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Research into environmental factors associated with suicide has historically focused on meteorological variables.

Recently, a heightened risk of suicide related to short-term exposure to airborne particulate matter was reported.
Here, we examined the associations between short-term exposure to nitrogen dioxide, particulate matter, and sulfur
dioxide and completed suicide in Salt Lake County, Utah (n=1,546) from 2000 to 2010. We used a time-stratified
case-crossover design to estimate adjusted odds ratios for the relationship between suicide and exposure to air
pollutants on the day of the suicide and during the days preceding the suicide. We observed maximum heightened
odds of suicide associated with interquartile-range increases in nitrogen dioxide during cumulative lag 3 (average of
the 3 days preceding suicide; odds ratio (OR) = 1.20, 95% confidence interval (Cl): 1.04, 1.39) and fine particulate
matter (diameter <2.5 um) on lag day 2 (day 2 before suicide; OR = 1.05, 95% CI: 1.01, 1.10). Following stratification
by season, an increased suicide risk was associated with exposure to nitrogen dioxide during the spring/fall tran-
sition period (OR = 1.35, 95% ClI: 1.09, 1.66) and fine particulate matter in the spring (OR = 1.28,95% CI: 1.01, 1.61)
during cumulative lag 3. Findings of positive associations between air pollution and suicide appear to be consistent
across study locations with vastly different meteorological, geographical, and cultural characteristics.

air pollution; case-crossover studies; environmental exposure; nitrogen dioxide; particulate matter; risk factors; suicide

Abbreviations: Cl, confidence interval; IQR, interquartile range; OR, adjusted odds ratio; PM, 5, particulate matter with an
aerodynamic diameter <2.5 um; PM;, particulate matter with an aerodynamic diameter <10 um.

Editor’s note: An invited commentary on this article
appears on page 304, and the authors’ response appears
on page 309.

Suicide is the tenth leading cause of death in the United
States (1) and the eighth leading cause in Utah (2). Multiple
interacting factors influence a person’s risk of suicide, includ-
ing the presence of psychiatric and/or physical illness, previ-
ous and current social experiences, genetic susceptibility, and
exposure to environmental factors. Despite being recognized
as major contributors to suicide risk, the environmental risk
factors associated with suicide remain poorly understood.

Research into the environmental factors associated with sui-
cide has focused largely on the relationship between suicide
risk and meteorological variables. Peak suicide rates have been
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shown to be positively correlated with increasing durations of
sunshine and ambient temperatures (3) and negatively corre-
lated with decreasing amounts of precipitation (4). Recently,
the search for environmental risk factors associated with sui-
cide has broadened beyond meteorological variables to include
exposure to air pollutants. Studies conducted in the Republic
of Korea (5) and Taiwan (6) have identified a heightened risk of
suicide related to short-term exposure to particulate matter.
Further, Kim et al. (5) conducted a stratified analysis and
found that suicide risk was greatest among males and persons
aged 36-64 years, while a peak seasonal association was
identified during the “transition period,” defined as spring
and fall combined.

A similar relationship may exist between air pollution and
suicide risk in US populations, but this has yet to be examined.
Substantial differences in epidemiologic suicide patterns,
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including higher average suicide rates, lower male:female
suicide ratios, and higher elderly:general population suicide
ratios in Asian countries compared with the United States
(7), suggest that the relationship between air pollution expo-
sure and suicide in US populations may be hard to predict
based on recent findings in Asian populations.

In this study, we used a time-stratified case-crossover de-
sign to investigate the associations between acute exposure
to airborne particulate matter and gaseous air pollutants (ni-
trogen dioxide and sulfur dioxide) and suicide risk among
completed suicides occurring in Salt Lake County, Utah,
from 2000 to 2010. The Salt Lake Valley regularly experi-
ences wintertime inversions (a product of its geography and
weather), in which a mass of trapped cold air blankets the
valley floor. These intermittent inversions are often charac-
terized by an accumulation of air pollutants with daily aver-
age levels exceeding the Environmental Protection Agency’s
National Ambient Air Quality Standards (8). Researchers
have used data from these winter inversion events, in contrast
with data from improved wintertime air quality days, to de-
scribe associations between air pollution and increased rates
of daily mortality (9), hospital admissions for respiratory dis-
ease (10), and emergency department visits forasthma (11). We
hypothesized that Salt Lake County’s poor wintertime air
quality might show similar adverse associations with risk
of suicide completion.

