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• Air pollution is associated with mental
health problems.

• We investigated the risk of suicide death
on exposure to air pollution.

• Adults exposed to high air pollution had
an increased likelihood for suicide
death.

• Adults having an underling disease and
living in metropolitan areas were more
susceptible to air pollution exposure.

• Air pollution may be a risk factor for
completed suicide.
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Suicide is a major public health problem. Previous studies have reported a significant association between acute
exposure to air pollution and suicide; little attention has been paid to the long-term effects of air pollution on risk
of suicide. We investigated whether long-term exposure to particulate matter of ≤10 μm in diameter (PM10), ni-
trogen dioxide (NO2), and sulfur dioxide (SO2) would be associated with a greater risk of death by suicide. The
study sample comprised 265,749 adults enrolled in the National Health Insurance Service-National Sample Co-
hort (2002−2013) in South Korea. Suicide death was defined as per ICD-10 code. Data on air pollution exposure
used nationwide monitoring data, and individual exposure levels were assigned using geographic information
systems. Air pollution exposure was categorized as the interquartile range (IQR) and quartiles. Hazards ratios
(HRs) were calculated for the occurrence of suicide death after adjusting for potential covariates. During the
study period, 564 (0.2%) subjects died from suicide. Increases in IQR pollutants (7.5 μg/m3 for PM10, 11.8 ppb
for NO2, and 0.8 ppb for SO2) significantly increased HR for suicide death [PM10: HR = 3.09 (95% CI:
2.63–3.63); NO2: HR = 1.33 (95% CI: 1.09–1.64); and SO2: HR = 1.15 (95% CI: 1.07–1.24)]. Compared with the
lowest level of air pollutants (Quartile 1), the risk of suicide significantly increased in the highest quartile level
(Quartile 4) for PM10 (HR = 4.03; 95% CI: 2.97–5.47) and SO2 (HR = 1.65; 95% CI: 1.29–2.11) and in the third
quartile for NO2 (HR= 1.52; 95% CI: 1.17–1.96). HRs for subjects with a physical ormental disorder were higher
than that those for subjects without the disorder. Subjects living in metropolitan areas were more vulnerable to
long-term PM10 exposure than those living in non-metropolitan areas. Long-term exposure to air pollution was
associatedwith a significantly increased risk of suicide death. People having underlying diseases or living inmet-
ropolitan areas may be more susceptible to high air pollution exposure.
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1. Introduction

Suicide is a major public health problem around the world. An esti-
mated 1.4% of deaths worldwide are a result of suicide, making it the
15th leading cause of death (World Health Organization, 2014). Suicide
completion is not just a threat to personal life but also poses a substan-
tial burden on individuals, families, and communities (World Health
Organization, 2014). Suicidal behaviors are largely influenced by a vari-
ety of factors such as individual traits (i.e., poverty, impulsive aggres-
sion, and physical and mental health status), interpersonal conflict,
and lack of social supports and networks (Sinyor et al., 2017; Turecki
and Brent, 2016).

The possible association between environmental exposure to pollut-
ants and suicide has recently become a concern (Sinyor et al., 2017).
One important environmental exposure is air pollution (Bakian et al.,
2015; Kim et al., 2010; Kim et al., 2015; Szyszkowicz, 2010; Yang
et al., 2011). Historically, air pollution has been a significant contributor
to the development of cardiovascular and respiratory illnesses andmor-
tality (Brunekreef and Holgate, 2002; Hoek et al., 2013); emerging evi-
dence also suggests the existence of air pollution-inducedmental health
problems (Lim et al., 2012; Min and Min, 2017; Oudin et al., 2016;
Power et al., 2015; Sass et al., 2017). Exposure to particulate matter of
≤10 μg/m (PM10), particulate matter of ≤2.5 μg/m (PM2.5), nitrogen di-
oxide (NO2), or ozone (O3) was significantly associated with the preva-
lent symptoms of depression and anxiety as well as psychological
distress (Lim et al., 2012; Power et al., 2015; Sass et al., 2017). Compared
with children and adolescents living in areas with lower air pollution,
those living in areas with higher air pollution were more likely to be di-
agnosed with childhood Attention Deficit Hyperactivity Disorder or to
have a dispensed medication for a psychiatric disorder (Min and Min,
2017; Oudin et al., 2016).

