
Pediatric Psychiatric Emergency Department Utilization and Fine Particulate
Matter: A Case-Crossover Study
Cole Brokamp,1,2 Jeffrey R. Strawn,1,2 Andrew F. Beck,1,2 and Patrick Ryan1,2

1Cincinnati Children’s Hospital Medical Center; Cincinnati, Ohio, USA
2University of Cincinnati; Cincinnati, Ohio, USA

BACKGROUND: Acute exposure to ambient particulate matter <2:5 lm in aerodynamic diameter (PM2:5) has been associated with adult psychiatric
exacerbations but has not been studied in children.

OBJECTIVES: Our objectives were to estimate the association between acute exposures to ambient PM2:5 and psychiatric emergency department (ED)
utilization and to determine if it is modified by community deprivation.

METHODS: We used a time-stratified case-crossover design to analyze all pediatric, psychiatric ED encounters at Cincinnati Children’s Hospital
Medical Center in Cincinnati, Ohio, from 2011 to 2015 (n=13,176). Conditional logistic regression models adjusted for temperature, humidity, and
holiday effects were used to estimate the odds ratio (OR) for a psychiatric ED visit 0–3 d after ambient PM2:5 exposures, estimated at residential
addresses using a spatiotemporal model.

RESULTS: A 10-lg=m3 increase in PM2:5 was associated with a significant increase in any psychiatric ED utilization 1 [OR=1.07 (95% CI: 1.02,
1.12)] and 2 [OR=1.05 (95% CI: 1.00, 1.10)] d later. When stratified by visit reason, associations were significant for ED visits related to adjustment
disorder {e.g., 1-d lag [OR=1.24 (95% CI: 1.02, 1.52)] and suicidality 1-d lag [OR=1.44 (95% CI: 1.03, 2.02)]}. There were significant differences
according to community deprivation, with some lags showing stronger associations among children in high versus low deprivation areas for ED visits
for anxiety {1-d lag [OR=1.39 (95% CI: 0.96, 2.01) vs. 0.85 (95% CI: 0.62, 1.17)] and suicidality same day [OR=1.98 (95% CI: 1.22, 3.23) vs. 0.93
(95% CI: 0.60, 1.45)]}. In contrast, for some lags, associations with ED visits for adjustment disorder were weaker for children in high-deprivation
areas {1-d lag [OR=1.00 (95% CI: 0.76, 1.33) vs. 1.50 (95% CI: 1.16, 1.93)]}.

DISCUSSION: These findings warrant additional research to confirm the associations in other populations. https://doi.org/10.1289/EHP4815

Introduction
Outdoor air pollution adversely affects respiratory, cardiovascu-
lar, perinatal, and other health outcomes. Globally, such pollution
is estimated to be responsible for 3.3 million premature deaths
annually (Dockery et al. 1993; Dockery 2009; Dominici et al.
2006; Pope and Dockery 2006; Zanobetti et al. 2009). Within the
complex mixture of particles, gases, trace metals, and other toxic
compounds that comprise outdoor air pollution, particulate matter
with an aerodynamic diameter <2:5 lm (PM2:5) is of particular
health relevance due to its size, composition, and ability to induce
inflammation and oxidative stress (Allen et al. 2017; Bell et al.
2007, 2010; Franklin et al. 2008; Kelly 2003; Kelly and Fussell
2012; Wei et al. 2009). Importantly, PM2:5 may affect the central
nervous system (Block and Calderón-Garcidueñas 2009; Block
et al. 2012; Calderón-Garcidueñas et al. 2002; Costa et al. 2014),
possibly resulting in secondary neuroinflammation (Block and
Calderón-Garcidueñas 2009; Block et al. 2012; Brockmeyer and
D’Angiulli 2016; Sunyer 2008), which may, in turn, influence
affective processing, anxiety, cognition, and behavior (Khandaker
et al. 2015). Previous epidemiologic studies have reported associa-
tions between short-term (days to weeks) PM2:5 exposure and anx-
iety symptoms in older adults (Pun et al. 2017), suicide completion
(Bakian et al. 2015), suicide attempts (Szyszkowicz et al. 2010),
and emergency department (ED) visits for exacerbation of

psychiatric disorders (Szyszkowicz et al. 2009, 2016; Oudin et al.
2018; Kim et al. 2018). However, null studies exist (Fernández-
Niño et al. 2018) and the evidence on the effects of PM2:5 expo-
sures on psychiatric disorders in adults is scarce.

Children may be particularly susceptible to neurotoxic effects
of air pollution, but most epidemiologic studies to date have
focused on the effects of long-term exposures and cognitive or
behavioral outcomes. For instance, significant associations have
been observed between increased prenatal and childhood expo-
sure to air pollution and both lower intelligence quotient scores
(Suglia et al. 2007; Porta et al. 2016; Perera et al. 2009) and
increased hyperactivity during later childhood (Newman et al.
2013) as well as chronic exposure to air pollution at age 12 and
diagnosis of major depressive disorder by age 18 (Roberts et al.
2019). However, few studies have examined the impact of air
pollution exposure on depressive and anxiety disorders in youth.
In fact, to our knowledge, there are no studies of short-term air
pollution exposure and acute psychiatric outcomes in children
and adolescents. Inflammation is involved in nearly all of the
negative health effects of PM2:5 (Feng et al. 2016) and given that
acute systemic inflammation is found in humans after exposure to
PM2:5 (Zhao et al. 2013; Niu et al. 2013; Schneider et al. 2010),
we hypothesized that acutely elevated PM2:5 concentrations could
significantly contribute to exacerbations of psychiatric disorders,
which have previously been linked to inflammation and microglia
activation (Réus et al. 2015; Calcia et al. 2016). Our hypothesis
parallels that of asthma, wherein an individual with an underlying
inflammatory disorder is prone to acute exacerbations after expe-
riencing acute increases in air pollution exposure. Indeed, high
rates of comorbidity between asthma and psychiatric disorders
have been noted and are both hypothesized to be mediated through
inflammation of the central nervous system (Kewalramani et al.
2008). With this in mind, we sought to investigate the relationship
between short-term exposure to PM2:5 in children and adolescents
and the risk for pediatric psychiatric ED visits. Using a satellite-
based model to estimate residential-level PM2:5 exposures and a
case-crossover study design, we hypothesized that elevated PM2:5
exposure would be associated with an increased risk for pediatric
psychiatric ED visits. Because neighborhood-level factors,
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including socioeconomic conditions, may modify the association
between environmental exposures and health outcomes, we also
hypothesized that community deprivation would modify the asso-
ciation between air pollution exposure and pediatric psychiatric
ED visits.