Our primary objectives in this study were to investigate the
suicide risk associated with short-term air pollution exposure.
In addition, we examined how the relationship between acute
air pollution and suicide risk varied by suicide characteristics,
including season, method of death (violent vs. nonviolent),
sex, and age.

METHODS

Data on suicide decedents

The Utah Department of Health’s Office of the Medical
Examiner provided data on all completed suicides occur-
ring in Salt Lake County, Utah, between January 1, 2000, and
December 31, 2010 (n =1,546; Table 1). Data acquired on
each suicide decedent included date of death, age, sex, and
method of death. Age was categorized on the basis of similar
published studies (5). Method of death was classified as vio-
lent or nonviolent. Nonviolent methods of death included
drug overdose, drowning, poisoning, and gas; all other meth-
ods of death were categorized as violent.

Air pollution and meteorological data

Data on 4 air pollutants—including nitrogen dioxide (2
monitors), particulate matter with an aerodynamic diameter
<2.5 um (PM; s; 4 monitors), particulate matter with an aero-
dynamic diameter <10 um (PM(; 4 monitors), and sulfur di-
oxide (3 monitors)—were acquired for the study period
(December 29, 1999-December 31, 2010) from the Environ-
mental Protection Agency’s AirData website (http:/www.
epa.gov/airquality/airdata/). The daily exposure to air pollu-
tants assigned to Salt Lake County residents from January 1,
2000, to December 31, 2010, was estimated by averaging

Table 1. Characteristics of Decedents in 1,546 Completed Suicides,
Salt Lake County, Utah, 2000-2010

Males (n=1,210) Females (n=336)

Characteristic

No. % No. %

Age, years

<35 506 41.8 122 36.3

36-64 575 47.5 198 58.9

>65 128 10.6 15 4.5

Missing data 1 0.1 1 0.3
Season

Spring 334 27.6 74 22.0

Summer 293 242 89 26.5

Fall 317 26.2 99 29.5

Winter 266 22.0 74 22.0
Method of death®

Violent 1,016 84.0 173 51.5

Nonviolent 193 16.0 161 47.9

Missing data 1 0.1 2 0.6

@ Nonviolent methods of death included drug overdose, drowning,
poisoning, and gas; all other methods of death were categorized as
violent.

hourly air pollution measures across all monitors for a partic-
ular pollutant. Data were 99.9% complete for PM, 5, 71.5%
complete for PM ¢, 94.9% complete for nitrogen dioxide, and
95.9% complete for sulfur dioxide during the study period.
Multiple imputation of missing air pollutant data was con-
ducted in SAS, version 9.3 (SAS Institute, Inc., Cary, North
Carolina) using PROC MI. Five copies of the original data
set were made and 5 estimates of missing data were generated,
producing 5 complete data sets available for the analysis.

Meteorological data on daily mean temperature (°F), daily
mean dew point temperature (°F), and daily mean air pressure
(mb) for Salt Lake City International Airport were down-
loaded from the National Oceanic and Atmospheric Admin-
istration’s National Climatic Data Center (Global Surface
Summary of the Day data (https:/data.noaa.gov/dataset/global-
surface-summary-of-the-day-gsod)). Information on mean daily
sunlight (KJ/m?) for Salt Lake County was downloaded from the
Centers for Disease Control and Prevention’s WONDER
website (http:/wonder.cdc.gov/).