Considering the close relationship between air pollution exposure
and mental health, it is not surprising that previous studies found that
high exposure to air pollutants is significantly associated with an in-
creased risk of completed suicide (Bakian et al., 2015; Kim et al., 2010;
Kim et al., 2015; Szyszkowicz, 2010; Yang et al., 2011). A study con-
ducted in South Korea analyzed a total of 4341 suicide cases from data
on suicides that occurred in seven metropolitan cities in 2004 (Kim
et al., 2010). The authors found that exposures to PM10 on lag day 2
and PM2.5 on lag day 1 were associated with maximum increases of
9.0% and 10.1% in suicide completion. A US-based study conducted by
Bakian et al. (2015) identified a significant association between short-
term exposure to air pollutants and suicide completed in Salt Lake
County, Utah (Bakian et al., 2015). The adjusted odds for suicide death
were 20% for NO2 on lag day 3 and 5% for PM2.5 on lag day 2. A recent
Chinese study found a similar relationship between air pollution and
suicide death (Lin et al., 2016). Additional studies have documented
the seasonal variation (i.e., for summer and cold) in the association be-
tween air pollution and the risk of suicide (Szyszkowicz, 2010; Yang
et al., 2011).Although most previous studies have demonstrated the
short-term effect of air pollutants on completed suicide (Bakian et al.,
2015; Kim et al., 2010; Kim et al., 2015; Yang et al., 2011), epidemiologic
studies have suggested a potential effect of long-term air pollution on
aspects of poor mental health in humans (Kim et al., 2016; Min and
Min, 2017; Tzivian et al., 2015). Mice exposed to PM2.5for 10 months
showed depressed-like affective responses or cognitive impairment,
through increased in circulating inflammatory markers or structural
changes in hippocampus (Fonken et al., 2011). Based on this circum-
stantial evidence, examining the association between long-term expo-
sure to air pollution and completed suicide may be a valuable
contribution to extend findings from previous research.

In the current study, we hypothesized that long-term exposure to air
pollution is associated with a higher risk of suicide. Using a representa-
tive cohort of South Koreans, we conducted a prospective population-
based study with a 4-year baseline period (2002–2005) and an 8-year
follow-up assessment (2006–2013) to examine the association
between long-term exposure to airborne particulate and gaseous pol-
lutants and death by suicide in adults. Considering that the health im-
pact of air pollution differs depending on underlying diseases (Bateson
and Schwartz, 2004; Mann et al., 2002; Peel et al., 2007), and air quality
is different in urban and rural residential areas (Ahn, 2015; Strosnider
et al., 2017), we further analyzed the association between air pollution
and suicide by the presence of a physical or mental disease and residen-
tial areas.

2. Materials and methods

2.1. Data source and study population

The National Health Insurance Service (NHIS) in South Korea pro-
vides mandatory social insurance programs for the entire population
through government subsidies. TheNHIS is the source of nearly allmed-
ical data serviced in healthcare facilities includingmedical examinations
and treatment, prescriptions, personal information, and diagnostic
codes, as per the International Classification of Diseases (ICD).

TheNHIS-National Sample Cohort (NHIS-NSC) is a population-based
cohort extracted from the NHIS database (project number: NHIS-2016-
2-0081). The NHIS-NSC was constructed by a stratified random sam-
pling design using age, gender, income, residential area, and annual
medical expenses to ensure representativeness of the South Korean
population. A total of 1,025,340 subjectswho account for approximately
2.2% of the total eligible population, comprised the cohort in 2002; these
subjects were followed-up until 2013 (Lee et al., 2016).

From the NHIS-NSC, we initially included 746,816 subjects who
were aged ≥20 years in 2002. We excluded adults who had incomplete
data on address and income (n = 22,878); the remaining population
consisted of 723,938 subjects. Of these, approximately 37% had com-
pleted at least one medical examination and questionnaires on health
behaviors (i.e., exercise, smoking status, and alcohol consumption),
and so 458,189 subjects were excluded for the current study. A total of
265,749 adults were included for the final analysis. The study protocol
was approved by the Institutional Review Board of Seoul National Uni-
versity Hospital. Informed consent was exempted by the committee.

2.2. Variables

As the main outcome variable, suicide death was defined as “death
arising from an act inflicted upon oneself with the intent to kill oneself”.
Death due to suicide was defined as ICD-10 codes X60-X84.

Demographic characteristics, health behaviors, and the presence of
mental and physical diseases were gathered as baseline characteristics
of the study population in 2002–2005. Demographic variables included
age in 10-year increments (20–29, 30–39, 40–49, 50–59, 60–69, 70–79,
or ≥80 years), sex (male or female), residential area (metropolitan or
non-metropolitan), and household income relative to the median
(b25%, 25–50%, 50–75%, or N75%). Body mass index (BMI) was calcu-
lated as an individuals' weight in kilograms divided by height in meters
squared, and was categorized as a binary variable (b25.0 or
≥25.0 kg/m2). Health behaviors included exercise (yes or no), smoking
experiences [no (never smoked) or yes (previously or currently
smoker)], and alcohol consumption (yes or no). Disease status was de-
fined as having a physical ormental disease potentially affecting the risk
of suicide (Bostwick and Pankratz, 2000; Bronisch andWittchen, 1994;
Juurlink et al., 2004; Palmer et al., 2005; Scott et al., 2010). Physical
health status was based on the Charlson comorbidity index (CCI) devel-
oped by Quan et al. (2005), in which the score ≥ 1 was classified as the
presence of physical diseases (Quan et al., 2005). Mental health prob-
lems were defined as psychological conditions including anxiety, de-
pression, major affective disorder, and schizophrenia (Bostwick and
Pankratz, 2000; Bronisch and Wittchen, 1994; Palmer et al., 2005).
The presence of psychiatric conditions was diagnosed by family physi-
cians or general practitioners and specialist physicians in a hospital or



Table 1
Characteristics of study population.