Methods
Hamilton County has about 190,000 children living across 222
urban, suburban, and rural census tracts, and Cincinnati Children’s
Hospital Medical Center (CCHMC) is a 629-bed pediatric aca-
demic health center that sees 99% of all hospital admissions and
81% of all ED visits among 0- to 14-y-olds and 78% of all hospital
admissions and 47% of all ED visits among 15- to 18-y-olds within
the county (Beck et al. 2018). Of all patients hospitalized for psy-
chiatric care at CCHMC, 90% are admitted from the ED. ED visits
to CCHMC for psychiatric care occurring between 1 January 2011
and 31 December 2015 were identified based on primary diagnosis
of International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision (ICD-10) (WHO 2016) codes
and having a ZIP code likely to be within Hamilton County.
Primary diagnosis codes within the Mental Illness classification,
as defined by the Clinical Classifications Software Healthcare
Cost and Utilization Project (HCUP), were grouped to parallel
Diagnostic and Statistical Manual of Mental Disorders (DSM)-5
(APA 2013) nosology and categorization (e.g., depressive disor-
ders, anxiety disorders). A board-certified child and adolescent
psychiatrist (JRS) familiar with the institutional practices of ICD
coding/documentation reviewed the excluded or altered codes
based on both a) current clinical practice and b) current child and
adolescent psychiatry diagnostic formulation. Some ICD-10 codes
were not assigned to any category (e.g., alcohol-related disorders,
cognitive disorders) because we did not believe that they repre-
sented an acute exacerbation that could have been possibly caused
by an acute chemical insult. Table S1 presents the 277 ICD-10
codes that were considered and the 15 categories that were gener-
ated. For each visit, the date of ED visit, residential address,
parent-reported race (defined as white or Caucasian, black or
African American, or other), insurance payor status (defined as
public, private, or self-pay), age, sex, and ICD-10 code for primary
diagnosis were extracted. Institutional addresses, for example, the
address for CCHMC or Family and Child Welfare Services, and
post office boxes were excluded and all residential locations of
study participants at the time of each encounter were geocoded
using our stand-alone and validated geocoder (Brokamp et al.
2018b). Of 15,489 total encounters, 13,812 (89.2%) were retained
for analysis because they were within Hamilton County and had a
residential address that could be geocoded with sufficient precision
(range or street level and score >0:5) to assign PM2:5 concentra-
tions and community deprivation. If a child had another visit for
the same reason within 7 d, then only the initial visit was consid-
ered for analysis. Table S2 describes the inclusion criteria as well
as the number of cases meeting each criterion. All data were
obtained following review and approval by the CCHMC institu-
tional review board. Informed consent was not required to use
patient data because there was no contact with the patients or their
families and the risk for loss of confidentiality was deemed to be
minimal.

We conducted a time-stratified case-crossover study (Maclure
1991; Janes et al. 2005) to evaluate the potential association
between PM2:5 exposure and psychiatric pediatric ED visits. A
case-crossover study design is appropriate when both the expo-
sure of interest and the outcome are transient, as in the case of
elevated PM2:5 concentrations and ED visits. A key advantage to
the design is that each case serves as its own control and is, there-
fore, matched for fixed individual characteristics including age,

sex, and socioeconomic status. We chose controls by stratifying
on a 45-d period and day of the week to control for temporal
trends by design (Levy et al. 2001) and to ensure global exchan-
geability (Vines and Farrington 2001). Most time-stratified case-
crossover studies stratify on month, year, and day of the week,
but unlike most of these studies, our exposure time-series was not
fixed, for example, each subject had a different estimation of
PM2:5 exposures even if selected on the same day. Thus, we
chose our stratification periods to maximize our statistical power
(both the number of controls and the within-individual variability
of PM2:5 exposure estimates) while minimizing the possibility for
temporal confounding by long-term changes. Based on our time-
stratified design, case windows could have between five and six
control windows. However, because estimated exposures to
PM2:5 were only available through 2015, some of the time peri-
ods were truncated, resulting in 26 (1.4%) cases having between
two and four control windows. To assess the sensitivity of our
results to our choice of using a 45-d period for temporal stratifica-
tion, we also repeated our main analyses using a 30- and 60-d pe-
riod for temporal stratification. The odds ratios (ORs) and 95%
confidence intervals (CIs) were extremely similar among all three
lengths of the temporal stratification (see Table S3), which sug-
gests that our results were not affected by this choice.

Daily ambient concentrations of PM2:5 (as 24-h averages)
were estimated at the residential location on the dates specific to
both cases and controls using a previously developed and vali-
dated spatiotemporal model (Brokamp et al. 2018a). Briefly, our
PM2:5 model is based on satellite-derived measurements of aero-
sol optical depth, a measure of the scattering of electromagnetic
radiation due to aerosols in the atmosphere, calibrated with
ground-based PM2:5 monitoring data. Additional spatiotemporal
predictors in the model include meteorological measurements
from the North American Regional Reanalysis data set: visibility
(in meters), planetary boundary height (in meters), air tempera-
ture at 2 m (in Kelvin), relative humidity at 2 m, precipitation
rate (in kilograms per meter squared per second), accumulated
total precipitation (in kilograms per meter squared), pressure (in
pascals), wind speed and direction at 10 m (in meters per second)
as well as land use (in percent developed imperviousness;
National Land Cover Database), total length of major roadways,
greenspace (mean normalized differential vegetation index), and
indicators for grid, day of year, and year. After harmonization of
the spatiotemporal data sets to a 1× 1 km grid, we trained
machine learning models, specifically random forest models, to
predict PM2:5 concentrations. Cross validation of the model using
empirical data obtained from air monitoring stations indicated
that the PM2:5 predictions were excellent across the study area
with a cross-validated median absolute error of 0.95 lg=m3 and a
cross-validated R2 of 0.91. We also considered lagged effects of
PM2:5 by estimating concentrations at residential locations 1, 2,
and 3 d prior to the case and control dates.

Community deprivation was assigned using a previously vali-
dated census tract–based deprivation index (Brokamp et al. 2019)
wherein a principal components analysis was used to create an
index from 0 to 1, with higher scores indicative of greater depri-
vation. The index is based on six different census tract–level
variables derived from the 2015 5-y U.S. Census’ American
Community Survey: a) fraction of households with income
below the poverty level, b) median household income, c) frac-
tion of population 25 y and older with educational attainment
of at least high school, d) fraction of population with no health
insurance coverage, e) fraction of households receiving public
assistance income or enrolled in the Supplemental Nutritional
Assistance Program, and f) fraction of housing units that were
vacant. The census tract–level community deprivation index
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was assigned to each child based on the census tract to which
their residential address was geocoded to at the time of their en-
counter. For modeling, the deprivation index was dichotomized
at the median of all 222 census tracts in Hamilton County
(0.40), which was equivalent to the median deprivation index
of all cases included in our analysis.

Conditional logistic regression models (Breslow and Day
1980) were used to estimate the OR of a psychiatric ED encoun-
ter from 0 to 3 d after a 10-lg=m3 increase in PM2:5 exposure.
Separate models were created for each psychiatric ED encounter
type and lag days, defined as the time between the exposure and
outcome. Models were estimated using a stratified Cox model
with each encounter assigned to its own stratum (Gail et al.
1981). Covariates in each model included cubic splines of daily
temperature and relative humidity, as well as two indicator varia-
bles: one for the presence of a holiday on the observation date
and one for the presence of a holiday 1–2 d preceding the obser-
vation date. Temperature and humidity were obtained from the
North American Regional Reanalysis data set (Mesinger et al.
2006).

