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A 28-day, 2-year study reveals

that adolescents are more fatigued
and distressed on days with greater
NO, and CO air pollution

Emma Armstrong-Carter%3>!, Andrew J. Fuligni*, Xiao Wu?, Nancy Gonzales® &
Eva H. Telzer?

This 2-year, 28-day study examined whether adolescents felt greater fatigue and emotional

distress the same day and the day after air quality was worse. We linked objective daily air quality
measurements to daily self-reports from 422 Mexican—-American adolescents in Los Angeles County,
California from 2009 to 2011 (50% girls, M, =15 years). A robust, within-subject analysis of 9696
observations revealed that adolescents with ongoing physical complaints reported greater fatigue
and emotional distress on days that the air contained higher levels of nitrogen dioxide (NO,) and
carbon monoxide (CO). Regardless of physical complaints, adolescents on average also reported
greater fatigue the day after NO, levels were higher. The same-day and next-day associations between
air pollution and distress were mediated via daily increases in fatigue. Results were robust when
controlling for day of the week, and daily temperature and humidity. Sulfur dioxide (5O,), ozone (05),
PM, ; and PM,, were not related to daily fatigue or distress.

Air pollution is one of the biggest environmental threats to human health worldwide. Every year, exposure to
air pollution results in the loss of millions of healthy years of life!. Numerous studies have found adverse effects
of air pollution on adolescents’ health, focusing mainly on physical conditions such as respiratory symptoms*.
In addition, a few studies have shown that youth who are exposed to worse air quality experience greater fatigue
and emotional problems at the time of exposure and later in life’>~°. However, prior research has focused on
between-subject comparisons®, so these findings may be confounded by many individual differences between
youth. It remains unknown if adolescents’ experiences of fatigue and emotional distress fluctuate on a daily level
with air quality, within individuals. Such knowledge can provide greater temporal specificity for understanding
air pollution as a risk-factor for youths’ emerging emotional difficulties. This within-subject, daily-level study
investigated whether adolescents experienced greater fatigue and emotional distress on days that air quality was
degraded in LA county, when controlling for between-subject effects. Further, we examined whether air qual-
ity was related on a daily level to fatigue and distress particularly strongly among adolescents who experienced
greater physical symptoms throughout the year (e.g., headache, backpain). Finally, we considered alternative
specifications such as lagged effects, and indirect pathways to shed light on potential directionality.

Air pollution and adolescents’ mood. Air pollution includes gaseous pollutants that circulate in the
air—such as nitrogen dioxide (NO,), carbon monoxide (CO), and sulfur dioxide (SO,). These pollutants are emit-
ted from transportation vehicles, coal-driven thermal power plants, industries, indoor heating, and cooking''.
Ozone (O3), secondary gaseous pollutant that is formed in the lower atmosphere by chemical reactions, also
contributes to air pollution. Although air pollution decreased in the United States (US) from the 1980s until 2016
due to the Clean Air Act (42 US Code 7408-9) which regulated emissions'!, air pollution has since increased'?.
Adolescence is a sensitive growth period characterized by rapid biological, neurological, and social changes
that contribute to heightened susceptibility for the emergence of emotional challenges'®. For example, adoles-
cents undergo changes associated with puberty, physical growth, circadian rhythms, psychopathology and daily
mood reactivity, all of which impact their cognitive, emotional, social and motivational processes'®. Adolescents’
emotional wellbeing is related strongly to their physical surroundings and environments'%. Many cross-sectional
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and longitudinal studies in Asia indicate that youth who are exposed to higher levels of air pollution report
greater emotional disturbances such as anxiety and stress®"*. Similarly, studies in the global West have shown that
adolescents who are exposed to greater air pollution on average show experience more emotional challenges®®”.
For example, children in the UK who were lived in greater air pollution at age 10 -12 were more likely to develop
depressive symptoms at age 18°. This work converges with meta-analytical findings and suggests that exposure
to air pollution is a risk factor for adolescents’ emotional health problems'.

The majority of studies linking air quality to fatigue and emotional health have used between-subject
analyses'’. Although informative, between-subjects analyses offer limited insight because they do not account
for many individual differences between youth, even when covariates are included'®. Relevant individual differ-
ences for the study of air quality and wellbeing include features of the youth’s environment, family life, school
life, underlying physiological response patterns, and individual risk for physical and emotional challenges'’. For
example, families with low socio-economic status tend to live in the more polluted areas'’, so adolescents’ emo-
tional challenges could be associated with the underlying financial and social difficulties, instead of air pollution
uniquely. To mitigate the confounding from between-subject designs, within-subjects analyses can clarify the link
between air pollution and adolescents’ mood by treating individual youth as their own controls, and comparing
their experiences and exposures on 1 day to other days. Within-subjects analyses also offer greater temporal
specificity, because air pollution may be associated with adolescents’ mood on a daily level, for example within 1
or 2 days. This robust approach requires assessments collected from the same individuals repeatedly over time.
Although methodologically intensive, such work can clarify whether adolescents face heightened risk for fatigue
or emotional challenges on days—or the day after—they are exposed to greater pollution.