Characteristics Total population no. of suicide
cases (%a)

Age (years)
20–29 48,264 39 (0.08)
30–39 60,159 88 (0.15)
40–49 70,509 124 (0.18)
50–59 44,506 102 (0.23)
60–69 31,508 144 (0.46)
70–79 9584 57 (0.59)
≥80 1219 10 (0.82)

Sex
Male 145,189 419 (0.29)
Female 120,560 145 (0.12)

Residential areas
Metropolitan 123,399 236 (0.19)
Non-metropolitan 142,350 328 (0.23)

Household income relative to the median (%)
Lowest (b25%) 84,718 214 (0.25)
25–50% 52,291 115 (0.22)
50–75% 60,562 118 (0.19)
Highest (N75%) 68,178 117 (0.17)

BMI (kg/m2)
b25 175,451 395 (0.23)
≥25 90,298 169 (0.19)

Exercise
No 124,031 292 (0.24)
Yes 141,718 272 (0.19)

Smoking status
Never 68,415 192 (0.28)
Current smoker 197,334 372 (0.19)

Alcohol consumption
No 121,911 248 (0.20)
Yes 143,838 316 (0.22)

Disease statusb

No 192,077 299 (0.16)
Yes 73,672 265 (0.36)

BMI, body mass index; CCI, Charlson Comorbidity Index.
a % means percentage of suicide cases corresponding to each category in individual

characteristics.
b Disease state means whether there is a physical or mental health problem. The CCI

score of ≥1 or the presence of psychiatric conditions (i.e., anxiety, depression, major affec-
tive disorder, and schizophrenia) was considered to be having a disease status.
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clinic, and the ICD-10 code was as follows: anxiety (ICD-10: F40-F41),
depression (ICD-10: F32-F33), major affective disorder (ICD-10: F34,
F38, F39), and schizophrenia (ICD-10: F20). Meteorological data were
obtained from the National Meteorological Office and included as the
yearly mean values of temperature and precipitation.

2.3. Estimation of individual exposure to air pollutants

We obtained air pollution data [particulate matter ≤10 μm in diame-
ter (PM10), nitrogen dioxide (NO2), and sulfur dioxide (SO2)] from the
National Ambient Air Monitoring Information System (NAMIS) (Korea
Environment Corporation, 2017). The NAMIS provided daily air pollu-
tion data from community-based monitoring sites (267 sites in 2002)
that were available in real-time through the organizations' website
(Korea Environment Corporation, 2017). We downloaded the pollutant
data for PM10, NO2, and SO2 and calculated their annual mean levels
from January 2002 to December 2012. We then computed the long-
term average exposure levels of these pollutants over a specific period
(i.e., until diagnosis of suicide death or end of the study period) for
each individual.

Since data on air pollution levels were not available for all areas of
South Korea, we applied the interpolation technique using geographic
information systems (GIS) tools (Arc GIS Version 10.4, ESRI, Redlands,
CA, USA) to estimate PM10, NO2, and SO2 levels in unmonitored regions.
All monitoring sites were integrated within the GIS, and the Kriging
geo-statistical method was used for the spatial interpolation of air pol-
lution data; this methodology has been widely used to assess the effect
of air pollutants on health (Jerrett et al., 2005). Individual exposure
levels to air pollutants were based on their addresses, and we matched
the extracted regional levels of the pollutants with persons' administra-
tive district codes. Furthermore, we recorded changes in an individual's
residence during the study period; if a participant shifted to a new
house, the individual exposure level to air pollution was based on the
area in which the person had spent the longest time in a given year.

2.4. Statistical analysis

To estimate the effect of air pollutants on suicide death, long-term
PM10, NO2, and SO2 exposure levels from 2002 to the occurrence of sui-
cide completion or end of the study period, as applicable, were scaled to
the interquartile range (IQR) for each pollutant (7.5 μg/m3 for PM10,
11.8 ppb for NO2, and 0.8 ppb for SO2). Air pollutants were also catego-
rized into quartiles with three cut-off points (25th, 50th, and 75th per-
centiles) for PM10 (Quartile 1, b51.25 μg/m3; Quartile 2, 51.25–55.84 μg/
m3; Quartile 3, 55.84–58.73 μg/m3; and Quartile 4, ≥58.73 μg/m3), NO2

(Quartile 1, b20.9 ppb; Quartile 2, 20.9–24.1 ppb; Quartile 3,
24.1–32.7 ppb; and Quartile 4, ≥32.7 ppb), and SO2 (Quartile 1,
b5.1 ppb; Quartile 2, 5.1–5.4 ppb; Quartile 3, 5.4–5.9 ppb; and Quartile
4, ≥5.9 ppb). We conducted Cox-proportional hazards regression for
multivariable analysis of the occurrence of completed suicide by an
IQR increase (μg/m3 or ppb) of long-term exposure to PM10, NO2 and
SO2 from 2002 to suicide completion or end of the study period.We cal-
culated hazard ratios (HRs) and 95% confidence intervals (CIs) for the
outcomevariable associatedwith each pollutant per increase in IQR. Ad-
ditionally, HRs for each pollutant quartile level (Quartiles 2–4) were
compared with Quartile 1 (reference group). The proportional hazards
assumption for themodelwas confirmed. The Cox-proportional hazards
regression model was adjusted for demographic variables (i.e., age, sex,
residential area, and household income), health behaviors (i.e., exercise,
smoking, and alcohol consumption), disease status (with or without a
physical or mental disease), and metrological variables
(i.e., temperature and precipitation). To investigate themodification ef-
fect on disease status, we classified the subjects into the two groups,
with andwithout a physical or mental disease, and analyzed the associ-
ation between air pollution and suicide death in each group.We further
examined the association by stratifying residential areas as
metropolitan and non-metropolitan. All analyses were performed
using SAS 9.4 software (SAS Institute, Cary, NC, USA), and the statistical
significance level was set at α = 0.05.