Statistical analyses

A time-stratified case-crossover design (12) was used to
examine the relationship between suicide risk and air pollu-
tant exposure among suicide decedents who had resided in
Salt Lake County, Utah. The day of the suicide was selected
as the case period, and the control period consisted of all days
falling on the same day of the week within the same month as
the case period. Each control period per case period was com-
prised of 3 or 4 control days. The time-stratified design was
selected because it is not subject to time-trend bias and be-
cause it controls for seasonality, day of the week, and cross-
subject variability (13).
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Table 2. Mean Air Pollution Concentrations and Mean Differences in Air Pollution Concentrations Between Case
and Control Periods for All Completed Suicides, Salt Lake County, Utah, 2000-2010

Mean (SD) Pollutant Concentration

Mean Difference

Pollutant and Measure - - in Pollutant Ink:quartile PValue
Case Periods Control Periods Concentration ange

PMs 5, ug/m®
LD O 10.99 (10.5) 11.05 (10.3) —-0.06 5.6-11.6 0.84
LD 1 11.18 (10.5) 11.01 (10.4) 0.17 5.6-11.7 0.57
LD 2 11.33 (10.7) 10.95 (10.4) 0.38 5.7-11.7 0.22
LD 3 11.38 (11.0) 11.10 (10.8) 0.28 5.6-11.5 0.38
CL1 11.18 (10.5) 11.01 (10.4) 0.17 5.6-11.7 0.57
CL2 11.23 (10.0) 10.95 (9.8) 0.28 5.8-11.7 0.33
CL3 11.26 (9.8) 10.99 (9.6) 0.27 6.0-11.8 0.33

PMo, ng/m®
LD O 33.16 (18.7) 32.84 (20.1) 0.32 19.5-41.3 0.63
LD 1 33.18 (19.4) 32.46 (20.3) 0.72 19.5-40.7 0.30
LD 2 33.21 (18.7) 32.21 (21.3) 1.00 19.3-40.0 0.14
LD 3 33.01 (18.6) 32.30 (20.0) 0.71 19.0-40.5 0.29
CLA1 33.18 (19.4) 32.46 (20.3) 0.72 19.5-40.7 0.30
CL2 33.21 (17.5) 32.40 (18.7) 0.81 20.3-40.6 0.17
CL3 33.00 (16.4) 32.28 (16.9) 0.72 20.9-39.3 0.18

Nitrogen dioxide, ppb
LD O 39.34 (11.2) 39.23 (11.3) 0.11 32.0-46.0 0.75
LD 1 39.57 (11.5) 39.05 (11.4) 0.52 32.0-45.5 0.13
LD 2 39.65 (11.4) 38.94 (11.3) 0.72 32.0-45.5 0.04
LD 3 39.72 (11.4) 38.91 (11.6) 0.81 32.045.5 0.02
CL1 39.57 (11.5) 39.05 (11.4) 0.52 32.045.5 0.13
CL2 39.65 (10.6) 38.98 (10.5) 0.67 32.3-45.3 0.03
CL3 39.66 (10.0) 38.94 (9.9) 0.72 32.7-44.8 0.02

Sulfur dioxide, ppb
LD O 7.90 (5.1) 7.87 (5.3) 0.03 4.7-9.7 0.83
LD 1 8.02 (4.9) 7.85 (5.1) 0.17 4.7-10.0 0.24
LD 2 7.96 (4.8) 7.94 (5.3) 0.02 4.7-10.0 0.88
LD 3 7.98 (5.3) 8.00 (5.4) —-0.03 4.7-10.0 0.87
CL1 8.02 (4.9) 7.85 (5.1) 0.17 4.7-10.0 0.24
CL2 7.98 (4.1) 7.88 (4.3) 0.10 5.0-9.8 0.42
CL3 7.97 (3.8) 7.90 (3.9) 0.06 5.2-9.9 0.57

Abbreviations: CL, cumulative lag; LD, lag day; PM. 5, particulate matter with an aerodynamic diameter <2.5 um;
PM,,, particulate matter with an aerodynamic diameter <10 um; ppb, parts per billion; SD, standard deviation.

