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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a critical 
disease with a high burden to society and is one of the most im-
portant causes of mortality worldwide [1]. Among the exogenous 
risk factors for developing COPD, such as air pollution and work 
exposure, cigarette smoking is a well-known factor [1]. The Korea 
Disease Control and Prevention Agency (KDCA) reported that 
the lowest smoking rate in the past 20 years was achieved in 2019, 
with a reduction from 66.3% in 1998 to 36.7%, and that the num-
ber of smokers in Korea is gradually decreasing [2]. Outdoor air 
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pollution, another risk factor for COPD, has been extensively stud-
ied, and previous studies have revealed associations between res-
piratory diseases and air pollution [3,4]. Outdoor pollutants, in-
cluding sulfur dioxide (SO2), nitrogen oxides (NO2), carbon mon-
oxide (CO), and ozone (O3), along with particulate matter (PM), 
are produced from vehicular traffic and combustion processes [5].

In a population-based cohort study with a 5-year exposure pe-
riod in Canada, long-term exposure to ambient air pollution, in-
cluding traffic-related fine particulate pollution, was associated 
with an increased risk of COPD [6]. An interquartile range eleva-
tion in black carbon concentrations, including those of PM less 
than 2.5 μm in diameter (PM2.5), NO2, and nitric oxide, was asso-
ciated with a 6% increase in COPD hospitalizations and a 7% in-
crease in death from COPD during a 4-year follow-up period [6]. 
In a study including 2,754 White participants with restrictive lung 
disease in the population-based Tucson Epidemiological Study of 
Airway Obstructive Disease study, the participants with a restric-
tive spirometric pattern had significantly higher risks for all-cause, 
heart disease-specific, stroke-specific, and diabetes-specific mor-
tality, with adjusted hazard ratios (HRs) of 1.7 (95% confidence 
interval [CI], 1.3 to 2.3), 2.0 (95% CI, 1.3 to 3.1), 2.4 (95% CI, 0.9 
to 6.3), and 8.0 (95% CI, 2.9 to 21.8), respectively [7]. Therefore, it 
is necessary to include both restrictive lung disease and COPD 
groups when investigating the associations among pulmonary 
function, air pollution, and mortality. However, few systematic 
studies have examined the association between COPD and air 
pollution in Korea; hence, studies with representative samples are 
needed.

This study aimed to investigate the associations between pulmo-
nary function and air pollution using a nationwide cross-sectional 
representative survey. Pulmonary function was examined through 
an analysis of restrictive and obstructive lung disease groups. Mean-
while, air pollution exposure was evaluated based on individual 
exposures to PM less than 10 μm in diameter (PM10), PM2.5, SO2, 
NO2, CO, and O3, which were categorized as short-term, medium-
term, and long-term [8]. Moreover, mortality was followed up un-
til December 2019 to confirm the association between pulmonary 
function and mortality based on death certificate data from Sta-
tistics Korea [8].

MATERIALS AND METHODS

Study population
The Korea National Health and Nutrition Examination Survey 

(KNHANES) is a large-scale annual nationwide survey conducted 
by the KDCA [9]. A complex sample design was used in the KN-
HANES to ensure representative sampling of the Korean population 
[10]. In this study, we included 89,630 participants of the KNHANES 
IV-VI (2007-2017). This cross-sectional survey was conducted 
annually among different participants over a period of 11 years. 
Among the 89,630 participants, 82,565 agreed to link their data 
and death certificates and were included in the mortality analysis. 
Participants’ mortality status was monitored until December 31, 

2019. We included 30,252 participants aged > 40 years with sam-
pling weights for lung function because the KDCA has been con-
ducting lung-function surveys on participants aged > 40 years 
since 2010. After excluding participants who had missing data, a 
total of 27,378 participants were included in the analysis.

Variables
Pulmonary function

Spirometry was performed by 4 technicians using a dry rolling 
seal spirometer (Model 2130; SensorMedics, Yorba Linda, CA, 
USA), and spirometric prediction equations were derived from 
survey data on non-smokers with normal chest X-ray findings and 
no history of respiratory disease or symptoms [11]. Using data on 
forced expiratory volume in 1 second (FEV1) and forced vital ca-
pacity (FVC), participants were classified into restrictive lung dis-
ease or COPD groups according to the severity of COPD based 
on the definition of the Global Initiative for COPD; normal (FEV1/
FVC ≥ 0.7 and percent-predicted FVC [FVCp] ≥ 80%), restrictive 
(FEV1/FVC ≥ 0.7 and FVCp < 80%), mild obstruction (FEV1/FVC 
< 0.7 and percent predicted FEV1 [FEV1p] ≥ 80%), moderate ob-
struction (FEV1/FVC < 0.7 and 50 ≤ FEV1p < 80%), and severe 
and very severe obstruction (FEV1/FVC < 0.7 and FEV1p < 50%) 
[7,12].

Air pollution exposure
There are no specific air pollution data at the city or district level 

because of the limited number of air-quality monitoring stations. 
Thus, to estimate air pollution data of the administrative districts 
in Korea, we used a prediction model based on data from the Ko-
rean Air Quality Forecasting System (KAQFS) [13]. The KAQFS 
included the Sparse Matrix Operator Kernel Emissions version 2.7 
and Community Multiscale Air Quality version 4.7.1, which used 
emission inventories, including the Multi-Resolution Emission 
Inventory for China, Regional Emission Inventory in Asia, and 
Clean Air Policy Support System [14]. Detailed descriptions of 
the model have been published previously [14,15].