3. Results

Table 1 shows the total population and the number and percentage
of suicide death. Adults who died from suicide were more likely to be
older, be male, live in non-metropolitan area, be in the lowest house-
hold income bracket, and have a low BMI. Adults who died from suicide
weremore likely to not exercise, to have never smoked, to drink alcohol,
and to be having a disease status (in other words ‘with a physical or
mental disease’).

Although correlations varied from pollutant to pollutant, there were
significant positive correlations among each pollutant (Supplementary
Table 1). The highest correlation levels were found between PM10 and
NO2 (r = 0.68, p-value ≤ 0.0001).

Table 2 indicates the comparison of mean air pollution (PM10, NO2,
and SO2) for subjects by suicide event and residential areas. Mean (SE)
concentrations of air pollutants were 55.11 (0.01) μg/m3 for PM10,
25.64 (0.01) ppb for NO2, and 5.55 (0.00) ppb for SO2. IQR concentra-
tions were 7.5 μg/m3, for PM10, 11.8 ppb for NO2, and 0.8 ppb for SO2.
When we compared mean air pollution levels between subjects with
and without suicide death during the follow-up period, PM10 and SO2

levels were significantly higher for subjects who did not die by suicide
compared to subjects who did die by suicide, whereas NO2 levels did
not differ between the two groups. Subjects living in metropolitan



Table 2
Comparison of mean (SE) air pollution for subjects by suicide event and residential areas.

Air pollutants Mean SE IQR Suicide event Residential areas

Subjects with
suicide death

Subjects without
suicide death

p-Value⁎ Subjects living in
metropolitan

Subjects living in
non-metropolitan

p-Value⁎

PM10 (μg/m3) 55.11 (0.01) 7.48 55.11 (0.01) 57.01 (0.02) b0.0001 55.35 (0.01) 55.15 (0.01) b0.0001
NO2 (ppb) 25.64 (0.01) 11.78 25.60 (0.01) 25.50 (0.02) 0.7032 28.00 (0.00) 23.80 (0.00) b0.0001
SO2 (ppb) 5.55 (0.00) 0.77 5.55 (0.00) 5.65 (0.00) 0.0064 5.69 (0.00) 5.46 (0.00) b0.0001

SE, standard error; IQR, interquartile range.
⁎ p-Value on t-test.
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areas were exposed to significantly higher PM10, NO2, and SO2 levels
than those living in non-metropolitan areas (all p-value b 0.0001).

Table 3 shows HRs for suicide death by PM10, NO2, and SO2 levels.
With an IQR increase in each pollutant, adjusted HRs were significant
[PM10: HR = 3.09 (95% CI: 2.63–3.63); NO2: HRs = 1.33 (95% CI:
1.09–1.64); and SO2: HRs = 1.15 (95% CI: 1.07–1.24)]. Compared to
the lowest quartile of each air pollutant, subjects who were exposed
to the highest quartile (Quartile 4) had a significantly higher risk of sui-
cide death [PM10: adjusted HR = 4.03 (95% CI: 2.97–5.47); NO2: ad-
justed HRs = 1.36 (95% CI: 1.02–1.83); and SO2: adjusted HR = 1.65
(95% CI: 1.29–2.11)]. Significant dose-response relationships were
found in increases in air pollution quartiles (p for trend b 0.05).
Kaplan-Meier survival curves (Supplementary Fig. 1) display that sub-
jects living in an area with high air pollution had significantly higher
probability of suicide death than those living in an areawith low air pol-
lution, in term of exposure to PM10 (p b 0.0001), NO2 (p = 0.0163), or
SO2 (p = 0.0003).

Table 4 showsHRs for suicide death due to PM10, NO2, and SO2 levels
by the presence of a physical ormental disease. Subjects with a physical
or mental disease exhibitedmore predominant effect on the association
Table 3
HRs (95% CIs) for suicide by interquartile-range (IQR) increases and the quartiles of air
pollutants.