Conditional logistic regression models were formulated to
measure the association of individual air pollutants (nitro-
gen dioxide, PM, 5, PM;, and sulfur dioxide) with suicide
risk, as represented by the odds ratios and 95% confidence
intervals related to an interquartile-range (IQR) increase in
mean air pollutant concentration. The strength of the rela-
tionship was also measured as the percent change in suicide
odds associated with an IQR increase in pollutant concen-
tration. A series of models were fitted considering expo-
sure to single-lag and cumulative-lag air pollution values.
The single-lag models examined the relationship between
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suicide risk and air pollutant concentration on the day of
the suicide (lag day 0) and on each of the 3 days preceding
the suicide (lag day 1, lag day 2, and lag day 3). For the
cumulative-lag models, 3 cumulative pollutant concentra-
tions were estimated separately for each pollutant, where cu-
mulative lag 1 was defined as the average concentration for
the day of the suicide and the day preceding the suicide, cu-
mulative lag 2 was the average concentration for the day of
the suicide and the 2 days preceding the suicide, and cumu-
lative lag 3 was the average for the day of the suicide and the 3
days preceding the suicide.
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The models included adjustment for the confounding ef-
fects of meteorological variables, including average daily
sunlight during the previous 3 days, daily mean temperature,
daily mean temperature for the previous 3 days, mean dew
point temperature, mean dew point temperature for the previ-
ous 3 days, daily mean air pressure, and daily mean air pres-
sure for the previous 3 days. All meteorological variables
except average daily sunlight were cubic spline—transformed
prior to being added to the models.

Further analyses were performed to evaluate variation in
the strength of the association between acute exposure to ni-
trogen dioxide and PM, 5 and suicide risk on lag days 2 and 3
and during cumulative lags 2 and 3 by suicide characteristic
or population subgroup. In this secondary analysis, data in
the models were stratified by age group (<35 years, 36-64
years, or >65 years), sex, season of death (spring, summer,
fall, or winter), and method of death (violent vs. nonviolent).
To allow for comparison of this study’s findings with those of
the Kim et al. study (5) by season, we also categorized season
of death into 2 periods: winter/summer (the “stable period”)
and spring/fall (the “transition period”).

Separate models were formulated for each of the 5 data sets
in which missing data were imputed. The MIANALYZE pro-
cedure in SAS 9.3 was used to combine model output and to
generate overall parameter estimates and standard errors. In-
stitutional review board—exempted approval was obtained for
this study from the University of Utah.

RESULTS
Study characteristics

The case and control periods included the 1,546 case days
and 4,297 control days. The sample of completed suicides
that occurred in Salt Lake County during the study period
was comprised predominately of males (78%). For both males
and females, the majority of completed suicides occurred in
the age group 36-64 years (48% for males and 59% for fe-
males). The largest percentage of suicides occurred in the
spring for males (28 %) and in the fall for females (30%). Sui-
cides were fewest in the winter for both males (22%) and fe-
males (22%). Violent methods of death were proportionally
more common among men (84%) than among women (52%;
Table 1).

Air pollution concentrations

The distributions of air pollutant concentrations during
case and control periods are shown in Table 2. Differences in
mean air pollution concentrations between case and control
periods were found for nitrogen dioxide on lag day 2 (P =
0.04), on lag day 3 (P =0.02), during cumulative lag 2 (P =
0.03), and during cumulative lag 3 (P = 0.02) (Table 2). Mean
air pollution concentrations during case periods were higher
than mean air pollution concentrations during control periods
for the majority of the air pollutants, except for PM, 5 on lag
day O (the actual day of the suicide; mean difference = —0.06)
and sulfur dioxide on lag day 3 (mean difference = —0.03).
Among case periods, PM, s and nitrogen dioxide pollu-
tants displayed a pattern of increasing concentration with
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Figure 1. Percent change in the odds of suicide associated with
interquartile-range (IQR) increases in exposure to nitrogen dioxide
(NOy), particulate matter with an aerodynamic diameter <10 um (PMyy),
particulate matter with an aerodynamic diameter <2.5 um (PM, s), and
sulfur dioxide (SO,) on lag days (LDs) 0 (day of the suicide), 1,2,and 3
(A) and during cumulative lags (CLs) 1, 2, and 3 (B), Salt Lake County,
Utah, 2000—-2010. The results were adjusted for average daily sunlight
during the previous 3 days, daily mean temperature, daily mean tem-
perature for the previous 3 days, mean dew point temperature, mean
dew point temperature for the previous 3 days, daily mean air pres-
sure, and daily mean air pressure for the previous 3 days.

increasing lag and cumulative lag times. This pattern was
not observed for PM, 5 and nitrogen dioxide pollutants dur-
ing the control periods.

