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In COPD patients, short-term air pollution expo-
sure increases the risk of COPD-related out-
comes.!1"13 In meta-analysis studies, short-term
exposure (single-day lags or multiday averages) to
particulate matter with diameter <10um (PM,,)
increased the risk of COPD-related emergency
department visits, hospital admissions, and mor-
tality.!1:12 In addition, compared with those with-
out COPD, patients with COPD had a higher risk
of all-cause and respiratory mortality after short-
term exposure to PM,, and nitrogen dioxide
(NO,).13

However, evidence on whether long-term air pol-
lution exposure increases the mortality risk in
COPD patients is limited. In a study of older
adults (=65years) with a discharge diagnosis of
COPD from emergency admissions in the United
States, annual PM,,, averaged over 1-4years
(same year and 3 preceding years), was associated
with higher all-cause mortality.'* This study,
however, only included older adults who had
severe symptoms requiring an emergency depart-
ment admission, and smoking status, a key risk
factor for both COPD and mortality, was not
considered. Furthermore, the health effects of
long-term exposure to NO, have not been evalu-
ated in COPD patients. Thus, we used national
health insurance data to evaluate the associations
of long-term exposure (up to 5years) to PM,, and
NO, with all-cause and disease-specific mortality
in COPD patients.

Patients and methods

Study population

We conducted a retrospective cohort study using
data from the South Korean National Health
Insurance Service (NHIS). South Korea has a
single-payer national health insurance system that
covers more than 97% of all citizens. The NHIS
maintains records of all inpatients and outpatient
visits, prescriptions, and procedures in the
National Insurance Database (NHID), including
information on free-of-charge health screening
exams provided by the NHIS annually or bienni-
ally. Details of the NHIS-NHID are published
elsewhere. 116

All patients =40years who met the definition of
COPD (see definition below) during 1 January to
31 December 2009, the earliest year available for
air pollutants levels, were included (N=269,595)

(Figure 1). We excluded individuals who died in
2009 (N=11,522) or did not undergo a health
screening exam between 1 January 2007 and 31
December 2009 (N=126,043). We then excluded
participants with missing information on smoking
status (NN=8,593), body mass index (BMI,
N=120), or area of residence (N=11) and par-
ticipants whose air pollutant levels in their area of
residence could not be estimated (N=9,222).
The final sample size was 121,423 participants
(76,843 men and 44,580 women). We used ret-
rospective data from a nationwide study of COPD
cases in Korea. We used all data available from
eligible participants and did not perform power
calculations to select the sample size.

Data sources

The NHIS data comprise four databases on insur-
ance eligibility (demographics, area of residence,
and insurance status), medical treatments (claims
of hospital admissions, outpatient visits, treat-
ments and procedures reimbursed by the NHIS
and details of the associated diseases, and pre-
scriptions), medical institutions, and health
screening exams. Disease diagnosis was coded
using the International Classification of Diseases—
Tenth Revision (ICD-10),!5-17 and prescriptions
were coded wusing the Korean Drug and
Anatomical Therapeutic Chemical codes for all
reimbursed claims. The claims data are routinely
audited by the NHIS to improve reliability.

COPD was defined as the presence of ICD-10
J43.X (except J43.0) or J44.X and a prescription
for any single or combination of COPD drugs at
least twice in 2009. COPD drugs were defined as
long-acting muscarinic antagonists, long-acting
beta-2 agonists (LABA), inhaled corticosteroids
with LABA, short-acting muscarinic antagonists
(SAMA), short-acting beta-2 agonists (SABA), a
combination of SAMA and SABA, methylxan-
thines, and systemic beta agonists.18:19

The presence of exacerbation was defined in the
same year as COPD diagnosis. Moderate exacer-
bation of COPD was defined as an outpatient visit
with an ICD-10 J43.X (except J43.0) or J44.X and
a prescription for systemic steroids or antibiotics
on the same visit. Severe exacerbation of COPD
was defined as an inpatient or emergency room
visit with one of the following ICD-10 codes:
COPD [J43.X (except J43.0) or J44.X], or COPD-
related disease [pneumonia (J12.X-J17.X),
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pulmonary thromboembolism (26, 126.0, or
126.9), dyspnea (R06.0), or acute respiratory dis-
tress syndrome (J80)], and a prescription for sys-
temic steroids or antibiotics at the same visit.2°