Data assimilation was applied to the chemical transport model 
to calculate the concentration of air pollutants [15]. The air quality 
in the Korean peninsula was assessed according to grid sizes of  
9 km× 9 km, with a fine grid size of 3 km× 3 km in the metropol-
itan area of Seoul. We used these values to calculate weighted mean 
values for the 3,470 administrative districts of the residential ad-
dresses in the KNHANES. We estimated the daily concentrations 
of PM10 (μg/m3), PM2.5 (μg/m3), SO2 (parts per billion [ppb]), NO2 
(ppb), CO (ppb), and O3 (ppb) using the KAQFS data from 2005 
to 2017 [15]. The estimations for air pollution were validated using 
real measurement data of air quality in the metropolitan area from 
2005 to 2017 (PM2.5, 2015-2017) in AIRKOREA [16]. The validity 
of the estimations for PM10, PM2.5, SO2, NO2, CO, and O3 of the 
KAQFS was shown by correlation coefficients of 0.89, 0.82, 0.82, 
0.90, 0.89, and 0.82, respectively [17]. The KAQFS data were com-
bined by matching the residential address of the participants and 
the survey date [17].
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Table 1. Characteristics of participants stratified by pulmonary function

Characteristics Normal Restrictive Mild 
obstruction

Moderate 
obstruction

Severe and 
very severe 
obstruction

Total

Total (N/weighted N) 20,598/16,084,557 2,995/2,268,300 1,761/1,303,355 1,833/1,332,349 191/142,568 27,378/21,131,129
Age (yr) 53.6 (0.1) 58.5 (0.3) 64.4 (0.3) 62.8 (0.3) 64.3 (0.8) 55.4 (0.1)
Sex
   Male 43.3 (0.4) 52.3 (1.1) 73.6 (1.2) 74.7 (1.2) 76.4 (3.5) 48.3 (0.3)
   Female 56.7 (0.4) 47.7 (1.1) 26.4 (1.2) 25.3 (1.2) 23.6 (3.5) 51.7 (0.3)
Residential area
   Urban 80.0 (0.9) 78.8 (1.3) 74.5 (1.6) 74.3 (1.6) 65.6 (4.2) 79.0 (0.9)
   Rural 20.0 (0.9) 21.2 (1.3) 25.5 (1.6) 25.7 (1.6) 34.4 (4.2) 21.0 (0.9)
Education level
   ≤Elementary school 23.4 (0.4) 30.6 (1.1) 40.8 (1.4) 39.7 (1.4) 55.7 (4.3) 26.5 (0.4)
   Middle school 14.2 (0.3) 15.8 (0.8) 16.2 (1.0) 17.9 (1.1) 19.8 (3.7) 14.7 (0.3)
   High school 34.9 (0.5) 31.3 (1.1) 27.5 (1.3) 26.1 (1.2) 17.7 (3.3) 33.4 (0.4)
   ≥College 27.5 (0.5) 22.4 (1.1) 15.6 (1.0) 16.2 (1.1) 6.8 (1.8) 25.4 (0.5)
Household income
   Lower 23.2 (0.4) 24.7 (1.0) 23.3 (1.2) 27.5 (1.3) 35.4 (4.0) 23.7 (0.4)
   Lower middle 25.4 (0.4) 25.0 (1.0) 26.7 (1.3) 24.5 (1.2) 23.0 (3.6) 25.4 (0.4)
   Upper middle 25.6 (0.4) 25.1 (1.0) 26.1 (1.3) 25.1 (1.2) 27.3 (4.1) 25.6 (0.4)
   Upper 25.8 (0.5) 25.2 (1.0) 23.9 (1.3) 22.9 (1.2) 14.3 (2.9) 25.4 (0.5)
Smoking status
   No 81.2 (0.4) 79.8 (0.9) 70.3 (1.3) 66.9 (1.3) 69.4 (4.0) 79.4 (0.3)
   Current (≥5 packs in a lifetime) 18.8 (0.4) 20.2 (0.9) 29.7 (1.3) 33.1 (1.3) 30.6 (4.0) 20.6 (0.3)
Obesity1

   Underweight 1.3 (0.1) 1.7 (0.3) 1.5 (0.5) 3.6 (0.5) 10.9 (2.7) 1.6 (0.1)
   Normal 62.3 (0.4) 45.1 (1.2) 69.8 (1.4) 63.7 (1.3) 64.1 (4.1) 61.0 (0.4)
   Obesity 36.4 (0.4) 53.2 (1.2) 28.7 (1.3) 32.7 (1.3) 25.0 (3.7) 37.4 (0.4)
Temperature (°C)2 12.8 (0.3) 12.0 (0.4) 12.8 (0.4) 12.8 (0.4) 13.2 (0.9) 12.7 (0.3)
Relative humidity (%) 68.2 (0.3) 67.9 (0.5) 68.8 (0.5) 69.0 (0.5) 68.5 (1.4) 68.3 (0.3)
Pollutant 2-yr lag3