Statistical models

Figure 1 displays the percent change in odds of suicide as-
sociated with IQR increases in nitrogen dioxide, PM, s,
PM,, and sulfur dioxide for the entire study sample. An in-
creased risk of suicide was associated with IQR increases in
the mean nitrogen dioxide concentration on lag day 2 (odds
ratio (OR) = 1.13, 95% confidence interval (CI): 1.01, 1.27),
on lag day 3 (OR =1.16, 95% CI: 1.05, 1.28), and during cu-
mulative lag 3 (OR =1.20,95% CI: 1.04, 1.39). An increased
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risk of suicide was also associated with IQR increases in the
mean PM, 5 concentration on lag day 2 (OR =1.05, 95% CI:
1.01, 1.10). The point estimate for percent change in the rela-
tive odds of suicide associated with IQR increases in mean pol-
lutant concentrations was greater than 0% for all pollutant/lag
combinations except PM; on lag day 0 and sulfur dioxide on
lag days O and 3.

We investigated how the association between short-term
air pollution exposure and suicide risk varied by suicide char-
acteristic and subgroup membership, including season, age,
sex, and method of death (Table 3). Our analysis showed
that the increased risk of suicide associated with exposure to
both nitrogen dioxide and PM, 5 was strongest among males.
The risk of suicide was also heightened among persons aged
3664 years who had been exposed to nitrogen dioxide on lag
day 3 and during cumulative lags 2 and 3 and exposed to PM, 5
on lag day 2. Variation by season was found, as the risk of
suicide increased following exposure to PM, 5 in the spring
and during the spring/fall transition period on lag day 2. The
risk of suicide following acute exposure to nitrogen dioxide
was heightened in the fall on lag day 3 and in the transition
period during cumulative lag 3. Finally, violent deaths were
associated with an increased risk of suicide following acute
exposure to both PM, 5 and nitrogen dioxide on lag days 2
and 3 and during cumulative lag 3.

DISCUSSION

To our knowledge, this is the first US-based study to have
found an association between short-term air pollution expo-
sure and heightened suicide risk. We found that increased sui-
cide risk was associated with single-day and cumulative
exposure to PM, 5 and nitrogen dioxide on and during the
2-3 days preceding a suicide in a sample of 1,546 completed
suicides in Salt Lake County, Utah. Associations were stron-
gest among males and persons aged 36—64 years. Suicide risk
varied by season; it was heightened in both the spring and
the spring/fall transition period following acute exposure to
PM, 5 and in both the fall and the spring/fall transition period
following acute exposure to nitrogen dioxide.

Previous research on suicide risk and air pollution is limited
but includes investigations of the associations of criteria air
pollutants with risk of suicide completion in the Republic of
Korea (PM, 5 and PM,) (5) and Taiwan (nitrogen oxide, car-
bon monoxide, sulfur dioxide, PM;) (6) and with emergency
room visits for suicide attempts in Vancouver, British Co-
lumbia, Canada (nitrogen dioxide, carbon monoxide, sulfur
dioxide, PM;) (14). Our findings advance support for an in-
fluential role of air pollution in suicide risk, but the study was
conducted in Salt Lake County, Utah, a location possessing
different climatic, geographical, and cultural characteristics
than the locations considered in previous studies.

In this study, we found statistically significant associations
of IQR increases in PM, 5 (but not in PM, ) with maximum
increased suicide risks of 5% in the entire study population
on lag day 2. In comparison, Kim et al. (5) found associations
between IQR increases in both PM, 5 (10.1% maximum in-
crease) and PM,, (9.0% maximum increase) and completed
suicide, but the associations with PM, were more consistent
and were especially amplified during cumulative lags 1 and 2.
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Yang et al. (6) identified a link between PM(, exposure in the
spring and suicide in the early summer, while Szyszkowicz
et al. (14) measured an excess suicide-attempt risk of 16% in
relation to an IQR increase in PM, o exposure during the cold
period (October—March) on lag day 0 in males. Szyszkowicz
et al. also explored the relationship between nitrogen dioxide
exposure and suicide attempts and found a maximum in-
creased risk of 23.9% among males exposed to nitrogen di-
oxide during the cold period on lag day 1 (14). In our study,
which explored the link between nitrogen dioxide and com-
pleted suicide, transient exposure to an IQR increase in nitro-
gen dioxide was associated with maximum increased suicide
risks of 20% in the entire study population and 25% among
males during cumulative lag 3.

