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Introduction
Major depressive disorder is characterized by 
persistent low mood, loss of interest, fatigue, 
and low energy, lasting for at least 2 weeks, 
and is one of the most common mental 
illnesses and a major cause of disability world-
wide (Moussavi et al. 2007). In the United 
States, the lifetime prevalence of major depres-
sive disorder is estimated to be 18.6% and 
the 1-year prevalence 8.1% (González et al. 
2010), and in the Republic of Korea, these are 
estimated to be 6.7% and 3.1%, respectively 
(Cho 2011).

Previous studies have identified an asso-
ciation between short-term air pollution 
exposure (for weeks or shorter) and depression. 
A time-series study reported an association 
between air pollution exposure and emergency 
department visits for depression, based on the 
discharge diagnosis from 11 hospitals in six 
cities in Canada (Szyszkowicz et al. 2009). 
A panel study performed among noninstitu-
tionalized elderly individuals demonstrated 
an association between air pollution exposure 
and depressive symptoms, as evaluated with a 
questionnaire-based assessment tool (Lim et al. 
2012). Additionally, a case-crossover study 
presented an association between air pollution 

exposure and emergency department visits for 
depression using medical claims data reported 
to the National Health Insurance program 
of the Republic of Korea (Cho et al. 2014). 
Moreover, studies have identified associations 
between short-term air pollution exposure 
and suicide completion using mortality data 
provided by the Department of Health’s Office 
of the Medical Examiner (Bakian et al. 2015) 
and data on suicide attempts using diagnosis 
information from one emergency department 
in Canada (Szyszkowicz et al. 2010).

Although there is accumulating evidence 
for the effects of long-term air pollution 
exposure (for months or longer) on neuro
psychological function (reviewed by Tzivian 
et al. 2015), few studies have been conducted 
on the association between long-term air 
pollution exposure and depression. An experi-
mental study reported an association between 
long-term exposure to fine particulate matter 
(particles with an aerodynamic diameter 
≤ 2.5 μm; PM2.5) and depressive-like behav-
iors in mice (Fonken et al. 2011). However, 
to our knowledge, no epidemiological study 
has investigated the association between long-
term air pollution exposure and depression, 
except for a study conducted among elderly 

individuals in Boston, Massachusetts, that 
assessed depressive symptoms using a question-
naire-based instrument, which did not identify 
any association (Wang et al. 2014).

Among various air pollutants, PM2.5 has 
been demonstrated to be especially relevant 
for neuropsychological outcomes because it 
is capable of reaching the brain owing to its 
small size (Block and Calderón-Garcidueñas 
2009; Calderón-Garcidueñas et al. 2015). 
PM2.5 has been suggested to affect the central 
nervous system directly or indirectly through 
inflammatory processes. Because systemic 
and neural inflammation play important 
roles in the development of major depres-
sive disorder (Anisman and Hayley 2012), 
PM2.5 exposure—particularly long-term 
exposure—may increase the risk of major 
depressive disorder. Furthermore, underlying 
diseases related to chronic inflammation such 
as diabetes mellitus, cardiovascular disease, 
and chronic obstructive pulmonary disease 
may enhance this association, which has been 
suggested in previous epidemiological studies 
(Cho et al. 2014; Kim et al. 2010).

Although there have been a few studies 
linking air pollution exposure with emergency 
department visits for depression or depres-
sive symptoms evaluated by a question-
naire, to our knowledge, major depressive 
disorder has not been assessed as outcome 
yet. Furthermore, most previous studies have 
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Background: Previous studies have associated short-term air pollution exposure with depression. 
Although an animal study showed an association between long-term exposure to particulate 
matter ≤ 2.5 μm (PM2.5) and depression, epidemiological studies assessing the long-term 
association are scarce.

Objective: We aimed to determine the association between long-term PM2.5 exposure and major 
depressive disorder (MDD).

Methods: A total of 27,270 participants 15–79 years of age who maintained an address within 
the same districts in Seoul, Republic of Korea, throughout the entire study period (between 2002 
and 2010) and without a previous MDD diagnosis were analyzed. We used three district-specific 
exposure indices as measures of long-term PM2.5 exposure. Cox proportional hazards models 
adjusted for potential confounding factors and measured at district and individual levels were 
constructed. We further conducted stratified analyses according to underlying chronic diseases such 
as diabetes mellitus, cardiovascular disease, and chronic obstructive pulmonary disease.

Results: The risk of MDD during the follow-up period (2008–2010) increased with an increase of 
10 μg/m3 in PM2.5 in 2007 [hazard ratio (HR) = 1.44; 95% CI: 1.17, 1.78], PM2.5 between 2007 
and 2010 (HR = 1.59; 95% CI: 1.02, 2.49), and 12-month moving average of PM2.5 until an event 
or censor (HR = 1.47; 95% CI: 1.14, 1.90). The association between long-term PM2.5 exposure 
and MDD was greater in participants with underlying chronic diseases than in participants without 
these diseases.