   PM10 (μg/m3) 50.2 (0.1) 50.5 (0.2) 49.6 (0.2) 50.2 (0.2) 49.2 (0.6) 50.2 (0.1)
   PM2.5 (μg/m3) 25.3 (0.1) 25.5 (0.1) 25.2 (0.1) 25.4 (0.1) 25.3 (0.4) 25.3 (0.1)
   SO2 (ppb) 5.0 (0.0) 4.9 (0.0) 5.0 (0.1) 5.0 (0.1) 4.7 (0.2) 5.0 (0.0)
   NO2 (ppb) 24.1 (0.1) 23.9 (0.3) 23.2 (0.3) 23.4 (0.3) 21.0 (0.8) 24.0 (0.1)
   CO (ppb) 492.6 (1.6) 497.0 (2.7) 480.9 (3.3) 488.1 (2.8) 472.1 (8.9) 491.9 (1.5)
   O3 (ppb) 24.6 (0.1) 24.6 (0.1) 25.0 (0.1) 24.7 (0.1) 25.4 (0.3) 24.7 (0.1)
Pulmonary function4 76.1 (0.3) 10.7 (0.2) 6.2 (0.2) 6.3 (0.2) 0.7 (0.1) -
   FVC (L) 3.6 (0.0) 2.8 (0.0) 4.0 (0.0) 3.3 (0.0) 2.6 (0.1) 3.5 (0.0)
   FVCp (%) 95.3 (0.1) 74.0 (0.1) 100.0 (0.3) 82.7 (0.3) 65.9 (1.0) 92.3 (0.1)
   FEV1 (L) 2.9 (0.0) 2.3 (0.0) 2.6 (0.0) 2.1 (0.0) 1.2 (0.0) 2.7 (0.0)
   FEV1p (%) 96.0 (0.1) 77.5 (0.2) 90.5 (0.2) 69.4 (0.2) 41.0 (0.6) 91.6 (0.1)
   FEV1/FVC 0.8 (0.0) 0.8 (0.0) 0.7 (0.0) 0.6 (0.0) 0.5 (0.0) 0.8 (0.0)

Values are presented as mean (standard error) for continuous variables or % (standard error of %) for categorical variables.
PM10, particulate matter less than 10 μm in diameter; PM2.5, particulate matter less than 2.5 μm in diameter; SO2, sulfur dioxide; NO2, nitrogen oxide; 
CO, carbon monoxide; O3, ozone; ppb, parts per billion; BMI, body mass index; FVC, forced vital capacity; FVCp, percent predicted FVC; FEV1, forced 
expiratory volume in 1 second; FEV1p, percent predicted FEV1.
1BMI <18.5 kg/m2 was classified as underweight, and BMI ≥25.0 kg/m2 was classified as obesity.
2Temperature and relative humidity were measured in the residential area at the date of the survey.
3Exposure to each pollutant with a 2-year lag was defined as the mean value of the time-series data for each air pollutant at the residential address 
from 2 years before the survey date.
4The pulmonary function groups were defined as follows: normal (FEV1/FVC ≥0.7 and FVCp ≥80%), restrictive (FEV1/FVC ≥0.7 and FVCp <80%), mild 
obstruction (FEV1/FVC <0.7 and FEV1p ≥80%), moderate obstruction (FEV1/FVC <0.7 and 50≤FEV1p<80%), and severe and very severe obstruction 
(FEV1/FVC <0.7 and FEV1p <50%).
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Table 2. ORs for air-pollution variables with a 2-year lag period for pulmonary function1 using multivariate logistic regression analysis after 
adjusting for covariates2

Variables Model3
Pulmonary function, OR (95% CI) p for 

trend1
Q1 Q2 Q3 Q4

PM10 median (Max) (μg/m3) 43.3 (46.2) 47.9 (49.2) 51.4 (53.7) 57.7 (72.9)
Total Restrictive 1.000 (reference) 0.947 (0.811, 1.105) 0.966 (0.830, 1.124) 1.203 (1.036, 1.396) 0.011 

COPD 1.000 (reference) 0.984 (0.857, 1.129) 1.070 (0.931, 1.230) 1.086 (0.945, 1.247) 0.137 
≥Moderate obstruction 1.000 (reference) 1.036 ([0.876, 1.226) 1.109 (0.939, 1.309) 1.189 (1.009, 1.401) 0.028 

Male Restrictive 1.000 (reference) 1.018 (0.830, 1.249) 0.865 (0.697, 1.073) 1.272 (1.044, 1.551) 0.052 
COPD 1.000 (reference) 1.020 (0.859, 1.211) 1.077 (0.905, 1.282) 1.038 (0.872, 1.236) 0.557 
≥Moderate obstruction 1.000 (reference) 1.057 (0.859, 1.301) 1.082 (0.882, 1.326) 1.135 (0.921, 1.398) 0.236 

Female Restrictive 1.000 (reference) 0.879 (0.710, 1.088) 1.075 (0.876, 1.320) 1.140 (0.928, 1.401) 0.060 
COPD 1.000 (reference) 0.895 (0.717, 1.117) 1.044 (0.835, 1.304) 1.197 (0.945, 1.516) 0.067 
≥Moderate obstruction 1.000 (reference) 0.980 (0.730, 1.315) 1.167 (0.875, 1.556) 1.354 (0.998, 1.837) 0.027 

Non-smokers4 Restrictive 1.000 (reference) 0.905 (0.765, 1.071) 0.948 (0.805, 1.115) 1.139 (0.968, 1.339) 0.078 
COPD 1.000 (reference) 0.961 (0.824, 1.120) 1.047 (0.896, 1.224) 1.132 (0.967, 1.327) 0.072 
≥Moderate obstruction 1.000 (reference) 1.053 (0.866, 1.282) 1.198 (0.988, 1.452) 1.320 (1.091, 1.598) 0.002 

Current smokers5 Restrictive 1.000 (reference) 1.165 (0.824, 1.649) 1.061 (0.749, 1.504) 1.493 (1.082, 2.060) 0.023 
COPD 1.000 (reference) 1.025 (0.783, 1.342) 1.099 (0.844, 1.433) 0.964 (0.747, 1.245) 0.863 
≥Moderate obstruction 1.000 (reference) 0.994 (0.721, 1.371) 0.901 (0.654, 1.240) 0.921 (0.675, 1.256) 0.506 

PM2.5 median (Max) (μg/m3) 22.1 (23.3) 24.1 (25.0) 25.8 (26.9) 29.0 (38.8)
Total Restrictive 1.000 (reference) 1.125 (0.969, 1.307) 1.105 (0.948, 1.289) 1.283 (1.101, 1.495) 0.003 