A few studies, mostly from Asia, have demonstrated significant daily-level associations between air qual-
ity and human physical and emotional health. In India and China, hospital admissions for asthma and airway
obstructions increased on days that air quality was worse'” and on days after air quality was worse the previous
day'8, even among children'. Similarly, mortality increased on days after air quality was worse in Canada®. Two
studies extended this work on physical health to examine daily links between air pollution and adults’ emotional
health?"*, In China, adults’ hospital admissions for emotional health problems (e.g., schizophrenia, depression)
increased on days that air quality was worse, particularly when levels of NO, were higher?!, and also 7 days later?.
However, no known studies have examined daily links between air quality and adolescents’ emotional health,
or have addressed daily links between air quality and emotional health in the US context. Given these within-
subject, daily links between pollution and adults’ emotional health??, and also the previous between-subject,
cross-sectional links between pollution and youths’ emotional health, it is highly likely that pollution is also
associated within-subjects on a daily level to adolescents’ emotional health. It is important to extending prior
within-subjects research on this topic to the adolescent period, because adolescence is a sensitive developmental
transition for the emergence emotional difficulties’. Such work can facilitate and understanding of how to sup-
port adolescents’ emotional wellbeing.

Potential mechanisms linking air pollution to mood. Air pollution may impact adolescents’ mood
via several biological pathways. One pathway is inflammation, which taxes the body physiologically and can
contribute to feelings of fatigue. Air pollution increases humans’ levels of circulating inflammation in the blood,
such as C-reactive protein®. In turn, inflammation is robustly linked to heightened symptoms of exhaustion,
anxiety and depression in both adolescents and adults*. Specifically, inflammation impacts both the body and
brain via multiple different neuroendocrinological and immunological mechanisms that occur simultaneously.
For instance, inflammation increases monoamine levels, contributes to dysregulation of the hypothalamic-pitu-
itary-adrenal axis, and activates pathologic microglial cells®. All of these biological pathways are physiologically
arduous for the body and can contribute to feelings of fatigue. Moreover, exposure to air pollution also impairs
the immunological, neuroendocrine and autonomic pathways which promote healthy physiological homeo-
stasis, rest and sleep?, which can further contribute to fatigue. Accordingly, pollution may “get under the skin”
as inflammatory processes that contribute to adolescents’ fatigue by taxing the body and reducing adolescents’
ability to maintain homeostasis and rest adequately®. In turn, fatigue reduces adolescents’ capacity to effectively
self-regulate difficult emotions and maintain emotional wellbeing throughout the day?. This research suggests
that air pollution may impact adolescents’ mood via an indirect pathway by which youth become more fatigued,
which in turn leads to greater emotional problems such as anxiety and depressive symptoms that day or even
the following day.

Youth with physical symptoms may be more sensitive to air pollution. Air pollution does not
impact adolescents’ moods uniformly. Adolescents who experience higher levels of ongoing physical symptoms
(e.g., headaches, stomachaches, shortness of breath) may be particularly sensitive to the daily effects of air pollu-
tion on fatigue and emotional health'. Compromised physical health can make individuals more susceptible to
physiological stress from the environment?. Further, ongoing physical symptoms associated with health chal-
lenges or illness are linked bidirectionally with depression, neuroendocrine dysregulation, and inflammation?.
Adolescents who experience greater ongoing physical symptoms face higher risk for emotional problems, and
also likely suffer underlying cardiometabolic risks that make their body more susceptible to impairments caused
by air pollution (e.g., inflammation, poor sleep, neuroendocrine changes)®. In addition, adolescents who expe-
rience more physical symptoms have more compromised immune systems®’, which can hinder their ability to
ward off and cope with the negative physiological effects of air pollution. For example, children with asthma
were more vulnerable to the additional negative physical health impacts of air pollution compared to their non-
asthmatic peers®*%. Accordingly, it is likely that air pollution is associated on a daily level with feelings of fatigue
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Daily Fatigue Daily Emotional Distress
NO, — Fatigue CO — Fatigue NO, — Distress CO — Distress
Model1 | Model2 | Model1 | Model2 | Model1 | Model2 | Modell | Model 2
B B B B B B B B
(SE) (SE) (SE) (SE) (SE) (SE) (SE) (SE)
0.056* 0.053* 0.073* 0.073* 0.071* 0.071* 0.076* 0.077*
Weekday
(0.015)  |(0.015) |(0.015) |(0.015) |(0.011) |(0.011) |(0.010) |(0.010)
0.004* 0.004°* 0.006 0.006 0.001°¢ 0.001°¢ 0.004 0.004
Person Mean-Centered Daily Pollutant level
(0.001) (0.001) (0.003) (0.003) (0.001) (0.001) (0.002) (0.002)
0.009¢ 0.007 0.021°¢ 0.014 0.004 0.003 0.012 0.007
Person Average Pollutant Level
(0.004) (0.004) (0.010) (0.009) (0.004) (0.003) (0.008) (0.008)
0.231° 0.231° 0.164° 0.163*
Physical Symptoms Each Year
(0.023) (0.023) (0.020) (0.020)
0.003* 0.009" 0.002° 0.006
Daily Pollutant level x Physical Symptoms
(0.001) (0.003) (0.001) (0.002)