A number of mechanisms have been proposed to explain
the deleterious association between air pollutants, including
fine particulate matter (PM, 5) and nitrogen dioxide, and sui-
cide risk. Both PM, 5 and nitrogen dioxide may pose risks to
physical and mental health, because they can efficiently per-
meate the thoracic airways due to their small size (15). They
are potent oxidants, and their inhalation has been shown
to reduce respiratory function, leading to decreased oxygen
saturation, oxidative stress, and hypoxemia (16, 17). Studies
of hypobaric hypoxia have shown that exposure can cause an
increase in brain dopamine and tyrosine hydroxylase levels
and a decrease in serotonin and tryptophan hydroxylase lev-
els (18). Decreased levels of serotonin have been implicated
in the neurobiology of suicide (19).

Fine particulate matter and nitrogen dioxide also have strong
inflammatory effects (20) and may increase suicide risk by
altering the functioning of the central nervous system through
a proinflammatory response pathway. Inflammatory responses
are linked to the pathophysiology of depression through the
release of proinflammatory cytokines (21). Persons whose
depression is exacerbated by air pollutants may be at increased
risk for suicide. Similarly, exposure to PM, 5 has been shown
to exacerbate physical health conditions such as cardiovascular
and respiratory illness (22). Exacerbation of preexisting phys-
ical health conditions can trigger depression and depressive
symptoms, which may ultimately increase a person’s risk of
suicide (23).

Although nitrogen dioxide and particulate matter share
plausible biological mechanisms with regard to suicide,
more research attention has historically been paid to the de-
trimental health effects of particulate matter than to those of
nitrogen dioxide. However, both particulate matter exposure
and nitrogen dioxide exposure have been linked to emer-
gency room visits for depression and symptoms of depres-
sion (24, 25). Further, outdoor PM, 5 and nitrogen dioxide
concentrations have been found to be highly correlated, as
they are both products of industrial and domestic combustion
(26). This correlation can make it challenging to separate the
contributions of individual pollutants (27), and investigators
have reported that correlated air pollutants can have con-
founding (28) or modifying (29) effects. In contrast, other
studies have found that controlling for multiple pollutants
in an analysis did not have substantial impacts on an individ-
ual pollutant’s risk estimate (25, 30).

In this study, suicide risk fluctuated with season and peaked
in the spring (PM, 5) and during the spring/fall transition
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Table 3. Adjusted Odds of Suicide Associated With Interquartile-Range Increases in PM, 5 and Nitrogen Dioxide
Concentrations, by Lag and Subgroup, Salt Lake County, Utah, 2000-2010

Lag or Lag Period

S:il:g;g;&::f Lag Day 2 Lag Day 3 Cumulative Lag 2 Cumulative Lag 3
OR? 95% CI OR? 95% CI OR? 95% CI OR? 95% CI
Sex
Male
PMs 5 1.06 1.01,1.12 1.06 1.01,1.10 1.05 0.99,1.11 1.06 1.00, 1.13
NO, 1.18 1.04,1.34 119 1.06,1.33 1.16 0.98,1.36 1.25 1.07,1.47
Female
PM 5 1.00 091,109 095 0.87,1.04 099 0.89 1.11 0.97 0.87,1.09
NO. 097 0.76,123 1.04 0.83,129 1.03 0.75,1.40 1.04 0.77,1.41
Age, years
<35
PM; 5 1.02 095,109 1.03 097,109 1.04 0.96,1.13 1.04 0.96, 1.13
NO, 1.08 091,128 1.06 090,124 121 0.96,1.51 1.20 0.96, 1.51
36-64
PMa 5 1.07 1.01,115 1.03 097,1.09 1.03 0.95,1.11 1.03 0.96,1.12
NO, 115 097,137 120 1.05,139 1.01 0.82,1.25 1.13 0.92,1.39
>65
PMs 5 1.06 091,124 1.09 096,124 1.00 0.81,1.22 1.05 0.86, 1.28
NO» 116 0.78,1.72 136 096,194 126 0.75,2.13 1.51 0.88,2.58
Season
Spring
PMs 5 118 1.01,1.38 1.08 094,125 125 1.00,1.56° 128 1.01,1.61
NO, 123 098,153 1.17 095,145 128 0.92,1.77 141 1.00, 1.99°
Summer
PM 5 1.05 086,127 099 0.80,121 1.02 0.79,1.33 1.02 0.76,1.35
NO, 114 087,150 1.06 0.83,1.36 1.01 0.71,1.44 1.05 0.73,1.51

