and adolescents
with mood disorders.

In the present study we assessed whether levels of PM, 5 were associated with physiological
responses to a social stress induction in adolescence. We expected that adolescents living in
neighborhoods with higher concentrations of PM, 5 would exhibit greater autonomic
reactivity to a social stress task, indexed by higher sympathetic reactivity and stronger
withdrawal of parasympathetic activity (i.e., autonomic imbalance). We then examined the
potential moderating role of symptoms of anxiety and depression on the relation between
PM> 5 and autonomic reactivity. Based on previous work suggesting that psychosocial-stress
related factors can increase vulnerability to physical pollutants, we expected that the
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association between PM> 5 and autonomic reactivity would be strongest in adolescents who
reported the most severe symptoms of anxiety and depression. Finally, given previously
demonstrated associations among air pollution exposure, neighborhood poverty, race/
ethnicity (27,28), family socioeconomic status and adolescent health and functioning (29),
and body mass index (BMI) and autonomic measures (30), we controlled for family and
neighborhood socioeconomic factors, ethnic/racial minority status, and BMI to examine the
specificity to PM, 5 of aberrant autonomic reactivity.

Participants were 144 adolescents (79 girls, 65 boys) from Northern California (primarily
from the San Francisco Bay Area; mean age=12.20, SD=1.39, range=9.56-15.82) who were
part of a larger study on stress, neurodevelopment, and risk for psychopathology over the
course of puberty. The participants included in the current analyses were ethnically diverse
(42% European-American; 23% biracial; 12% Asian-American; 8% African-American; 9%
Hispanic/Latino; 5% Other; 1% did not report) and came from a wide range of
socioeconomic backgrounds (mean annual household income=$75,000-$100,000, range
from less than $5,000 to greater than $150,000). The design of the larger study included
matching boys and girls on pubertal stage using the Tanner Staging self-report questionnaire
(31). Because girls typically reach sexual maturity earlier than boys, boys in our sample
were slightly older than girls (mean difference=0.67 years, {142)=2.95, p=.004). Online
advertisements and locally distributed flyers were used to recruit families for this study.
Families who were interested in participating underwent a telephone eligibility screening in
which they received more information about study aims and requirements. Contact
information, which included California street addresses for each participant, was obtained
during this initial interview. To be eligible for participation, adolescents had to be fluent in
English and not have a history of major medical illness or neurological disorder. Given that
the larger study involved a neuroimaging component, inability to participate in an MRI
session was also an exclusion criterion. Most of the data for the current analyses were
collected in our laboratory from 2013-2017. Our measure of PM5 5 was based on census
tract-level data collected from 2012-2014 (see below). There was no significant clustering
of participants by census tract; our sample included 122 unique census tracts, and the
maximum number of participants living within the same census tract was 3. Participants who
provided autonomic nervous system data were included in the current analyses. These
participants did not differ significantly from participants who were excluded because they
did not provide autonomic nervous system data with respect to family income (£201)=0.02),
pubertal stage ((214)=1.77), sex (X2 (1) = 0.24), ethnicity (X2 (5) = 5.26), neighborhood
socioeconomic disadvantage (4204)=0.66), or PM> 5 levels (4204)=1.29) (all 7>.077). All
participants signed assent forms, and their parents signed consent forms, to participate in this
study, which was approved by the Stanford University Institutional Review Board.

The Office of Environmental Health Hazard Assessment created CalEnviroScreen as an
online tool that maps various environmental indicators for pollution and population
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characteristics across California neighborhoods at the census tract level. We used the latest
iteration of CalEnviroScreen 3.0 (updated in June, 2018). We recorded CalEnviroScreen 3.0
census tract scores for PM, 5 for each participant’s address. Using air quality monitoring
station data from the California Air Resources Board, CalEnviroScreen 3.0 provides PMy 5
measurements based on the mean level of PM> 5 from each quarter of a year, which were
averaged from 2012-2014 (ug/m?3) (32). In our sample, percentiles of the concentration of
PM,, 5 relative to other neighborhoods in California ranged from 18 to 94 (for more
information about the methods used in the CalEnviroScreen 3.0 calculation of PM, g for
each census tract, see the CalEnviroScreen report for PM, 5 at https://oehha.ca.gov). One
participant was missing PM, 5 data due to living in a neighborhood that was missing census
tract data in Calenviroscreen 3.0.