1444 [1515 | 1.563* | 1.608° |1.340° |1.388° | 1.390° | 1.421°
0.127) | (0.115) | (0.070) |(0.064) |(0.108) |(0.101) |(0.059) | (0.055)

Constant

Table 1. Daily and average level associations between air pollutants NO, and CO predicting adolescents’
fatigue and distress, using three level hierarchical linear regression models that nested days within years within
individuals. Weekday was coded 1 = weekday 2 = not a weekday. Standard errors in parentheses. *p <0.001,

b <0.01, °p < 0.05. Significant associations are also bolded.

and emotional distress more strongly among adolescents who experience relatively higher levels of ongoing
physical symptoms compared to their peers.

Current study. The goal of this study was to understand if air pollution is related on a daily level to ado-
lescents’ experiences of fatigue and emotional distress. We linked adolescents’ daily reports of fatigue and emo-
tional distress to objective daily, county-level air pollution data collected by the EPA in LA County from 2009 to
20113, All participants lived in LA County at the time they completed daily diaries. We investigated the follow-
ing questions: (1) When air pollution is higher, do adolescents feel more fatigue and emotional distress the same
day and the following day? We operationalized emotional distress as experiences of anxiety, sadness and stress.
For air quality, we focused on four major criteria-gas air pollutants regulated by the Clean Air Act: NO,, CO, O;,
and SO,*. We hypothesized that when air pollution was higher, adolescents would report greater fatigue and
emotional distress the same day and the next day. (2) Is air quality related to adolescents’ fatigue and emotional
distress the same day and the next day more strongly among those who report higher levels of ongoing physi-
cal symptoms that year? We hypothesized that air pollution would be more strongly associated on a daily level
with fatigue and distress among adolescents who reported relatively higher levels of physical symptoms that year
compared to their peers. (3) Finally, are the daily-level links between air pollution and distress mediated via an
indirect pathway through daily levels of fatigue? We hypothesized that daily levels of fatigue would significantly
mediate the daily, positive link between air pollution and emotional distress. Since these processes likely occur
both within and across days, we tested both same-day and 1-day-lagged mediation models. In addition to these
primary analyses, we tested alternative specifications as detailed further below.

Results

Descriptive statistics and correlations. The Supplementary Materials display full descriptive informa-
tion (Table S1) and bivariate correlations (Table S2), as well as more information about pollutant-specific Air
Quality Indices (AQIs), which we used for measuring air pollution. During the study days, there were low lev-
els of CO (M=6.32, SD=3.56, Range=1.93-20.50) and SO, (M=2.57, SD=2.29, Range=1.00-17.25) and all
daily observations fell within the “healthy” category defined by the EPA*. There were relatively higher levels of
NO, (M=28.71, SD=9.97, Range="7.27-60.33), and O; (M =42.60, SD=16.89, Range=28.23-114.13), but most
(72.22%) of the daily observations still fell within the “healthy” category (98% for NO, and 72% for O;). Ado-
lescents reported moderate levels of daily fatigue (M=1.71, SD=0.89, Range=1-5), daily emotional distress
(M=1.51, SD=0.69, Range=1-5), and yearly physical symptoms (M =1.58, SD=0.45, Range=1-3.58). On aver-
age across all days of the study, all pollutants were correlated with each other (p <0.05), but not with fatigue,
emotional distress, or physical symptoms (p>0.05).