To evaluate potential differences in associations between chil-
dren living in high- and low-deprivation communities, we
repeated models for each outcome and lag after adding an inter-
action term between PM2:5 and an indicator for high- or low-
deprivation index, and tested for a significant improvement in
model fit (chi-square p<0:05 for the difference in the log-
likelihood). In accord with our prespecified model selection strat-
egy, we estimated separate associations for high and low commu-
nity deprivation only for psychiatric ED encounter types with a
significant interaction for at least one exposure lag.

All statistical and geospatial computing was done in R (ver-
sion 3.4.3) using the sf (Pebesma 2018) and survival packages.

Results
During the 5-y study period, 13,176 psychiatric ED encounters
meeting our inclusion criteria (see Table S2) occurred, represent-
ing 6,812 unique children. Of all children utilizing the ED for
psychiatric reasons, 4,340 (63.7%) had only 1 visit, 1,219
(17.9%) had 2 visits, and 1,253 (18.4%) had at least 3 visits. The
median [interquartile range (IQR)] age at encounter was 14.4 y
(11.7, 16.1). Among all encounters, patients were 50% (n=
6,643) female, 44% (n=5,756) African-American, and 2% (n=
264) Hispanic; they were 66% (n=8,740) publicly insured, 32%
(n=4,190) privately insured, and 2% (n=245) self-pay. The

median PM2:5 (IQR) exposure estimated on the date of each case
was 10:5 lg=m3 (8.1, 14.5). Based on the encounters, we gener-
ated 71,481 control windows, meaning that, on average, each
case window had 5.4 control windows. Each psychiatric encoun-
ter was grouped into 1 of 12 categories and the number of
encounters as well as demographic summary information by
psychiatric grouping is presented in Table 1. The most frequent
categories for psychiatric ED encounters included depressive
disorders (n=3,847), externalizing disorders (n=1,850), other
mood disorders (n=1,903), and impulse control disorders (n=
1,755). Developmental disorders and personality disorders
were excluded from further analysis because of the low number
of ED visits (88 and 142, respectively).

ORs from conditional logistic regression models adjusted for
temperature, humidity, and holidays indicated significant associa-
tions between a 10-lg=m3 increase in PM2:5 and any psychiatric
ED visit 1 d [OR=1.07 (95% CI: 1.02, 1.12)] and 2 d later
[OR=1.05 (95% CI: 1.00, 1.10)] (Figure 1; see also Table S3).
When grouped by psychiatric encounter type, we found that
increased PM2:5 was significantly associated with ED visits
related to schizophrenia on the same day [OR=1.25 (95% CI:
1.00, 1.57)], adjustment disorder 1 d [OR=1.24 (95% CI: 1.02,
1.52)] and 2 d later [OR=1.24 (95% CI: 1.02, 1.51)], other mood
disorders 2 d later [OR=1.15 (95% CI: 1.02, 1.30)], and suicidal-
ity 1 d later [OR=1.44 (95% CI: 1.03, 2.02)].

p-Values for modification of associations between PM2:5
and ED visits by community deprivation (high vs. low) were
significant (p<0:05) for at least one lag period for ED visits
related to anxiety (lag 0,1), adjustment disorder (lag 0,1), and
suicidality (lag 0) (see Table S4). Therefore, in accord with our
a priori selection strategy, we report estimates stratified by
community deprivation for these outcomes only (Figure 2; see
also Table S5). Associations between a 10-lg=m3 increase in
PM2:5 and psychiatric ED visits were stronger for children liv-
ing in high- versus low-deprivation communities for anxiety-
related ED visits on the same day [OR 1.39 (95% CI: 0.97,
2.00) vs. 0.77 (95% CI: 0.57, 1.05)] and 1 d later [OR 1.39
(95% CI: 0.96, 2.01) vs. 0.85 (0.62, 1.17)], and for ED visits
related to suicidality on the same day [OR 1.98 (95% CI: 1.22,
3.23) vs. 0.93 (0.60, 1.45)]. Conversely, associations with
adjustment disorder-related ED visits were weaker for children
living in high- versus low-deprivation areas, for visits on the
same day [OR 0.82 (95% CI: 0.62, 1.08) vs. 1.25 (95% CI:
0.96, 1.62)] and 1 d later [OR 1.00 (95% CI: 0.76, 1.33) vs.
1.50 (95% CI: 1.16, 1.93)].

Table 1. Demographic summary information on pediatric psychiatric emergency department (ED) visits collected in Cincinnati, Ohio, between 2011 and 2015
and able to be geocoded within Hamilton County.

Psychiatric ED visit category n
Age (y)

[median (25th, 75th %ile)]
Female
[n (%)]

African American
[n (%)]

Public insurance
[n (%)]

High community deprivation
[n (%)]

Overall 13,176 14.4 (11.7, 16.1) 6,643 (50) 5,756 (44) 8,740 (66) 6,556 (51)
Adjustment disorder 702 13.7 (11.0, 15.8) 366 (52) 322 (46) 442 (63) 346 (49)
Anxiety 486 14.5 (11.9, 16.2) 288 (59) 123 (25) 204 (42) 167 (34)
Bipolar disorder 1,001 15.5 (13.8, 16.8) 535 (53) 405 (40) 744 (73) 537 (53)
Depressive disorder 3,847 15.3 (14.0, 16.5) 2,692 (70) 1,239 (32) 1,989 (51) 1,501 (39)
Developmental disorder 88 13.7 (9.6, 15.7) 9 (10) 27 (31) 48 (55) 33 (38)
Externalizing disorder 1,850 11.7 (8.4, 14.5) 572 (31) 1,019 (55) 1,440 (78) 1,143 (62)
Impulse control disorder 1,755 11.6 (8.8, 14.4) 453 (25) 900 (50) 1,425 (80) 992 (56)
Other mood disorder 1,903 14.4 (12.2, 16.0) 996 (52) 959 (50) 1,400 (73) 1,155 (60)
Personality disorder 142 12.0 (8.2, 14.8) 38 (27) 66 (47) 103 (73) 74 (52)
PTSD 519 14.0 (10.7, 15.8) 354 (67) 269 (51) 412 (78) 317 (60)
Schizophrenia 500 15.5 (13.0, 16.8) 175 (35) 327 (64) 378 (75) 284 (56)
Suicidality 275 15.0 (12.8, 16.6) 163 (59) 100 (36) 155 (56) 114 (42)

Note: In total, 13,176 unique ED visits were contributed by 6,812 unique individuals. Each outcome was classified using primary diagnosis ICD-10 codes as indicated in Table S1.
Age, sex, self-reported race, and public (i.e., government-provided) insurance information was extracted from the electronic health record. Community deprivation was derived using a
principal components analysis of six census tract–level American community survey variables. High community deprivation was defined as greater than the median of all census tracts
in Hamilton County. %ile, Percentile; ICD-10, International Statistical Classification of Diseases and Related Health Problems, Tenth Revision; PTSD, post-traumatic stress disorder.
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Discussion
To our knowledge, this is the first report of associations between
short-term PM2:5 exposures and psychiatric ED visits in children
and adolescents. We estimated significant associations for all vis-
its combined and for ED visits with primary diagnoses of suici-
dality and adjustment disorder. In addition, we found evidence
that associations were modified by community deprivation, with
stronger associations between PM2:5 and ED visits for suicidality
and anxiety disorders for children in high-deprivation census
tracts, and stronger associations with ED visits for adjustment dis-
order for children in low-deprivation census tracts. Notably, all
daily exposures within our study domain were below the National
Ambient Air Quality Standards set by the U.S. Environmental
Protection Agency (EPA; i.e., 35lg=m3 for PM2:5 measured over
24 h).

