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A B S T R A C T   

Background: Numerous studies have suggested that long-term exposure to particulate matter ≤2.5 μm (PM2.5) 
may cause cardiovascular morbidity and mortality. However, susceptibility among those with a history of 
ischemic heart disease is less clearly understood. We aimed to evaluate whether long-term PM2.5 exposure is 
related to mortality among patients with ischemic heart disease. 
Methods: We followed up 306,418 patients hospitalized with ischemic heart disease in seven major cities in South 
Korea between 2008 and 2016 using the National Health Insurance Database. We linked the modeled PM2.5 data 
corresponding to each patient’s administrative districts and estimated hazard ratios (HRs) of cause-specific 
mortality associated with the long-term exposure to PM2.5 in time-varying Cox proportional hazard models 
after adjusting for individual- and area-level characteristics. We also estimated HRs by sex, age group (65–74 vs. 
≥75 years), and household income. 
Results: Of the patients with ischemic heart disease, mean age at the discharge was 76.8 years, and 105,913 died 
during a mean follow-up duration of 21.4 months. The HR of all-cause mortality was 1.10 [95% confidence 
intervals (CI): 1.07, 1.14] per 10 μg/m3 increase in a 12-month moving average PM2.5. The HRs of cardiovas-
cular, stroke, and ischemic heart disease were 1.17 (95% CI: 1.11, 1.24), 1.17 (95% CI: 1.06, 1.30), and 1.25 
(95% CI: 1.15, 1.35), respectively. The subgroup analyses showed that participants aged 65–74 years were more 
susceptible to adverse effects of PM2.5 exposure. We did not observe any differences in the risk by sex and 
household income. 
Conclusion: Mortality from all-cause and cardiovascular disease following hospitalization due to ischemic heart 
disease was higher among individuals with greater PM2.5 exposure in seven major cities in South Korea. The 
result supports the association of long-term exposure to air pollution with poor prognosis among patients with 
ischemic heart disease.   

Abbreviations: IHD, ischemic heart disease; CVD, cardiovascular disease; PM2.5, particulate matter with a diameter ≤2.5μm; NHIS, National Health Insurance 
Service; PH, proportional hazard; HR, hazard ratio; CI, confidence interval; SD, standard deviation. 
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1. Introduction 

Ischemic heart disease is caused by the narrowing or blockage of 
coronary arteries, the blood vessels that supply blood to the heart, and 
results in a lack of blood supply to the cardiac muscle (Balluz et al., 
2016). Ischemic heart disease occurs mainly in older adults and includes 
stable angina and acute coronary syndromes such as unstable angina 
and myocardial infarction (Dai et al., 2020). 

The Global Burden of Disease Study found that, in 2019, the preva-
lence and mortality due to ischemic heart disease were approximately 
197 million and 9 million, respectively (Roth et al., 2020). Risk factors 
for ischemic heart disease include genetic traits, age, smoking, lack of 
exercise, high blood pressure, stress, and underlying diseases (e.g., hy-
pertension, hyperlipidemia, diabetes, and obesity) (Brook et al., 2010; 
Roth et al., 2020). Moreover, these factors are also known risk factors for 
recurrent ischemic heart disease events (Dai et al., 2020; Roth et al., 
2020). In addition to these factors, environmental factors may aggravate 
or induce the relapse of ischemic heart disease. In particular, long-term 
exposure to particulate matter ≤2.5 μm (PM2.5) is associated with car-
diovascular and cerebrovascular morbidity or mortality (Brook et al., 
2010; Majed et al., 2015; Thurston et al., 2016, 2020). A recent 
meta-analysis found stronger associations between long-term PM2.5 
exposure and mortality due to ischemic heart disease and stroke among 
patients with cardiovascular disease (Alexeeff et al., 2021). Moreover, 
ischemic heart disease was identified as one of the leading causes of 
death with other causes (lower respiratory, stroke, COPD, and lung 
cancer) due to exposure to PM2.5 globally (Burnett et al., 2018). To 
prevent premature death associated with PM2.5 exposure, it is crucial to 
estimate the risk of mortality after hospital discharge following an acute 
ischemic heart disease event. However, the evidence of the association 
between PM2.5 exposure and post-discharge mortality of ischemic heart 
disease patients is scarce. 