Same-day multilevel regressions. O; and SO, were not related significantly to adolescents’ daily levels
of fatigue or distress, so those results displayed in the Supplementary Materials (Table S3). As shown in Table 1,
Model 1, on the average, between-subjects level, adolescents who were exposed to higher levels of NO, and CO
and experienced more ongoing physical symptoms over the course of two weeks, and reported higher levels of
fatigue and emotional distress. On the daily, within-subjects level, adolescents felt higher levels of fatigue and
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Figure 1. Daily NO, and CO levels are positively related to daily feelings of fatigue and emotional distress
among adolescents who report greater ongoing physical symptoms for the year (+ 1 SD above the mean level of
physical symptoms) but not among adolescents who report fewer ongoing physical symptoms for the year (-1
SD below the mean level of physical symptoms).

emotional distress on days that NO, levels were higher in the air. However, this daily association was qualified
by a significant interaction in Model 2.

As shown in Table 1 Model 2, daily NO, and CO each interacted with yearly physical symptoms to predict
daily fatigue and emotional distress. Specifically, as shown in Fig. 1 (Panels A through D), higher levels of NO,
and CO in the air were related to greater fatigue and emotional distress the same day only among adolescents
who experienced higher levels of ongoing physical symptoms that year (e.g., headache, backache), and not among
adolescents who experienced lower levels of physical symptoms that year.

We conducted sensitivity analyses by additionally controlling for daily temperature (in Fahrenheit) and rela-
tive humidity, as reported by the EPA*. Specifically, we ran the same primary regression models as described
above, but additionally included these two covariates. As displayed in the Supplementary Materials (Table S4),
all findings remained significant (p <0.01), except for the direct daily association between NO, and fatigue which
became marginally significant (p=0.051) but continued to be qualified by the significant interaction.

Same-day multilevel mediation analyses. We tested whether the same-day associations between each
air pollutant and emotional distress were mediated via a significant pathway through same-day levels of fatigue.
As shown in Table 2 Panel A, the indirect and total effects of NO, and CO on daily emotional distress via daily
fatigue were significant (ps <0.01). Specifically, adolescents felt higher levels of fatigue on days there was more
NO, and CO in the air, and felt higher levels of daily emotional distress on days they felt more fatigue, which
partially explained the same-day association between NO, and CO levels and emotional distress. This find-
ing suggests that daily NO, and CO levels are associated with greater daily emotional distress each day in part
because adolescents feel more fatigued that day.

Next-day multi-level regressions. Next, we tested whether air pollutants were related to fatigue and
distress the next day, over and above levels of fatigue and distress the same day. As shown in the Supplementary
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Daily NO, — Daily Fatigue — Same Day
Emotional Distress

Daily CO — Daily Fatigue — Same Day
Emotional Distress

B SE P B SE p
Panel A: Same Day Mediation Models
Total Effect 0.362 0.007 0.001 0.263 0.007 0.001
3,?;*}1)2?1‘3,1?;2;{6“ 0.002 0.001 0.001 0.003 0.001 0.018
Direct Effect 0.002 0.001 0.011 0.005 0.002 0.025
Daily NO, — Daily Fatigue — Next Day Daily CO — Daily Fatigue — Next Day
Emotional Distress Emotional Distress
B SE P SE B p
Panel B: Next Day Mediation Models
Total Effect 0.058 0.008 0.001 0.058 0.008 0.001
\T]‘I’;alljg‘}g‘fﬁ ;‘?Ct 0.001 0.000 0.001 0.001 0.000 0.024
Direct Effect 0.000 0.000 0.899 0.001 0.002 0.602

Table 2. Multilevel mediation results testing whether NO, and CO are related to emotional distress the same
day (Panel A) and the next day (Panel B) via fatigue the same day, controlling for distress the same day.

Materials (Table S5), NO, the same day (measured on day X) positively predicted levels of fatigue the next day
(on day X+ 1), over and above levels of fatigue the same day (i.e., day X; B=0.010, SE=0.004, p=0.024). This
direct association was not qualified by any significant interactions with physical symptoms (p>0.05). In addi-
tion, the interaction between daily CO and yearly physical symptoms significantly predicted levels of distress the
next day over and above levels of distress the same day (B=0.005, SE=0.002, p=0.022). Probing this interaction
(Fig. S1) revealed that daily CO was linked to marginally higher levels of distress the next day among adolescents
with high physical symptoms (B=0.006, SE=0.003, p=0.061), but not among adolescents with low levels of
physical symptoms (B =-0.004, SE=0.003, p=0.210).