The neuroendocrine sympathetic–adrenal–medullary and
hypothalamic–pituitary–adrenal axes mediate a wide array of
health effects associated with both chemical and nonchemical
stressors, and it has been suggested that more study on the inter-
active influence of air pollution, lifestyle, and environmental fac-
tors on physiologic stress responses is required (Snow et al.
2018). Animal studies have demonstrated that psychosocial stres-
sors such as chronic restraint, social isolation, and repeated social
defeat result in increased microglial activation (Schmeer and
Yoon 2016), and it is known that childhood poverty contributes
to stress and inflammation and harms normal brain and immune

system development (Wadsworth and Rienks 2012; McEwen
2007; Shonkoff et al. 2009, 2012; Evans and Kim 2012).
Moreover, epidemiologic studies suggest that children exposed
to chronic stress may be more susceptible to air pollution-related
respiratory deficits than other children (Clougherty et al. 2007;
Islam et al. 2011).

The possibility that material community deprivation
strengthens the relationship between PM2:5 exposure and ED
presentation for anxiety disorders and suicidality may have
clinical implications. Cross-sectional and longitudinal studies
have suggested that the risk of developing an anxiety disorder
is increased among those who experience factors associated
with deprivation, including low self-esteem, childhood sexual
abuse, educational attainment, number of traumatic experiences
by 21 years of age, childhood separation, and a “disturbed fam-
ily environment” (Beesdo et al. 2010; McCulloch 2001;
Meltzer et al. 2007; Kingsbury et al. 2015). Similarly, in cross-
sectional epidemiologic studies of youth, the risk of suicidality
relates to several factors that relate to deprivation (e.g., poor
family environment, low parental monitoring) (King et al.
2001) and is greater in urban settings (Husky et al. 2012).
Although these adverse childhood experiences may not work
exclusively through stress pathways, they are frequently co-
occurring with deprivation factors and are considered one of
multiple dimensions of early adversity in general (McLaughlin
et al. 2014). Our results raise the possibility that primary or

Figure 1. Odds ratios and 95% confidence intervals for associations between a 10-lg=m3 increase in PM2:5 and pediatric psychiatric emergency department
visits from conditional logistic regression models adjusted for temperature, humidity, and holidays. Numeric data for all results are provided in Table S3.
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secondary prevention strategies directed either at reducing
PM2:5 exposure or decreasing the vulnerability to PM2:5 expo-
sure, for example, interventions that attenuate the impact of de-
privation in youth, could abort the development or forestall the
exacerbation of this psychopathology.

Two advantages of our study were the high spatiotemporal re-
solution of PM2:5-exposure assessment and the large availability of
the vast majority of psychiatric hospitalizations within Hamilton
County, which allowed us to conduct the individual-level case-
crossover analysis at a near population level. This increased preci-
sion allowed us to examine susceptibility characteristics using
individual-level data, an advantage that is not feasible in time-
series and ecologic studies. The case-crossover study design pre-
vents confounding by covariates that do not differ within 45 d,
such as race and individual-level socioeconomic status; however,
like all observational studies, unobserved confounding is possible,
and temporal confounders that we did not consider could have bi-
ased our results.

Although this is the first examination of the impact of PM2:5
exposure and community deprivation on psychiatric outcomes in
children and adolescents, there are important limitations that war-
rant additional discussion. These data were abstracted from medi-
cal records and the diagnoses were not established with the use of
structured, clinician-administered assessments that apply strict
diagnostic criteria. For example, suicidality reflects a heterogene-
ous clinical phenomenon and includes suicidal ideation, prepara-
tory suicidal behavior and planning, aborted suicide attempts,

and so on. The ability to resolve these aspects of suicidality in the
present sample is limited; however, regardless of its severity, sui-
cidality represents a phenomenon that necessitates clinical evalu-
ation and, generally, intervention. Furthermore, we examined
psychiatric disorder-related ED visits, ostensibly reflecting either
a severe symptom burden or severe exacerbation; however, it is
possible that exacerbations of other disorders that did not result
in an ED visit may have been present. In addition, outcomes were
classified based on the primary diagnosis entered into the medical
record, without considering co-occurring disorders or secondary
indications for the ED visit. In general, the use of data extracted
from the electronic health record and a crossover study design
allowed us to study a rare outcome at a population level, which
might otherwise have been possible only by assembling a pro-
spective cohort or ascertaining cases and matching controls.

In conclusion, we found evidence of an association between
short-term exposure to ambient PM2:5 and the exacerbation of
psychiatric disorders in children as indicated by increases in psy-
chiatric ED visits. These findings need to be confirmed in other
populations, but they strongly support the need for further
research on the potential influence of ambient air pollution on
child and adolescent mental health.

Acknowledgments
The authors did not receive any grants that supported this

work.

Suicidality

Adjustment Disorder Anxiety

3 2 1 0

3 2 1 0

1

2

3

1

2

3

Lag (days)

O
dd

s 
R

at
io

Community Deprivation

High

Low

p = 1 p = 0.09 p = 0.03 p = 0.02 p = 0.2 p = 0.2 p = 0.04 p = 0.01

p = 0.3 p = 0.9 p = 0.2 p = 0.02

Figure 2. Odds ratios and 95% confidence intervals for associations between a 10-lg=m3 increase in PM2:5 and pediatric psychiatric emergency department
(ED) visits stratified by community deprivation from conditional logistic regression models adjusted for temperature, humidity, and holidays. In accord with a
priori selection criteria, we estimated associations only for psychiatric ED visit categories that showed significant effect modification (p<0:05) for at least one
exposure lag. Interaction p-values for all ED visit categories are provided in Table S4 and corresponding numeric data are provided in Table S5.

Environmental Health Perspectives 097006-5 127(9) September 2019



References
Allen JL, Klocke C, Morris-Schaffer K, Conrad K, Sobolewski M, Cory-Slechta DA.

2017. Cognitive effects of air pollution exposures and potential mechanistic
underpinnings. Curr Environ Health Rep 4(2):180–191, PMID: 28435996,
https://doi.org/10.1007/s40572-017-0134-3.

APA (American Psychiatric Association). 2013. Diagnostic and Statistical Manual
of Mental Disorders: DSM-5. Arlington, VA: APA.

Bakian AV, Huber RS, Coon H, Gray D, Wilson P, McMahon WM. 2015. Acute air
pollution exposure and risk of suicide completion. Am J Epidemiol 181(5):295–
303, PMID: 25673816, https://doi.org/10.1093/aje/kwu341.

