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ABSTRACT 

 

Ambient air pollution and emergency department visits for  

cardiovascular diseases in Korea: a national multicity study 

 

Jungwoo Sohn 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Changsoo Kim) 

 

Background: Cardiovascular disease is the highest cause of death amongst 

the Korean population. The adverse effects of air pollution on cardiovascular 

diseases have been established in a series of major epidemiologic and 

observational studies in North America or Europe. However, Korea is 

especially likely to have different air pollution, social factors, and disease 

patterns than less industrialized Asian nations or Western nations developed 

earlier. Moreover, there have been only a small number of multicity Asian 

studies that have examined acute cardiovascular health effect of air pollutants, 

which could not evaluate the acute effect of air pollutants accurately because 

most studies were conducted using mortality data or hospital admission data. 

This study was conducted to assess the association between ambient air 

pollution and emergency department visits for cardiovascular diseases in 

large Korean population with more accurate assessment of air pollutant 

exposure by using geocoded residential address information. 
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Materials and methods: The population in seven major Korean cities were 

studied between 1st January and 31th December, 2014. Health data on daily 

emergency department (ED) visits were collected from the Health Insurance 

Review and Assessment Service (HIRA) and a two-stage time-stratifed 

cass-crossover design with distributed lag non-linear models (DLNMs) was 

applied to analyze city-specific lag effects and obtain meta-analytical 

estimates across the cities from non-linear and delayed associations. Analyses 

were also stratified by age and sex to analyze the gender and age differences. 

Results: Significant associations were found between stroke and air 

pollutants only in PM10 and NO2. ED visit for ischemic heart disease was 

positively associated only in old age group. ED visit for arrhythmia showed  

statistically significant correlations with NO2 only in women and young age 

group, while heart failure showed significant correlations only in men. 

Conclusion: Ambient air pollutants are significantly associated with ED 

visits for cardiovascular diseases especially in the age or sex stratified 

subgroups that could be more susceptible to air pollution. Further studies are 

still needed to identify populations susceptible to air pollution and evaluate 

other underlying biological mechanisms. 

                                                               

Key words: air pollution, cardiovascular disease, emergency department 

visits, national multicity study 
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I. INTRODUCTION 

Over the past few decades, the incidence of cardiovascular disease (CVD) has 

rapidly increased in most Asian populations, and CVD prevention in Asia has 

become a major global health concern1,2. Cardiovascular disease is the highest cause 

of death amongst the Korean population, second only to all cancers3, as it is in most 

developed countries. Stroke is also common cause of death and a leading cause of 

long-term severe disability in both developed and developing countries4. Because of 

the high medical care costs involved, efforts to overcome the disease including 

environmental factors needs to occur at a national level. The adverse effects of air 

pollution on human health have been established in a series of major epidemiologic 

and observational studies. Previous studies identified increased risk for hospital 

admissions, including for stroke5, congestive heart failure6 and other cardiovascular 

causes7. 

Although the mechanisms have not been fully elucidated, current evidence 

suggests that alterations in hemodynamics8, hemostatic factors9, and autonomic 
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function10 may underlie the cardiovascular effects of ambient air pollutants. Several 

prior epidemiological studies have demonstrated a consistent increased risk for 

cardiovascular morbidity and mortality associated with acute exposure to ambient air 

particles, including triggering of acute myocardial infarction11 and emergency 

admissions for acute decompensation of patients with congestive heart failure12. 

Recently, it has become evident that air pollution is related with increased mortality 

and hospital admission due to respiratory or cardiovascular diseases, including 

ischemic heart disease (IHD). The American Heart Association states that air 

pollution is deemed a modifiable factor that contributes to cardiovascular morbidity 

and mortality13,14. Though numbers in additional risk due to air pollutants seem 

small15, the entire regional population is exposed to air pollution. In view of the 

global magnitude of the risk, air pollution is an important trigger of myocardial 

infarction (MI), with similar effects to other well-accepted triggers such as physical 

exertion, alcohol, and coffee in the overall population16. 

Air pollution is also potentially one environmental risk factors for stroke14. Despite 

the great health burden imposed on the middle-aged and elderly, the relationship 

between stroke and environmental risk factors has not been studied adequately. 

Recent studies provided evidence of the acute effect of ambient pollutants on stroke 

mortality and hospital admissions; however, most of these studies were conducted in 

North America or Europe. Moreover, few studies have distinguished between 

ischemic and hemorrhagic strokes17. Several studies have found a positive 

association between stroke mortality rates and living in areas of high ambient air 

pollution18. Also, time-series studies using hospital discharge summaries report a 
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statistically significant positive association between daily measures of particulate 

matter and cerebrovascular hospitalizations19, but the inconsistent results have been 

obtained from studies that have examined the relationship between air pollution and 

hospital visits for stroke. 

Korea, like many Asian countries, has experienced rapid economic development, 

accompanied by increased industrialization and air pollution. Studies from North 

American or European regions may not be applicable to rapid developed nations, 

such as Korea, Japan or China. Korea is especially likely to have different air 

pollution, social, and health patterns than less industrialized Asian nations or 

Western nations that developed earlier. A few studies have been conducted for Korea 

on air pollution and hospital admissions for cardiovascular and other diseases in 

single city such as Seoul20 or Busan21. However, single-city studies of risk of 

hospitalizations are more susceptible to publication bias22. There have been only a 

small number of multicity studies on the acute effects of air pollution on stroke 

morbidity or mortality in Asia. A study was undertaken to examine the associations 

between daily stroke mortality and outdoor air pollution in 8 Chinese cities23. In 

Korea, associations between ambient air pollution and hospital admissions in eight 

Korean cities for 2003–2008 were reported24. However, these studies could not 

evaluate the exact acute effect of air pollutants because mortality data or hospital 

admission data were used, not emergency department data. In this study, the 

associations between air pollutants and emergency department visits for 

cardiovascular diseases in seven major Korean cities were investigated to evaluate 
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the accurate acute effect of air pollution and avoid publication bias and generate an 

overall estimate representing a broader region. 

 

II. OBJECTIVES 

The purpose of this study was to verify a hypothesis that exposure to ambient air 

pollutants including coarse particulate matter (PM10), ozone (O3), nitrogen dioxide 

(NO2) may be associated with ED visits for cardiovascular diseases. The risk was 

evaluated by the following steps:  

1) The first step involved the associations between ambient air pollution and ED 

visits for cardiovascular diseases including ischemic heart disease, heart 

failure, arrhythmia and strokes. 

2) The associations between ambient air pollution and ED visits for 

cardiovascular diseases in seven major cities in Republic of Korea, 2014, and 

estimated city-specific effects and overall effects across the cities were 

investigated. 

3) The last step included analyses stratified by effect modifiers (age and sex) to 

examine whether some populations are particularly susceptible. 

 

III. MATERIALS AND METHODS 

1. Data collection 

This study was carried out in seven major Korean cities (Seoul, Busan, Daegu, 

Ulsan, Daejeon, Incheon and Gwangju). These seven cities account for almost half of 

the total population of the Republic of Korea. Health data on daily emergency 
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department (ED) visits for cardiovascular diseases were collected from the Health 

Insurance Review and Assessment Service (HIRA), a part of the National Health 

Insurance program of the Republic of Korea. The entire claim data from HIRA and 

emergency information data from National Emergency Department Information 

system (NEDIS) in Korea were merged by a project for the monitoring system of the 

emergency medical services in HIRA, and collected data on cause of emergency 

department visit, sex, age and address were used for the period 1st January–31th 

December 2014. 

 

2. Exposure assessment 

Daily mean values of air pollutants including particulate matter <10 μm in 

aerodynamic diameter (PM10), ozone (O3) and nitrogen dioxide (NO2) were 

considered in this study. The hourly ambient air pollution levels for each city and its 

districts can be obtained from monitoring stations operated by the Ministry of 

Environment, Republic of Korea, during the whole study period. There is at least one 

monitoring station located in each district. The daily average ambient concentrations 

were calculated using hourly measured concentrations obtained from continuous 

monitoring stations in each city by the Ministry of Environment. The methods of 

measurement are as follows: beta-ray absorption method (PM10), UV photometric 

method (O3) and chemiluminescent method (NO2). The National Meteorological 

Administration, Republic of Korea, provides hourly measurements of ambient 

temperature and relative humidity for each city during the study period of each year, 

which are collected hourly in one station located in each city. 
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We calculated site-specific daily maximum 8-hour moving average ozone 

concentrations, and averaged them over all sites within each area to obtain 

area-specific daily average 8-hour maximum ozone concentrations over the entire 

time period.  