Next-day multilevel mediation analyses. We also tested the mediation model with days lagged across
time. Specifically, we conducted the same multi-level mediation analyses as above, but tested whether levels of
each air pollutant on day X were related to distress the next day (i.e., day X + 1) via an indirect path through daily
fatigue the same day as the air pollutant (i.e., day X), over and above levels of distress the same day (i.e., day X).
As shown in Table 2 Panel B, we found that the indirect pathways and total effects for NO, and CO remained sig-
nificant. Specifically, NO, and CO were related to greater fatigue the same day, which in turn partially explained
the association with increased distress the next day.

Additional analyses for particulate air pollution. As supplementary analyses, we also investigated
two types of particulate matter air pollution, PM, s and PM,,. We assessed whether PM, ; and PM, were directly
or interactively (with yearly physical symptoms) related on a daily level to adolescents’ fatigue and emotional
distress. Specifically, we fitted the same primary regression models as outlined above, but modeled daily and
average levels of PM, ; and PM,, as predictors. As shown in the supplementary materials (Table S6), PM, ; and
PM,, were not directly or interactively associated with fatigue or emotional distress on a daily level (p>0.10).

Discussion

This within-subjects, daily-level study investigated whether adolescents” experiences of fatigue and emotional
distress fluctuated within and across days with air quality. We found that adolescents with ongoing physical
complaints reported greater fatigue and emotional distress on days the air contained higher levels of NO, and CO
in LA county. They also felt greater emotional distress (but not fatigue) one day after levels of CO were higher.
The same-day and day-lagged associations between air pollution (i.e., NO, and CO) and emotional challenges
were partially explained via an indirect pathway through increased fatigue the same day. In addition, regardless
of their physical symptoms, all adolescents on average experienced more fatigue one day after the air contained
greater NO,. These robust, within-person associations are consistent with the hypothesis that small increases
NO, and CO air pollution are daily-level risk-factors for youths’ experiences of fatigue and tiredness, which in
turn may contribute to emotional problems within and across days.

Daily NO, and CO linked to fatigue and emotional distress. Air pollution was related positively to
fatigue and distress the same day only among adolescents who experienced relatively higher levels of ongoing
physical symptoms (e.g., headaches, stomachaches, backpain) that year, and not among adolescents who expe-
rienced lower levels of physical symptoms. These findings are consistent with prior studies that used between-
subject analyses, in which children and adults with ongoing illnesses suffered more serious symptoms as a result
of air pollution over time*. Our findings extend this prior work by suggesting that adolescents with greater
physical symptoms may be more sensitive to the effects of air pollution that occur the same day. Adolescents with
greater physical symptoms may be more sensitive to air pollution because they are experiencing compromised
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immune functioning, heightened inflammation, or inadequate sleep or rest, all of which can contribute to fatigue
and distress the same day.

Specifically, we found that among adolescents with ongoing health concerns, ambient levels of NO, and CO
(but not SO,, O3, PM, 5, and PM,;) were associated with higher levels of fatigue and emotional distress the same
day. NO, and CO originate primarily from the same source—vehicles?>—which are also the main source pollution
in LA County (LA County Department of Public Health, 2022). LA county where traffic density is high, motor
vehicle-based NO, and CO emissions contribute to more than 50% of all pollution (LA County Department of
Public Health, 2022). In the context of high levels of vehicle-based NO, and CO emissions, NO, and CO may
be particularly impactful in adolescents’ physical energy and emotional health, particularly for those who are
experiencing poorer health overall. In contrast, SO,, PM, 5, and PM,, are more commonly emitted from station-
ary sources such as electric, manufacturing, and processing facilities?’, which are relatively lower contributors to
overall air pollution in LA County. Os is less strongly correlated with other pollutants® and may not be as directly
relevant for adolescents’ emotional health. This work extends prior evidence that even small exposures to NO,
and CO can impact human health®, even when NO, and CO levels were still relatively healthy or moderate.

Our findings that only NO, and CO (and not O3, SO,, PM, 5 and PM,,) were associated on a daily level with
adolescents’ physical and emotional health is also consistent with prior research that differentiates the effects of
different pollutants on human health. A meta-analysis of 22 studies from 10 countries worldwide revealed that
short-term exposure (<30 days) to NO,, but not other air pollutants, was significantly associated with depressive
symptoms among adults and children'’. This cross-sectional meta-analysis is supported by a few daily level stud-
ies from Asia, which have found that NO, is uniquely linked to physical and emotional health on a daily level. In
China, adults and children suffered from more respiratory health problems on days that NO, levels were higher,
but not on days that other pollutants such as SO, and PM,, were higher®*. In addition, hospital admissions for
schizophrenia increased on days that levels of NO, were higher, but not on days that CO or PM,, were higher?'.