COPD 1.000 (reference) 1.029 (0.897, 1.181) 1.120 (0.972, 1.291) 1.039 (0.908, 1.189) 0.362 
≥Moderate obstruction 1.000 (reference) 1.090 (0.921, 1.291) 1.137 (0.958, 1.350) 1.136 (0.962, 1.342) 0.116 

Male Restrictive 1.000 (reference) 1.090 (0.884, 1.343) 1.080 (0.874, 1.335) 1.290 (1.044, 1.595) 0.026 
COPD 1.000 (reference) 1.079 (0.909, 1.282) 1.091 (0.911, 1.307) 1.005 (0.849, 1.190) 0.918 
≥Moderate obstruction 1.000 (reference) 1.157 (0.935, 1.431) 1.107 (0.894, 1.372) 1.134 (0.919, 1.399) 0.326 

Female Restrictive 1.000 (reference) 1.148 (0.944, 1.396) 1.119 (0.910, 1.376) 1.270 (1.045, 1.543) 0.027 
COPD 1.000 (reference) 0.922 (0.724, 1.175) 1.167 (0.942, 1.446) 1.107 (0.883, 1.389) 0.146 
≥Moderate obstruction 1.000 (reference) 0.944 (0.689, 1.292) 1.186 (0.892, 1.577) 1.148 (0.851, 1.548) 0.189 

Non-smokers4 Restrictive 1.000 (reference) 1.150 (0.981, 1.350) 1.117 (0.947, 1.316) 1.259 (1.072, 1.478) 0.010 
COPD 1.000 (reference) 1.027 (0.878, 1.201) 1.118 (0.955, 1.309) 1.068 (0.914, 1.247) 0.259 
≥Moderate obstruction 1.000 (reference) 1.080 (0.887, 1.315) 1.163 (0.956, 1.414) 1.174 (0.971, 1.419) 0.070 

Current smokers5 Restrictive 1.000 (reference) 1.009 (0.712, 1.431) 1.028 (0.734, 1.439) 1.341 (0.958, 1.877) 0.085 
COPD 1.000 (reference) 1.007 (0.769, 1.320) 1.118 (0.850, 1.471) 0.951 (0.734, 1.232) 0.886 
≥Moderate obstruction 1.000 (reference) 1.090 (0.774, 1.534) 1.068 (0.762, 1.498) 1.024 (0.737, 1.423) 0.948 

NO2 median (Max) (ppb) 12.0 (16.3) 18.8 (21.3) 25.9 (32.0) 35.5 (41.2)
Total Restrictive 1.000 (reference) 0.932 (0.788, 1.102) 0.935 (0.794, 1.101) 0.951 (0.798, 1.133) 0.681 

COPD 1.000 (reference) 0.988 (0.853, 1.146) 1.082 (0.928, 1.261) 1.154 (0.988, 1.348) 0.031 
≥Moderate obstruction 1.000 (reference) 1.060 (0.889, 1.263) 1.112 (0.927, 1.334) 1.187 (0.979, 1.439) 0.075 

Male Restrictive 1.000 (reference) 0.845 (0.669, 1.067) 0.920 (0.733, 1.154) 0.892 (0.695, 1.144) 0.610 
COPD 1.000 (reference) 0.994 (0.829, 1.191) 1.043 (0.870, 1.250) 1.134 (0.935, 1.376) 0.151 
≥Moderate obstruction 1.000 (reference) 1.088 (0.876, 1.351) 1.041 (0.836, 1.297) 1.206 (0.949, 1.532) 0.195 

Female Restrictive 1.000 (reference) 1.040 (0.846, 1.280) 0.955 (0.775, 1.176) 1.029 (0.824, 1.285) 0.978 
COPD 1.000 (reference) 0.982 (0.766, 1.259) 1.164 (0.867, 1.562) 1.203 (0.911, 1.588) 0.096 
≥Moderate obstruction 1.000 (reference) 1.014 (0.735, 1.400) 1.281 (0.901, 1.822) 1.183 (0.824, 1.696) 0.200 

Non-smokers4 Restrictive 1.000 (reference) 0.983 (0.826, 1.171) 0.962 (0.812, 1.141) 0.976 (0.814, 1.169) 0.762 
COPD 1.000 (reference) 1.148 (0.972, 1.355) 1.144 (0.955, 1.371) 1.331 (1.113, 1.593) 0.004 
≥Moderate obstruction 1.000 (reference) 1.222 (0.992, 1.506) 1.201 (0.967, 1.493) 1.384 (1.105, 1.733) 0.012 

Current smokers5 Restrictive 1.000 (reference) 0.735 (0.511, 1.057) 0.827 (0.575, 1.189) 0.860 (0.576, 1.284) 0.773 
COPD 1.000 (reference) 0.674 (0.506, 0.898) 0.930 (0.699, 1.237) 0.801 (0.592, 1.084) 0.698 
≥Moderate obstruction 1.000 (reference) 0.758 (0.538, 1.069) 0.924 (0.659, 1.295) 0.841 (0.575, 1.230) 0.731 

(Continued to the next page)
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The duration of exposure to air pollution was classified as short-
term, medium-term, or long-term. The exposure values during 
lag periods were calculated as the mean values of the time-series 
data for air pollution at the residential address from the survey 
date to before the lag period. Short-term periods included 1, 2, … 
14 days; medium-term periods included 1, 2, … 6 months; and 
long-term periods included 1, 2, … 5 years [17].

Definition of covariates
Age, sex, residential area, education level, household income, 

and smoking status were significantly associated with the preva-
lence of COPD in Korea [11]. In another previous study, a higher 
prevalence of COPD in Koreans was associated with older age, 
male sex, lower educational level, more frequent smoking, and 
lower body mass index (BMI) [18]. To consider the influence of 
meteorological factors, we collected data on temperature and rela-
tive humidity of the residential area at the date of survey. There-
fore, we included age, sex, residential area, education level, house-
hold income, smoking status, obesity, temperature, and relative 
humidity as covariates.