Conclusion: Long-term PM2.5 exposure increased the risk of MDD among the general popula-
tion. Individuals with underlying chronic diseases are more vulnerable to long-term PM2.5 exposure.
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focused on short-term air pollution exposure. 
Therefore, in the present study, we investi-
gated the association between long-term 
PM2.5 exposure and major depressive disorder 
among the general population in Seoul, 
Republic of Korea. We also evaluated the 
effect modification of the association between 
PM2.5 exposure and major depressive disorder 
by underlying chronic diseases such as diabetes 
mellitus, cardiovascular disease, and chronic 
obstructive pulmonary disease.

Methods

Study Population and Design

The present study was performed between 
1 January 2002 and 31 December 2010, using 
data from the National Health Insurance 
database (NHID) (n = 1,025,340 in 2002), 
which includes a proportionate stratified 
random sample of individuals who visited 
hospitals under the Korea National Health 
Insurance program that covers all legal resi-
dents of the Republic of Korea. The NHID 
contains demographic information, including 
age, sex, household income, and district-level 
address, and inpatient and outpatient medical 
care utilization information, including date 
of service, disease diagnosed (International 
Classification of Diseases, 10th Revision; 
ICD-10), drugs prescribed, and medical or 
surgical procedures performed. The database 
also includes the health examination results 
of individuals who participated in free health 
examination services provided by the National 
Health Insurance. Individuals with lower 
income and disability have been reported to 
be less likely to participate in the free health 
examination than those with higher income 
and without disability (Cho and Lee 2011; 
Park et al. 2006).

Of 85,758 individuals from the NHID 
who maintained an address within the same 
districts in Seoul during the study period, only 
those who underwent health examinations 
between 1 January 2002 and 31 December 
2007, 15–79 years of age, and without major 
depressive disorder between 1 January 2002 
and 31 December 2007 were included. Thus, 
a total of 27,270 individuals were finally 
enrolled (see Figure S1).

The identification numbers of the partici-
pants were encrypted before data use, and 
district-level addresses were used to protect 
private information. The Institutional Review 
Board of Seoul National University Hospital 
reviewed and approved the study protocol 
(IRB no. E-1407-001-588).

Definition of Major Depressive 
Disorder
The first recorded diagnosis of major depres-
sive disorder, defined as a diagnosis of depres-
sive episodes (ICD-10 code F32.x) along 

with antidepressant prescription (selective 
serotonin reuptake inhibitors, tricyclic anti-
depressants, monoamine oxidase inhibitors, 
serotonin noradrenaline reuptake inhibitors, 
or other antidepressants) during the follow-up 
period, was used as the primary outcome in 
the present study (Figure 1). In the sensi-
tivity analyses, the outcome was differently 
defined according to the following ICD-10 
codes, without antidepressant prescription: 
a) F32.x or b) F32.x, F33.x (recurrent depres-
sive disorder), F34.1 (dysthymia), or F41.2 
(mixed anxiety and depressive disorder).

Assessment of PM2.5 Exposure
Seoul is the capital and largest city in the 
Republic of Korea, and it includes 25 districts 
with areas ranging from 9.96 to 47.00 km2 
(mean, 24.21  km2). Since 2007, PM2.5 
monitoring data have been available for the 
25 districts in Seoul from 27 monitoring 
sites (2 districts had 2 monitoring sites). 
The PM2.5 monitoring data were obtained 
from the Research Institute of Public Health 
and Environment in Seoul. The following 
district-specific exposure indices were used as 
measures of long-term PM2.5 exposure: a) the 
average PM2.5 concentration in 2007 (1 year 
before the follow-up period), b) average PM2.5 
concentration between 2007 and 2010 (1 year 
before the follow-up period and 3 years of 
the follow-up period), and c)  12-month 
moving average of the PM2.5 concentration 
until an event or censor between 2007 and 
2010 as time-varying exposure (Figure 1). 
These exposure indices were calculated using 
the daily average estimated from the 24-hr 
monitoring data obtained from the 27 moni-
toring sites. In the districts with 2 monitoring 
sites, the PM2.5 concentrations measured at 
the 2 sites were averaged. The PM2.5 measure-
ments were based on the gravimetric method 
and followed the standard reference proto-
cols established by the Korean Ministry of 
Environment (MOE 2011).

Statistical Analysis
Cox proportional hazards models were 
constructed with sex and age (5-year groups; 
15–79 years) as the stratification variables, 

with each stratum having its own baseline 
hazard. The follow-up time was calculated 
in months from 1 January 2008, to the date 
of death, case occurrence, or follow-up end 
(31 December 2010), whichever occurred 
first. The average PM2.5 concentration in 2007 
and PM2.5 concentration between 2007 and 
2010 were used as measures of PM2.5 exposure. 
Additionally, we considered the 12-month 
moving average of the PM2.5 concentra-
tion until an event or censor between 2007 
and 2010 as time-varying exposure in time-
dependent Cox models. We also conducted 
nonparametric analyses for estimating hazard 
ratio curves using spline smoothing methods to 
evaluate the shape of the association between 
PM2.5 concentration and major depressive 
disorder (Meira-Machado et al. 2013).