 

3. Study design 

The two-stage design was applied with distributed lag non-linear models (DLNMs) 

within time-stratified case-crossover design to investigate the associations between 

exposure to air pollutants and the risk of ED visits for cardiovascular diseases. The 

case-crossover design is the most widely used design for investigating acute health 

effects of air pollution25. In this design, each individual serves as his or her own 

control by using the exposure on the days before or after the case day with a 

conditional logistic model, or equivalently a stratified Cox model26. Owing to the 

consistency of the subject across both days, this design can control for the influence 

of confounding factors such as gender, smoking history, occupational history and 

genetics27. The time-stratified approach was proposed to avoid bias from season and 

day of the week by restricting the reference days to the same day of the week within 

the same month and year as the case day (the day of ED visits)28. For example, if a 

case visited to the emergency room on the first Monday of January 2014 (January 6, 

2014), all other Mondays within January 2014 were assigned as the reference days 

for that case (January 13, 20, and 27, 2014). This approach resulted in three or four 

reference days for each case. 
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Rather than analyzing air pollutants and temperature at separate lags, the DLNMs 

are used. DLNMs represent a modeling framework to flexibly describe associations 

showing potentially non-linear and delayed effects in time series data29. The 

first-stage modeling using case-crossover design with DNLMs estimate 

exposure-response relationships for each city. In the second stage, these estimates 

were combined through multivariate meta-analysis. Because a methodology to 

synthesize DLNMs to simpler summaries expressed by a reduced set of parameters 

of one-dimensional functions is applied, the use of DLNMs in both two-stage 

analyses can obtain meta-analytical estimates of easily interpretable summaries from 

complex non-linear and delayed associations30. Unlike previous approaches 

proposed so far, this method requires less simplification of the exposure-response 

shape or lag structure. 

 

4. Statistical analysis 

As the first stage, the case-crossover design was used in combination with the 

DLNMs to estimate the distributed lag effects in morbidity risk for each city, 

separately. This methodology is based on the definition of a “cross-basis” function, a 

bi-dimensional space of functions specifying the possible non-linear association 

between air pollutants and cardiovascular morbidity across lag periods. The DLNMs 

allow the model for the simultaneous effect of different non-linear functions at each 

lag period and the estimation of non-linear effects across lags. Two cross-basis 

matrices for the two predictors, each air pollutant and temperature, were built as 

linear (air pollutant) or natural spline (temperature) terms and included in the model 
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formula. According to Gasparrini, they are actually distributed lag linear models 

(DLM) because of the linear relationship31. A lag period of six days was selected for 

effects of air pollution (i.e., lag 0 to lag 5, where lag 0 days corresponds to the case 

and referent days). The same lag period for temperature was used because using a 

longer lag structure could possibly result in over-adjustment of the effects of air 

pollution or loss of power32. Given limited lag period, different constrained lag 

structures were used as 4tb degree polynomial function (air pollutant) and two lag 

strata (temperature) assuming the effects as constant within each stratum (0 and 1-5). 

To apply a case-crossover design, the analysis using an extension of the Cox 

proportional hazards model for time-dependent variables33.  

After city-specific estimates were obtained, these estimates were pooled across 

locations in the second stage, with the aim to estimate an average exposure-response 

relationship and inspect heterogeneity across locations with mvmeta package which 

requires less simplification of the exposure-response shape or lag structure. Finally, 

Analyses were stratified by age and sex. To analyze the gender and age differences, 

cases were stratified by gender and age group. The age groups selected for this study 

were less than 60, 60-74, and 75 or greater. 

All of the statistical analyses were conducted using R version 3.2.5 (R Foundation 

for Statistical Computing, Vienna, Austria) with the dlnm package for the DLNM 

and the mvmeta package for meta-analyses. 
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IV. RESULTS 

1. General characteristics of air pollutant concentrations 

Table 1 shows the average concentrations of air pollutants which were expressed as 

median, 25th percentile and 75th percentile and the number of monitoring stations 

located in each city with population size. Seoul is the capital city of the Republic of 

Korea with the largest population and located the largest number of air pollution 

monitoring stations. During the study period in 2014, median concentrations of PM10, 

O3 and NO2 in Seoul were 40.01 μg/m3 (IQR, 29.14), 17.90 ppb (IQR, 15.48) and 

36.65 ppb (IQR, 16.47), respectively. Standard deviations of air pollutants are  

36.70 μg/m3 for PM10, 10.04 ppb for O3 and 12.04 ppb for NO2 (data not shown).
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Table 1. City-specific characteristics of air pollutant concentrations in 7 major cities, Republic of Korea, 2014. 

 Daily concentration [median (25th–75th percentile)]a No. of Population 

City PM10 (μg/m3) O3
b (ppb) NO2 (ppb) monitors sizec 

Seoul 39.13 (27.23-57.92) 34.00 (22.50-49.00) 31.25 (22.79-41.83) 39 9,904,312 

Busan 43.42 (31.81-60.63) 38.63 (30.13-49.63) 19.62 (13.13-25.17) 21 3,448,737 

Daegu 40.31 (27.35-57.02) 39.32 (27.59-54.56) 21.62 (14.42-32.48) 12 2,466,052 

Ulsan 41.96 (29.46-58.56) 54.38 (35.75-158.0) 21.29 (14.76-29.13) 15 1,166,615 

Daejeon 35.97 (24.31-54.00) 37.31 (24.88-53.75) 17.79 (12.04-26.65) 10 1,538,394 

Incheon 42.48 (30.71-60.06) 42.54 (28.00-65.38) 25.65 (17.63-35.85) 21 2,890,451 

Gwangju 34.67 (24.25-49.69) 39.50 (30.13-54.43) 18.42 (12.83-26.71) 9 1,502,881 

a PM10, particulate matter <10 μm in aerodynamic diameter; O3, ozone; NO2, nitrogen dioxide; 
b daily average 8-hour maximum ozone concentration 
c Based on 2015 census data (Korean Statistical Information Service, KOSIS 2017) 
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2. General characteristics of emergency department visits 

Table 2 shows the numbers of total emergency department (ED) visits for 

cardiovascular disease in Seoul. As Seoul has the largest population in Republic of 

Korea, the numbers of Seoul were only presented due to its representative nature. 

The total number of ED visits were 21,668 cases in Seoul, Republic of Korea. The 

numbers of were men and women were 12,529 (57.8%) and 9,139 (42.2%), 

respectively. In stratification of age group, 10,318 (47.6%) patients less than 60-year 

age, 7,877 (36.4%) of 60 to 74-year age and 3,473 (16.0%) patients of 75 or greater 

age visited emergency department for total cardiovascular diseases. In categories of 

diseases, the numbers in ischemic heart diseases (IHD), arrhythmia, heart failure and 

any strokes were 6,898 (31.8%), 2,868 (13.2%), 1,615 (7.5%) and 10,287 (47.5%), 

respectively.
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Table 2. General characteristics of emergency department visits for cardiovascular disease in Seoul, Republic of Korea, 2014. 

 IHD, ischemic heart diseases 

 

Region ED visits Total Men Women Age <60 Age 60-74 Age ≥75 

Seoul Total 21,668 (100.0) 12,529 (100.0) 9,139 (100.0) 10,318 (100.0) 7,877 (100.0) 3,473 (100.0) 

 IHD 6,898 (31.8) 4,666 (37.2) 2,232 (24.4) 3,680 (35.7) 2,417 (30.7) 801 (23.1) 

 Arrhythmia 2,868 (13.2) 1,529 (12.2) 1,339 (14.7) 1,714 (16.6) 819 (10.4) 335 (9.6) 

 Heart failure 1,615 (7.5) 697 (5.6) 918 (10.0) 284 (2.8) 684 (8.7) 647 (18.6) 

 Stroke 10,287 (47.5) 5,637 (45.0) 4,650 (50.9) 4,640 (45.0) 3,957 (50.2) 1,690 (48.7) 

 Hemorrhagic 2,827 (13.0) 1,482 (11.8) 1,345 (14.7) 1,629 (15.8) 887 (11.3) 311 (9.0) 

 Ischemic 5,868 (27.1) 3,479 (27.8) 2,389 (26.1) 2,178 (21.1) 2,536 (32.2) 1,154 (33.2) 



15 

 

3. Air pollutants and ED visits for any stroke 

Table 3 shows the pooled estimates per IQR increase of each air pollutant with sex 

and age stratification. Consistently with previous research, the effect of coarse 

particulate matter (PM10) and nitrogen dioxide (NO2) was significant with the ED 

visits for any strokes. All the second-stage meta-analysed models were fitted through 

restricted maximum likelihood (REML) using the R package mvmeta. From below, 

only statistically significant results will be illustrated in figures. 