Data on age, sex, residential area (urban or rural), education 
level (≤ elementary school, middle school, high school, or ≥ col-
lege), and household income were obtained through interviews 
[8]. If a participant resided in an eup or a myeon (town or town-
ship), then his/her place of residence was defined as rural, where-
as if he/she resided in a dong (neighborhood), then his/her place 
of residence was defined as urban [11]. Household income was 
equivalence-adjusted with quartiles (lower, lower middle, upper 
middle, and upper) [19]. Smoking status (≥ 5 packs in a lifetime 
and current smoking) was self-reported. BMI was calculated us-
ing height and weight. A BMI < 18.5 kg/m2 was classified as un-
derweight, whereas a BMI ≥ 25.0 kg/m2 was classified as obesity.

Statistical analysis
The weighted characteristics of the participants stratified by 

pulmonary function are reported as means (standard error of 
mean) for continuous variables and as percentages (standard er-
ror of percentage) for categorical variables. Multivariate logistic 
regression analysis with complex samples was performed to con-
firm the associations between pulmonary function and air pollu-

Variables Model3
Pulmonary function, OR (95% CI) p for 

trend1
Q1 Q2 Q3 Q4

CO median (Max) (ppb) 373.7 (415.2) 454.3 (500.8) 531.9 (555.1) 588.0 (865.1)
Total Restrictive 1.000 (reference) 1.004 (0.861, 1.169) 0.995 (0.855, 1.157) 1.292 (1.110, 1.504) 0.001 

COPD 1.000 (reference) 0.925 (0.803, 1.067) 1.001 (0.873, 1.149) 1.027 (0.892, 1.182) 0.501 
≥Moderate obstruction 1.000 (reference) 1.074 (0.905, 1.275) 1.113 (0.942, 1.315) 1.140 (0.956, 1.358) 0.135 

Male Restrictive 1.000 (reference) 0.964 (0.784, 1.186) 1.029 (0.828, 1.278) 1.273 (1.029, 1.577) 0.018 
COPD 1.000 (reference) 0.953 (0.800, 1.135) 1.010 (0.847, 1.203) 0.989 (0.829, 1.179) 0.941 
≥Moderate obstruction 1.000 (reference) 1.097 (0.887, 1.356) 1.122 (0.913, 1.380) 1.079 (0.866, 1.344) 0.479 

Female Restrictive 1.000 (reference) 1.043 (0.852, 1.277) 0.961 (0.786, 1.175) 1.322 (1.091, 1.602) 0.013 
COPD 1.000 (reference) 0.860 (0.682, 1.085) 0.972 (0.775, 1.218) 1.112 (0.866, 1.429) 0.308 
≥Moderate obstruction 1.000 (reference) 1.011 (0.755, 1.354) 1.064 (0.792, 1.428) 1.294 (0.939, 1.783) 0.121 

Non-smokers4 Restrictive 1.000 (reference) 1.042 (0.882, 1.230) 0.997 (0.848, 1.171) 1.320 (1.125, 1.547) 0.002 
COPD 1.000 (reference) 1.000 (0.856, 1.169) 1.042 (0.894, 1.214) 1.121 (0.952, 1.320) 0.150 
≥Moderate obstruction 1.000 (reference) 1.217 (1.004, 1.474) 1.239 (1.022, 1.502) 1.306 (1.069, 1.596) 0.012 

Current smokers5 Restrictive 1.000 (reference) 0.853 (0.608, 1.198) 0.998 (0.712, 1.400) 1.197 (0.847, 1.693) 0.182 
COPD 1.000 (reference) 0.759 (0.582, 0.989) 0.908 (0.686, 1.200) 0.814 (0.624, 1.063) 0.304 
≥Moderate obstruction 1.000 (reference) 0.801 (0.581, 1.104) 0.884 (0.641, 1.218) 0.836 (0.602, 1.160) 0.404 

OR, odds ratio; CI, confidence interval; Max, maximum; Q, quartile; PM10, particulate matter less than 10 μm in diameter; PM2.5, particulate matter less 
than 2.5 μm in diameter; NO2, nitrogen oxide; CO, carbon monoxide; ppb, parts per billion; COPD, chronic obstructive pulmonary disease.
1Model for restrictive lung disease: normal as a reference (total, n=20,598; male, n=7,782; female, n=12,816; non-smokers, n=17,408; current smok-
ers, n=3,190) and the restrictive lung disease group as the event (total, n=2,995; male, n=1,439; female, n=1,556; non-smokers, n=2,480; current 
smokers, n=515) as the dependent variable; Model for COPD: normal as reference versus COPD as the event (total, n=3,785; male, n=2,759; female, 
n=1,026; non-smokers, n=2,681; current smokers, n=1,104); Model for ≥moderate obstruction: normal as reference and moderate, severe, and very 
severe obstruction groups as the event (total, n=2,024; male, n=1,475; female, n=549; non-smokers, n=1,413; current smokers, n=611).
2The covariates were age, sex, residential area, education level, household income, smoking status, obesity, temperature, and relative humidity.
3Linear trend for air pollution.
4Non-smokers were those who indicated ‘no’ in response to items asking whether individuals had a lifetime cigarette smoking history of 5 packs or 
more and currently smoked.
5Current smokers were those who indicated ‘yes’ in response to items asking whether individuals had a lifetime cigarette smoking history of 5 packs 
or more and currently smoked.