We specified the models adjusted for 
potential confounders selected a priori. Cox 
models stratified by sex and age were adjusted 
for individual-level covariates: household 
income (categorized into deciles), smoking 
status (nonsmoker, ex-smoker, smoker, or 
did not answer), alcohol consumption (no 
alcohol consumption, < 1/week, 1 or 2/week, 
3–4 times/week, > 4 times/week, or did not 
answer), and regular exercise (no exercise, 
1 or 2/week, 3–4 times/week, 5–6 times/
week, almost every day, or did not answer). 
Individual-level information, except house-
hold income, was obtained from the health 
examination results. The models were also 
adjusted for contextual covariates: the size 
of the population, proportion of married 
persons among the population ≥ 15 years 
of age, economic environment satisfaction 
(10-point Likert scale), social environment 
satisfaction (10-point Likert scale), number 
of clients of the social welfare facilities per 
capita, and deprivation index (Shin et  al. 
2009) in the district in which each participant 
resided. Contextual information was obtained 
from the Korean Statistical Information 
Service. For participants with multiple health 
examination results, the results closest to the 
follow-up period (2008–2010) were used 
to identify the individual-level covariates. 
We used the results of health examinations 
conducted between 2002 and 2007. Most 

Figure 1. Schematic representation of the study period. Exposure 1: average PM2.5 concentration in 2007; 
exposure 2: average PM2.5 concentration between 2007 and 2010. PM2.5, particulate matter with an aero-
dynamic diameter ≤ 2.5 μm.
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(73.2%) of the results used as individual-level 
covariates were from health examinations 
performed in 2006 and 2007. Information 
of all contextual covariates were obtained 
in 2007, except the proportion of married 
persons among the population ≥ 15 years of 
age, which was obtained in 2005, and the 
deprivation index, which was obtained in 
2010, owing to availability of data. Covariates 
with missing values were included in the 
model with a missing indicator category.

Stratified analyses were performed 
according to the following underlying chronic 
diseases diagnosed between 1 January 2002 
and 31 December 2007: diabetes mellitus 
(ICD-10 codes E10.x–E14.x), cardiovascular 
disease including hypertension (I10.x–I15.x, 
I20.x–I25.x, or I60.x–I69.x), and chronic 
obstructive pulmonary disease (J40–J44.x). 
Stratified analyses were also conducted by 
household income level, categorized as 0–3 
(low), 4–6 (middle), and 7–10 (high) deciles 
of household income.

Several sensitivity analyses were performed. 
First, additional contextual covariates (birth 
rate, the ratio of paved roadway to the area of 
the specific urban district, and the number of 
beneficiaries of public assistance per capita) 
were further adjusted to control for poten-
tial district-related confounding. Second, 
multilevel time-dependent Cox models 
with a random effect of districts and a time-
dependent Cox model further adjusted for the 
district in which each participant resided were 
constructed. These analyses using intra-district 
variability of PM2.5 concentration as exposure 
contrast were conducted to consider poten-
tial clustering and confounding by districts. 
Third, different outcome definitions were used 
to confirm that the results were robust with the 
outcome definitions and were not driven by 
the specific set of disease codes. Fourth, partici-
pants diagnosed with dementia (ICD-10 codes 
G30.x, G31.x, and F00.x–F03) during the 
study period were excluded to avoid misclassi-
fication bias and potential confounding. Fifth, 
the association was reanalyzed after including 
individuals who had major depressive disorder 
between 1 January 2002 and 31 December 
2007. Sixth, participants who died from inten-
tional self-injury (ICD-10 codes X60–X84) 
during the follow-up period were considered 
to have major depressive disorder and were 
included in the analysis. Seventh, the associa-
tion in the population with and without health 
examination results was assessed to evaluate 
the generalizability of the findings to larger 
populations. Eighth, we conducted complete 
case analyses due to the potential bias by using 
the missing indicator category.

All analyses were conducted using SAS 
version 9.4 (SAS Institute Inc.) and R version 
3.1.0 (R Core Team 2015). In all analyses, a 
p-value < 0.05 was considered significant.

Results
Among 85,758 individuals who main-
tained an address within the same districts 
in Seoul during the study period, 27,270 
were included in the present analyses. Males 
and participants 40–69 years of age were 
more likely to be included in the analyses 
compared to those who were excluded (see 
Table S1). The demographic characteristics 
of the 27,270 participants are presented in 
Table 1. Of these participants, 54% were 
male, and the majority of participants were 
40–59 years of age. A high number of partici-
pants came from families with high income, 
and did not smoke tobacco, drink alcohol, or 
exercise regularly.

The annual average PM2.5 concentra-
tion in Seoul declined from 29.8 μg/m3 in 
2007 to 24.9 μg/m3 in 2010, and the average 
PM2.5 concentration between 2007 and 2010 
was 26.7 μg/m3. The variation in the annual 
PM2.5 concentrations among the districts 
also decreased during this period. In 2007, 
the average PM2.5 concentrations among 
the districts ranged from 20.3  μg/m3 to 
34.5 μg/m3, and in 2010, the concentrations 
ranged from 19.8 μg/m3 to 27.4 μg/m3 (see 
Table S2 and Figure S2).