The mechanisms linking pollution to emotional distress. We also found that the daily associations
between NO, and CO and adolescents’ emotional distress were mediated significantly by an indirect pathway
through daily fatigue. Specifically, adolescents felt more fatigued on days that ambient NO, and CO levels
were higher, and felt higher levels of emotional distress on days they experienced more fatigue, which partially
explained why NO, and CO levels were linked to greater emotional distress the same day and also the next day.
These findings shed light on the mechanisms linking air pollution to mood. In particular, NO, and CO may
relate to emotional health partially via pathways of increasing feelings of fatigue, exhaustion and being worn-out.
Incremental exposures to NO, impair the body’s ability to fight off pulmonary infections and can contribute to
tiredness, difficulty breathing, and inflammation®. On a physiological level, pollution-associated fatigue likely
occurs in part because pollution increases inflammation and adversely impacts physiological functioning®.
Exposure to ambient air pollution is linked positively with inflammation across the lifespan, pollution increases
levels of short-term and long-term inflammatory markers®. In turn, inflammation contributes to adoles-
cents’ feelings of tiredness and physical pain by multiple physiological pathways ranging from neuroendocrine
response changes to brain changes, which in turn hinders their capacity to regulate and maintain emotional
wellbeing?®. Beyond inflammation, other potential biological mechanisms linking air pollution to emotional
health include altered oxidative stress, blood coagulation, autonomic dysfunction® and gene regulation®, all of
which tax physiological functioning, contribute to fatigue, and decrease adolescents’ capacity to cope emotion-
ally with environmental stressors. Notably, our findings are consistent with the hypothesis that these underlying
physiological processes likely occur both within- and across days. Indeed, regardless of physical symptoms, ado-
lescents on average reported greater fatigue the day after NO, levels were higher (in addition to the same day).

Implications. Our findings have implications for research from environmental, epidemiological, and physi-
cal and mental health disciplines. For decades, researchers from epidemiology, psychology, and health sectors
have recognized that air pollution is a risk-factor for long term physical and emotional health®>*%!%. Our study
contributes to this interdisciplinary body of work literature in three primary ways. First, we offer evidence that
increases in air pollution are linked on a daily level to adolescents’ fatigue and mood, in particular among rela-
tively less healthy adolescents, which builds on prior research which focused on between-subject analyses®~
and within-subjects analyses among adults in Asia'®?%?%**, Our findings offer greater temporal specificity by
revealing that there are same-day and next-day associations between air quality and youths’ fatigue and emo-
tional health in the US context. Second, our findings identify NO, and CO as two air pollutants that might be
particularly salient for adolescents’ fatigue and mood on a daily level (compared to other pollutants), consist-
ent with prior research that measured associations across days'’ and/or focused on adults?*>*. These findings
inform policy efforts designed to curtail specific pollutants and promote human health. Third, our interdisci-
plinary study illustrates how daily self-reported data from psychological studies can be combined with publicly
available environmental data to shed greater light on how the physical environment impacts youths’ health and
development.

Limitations and directions for future research. Our study has several limitations and offers sugges-
tions for future research. First, our small effect sizes suggest that other factors (beyond NO, and CO) affect
adolescents’ daily levels of fatigue and distress. For instance, we did not measure inflammatory markers or other
biological factors (e.g., cortisol) which may mediate the daily links between pollution and adolescents’ experi-
ences. Future work could repeatedly measure inflammatory markers via finger-pricks every day®. Second, the
average air quality in our sample was relatively healthy across days; only NO, and O; approached moderately
unhealthy and unhealthy levels. Additional associations (e.g., with SO,) may emerge when air quality is worse.

Scientific Reports |

(2022) 12:17015 | https://doi.org/10.1038/s41598-022-20602-z nature portfolio



www.nature.com/scientificreports/

Relatedly, our data were collected from late 2009 to 2011; future studies should replicate our findings in recent
years as the observed associations may change over time. Fourth, while our study focused on the adolescent
period, future research should examine developmental differences. In one prior study, air pollution was linked
to more physical health problems among younger children compared to adolescents and adults®. Similar age
differences may be revealed for fatigue and mood. Fifth, we linked county-level air pollution to individuals, and
did not use individual-level air pollution tracked by their location. Future research could use geospatial tracking
devices and code different exposure levels based of that specific locations and/or how much time adolescents
spend outside. Finally, our study focused on Mexican-American adolescents in LA. Future studies should rep-
licate how findings to clarify whether they are generalizable to other communities in the US and worldwide.
Future studies could also investigate potential interactive effects between multiple pollutants; for example, it is
possible that the health effects of NO, and CO are compounded when in combination with one another.