Table 2. Continued
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Table 3. Results of multivariate linear regression analysis1 for pul-
monary function

Variables 
(lag period)2

FVCp FEV1p FEV1/FVC

Beta p-value Beta p-value Beta p-value

PM10 (2 yr)
   Q2 -0.041 0.886 0.178 0.573 0.002 0.145 
   Q3 -0.311 0.256 -0.275 0.363 0.000 0.797 
   Q4 -0.928 0.001 -0.672 0.027 0.002 0.269 
PM2.5 (2 yr)
   Q2 -0.524 0.059 -0.600 0.052 -0.001 0.471 
   Q3 -0.282 0.306 -0.659 0.032 -0.003 0.028
   Q4 -1.290 <0.001 -1.205 <0.001 0.000 0.990 
NO2 (2 yr)
   Q2 -0.310 0.333 -0.404 0.232 0.000 0.872 
   Q3 -0.343 0.260 -0.592 0.076 -0.001 0.405 
   Q4 -0.509 0.118 -0.864 0.014 -0.003 0.165 
CO (2 yr)
   Q2 -0.815 0.004 -0.608 0.056 0.002 0.326 
   Q3 -0.828 0.002 -0.851 0.005 0.000 0.906 
   Q4 -1.460 <0.001 -1.128 <0.001 0.002 0.115 

PM10, particulate matter less than 10 μm in diameter; PM2.5, particulate 
matter less than 2.5 μm in diameter; NO2, nitrogen oxide; CO, carbon 
monoxide; FVC, forced vital capacity; FVCp, percent predicted FVC; 
FEV1, forced expiratory volume in 1 second; FEV1p, percent predicted 
FEV1; Q, quartile.
1Linear regression model shows beta coefficients and p-values for pul-
monary function groups after adjustment for age, sex, residential area, 
education level, household income, smoking status, obesity, tempera-
ture, and relative humidity. 
2The air pollution variables were categorized into quartiles, and the first 
quartile was the reference group. 

tion. Air-pollution variables were categorized into quartiles for 
the logistic regression analysis. The model for restrictive lung dis-
ease included a binary dependent variable, which consisted of the 
normal population as a reference and the restrictive lung disease 
group as the event. To identify the lag period with high beta coef-
ficients, we fitted 6 air-pollution variables and 26 lag periods into 
all combinations of the multivariate logistic regression model for 
restrictive lung disease. The dependent variable for the COPD 
model consisted of the normal population as a reference and the 
COPD group as the event. The dependent variable for the model 
of ≥ moderate obstruction consisted of the normal population as 
a reference and the moderate, severe, and very severe obstruction 
groups as events. Moreover, we performed stratified analyses for 
sex and smoking status. Multivariate linear regression analysis 
with complex samples was performed with FVCp, FEV1p, and 
FEV1/FVC as dependent variables. The multivariate linear regres-
sion analysis included the same covariates as the multivariate lo-
gistic regression analysis. The low-rank regression splines were 
specified in the framework of generalized additive models and fit-
ted to the penalized likelihood estimation (GAMPL in SAS) to 
observe changes in pulmonary function with increasing concen-
trations of air pollutants [20].

To determine whether pulmonary function is a risk factor for 
mortality, we constructed Cox proportional hazard models with 
HRs and 95% CIs, adjusted for the same covariates as multivariate 
logistic regression. We used the dates of death and cause of death 
as defined by the International Classification of Disease 10th edi-
tion (ICD-10) code given in death certificates. All-cause death was 
defined as death from any cause other than external causes of mor-
bidity (S00-Y98) [8]. Participants who did not have death certifi-
cate records were considered censored in December 2019 [8]. Sur-
vival time was defined as the time interval (month) between the 
survey date and the date of death according to the death certifi-
cate. Cox models were constructed with all-cause death as the de-
pendent variable. The proportionality of hazard assumption for 
the Cox regression model was verified using scaled Schoenfeld 
residuals [8]. Statistical analyses were performed using SAS ver-
sion 9.4 (SAS Institute Inc., Cary, NC, USA). A p-value < 0.05 
was considered to indicate statistical significance.

Ethics statement 
All KNHANES participants provided written informed con-

sent to participate in the survey and for their personal data to be 
used [9]. The Institutional Review Board of the KDCA approved 
this study (approval No. 2019-05-04-C-A).

RESULTS

Participant characteristics
Table 1 shows the weighted characteristics of participants strati-

fied by pulmonary function. In total, 13.2% of participants aged 
> 40 years had COPD, and 10.7% were included in the restrictive 
lung disease group. The proportion of male participants was higher 

than that of female participants in both the restrictive lung disease 
and COPD groups. The proportion of current smokers in the 
COPD group was higher than that in the restrictive lung disease 
group.

Association between pulmonary function and air 
pollution

To identify the optimal lag period, beta coefficients were calcu-
lated using logistic regression models for each air pollution varia-
ble, as shown in Supplementary Material 1. The beta coefficients 
for long-term exposure were higher than those for short-term 
and medium-term exposure, and the beta coefficients of PM10, 
PM2.5, CO with a 2-year lag period had significant and positive 
values. Therefore, we selected air pollution exposure with a 2-year 
lag period after a detailed statistical analysis. Exposure to each 
pollutant with a 2-year lag was defined as the mean value of the 
time-series data for each air pollutant at the residential address 
from 2 years before the survey date.

Table 2 shows the results of quartiles for air-pollution variables 
with a 2-year lag period using multivariate logistic regression anal-
ysis with complex samples after adjusting for covariates. The odds 
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ratios (ORs) of the fourth quartiles of PM10, PM2.5, NO2, and CO 
with a 2-year lag period in the model for restrictive lung disease, 
with the restrictive lung disease group as an event, were 1.203 
(95% CI, 1.036 to 1.396), 1.283 (95% CI, 1.101 to 1.495), and 1.292 
(95% CI, 1.110 to 1.504), respectively, according to the total analy-
sis. The fourth quartiles of PM10 in the model for ≥ moderate ob-
struction for the total population were significantly associated 
with having moderate, severe, and very severe obstruction. The 
model for COPD, which had the COPD group as the event group 

(with the exclusion of the restrictive lung disease group), did not 
show any significant associations between air pollution and the 
COPD group.