 Figure 1 and 2 shows positive associations between ED visits for any strokes and 

PM10 and NO2, respectively. The multivariate Cochran’s Q test for heterogeneity was 

not significant in all air pollutants, and the related I2 statistic indicates the variability 

due to true heterogeneity between cities. 

In sex stratified analysis, a positive correlation was found with PM10 in men and no 

positive association was found in women. The trends of relative risk with PM10 on 

multiple lag days in men and women were depicted in Figure 3 and 4, respectively. 

To identify the effect modification of age, the analysis of age stratification was also 

performed. Figure 5 shows a significant positive correlation with NO2 in the oldest 

group (age > 74). Any significant heterogeneity was not found in second step 

meta-analysis. 
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Table 3. Pooled relative risks per IQR increase and their 95% confidence intervals – Any stroke. 

IQR, interquartile range; IHD, ischemic heart diseases 

 Lag0 Lag1 Lag2 Lag3 Lag4 Lag5 

Any stroke             

PM10 1.035 ( 1.006 1.065 ) 1.039 ( 1.002 1.077 ) 1.045 ( 1.006 1.085 ) 1.039 ( 1.004 1.075 ) 1.022 ( 0.992 1.052 ) 0.998 ( 0.967 1.031 ) 

O3 1.005 ( 0.960 1.053 ) 0.988 ( 0.944 1.035 ) 0.989 ( 0.935 1.047 ) 0.994 ( 0.944 1.047 ) 0.983 ( 0.945 1.023 ) 0.962 ( 0.917 1.010 ) 

NO2 1.041 ( 1.005 1.080 ) 1.048 ( 1.007 1.091 ) 1.061 ( 1.021 1.103 ) 1.041 ( 1.002 1.082 ) 1.022 ( 0.990 1.054 ) 1.005 ( 0.973 1.037 ) 

Men             

PM10 1.031 ( 0.993 1.071 ) 1.062 ( 1.012 1.114 ) 1.031 ( 0.986 1.077 ) 1.032 ( 0.991 1.076 ) 1.015 ( 0.980 1.051 ) 0.987 ( 0.954 1.021 ) 

O3 0.999 ( 0.946 1.055 ) 1.000 ( 0.943 1.059 ) 0.983 ( 0.915 1.057 ) 0.996 ( 0.931 1.067 ) 0.988 ( 0.937 1.042 ) 0.966 ( 0.907 1.029 ) 

NO2 1.041 ( 0.954 1.136 ) 1.061 ( 0.993 1.134 ) 1.064 ( 0.986 1.150 ) 1.043 ( 0.956 1.138 ) 1.019 ( 0.952 1.090 ) 0.995 ( 0.952 1.039 ) 

Women             

PM10 1.038 ( 0.989 1.089 ) 1.013 ( 0.966 1.061 ) 1.063 ( 1.004 1.126 ) 1.049 ( 0.997 1.104 ) 1.034 ( 0.987 1.083 ) 1.020 ( 0.964 1.079 ) 

O3 1.014 ( 0.951 1.082 ) 0.963 ( 0.891 1.041 ) 0.984 ( 0.912 1.062 ) 0.991 ( 0.918 1.069 ) 0.978 ( 0.920 1.039 ) 0.955 ( 0.899 1.016 ) 

NO2 1.041 ( 0.992 1.092 ) 1.027 ( 0.954 1.106 ) 1.054 ( 0.987 1.126 ) 1.042 ( 0.984 1.103 ) 1.034 ( 0.986 1.084 ) 1.029 ( 0.982 1.078 ) 

Age < 60             

PM10 1.011 ( 0.963 1.062 ) 1.041 ( 0.978 1.107 ) 1.019 ( 0.965 1.075 ) 1.026 ( 0.972 1.082 ) 1.012 ( 0.968 1.059 ) 0.987 ( 0.946 1.029 ) 

O3 0.998 ( 0.908 1.096 ) 0.975 ( 0.890 1.067 ) 0.958 ( 0.880 1.044 ) 0.991 ( 0.916 1.072 ) 0.990 ( 0.922 1.062 ) 0.968 ( 0.891 1.051 ) 

NO2 1.004 ( 0.943 1.068 ) 1.045 ( 0.981 1.112 ) 1.050 ( 0.981 1.124 ) 1.054 ( 0.984 1.129 ) 1.035 ( 0.980 1.093 ) 1.004 ( 0.951 1.059 ) 

Age 60-74             

PM10 1.048 ( 0.987 1.112 ) 1.040 ( 0.965 1.122 ) 1.049 ( 0.994 1.108 ) 1.040 ( 0.983 1.100 ) 1.020 ( 0.977 1.065 ) 0.996 ( 0.945 1.049 ) 

O3 0.962 ( 0.897 1.031 ) 0.987 ( 0.898 1.084 ) 1.029 ( 0.951 1.114 ) 1.015 ( 0.943 1.093 ) 1.009 ( 0.946 1.077 ) 1.009 ( 0.945 1.078 ) 

NO2 1.076 ( 0.999 1.159 ) 1.044 ( 0.982 1.110 ) 1.039 ( 0.957 1.127 ) 1.007 ( 0.924 1.098 ) 0.984 ( 0.918 1.056 ) 0.966 ( 0.915 1.021 ) 

Age > 74             

PM10 1.039 ( 0.972 1.110 ) 1.030 ( 0.964 1.100 ) 1.067 ( 0.993 1.148 ) 1.056 ( 0.980 1.137 ) 1.045 ( 0.977 1.116 ) 1.036 ( 0.961 1.116 ) 

O3 1.014 ( 0.903 1.139 ) 0.960 ( 0.857 1.076 ) 0.929 ( 0.814 1.059 ) 0.935 ( 0.840 1.041 ) 0.926 ( 0.851 1.007 ) 0.906 ( 0.825 0.995 ) 

NO2 1.039 ( 0.977 1.105 ) 1.072 ( 0.976 1.179 ) 1.111 ( 1.030 1.198 ) 1.066 ( 0.991 1.147 ) 1.065 ( 0.992 1.142 ) 1.090 ( 0.996 1.192 ) 
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Figure 1. Association between ED visits for any stroke and PM10: first-stage and pooled overall estimates with IQR increase 

(95%CI as bright area). 
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Figure 2. Association between ED visits for any stroke and NO2: first-stage and pooled overall estimates with IQR increase 

(95%CI as bright area). 
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Figure 3. Sex stratified association between ED visits for any stroke and PM10 in Men: first-stage and pooled overall estimates 

with IQR increase (95%CI as bright area). 
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Figure 4. Sex stratified association between ED visits for any stroke and PM10 in Women: first-stage and pooled overall estimates 

with IQR increase (95%CI as bright area). 
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Figure 5. Age stratified association between ED visits for any stroke and NO2 in Age>74: first-stage and pooled overall estimates 

with IQR increase (95%CI as bright area). 
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4. Air pollutants and ED visits for ischemic stroke 

Table 4 provides the overall pooled association between ED visits for ischemic 

stroke with each air pollutant. A slightly positive association was found with PM10 at 

a lag of 2 days (Figure 6) and an estimated increase of 5.7% (95% CI, 1.3 – 10.4%), 

5.7% (95% CI, 0.1 – 11.5%) and 7.8% (95% CI, 2.7–13.1%) was found with NO2 at a 

lag of 0,1 and 2 days, respectively (Figure 7). In subgroup analysis, a positive 

correlation was also found with NO2 in men (Figure 8) and no positive association 

was found in women. To identify the effect modification of age, the analysis of age 

stratification was also performed. Figure 9 and Figure 10 shows that significant 

positive correlation with NO2 was found in “young-old” group (defined as the age 

range of 60–74) and “old-old” (defined as 75 and older) group with age-stratification. 

No statistically significant heterogeneity was found in the overall and subgroup age 

analysis. 
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Table 4. Pooled relative risks per IQR increase and their 95% confidence intervals – Ischemic stroke. 