period (nitrogen dioxide). The springtime peak observed in
this study is consistent with the seasonality patterns associated
with suicide rates—a well-documented phenomenon (31, 32)
that is often attributed to the effects of meteorological factors
(3). In this and previous studies (5, 14), heightened suicide
risk during the spring and the transition period persisted after
controlling for the confounding effects of meteorological
variables.

Salt Lake County, Utah, experiences wintertime tempera-
ture inversions that trap air pollutants, principally particulate
matter, in a layer of cold air (33), a scenario which has been
associated with poor physical health outcomes (9-11). Be-
cause particulate matter concentrations peak during the win-
ter in Salt Lake County (34), we expected air pollution to be
associated with the greatest risk of suicide during the winter.
However, our findings did not support this hypothesis. In con-
trast, the suicide risk peaks observed during the spring and the
transition period suggested that air pollution may interact with
additional spring or spring/fall suicide risk factors to increase
risk among susceptible individuals, such as those with certain
psychiatric conditions (e.g., mood disorders) (35) or pollen
allergies (36).

Table continues

This study supports previous findings that males (5, 14)
and persons aged 35-64 years (5) are subgroups for which the
association between air pollution and suicide is especially
strong. In the United States, men are at greater risk for suicide
than women and, in general, suicide risk increases linearly with
age (37). Persons in these subgroups may be more sensitive to
air pollution because their exposure is greater. Alternatively,
the individual-level susceptibility factors that increase a per-
son’s risk following exposure may be more common among
men and persons aged 36—64 years. Conversely, limited sam-
ple sizes may have precluded the identification of heightened
suicide risk in other subgroups, as insufficient power for detect-
ing associations can be an issue in case-crossover analyses (38).

Although many of our findings are consistent with previous
studies, there are a few possible explanations for between-
study discrepancies. First, our daily PM,, data were 71.5%
complete for our study period, and multiple imputation was
conducted to estimate missing data. However, the approach
we took of imputing a data set missing 30% of its data 5
times was expected to yield estimates with 94% precision
(39), which suggests that incompleteness of PM; data was
not a study limitation. Second, air pollution compositions
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Table 3. Continued

Lag or Lag Period

Subgroup and

Air Pollutant Lag Day 2 Lag Day 3 Cumulative Lag 2 Cumulative Lag 3
OR? 95% ClI OR? 95% CI OR? 95% CI OR? 95% CI

Fall

PMy 5 1.08 095,122 1.05 094,118 1.08 0.94,1.25 1.09 0.94,1.26

NO, 1.08 087,133 131 1.04,165 1.17 0.87,157 1.30 0.98,1.73
Winter

PMy s 1.00 0.93,1.07 101 0.96,1.07 095 0.87,1.04 0.97 0.89,1.06

NO, 1.03 083,128 1.04 0.88,123 094 0.71,1.26 0.98 0.75,1.29
Transition period

(spring/fall)

PM., 5 111 101,122 1.06 098,116 1.10 0.99,1.23 111 0.99,1.25

NO, 1.15 099,133 124 1.07,144 122 0.99, 1.51 1.35 1.09, 1.66
Stable period

(summer/winter)
PMy s 1.02 0.96,1.08 1.02 0.97,1.07 0.99 0.92 1.07 1.00 0.93,1.08
NO, 1.09 093,129 106 092,122 1.02 0.821.25 1.05 0.85,1.30
Method of death®