In the stratified analysis of male participants, the fourth quar-
tiles of PM2.5 and CO in the model for restrictive lung disease were 
significantly associated with the restrictive lung disease group. In 
the stratified analysis of female participants, the fourth quartiles 
of PM2.5 and CO in the model for restrictive lung disease were 
significantly associated with the restrictive lung disease group. In 

Figure 1. Changes in pulmonary function with increasing concentrations of air pollutants (PM10: A and B; PM2.5: C and D; CO: E and F) with 
spline terms using a generalized additive model. The red dotted lines indicate the standard atmospheric concentrations. PM10, particulate 
matter less than 10 μm in diameter; PM2.5, particulate matter less than 2.5 μm in diameter; CO, carbon monoxide; ppb, parts per billion; FVC, 
forced vital capacity; FEV1, forced expiratory volume in 1 second; DF, degree of freedom.
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Table 4. Hazard ratios (HR) and 95% confidence intervals (CI) of pul-
monary function for all-cause death using Cox proportional hazard 
models1

Variables HR (95% CI) p-value

Age (yr) 1.114 (1.105, 1.123) <0.001
Sex
   Male 1.791 (1.543, 2.078) <0.001
   Female 1.000 (reference)
Residential area
   Urban 1.000 (reference) 
   Rural 1.038 (0.906, 1.190) 0.587 
Education level
   ≤Elementary school 1.000 (reference)
   Middle school 0.949 (0.790, 1.140) 0.576 
   High school 0.830 (0.692, 0.995) 0.044 
   ≥College 0.669 (0.521, 0.858) 0.002 
Household income
   Lower 1.000 (reference)
   Lower middle 0.776 (0.658, 0.914) 0.003 
   Upper middle 0.605 (0.507, 0.722) <0.001
   Upper 0.716 (0.599, 0.857) <0.001 
Smoking status
   No 1.000 (reference)
   Current (≥5 packs in a lifetime) 1.625 (1.391, 1.897) <0.001
Obesity
   Underweight 1.591 (1.164, 2.174) 0.004 
   Normal 1.000 (reference)
   Obesity 0.841 (0.732, 0.966) 0.015 
Temperature (°C) 1.004 (0.998, 1.011) 0.199 
Relative humidity (%) 0.996 (0.991, 1.001) 0.091 
Pulmonary function2

   Normal 1.000 (reference)
   Restrictive 1.585 (1.332, 1.886) <0.001
   Mild obstruction 1.278 (1.052, 1.551) 0.013 
   Moderate obstruction 1.415 (1.170, 1.710) <0.001 
   Severe and very severe obstruction 1.896 (1.293, 2.782) 0.001

FVC, forced vital capacity; FVCp, percent predicted FVC; FEV1, forced ex-
piratory volume in 1 second; FEV1p, percent predicted FEV1.
1Cox models show hazard ratios for pulmonary function groups after 
adjustment for age, sex, residential area, education level, household 
income, smoking status, obesity, temperature, and relative humidity.
2The pulmonary function groups were defined as follows: normal (FEV1/
FVC ≥0.7 and FVCp ≥80%), restrictive (FEV1/FVC ≥0.7 and FVCp < 80%), 
mild obstruction (FEV1/FVC <0.7 and FEV1p ≥80%), moderate obstruc-
tion (FEV1/FVC <0.7 and 50≤FEV1p<80%), and severe and very severe 
obstruction (FEV1/FVC <0.7 and FEV1p <50%).

the stratified analysis of current smokers, the OR of the fourth 
quartile of PM10 in the model for restrictive lung disease was 1.493 
(95% CI, 1.082 to 2.060), which was the highest value. In non-
smokers, the fourth quartiles of PM10 and CO in the model for 
≥ moderate obstruction were significantly associated with COPD, 
with the exclusion of the mild obstruction group. Moreover, in 

the stratified analysis of non-smokers, the ORs of the fourth quar-
tiles of NO2 with a 2-year lag period in the model for COPD and 
the model for ≥ moderate obstruction were 1.331 (95% CI, 1.113 
to 1.593) and 1.384 (95% CI, 1.105 to 1.733), respectively. Long-
term exposure to SO2 did not show any significant associations 
with pulmonary function, and long-term exposure to O3 showed 
negative associations with pulmonary function, as shown in Sup-
plementary Material 2.

Table 3 shows the results of multivariate linear regression anal-
ysis for pulmonary function variables, which included FVCp, FE-
V1p, and FEV1/FVC. In the linear regression analysis, after adjust-
ing for the same covariates as the multivariate logistic regression 
analysis, exposure to PM10, PM2.5, and CO with a 2-year lag was 
negatively associated with FVCp and FEV1p. Only the third quar-
tile of PM2.5 was significantly associated with FEV1/FVC. Figure 1 
shows the changes in pulmonary function with increasing con-
centrations of air pollutants with spline terms using a generalized 
additive model, with the red dotted lines indicating the standard 
atmospheric concentrations according to the Ministry of Envi-
ronment in Korea [21]. The spline curves of PM10, PM2.5, and CO 
showed negative associations with changes in FVCp and FEV1p. 
The changes in FVCp and FEV1p both became negative at ap-
proximately 490 ppb CO.