Methods

Participants. Participants were from a sample of 428 Mexican-American adolescents in Los Angeles
(LA) County, California. Of these adolescents, 6 did not have daily-report data with usable, valid dates that
could be linked to EPA air quality data, resulting in a total analytical sample of 422 adolescents (50% female;
Mage=15.98+1.56 years; Range 14—20 years). Participants were recruited from two public high schools in
LA County. The student body of both schools was majority Latin American (62% and 94%) from lower- to
lower-middle class families. Approximately 29% of primary caregivers completed eighth-grade education, 26%
completed high school, 22% completed postsecondary education or more (parental education data was missing
for the remainder). In both schools, more than 70% of students qualified for free- and reduced-priced meals*.

Procedures. This study uses three sources of data: (1) daily diaries that were linked by date to (2) objective
daily air quality data collected by the EPA, and (3) yearly self-report questionnaires. The daily-report data were
collected for 28 days over the course of two years in two waves (14 days in each yearly wave). All data were col-
lected from November 2009-December 2011. The study days were in March-May (48.70% of participant days),
June-August (23.28%) and November-February (28.02%) over the course of the two years. Study time varied
from individual to individual, depending on when participants enrolled. By chance, no data were collected in
September or October.

Adolescents who elected to participate in the study were provided with 14 diary checklists for two-week peri-
ods twice over the course of two years, such that they completed 28 diaries over the course of two years. There
were 9696 daily observations. The daily diaries took 5 to 10 min to complete each day in English or Spanish.
Adolescents sealed each completed daily dairy each night and stamped the seal with an electronic time stamper
that imprinted the current date and time that could not be altered. Adolescents completed 95% of their daily
diaries. Research assistants collected all the daily diaries at the end of the two-week study period. In addition to
the daily diaries, adolescents completed a longer questionnaire that inquired about their demographics, traits and
experiences each of the two years. Adolescents provided assent and parents provided informed written consent,
and were all compensated for their time. All procedures were approved by the University of California at LA Insti-
tutional Review Board. All methods were performed in accordance with the relevant guidelines and regulations.

Measures. Daily air quality. Using AQIs for each pollutant, we focused on daily measurements of NO,,
CO, O;, and SO, which are the four major criteria gasses monitored daily via the EPA. Levels of these pollutants
are reported on a daily level for multiple data collection locations within LA County (N =14-18 depending on
the day). First, we downloaded daily data from the EPA website which contained multiple measurements per
county from different data location cites within each county®. Second, we restricted the values only to LA Coun-
ty, and averaged across data collection locations within LA County. This yielded daily, county-level values of
NO,, CO, O3, and SO,. Averaging across stations within a county is an approach consistent with prior research!’.
For each pollutant, we calculated two variables: daily level and person-level. The daily level variable was person-
mean-centered and reflected the relative level of pollutant exposure the adolescent experienced each day relative
to their average levels of exposure. We calculated person-mean-centered values by subtracting each adolescent’s
mean value of pollutant exposure from their daily value of exposure to that pollutant. The person-level variable
reflected each adolescents’ average level of exposure across all their study days. We calculated person-mean
values by averaging across all 28 days of the study period for each adolescent. For each pollutant, both the mean-
centered variable and the person-average variable were included as simultaneous predictors in our regression
models to disaggregate within-subjects vs between-subjects effects, as described further in the analysis plan. The
inter-item correlations (ICCs) reflecting the correlation of air pollution within each adolescent across days of
study were 0.39 for NO,, 0.62 for CO, 0.07 for SO,, and 0.53 for O;. The ICCs reflecting the correlation among
average levels of air pollution between adolescents across days of study was 0.95 for NO,, 0.98 for CO, 0.69 for
SO,, and 0.97 for O;. As described in further detail in the results, for CO and SO2, all daily observations of fell
within the “healthy” category, so no days exceeded health recommendations®. For NO, and Os, 1.90% and
26.93% of observations fell within the “moderately unhealthy” category respectively™.