Beck AF, Riley CL, Taylor SC, Brokamp C, Kahn RS. 2018. Pervasive income-based
disparities in inpatient bed-day rates across conditions and subspecialties.
Health Aff (Millwood) 37(4):551–559, PMID: 29608357, https://doi.org/10.1377/
hlthaff.2017.1280.

Beesdo K, Pine DS, Lieb R, Wittchen HU. 2010. Incidence and risk patterns of anxi-
ety and depressive disorders and categorization of generalized anxiety disor-
der. Arch Gen Psychiatry 67(1):47–57, PMID: 20048222, https://doi.org/10.1001/
archgenpsychiatry.2009.177.

Bell ML, Belanger K, Ebisu K, Gent JF, Lee HJ, Koutrakis P, et al. 2010. Prenatal ex-
posure to fine particulate matter and birth weight: variations by particulate
constituents and sources. Epidemiology 21(6):884–891, PMID: 20811286,
https://doi.org/10.1097/EDE.0b013e3181f2f405.

Bell ML, Dominici F, Ebisu K, Zeger SL, Samet JM. 2007. Spatial and temporal varia-
tion in PM2.5 chemical composition in the United States for health effects stud-
ies. Environ Health Perspect 115(7):989–995, PMID: 17637911, https://doi.org/10.
1289/ehp.9621.

Block ML, Calderón-Garcidueñas L. 2009. Air pollution: mechanisms of neuroin-
flammation and CNS disease. Trends Neurosci 32(9):506–516, PMID: 19716187,
https://doi.org/10.1016/j.tins.2009.05.009.

Block ML, Elder A, Auten RL, Bilbo SD, Chen H, Chen J-C, et al. 2012. The outdoor
air pollution and brain health workshop. Neurotoxicology 33(5):972–984, PMID:
22981845, https://doi.org/10.1016/j.neuro.2012.08.014.

Breslow NS, Day NE. 1980. Statistical methods in cancer research. Volume I—the
analysis of case-control studies. IARC Sci Publ 32:5–338, PMID: 7216345.

Brockmeyer S, D’Angiulli A. 2016. How air pollution alters brain development: the
role of neuroinflammation. Transl Neurosci 7(1):24–30, PMID: 28123818,
https://doi.org/10.1515/tnsci-2016-0005.

Brokamp C, Beck AF, Goyal NK, Ryan P, Greenberg JM, Hall ES. 2019. Material
community deprivation and hospital utilization during the first year of life: an
urban population–based cohort study. Ann Epidemiol 30:37–43, PMID:
30563729, https://doi.org/10.1016/j.annepidem.2018.11.008.

Brokamp C, Jandarov R, Hossain M, Ryan P. 2018a. Predicting daily urban fine par-
ticulate matter concentrations using a random forest model. Environ Sci Technol
52(7):4173–4179, PMID: 29537833, https://doi.org/10.1021/acs.est.7b05381.

Brokamp C, Wolfe C, Lingren T, Harley J, Ryan P. 2018b. Decentralized and repro-
ducible geocoding and characterization of community and environmental
exposures for multisite studies. J Am Med Inform Assoc 25(3):309–314, PMID:
29126118, https://doi.org/10.1093/jamia/ocx128.

Calcia MA, Bonsall DR, Bloomfield PS, Selvaraj S, Barichello T, Howes OD. 2016.
Stress and neuroinflammation: a systematic review of the effects of stress
on microglia and the implications for mental illness. Psychopharmacology
(Berl) 233(9):1637–1650, PMID: 26847047, https://doi.org/10.1007/s00213-016-
4218-9.

Calderón-Garcidueñas L, Azzarelli B, Acuna H, Garcia R, Gambling TM, Osnaya N,
et al. 2002. Air pollution and brain damage. Toxicol Pathol 30(3):373–389, PMID:
12051555, https://doi.org/10.1080/01926230252929954.

Clougherty JE, Levy JI, Kubzansky LD, Ryan PB, Suglia SF, Canner MJ, et al. 2007.
Synergistic effects of traffic-related air pollution and exposure to violence on
urban asthma etiology. Environ Health Perspect 115(8):1140–1146, PMID:
17687439, https://doi.org/10.1289/ehp.9863.

Costa LG, Cole TB, Coburn J, Chang YC, Dao K, Roque P. 2014. Neurotoxicants are
in the air: convergence of human, animal, and in vitro studies on the effects of
air pollution on the brain. BioMed Res Int 2014:736385, PMID: 24524086,
https://doi.org/10.1155/2014/736385.

Dockery DW. 2009. Health effects of particulate air pollution. Ann Epidemiol
19(4):257–263, PMID: 19344865, https://doi.org/10.1016/j.annepidem.2009.01.
018.

Dockery DW, Pope CA III, Xu X, Spengler JD, Ware JH, Fay ME, et al. 1993. An
association between air pollution and mortality in six U.S. cities. N Engl J Med
329(24):1753–1759, PMID: 8179653, https://doi.org/10.1056/NEJM199312093292401.

Dominici F, Peng RD, Bell ML, Pham L, McDermott A, Zeger SL, et al. 2006. Fine
particulate air pollution and hospital admission for cardiovascular and respira-
tory diseases. JAMA 295(10):1127–1134, PMID: 16522832, https://doi.org/10.
1001/jama.295.10.1127.

Evans GW, Kim P. 2012. Childhood poverty, chronic stress, self-regulation, and
coping. Child Dev Perspect 7(1):43–48, https://doi.org/10.1111/cdep.12013.

Feng S, Gao D, Liao F, Zhou F, Wang X. 2016. The health effects of ambient PM2.5

and potential mechanisms. Ecotoxicol Environ Saf 128:67–74, PMID: 26896893,
https://doi.org/10.1016/j.ecoenv.2016.01.030.

Fernández-Niño JA, Astudillo-García CI, Rodríguez-Villamizar LA, Florez-Garcia VA.
2018. Association between air pollution and suicide: a time series analysis in
four Colombian cities. Environ Health 17(1):47, PMID: 29751838, https://doi.org/
10.1186/s12940-018-0390-1.

Franklin M, Koutrakis P, Schwartz J. 2008. The role of particle composition on the
association between PM2.5 and mortality. Epidemiology 19(5):680–689, PMID:
18714438, https://doi.org/10.1097/EDE.0b013e3181812bb7.

Gail MH, Lubin JH, Rubinstein LV. 1981. Likelihood calculations for matched case-
control studies and survival studies with tied death times. Biometrika
68(3):703–707, https://doi.org/10.1093/biomet/68.3.703.

Husky MM, Olfson M, He JP, Nock MK, Swanson SA, Merikangas KR. 2012.
Twelve-month suicidal symptoms and use of services among adolescents:
results from the National Comorbidity Survey. Psychiatr Serv 63(10):989–996,
PMID: 22910768, https://doi.org/10.1176/appi.ps.201200058.

Islam T, Urman R, Gauderman WJ, Milam J, Lurmann F, Shankardass K, et al. 2011.
Parental stress increases the detrimental effect of traffic exposure on child-
ren’s lung function. Am J Respir Crit Care Med 184(7):822–827, PMID: 21700914,
https://doi.org/10.1164/rccm.201104-0720OC.