Age was categorized as 40-49, 50-59, 60-69,
70-79, 80-89, or = 90years. Income levels were
categorized as <30th, 30-70th, or >70th percen-
tiles. Residential area was categorized as Seoul,
metropolitan cities (Busan, Daegu, Daejeon,
Gwangju, Incheon, and Ulsan), and others. BMI
was categorized as underweight (<18.5kg/m?2),
normal (18.5-<23kg/m?), overweight (23—
<25kg/m?), or obese (=25kg/m?) based on the
Asian-Pacific criteria.2! Smoking status was cate-
gorized as never, former, or current based on the
self-administered questionnaire at the health
screening exams. The presence of COPD exacer-
bation was none, moderate, and severe. The pres-
ence of comorbidities was identified using ICD-10
codes for any hospital visit in the same year as the
COPD diagnosis and was summarized using the
Charlson Comorbidity Index (CCI).22

Air pollution measurements

We collected hourly concentrations of PM,, and
NO, measured at 429 monitoring stations in
South Korea between 1 January 2009 and 31
December 2013 from Korea’s Ministry of the
Environment.?? PM,, was measured using the j3-
ray absorption method and NO, using the chemi-
luminescence method.?> NO, was measured in
ppm and was transformed to pg/m3 using conver-
sion factor 1.88.2% For each station, the daily
average concentrations of each air pollutant were
calculated using only the days when =75% of the
hourly measurements were available and were
considered missing otherwise. The numbers (%)
of missing observations for daily average PM,,
and NO, between 2009 and 2013 were 2,832
(2.8%) and 2,134 (2.1%), respectively.?3

Based on the average measured daily concentra-
tions, we estimated the daily average exposure
concentrations of PM,, and NO, at the neighbor-
hood level (for urban regions) or a town/township
level (for rural regions) using ordinary kriging
(R-package ‘Automap’)?> with a spatial resolution
0f0.01° X 0.01°. The performance of each kriging
model was evaluated using 10-fold cross-valida-
tion. The R? of PM,, and NO, in 2009 was 0.35
and 0.50, respectively. To estimate long-term
exposure, we generated 1-year (1 January 2009 to

Individuals 40 years and older who
met COPD criteria in 2009 (N=269,595)

Exclusion #1 (N = 130,243)
- Individuals who died during 2009 (N = 11,522)

—->{ = Did not have health exam between 2007 and 2009 (N = 126,043)

Eligible participants (N = 139,352)

Exclusion #2 (N = 17,929)

— Missing information on smoking (N = 8,593)
—> — Missing information on BMI (N = 120)

- Missing information on residence (N = 11)

- Not match the residence area and Kriging result (N = 9,222)

Participants included in the study (N = 121,423)

Figure 1. Flow chart of study participants.

31 December 2009), 3-year (1 January 2009 to
31 December 2011), and 5-year (1 January 2009
to 31 December 2013) average concentrations of
each air pollutant (Supplementary Figure 1). In
addition, we calculated the number of days that
exceeded the World Health Organization (WHO)
standards for PM,, (24-h mean concentra-
tion=50ug/m?) during the 1-, 3-, and 5-year
period, as the WHO standards for 24-h mean
NO, were unavailable.?°

Study outcomes

Vital status, date of death, and cause of death
information in the NHIS-NHID are linked to the
death certificate information from the National
Statistical Office. The primary outcome was over-
all mortality. Secondary outcome was disease-
specific death, which was classified as lung cancer
(C34), other cancers (C00-D48, except C34),
pneumonia (J12-J18), chronic lower airway dis-
ease including bronchitis, emphysema, COPD,
asthma, and bronchiectasis (J40-J47), cardiovas-
cular disease (CVD, 120-125, I30-52), cerebro-
vascular disease (I60-69), diabetes mellitus
(E10-14), hypertension (I10-15), neurologic dis-
orders (G00-G99), injuries (S00-T98), and
others.!8