Air pollutants No. of suicide
case/total
population

Unadjusted
model

Adjusted modela

PM10 (μg/m3)
IQRb increases 1.87 (1.64–2.13) 3.09 (2.63–3.63)
Quartiles

Quartile 1 (b51.25) 98/62,495 Reference Reference
Quartile 2
(51.25–55.84)

143/69,972 1.31 (1.01–1.69) 1.57 (1.19–2.05)

Quartile 3
(55.84–58.73)

97/67,111 0.92 (0.69–1.21) 1.64 (1.17–2.31)

Quartile 4 (≥58.73) 226/66,171 2.21 (1.74–2.80) 4.03 (2.97–5.47)
p for trend b0.0001 b0.0001

NO2 (ppb)
IQRb increases 0.96 (0.83–1.12) 1.33 (1.09–1.64)
Quartiles

Quartile 1 (b20.9) 147/69,302 Reference Reference
Quartile 2
(20.9–24.1)

148/71,762 0.97 (0.77–1.22) 1.20 (0.94–1.52)

Quartile 3
(24.1–32.7)

146/61,444 1.12 (0.89–1.40) 1.52 (1.17–1.96)

Quartile 4 (≥32.7) 123/63,241 0.91 (0.71–1.15) 1.36 (1.02–1.83)
p for trend 0.3794 0.0163

SO2 (ppb)
IQRb increases 1.11 (1.03–1.19) 1.15 (1.07–1.24)
Quartiles

Quartile 1 (b5.1) 117/64,460 Reference Reference
Quartile 2 (5.1–5.4) 120/65,773 1.00 (0.78–1.29) 1.14 (0.87–1.50)
Quartile 3 (5.4–5.9) 148/68,316 1.19 (0.93–1.52) 1.36 (1.05–1.76)
Quartile 4 (≥5.9) 179/ 1.48 (1.17–1.87) 1.65 (1.29–2.11)

p for trend 0.0014 0.0003

a Adjusted for age, sex, residential area, household income,MI, exercise, smoking status,
alcohol consumption, disease status, temperature, and precipitation.

b IQR: 7.5 μg/m3 for PM10, 11.8 ppb for NO2, and 0.8 ppb for SO2.
between air pollution and suicide than those without the disease. With
an IQR increase in each pollutant, subjectswith a physical ormental dis-
ease had significant adjusted HRs for suicide death [PM10: HR = 3.27
(95% CI: 2.60–4.10); NO2: HR = 1.39 (95% CI: 1.03–1.87); and SO2: HR
=1.19 (95% CI: 1.07–1.33)], whereas thosewithout the disease showed
significance regarding PM10 exposure only (HR = 2.81; 95% CI:
2.26–3.49). Regarding comparisons of exposure to the quartile air pollu-
tion (Quartile 1 as a reference group), adults with a physical or mental
disease showed significantly increased HRs in the high quartiles of
PM10 (adjusted HR = 4.35; 95% CI: 2.79–6.79 in Quartile 4), NO2 (ad-
justed HR = 1.85; 95% CI: 1.30–2.62 in Quartile 3), and SO2 (adjusted
HR = 1.70; 95% CI: 1.20–2.41 in Quartile 4) and exhibited a significant
dose-response relationship between these pollutants and suicide risk
(p for trend b 0.05). Conversely, subjects without a physical or mental
disease showed a similar relationship, but showed lower HRs for suicide
death [PM10: adjustedHR=3.21 (95%CI: 2.14–4.82) in Quartile 4; NO2:
adjusted HR=1.42 (95% CI: 1.01–2.01) in Quartile 3; and SO2: adjusted
HR = 1.40 (95% CI: 1.01–1.94) in Quartile 4] than those with the dis-
ease. No significant dose-response relationships were established in
the increases in the quartiles of NO2 and SO2 exposures.

Table 5 indicates HRs for suicide death due to PM10, NO2, and SO2

levels in residential areas. Overall, subjects living in metropolitan
areas had a higher likelihood of suicide death associatedwith air pollut-
ants, except for SO2, than those living in non-metropolitan areas. Sub-
jects living in metropolitan areas had significant HRs for suicide death
regarding an IQR increase of PM10 and NO2 [PM10: adjusted HR = 4.93
(95% CI: 3.83–6.35) and NO2: adjusted HR = 1.89 (95% CI:
1.20–2.97)], but not SO2. Similarly, compared with the lowest quartile
(Quartile 1), except for SO2, they showed significantly increased HRs
in the highest quartile (Quartile 4): adjusted HR = 6.79 (95% CI:
4.14–11.12) for PM10 and adjusted HR = 1.72 (95% CI: 1.01–2.94) for
NO2. Conversely, subjects living in non-metropolitan areas were associ-
ated with significant HRs for completed suicide with increases in both
IQR and the quartile air pollutants.

4. Discussion

In a large, national cohort study of South Korean adults, we found
that long-term exposure to air pollution was associated with an in-
creased risk of death by suicide. With an IQR increase in air pollutant
levels, the risk of suicide death was the highest in PM10, at approxi-
mately 3-fold, and increased 1.3-fold with NO2 exposure and 1.2-fold
with SO2 exposure.Whenwe compared to subjects exposed to the low-
est level of air pollutants, the risk of suicide death increased significantly
in the highest quartile of PM10 (4-fold) and SO2 (1.7-fold) and the third
quartile of NO2 (1.4-fold). Subjects diagnosed with a physical or mental
disease exhibited greater HRs of suicide death associated with high air
pollution than those without the disease. Moreover, the association be-
tween exposure to air pollutants (except for SO2) and completed suicide
was more predominant among subjects living in metropolitan areas
than among those living in non-metropolitan areas.