IQR, interquartile range; IHD, ischemic heart diseases 

 Lag0 Lag1 Lag2 Lag3 Lag4 Lag5 

Ischemic stroke             

PM10 1.030 ( 0.999 1.063 ) 1.020 ( 0.984 1.057 ) 1.042 ( 1.003 1.083 ) 1.028 ( 0.991 1.066 ) 1.007 ( 0.976 1.039 ) 0.985 ( 0.955 1.016 ) 

O3 0.984 ( 0.937 1.034 ) 0.954 ( 0.900 1.010 ) 0.985 ( 0.921 1.054 ) 0.989 ( 0.926 1.056 ) 0.985 ( 0.938 1.035 ) 0.979 ( 0.920 1.042 ) 

NO2 1.057 ( 1.013 1.104 ) 1.057 ( 1.001 1.116 ) 1.078 ( 1.027 1.131 ) 1.040 ( 0.993 1.089 ) 1.002 ( 0.962 1.044 ) 0.966 ( 0.926 1.009 ) 

Men             

PM10 1.034 ( 0.991 1.077 ) 1.047 ( 0.993 1.104 ) 1.032 ( 0.980 1.086 ) 1.037 ( 0.987 1.090 ) 1.013 ( 0.970 1.057 ) 0.973 ( 0.931 1.016 ) 

O3 0.962 ( 0.902 1.026 ) 0.954 ( 0.890 1.022 ) 0.967 ( 0.893 1.047 ) 0.971 ( 0.906 1.041 ) 0.981 ( 0.922 1.044 ) 0.994 ( 0.928 1.064 ) 

NO2 1.076 ( 1.003 1.153 ) 1.092 ( 1.030 1.158 ) 1.088 ( 1.017 1.164 ) 1.062 ( 0.998 1.130 ) 1.022 ( 0.971 1.075 ) 0.976 ( 0.929 1.026 ) 

Women             

PM10 1.027 ( 0.978 1.077 ) 0.976 ( 0.923 1.032 ) 1.050 ( 0.990 1.115 ) 1.009 ( 0.953 1.069 ) 0.995 ( 0.947 1.045 ) 0.999 ( 0.951 1.048 ) 

O3 1.021 ( 0.945 1.103 ) 0.964 ( 0.873 1.064 ) 1.001 ( 0.912 1.098 ) 0.996 ( 0.906 1.095 ) 0.985 ( 0.914 1.061 ) 0.972 ( 0.872 1.084 ) 

NO2 1.028 ( 0.964 1.097 ) 1.001 ( 0.901 1.111 ) 1.051 ( 0.946 1.168 ) 1.008 ( 0.925 1.099 ) 0.976 ( 0.906 1.052 ) 0.953 ( 0.879 1.033 ) 

Age < 60             

PM10 1.003 ( 0.943 1.067 ) 1.012 ( 0.940 1.090 ) 1.016 ( 0.942 1.095 ) 1.002 ( 0.933 1.076 ) 0.984 ( 0.926 1.046 ) 0.966 ( 0.908 1.027 ) 

O3 0.929 ( 0.777 1.112 ) 0.904 ( 0.762 1.074 ) 0.922 ( 0.771 1.103 ) 0.922 ( 0.739 1.149 ) 0.941 ( 0.769 1.152 ) 0.973 ( 0.828 1.144 ) 

NO2 1.033 ( 0.954 1.120 ) 1.082 ( 0.992 1.181 ) 1.020 ( 0.931 1.119 ) 1.016 ( 0.931 1.109 ) 0.987 ( 0.916 1.063 ) 0.944 ( 0.876 1.016 ) 

Age 60-74             

PM10 1.052 ( 0.982 1.128 ) 1.041 ( 0.949 1.143 ) 1.053 ( 0.937 1.184 ) 1.041 ( 0.928 1.168 ) 1.014 ( 0.921 1.116 ) 0.980 ( 0.886 1.084 ) 

O3 0.966 ( 0.889 1.051 ) 0.975 ( 0.890 1.069 ) 1.031 ( 0.936 1.136 ) 1.045 ( 0.959 1.138 ) 1.045 ( 0.968 1.127 ) 1.039 ( 0.956 1.128 ) 

NO2 1.089 ( 1.008 1.176 ) 1.066 ( 0.983 1.155 ) 1.094 ( 1.013 1.182 ) 1.033 ( 0.955 1.118 ) 0.984 ( 0.915 1.058 ) 0.945 ( 0.879 1.017 ) 

Age > 74             

PM10 1.031 ( 0.973 1.093 ) 1.006 ( 0.925 1.095 ) 1.043 ( 0.971 1.120 ) 1.023 ( 0.951 1.099 ) 1.008 ( 0.949 1.071 ) 0.999 ( 0.946 1.056 ) 

O3 1.031 ( 0.916 1.160 ) 0.992 ( 0.847 1.163 ) 0.970 ( 0.867 1.086 ) 0.954 ( 0.851 1.069 ) 0.945 ( 0.864 1.034 ) 0.940 ( 0.848 1.042 ) 

NO2 1.038 ( 0.967 1.116 ) 1.058 ( 0.956 1.172 ) 1.115 ( 1.018 1.222 ) 1.071 ( 0.987 1.161 ) 1.040 ( 0.960 1.128 ) 1.021 ( 0.929 1.122 ) 
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Figure 6. Association between ED visits for ischemic stroke and PM10: first-stage and pooled overall estimates with IQR increase 

(95%CI as bright area). 
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Figure 7. Association between ED visits for ischemic stroke and NO2: first-stage and pooled overall estimates with IQR increase 

(95%CI as bright area). 
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Figure 8. Sex stratified association between ED visits for ischemic stroke and NO2 in Men: first-stage and pooled overall 

estimates with IQR increase (95%CI as bright area). 
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Figure 9. Age stratified association between ED visits for ischemic stroke and NO2 in Age 60-74: first-stage and pooled overall 

estimates with IQR increase (95%CI as bright area). 
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Figure 10. Age stratified association between ED visits for ischemic stroke and NO2 in Age > 74: first-stage and pooled overall 

estimates with IQR increase (95%CI as bright area). 
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5. Air pollutants and ED visits for hemorrhagic stroke 

Table 5 shows the overall pooled association between ED visits for hemorrhagic 

stroke with each air pollutant. In the overall analysis, slightly positive associations 

were found with PM10, increase of 8.0% (95% CI, 0.2 – 16.4%) at a lag of 1 day 

(Figure 11) and with NO2, increase 7.0% (95% CI, 0.4 – 14.1%) at a lag of 1 day 

(Figure 12). In sex-stratified analysis, no positive correlation was found in both men 

and women. To identify the effect modification of age, the analysis of age 

stratification was performed. In age stratified analysis, significant positive 

correlations with PM10 and NO2 were found in the young-old group (age range of 

60–74) (Figure 13 and 14). Any significant heterogeneity between the cities was not 

found in the second step. 
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Table 5. Pooled relative risks per IQR increase and their 95% confidence intervals – Hemorrhagic stroke. 

IQR, interquartile range; IHD, ischemic heart diseases 

 Lag0 Lag1 Lag2 Lag3 Lag4 Lag5 

Hemorrhagic stroke           

PM10 1.045 ( 0.995 1.098 ) 1.080 ( 1.002 1.164 ) 1.056 ( 0.994 1.121 ) 1.026 ( 0.972 1.083 ) 1.010 ( 0.960 1.063 ) 1.002 ( 0.930 1.078 ) 

O3 1.057 ( 0.929 1.204 ) 1.039 ( 0.950 1.136 ) 1.071 ( 0.989 1.161 ) 1.016 ( 0.941 1.097 ) 0.988 ( 0.923 1.057 ) 0.976 ( 0.898 1.061 ) 

NO2 1.049 ( 0.987 1.116 ) 1.070 ( 1.004 1.141 ) 1.024 ( 0.957 1.096 ) 1.001 ( 0.937 1.069 ) 0.992 ( 0.937 1.050 ) 0.989 ( 0.937 1.045 ) 

Men             

PM10 1.040 ( 0.972 1.113 ) 1.089 ( 0.982 1.209 ) 1.040 ( 0.966 1.121 ) 1.013 ( 0.938 1.094 ) 0.999 ( 0.933 1.070 ) 0.992 ( 0.932 1.055 ) 

O3 1.033 ( 0.841 1.270 ) 1.015 ( 0.887 1.162 ) 1.060 ( 0.936 1.200 ) 1.003 ( 0.884 1.138 ) 0.956 ( 0.847 1.079 ) 0.919 ( 0.799 1.056 ) 

NO2 1.017 ( 0.937 1.103 ) 1.095 ( 0.988 1.214 ) 1.001 ( 0.901 1.112 ) 0.996 ( 0.911 1.090 ) 0.980 ( 0.908 1.057 ) 0.954 ( 0.871 1.045 ) 