Statistical analysis

Each participant was followed up from 1 January
2010, until death or the end of the study period
(31 December 2018), whichever was first. We
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estimated the hazard ratios (HRs) and 95% con-
fidence interval (CI) for overall mortality associ-
ated with a 10-ug/m> increase in the Il-year
average concentrations of PM,, and NO, using
Cox proportional hazards models stratified by
residential area (Seoul, metropolitan cities, and
others) and adjusted for baseline age, sex, income
level, BMI (continuous), smoking status, CCI at
the time of COPD diagnosis, and the presence of
exacerbation (none, moderate, and severe). In
addition, we estimated the HRs using the 3-year
and 5-year average concentrations of each air pol-
lutant as exposure. For these analyses, follow-up
started on 1 January 2012 (N=141,081) and 1
January 2014 (N=137,089), respectively, and
those who died in the year used to define COPD
diagnosis were excluded. We checked the propor-
tional hazards assumption by including interac-
tion terms of all predictors with time and found
no evidence of departure from model assump-
tions. In addition, we evaluated nonlinear rela-
tionship between air pollution concentrations and
overall mortality using restricted cubic splines for
PM,, and NO, with three knots at 10th, 50th,
and 90th percentiles.

For secondary outcomes, we estimated subdistri-
bution HRs (95% CIs) for each cause of death
per 10ug/m?> increase in l-year average concen-
trations of PM,, and NO, using the Fine and
Gray method to account for competing risks.2?
For each cause of death, all the other causes of
death were considered as competing events. We
also estimated the HRs (95% ClIs) for overall
mortality and each cause of death associated with
a 10-day increase in the number of days exceed-
ing the PM,, WHO standard. The models were
adjusted for the same confounders as above.

In addition, we performed stratified analyses by
pre-defined subgroups: age (<60, 60-69, and
=70years), sex, BMI category, smoking status,
CCI category (1, 2, and = 3), and the presence
of exacerbation. As a sensitivity analysis, we
repeated the analyses for overall mortality exclud-
ing potential intermediate variables, such as BMI
and the presence of exacerbation. We adjusted for
the same confounders used in overall mortality.
All analyses were performed using Statistical
Analysis System (SAS) version 9.4 (SAS Institute
Inc., Cary, NC, USA) and R statistical software,
version 3.6.2.

Results

Participants and air pollutant concentrations
Among the 121,423 participants (76,843 men
and 44,580 women), 84% were =60years, 60%
were never smokers, nearly 16% had experienced
severe exacerbation, and 77% had at least one
additional comorbid condition (Table 1).
Compared with women, men were more likely to
be former or current smokers and have experi-
enced severe exacerbation.

During the median follow-up of 4.4years
(889,079.0 person-years), 44,266 participants
died [incidence rate (IR) =49.8 per 1000 person-
years]. Participants who died were more likely to
be male, underweight or normal weight, former
or current smokers, have experienced severe exac-
erbation, and have CCI =3 (Supplementary
Table 1). Of the 141,081 participants followed up
since 2012, 29.3% died, and of the 137,089 par-
ticipants followed up since 2014, 21.7% died
during the study period (Supplementary Tables 2
and 3).

The median [interquartile range (IQR)] 1-year
average PM,, and NO, concentrations were 49.9
(47.7-56.6) pg/m> and 36.9 (30.0-48.2) ug/m3 in
2009 (Supplementary Table 4). Air pollution con-
centrations in this study population differed
between the regions with the highest PM,, concen-
trations in the Metropolitan cities and the highest
NO, concentrations in Seoul (Figure 2 and
Supplementary Figure 2). During the study period,
the annual mean PM,, concentrations declined in
all regions, whereas the NO, concentrations
remained relatively constant (Supplementary
Figure 2). In 2009, the median number of days of
above the WHO standards of PM,, was 140 (125-
180) (Supplementary Table 5).

Air pollution and mortality risk

The adjusted HRs for overall mortality per 10 pug/
m? increase in 1-, 3-, and 5-year PM,, exposure
were 1.004 (95% CI=0.985, 1.023), 1.006 (95%
CI=0.985, 1.027), and 1.019 (95% CI=0.994,
1.046), respectively (Table 2). The adjusted HRs
for overall mortality per 10pug/m3 increase in 1-,
3-, and 5-year NO, exposure were 0.993 (95%
CI=0.984, 1.002), 0.995 (95% CI=0.985,
1.004), and 0.990 (95% CI=0.979, 1.001),
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Table 1. Baseline characteristics of study participants in 2009.