Janes H, Sheppard L, Lumley T. 2005. Case–crossover analyses of air pollution ex-
posure data: referent selection strategies and their implications for bias.
Epidemiology 16(6):717–726, PMID: 16222160, https://doi.org/10.1097/01.ede.
0000181315.18836.9d.

Kelly FJ. 2003. Oxidative stress: its role in air pollution and adverse health effects.
Occup Environ Med 60(8):612–616, PMID: 12883027, https://doi.org/10.1136/oem.
60.8.612.

Kelly FJ, Fussell JC. 2012. Size, source and chemical composition as determinants
of toxicity attributable to ambient particulate matter. Atmos Environ 60:504–
526, https://doi.org/10.1016/j.atmosenv.2012.06.039.

Kewalramani A, Bollinger ME, Postolache TT. 2008. Asthma and mood disorders.
Int J Child Health Hum Dev 1(2):115–123, PMID: 19180246.

Khandaker GM, Cousins L, Deakin J, Lennox BR, Yolken R, Jones PB. 2015.
Inflammation and immunity in schizophrenia: implications for pathophysiology
and treatment. Lancet Psychiatry 2(3):258–270, PMID: 26359903, https://doi.org/
10.1016/S2215-0366(14)00122-9.

Kim SH, Shin SD, Song KJ, Ro YS, Kong SY, Kim J, et al. 2018. Association between
ambient PM2.5 and emergency department visits for psychiatric emergency
diseases. Am J Emerg Med 37(9):1649–1656, PMID: 30522934, https://doi.org/10.
1016/j.ajem.2018.11.034.

King RA, Schwab-Stone M, Flisher AJ, Greenwald S, Kramer RA, Goodman SH,
et al. 2001. Psychosocial and risk behavior correlates of youth suicide attempts
and suicidal ideation. J Am Acad Child Adolesc Psychiatry 40(7):837–846,
PMID: 11437023, https://doi.org/10.1097/00004583-200107000-00019.

Kingsbury M, Kirkbride JB, McMartin SE, Wickham ME, Weeks M, Colman I. 2015.
Trajectories of childhood neighbourhood cohesion and adolescent mental
health: evidence from a national Canadian cohort. Psychol Med 45(15):3239–
3248, PMID: 26169730, https://doi.org/10.1017/S0033291715001245.

Levy D, Lumley T, Sheppard L, Kaufman J, Checkoway H. 2001. Referent selection
in case-crossover analyses of acute health effects of air pollution.
Epidemiology 12(2):186–192, PMID: 11246579, https://doi.org/10.1097/00001648-
200103000-00010.

Maclure M. 1991. The case-crossover design: a method for studying transient
effects on the risk of acute events. Am J Epidemiol 133(2):144–153, PMID:
1985444, https://doi.org/10.1093/oxfordjournals.aje.a115853.

McCulloch A. 2001. Social environments and health: cross sectional national survey.
BMJ 323(7306):208–209, PMID: 11473913, https://doi.org/10.1136/bmj.323.7306.208.

McEwen BS. 2007. Physiology and neurobiology of stress and adaptation: central
role of the brain. Physiol Rev 87(3):873–904, PMID: 17615391, https://doi.org/10.
1152/physrev.00041.2006.

McLaughlin KA, Sheridan MA, Lambert HK. 2014. Childhood adversity and neural
development: deprivation and threat as distinct dimensions of early experi-
ence. Neurosci Biobehav Rev 47:578–591, PMID: 25454359, https://doi.org/10.
1016/j.neubiorev.2014.10.012.

Meltzer H, Vostanis P, Goodman R, Ford T. 2007. Children’s perceptions of neigh-
bourhood trustworthiness and safety and their mental health. J Child Psychol
Psychiatry 48(12):1208–1213, PMID: 18093026, https://doi.org/10.1111/j.1469-
7610.2007.01800.x.

Mesinger F, DiMego G, Kalnay E, Mitchell K, Shafran PC, Ebisuzaki W, et al. 2006.
North American Regional Reanalysis. Bull Am Meteorol Soc 87(3):343–360,
https://doi.org/10.1175/BAMS-87-3-343.

Newman NC, Ryan P, Lemasters G, Levin L, Bernstein D, Hershey GKK, et al. 2013.
Traffic-related air pollution exposure in the first year of life and behavioral
scores at 7 years of age. Environ Health Perspect 121(6):731–736, PMID:
23694812, https://doi.org/10.1289/ehp.1205555.