Women             

PM10 1.059 ( 0.982 1.142 ) 1.086 ( 0.975 1.210 ) 1.075 ( 0.965 1.197 ) 1.046 ( 0.947 1.156 ) 1.036 ( 0.966 1.110 ) 1.035 ( 0.933 1.148 ) 

O3 1.077 ( 0.950 1.221 ) 1.043 ( 0.932 1.168 ) 1.066 ( 0.947 1.200 ) 1.016 ( 0.907 1.139 ) 1.006 ( 0.911 1.111 ) 1.019 ( 0.912 1.139 ) 

NO2 1.096 ( 0.993 1.209 ) 1.054 ( 0.947 1.172 ) 1.029 ( 0.874 1.211 ) 1.014 ( 0.913 1.126 ) 1.014 ( 0.922 1.114 ) 1.021 ( 0.930 1.121 ) 

Age < 60             

PM10 1.039 ( 0.954 1.132 ) 1.159 ( 0.988 1.359 ) 1.039 ( 0.928 1.164 ) 1.053 ( 0.933 1.189 ) 1.037 ( 0.941 1.143 ) 1.001 ( 0.911 1.099 ) 

O3 1.076 ( 0.940 1.232 ) 1.056 ( 0.948 1.177 ) 1.021 ( 0.910 1.146 ) 1.003 ( 0.899 1.119 ) 0.981 ( 0.882 1.091 ) 0.957 ( 0.842 1.088 ) 

NO2 1.057 ( 0.935 1.195 ) 1.174 ( 0.999 1.379 ) 1.072 ( 0.953 1.206 ) 1.095 ( 0.950 1.263 ) 1.043 ( 0.947 1.149 ) 0.951 ( 0.851 1.062 ) 

Age 60-74             

PM10 1.080 ( 0.994 1.174 ) 1.037 ( 0.926 1.161 ) 1.106 ( 1.004 1.219 ) 1.021 ( 0.927 1.125 ) 1.006 ( 0.919 1.101 ) 1.034 ( 0.928 1.152 ) 

O3 0.992 ( 0.801 1.227 ) 1.002 ( 0.824 1.218 ) 1.107 ( 0.918 1.333 ) 0.976 ( 0.833 1.143 ) 0.973 ( 0.845 1.120 ) 1.045 ( 0.898 1.216 ) 

NO2 1.121 ( 1.007 1.247 ) 1.022 ( 0.909 1.148 ) 0.996 ( 0.874 1.135 ) 0.957 ( 0.855 1.072 ) 0.949 ( 0.861 1.046 ) 0.958 ( 0.868 1.057 ) 

Age > 74             

PM10 1.078 ( 0.957 1.215 ) 1.102 ( 0.910 1.334 ) 1.188 ( 0.990 1.425 ) 1.172 ( 0.996 1.380 ) 1.118 ( 0.986 1.267 ) 1.049 ( 0.930 1.182 ) 

O3 1.087 ( 0.896 1.317 ) 0.962 ( 0.788 1.174 ) 1.021 ( 0.797 1.308 ) 1.012 ( 0.815 1.257 ) 0.956 ( 0.801 1.142 ) 0.882 ( 0.683 1.139 ) 

NO2 1.024 ( 0.856 1.225 ) 1.053 ( 0.797 1.391 ) 1.095 ( 0.926 1.295 ) 1.020 ( 0.857 1.216 ) 1.021 ( 0.892 1.168 ) 1.066 ( 0.919 1.236 ) 
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Figure 11. Association between ED visits for hemorrhagic stroke and PM10: first-stage and pooled overall estimates with IQR 

increase (95%CI as bright area). 
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Figure 12. Association between ED visits for hemorrhagic stroke and NO2: first-stage and pooled overall estimates with IQR 

increase (95%CI as bright area). 
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Figure 13. Age stratified association between ED visits for hemorrhagic stroke and PM10 in Age 60-74: first-stage and pooled 

overall estimates with IQR increase (95%CI as bright area). 
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Figure 14. Age stratified association between ED visits for hemorrhagic stroke and NO2 in Age 60-74: first-stage and pooled 

overall estimates with IQR increase (95%CI as bright area).
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6. Air pollutants and ED visits for ischemic heart disease 

Table 6 provides the overall pooled associations between ED visits for ischemic 

heart diseases and each air pollutant. In all the overall analyses, no positive 

correlation was found. In subgroup analysis, slightly positive associations were 

found with age stratification. Figure 15 illustrates significant positive correlation 

with NO2 in young-old group (age range of 60–74) at lag 0 (same day). A positive 

correlation was also found with NO2 in old-old group (75 and older) at a lag of 3 days 

in Figure 16. No statistically significant heterogeneity was found in the overall and 

subgroup analyses. 
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Table 6. Pooled relative risks per IQR increase and their 95% confidence intervals – Ischemic heart disease 

IQR, interquartile range; IHD, ischemic heart diseases 

 Lag0 Lag1 Lag2 Lag3 Lag4 Lag5 

IHD           

PM10 0.999 ( 0.971 1.027 ) 1.009 ( 0.974 1.045 ) 1.019 ( 0.982 1.058 ) 1.033 ( 0.996 1.071 ) 1.016 ( 0.987 1.046 ) 0.982 ( 0.953 1.012 ) 

O3 0.977 ( 0.933 1.024 ) 0.988 ( 0.923 1.057 ) 1.043 ( 0.987 1.102 ) 0.973 ( 0.926 1.022 ) 0.941 ( 0.901 0.983 ) 0.933 ( 0.891 0.977 ) 

NO2 1.037 ( 0.994 1.082 ) 1.021 ( 0.959 1.087 ) 1.023 ( 0.970 1.078 ) 1.040 ( 0.993 1.090 ) 1.022 ( 0.978 1.069 ) 0.985 ( 0.940 1.031 ) 

Men             

PM10 0.998 ( 0.955 1.042 ) 0.995 ( 0.956 1.035 ) 0.990 ( 0.946 1.035 ) 1.008 ( 0.962 1.055 ) 1.000 ( 0.963 1.038 ) 0.977 ( 0.943 1.012 ) 

O3 0.985 ( 0.933 1.041 ) 0.995 ( 0.933 1.060 ) 1.050 ( 0.968 1.138 ) 0.998 ( 0.938 1.061 ) 0.965 ( 0.915 1.018 ) 0.946 ( 0.895 1.001 ) 

NO2 1.027 ( 0.970 1.088 ) 1.010 ( 0.957 1.065 ) 1.014 ( 0.952 1.080 ) 1.027 ( 0.973 1.084 ) 1.003 ( 0.956 1.052 ) 0.959 ( 0.917 1.002 ) 

Women             

PM10 0.995 ( 0.928 1.067 ) 1.034 ( 0.969 1.102 ) 1.064 ( 0.982 1.154 ) 1.069 ( 0.998 1.145 ) 1.038 ( 0.979 1.099 ) 0.990 ( 0.935 1.048 ) 

O3 0.925 ( 0.786 1.088 ) 0.967 ( 0.829 1.128 ) 1.025 ( 0.895 1.174 ) 0.918 ( 0.835 1.009 ) 0.889 ( 0.819 0.964 ) 0.904 ( 0.824 0.990 ) 

NO2 1.043 ( 0.935 1.164 ) 1.030 ( 0.868 1.222 ) 1.012 ( 0.857 1.195 ) 1.056 ( 0.936 1.192 ) 1.055 ( 0.957 1.163 ) 1.026 ( 0.930 1.131 ) 

Age < 60             

PM10 0.992 ( 0.951 1.034 ) 1.005 ( 0.956 1.055 ) 0.990 ( 0.930 1.054 ) 1.011 ( 0.958 1.068 ) 1.001 ( 0.957 1.046 ) 0.972 ( 0.931 1.015 ) 

O3 0.984 ( 0.920 1.052 ) 0.983 ( 0.914 1.057 ) 1.054 ( 0.975 1.139 ) 0.998 ( 0.919 1.085 ) 0.961 ( 0.887 1.040 ) 0.936 ( 0.866 1.012 ) 

NO2 0.989 ( 0.914 1.070 ) 0.978 ( 0.905 1.057 ) 0.965 ( 0.893 1.042 ) 1.003 ( 0.940 1.070 ) 1.000 ( 0.938 1.067 ) 0.973 ( 0.912 1.038 ) 

Age 60-74             

PM10 1.030 ( 0.981 1.081 ) 0.999 ( 0.944 1.057 ) 1.034 ( 0.970 1.101 ) 1.028 ( 0.962 1.098 ) 1.015 ( 0.963 1.069 ) 1.000 ( 0.951 1.050 ) 