Association of pulmonary function and mortality
Table 4 shows the HRs of participants stratified by pulmonary 

function. Among 27,378 participants of the KNHANES 2007-
2017, 1,015 all-cause deaths occurred, with the exclusion of exter-
nal causes of morbidity. After adjusting for the same covariates as 
in the multivariate logistic regression analysis, participants in the 
restrictive lung disease group had a higher HR of all-cause mor-
tality (HR, 1.585; 95% CI, 1.332 to 1.886) compared with those in 
the normal pulmonary function group. This HR of the restrictive 
lung disease group was higher than those of the mild obstruction 
group (HR, 1.278; 95% CI, 1.052 to 1.551) and the moderate ob-
struction group (HR, 1.415; 95% CI, 1.170 to 1.710).

DISCUSSION

This is the first study to confirm the association between air 
pollution and restrictive lung disease using a nationwide cross-
sectional representative survey in Korea. Multivariate logistic re-
gression models demonstrated associations between restrictive 
lung disease and long-term exposure to air pollution. Notably, 
participants with high PM10 exposure with a 2-year lag period 
had a higher risk of having restrictive lung disease (FEV1/FVC 
≥ 0.7 and FVCp < 80%).

Previous studies have investigated the association between pul-
monary function and exposure to ambient air pollution [3,4,6,19]. 
A study including 161 non-COPD participants and 296 COPD 
participants who resided in areas near cement plants in Korea re-
ported a significant association between annual average PM10 
concentrations and FVC, but not FEV1 [22]. Furthermore, high 
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PM10 concentrations were associated with worsened wheezing, 
particularly in COPD patients, based on a hospital-based panel 
study of Korean adults with 75 COPD participants and 90 healthy 
controls [23]. The mechanisms underlying the association be-
tween PM and COPD include decreased lung function due to in-
creased black carbon content in airway macrophages, increased 
neutrophils and lymphocytes in the sputum due to exposure to 
diesel exhaust, and activation of the inflammatory response in the 
lungs due to concentrated ambient particles [6]. CO is formed by 
incomplete fuel combustion and reduces the flow of oxygen in the 
bloodstream [24]. Exposure to diesel exhaust also causes inflam-
mation in the lungs, which may aggravate chronic respiratory 
symptoms and increase the frequency or intensity of asthma at-
tacks [24].

In our results, restrictive lung disease was significantly associated 
with greater exposure to PM10, PM2.5, and CO. A previous study 
examined the association between air pollution exposure and re-
strictive pulmonary function and reported that the effect estimates 
of long-term exposure to ambient air pollution for FVC were strong-
er than those for FEV1. In addition, long-term exposure to low 
levels of ambient air pollution was associated with restrictive ven-
tilatory patterns [25]. Long-term improvements in air quality 
were associated with significant positive effects on lung-function 
and growth in children [26,27]. Therefore, exposure to air pollu-
tion could be associated with reduced lung growth rather than 
accelerated lung function decline [25]. However, only a few stud-
ies have explored the mechanism between exposure to air pollu-
tion and restrictive pulmonary function; therefore, systematic 
studies of the relevant pathways are warranted.

Garcia-Aymerich et al. [28] investigated the association between 
pulmonary function impairment and mortality using a population-
based sample of 20,571 Americans with a 10-year follow-up period. 
They reported adjusted HRs for all-cause mortality of 1.8 (95% CI, 
1.5 to 2.1), 1.4 (95% CI, 1.2 to 1.6), 1.5 (95% CI, 1.3 to 1.8), and 2.7 
(95% CI, 2.2 to 3.4) in the restrictive, mild obstruction, moderate 
obstruction, and severe and very severe obstruction groups, re-
spectively. The HR of the restrictive lung disease group was higher 
than those of the mild obstruction and moderate obstruction 
groups [28], which is consistent with our results. Among the 211 
subjects with spirometric restriction at enrollment and with avail-
able follow-up data, 38% of the participants in the restrictive lung 
disease group developed airway obstruction, and none of the par-
ticipants with restrictive lung disease developed cigarette-related 
COPD based on the lower smoking rates in the normal and re-
strictive lung disease groups than in the COPD group [7]. Another 
study analyzed the members of the Cardiovascular Health Study, 
a cohort of 5,201 males and females aged ≥ 65 years, and found 
an increased risk for mortality in the restrictive lung disease 
group (HR, 1.9; 95% CI, 1.6 to 2.3) compared with the mild ob-
struction group (HR, 1.4; 95% CI, 1.1 to 1.7) [29]. Therefore, air 
pollution was more strongly associated with restrictive lung dis-
ease than with COPD, and both the restrictive lung disease and 
COPD groups had increased mortality risk.

This study had several limitations. First, we only estimated data 
on the concentrations of specific air pollutants across the country 
using the KAQFS rather than including real air pollutant measure-
ment concentrations because of the limited number of air-quality 
monitoring stations. Moreover, the real measurement data cannot 
fully reflect the air pollution exposure at participants’ residences 
[15]. The data assimilation method, similar to the KAQFS, could 
support simultaneous data fusion for multiple pollutants and ac-
curately represent current air quality [30]. Moreover, the effect of 
interactions between the air pollutants was not considered in this 
study. As the KNHANES questionnaire did not collect informa-
tion on residential mobility, we assumed that the participants did 
not move for 2 years before participating in the survey [19]. This 
assumption could lead to bias, such as higher estimates for the 
non-mover group [8]. Lastly, we did not consider participants’ ex-
posure to indoor air pollutants. To determine the effects of expo-
sure to indoor air pollutants, the indoor air quality in household 
units should be considered.

Consistent with those of previous studies, our findings indicat-
ed that long-term exposure to air pollution was significantly asso-
ciated with pulmonary function, especially in the restrictive lung 
disease group, and that pulmonary function was associated with 
mortality risk in Korea. Although the COPD criteria do not in-
clude the restrictive lung disease group, restrictive lung disease 
needs to be controlled and managed based on its mortality risk. 
Reducing air pollution is also necessary to enhance pulmonary 
function.
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