Characteristics Overall (%) (N=121,423) Men (%) (N=76,843) Women (%) (N=44,580)
Age, years

40-49 4,209 (3.5) 2,144 (2.8) 2,065 (4.6)

50-59 15,182 (12.5) 8,461 (11.0) 6,721 (15.1)

60-69 32,225 (26.5) 21,263 (27.7) 10,962 (24.6)

70-79 52,899 (43.6) 34,525 (44.9) 18,374 (41.2)

80-89 16,185 (13.3) 10,020 (13.0) 6,165 (13.8)

=90 723 (0.6) 430 (0.6) 2931(0.7)

Income percentiles

<30th 27,091 (22.3) 16,419 (21.4) 10,672 (23.9)
>30th-=<70th 33,678 (27.7) 21,438 (27.9) 12,240 (27.5)
~70th 60,654 (50.0) 38,986 (50.7) 21,668 (48.6)

Residential area

Seoul 86,992 (71.6) 54,857 (71.4) 32,135 (72.1)
Metropolitan cities 12,393 (10.2) 8,026 (10.4) 4,367 (9.8)
Others 22,038 (18.2) 13,960 (18.2) 8,078 (18.1)

Body mass index, kg/m?

Underweight 10,176 (8.4) 7,794 (10.1) 2,382 (5.3)

Normal 47,886 (39.4) 33,594 (43.7) 14,292 (32.1)
Overweight 26,972 (22.2) 16,927 (22.0) 10,045 (22.5)
Obese 36,389 (30.0) 18,528 (24.1) 17,861 (40.1)

Smoking status

Never 72,812 (60.0) 31,953 (41.6) 40,859 (91.7)
Former 20,342 (16.8) 19,498 (25.4) 844 (1.9)
Current 28,269 (23.3) 25,392 (33.0) 2,877 (6.5)

Presence of exacerbation

None 45,592 (37.6) 29,646 (38.6) 15,946 (35.8)
Moderate 56,511 (46.5) 33,348 (43.4) 23,163 (52.0)
Severe 19,320 (15.9) 13,849 (18.0) 5,471 (12.3)

Charlson Comorbidity Index

1 27,593 (22.7) 18,079 (23.5) 9,514 (21.3)
2 30,528 (25.1) 18,647 (24.3) 11,881 (26.7)
=3 63,302 (52.1) 40,117 (52.2) 23,185 (52.0)

Values in the table are n (%); metropolitan cities included Busan, Daegu, Daejeon, Gwangju, Incheon, and Ulsan.

journals.sagepub.com/home/taj 5


https://journals.sagepub.com/home/taj

THERAPEUTIC ADVANCES in

Chronic Disease Volume 14
(a) PMho (b) NO:
90
period
50 = 1-year concentration
80 [ 3-year concentrations
=3 5-year concentrations
704
50 |
60 {
5 3
3 5 50
< ]
g =
30 40 4
30 4
20 period
Bl 1-year concentration 20 4
B 3-year concentrations £ 1 1
3 5-year concentrations
10

T
Seoul

T T
Metropolitan cities Others

Region

T T
Metropolitan cities Others

Region

T
Seoul

Figure 2. Distribution of 1-, 3-, and 5-years average concentrations of (a] PM,, and (b] NO, by region.

The box plots are based on air pollution concentrations estimated using ordinary kriging prediction models for 2009-2013. The boxes indicate

the interquartile range (IQR) and the line in the center indicates the median concentration. Whiskers extend to 1.5 times the IQR to the most
distant observation within that distance [i.e. the largest or smallest observations within quartile 3+ 1.5 X 1QR or quartile 1-1.5 X 1QR). The outlier
observations are shown as circles. Exposure data are shown by study area, which included Seoul, metropolitan cities (Busan, Daegu, Daejeon,
Gwangju, Incheon, Ulsan), and others.

respectively. There was no evidence for a nonlin-
ear association between PM,, and overall mortal-
ity (p value for nonlinearity =0.10), whereas NO,
was nonlinearly associated with overall mortality
(p value for nonlinearity =0.003; Supplementary
Figure 3).