O3 1.034 ( 0.934 1.145 ) 0.963 ( 0.852 1.090 ) 0.981 ( 0.871 1.105 ) 0.910 ( 0.822 1.007 ) 0.882 ( 0.804 0.968 ) 0.879 ( 0.770 1.004 ) 

NO2 1.097 ( 1.029 1.170 ) 1.082 ( 0.995 1.177 ) 1.105 ( 0.999 1.222 ) 1.080 ( 0.993 1.174 ) 1.043 ( 0.976 1.115 ) 1.003 ( 0.932 1.080 ) 

Age > 74             

PM10 0.966 ( 0.889 1.050 ) 1.014 ( 0.927 1.109 ) 1.068 ( 0.984 1.161 ) 1.099 ( 1.010 1.195 ) 1.055 ( 0.991 1.124 ) 0.977 ( 0.902 1.058 ) 

O3 0.861 ( 0.652 1.022 ) 1.039 ( 0.914 1.181 ) 1.092 ( 0.969 1.230 ) 1.016 ( 0.906 1.139 ) 0.988 ( 0.890 1.097 ) 0.989 ( 0.868 1.126 ) 

NO2 1.056 ( 0.932 1.196 ) 1.031 ( 0.881 1.206 ) 1.041 ( 0.909 1.192 ) 1.097 ( 0.983 1.225 ) 1.065 ( 0.981 1.156 ) 0.986 ( 0.893 1.089 ) 
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Figure 15. Age stratified association between ED visits for ischemic heart diseases and NO2 in Age 60-74: first-stage and pooled 

overall estimates with IQR increase (95%CI as bright area).
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Figure 16. Age stratified association between ED visits for ischemic heart diseases and PM10 in Age > 74: first-stage and pooled 

overall estimates with IQR increase (95%CI as bright area).
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7. Air pollutants and ED visits for arrhythmia  

Table 7 shows the overall pooled relative risks per IQR increase of each air 

pollutant. In the overall analysis, slightly positive associations were found with PM10, 

increase of 6.2% (95% CI, 0.0 – 12.9%) at a lag of 3 days (Figure 17) and with NO2, 

increase 7.9% (95% CI, 0.8 – 15.4%) at same day (Figure 18). In sex-stratified 

analysis, a slightly positive correlation was found at same day only in women (Figure 

19). To identify the effect modification of age, the analysis of age stratification was 

performed. In age stratified analysis (Figure 20), the effect of NO2 was slightly 

significant with the ED visits for arrhythmia, on in the youngest age group (defined 

as 59 and younger). A few of significant heterogeneities between the cities were 

found in the second step meta-analyses. 
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Table 7. Pooled relative risks per IQR increase and their 95% confidence intervals – Arrhythmia 

IQR, interquartile range; IHD, ischemic heart diseases 

 Lag0 Lag1 Lag2 Lag3 Lag4 Lag5 

Arrhythmia           

PM10 1.025 ( 0.963 1.090 ) 1.021 ( 0.959 1.087 ) 1.016 ( 0.964 1.071 ) 1.062 ( 1.000 1.129 ) 1.051 ( 0.998 1.108 ) 1.008 ( 0.961 1.057 ) 

O3 0.970 ( 0.892 1.056 ) 0.979 ( 0.898 1.068 ) 1.033 ( 0.941 1.135 ) 1.026 ( 0.941 1.119 ) 1.006 ( 0.922 1.097 ) 0.982 ( 0.909 1.060 ) 

NO2 1.079 ( 1.008 1.154 ) 1.026 ( 0.963 1.094 ) 0.957 ( 0.870 1.054 ) 0.994 ( 0.925 1.069 ) 1.014 ( 0.961 1.069 ) 1.018 ( 0.956 1.085 ) 

Men             

PM10 1.052 ( 0.962 1.150 ) 1.018 ( 0.914 1.134 ) 1.020 ( 0.935 1.112 ) 1.086 ( 0.969 1.217 ) 1.086 ( 0.997 1.182 ) 1.045 ( 0.974 1.122 ) 

O3 1.052 ( 0.942 1.176 ) 1.014 ( 0.892 1.153 ) 1.027 ( 0.919 1.148 ) 1.038 ( 0.894 1.205 ) 1.032 ( 0.882 1.208 ) 1.016 ( 0.887 1.165 ) 

NO2 0.994 ( 0.886 1.116 ) 0.966 ( 0.882 1.057 ) 0.879 ( 0.747 1.033 ) 0.960 ( 0.857 1.075 ) 1.011 ( 0.931 1.097 ) 1.036 ( 0.949 1.131 ) 

Women             

PM10 1.000 ( 0.924 1.083 ) 1.038 ( 0.962 1.121 ) 1.024 ( 0.935 1.121 ) 1.053 ( 0.972 1.142 ) 1.030 ( 0.964 1.102 ) 0.979 ( 0.917 1.045 ) 

O3 0.876 ( 0.772 0.993 ) 0.918 ( 0.725 1.162 ) 1.019 ( 0.868 1.197 ) 1.011 ( 0.889 1.149 ) 0.983 ( 0.876 1.102 ) 0.949 ( 0.834 1.080 ) 

NO2 1.145 ( 1.005 1.304 ) 1.017 ( 0.841 1.230 ) 1.002 ( 0.867 1.158 ) 1.020 ( 0.926 1.123 ) 1.020 ( 0.947 1.099 ) 1.009 ( 0.923 1.104 ) 

Age < 60             

PM10 1.058 ( 0.963 1.161 ) 1.034 ( 0.946 1.130 ) 1.012 ( 0.939 1.090 ) 1.083 ( 0.991 1.184 ) 1.079 ( 0.999 1.165 ) 1.030 ( 0.969 1.094 ) 

O3 0.974 ( 0.873 1.087 ) 0.980 ( 0.862 1.114 ) 0.995 ( 0.890 1.112 ) 0.991 ( 0.883 1.114 ) 0.989 ( 0.885 1.106 ) 0.989 ( 0.877 1.116 ) 

NO2 1.168 ( 1.046 1.304 ) 1.047 ( 0.946 1.158 ) 0.972 ( 0.883 1.070 ) 1.037 ( 0.953 1.129 ) 1.036 ( 0.962 1.115 ) 0.993 ( 0.906 1.087 ) 

Age 60-74             

PM10 1.015 ( 0.929 1.109 ) 1.016 ( 0.924 1.117 ) 1.037 ( 0.926 1.160 ) 1.026 ( 0.928 1.134 ) 1.002 ( 0.921 1.089 ) 0.971 ( 0.891 1.059 ) 

O3 1.055 ( 0.870 1.279 ) 0.976 ( 0.842 1.132 ) 1.208 ( 0.953 1.533 ) 1.079 ( 0.923 1.262 ) 1.027 ( 0.904 1.168 ) 1.025 ( 0.887 1.184 ) 

NO2 0.966 ( 0.810 1.154 ) 1.083 ( 0.953 1.230 ) 0.954 ( 0.786 1.157 ) 0.962 ( 0.819 1.130 ) 1.002 ( 0.892 1.126 ) 1.057 ( 0.953 1.172 ) 

Age > 74             

PM10 0.965 ( 0.869 1.071 ) 1.002 ( 0.890 1.129 ) 0.995 ( 0.875 1.132 ) 1.067 ( 0.942 1.208 ) 1.047 ( 0.946 1.158 ) 0.975 ( 0.880 1.081 ) 

O3 0.944 ( 0.764 1.167 ) 1.016 ( 0.823 1.253 ) 0.948 ( 0.673 1.334 ) 1.139 ( 0.897 1.445 ) 1.091 ( 0.848 1.403 ) 0.913 ( 0.728 1.147 ) 

NO2 0.967 ( 0.848 1.103 ) 0.912 ( 0.788 1.055 ) 0.993 ( 0.852 1.158 ) 0.996 ( 0.859 1.155 ) 0.998 ( 0.880 1.131 ) 1.002 ( 0.887 1.133 ) 
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Figure 17. Association between ED visits for arrhythmia and PM10: first-stage and pooled overall estimates with IQR increase 

(95%CI as bright area). 
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Figure 18. Association between ED visits for arrhythmia and NO2: first-stage and pooled overall estimates with IQR increase 

(95%CI as bright area). 
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Figure 19. Sex stratified association between ED visits for arrhythmia and NO2 in Women: first-stage and pooled overall 

estimates with IQR increase (95%CI as bright area). 
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Figure 20. Age stratified association between ED visits for arrhythmia and NO2 in Age < 60: first-stage and pooled overall 

estimates with IQR increase (95%CI as bright area). 
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8. Air pollutants and ED visits for heart failure  