Neighborhood-Level Socioeconomic Disadvantage

We created a composite measure of neighborhood-level socioeconomic disadvantage using
census tract measures of poverty, educational attainment, unemployment, and housing
burden provided by CalEnviroScreen 3.0. Poverty, educational attainment, and
unemployment for each census tract were calculated using data from The American
Community Survey and taking the 5-year estimate (2011-2015) of the percent of the
population in the census tract living below twice the Federal Poverty Level, over the age of
25 without a high school education, and over the age of 16 and unemployed, respectively.
Housing burden for each census tract was calculated using data from multiple nationally
representative datasets and taking the 5-year estimate (2009-2013) of the percent of
households that are both low income and spending more than half of their income on
housing costs. CalEnviroScreen 3.0 converts the poverty, educational attainment,
unemployment, and housing burden data into percentiles representing the amount of
socioeconomic disadvantage relative to other neighborhoods in California. These percentile
values were positively correlated with each other (all 7>.41, p<.001) and were averaged to
form a measure of overall neighborhood socioeconomic disadvantage. The same participant
who was missing PM, 5 data was also missing neighborhood-level socioeconomic data due
to living in a census tract that was not included in the CalEnviroScreen 3.0 tool.

Family Income

Parents reported on their annual family income before taxes using a 10-point scale ranging
from “Less than $5,000” to “$150,000 or greater.”

Trier Social Stress Test

Participants completed a modified version of the Trier Social Stress Test (TSST; 33). The
TSST is one of the most widely used and reliable laboratory protocols for inducing
physiological stress related to social evaluation and uncontrollability (34). Shortly after
arriving at the laboratory, electrodes were placed on adolescents to assess autonomic nervous
system activity. Specifically, electrodes were placed on adolescents’ two lower ribs and
underneath the collarbone to collect electrocardiogram (ECG) data. Two electrodes were
placed on adolescents’ non-dominant hand to assess skin conductance level. After all
electrodes were attached, adolescents had a resting baseline period in which they were
instructed to sit quietly and relax for five minutes. This baseline period was followed by a
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modified TSST. An examiner began a story and instructed the participants to prepare an
exciting ending to the story over the next five minutes. The participant was told that a judge
would come in to evaluate the end of their story based on content and memorization. After
the 5 min speech preparation period, adolescents presented their story to a “judge” who
maintained a neutral expression while appearing to take notes about the presentation. After
the five minutes had passed, the judge instructed the participant to complete a five-minute
subtraction task. The judge took notes during this final task, interrupting participants when
they made a mistake and instructing them to start over. The judge maintained a neutral
expression throughout the subtraction task. After participants completed the baseline task,
they reported on how upset and stressed they felt using scales ranging from 1 (e.g., “not at
all upset™) to 7 (e.g., “very upset”). Participants reported on their feelings again immediately
following the TSST using the same rating scales. Overall, as expected, adolescents reported
feeling more upset and stressed after the TSST than after the baseline procedure (mean
difference=1.19, {143)=10.59, p<.001); thus, the TSST was effective in increasing negative
affect. Participants were debriefed after the conclusion of the TSST. Participants were sitting
throughout the TSST.