To the best of our knowledge, this is the first study to consider the
association between long-term air pollution and suicide death. How-
ever, our results are in line with the results of prior studies that



Table 4
HRs (95% CIs) for suicide by interquartile-range (IQR) increases and the quartiles of air pollutants by the presence of physical or mental disease.

Air pollutants With a physical or mental diseasea

(n = 73,672)
Without a physical or mental disease
(n = 192,077)

Unadjusted model Adjusted modelb Unadjusted model Adjusted modelb

PM10 (μg/m3)
IQRc increases 2.16 (1.78–2.62) 3.27 (2.60–4.10) 1.87 (1.56–1.24) 2.81 (2.26–3.49)
Quartiles

Quartile 1 (b51.25) Reference Reference Reference Reference
Quartile 2 (51.25–55.84) 1.55 (1.06–2.26) 1.67 (1.13–2.45) 1.20 (0.84–1.71) 1.33 (0.93–1.91)
Quartile 3 (55.84–58.73) 1.06 (0.69–1.63) 1.78 (1.08–2.92) 1.07 (0.75–1.55) 1.75 (1.13–2.70)
Quartile 4 (≥58.73) 2.73 (1.91–3.91) 4.35 (2.79–6.79) 1.97 (1.42–2.37) 3.21 (2.14–4.82)

p for trend b0.0001 b0.0001 b0.0001 b0.0001

NO2 (ppb)
IQRc increases 0.99 (0.79–1.25) 1.39 (1.03–1.87) 1.01 (0.82–1.25) 1.30 (0.99–1.72)
Quartiles

Quartile 1 (b20.9) Reference Reference Reference Reference
Quartile 2 (20.9–24.1) 0.87 (0.62–1.22) 1.20 (0.72–1.45) 1.01 (0.74–1.39) 1.15 (0.84–1.59)
Quartile 3 (24.1–32.7) 1.36 (0.99–1.88) 1.85 (1.30–2.62) 1.16 (0.85–1.59) 1.42 (1.01–2.01)
Quartile 4 (≥32.7) 0.89 (0.61–1.28) 1.42 (0.92–2.20) 0.91 (0.66–1.27) 1.22 (0.82–1.81)

p for trend 0.0305 0.0023 0.5367 0.2504

SO2 (ppb)
IQRc increases 1.14 (1.03–1.27) 1.19 (1.07–1.33) 1.09 (0.98–1.20) 1.10 (0.99–1.21)
Quartiles

Quartile 1 (b5.1) Reference Reference Reference Reference
Quartile 2 (5.1–5.4) 0.85 (0.58–1.25) 0.93 (0.62–1.39) 1.08 (0.77–1.51) 1.17 (0.82–1.66)
Quartile 3 (5.4–5.9) 1.18 (0.83–1.69) 1.30 (0.90–1.87) 1.02 (0.73–1.43) 1.10 (0.78–1.56)
Quartile 4 (≥5.9) 1.55 (1.11–2.17) 1.70 (1.20–2.41) 1.36 (0.99–1.87) 1.40 (1.01–1.94)

p for trend 0.0046 0.0002 0.1673 0.1941

a With a physical or mental disease includes participants with disease status of ‘yes’. Disease status was defined as the CCI scores ≥ 1 or the presence of psychiatric conditions
(i.e., anxiety, depression, major affective disorder, and schizophrenia).

b Adjusted for age, sex, residential area, household income, MI, exercise, smoking status, alcohol consumption, disease status, temperature, and precipitation.
c IQR:7.5 μg/m3 for PM10, 11.8 ppb for NO2, and 0.8 ppb for SO2.
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examined the acute effect of air pollution on completed suicide (Bakian
et al., 2015; Kim et al., 2010; Lin et al., 2016; Yang et al., 2011). In these
studies, although the concentration and composition of air pollutants
Table 5
HRs (95% CIs) for suicide by interquartile-range (IQR) increases and the quartiles of air polluta

Air pollutants Metropolitan areas
(n = 123,399)

Unadjusted model Adjusted model

PM10 (μg/m3)
IQRb increases 2.62 (2.09–3.29) 4.93 (
Quartiles

Quartile 1 (b51.25) Reference Reference
Quartile 2 (51.25–55.84) 0.85 (0.67–1.09) 0.86 (
Quartile 3 (55.84–58.73) 0.59 (0.47–0.75) 1.59 (
Quartile 4 (≥58.73) 3.15 (2.58–3.85) 6.79 (

p for trend b0.0001 b0.0001

NO2 (ppb)
IQRb increases 1.08 (0.84–1.39) 1.89 (
Quartiles

Quartile 1 (b20.9) Reference Reference
Quartile 2 (20.9–24.1) 0.95 (0.74–1.23) 0.89 (
Quartile 3 (24.1–32.7) 1.13 (0.89–1.44) 1.48 (
Quartile 4 (≥32.7) 1.09 (0.86–1.38) 1.72 (

p for trend 0.3030 0.0532

SO2 (ppb)
IQRb increases 1.05 (0.96–1.18) 1.04 (
Quartiles

Quartile 1 (b5.1) Reference Reference
Quartile 2 (5.1–5.4) 1.01 (0.81–1.25) 1.12 (
Quartile 3 (5.4–5.9) 0.94 (0.75–1.17) 1.22 (
Quartile 4 (≥5.9) 1.41 (1.15–1.73) 1.31 (

p for trend 0.0001 0.5933

a Adjusted for age, sex, household income, MI, exercise, smoking status, alcohol consumptio
b IQR:7.5 μg/m3 for PM10, 11.8 ppb for NO2, and 0.8 ppb for SO2.
and population-level features (i.e., age and race) vary across countries,
the researchers have consistently demonstrated a significantly in-
creased risk of suicide associatedwith high concentrations of particulate
nts by residential areas (metropolitan vs. non-metropolitan).