Table 8 shows the overall pooled association between ED visits for heart failure 

with each air pollutant. The effect of NO2 was slightly significant with the ED visits 

for heart failure and the estimated increase was 10.3% (95% CI, 0.6 – 21.0%) at same 

day (Table 8 and Figure 21). In subgroup analyses, positive correlations were found 

with PM10 (Figure 22) and NO2 (Figure 23) in men and no positive association was 

found in women. No significant results were found in age-stratified analyses. Any 

significant heterogeneity was not found in second step meta-analysis. 
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Table 8. Pooled relative risks per IQR increase and their 95% confidence intervals – Heart failure 

IQR, interquartile range; IHD, ischemic heart diseases 

 Lag0 Lag1 Lag2 Lag3 Lag4 Lag5 

Heart failure           

PM10 1.049 ( 0.965 1.140 ) 1.004 ( 0.910 1.107 ) 1.024 ( 0.887 1.181 ) 0.989 ( 0.885 1.104 ) 0.988 ( 0.913 1.068 ) 1.007 ( 0.888 1.142 ) 

O3 0.987 ( 0.881 1.105 ) 1.004 ( 0.904 1.116 ) 1.072 ( 0.942 1.220 ) 1.001 ( 0.907 1.105 ) 0.997 ( 0.912 1.090 ) 1.034 ( 0.860 1.245 ) 

NO2 1.103 ( 1.006 1.210 ) 1.009 ( 0.918 1.108 ) 1.030 ( 0.941 1.128 ) 1.002 ( 0.914 1.099 ) 0.984 ( 0.895 1.081 ) 0.972 ( 0.865 1.091 ) 

Men             

PM10 1.108 ( 0.997 1.232 ) 1.127 ( 1.011 1.257 ) 1.127 ( 1.001 1.268 ) 1.079 ( 0.950 1.226 ) 1.011 ( 0.905 1.129 ) 0.936 ( 0.846 1.037 ) 

O3 1.038 ( 0.873 1.233 ) 1.030 ( 0.855 1.240 ) 1.142 ( 0.959 1.359 ) 0.985 ( 0.843 1.152 ) 0.924 ( 0.797 1.072 ) 0.916 ( 0.768 1.093 ) 

NO2 1.338 ( 1.042 1.717 ) 1.155 ( 1.001 1.332 ) 1.117 ( 0.972 1.282 ) 1.102 ( 0.962 1.262 ) 1.059 ( 0.930 1.206 ) 1.003 ( 0.854 1.178 ) 

Women             

PM10 0.999 ( 0.886 1.127 ) 0.922 ( 0.791 1.074 ) 0.986 ( 0.891 1.090 ) 0.966 ( 0.864 1.080 ) 0.997 ( 0.916 1.086 ) 1.064 ( 0.884 1.282 ) 

O3 0.953 ( 0.833 1.090 ) 0.980 ( 0.798 1.204 ) 1.068 ( 0.909 1.255 ) 0.993 ( 0.841 1.173 ) 1.020 ( 0.895 1.163 ) 1.113 ( 0.934 1.326 ) 

NO2 1.020 ( 0.914 1.138 ) 0.917 ( 0.815 1.032 ) 0.978 ( 0.860 1.111 ) 0.976 ( 0.812 1.173 ) 0.959 ( 0.811 1.133 ) 0.936 ( 0.831 1.054 ) 

Age < 60             

PM10 1.127 ( 0.897 1.418 ) 0.953 ( 0.745 1.219 ) 1.127 ( 0.835 1.521 ) 1.066 ( 0.815 1.395 ) 1.002 ( 0.815 1.233 ) 0.946 ( 0.782 1.144 ) 

O3 1.151 ( 0.833 1.591 ) 0.874 ( 0.593 1.289 ) 1.243 ( 0.841 1.838 ) 1.105 ( 0.757 1.612 ) 0.987 ( 0.670 1.455 ) 0.901 ( 0.657 1.234 ) 

NO2 1.234 ( 0.941 1.620 ) 1.047 ( 0.711 1.542 ) 1.130 ( 0.759 1.684 ) 1.049 ( 0.698 1.577 ) 0.966 ( 0.713 1.308 ) 0.890 ( 0.704 1.124 ) 

Age 60-74             

PM10 0.992 ( 0.841 1.169 ) 1.023 ( 0.892 1.172 ) 1.096 ( 0.950 1.265 ) 1.069 ( 0.932 1.225 ) 1.037 ( 0.921 1.167 ) 1.007 ( 0.886 1.144 ) 

O3 0.963 ( 0.796 1.163 ) 1.083 ( 0.893 1.313 ) 1.190 ( 0.969 1.461 ) 1.000 ( 0.826 1.212 ) 0.979 ( 0.826 1.161 ) 1.051 ( 0.872 1.268 ) 

NO2 0.995 ( 0.818 1.210 ) 0.927 ( 0.784 1.095 ) 0.904 ( 0.742 1.100 ) 0.930 ( 0.779 1.110 ) 0.920 ( 0.793 1.067 ) 0.889 ( 0.767 1.031 ) 

Age > 74             

PM10 1.034 ( 0.921 1.162 ) 1.036 ( 0.946 1.134 ) 1.007 ( 0.917 1.106 ) 0.984 ( 0.868 1.116 ) 0.988 ( 0.911 1.072 ) 1.006 ( 0.860 1.177 ) 

O3 0.946 ( 0.794 1.127 ) 1.009 ( 0.889 1.145 ) 1.004 ( 0.855 1.181 ) 0.974 ( 0.850 1.116 ) 0.971 ( 0.834 1.130 ) 0.982 ( 0.778 1.241 ) 

NO2 1.101 ( 0.988 1.227 ) 1.007 ( 0.900 1.126 ) 1.083 ( 0.965 1.215 ) 1.048 ( 0.933 1.178 ) 1.021 ( 0.903 1.154 ) 1.002 ( 0.867 1.158 ) 
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Figure 21. Association between ED visits for heart failure and NO2: first-stage and pooled overall estimates with IQR increase 

(95%CI as bright area). 
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Figure 22. Sex stratified association between ED visits for heart failure and PM10 in Men: first-stage and pooled overall estimates 

with IQR increase (95%CI as bright area). 
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Figure 23. Sex stratified association between ED visits for heart failure and NO2 in Men: first-stage and pooled overall estimates 

with IQR increase (95%CI as bright area). 
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V. DISCUSSION 

We investigated the association of air pollution on emergency department visits for 

cardiovascular disease in seven major cities, Republic of Korea. The major findings 

in this study are converged into the following: 1) the correlation of air pollutants with 

emergency department visits for stroke; and 2) the correlation of air pollutants with 

emergency department visits for cardiac diseases. 

 

1. Association of air pollutants and ED visits for stroke 

First, we found that ambient air pollutants including PM10 and NO2 were positively 

correlated with emergency department visits for any stroke including ischemic and 

hemorrhagic stroke. Generally, our finding is consistent with the results of other 

studies reporting an association between PM10 and NO2 concentration and stroke 

occurrence and mortality and the magnitude of estimates was comparable with 

previous findings worldwide34. A recent study has highlighted the risk of NO2 of 

hospital admission for strokes including ischemic (RR 4.5, 95% CI 2.8 to 6.3%) and 

hemorrhagic strokes (RR 4.9, 95% CI 1.1 to 8.9%) for a 10 μg/m3 increase in NO2
35. 

Previous study with Korean population reported an estimated increase of 3.1% (95% 

CI, 1.1 to 5.1%) and 1.5% (95% CI, 1.3 to 1.8%) in stroke mortality for each 

interquartile range increase in NO2 and PM10 concentrations respectively with 0-day 

lag and 2-day lag in Seoul, Republic of Korea36. Chinese study also reported percent 

increases in stroke mortality associated with 10 μg/m3 increase of PM10 (0.54%, 95% 

PI 0.28 to 0.81) and NO2 (1.47%, 95% PI 0.88 to 2.06) in the multicity combined 

models23. Emergency admissions for cerebrovascular diseases among adults were 
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positively associated with increasing air pollution levels of PM10 lagged 0 days in 

Taipei, Taiwan37. 

In sex and age stratified subgroup analysis, we found that older group aged 60 or 

greater is more highly associated with ED visits for any stroke and male group is only 

correlated with ischemic stroke. Though the evidence of age and sex as effect 

modifiers on the association between air pollutants and stroke have not been 

consistent in previous studies38, a Korean large population-based study demonstrated 

that increased male gender can be risk factors for increased mortality and hospital 

admission associated with air pollution24. These findings may result from differences 

in occupation, exposure, social and outdoor physical activity patterns by age and 

gender in Korea. 