This study aimed to evaluate the association of long-term PM2.5 
exposure and all-cause and cardiovascular mortality among older 
ischemic heart disease patients in South Korea. Moreover, this study 
identified subgroup populations stratified by age, sex, and household 
income to ascertain the adverse effects of long-term PM2.5 exposure. 

2. Methods 

2.1. Study population 

This retrospective analysis used data from a customized research 
database, the National Health Information Database (NHID), which is 
maintained by the National Health Insurance Service (NHIS). The NHIS 
covers most of the citizens in South Korea, and the NHID updates indi-
vidual information, including age, sex, and household income, at the 
end of each year, and provides insurance claims information, including 
the date of inpatient or outpatient admission, diagnostic codes, treat-
ment services, and prescriptions (Seong et al., 2017). We obtained in-
formation on the hospitalization of senior citizens aged ≥65 years who 

resided in seven major cities (Seoul, Busan, Daegu, Incheon, Gwangju, 
Daejeon, and Ulsan) in South Korea in 2008. 

This retrospective study cohort enrolled patients with ischemic heart 
disease who were hospitalized between January 1, 2008 and December 
31, 2016 and followed up the participants from the last hospital 
discharge date until the date of death or study completion (December 
31, 2016). We defined the hospitalization of patients according to the 
primary and secondary diagnostic codes of ischemic heart disease 
(I20–I25), based on the 10th revision of the International Classification 
of Diseases (ICD-10). Information on causes and the date of death ob-
tained from the Korea National Statistical Office was internally linked 
with ischemic heart disease patients in the NHIS data using a unique 
personal identification number and provided with a decoded identifi-
cation of individuals. We defined all-cause (ICD-10: A00-R99), cardio-
vascular (ICD-10: I00–I99), stroke (ICD-10: I60–I69), and ischemic heart 
disease mortality (ICD-10: I20–I25). This study was exempted from re-
view by the Institutional Review Board of the Seoul National University 
Hospital (E− 1807-038-956) and was approved by the NHIS (NHIS- 
2019-1-023). 

2.2. PM2.5 exposure assessment 

Administrative-specific PM2.5 levels were computed from the grid 
estimates of the Community Multiscale Air Quality (CMAQ; version 
4.7.1) that is based on chemical emissions (Supplementary Material, 
Text 1) (Bae et al., 2020; Kim et al., 2017). Using the CMAQ model, we 
first computed monthly PM2.5 levels in all administrative districts (n =
74) in seven cities of South Korea from 2006 to 2016 (Seoul: 25 districts, 
Busan: 16, Daegu: 8, Incheon: 10, Gwangju: 5, Daejeon: 5, and Ulsan: 5). 
Second, we assigned the monthly PM2.5 levels to the patients with 
ischemic heart disease based on the patients’ residential administrative 
districts. To identify the most susceptible exposure length, we defined 
several exposure lengths: the current month (i.e., hospital discharge 
month) and 2-, 3-, 4-, 5-, 6-, 12-, and 24-month moving average PM2.5 
concentrations prior to discharge. From the monthly mean values of the 
PM2.5 concentrations, we calculated the moving average PM2.5 con-
centrations by obtaining the mean levels from the month of discharge 
and the preceding months (1, 2, 3, 4, 5, 11, and 23 months) for each 
district. 

2.3. Covariates 

We used individual- and area-level covariates. Individual covariates 
included sex (men and women), age (years), and household income 
(grades 1–20; divided by median grade, low: 1–15; high: 16–20). To 
consider area-level characteristics, we adjusted for the proportion of 
high school diploma and current smoking rate (%) from data collected 
from the Korean Community Health Survey (Kang et al., 2015), monthly 
average income (KRW) determined from the National Pension Service 
(National Information Society Agency, 2018), and monthly mean tem-
perature (◦C) and humidity (%) from the Korea Meteorological Admin-
istration (https://data.kma.go.kr/). 