Autonomic Reactivity to Stress

High frequency heart rate variability (HRV) refers to beat-to-beat fluctuations in heart rate
and is a measure of parasympathetic nervous system activity. Skin conductance level (SCL)
represents the overall conductivity (i.e., sweat) at the palms and is a measure of sympathetic
nervous system activity. We inspected and edited the ECG and skin conductance data using
ANSlab software. For HRV, we set the high-frequency bandpass to range from 0.15 to 0.40.
We computed HRV and SCL within the baseline task and the speech preparation and
subtraction portions of the TSST (5 min each). For HRV and SCL, the values in the two
TSST tasks were averaged and subtracted from the baseline task to create change scores.
Overall, adolescents had lower HRV (mean difference=-.40, {141)=5.65, p<.001) and
higher SCL (mean difference=3.81, {140)=12.00, p<.001) during the TSST than during the
baseline task; thus, the TSST was effective in eliciting autonomic reactivity indexed by
increasing sympathetic nervous system dominance. We integrated these change scores to
create an index of autonomic imbalance using an approach similar to that described by
Berntson and colleagues (35). First, we standardized the HRV and SCL change scores using
z-transformation. Then, because decreases in HRV represent greater parasympathetic
reactivity to the TSST, we multiplied the standardized HRV change score values by -1 so
that higher values indexed greater parasympathetic withdrawal (i.e., parasympathetic
reactivity). We then summed the inverse standardized HRV and standardized SCL change
scores to create an index of shift to sympathetic nervous system dominance from the
baseline to the TSST. Three participants were missing autonomic reactivity values because
they did not provide useable HRV or SCL data.

Anxiety and Depression

Adolescents reported on their anxiety and depression symptoms over the preceding six
months using the anxious/depressed subscale of the Youth Self-Report (YSR; 36). The
anxious/depressed subscale included 13 items (e.g., “I feel that no one loves me,” “I am too
fearful or anxious”) that were rated on a 3-point scale (0-Note true, 1-Somewhat or
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sometimes true, and 2-Very often or often true) (Cronbach’s alpha=0.86). To deal with any
missing item responses, these ratings were averaged and multiplied by 13 (the total number
of items) to generate a total score for the severity of symptoms of anxiety and depression.
Six participants were missing YSR data due to experimenter error.

Statistical Analyses

Results

We conducted regression analyses to examine whether PM, 5 was associated with autonomic
reactivity to social stress after adjusting for sex, age, pubertal stage, BMI, minority status,
family income, and neighborhood socioeconomic disadvantage, and to test whether anxiety
and depression symptoms moderated this relation. All predictors were centered prior to
forming interaction terms in the regression analysis. Significant interactions were probed by
examining the effect of PM, 5 on autonomic reactivity at 1 SD above and below the mean
level of anxiety and depression symptoms. Extreme outlier values for all variables were
identified using boxplots (values greater or less than the mean by 3 times the interquartile
range). This is considered a better method for outlier detection than using standard
deviations, which can miss outliers due to extreme values increasing the sample mean and
variance (37). Two outliers were identified for SCL reactivity and were winsorized prior to
analyses. All analyses were conducted using the lavaan package in R. To account for
missing data, all model parameters were estimated using full information maximum
likelihood estimation. To correct for multiple testing in the regression model, we used a
Bonferroni-corrected threshold for statistical significance at p<.005. Our analyses did not
have issues related to multicollinearity (all tolerance and variance inflation factor values <.
44 and 2.27, respectively), and visual inspection suggested normality of residuals and
homoscedacity.

Descriptive statistics and bivariate correlations are presented in Table 1. Baseline measures
of HRV, SCL, and autonomic imbalance were not associated with PM5 5 (all p>.327) and are
not presented in the table. As hypothesized, adolescents who resided in neighborhoods
characterized by higher concentrations of PM, 5 exhibited greater overall autonomic
reactivity in response to the TSST (/=.24, p=.004). PM, 5 was also associated with greater
decreases in HRV (r=-.19, p=.022), but not SCL reactivity (r=.15, p=.064), in response to
the TSST.

We conducted a regression analysis to determine whether the association between PM, s and
autonomic reactivity to stress was still significant after adjusting for other variables, and
whether the association between PM> 5 and autonomic reactivity was moderated by
symptoms of anxiety and depression. The full regression models are presented in Table 2. In
this model, the main effect of PM, 5 on autonomic reactivity, or imbalance, was still
significant (5=.27; b=0.44, p=.001, 95% CI [0.19, 0.68]) after adjusting for sex, age,
pubertal stage, BMI, minority status, family income, and neighborhood socioeconomic
disadvantage. Neighborhood-level socioeconomic disadvantage was also associated with
greater autonomic reactivity (5=.18; b=0.01, p=.048, 95% CI [0.00, 0.03]), but this effect did
not survive the more conservative Bonferroni corrected threshold of p<.005. The interaction
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of PM» 5 with symptoms of anxiety and depression in predicting autonomic reactivity was
also statistically significant (5=.25; b=0.09, p=.002, 95% CI [0.04, 0.15]). Figure 1 presents
the simple slopes of the interaction effect. The positive association between PM, 5 and
autonomic reactivity to stress was approximately twice as strong in adolescents who
reported more severe symptoms of anxiety and depression (8=.53; b=0.86, p<.001, 95% CI
[0.48, 1.23]) than it was for adolescents with average levels of symptom severity (8=.27, p=.
001). Conversely, there was no association between PM, 5 and autonomic reactivity to stress
in adolescents who reported the least severe symptoms of anxiety and depression (5=.01; b=.
02, p=.910, 95% CI [-0.32, 0.36]). None of the other covariates were significantly
associated with autonomic imbalance in the context of the regression model (all p>.081).