Non-metropolitan areas
(n = 142,350)

a Unadjusted model Adjusted modela

3.83–6.35) 1.72 (1.56–1.24) 2.95 (2.39–3.65)

Reference Reference
0.54–1.37) 1.50 (1.26–1.79) 2.46 (1.72–3.54)
0.92–2.74) 1.17 (0.95–1.44) 3.10 (1.93–4.98)
4.14–11.12) 1.94 (1.64–2.29) 4.33 (2.79–6.71)

b0.0001 b0.0001

1.20–2.97) 1.05 (0.85–1.31) 1.45 (1.13–1.87)

Reference Reference
0.56–1.43) 1.05 (0.90–1.22) 1.32 (0.99–1.77)
0.91–2.39) 1.13 (0.97–1.32) 1.76 (1.27–2.43)
1.01–2.94) 0.88 (0.73–1.06) 1.45 (0.97–2.18)

0.0900 0.0083

0.94–1.15) 1.28 (0.98–1.20) 1.31 (1.17–1.47)

Reference Reference
0.73–1.73) 0.98 (0.82–1.16) 1.19 (0.83–1.69)
0.80–1.85) 1.00 (0.85–1.17) 1.44 (1.04–2.00)
0.87–1.96) 1.44 (1.23–1.68) 1.88 (1.37–2.57)

b0.0001 0.0005

n, disease status, temperature, and precipitation.
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and gaseous air pollutants (Bakian et al., 2015; Kim et al., 2010; Lin et al.,
2016; Yang et al., 2011). Thus, based on the existing evidence, our find-
ings, which suggest an association between long-term exposure and
risk of suicide, may be expected.

The possible biological explanation on the observed association be-
tween air pollution and completed suicide has not been clarified. The
most common understanding is that exposure to ambient particles
and gaseous pollutants through respiratory or nasal inhalation activates
pro-inflammatory cytokines, leading to systemic and neuronal inflam-
mation and subsequent oxidative stress (Calderon-Garciduenas et al.,
2008; Genc et al., 2012; Ji et al., 2015; Li et al., 2011; Yao et al., 2015).
In experimental models, systematic inflammation and oxidative stress
induced depression and anxiety-like behaviors (de Oliveira et al.,
2007; Patki et al., 2013). These results are consistent with those of
human studies, where increased inflammatory and oxidative stress
markers were observed in subjects with depression and anxiety
(i.e., mental health illnesses associated with a high risk of suicide)
(Raison and Miller, 2011; Salim, 2014; Vogelzangs et al., 2013). Provid-
ingmore direct evidence, high levels of various inflammatory cytokines
(i.e., interleukin (IL) 2, IL-6, IL-8, and tumor necrosis factorα) have been
found in suicide attempters or subjects with suicidal ideation (Serafini
et al., 2013). In addition to systemic inflammation/oxidative stress, the
possible association between hippocampal neurogenesis, neurotrophic
factors, and major depression may be addressed in a biological context.
Importantly, environmental insults (i.e., neurogenic or psychogenic
stressors or certain immune insults) and major depression have been
associated with structural alterations in the brain such as a loss of den-
dritic spines and synapses, a reduced dendritic arborization together
with diminished glial cells in the hippocampus (Serafini et al., 2014).
Both central monoamines and brain-derived neurotrophic factors are
involved in the modulation of hippocampal progenitor proliferation
and cell survival (Serafini et al., 2014). Therefore, it is biologically plau-
sible that air pollution induces systematic inflammation/oxidative
stress or impairs hippocampal neurogenesis andneurotrophic factor ex-
pression, leading pollutants to play a causative role in the occurrence of
psychological problems or suicide attempts.

Importantly, subjects with a preexisting disease were more suscepti-
ble to air pollution exposure. With increases in IQR and quartiles of air
pollutants, subjects with a physical or mental disease showed higher
HRs for suicide death than those without the disease. In case of quartiles
of PM10, the likelihood for suicide death was increased by 36% in subjects
diagnosed with a physical or mental disease [HR: 4.35 vs. HR: 3.21]. Con-
sistent with this observation, previous studies have noticed risk elevation
of adverse health outcomes in individuals with comorbidities (Bateson
and Schwartz, 2004; Mann et al., 2002; Peel et al., 2007). Chronic condi-
tions including diabetes, hypertension, congestive heart failure, and con-
duction disorders substantially increase the risk of morbidity and
mortality associated with exposure to particulate and gaseous air pollut-
ants (Bateson and Schwartz, 2004; Mann et al., 2002; Peel et al., 2007).
Regarding completed suicide, Kim et al. (2010) found that an increase
in PM10 was significantly associated with an increased suicide risk; the
riskwas particularly exacerbated in subjectswith a cardiovascular disease
(Kim et al., 2010). Many studies have produced evidence that suicide oc-
curs as a result of physical or mental disease (Bostwick and Pankratz,
2000; Bronisch and Wittchen, 1994; Juurlink et al., 2004; Palmer et al.,
2005; Scott et al., 2010) and that exposure to air pollutants affects devel-
oping or aggravating chronic diseases (Brunekreef and Holgate, 2002;
Hoek et al., 2013; Kampa and Castanas, 2008). Taken together, our find-
ings and those reported in previous studies suggest that the association
between air pollution and risk of completed suicide is likely mediated
by physical and mental health conditions.