2.4. Statistical analysis 

To evaluate the association of long-term PM2.5 exposure with cause- 
specific mortality, we used time-varying Cox proportional hazards (PH) 
model. Cox PH model assumes that the hazard ratio (HR) is constant 
over time (Cox, 1972). However, the assumption that the HR is constant 
regardless of time may be violated because PM2.5 concentrations change 
over time. Therefore, we first checked the PH assumption in the Cox 
model by performing the Schoenfeld residuals test (Schoenfeld, 1980) to 
generate a residual plot (Supplementary Table 1 and Supplementary Fig. 
1). After evaluating the PH assumption, we used the time-varying Cox 
PH models and presented the results in different exposure lengths (1, 2, 
3, 4, 5,11, and 23 months prior to discharge). We visualized the 
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relationship between long-term PM2.5 exposure concentrations and 
cause-specific mortality using smoothing splines. We applied three knots 
and their locations (5th, 50th, 95th percentiles) in the restricted cubic 
splines, as investigated in the previous studies (Wang et al., 2020; Yang 
et al., 2020). 

We analyzed the associations of all-cause and cause-specific (car-
diovascular disease, stroke, and ischemic heart disease) mortality with 
long-term PM2.5 exposure after adjusting for individual- (sex, age, and 
household income) and district-level covariates (proportion of high 
school diploma, current smoking rate, monthly average income, tem-
perature, and humidity). We examined effect modifications of the as-
sociations in subgroup analyses by sex (men vs. women), age group 
(65–74 vs. ≥ 75), and household income (low vs. high). HRs and 95% 
confidence intervals (CI) are expressed for increased risk per 10 μg/m3 

increase in the moving average PM2.5 concentrations. 

2.5. Sensitivity analysis 

We performed several sensitivity analyses. First, we constructed the 
Cox PH model without considering the time-varying exposure. Second, 
we considered the spatial variation (i.e., city) in various ways in the 
model, including as a covariate, a strata, and a frailty term. Third, as 
patients hospitalized with cardiovascular disease may have a higher 
mortality risk in the year of hospital discharge, and other competing risk 
factors may outweigh the effects of air pollution, we considered several 
wash-out periods to exclude patients who died within 1, 2, 3, 4, 5, 6, and 
12 months following hospital discharge (Ho et al., 1993; Lee et al., 
2003). 

All data preprocessing, statistical analysis, and data visualization 
were conducted using SAS (version 9.4, SAS Institute Inc., Cary NC, 
USA) and R (version 4.0.3, R Foundation for Statistical Computing, 
Vienna, Austria). Statistical significance was set at a p-value less than 
0.05. 

3. Results 

A total of 306,418 older ischemic heart disease patients were iden-
tified during 2008–2016 (Table 1 and Supplementary Table 2). The 
average age of the participants was 76.8 years [standard deviation (SD) 
6.4; Supplementary Table 2 and Supplementary Fig. 2] in this study 
cohort comprising 132,122 (43.12%) men and 174,296 (56.88%) 
women in (Table 1). The proportion of patients in the age group ≥75 
years at hospital discharge [n = 199,547 (65.1%)] was approximately 

double the proportion of patients in the age group of 65–74 years [n =
106,871 (34.9%)]. Among the seven cities included in this study, Seoul 
had the largest number of patients with ischemic heart disease [n =
134,355 (43.85%)], followed by Busan [n = 60,260 (19.67%)], and 
Daegu [n = 32,896 (10.74%)]. During the study period, 105,913 (35%) 
participants with ischemic heart disease died due to cardiovascular 
disease (13%). The major causes of cardiovascular mortality were 
ischemic heart disease [n = 17,861 (6%)] and stroke [n = 10,421 (3%)] 
(Table 1). The mean (SD) follow-up times (months) for mortality causes 
following hospitalization for ischemic heart disease were 21.4 (all-cause 
24.5), 16.5 (cardiovascular mortality 22.8), 25.6 (stroke 25.5), and 7.6 
(ischemic heart disease 15.6). 

As shown in Table 2, the mean (SD) concentration of PM2.5 exposure 
during the study period was 27.9 (6.7) μg/m3 and the mean level by city 
was highest in Seoul, [30.6 (8.0) μg/m3] and lowest in Gwangju, [24.8 
(7.9) μg/m3; Table 2 and Supplementary Fig. 3]. 