In Cox proportional hazards models 
with the baseline hazard function strati-
fied by sex and age, PM2.5 exposure indices 
were associated with an increased risk of 
major depressive disorder after adjusting for 
contextual and individual-level covariates. The 
risk increased with an increase of 10 μg/m3 
in the PM2.5 concentration in 2007 [hazard 
ratio (HR) = 1.44; 95% confidence interval 
(CI): 1.17,  1.78], PM2.5 concentration 
between 2007 and 2010 (HR = 1.59; 95% CI: 
1.02, 2.49), and 12-month moving average 
of the PM2.5 concentration until an event or 
censor between 2007 and 2010 (HR = 1.47; 
95% CI: 1.14, 1.90; Table 2). In the spline 
regression analysis, we found a linear positive 
association between PM2.5 concentration in 
2007 and major depression disorder approxi-
mately above the level of annual average 
PM2.5 concentration in Seoul between 2007 
and 2010 (26.7 μg/m3; see Figure S3). The 
association was greater among middle-aged 
and elderly participants than among the other 
participants (see Table S3).

When stratified by underlying chronic 
disease, the association between PM2.5 exposure 
and major depressive disorder was greater in 
participants with diabetes mellitus (HR = 1.83; 
95% CI: 1.26, 2.64) than in those without 
(HR = 1.27; 95% CI: 0.98, 1.64; p-value for 
interaction = 0.12). Similar associations were 
identified for cardiovascular disease and chronic 
obstructive pulmonary disease (Table  3). 
When we stratified the participants according 
to household income level, the association 
was stronger among those with low income 

(0–3 deciles) than among those with higher 
income (≥ 4 deciles) (see Table S4).

Several sensitivity analyses were performed. 
First, additional adjustment for contextual 
covariates did not change the results appre-
ciably (HR = 1.45; 95% CI: 1.14, 1.84 for 
the PM2.5 concentration in 2007; HR = 1.42; 
95% CI: 0.87, 2.31 for the PM2.5 concen-
tration between 2007 and 2010; HR = 1.40; 
95%  CI: 1.07,  1.84 for the 12-month 
moving average of the PM2.5 concentration 
until an event or censor between 2007 and 
2010). Second, in multilevel models with a 
random effect of districts, the results were 
robust (see Table S5). When districts were 
further adjusted in the time-dependent Cox 
model, the association remained consistent 
(HR = 1.42; 95% CI: 1.02, 1.98). Third, the 
results were robust when different outcome 
definitions were used (see Table S6). In these 
analyses, the denominator varied, because the 
number of individuals with depressive disorder 
between 1 January 2002 and 31 December 
2007 differed according to the outcome defi-
nitions. Fourth, after excluding participants 
diagnosed with dementia, the results did not 
change appreciably (HR = 1.39; 95% CI: 
1.12, 1.74 for the PM2.5 concentration in 
2007; HR = 1.56; 95% CI: 0.98, 2.48 for 
the PM2.5 concentration between 2007 and 
2010; HR = 1.39; 95% CI: 1.06, 1.81 for 
the 12-month moving average of the PM2.5 
concentration until an event or censor between 
2007 and 2010). Fifth, the association was 
consistent after including individuals who had 
major depressive disorder between 2002 and 
2007 (see Table S7). Sixth, after including 
individuals who died from intentional self-
injury, the results did not change appreciably 
(see Table S8). Seventh, the results were robust 
among the population with and without health 
examination results, after adjusting for house-
hold income and contextual covariates (see 
Table S9). Eighth, the results did not change 
appreciably in the complete case analyses (data 
not shown).

Discussion
In the present community-based urban cohort 
study, we found an association between long-
term PM2.5 exposure and major depressive 
disorder. Additionally, the risk for major 
depressive disorder was higher in participants 
with underlying chronic diseases than in those 
without these diseases.

To our knowledge, there has been only 
one epidemiological study investigating the 
association between long-term air pollu-
tion exposure and depression to date (Wang 
et al. 2014). This study, performed among 
elderly individuals in Boston, Massachusetts, 
found no evidence of an association between 
long-term air pollution exposure and depres-
sive symptoms. Although this study and 
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the present study considered PM2.5 as the 
exposure of interest, particulate composi-
tion, which has been shown to cause hetero-
geneity in health effects (Kioumourtzoglou 
et al. 2015), may differ between the studies, 
resulting in inconsistent results. Different 
PM2.5 concentrations (8.6  μg/m3 in the 
previous study vs. 26.7 μg/m3 in the present 
study) may also be responsible for the incon-
sistent results, with our penalized regression 
spline model showing that there was a PM2.5 
concentration at which an association was 
not observed (see Figure S3). Additionally, 
differences in demographic characteristics 
such as age and race, underlying disease status, 
main outcome, and study design may induce 
heterogeneity and make a direct compar-
ison difficult. Although the present study 
provides evidence for the association between 
long-term PM2.5 exposure and depression, 
there is still a lack of information regarding 

the potential different effects by particulate 
composition and nonlinearity of the asso-
ciation, which needs to be investigated in a 
future study.