Violent

PM, 5 1.07 1.02,1.12 1.06 1.01,1.10 1.06 1.00,1.12°® 1.07 1.01,1.13

NO, 1.16 1.02,1.32 120 1.06,1.35 1.17 0.99, 1.37 127 1.07,1.50
Nonviolent

PM, s 1.02 093,111 099 091,107 1.00 0.90,1.13 1.00 0.89,1.11

NO, 1.09 086,138 1.08 0.88,133 1.09 0.80,1.50 1.13 0.83,1.52

Abbreviations: Cl, confidence interval; NO,, nitrogen dioxide; OR, odds ratio; PM, 5, particulate matter with an

aerodynamic diameter <2.5 um.

& Adjusted for average daily sunlight during the previous 3 days, daily mean temperature, daily mean temperature
for the previous 3 days, mean dew point temperature, mean dew point temperature for the previous 3 days, daily mean
air pressure, and daily mean air pressure for the previous 3 days.

b 95% Cl excluded 1.00 before rounding to 2 decimal places.

¢ Nonviolent methods of death included drug overdose, drowning, poisoning, and gas; all other methods of death

were categorized as violent.

are likely to vary within and across urban study sites as a re-
sult of differences in meteorological, topographical, and en-
vironmental variables and differences in the type and location
of emission sources (40). We and previous investigators used
citywide (5, 6, 14) or countywide daily average air pollutant
concentrations to assign individual exposures, which may
have biased estimates of association towards the null (41).
To reduce bias, future studies should use air pollution expo-
sure assessment tools with finer spatial and temporal resolu-
tion to characterize individual exposure, such as land-use
regression models (42, 43) or interpolation methods (44).
Third, population-level differences, including the incidence
of comorbid conditions and personal risk factors, may be
partly responsible for discrepancies between locations. In
particular, Kim et al. (5) showed that the association with
PM, exposure was especially acute in persons with cardio-
vascular disease. However, the incidence of conditions such
as cardiovascular disease varies geographically among pop-
ulations (45) and may be considerably different between the
Republic of Korea and Salt Lake County, Utah. Although our
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use of individual-level data was a study strength, we did not
have access to data on other valuable individual-level charac-
teristics, including the presence of physical and mental comor-
bidity, smoking behavior, and socioeconomic class. Another
study limitation may have been the potential misclassifica-
tion of some nonsuicide deaths as suicides. However, the Utah
Department of Health’s Office of the Medical Examiner con-
siders interview data and evidence from the site of death in de-
termining whether suicide was a cause of death, which may
minimize misclassification. Air pollution data for this study
were specific to Salt Lake County, Utah, and findings may
not be generalizable to other parts of Utah or to the United
States as a whole. Finally, exposure to air pollutants was as-
sumed to occur among residents of Salt Lake County; alterna-
tive sources of air pollution exposure, including occupational
and household exposures, were not considered in this study.
This study focused on suicide decedents and did not in-
clude persons who attempted suicide, because these 2 groups
share some risk factors (e.g., the presence of a psychiatric
diagnosis) but also have distinct risk factors (e.g., sex, the
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presence of stressful life events) (46—48). We hypothesize
that the relationship between air pollution and suicide differs
between attempters and completers and that these differences
are biologically meaningful. Variation in findings between
our study and that of Szyszkowicz et al. (14), which explored
the relationship between ambient air pollution and suicide at-
tempts, suggests that this might be the case.

In summary, we identified an increased risk of suicide as-
sociated with acute exposure to nitrogen dioxide and PM, 5
during the days preceding suicide in Salt Lake County,
Utah. Previous studies of completed suicide focused largely
on the relationship with particulate matter, and to our knowl-
edge this was the first study to explicitly explore nitrogen di-
oxide’s role. In the context of prior studies of air pollution
and suicide, findings of overall positive associations between
air pollution and suicide are consistent. Thus, the observed
association appears to be present across environments with
different meteorological conditions, geographical features,
and population attributes.
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