Environmental Health Perspectives 097006-6 127(9) September 2019

https://www.ncbi.nlm.nih.gov/pubmed/28435996
https://doi.org/10.1007/s40572-017-0134-3
https://www.ncbi.nlm.nih.gov/pubmed/25673816
https://doi.org/10.1093/aje/kwu341
https://www.ncbi.nlm.nih.gov/pubmed/29608357
https://doi.org/10.1377/hlthaff.2017.1280
https://doi.org/10.1377/hlthaff.2017.1280
https://www.ncbi.nlm.nih.gov/pubmed/20048222
https://doi.org/10.1001/archgenpsychiatry.2009.177
https://doi.org/10.1001/archgenpsychiatry.2009.177
https://www.ncbi.nlm.nih.gov/pubmed/20811286
https://doi.org/10.1097/EDE.0b013e3181f2f405
https://www.ncbi.nlm.nih.gov/pubmed/17637911
https://doi.org/10.1289/ehp.9621
https://doi.org/10.1289/ehp.9621
https://www.ncbi.nlm.nih.gov/pubmed/19716187
https://doi.org/10.1016/j.tins.2009.05.009
https://www.ncbi.nlm.nih.gov/pubmed/22981845
https://doi.org/10.1016/j.neuro.2012.08.014
https://www.ncbi.nlm.nih.gov/pubmed/7216345
https://www.ncbi.nlm.nih.gov/pubmed/28123818
https://doi.org/10.1515/tnsci-2016-0005
https://www.ncbi.nlm.nih.gov/pubmed/30563729
https://doi.org/10.1016/j.annepidem.2018.11.008
https://www.ncbi.nlm.nih.gov/pubmed/29537833
https://doi.org/10.1021/acs.est.7b05381
https://www.ncbi.nlm.nih.gov/pubmed/29126118
https://doi.org/10.1093/jamia/ocx128
https://www.ncbi.nlm.nih.gov/pubmed/26847047
https://doi.org/10.1007/s00213-016-4218-9
https://doi.org/10.1007/s00213-016-4218-9
https://www.ncbi.nlm.nih.gov/pubmed/12051555
https://doi.org/10.1080/01926230252929954
https://www.ncbi.nlm.nih.gov/pubmed/17687439
https://doi.org/10.1289/ehp.9863
https://www.ncbi.nlm.nih.gov/pubmed/24524086
https://doi.org/10.1155/2014/736385
https://www.ncbi.nlm.nih.gov/pubmed/19344865
https://doi.org/10.1016/j.annepidem.2009.01.018
https://doi.org/10.1016/j.annepidem.2009.01.018
https://www.ncbi.nlm.nih.gov/pubmed/8179653
https://doi.org/10.1056/NEJM199312093292401
https://www.ncbi.nlm.nih.gov/pubmed/16522832
https://doi.org/10.1001/jama.295.10.1127
https://doi.org/10.1001/jama.295.10.1127
https://doi.org/10.1111/cdep.12013
https://www.ncbi.nlm.nih.gov/pubmed/26896893
https://doi.org/10.1016/j.ecoenv.2016.01.030
https://www.ncbi.nlm.nih.gov/pubmed/29751838
https://doi.org/10.1186/s12940-018-0390-1
https://doi.org/10.1186/s12940-018-0390-1
https://www.ncbi.nlm.nih.gov/pubmed/18714438
https://doi.org/10.1097/EDE.0b013e3181812bb7
https://doi.org/10.1093/biomet/68.3.703
https://www.ncbi.nlm.nih.gov/pubmed/22910768
https://doi.org/10.1176/appi.ps.201200058
https://www.ncbi.nlm.nih.gov/pubmed/21700914
https://doi.org/10.1164/rccm.201104-0720OC
https://www.ncbi.nlm.nih.gov/pubmed/16222160
https://doi.org/10.1097/01.ede.0000181315.18836.9d
https://doi.org/10.1097/01.ede.0000181315.18836.9d
https://www.ncbi.nlm.nih.gov/pubmed/12883027
https://doi.org/10.1136/oem.60.8.612
https://doi.org/10.1136/oem.60.8.612
https://doi.org/10.1016/j.atmosenv.2012.06.039
https://www.ncbi.nlm.nih.gov/pubmed/19180246
https://www.ncbi.nlm.nih.gov/pubmed/26359903
https://doi.org/10.1016/S2215-0366(14)00122-9
https://doi.org/10.1016/S2215-0366(14)00122-9
https://www.ncbi.nlm.nih.gov/pubmed/30522934
https://doi.org/10.1016/j.ajem.2018.11.034
https://doi.org/10.1016/j.ajem.2018.11.034
https://www.ncbi.nlm.nih.gov/pubmed/11437023
https://doi.org/10.1097/00004583-200107000-00019
https://www.ncbi.nlm.nih.gov/pubmed/26169730
https://doi.org/10.1017/S0033291715001245
https://www.ncbi.nlm.nih.gov/pubmed/11246579
https://doi.org/10.1097/00001648-200103000-00010
https://doi.org/10.1097/00001648-200103000-00010
https://www.ncbi.nlm.nih.gov/pubmed/1985444
https://doi.org/10.1093/oxfordjournals.aje.a115853
https://www.ncbi.nlm.nih.gov/pubmed/11473913
https://doi.org/10.1136/bmj.323.7306.208
https://www.ncbi.nlm.nih.gov/pubmed/17615391
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.1152/physrev.00041.2006
https://www.ncbi.nlm.nih.gov/pubmed/25454359
https://doi.org/10.1016/j.neubiorev.2014.10.012
https://doi.org/10.1016/j.neubiorev.2014.10.012
https://www.ncbi.nlm.nih.gov/pubmed/18093026
https://doi.org/10.1111/j.1469-7610.2007.01800.x
https://doi.org/10.1111/j.1469-7610.2007.01800.x
https://doi.org/10.1175/BAMS-87-3-343
https://www.ncbi.nlm.nih.gov/pubmed/23694812
https://doi.org/10.1289/ehp.1205555


Niu J, Liberda EN, Qu S, Guo X, Li X, Zhang J, et al. 2013. The role of metal compo-
nents in the cardiovascular effects of PM2.5. PloS One 8(12):e83782, PMID:
24386277, https://doi.org/10.1371/journal.pone.0083782.

Oudin A, Åström DO, Asplund P, Steingrimsson S, Szabo Z, Carlsen HK. 2018. The
association between daily concentrations of air pollution and visits to a psy-
chiatric emergency unit: a case-crossover study. Environ Health 17(1):4, PMID:
29321054, https://doi.org/10.1186/s12940-017-0348-8.

Pebesma E. 2018. Simple features for R: standardized support for spatial vector
data. R J 10(1):439–446, https://doi.org/10.32614/RJ-2018-009.

Perera FP, Li Z, Whyatt R, Hoepner L, Wang S, Camann D, et al. 2009. Prenatal air-
borne polycyclic aromatic hydrocarbon exposure and child IQ at age 5 years.
Pediatrics 124(2):e195–e202, PMID: 19620194, https://doi.org/10.1542/peds.2008-
3506.

Pope CA III, Dockery DW. 2006. Health effects of fine particulate air pollution: lines
that connect. J Air Waste Manag Assoc 56(6):709–742, PMID: 16805397,
https://doi.org/10.1080/10473289.2006.10464485.

Porta D, Narduzzi S, Badaloni C, Bucci S, Cesaroni G, Colelli V, et al. 2016. Air pol-
lution and cognitive development at age 7 in a prospective Italian birth
cohort. Epidemiology 27(2):228–236, PMID: 26426942, https://doi.org/10.1097/
EDE.0000000000000405.

Pun VC, Manjourides J, Suh H. 2017. Association of ambient air pollution with
depressive and anxiety symptoms in older adults: results from the NSHAP
study. Environ Health Perspect 125(3):342–348, PMID: 27517877, https://doi.org/
10.1289/EHP494.

Réus GZ, Fries GR, Stertz L, Badawy M, Passos IC, Barichello T, et al. 2015. The
role of inflammation and microglial activation in the pathophysiology of psychi-
atric disorders. Neuroscience 300:141–154, PMID: 25981208, https://doi.org/10.
1016/j.neuroscience.2015.05.018.

Roberts S, Arseneault L, Barratt B, Beevers S, Danese A, Odgers CL, et al. 2019.
Exploration of NO2 and PM2.5 air pollution and mental health problems using
high-resolution data in London-based children from a UK longitudinal cohort
study. Psychiatry Res 272:8–17, PMID: 30576995, https://doi.org/10.1016/j.
psychres.2018.12.050.

Schmeer KK, Yoon A. 2016. Socioeconomic status inequalities in low-grade inflam-
mation during childhood. Arch Dis Child 101(11):1043–1047, PMID: 27371708,
https://doi.org/10.1136/archdischild-2016-310837.

Schneider A, Neas LM, Graff DW, Herbst MC, Cascio WE, Schmitt MT, et al. 2010.
Association of cardiac and vascular changes with ambient PM2.5 in diabetic
individuals. Part Fibre Toxicol 7(1):14, PMID: 20525188, https://doi.org/10.1186/
1743-8977-7-14.

Shonkoff JP, Boyce WT, McEwen BS. 2009. Neuroscience, molecular biology, and
the childhood roots of health disparities: building a new framework for health
promotion and disease prevention. JAMA 301(21):2252–2259, PMID: 19491187,
https://doi.org/10.1001/jama.2009.754.

Shonkoff JP, Garner AS, Committee on Psychosocial Aspects of Child and Family
Health; Committee on Early Childhood, Adoption, and Dependent Care; Section

on Developmental and Behavioral Pediatrics. 2012. The lifelong effects of early
childhood adversity and toxic stress. Pediatrics 129(1):e232–e246, PMID:
22201156, https://doi.org/10.1542/peds.2011-2663.