The present study found that the asso-
ciation between long-term PM2.5 exposure 
and major depressive disorder was greater in 
participants with underlying chronic diseases 
than in those without these diseases. Previous 
studies that investigated the short-term effect 
of air pollution exposure have reported that 
underlying disease status may modify the 
association between air pollution exposure 
and depression or suicide. A case-crossover 
study reported an association between air 
pollution exposure and emergency depart-
ment visits for depressive episodes among 
participants with chronic diseases such as 
diabetes mellitus, cardiovascular disease, 
chronic obstructive pulmonary disease, 
asthma, and depressive disorder, and found 

that this association was reduced in partici-
pants without these diseases (Cho et  al. 
2014). Another case-crossover study reported 
an association between air pollution exposure 
and suicide risk in participants with cardio-
vascular disease, and found no association 
among participants without cardiovascular 
disease (Kim et  al. 2010). Our results are 
in line with the results of these reports, and 
imply that more attention should be paid to 
the effects of long-term PM2.5 exposure on 
depression among patients with underlying 
diseases such as diabetes mellitus.

Long-term PM2.5 exposure has been 
shown to induce inflammatory processes in 
the respiratory tract, resulting in systemic 
inflammation and circulation of inflamma-
tory mediators (Calderón-Garcidueñas et al. 
2009). These mediators may interact with 
cytokine receptors in brain endothelial cells, 
activate them, and generate autoantibodies to 

Table 1. Descriptive characteristics of the study participants (n = 27,270) and the annual PM2.5 concentration in 2007.

Variable
Total  

(n = 27,270)a
PM2.5  

(mean ± SD)
Individuals with 
MDD (n = 973)a

PM2.5  
 (mean ± SD)

Individuals without 
MDD (n = 26,297)a

PM2.5  
(mean ± SD)

Sex
Male 14,782 (54) 29.9 ± 3.5 369 (38) 30.3 ± 3.4 14,413 (55) 29.9 ± 3.5
Female 12,488 (46) 29.8 ± 3.5 604 (62) 30.2 ± 3.5 11,884 (45) 29.8 ± 3.5

Age (years)
15–29 2,213 (8) 29.8 ± 3.5 32 (3) 29.5 ± 4.1 2,181 (8) 29.8 ± 3.5
30–39 4,288 (16) 29.7 ± 3.6 62 (6) 30.0 ± 3.6 4,226 (16) 29.7 ± 3.6
40–49 8,059 (30) 30.0 ± 3.5 247 (25) 30.5 ± 3.3 7,812 (30) 30.0 ± 3.5
50–59 7,445 (27) 29.9 ± 3.5 298 (31) 30.4 ± 3.4 7,147 (27) 29.9 ± 3.5
60–69 4,050 (15) 29.7 ± 3.5 222 (23) 30.0 ± 3.5 3,828 (15) 29.6 ± 3.5
70–79 1,215 (4) 29.4 ± 3.6 112 (12) 30.2 ± 3.3 1,103 (4) 29.4 ± 3.6

Household income (decile)
0–2 3,530 (13) 29.8 ± 3.6 131 (13) 30.6 ± 3.0 3,399 (13) 29.8 ± 3.6
3–4 3,708 (14) 29.8 ± 3.6 135 (14) 30.3 ± 3.4 3,573 (14) 29.8 ± 3.6
5–6 4,538 (17) 29.8 ± 3.5 136 (14) 29.8 ± 3.7 4,402 (17) 29.8 ± 3.5
7–8 5,724 (21) 29.8 ± 3.6 198 (20) 30.2 ± 3.6 5,526 (21) 29.8 ± 3.6
9–10 9,770 (36) 29.9 ± 3.5 373 (38) 30.2 ± 3.4 9,297 (36) 29.9 ± 3.5

Smoking status
Nonsmoker 17,820 (65) 29.8 ± 3.5 742 (76) 30.2 ± 3.5 17,078 (65) 29.8 ± 3.5
Ex-smoker 1,588 (6) 30.0 ± 3.6 39 (4) 30.0 ± 3.3 1,549 (6) 30.0 ± 3.6
Smoker 6,442 (24) 29.9 ± 3.5 144 (15) 30.4 ± 3.4 6,298 (24) 29.9 ± 3.5
Did not answer 1,420 (5) 29.9 ± 3.4 48 (5) 30.4 ± 3.1 1,372 (5) 29.9 ± 3.4