Among disease-specific mortalities, chronic lower
airway disease (19.6%, N=8,679) was the most
common cause of death, with an IR of 11.9 per
1000 person-years (Table 2). For a 10-pug/m3
increase in 1-year PM,, and NO, exposures, the
adjusted HRs for chronic lower airway disease
mortality were 1.068 (95% CI=1.024, 1.113)
and 1.029 (95% CI=1.009, 1.050), respectively.
In addition, 1-year exposure to PM,, was associ-
ated with an increased risk of diabetes-related
mortality. We did not find any statistically signifi-
cant associations of PM,, and NO, with other
causes of death (Table 2). The associations were
similar for the 3- and 5-year exposures, and when
we used the number of days exceeding the PM,,
WHO standards (Supplementary Table 6).

In the subgroup analysis, long-term exposure to
PM,, was associated with overall mortality in
adults aged 60-69years, women, underweight
individuals, current smokers, and those with a his-
tory of severe exacerbation (Figure 3). For NO,,
long-term exposure was associated with overall

mortality in underweight individuals and those
with a history of severe exacerbation. Both air pol-
lutants, however, were associated with a lower risk
of overall mortality in individuals who had no addi-
tional comorbidity other than COPD. Excluding
BMI and the presence of exacerbation from the
final model did not change the results materially
(Supplementary Table 7). The results were similar
for the number of days exceeding the WHO stand-
ards for PM,, (Supplementary Figure 4).

Discussion

In this nationwide study of COPD patients, long-
term exposures of 1-5years to PM,, and NO,
were not associated with overall mortality; how-
ever, they were associated with mortality due to
chronic lower airway disease. In stratified analy-
ses, exposures to PM,, and NO, were associated
with overall mortality in patients who were under-
weight and had a history of severe exacerbation.

In this study, long-term exposure to PM,, and
NO, was not associated with overall mortality,
which differs from previous studies. In a meta-
analysis, short-term daily exposure to PM,, was
associated with a higher risk of acute exacerbation
[pooled odds ratio (OR)=1.03; 1.02, 1.04] and
mortality (pooled OR=1.01; 1.008, 1.014) in
patients with COPD,!! and an increase of
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Table 2. Adjusted hazard ratios (95% confidence intervals) for overall and disease-specific mortality per 10 pg/m?3 increase in PM,
and NO, by exposure periods.

Exposure periods

1year

3years

Syears

Incidence rate

HR (95% Cl)

Incidence rate

HR (95% CI)

Incidence rate

HR (95% Cl)

(per 102 PY) (per 102 PY) (per 103 PY)

PM,, (per 10 ug/m3 increase)
Overall mortality 49.8 1.004 (0.985, 1.023) 49.2 1.006 (0.985, 1.027)  48.9 1.019 (0.994, 1.046)

Disease-specific mortality
Chronic lower airway disease ~ 11.9 1.068 (1.024, 1.113) 10.9 1.133(1.081,1.188) 9.9 1.090 (1.027, 1.157)
Lung cancer 8.3 1.008 (0.958, 1.061) 8.7 0.950(0.900, 1.002) 8.9 1.017 (0.955, 1.083)
Other cancer 9.0 0.935 (0.890, 0.982) 8.6 0.896 (0.849,0.946) 8.2 0.960 (0.899, 1.026)
Pneumonia 4.0 0.965 (0.894, 1.040) 3.9 0.987 (0.910, 1.069) 4.0 0.964 (0.877, 1.061)
Cardiovascular disease 515 0.947 (0.889, 1.009) 5.2 0.949 (0.885, 1.018) 4.8 1.030 (0.945, 1.123)
Cerebrovascular disease 3.2 0.993(0.914, 1.079) 2.7 0.968(0.880, 1.065) 2.4 1.003 (0.888, 1.132)
Diabetes mellitus 1.2 1.161(1.015, 1.327) 1.0 1.080(0.925, 1.261) 0.8 1.051 (0.855, 1.292)
Hypertension 0.9 0.988 (0.842, 1.158) 0.8 1.132(0.947,1.353] 0.7 1.007 (0.799, 1.268)
Neurologic disorder 1.3 0.839 (0.730, 0.965) 1.1 1.058 (0.908, 1.234) 0.9 0.935(0.763, 1.147)
Injuries 3.6 1.011(0.936, 1.092) 3.2 0.950 (0.870, 1.037) 3.0 0.954 (0.855, 1.064)
Others 12.5 0.999 (0.959, 1.042) 11.5 1.006 (0.960, 1.053) 10.9 1.053 (0.995, 1.114)