Discussion

PM, 5 is a well-documented environmental threat to public health. Although PM, 5 has been
linked to autonomic imbalance at rest, no study has examined the relation between PM 5
and autonomic reactivity to social stress. Our study provides novel evidence that adolescents
residing in neighborhoods with higher concentrations of PM, 5 exhibit more sympathetic
nervous system dominance in response to social stress. Moreover, our findings suggest that
anxious and depressed youth are particularly vulnerable to the effects of PM, 5 on
autonomic reactivity to social stress. Importantly, these associations were not accounted for
by other demographic or socioeconomic factors.

General activation of the peripheral stress response, which includes systemic inflammation
and oxidative stress, has been implicated in the adverse effects of PM, 5 on health (2,4). Our
findings are the first, however, to demonstrate that PM, 5 exposure may contribute to
activation of a stress response in adolescents that is specific to a psychosocial context. This
finding warrants particular attention given that adolescence is already a period of heightened
sensitivity to social stress and evaluation (14,15). Exposure to high levels of PM, 5 may
exacerbate adolescents’ physiological responses to these stressors, potentially culminating in
greater negative affect.

Our study also provides the first evidence that symptoms of anxiety and depression moderate
the association between PM, 5 and autonomic reactivity to social stress in adolescence. The
positive association between PM, 5 and autonomic reactivity was most pronounced for
adolescents who reported the most severe anxiety and depression symptoms; in fact, there
was not a significant association between PM, 5 and autonomic reactivity in adolescents
who reported the least severe anxiety and depression symptoms. Previous work suggests that
youth with mental health disorders are at greater risk for poor resting cardiorespiratory
functioning related to high levels of air pollution (26). Our finding builds on this previous
research by demonstrating that psychological traits may influence vulnerability to the effects
of PM> 5 on autonomic reactivity to social stress.

One explanation for our finding that symptoms of anxiety and depression moderated the
association between PM> 5 and autonomic reactivity is that these symptoms may contribute
to a physiological milieu that increases and exacerbates exposure to PM, 5. Anxiety and
depression in adolescents have been associated with physiological indicators of
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hyperarousal, such as low heart rate variability, high heart rate, and breathing irregularities
(38-40). In much the same way that physical activity increases respiratory inhalation and
deposition of PM5 5 (41), proneness to hyperarousal states characterized by elevated
cardiorespiratory activity may increase the amount of PM, 5 that enters the lungs and blood
stream. In addition, adolescent anxiety and depression have been shown to have a pro-
inflammatory phenotype (42). Thus, these youth may have increased and chronic
inflammatory reactivity to PM, 5 exposure that exacerbates other aspects of the stress
response, including sympathetic dominance in the autonomic nervous system.

Although we were interested in examining anxiety and depression symptoms as a moderator
of the relation between PM5 5 and stress reactivity, it is important to note that these
symptoms have also been linked in previous studies to autonomic imbalance (38) and
increased air pollution (43). Combined with the present findings, these associations raise the
question of whether PM> 5-related increases in stress reactivity are implicated in the
development of mental and physical health problems. One promising avenue for future
research is to determine whether high autonomic reactivity to social stressors is a
mechanism by which PM, 5 exposure compromises physical and mental health (i.e.,
longitudinal mediation model). It will be particularly important in this research to focus on
adolescence, a developmental period that is characterized by more exposure to air pollution
(10) and by increasing rates of anxiety and depression (44).