Alcohol consumption
No alcohol consumption 13,627 (50) 29.8 ± 3.5 627 (64) 30.2 ± 3.4 13,000 (49) 29.8 ± 3.5
Less than once/week 5,280 (19) 30.0 ± 3.5 139 (14) 30.8 ± 3.5 5,141 (20) 29.9 ± 3.5
Once or twice/week 5,390 (20) 29.9 ± 3.6 130 (13) 30.1 ± 3.7 5,260 (20) 29.9 ± 3.6
3–4 times/week 1,939 (7) 29.8 ± 3.5 46 (5) 30.2 ± 2.7 1,893 (7) 29.8 ± 3.5
More than 4 times/week 793 (3) 29.6 ± 3.4 20 (2) 28.8 ± 4.3 773 (3) 29.6 ± 3.4
Did not answer 241 (1) 30.0 ± 3.5 11 (1) 31.3 ± 2.4 230 (1) 30.0 ± 3.6

Regular exercise
No exercise 13,354 (49) 29.8 ± 3.6 476 (49) 30.1 ± 3.5 12,878 (49) 29.7 ± 3.6
Once or twice/week 7,956 (29) 29.9 ± 3.5 249 (26) 30.4 ± 3.4 7,707 (29) 29.9 ± 3.5
3–4 times/week 3,534 (13) 30.0 ± 3.4 138 (14) 30.3 ± 3.2 3,396 (13) 30.0 ± 3.4
5–6 times/week 814 (3) 30.0 ± 3.5 37 (4) 30.7 ± 3.1 777 (3) 29.9 ± 3.5
Almost every day 1,329 (5) 29.8 ± 3.5 66 (7) 30.2 ± 3.5 1,263 (5) 29.7 ± 3.5
Did not answer 283 (1) 29.8 ± 3.4 7 (1) 29.6 ± 3.3 276 (1) 29.8 ± 3.5

Size of the population in the districtb 445,095 (164,399) 445,095 (164,941) 445,095 (164,399)
Proportion of married persons among the population aged ≥ 15 yearsb 0.56 (0.04) 0.56 (0.04) 0.56 (0.04)
Economic environment satisfactionb,c 4.85 (0.45) 4.85 (0.46) 4.85 (0.45)
Social environment satisfactionb,c 5.08 (0.52) 5.08 (0.56) 5.08 (0.52)
Number of clients of social welfare facilitiesb,d 8.85 (4.22) 8.85 (5.64) 8.85 (4.22)
Deprivation indexb 0.03 (2.53) 0.03 (2.52) 0.03 (2.53)

Abbreviations: MDD, major depressive disorder; PM2.5, particulate matter with an aerodynamic diameter ≤ 2.5 μm; SD, standard deviation.
aValues are presented as n (%) or median (interquartile range). bInterquartile ranges, defined as third quartile minus first quartile. cEvaluated as a 10-point Likert scale. dPresented per 
10,000 people. 
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cell junction and neural proteins via immune 
system responses (Calderón-Garcidueñas 
et  al. 2008; Lampron et  al. 2013). These 
autoantibodies may disrupt the blood–brain 
barrier, leading to neuroinflammation, brain 
oxidative stress, and neurochemical changes. 
Additionally, it has been suggested that PM2.5 
can penetrate the lung tissue compartment, 
enter systemic circulation, and reach the 
brain, leading to inflammation and oxidative 
stress in the central nervous system (Block 
and Calderón-Garcidueñas 2009; Valavanidis 
et al. 2008). There is evidence that inflam-
matory factors play important roles in the 
development of major depressive disorder 
through neurochemical changes (Anisman 
and Hayley 2012; Raison and Miller 2011). 
Major depressive disorder has been shown 
to frequently accompany diseases associated 
with chronic inflammation such as diabetes 
mellitus, cardiovascular disease, and chronic 
obstructive pulmonary disease (Shelton 
and Miller 2011). Additionally, the levels 
of circulating inflammatory mediators have 
been shown to be high in patients with major 
depressive disorder (Dantzer et  al. 2008). 
Immunotherapy involving the administration 
of interferon-α for the treatment of hepa-
titis C or cancer has been shown to induce 
the production of proinflammatory cytokines 
such as interleukin-6 and depression among a 
considerable number of patients (Bonaccorso 
et al. 2002; Juengling et al. 2000). Therefore, 
it is biologically plausible that long-term 
PM2.5 exposure can cause major depressive 
disorder through systemic and neural inflam-
mation and oxidative stress, and that the 
effect of PM2.5 exposure on major depres-
sive disorder is great among patients with 
diseases associated with chronic inflammation 
because of the high levels of inflammatory 
factors. This effect modification may also 
reflect individual differences in susceptibility 
to inflammation caused by PM2.5 exposure. 
The development of chronic diseases related 
to chronic inflammation, such as diabetes 
mellitus and major depressive disorder, 
may be more likely in participants with a 
low defensive capacity against PM2.5 than 
in those with a normal defensive capacity 
(Rückerl et al. 2014). Further studies on the 
mechanisms should be performed.