Of notable is that we observed differences between subjects living in
metropolitan and non-metropolitan areas regarding the association be-
tween air pollution and suicide death. Except for SO2 exposure, HRs for
suicide death were higher than for subjects living in metropolitan areas
than for those living in non-metropolitan areas. Our findings support
those of some previous studies on the different regional effect of air pol-
lution on health outcomes (Priftis et al., 2007; Public Health England,
2014; Tian et al., 2015). Generally, traffic-related pollutants such as
PM10 and NO2 exhibit high levels in metropolitan areas, mainly due to
the continuous rise in traffic (Ranjeet, 2008). SO2 levels reflect not
only road traffic but also fuel combustion from industrial facilities and
residential wood combustion. Such regional variations in pollutants
may be attributed to differences in the air pollution-related health prob-
lems, herein completed suicide. However, because there are several
other factors (i.e., living conditions, social andmedical benefits, lifestyle,
and contents of pollutants) shaping metropolitan and non-
metropolitan areas, further studies are necessary to confirm the re-
ported association between air pollution and suicide death and to deter-
mine whether this association is mediated by the residential area.

Several study limitations need to be considered. An important limi-
tation is the methodology used to assess air pollution. In epidemiologic
studies, particular concern is placed on minimizing exposure misclassi-
fication at unmonitored locations and improving individual exposure
estimates. To overcome such challenges, several previous studies have
used GIS spatial analysis (Liao et al., 2006; Tsai et al., 2009).We similarly
performed GIS with the Kriging interpolation method, which is an ad-
vanced geostatistical procedure to estimate an unknown value as a
weighted average from the nearest sampling points. Nevertheless, we
cannot rule out a level of uncertainty involved in the exposure assessment
of air pollution. Furthermore, we used the representative, population-
based cohort of the NHIS-NSC, but excludedmore than half of the original
sampledue to lack of confounding variables,mainlymedical health exam-
inations with questionnaires on health behaviors. As shown in Supple-
mentary Table 2, there was a significant demographic difference
between the excluded and included participants of this study. Compared
with latter, the former peopleweremore likely to be young (20–29 years)
or old (≥70 years) adults, to be female, to live in metropolitan areas, or to
have a lower income (Quartile 1). Although the general health examina-
tion in South Korea focuses on employees and ordinary people, it is man-
datory for employees; thus, the excluded population exhibited the
characteristics such as being young or very old, being females, and having
a relatively low income. Therefore, the results from a set of participants
with certain characteristics cannot be generalized to the entire target pop-
ulation. Caution should be taken to apply our findings to other study set-
tings. In addition, the NHIS-NSC was not specifically designed to
investigate the association between air pollution and completed suicide;
not all potential confounding variables (i.e., previous experience of sui-
cidal behaviors, marital status, and occupation) were fully available for
the current study. Finally, although the existing studies have demon-
strated a different association between air pollution and suicide risk re-
garding specific periods of the year, such as the early summer in Taiwan
(Yang et al., 2011) or cold season in Canada (Szyszkowicz, 2010), our
study did not investigate the air pollution effect on suicide by seasonality.
Thus, future research including factors such as personal exposure moni-
toring, seasonality, and unmeasured confounding variables is warranted
to clarify the observed association between chronic exposure to air pollu-
tion and risk of suicide death.

In conclusion,we found that long-term PM10, NO2, and SO2 exposure
was associated with an increased risk of suicide death in South Korean
adults; our study results extended the prior findings of an acute effect
of air pollution on the risk of suicide. Furthermore, we found that adults
diagnosedwith underlyingdiseases or living inmetropolitan areaswere
at a greater risk for suicide death associated with air pollutants, particu-
larly with long-term to PM10 exposure. With substantial concerns re-
garding air pollution-induced adverse health effects, much effort has
been made to ameliorate air pollution levels, but the exact safe levels
of the pollutants are difficult to state. In particular, as shown in the pres-
ent study, the suspected health risk due to air pollution may be en-
hanced in specific population groups (i.e., those with an underlying
disease or those living in urban areas). In turn, it is necessary to evaluate
the change in concentrations of air pollutants as well as the degree of
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health damage, and to take measures to reduce or prevent health dam-
age, focusing on vulnerable groups. Mental health clinicians can incor-
porate this perspective and administer effective treatment to subjects
at risk for suicide or to those with high air pollution exposure.
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