 

2. Association of air pollutants and ED visits for cardiac diseases 

Second, we found that air pollutants including PM10 and NO2 were positively 

associated with emergency department (ED) visits for cardiac diseases including 

ischemic heart diseases (IHD), arrhythmia and heart failure. 

ED visits for IHD was positively associated with PM10 and NO2 only among 

patients aged 60 years or older. ED visits for arrhythmia and heart failure was also 

associated with PM10 and NO2. These findings are generally consistent with previous 

studies. Kan et al. reported that risk of cardiovascular diseases exposed to PM10 

increased 0.26%, compared with people 5–44 years of age or 45–64 years of age39,40. 

Previous Korean study also has highlighted the susceptibility to PM10 associated 

emergency department visits for IHD of elderly group41. Dominici et al. analyzed 
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acute effect of fine particulate air pollution on elderly people (age > 65 years) and 

found the association between particulate matter and heart arrhythmia. Also, they 

reported that short-term exposure to PM10 is associated with the 0.72% increasing 

risk of heart failure per 10 μg/m3 elevation in same-day PM10 concentration42. 

 

3. Possible mechanisms 

Some pathophysiological hypotheses can explain our findings. Several studies have 

been suggested that there are possible associations between atherosclerotic disease 

and pollutants13. Our findings might be explained by experimental data similar to the 

cardiovascular effects. Brook et al found that short-term inhalation of PM10, NO2 and 

O3 at concentrations in the urban environment might cause acute artery 

vasoconstriction in even healthy adults43. This vasoconstrictor effects might trigger 

rupture of unstable atherosclerosis plaque and induce obstruction in artery, 

consequently causing ischemic stroke. Experimental data also show ozone inhalation 

can induce epithelial injury with acute inflammatory response in upper and lower 

airways44. Oxidative stress exists with an excess of free radicals over antioxidant 

defense mechanisms. As a consequence, free radicals and other cell components lead 

to tissue injury and influx of inflammatory cells to injury sites44. Several authors also 

suggest that, following air pollutant exposure, delayed indirect effects (several hours 

to days) mediated through pulmonary oxidative stress and systemic inflammatory 

response may occur13. Moreover following activation of those biological processes, 

delayed indirect effects occur, which may also ultimately activate a thrombotic 

phenomenon or induce rupture of unstable atherosclerosis plaque13. However, all 
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these inferences mainly rely on the experimental data, so there should be further 

studies on biological mechanisms. 

 

4. Strength and limitation 

Our study used national administrative data covering almost all Korean people, and 

air pollutants and meteorological data had no missing values during the entire study 

period. However, this study has several potential limitations. First, misclassification 

of the outcome is expected as a result of diagnostic or coding errors. However, these 

errors are likely unrelated to pollutant levels and therefore expected to reduce the 

precision of our estimates and potentially bias the relative risk toward the null. 

Similarly, it is expected that the incidence of clinically unrecognized or 

non-hospitalized cardiovascular diseases is unrelated to pollutant levels after 

adjusting for covariates. Therefore, exclusion of these cases is expected to reduce the 

precision of the estimates but not otherwise bias results. Second, the use of ambient 

rather than personal exposure measures could result in exposure misclassification. 

However, this misclassification is expected to lead one to underestimate the relative 

risk45. Also, this study differs from other previous studies because the comparatively 

exact concentrations of air pollutions were applied on each case by district. Third, the 

date of symptom onset likely preceded the date of emergency department visit in a 

proportion of cases, leading to nondifferential exposure misclassification and bias of 

the relative risk toward the null. Fourth, residual confounding by short-term 

respiratory epidemics remains a possibility. However, the time stratified 

case-crossover design used in this study have been shown to effectively control for 
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confounding by time trends in both exposure and outcomes25. Fifth, 8-hour average 

concentrations of O3 were considered in the analyses. Compared with 24-hour 

average concentrations of O3, maximum 8-hour average concentrations showed 

stronger associations, possibly because they reflect a more biologically relevant 

exposure or because they more strongly correlate with average population exposures 

compared with 24-hour average concentrations. Temporal metrics that reflect peak 

pollution levels may be the most biologically relevant if the health effect is triggered 

by a high, short-term dose rather than a steady dose throughout the day46. Finally, 

although we have adjusted for PM10, O3 and NO2 in the models, it is also likely that 

PM2.5 served as surrogates for other unmeasured pollutants. Thus, the results might 

be interpreted with care and further studies with PM2.5 will be needed to evaluate the 

effects of the various pollutants on cerebrovascular health. 

 

VI. CONCLUSION 

The present study suggested that ambient air pollutants were significantly correlated 

with emergency department visits for cardiovascular diseases. The relative risk of  

stroke, arrhythmia and heart failure was positively correlated with PM10 and NO2 

concentration especially in the age or sex stratified subgroup, which suggest that 

some population could be more susceptible to air pollution. However, these 

underlying biological mechanisms still need to be further studied. 
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ABSTRACT (IN KOREAN) 

대기오염과 심뇌혈관질환으로 인한 응급실 내원의 연관성 

 

<지도교수 김창수> 

 

연세대학교 대학원 의학과 

 

손 정 우 

 

 

 

서론: 심뇌혈관질환은 대한민국 인구집단에 있어 가장 높은 사망원인을 

차지하는 질환이다. 대기오염이 심뇌혈관질환에 미치는 건강 영향에 대한 

연구는 국내외적으로 다양하게 진행되고 있으나, 북미, 유럽 등지의 국외 

연구의 경우 연구 결과를 동양인에 그대로 적용하기 어려우며 국내 

연구의 경우 소규모 인구집단을 대상으로 하거나 질환 발생이 아닌 병원 

입원이나 사망에 관한 연구가 대부분인 실정이다. 이번 연구는 

다도시연구로서 국내 대규모 인구집단을 대상으로 하며 대상자들의 

거주지 주소를 확보하여 기존 연구들보다 정확한 노출 평가를 통해 

대기오염과 심뇌혈관질환으로 인한 응급실 내원의 연관성을 살펴보고자 

하였다. 

 

방법: 2014년 1월 1일부터 12월 31일까지 대한민국의 7개 대도시의 

인구집단을 대상으로 하였으며 대상자들의 심뇌혈관질환으로 인한 

응급실 방문 자료는 건강보험심사평가원의 내부 과제를 통해 확보된 

중앙응급의료센터의 국가응급환자진료정보망 정보와 건강보험심사 

평가원의 건강보험 청구자료가 연계된 데이터를 활용하였다. 연구에 

사용된 PM10, O3, NO2 등 3개 대기오염 물질 자료는 한국환경공단에서, 
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기온, 습도 등 기상자료는 기상청에서 확보하였다. 분석을 위해 

시간-층화 환자-교차 설계법 (time-stratified case-crossover design)을 

사용하였으며 해당 건수가 발생한 당일 뿐 아니라 그 이전 시기의 

영향을 고려하기 위해 distributed lag non-linear model (DLNM)을 

사용하였다. 또한 뇌졸중의 경우 출혈성 뇌졸중과 허혈성 뇌졸중은 

발생기전이 상이하므로 하위 분류하여 추가 분석하였으며, 연령과 성별에 

따른 연관성의 차이를 살펴보기 위하여 분석 대상을 연령과 성별로 

층화하여 동일한 모형을 이용한 분석을 시행하였다. 

 

결과: 분석을 시행한 결과 뇌졸중의 경우 PM10과 NO2에서 유의한 

상관관계를 보였다. 심장질환의 경우 허혈성 심장질환은 60세 이상의 

연령군에서만 유의한 결과를 보였다. 부정맥은 60세 미만의 연령군과 

여자에서 NO2와 상관관계를 보였고, 심부전은 남자 집단에서만 NO2와 

통계적으로 유의한 연관성을 보였다. 

 

고찰: 이번 연구에서 대기오염물질은 심뇌혈관질환으로 인한 응급실 

발생에 대해 유의한 연관성을 보였으며, 질환의 종류에 따라 고연령군 등 

일부 취약집단에서만 유의한 상관관계를 보이는 결과가 확인되었다. 추후 

대기오염에 대한 관리 정책 및 발생 기전과 관련한 추가적인 연구가 

뒤따라야 할 것이다. 

                                                                    

핵심되는 말 : 대기오염, 응급실, 심뇌혈관질환, 다도시연구 