Our study has limitations with regard to 
the study population. The present study was 
performed using data from a single metropolis 
with a population of > 10 million over an area 
of 605 km2, which may limit the generaliz-
ability of the findings. However, the racial and 
cultural homogeneity of the present study 
population reduced the possibility of residual 
confounding related to population stratifica-
tion and cultural differences, which could not 
be excluded in previous studies assessing the 
adverse health effects of long-term air pollution 

exposure performed nationwide or in multiple 
cities. In the present study, a high number 
of participants came from families with high 
income, and those with low household income 
were underrepresented, which may shift the 
association to the null, considering that the 
association between PM2.5 exposure and major 
depressive disorder was stronger among those 
with low income in the stratified analyses by 
household income (see Table S4). There were 
missing values in up to 5.3% of individual-
level covariates, which is another limitation of 
the present study. However, the results did not 
change appreciably in the analyses using the 
missing indicator category and in the complete 
case analyses.

Limitations regarding the assessment of 
exposure were present. Although assessing 

exposure using a fixed-site pollution monitor 
is common in air pollution epidemiological 
studies (Gauderman et al. 2015; Pope et al. 
2009), this approach has been reported to 
cause nondifferential misclassification of indi-
vidual exposure and to shift the association 
to the null (Kioumourtzoglou et al. 2014). 
However, despite this limitation, we found 
consistent associations in the present study. 
The possibility that unknown or unmeasured 
factors related to a district may confound 
the observed association cannot be excluded 
despite the relatively high racial and cultural 
homogeneity of the study population. Previous 
studies have demonstrated that income levels 
are closely related to the residential address 
and air pollution exposure (Brook et al. 2013; 
Koton et al. 2013), which is unlikely in the 

Table 2. Hazard ratios of major depressive disorder for an increase of 10 μg/m3 in the PM2.5 concentration.

Exposure No.a HR (95% CI)
Model 1b

PM2.5 in 2007 973/27,270 1.50 (1.24, 1.81)
PM2.5 between 2007 and 2010 1.61 (1.06, 2.44)
Moving average PM2.5

c 1.43 (1.12, 1.84)
Model 2d

PM2.5 in 2007 973/27,270 1.50 (1.24, 1.81)
PM2.5 between 2007 and 2010 1.60 (1.06, 2.43)
Moving average PM2.5

c 1.44 (1.12, 1.84)
Model 3e

PM2.5 in 2007 973/27,270 1.43 (1.16, 1.77)
PM2.5 between 2007 and 2010 1.59 (1.02, 2.49)
Moving average PM2.5

c 1.47 (1.13, 1.89)
Model 4f 

PM2.5 in 2007 973/27,270 1.44 (1.17, 1.78)
PM2.5 between 2007 and 2010 1.59 (1.02, 2.49)
Moving average PM2.5

c 1.47 (1.14, 1.90)

Abbreviations: CI, confidence interval; HR, hazard ratio; PM2.5, particulate matter with an aerodynamic diameter 
≤ 2.5 μm.
aNumber of events during the follow-up period/total number analyzed. bModel 1 was stratified by sex and age, and 
unadjusted. cThe 12-month moving average of the PM2.5 concentration until an event or censor between 2007 and 
2010 as time-varying exposure in time-dependent Cox models. dModel 2 was stratified by sex and age, and adjusted 
for household income, smoking status, alcohol consumption, and regular exercise. eModel 3 was stratified by sex and 
age, and adjusted for the size of the population, proportion of married persons among the population ≥ 15 years of age, 
economic and social environment satisfaction, number of clients of the social welfare facilities per capita, and depriva-
tion index in the district in which each participant resided. fModel 4 was stratified by sex and age, and adjusted for 
household income, smoking status, alcohol consumption, regular exercise, size of the population, proportion of married 
persons among the population ≥ 15 years of age, economic and social environment satisfaction, number of clients of the 
social welfare facilities per capita, and deprivation index in the district in which each participant resided. 

Table 3. Hazard ratiosa of major depressive disorder for an increase of 10 μg/m3 in the annual PM2.5 
concentration in 2007, stratified by underlying chronic diseases.

Disease No.b HR (95% CI) p for interaction
DM

(+) 350/5,252 1.83 (1.26, 2.64) 0.12
(–) 623/22,018 1.27 (0.98, 1.64)

CVD
(+) 506/8,564 1.58 (1.19, 2.12) 0.64
(–) 467/18,706 1.31 (0.96, 1.77)

COPD
(+) 389/7,530 1.64 (1.17, 2.30) 0.44
(–) 583/19,740 1.35 (1.03, 1.77)