Fig. 1 shows the exposure-response curves of the association between 
the 12-month moving average PM2.5 exposure and cause-specific mor-
tality. Fig. 1 (b) shows a linear relationship between PM2.5 exposures 
and all-cause mortality, whereas PM2.5 exposures and cardiovascular, 
stroke, and ischemic heart disease mortality indicate non-linear 
relationships. 

Table 3 shows HRs for all-cause and cause-specific mortality among 
patients with ischemic heart disease associated with the 12-month mean 
PM2.5 levels (Table 3). With a 10 μg/m3 increase in the PM2.5, the HR for 
all-cause mortality was 1.10 [95% CI: 1.07, 1.14]. Similarly, cause- 
specific mortality was significantly associated with the 12-month 
mean PM2.5 exposure concentrations (cardiovascular disease: 1.17, 
95% CI: 1.11, 1.24; stroke: 1.17, 95% CI: 1.06, 1.30; ischemic heart 
disease: 1.25, 95% CI: 1.15, 1.35 per 10 μg/m3 increase in the PM2.5). 
Different exposure lengths (2-, 3-, 4-, 5-, 6-, and 24-month moving 
average PM2.5 exposure) showed similar estimates (Supplementary Fig. 
4). 

In the subgroup analyses, we observed that HRs for all-cause, car-
diovascular disease, and stroke mortality were significantly higher in the 
65–74 years age group (all-cause: 1.18, 95% CI: 1.10, 1.27; cardiovas-
cular disease: 1.23, 95% CI: 1.09, 1.38; stroke: 1.43, 95% CI: 1.14, 1.79) 
compared to participants aged 75 years or older (all-cause: 1.09, 95% CI: 
1.05, 1.13; cardiovascular disease: 1.02, 95% CI: 0.96, 1.08; stroke: 
1.11, 95% CI: 0.99, 1.25). However, the HRs for ischemic heart disease- 
related mortality did not significantly differ by the age groups. The 
subgroup analyses stratified by sex and household income did not show 
significant differences in the HRs (Table 3). 

Table 1 
Demographic characteristics of ischemic heart disease patients in the study period (2008–2016).   

Variables 
Total patients Number of deaths 

n (%) All-causes (A00–R99), n (%) CVD (I00–I99), n (%) Stroke (I60–I69), n (%) IHD (I20–I25), n (%) 

Total 306,418 (100%) 105,913 (35%) 39,896 (13%) 10,421 (3%) 17,861 (6%) 
Sex 

Men 132,122 (43.1%) 53,826 (41%) 18,262 (14%) 4749 (4%) 8824 (7%) 
Women 174,296 (56.9%) 52,087 (30%) 21,634 (12%) 5672 (3%) 9037 (5%) 

Age group 
65–74 yrs 106,871 (34.9%) 23,485 (22%) 7959 (7%) 2320 (2%) 3535 (3%) 
≥ 75 yrs 199,547 (65.1%) 82,428 (41%) 31,937 (16%) 8101 (4%) 14,326 (7%) 

Household income 
Low 153,096 (50.0%) 54,031 (35%) 21,019 (14%) 5382 (4%) 9603 (6%) 
High 153,322 (50.0%) 51,882 (34%) 18,877 (12%) 5039 (3%) 8258 (5%) 

Cities 
Seoul 134,355 (43.9%) 44,098 (33%) 15,155 (11%) 4197 (3%) 6868 (5%) 
Busan 60,260 (19.7%) 21,772 (36%) 9044 (15%) 2055 (3%) 4034 (7%) 
Daegu 32,896 (10.7%) 11,662 (35%) 4863 (15%) 1186 (4%) 2332 (7%) 
Incheon 31,530 (10.3%) 11,399 (36%) 4495 (14%) 1278 (4%) 1917 (6%) 
Gwangju 18,319 (6.0%) 6579 (36%) 2332 (13%) 664 (4%) 1017 (6%) 
Daejeon 19,176 (6.3%) 6451 (34%) 2331 (12%) 644 (3%) 1005 (5%) 
Ulsan 9882 (3.2%) 3952 (40%) 1676 (17%) 397 (4%) 688 (7%) 