NO, [per 10 ug/m3 increase)

Overall mortality 49.8 0.993 (0.984, 1.002) 49.2 0.995(0.985, 1.004)  48.9 0.990(0.979, 1.001)

Disease-specific mortality
Chronic lower airway disease ~ 11.9 1.029 (1.009, 1.050) 10.9 1.043 (1.021, 1.065) 9.9 1.028 (1.002, 1.055)
Lung cancer 8.3 0.990 (0.966, 1.014) 8.7 0.984(0.960, 1.009) 8.9 0.995 (0.968, 1.022)
Other cancer 9.0 0.973 (0.950, 0.996) 8.6 0.964(0.941,0.989) 8.2 0.968 (0.940, 0.997)
Pneumonia 4.0 0.979 (0.944, 1.015) 3.9 0.965(0.929,1.003) 4.0 0.951(0.910, 0.994)
Cardiovascular disease 5.5 0.975 (0.945, 1.005) 5.2 0.973(0.942, 1.006) 4.8 0.983 (0.946, 1.022)
Cerebrovascular disease 3.2 0.990 (0.951, 1.030) 2.7 0.953(0.911,0.998) 2.4 0.936 (0.884, 0.991)
Diabetes mellitus 1.2 1.031(0.966, 1.099) 1.0 1.066(0.995, 1.143) 0.8 1.060 (0.969, 1.159)
Hypertension 0.9 0.988 (0.915, 1.068) 0.8 0.991(0.910,1.080) 0.7 1.024 (0.924, 1.135)
Neurologic disorder 1.3 0.971(0.910, 1.037) 1.1 1.040(0.971,1.114) 0.9 1.029 (0.942, 1.124)
Injuries 3.6 0.957 (0.922, 0.994) 3.2 0.937(0.899,0.977) 3.0 0.926 (0.881, 0.973)
Others 12.5 0.985 (0.966, 1.005) 11.5 0.985 (0.964, 1.006) 10.9 0.993 (0.968, 1.019)

CClI, Charlson Comorbidity Index; Cl, confidence interval; COPD, chronic obstructive pulmonary disease; CVD, cardiovascular disease; HR, hazard ratio; ICs, inhaled
corticosteroids; IQR, interquartile range; IR, incidence rate; NHIS, National Health Insurance Service; PY, person-years; WHO, World Health Organization.