Abbreviations: +, individuals with the underlying disease; –, individuals without the underlying disease. CI, confidence 
interval; COPD, chronic obstructive pulmonary disease; CVD, cardiovascular disease; DM, diabetes mellitus; HR, hazard 
ratio; PM2.5, particulate matter with an aerodynamic diameter ≤ 2.5 μm. 
aThe models were stratified by sex and age, and adjusted for household income, smoking status, alcohol consump-
tion, regular exercise, size of the population, proportion of married persons among the population ≥ 15 years of age, 
economic and social environment satisfaction, number of clients of the social welfare facilities per capita, and depriva-
tion index in the district in which each participant resided. bNumber of events during the follow-up period/total number 
analyzed, stratified by underlying chronic diseases. 
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present study (Table 1). We tried to reduce 
this possibility by applying extensive contextual 
and individual-level covariates. Furthermore, 
when we constructed multilevel time-
dependent Cox models with a random effect of 
districts or a time-dependent Cox model addi-
tionally adjusted for district, which assessed 
the association only with the within-district 
variability of exposure (Kioumourtzoglou et al. 
2015; Park et al. 2015), the association was 
consistent, suggesting that the present results 
were not influenced notably by the potential 
confounders related to a district. Another 
possible source of misclassification of exposure 
in long-term air pollution studies is the meth-
odology of assigning estimated exposure based 
on the home address of each participant at 
enrollment. Individuals who moved into their 
homes from other areas just before study 
enrollment or moved out from their homes 
to other areas during the study period may 
have a considerably different exposure to air 
pollution compared to the assigned exposure. 
Therefore, to reduce this kind of exposure 
misclassification, we restricted the analyses to 
participants who did not move to different 
districts between 2002 and 2010, because we 
obtained only the district-level address for each 
participant in each year in order to maintain 
confidentiality. Although the PM2.5 concentra-
tion was available only since 2007, we assumed 
that the structures related to pollution levels 
such as roads and factories changed gradually 
and that the ranking of the districts according 
to air pollution levels was relatively constant 
over the years (see Figure S2) (Dantzer et al. 
2008; Park et al. 2015). Therefore, we used 
the annual PM2.5 concentration in 2007, 
average PM2.5 concentration between 2007 
and 2010, and 12-month moving average 
of the PM2.5 concentration until an event 
or censor as the long-term exposure indices, 
reflecting > 1–4 years of exposure. However, 
in the present study, which used claims 
data, information on time spent away from 
the district in which each participant resided 
due to a reason such as work was not avail-
able, which may have resulted in misclassifi-
cation of the estimation of individual PM2.5 
exposure. Furthermore, PM2.5-related factors 
such as perceived air pollution/odor, perceived 
danger from road traffic, or traffic noise may 
also affect mental well-being (Bocquier et al. 
2014; Persson et al. 2007; Yoshida et al. 1997) 
rather than, or together with, PM2.5 exposure, 
resulting in increased risk of major depres-
sive disorder. These possibilities need to be 
investigated in a future study.

There were also limitations with regard to 
outcome assessment. The diagnostic accuracy 
of major depressive disorder in the present 
administrative data has not been evaluated. 
Therefore, to reduce the possibility of misclas-
sification, we defined depressive disorder in 

the sensitivity analyses as the diagnosis of a 
depressive episode only or an extended diag-
nosis further including recurrent depressive 
disorder, dysthymia, and mixed anxiety and 
depressive disorder. The results were not appre-
ciably different between the main definition 
and the alternative definitions, and showed 
gradual attenuation, possibly due to nondif-
ferential misclassification (see Table S6). Long-
term PM2.5 exposure has been reported to be 
associated with cognitive decline (Weuve et al. 
2012) and neurodegenerative diseases such 
as Alzheimer’s disease (Jung et al. 2015) in 
the elderly, which can be a potential source 
of bias owing to misclassification. However, 
after excluding participants diagnosed with 
dementia, the results did not change appre-
ciably. Last, the reported prevalence of major 
depressive disorder in Korea (1-year preva-
lence, 3.1%; lifetime prevalence, 6.7%) (Cho 
2011) is comparable with our results (3-year 
prevalence, 5.1%; see Table  S7), which 
provides additional evidence that the present 
outcome definition did not introduce substan-
tial misclassification bias. Despite the inherent 
limitations of using claims data, this approach 
is more objective and potentially less biased 
than reporting by participants or a question-
naire-based instrument, which have been used 
in previous studies (MacIntyre et al. 2011).

The present study has some strengths. 
First, the study evaluated medical service 
utilization for major depressive disorder and 
treatment, which reflects clinical practice and 
real-world settings. Second, the study used 
claims data; therefore we avoided a systemic 
error due to differential follow-up loss, which 
is a potential problem when examining diseases 
whose development is related to follow-up and 
subsequent detection, such as major depressive 
disorder. Third, because both inpatient and 
outpatient medical care utilization information 
was used, inpatient participants with several 
medical conditions including major depressive 
disorder could be assessed, which is difficult in 
a usual cohort study setting.

Conclusion
The present study provides evidence for a 
positive association between long-term PM2.5 
exposure and major depressive disorder in 
a community-based urban cohort. The risk 
for major depressive disorder is higher in 
individuals with underlying chronic diseases 
who are exposed to high PM2.5 concentra-
tions than in those without these diseases. 
However, because the present PM2.5 level was 
higher than the World Health Organization 
guideline for the annual mean PM2.5 concen-
tration (10 μg/m3) and the PM2.5 levels of 
many developed countries, and because the 
shape of the concentration–response rela-
tionships may differ between areas due to 
heterogeneous populations and particulate 

composition, we could not generalize the 
present results directly to other areas. This 
provokes the necessity of further investiga-
tions confirming the observed associations 
among various population and areas.
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