Abbreviations: CVD, cardiovascular disease; IHD, ischemic heart disease. 
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In the sensitivity analysis, we presented Cox PH model results 
without considering the time-varying exposure (Supplementary Table 
3). The results of the Cox PH model and the time-varying Cox model 
were similar. Our results were robust after adjusting for the city as a 
covariate, strata, and frailty in the model (Supplementary Table 4). We 
estimated the HRs of mortality associated with long-term PM2.5 expo-
sure after considering the wash-out periods (1- to 12-month duration) 
following hospital discharge. HRs of ischemic heart disease-related 
mortality associated with the 12-month mean PM2.5 were robust and 
significant even after excluding deaths within 1–12 months. However, 
the associations attenuated toward null for all-cause, cardiovascular 
disease, and stroke mortality after excluding those who had died within 
3, 6, and 2 months following hospital discharge (Fig. 2). 

4. Discussion 

4.1. Main results 

The study suggest that long-term PM2.5 exposure is associated with 

mortality after hospital discharge of elderly patients with ischemic heart 
disease. We observed significant associations between all-cause and 
cardiovascular mortality among patients with ischemic heart disease 
and PM2.5 exposure. The risk of all-cause, cardiovascular mortality, 
including stroke mortality, was more pronounced among patients aged 
65–74 years than those aged 75 years or older. 

4.2. Previous studies 

Previous epidemiological studies have reported an association of 
long-term PM2.5 exposure and all-cause and cause-specific cardiovas-
cular disease mortality (Brook et al., 2010; Lim et al., 2020; Majed et al., 
2015; Pope et al., 2004; Thurston et al., 2016, 2020). The National In-
stitutes of Health-American Association of Retired Persons (NIH-AARP) 
Diet and Health cohort reported strong associations between low levels 
of 12-month moving average PM2.5 (12 μg/m3 annual average standard 
of the U.S.) and cardiovascular disease, stroke, and ischemic heart dis-
ease mortality (Thurston et al., 2020), showing that HRs per 10 μg/m3 

increase in PM2.5 were similar to those in the present study 

Table 2 
Mean (±standard deviation) concentration of fine particulate matter exposure (μg/m3) by the city from 2008 to 2016.  

Year Overall Seoul Busan Daegu Incheon Gwangju Daejeon Ulsan 

2008 31.1 ± 6.5 34.8 ± 6.3 25.8 ± 6.0 31.9 ± 7.8 32.5 ± 7.5 29.6 ± 9.2 30.4 ± 9.1 28.3 ± 6.9 
2009 30.5 ± 6.7 35.4 ± 7.5 25.6 ± 5.9 26.6 ± 6.1 33.2 ± 7.6 27.9 ± 7.9 29.7 ± 8.7 25.7 ± 6.1 
2010 29.3 ± 7.7 32.7 ± 8.6 25.4 ± 6.0 28.5 ± 7.8 30.8 ± 9.0 25.9 ± 9.1 30.0 ± 10.2 25.6 ± 6.0 
2001 28.3 ± 7.5 30.9 ± 8.9 25.7 ± 5.9 26.4 ± 6.4 29.8 ± 7.9 24.3 ± 7.5 29.8 ± 10.3 25.3 ± 6.0 
2012 25.3 ± 5.7 27.1 ± 6.6 23.9 ± 4.4 23.8 ± 5.2 26.3 ± 6.7 21.6 ± 6.1 26.2 ± 8.5 24.2 ± 4.6 
2013 28.5 ± 7.1 31.8 ± 7.9 24.4 ± 6.0 27.0 ± 8.0 27.2 ± 7.0 26.9 ± 10.3 31.9 ± 10.8 28.1 ± 6.6 
2014 27.6 ± 8.0 32.2 ± 9.6 24.1 ± 7.3 25.0 ± 7.8 28.9 ± 7.4 19.8 ± 7.0 27.7 ± 11.3 25.1 ± 8.1 
2015 25.3 ± 4.5 24.2 ± 4.8 25.9 ± 5.2 24.9 ± 5.2 27.6 ± 5.2 24.1 ± 4.2 27.3 ± 6.7 24.6 ± 5.3 
2016 25.4 ± 4.5 26.1 ± 4.3 26.9 ± 5.8 23.9 ± 3.9 25.5 ± 4.4 22.6 ± 4.1 24.7 ± 6.4 23.3 ± 4.2 