Daily fatigue. Each evening during each 2-week period, adolescents’ daily fatigue was assessed with items from
the Profile of Mood States*!, a widely used measure in previous daily diary studies of stress and psychological
well-being**~*%. Adolescents used a 5-point scale ranging from 1 (not at all) to 5 (extremely) to indicate the extent
to which they experienced different feelings each day. A measure of daily fatigue was calculated from three items
(fatigue, exhausted, and worn-out; alpha=0.76). This was a continuous, daily-level variable. The ICC reflecting
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the correlation of daily fatigue within adolescents across days of study was 0.35. The ICC reflecting the correla-
tion between average levels of fatigue between adolescents across days of study was 0.94.

Daily emotional distress. Each evening during each 2-week period, adolescents’ daily emotional distress was
also assessed with items from the Profile of Mood States*'. Adolescents used a 5-point scale ranging from 1 (not
atall) to 5 (extremely). A measure of daily fatigue was calculated from three items (fatigue, exhausted, and worn-
out; alpha=0.76). The ICC reflecting the correlation of daily fatigue within adolescents across days of study was
0.35 and between adolescents was 0.94. A measure of emotional distress was calculated from nine items (sad,
hopeless, discouraged, on edge, unable to concentrate, uneasy, nervous, stressed, worried). The ICC reflecting
the correlation of daily distress within adolescents across days of study was 0.55 and between adolescents was
0.96.

Yearly physical symptoms. Adolescents also self-reported on their ongoing Physical Symptoms one time each
year at a separate time point from the daily diary measures. This measure was frequency of physical complaints.
Across the past two weeks. Specifically, adolescents were prompted “Please rate how many times in the past two
weeks you experienced each of the following physical complaints, using the rating scale below”. There were 12
items that adolescents rated on a four-point Likert-type scale with responses indicating “Not at all” , “Once or

» « » <« »

twice”, “A few times’, to “Almost every day”. The items were “Headaches”, “Very tired for no reason”, “Dizziness’,
“Stomachaches or pain”, “Upset stomach/ nausea’, “Sore throat/ coughs”, “Low energy”, “Poor appetite”, “Sleep
problems”, “Other aches and pains”, “Cold sweats”, “Trouble catching breath”. Accordingly, each adolescent had
two values for Physical Symptoms: one for the first year (alpha=0.78), and one for the second year (alpha=0.87).
The ICC reflecting the correlation of yearly physical symptoms within adolescents across years of study was 0.73

and between adolescents was 0.98.

Covariates. 'We only included daily-level covariates in the model, because our analyses were within-subjects.
Between-subject covariates were not necessary because these were within-subject models that controlled for
between-subject effects'®*. In primary analysis, we controlled for whether or not it was a school day (1 =school
day, 0=not a school day) because this could impact the adolescents’ locations and time outside. In sensitivity
analyses, we additionally controlled for the temperature (in Fahrenheit) and level of relative humidity each day
(both continuous measures). These were collected by the EPA for each day in LA County and accessed via the
same source at pollution variables®.

Analyses. For our primary analysis, we fitted linear mixed effect regression models that nested days (Level
1) within years (Level 2) within participants (Level 3). We person-centered all Level 1 pollutants and included
on the intercept person-mean values for each pollutant. This approach is crucial for isolating within-subject vs
between subject effects®®. The outcomes were not standardized. Model 1 assessed each air pollutant as person-
mean-centered Level 1 predictors of adolescents’ fatigue and emotional distress the same day in separate models,
controlling for day of the week and person-average levels of each air pollutant. We tested each pollutant in sepa-
rate models. Model 2 additionally included cross-level interaction terms between each daily Level 1 air pollutant
and the Level 2 moderator (i.e., yearly levels of physical symptoms). We then tested the same models, but with
day-lagged effects. Specially, each air pollutant was fitted Level 1 in separate models as predictors of adolescents’
fatigue and emotional distress the next day, controlling for levels of fatigue and emotional distress the same day.
We probed significant interactions by plotting the association between air pollution and fatigue or emotional
distress above and below 18D for the values of the moderator (i.e., physical symptoms).

For mediation analysis, we tested multi-level mediation models again with days (Level 1) nested within years
(Level 2) within participants (Level 3). Specifically, first we tested whether the daily associations between each
air pollutant and daily emotional distress were mediated via a significant pathway through same daily levels of
fatigue. Next, we tested one-day time-lagged models such that each daily air pollutant predicted next-day daily
emotional distress, and whether this was mediated via a significant pathway through same daily levels of fatigue.
We evaluated these mediation models by examining the significance level and coefficients of the indirect and
total effects. Missing data ranged from 0.30%—1.82% and was handled using Full Information Maximum Likeli-
hood (FIML). All analyses were conducted in Stata Version 17. See Supplementary Materials for more details.

Data availability

All data and syntax are available upon request from the corresponding author.
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