It is important to note limitations of this study. First, we used measures of community-level
air pollution. Adolescents living within these communities vary in their exposure to ambient
PM, 5 (e.g., spending more time outdoor or indoor), and we were unable to assess these
differences. As a related point, the measure of PM> 5 was based on data from 2012 to 2014,
and we do not know how long participants had lived in their current neighborhoods. That
said, however, the fact that we found a significant association between adolescents’ exposure
to PM> 5 and their autonomic reactivity suggests that our census tract data are valid.
Nevertheless, future research should focus on determining whether the effects of PM, 5 on
stress reactivity are due to exposure during specific developmental windows or to an
accumulation of chronic exposure. Second, treating PM,, 5 as the moderator, rather than
symptoms, leads to a different interpretation of our findings — that more anxious and
depressed youth are prone to social stress-related states of autonomic imbalance, but only
when living in communities characterized by greater PM, 5 exposure. Given our cross-
sectional design, we cannot rule out this interpretation. Third, participants in our study live
in Northern California, primarily in the San Francisco Bay Area. According to a recent
report from the American Lung Association (45), the San Francisco Bay Area is among the
ten nationwide metropolitan areas with the worst particle air pollution. Thus, it is likely that
PM,, 5 exposure in our sample of adolescents was high relative to adolescents living in other
parts of the United States. Future research should examine whether the association between
PM, 5 and autonomic reactivity to social stress documented in this study generalizes to
adolescents living in communities with lower levels of air pollution. Finally, recent research
suggests that physiological reactivity to the TSST is correlated with responses to acute
stressors in real life, such as taking an oral examination (46). Although exams and public
speaking are common stressful events in adolescence, the extent to which the TSST is an
ecologically valid measure of other stressors encountered by some youth, including safety
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concerns, peer conflict, and discrimination, is unclear. Research that combines ambulatory
monitoring of physiology with ecological momentary assessments of stress is a promising
avenue for examining the effects of PM> 5 on autonomic reactivity outside of the laboratory.

Despite these limitations, our study is important in providing the first evidence for an
association between exposure to PM> 5 and stronger autonomic reactivity to social stress in
adolescence. This increased autonomic reactivity was characterized by a shift to greater
sympathetic and reduced parasympathetic nervous system activity. Furthermore, more severe
symptoms of adolescent anxiety and depression appeared to potentiate the adverse effects of
PM,, 5 on reactivity to social stress. These findings contribute to a growing literature
suggesting that physical pollutants play a significant role in psychosocial functioning. The
results of this study may also have important policy and clinical implications. Limiting
exposure to PM> 5 might help reduce adolescent reactivity to social stress and evaluation,
which appears to be particularly helpful for youth who are experiencing symptoms of
anxiety and depression.
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Autonomic Reactivity to Social Stress
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Figure 1.
Simple slopes demonstrating the association between PM, 5 and autonomic reactivity to

stress at different levels of anxiety and depression symptoms. Higher autonomic reactivity to
stress values indicate greater shifts to sympathetic nervous system dominance in response to
the Trier Social Stress Test. Given that the measure of autonomic reactivity was based on
aggregating standardized scores, the zero value represents the mean shift to sympathetic
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nervous system dominance (i.e., increasing skin conductance and decreasing heart rate
variability).
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Regression Model Predicting Autonomic Reactivity to Stress

Ain ANS imbalance

Intercept

Sex

Age

Pubertal stage
BMI

Minority status

Family income

B
.22
.39
A1

-.10

-.03

-.37
12

Neighborhood disadvantage .01

PM, 5

Anxiety/Depression

44
.02

PM2.5 x Anxiety/Depression .09

SE

.24
12
15
.03
.25
.07
.01
13
.03
.03

B

14
A1
-.08
-.10
-.13
.16
.18
27
.05
.25

D

.102
.352
527
.292
149
.082
.048
.001
521
.002

Note. ANS=autonomic nervous system; BMI=body mass index; PM2 5=particulate matter < 2.5 micrometers. Full information maximum
likelihood was used to take advantage of the full sample (N=144) to estimate regression model parameters.
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