Models were adjusted for age (40-49, 50-59, 60-69, 70-79, 80-89, and =90years), sex, income percentile (<30th, 30-70th, and >70th], BMI (continuous), smoking
status (never, former, and current), Charlson Comorbidity Index at the time of COPD diagnosis (continuous), and the presence of exacerbation (none, moderate, and
severe) and stratified by Seoul, metropolitan cities, and others.
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(a) Hazard ratio for all- cause mortality per 10 pg/m” increase in PM,, (b) Hazard ratio for all - cause mortality per 10 ug fm?” increase in NG,
Subgroups No. of COPD Patients  Event HazardRatio p-value for interaction  Subgroups No. of COPD Patients ~ Event HazardRatio p-value for interaction
Age 007 Age 018
<60 19,391 1,536 | | 0976 (0.893, 1.068) <60 19,391 1,536 —=— 0953 (0930, 0.996)
60-69 32:225 6,753 == 1.046  (1.000,1.093) 60-69 32,225 6,753 = 0997  (0.980, 1.014)
270 60,807 35977 il 0.989 (0. 1.010) 270 69,807 36977 ] 0.992 (0.982, 1.001)
Sex 001 Sex 001
Men 76,843 33636 e 0990 (0.969,1011) Men 76,843 33636 L) 0988 (0.979,0.998)
Women 44,580 10,630 = 1.051 (1.012, 1.091) Women 44 580 10,630 gl 1.009 (0.994, 1.025)
BMI 0.01 BMI <0.001
Underweight 10,176 6,696 —=— 1.061 (1.011,1.113) Underweight 10,176 6,696 = 1023 (1.004,1.043)
Normal 47,886 20,379 [ral 1003 (0.976,1.030) Normal 47886 20,379 ) 0992  (0.980,1.003)
Overweight 26972 8224 = 0955 (0.916,0.995) Overweight 26972 8,224 = 0975  (0.969,0.991)
bese 36,389 8967 = 0993 (0.955, 1032) Obese 36,389 8,967 b= 0990  (0.975, 1.005)
Smoking status 002 Smoking status 0.01
Never 72,812 24329 [aal 1.001 (0.976, 1.027) Never 72,812 24,329 e 0995  (0.984,1.006)
Former 20342 8465 =i 0986  (0.928, 1005) Former 20,342 8465 e 0975  (0.960,0.990)
Current 28,269 11,472 = 1.039 (1.003, 1.076) Current 28,269 11,472 2] 1.004 (0.990, 1.019)
Gharison comorbidity index <0.001 Charlson comorbidity index <0.001
1 27593 757 b= 0914 (0.877,0953) 1 21,593 7,527 e 0956 (0,942 0.971)
2 30,528 9312 = 0.981 (0.944,1.019) 2 30,528 9,312 o) 0975 (0.961 0.989)
23 63,302 21,421 [aal 1002 (0.979, 1.025) 23 63,302 27421 =i 0990 (0.982 0.998)
Presence of exacerbation 001 Presence of exacerbation <0.001
None 45,502 15,153 = 0974 (0.945, 1.005) N 45,502 15,153 = 0.980 (0.968 0.993)
Moderate 56511 17,537 e 1.001 (0.973, 1.030) Moderate 511 17,537 ) 0990 (0.978 1.002)
Severe 19,320 11,576 = 1.049 (1.012, 1.087) Severe 19,320 11,576 (g} 1.020 (1.005 1.035)
Overall 121,423 44,266 b 1004 (0.985,1.023) 0.70 Overall 121,423 44,266 L] 0.993 (0.984 1.002) 0.14
—
085 10 112 090 10 11
< lower  upper —-> < lower  upper —>

Figure 3. Hazard ratios (95% confidence intervals) for overall mortality by subgroups. Hazard ratios for the associations of (a] PM,,
and (b) NO, with overall mortality are adjusted for age (40-49, 50-59, 60-69, 70-79, 80-89, and =90years), sex, income percentile
(<30th, 30-70th, and >70th), BMI (continuous), smoking status (never, former, and current], Charlson Comorbidity Index at the time
of COPD diagnosis (continuous), and the presence of exacerbation (none, moderate, and severe] and stratified by Seoul, metropolitan

cities, and others.

50pug/m? in daily average NO, with a 2-day lag
increased overall mortality (relative risk=1.15;
1.01, 1.30) in patients who attended emergency
room for COPD.?® Long-term PM,, exposure up
to 4 years was associated with higher overall mor-
tality (HR=1.22; 1.17, 1.27) in a cohort of older
adults (=65 years) who had been discharged from
an emergency department for COPD in the
United States between 1985 and 1999.14

The differences between these results and our
findings may be due to different adjustment fac-
tors, selection of study populations, and different
exposure periods. First, most studies did not
account for smoking status, which is a major risk
factor for COPD and mortality,!1:14:28 or the pres-
ence of exacerbation, which increases the risk of
mortality in patients with COPD.11:14:28:29 Indeed,
we found that current smokers had a higher risk
of overall mortality with PM,, exposure and
patients with a history of severe exacerbation had
a higher risk with PM,, exposure. Second, this
study included adults =40years who were diag-
nosed with COPD, whereas other studies
included participants who had not been diag-
nosed with COPD or were restricted to older
adults with COPD.11:30:31 This study showed a
significant association between long-term air pol-
lution exposure and overall mortality in patients
with a history of severe COPD exacerbation. Our
finding was consistent to previous study by
observing that long-term PM,, exposure was

associated with higher overall mortality in older
adults who had been discharged from an emer-
gency department for COPD indicating severe
exacerbation.!* These findings would suggest that
patients with more severe COPD are particularly
susceptible to systemic and pulmonary inflamma-
tion upon exposure to noxious particles than
those with mild to moderate COPD.3? Finally,
the biological mechanisms leading to mortality
may differ between short- and long-term expo-
sure to air pollution in COPD patients. Short-
term exposure to air pollution may trigger acute
inflammation of the airways and exacerbation,33
resulting in increased mortality,33:3¢ whereas long-
term exposure leads to airway remodeling, such
as fibrosis and smooth muscle hyperplasia,3?
therefore, COPD progression.?> Further studies
are needed to elucidate the different mechanisms
of short- and long-term exposure.