Snow SJ, Henriquez AR, Costa DL, Kodavanti UP. 2018. Neuroendocrine regulation
of air pollution health effects: emerging insights. Toxicol Sci 164(1):9–20, PMID:
29846720, https://doi.org/10.1093/toxsci/kfy129.

Suglia SF, Gryparis A, Schwartz J, Wright RJ. 2007. Black carbon associated with
cognition among children in a prospective birth cohort study. Epidemiology
18(5):S163, https://doi.org/10.1097/01.ede.0000276832.16732.94.

Sunyer J. 2008. The neurological effects of air pollution in children. Eur Respir J
32(3):535–537, PMID: 18757691, https://doi.org/10.1183/09031936.00073708.

Szyszkowicz M, Kousha T, Kingsbury M, Colman I. 2016. Air pollution and emer-
gency department visits for depression: a multicity case-crossover study.
Environ Health Insights 10:155–161, PMID: 27597809, https://doi.org/10.4137/EHI.
S40493.

Szyszkowicz M, Rowe BH, Colman I. 2009. Air pollution and daily emergency
department visits for depression. Int J Occup Med Environ Health 22(4):355–
362, PMID: 20197262, https://doi.org/10.2478/v10001-009-0031-6.

Szyszkowicz M, Willey JB, Grafstein E, Rowe BH, Colman I. 2010. Air pollution and
emergency department visits for suicide attempts in Vancouver, Canada.
Environ Health Insights 4:79–86, PMID: 21079694, https://doi.org/10.4137/EHI.
S5662.

Vines SK, Farrington CP. 2001. Within-subject exposure dependency in case-cross-
over studies. Stat Med 20(20):3039–3049, PMID: 11590631, https://doi.org/10.
1002/sim.960.

Wadsworth ME, Rienks SL. 2012. Stress as a mechanism of poverty’s ill effects on
children. making a case for family strengthening interventions that counteract
poverty-related stress. CYF News, Special Edition on Poverty, Health
Disparities, and the Nation’s Children. July 2012. Washington, DC: American
Psychological Association. https://www.apa.org/pi/families/resources/news
letter/2012/07/stress-mechanism [accessed 13 September 2019].

Wei Y, Han IK, Shao M, Hu M, Zhang OJ, Tang X. 2009. PM2.5 constituents and oxi-
dative DNA damage in humans. Environ Sci Technol 43(13):4757–4762, PMID:
19673262, https://doi.org/10.1021/es803337c.

WHO (World Health Organization). 2016. International Statistical Classification of
Diseases and Related Health Problems, 10th Revision. Geneva, Switzerland:
WHO. http://apps.who.int/classifications/icd10/browse/2016/en [accessed 13
September 2019].

Zanobetti A, Franklin M, Koutrakis P, Schwartz J. 2009. Fine particulate air pollu-
tion and its components in association with cause-specific emergency
admissions. Environ Health 8(1):58, PMID: 20025755, https://doi.org/10.1186/
1476-069X-8-58.

Zhao J, Gao Z, Tian Z, Xie Y, Xin F, Jiang R, et al. 2013. The biological effects of
individual-level PM2.5 exposure on systemic immunity and inflammatory
response in traffic policemen. Occup Environ Med 70(6):426–431, PMID:
23322918, https://doi.org/10.1136/oemed-2012-100864.

Environmental Health Perspectives 097006-7 127(9) September 2019

https://www.ncbi.nlm.nih.gov/pubmed/24386277
https://doi.org/10.1371/journal.pone.0083782
https://www.ncbi.nlm.nih.gov/pubmed/29321054
https://doi.org/10.1186/s12940-017-0348-8
https://doi.org/10.32614/RJ-2018-009
https://www.ncbi.nlm.nih.gov/pubmed/19620194
https://doi.org/10.1542/peds.2008-3506
https://doi.org/10.1542/peds.2008-3506
https://www.ncbi.nlm.nih.gov/pubmed/16805397
https://doi.org/10.1080/10473289.2006.10464485
https://www.ncbi.nlm.nih.gov/pubmed/26426942
https://doi.org/10.1097/EDE.0000000000000405
https://doi.org/10.1097/EDE.0000000000000405
https://www.ncbi.nlm.nih.gov/pubmed/27517877
https://doi.org/10.1289/EHP494
https://doi.org/10.1289/EHP494
https://www.ncbi.nlm.nih.gov/pubmed/25981208
https://doi.org/10.1016/j.neuroscience.2015.05.018
https://doi.org/10.1016/j.neuroscience.2015.05.018
https://www.ncbi.nlm.nih.gov/pubmed/30576995
https://doi.org/10.1016/j.psychres.2018.12.050
https://doi.org/10.1016/j.psychres.2018.12.050
https://www.ncbi.nlm.nih.gov/pubmed/27371708
https://doi.org/10.1136/archdischild-2016-310837
https://www.ncbi.nlm.nih.gov/pubmed/20525188
https://doi.org/10.1186/1743-8977-7-14
https://doi.org/10.1186/1743-8977-7-14
https://www.ncbi.nlm.nih.gov/pubmed/19491187
https://doi.org/10.1001/jama.2009.754
https://www.ncbi.nlm.nih.gov/pubmed/22201156
https://doi.org/10.1542/peds.2011-2663
https://www.ncbi.nlm.nih.gov/pubmed/29846720
https://doi.org/10.1093/toxsci/kfy129
https://doi.org/10.1097/01.ede.0000276832.16732.94
https://www.ncbi.nlm.nih.gov/pubmed/18757691
https://doi.org/10.1183/09031936.00073708
https://www.ncbi.nlm.nih.gov/pubmed/27597809
https://doi.org/10.4137/EHI.S40493
https://doi.org/10.4137/EHI.S40493
https://www.ncbi.nlm.nih.gov/pubmed/20197262
https://doi.org/10.2478/v10001-009-0031-6
https://www.ncbi.nlm.nih.gov/pubmed/21079694
https://doi.org/10.4137/EHI.S5662
https://doi.org/10.4137/EHI.S5662
https://www.ncbi.nlm.nih.gov/pubmed/11590631
https://doi.org/10.1002/sim.960
https://doi.org/10.1002/sim.960
https://www.apa.org/pi/families/resources/newsletter/2012/07/stress-mechanism
https://www.apa.org/pi/families/resources/newsletter/2012/07/stress-mechanism
https://www.ncbi.nlm.nih.gov/pubmed/19673262
https://doi.org/10.1021/es803337c
http://apps.who.int/classifications/icd10/browse/2016/en
https://www.ncbi.nlm.nih.gov/pubmed/20025755
https://doi.org/10.1186/1476-069X-8-58
https://doi.org/10.1186/1476-069X-8-58
https://www.ncbi.nlm.nih.gov/pubmed/23322918
https://doi.org/10.1136/oemed-2012-100864

	Pediatric Psychiatric Emergency Department Utilization and Fine Particulate Matter: A Case-Crossover Study
	Introduction
	Methods
	Results
	Discussion
	Acknowledgments
	References