The most common cause of death was chronic
lower airway disease, and its risk was higher with
exposure to PM,, or NO,. PM increases the per-
meability of lung epithelial cells by direct damage
and accumulation in the airways.” Long-term
exposure to air pollution increases oxidative stress
due to lung inflammation and triggers pro-inflam-
matory signaling pathways locally and systemati-
cally.810 Air pollution exposure also induces the
regulation of genes involved in inflammation,
such as toll-like receptor 4, tumor necrosis factor-
o, and transforming growth factor-f.° It can also
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sensitize the airways and impair the immune sys-
tem.3%37 Thus, air pollution exposure may
increase the risk of chronic lower airway disease
mortality.

In this study, cancer including lung cancer and
CVD were the next most common causes of
death. Long-term exposure to PM and NO, has
been associated with an increased risk of lung
cancer mortality and cardiovascular mortality in
other populations.3%:38:39 We, however, did not
find these association in COPD patients. Given
the main cause of death in mild or moderate
COPD patients is lung cancer and that COPD
itself is a strong risk factor of lung cancer develop-
ment,*® the additional effect of air pollution on
lung cancer mortality might not be significant in
COPD patients. Moreover, in the Asian popula-
tion, COPD patients do not have an increased
risk of CVD mortality compared with those with-
out COPD.!8 The association of air pollution
with lung cancer and CVD mortality in patients
with COPD may be complex and depend on fac-
tors such as the duration and severity of COPD
and smoking behaviors.

In the stratified analysis, PM,, was associated
with overall mortality in women but not in men.
This may be due to biological differences,*!:42
smoking behaviors, outdoor activity patterns, or
occupational exposures.*?> For example, women
may have a higher susceptibility to lung damage
by exogenous toxicants, such as smoking.*! Also,
as middle-aged and older women tend to spend
more time close to their homes than men, resi-
dence-based air pollution models may be more
accurate for women than men.43%

This study has several limitations. First, we used
claims data to define COPD, as spirometry data
were not available. This definition, however, has
been validated in previous studies.!®1° In addi-
tion, smoking status was assessed using self-
reported questionnaire, and, therefore, is subject
to potential misclassification and residual con-
founding. Second, air pollution concentrations
were estimated based on the individual’s area of
residence. Outdoor air pollution concentrations
do not reflect actual exposure®> or the indoor air
quality. In addition, residential information was
available only at the district level, further limiting
the accuracy of exposure concentration. The
measurement error in the exposure, however, is

likely to be nondifferential by mortality status;
therefore, it would underestimate the association
between air pollution and mortality. Considering
the direct impact of air pollution on airways, fur-
ther studies using more individualized measure-
ments, such as wearable air pollution trackers, are
needed to better understand the risk of morbidity
and mortality in COPD patients. Finally, this
study was conducted using data from South
Korea; the results might not be generalizable to
other ethnic groups, to other countries with dif-
ferent levels of air pollution, or to patients with
different risk factor for COPD. For example, in
South Korea, female smoking rate is extremely
lower compared with those in other countries;*6-47
thus, the findings may be different in studies in
women with a higher prevalence of smoking.

A major strength is the availability of important
covariates, including smoking status, and the
presence of exacerbation. We also evaluated the
association between air pollution and disease-spe-
cific mortalities. Furthermore, we used three (1-,
3-, and 5-year) exposure periods to better under-
stand the relevant exposure windows in the asso-
ciation between air pollution and mortality in
COPD patients and the 5-year average exposure
is the longest exposure period that has been used
in these studies.

Conclusion

In conclusion, in this large population-based
cohort of patients with COPD, long-term to PM,,
and NO, exposures were not associated with
overall mortality, but they were associated with
an increased risk of chronic lower airway disease
mortality. Furthermore, air pollution was associ-
ated with overall mortality in those with a history
of severe exacerbation, suggesting that more
attention on air pollution exposure is necessary in
severe COPD patients.
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