2008–2016 27.9 ± 6.7 30.6 ± 8.0 25.3 ± 5.7 26.4 ± 6.8 29.1 ± 7.3 24.8 ± 7.9 28.6 ± 9.2 25.6 ± 6.1  

Fig. 1. The exposure-response curve of the association between 12-month mean PM2.5 levels and all-cause and cause-specific mortality among patients with ischemic 
heart disease. The x-axis indicates the exposure concentration of PM2.5 and the y-axis indicates the hazard ratio. (b) The exposure-response curve for all-cause and 
cause-specific mortality. The gray shade indicates 95% confidence intervals. The red line indicates a hazard ratio of 1 (no effect). All models were adjusted for sex, 
age, household income, proportion of high school diploma, current smoking rate, monthly average income, temperature, and humidity; all models were stratified by 
city. CVD, cardiovascular disease; IHD, ischemic heart disease. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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(cardiovascular disease: 1.22, 95% CI: 1.17, 1.28; ischemic heart dis-
ease: 1.28, 95% CI: 1.21, 1.35; stroke: 1.21, 95% CI: 1.09, 1.35) 
(Thurston et al., 2020). Another NIH-AARP cohort study, including 
participants from six U.S. states and two metropolitan cities, reported 
that long-term PM2.5 exposure was associated with all-cause and car-
diovascular mortality in older adults (age 50–71 years) (Thurston et al., 
2016). Similar to the present study, the U.S. cohort study examined 
participants living in the metropolitan areas; however, the PM2.5 con-
centration was lower than the levels in the present study (mean levels of 
PM2.5 13.3 μg/m3 in Thurston et al. vs. mean levels of PM2.5 27.9 μg/m3 

in this study) (Thurston et al., 2016). 
Several studies have previously reported positive associations be-

tween PM2.5 exposure and cardiovascular mortality in survivors of car-
diovascular disease (Chen et al., 2016; Liao et al., 2021; Malik et al., 

2019; Xu et al., 2021). Chen et al. reported that long-term PM2.5 expo-
sure was associated with non-accidental mortality (HR: 1.22, 1.03, 
1.45), ischemic heart disease mortality (HR: 1.43, 95% CI:1.12, 1.83) 
and acute myocardial infarction (AMI) mortality (HR: 1.64, 95% CI: 
1.13, 2.40) per 10 μg/m3 increase in PM2.5 levels in 8873 AMI patients. 
A Chinese study found a positive association between long-term expo-
sure to PM2.5 and all-cause and cardiovascular mortality in 5143 car-
diovascular disease patients, and reported a particularly high risk of 
myocardial infarction-related mortality (HR: 1.82, 95% CI: 1.16, 2.83) 
(Xu et al., 2021). Compared to the Chinese study of the general popu-
lation aged 67.6 years, our estimates of the population aged 65 years or 
older were relatively lower. Similarly, our previous study also showed 
significant but lower estimates of the association between exposure to 
PM2.5 (2-month mean) and the mortality of older stroke survivors (≥65 

Table 3 
Associations between 12-month mean PM2.5 levels and all-cause and cause-specific mortality among patients with ischemic heart disease.  

Categories All-cause mortality Cause-specific mortality 

Cardiovascular disease Stroke Ischemic heart disease 

HRa 95% CI HR 95% CI HR 95% CI HR 95% CI 

Total 1.10 1.07, 1.14 1.17 1.11, 1.24 1.17 1.06, 1.30 1.25 1.15, 1.35 
Sex 

Men 1.12 1.07, 1.17 1.15 1.06, 1.24 1.25 1.07, 1.46 1.17 1.05, 1.31 
Women 1.09 1.04, 1.15 1.20 1.11, 1.29 1.11 0.97, 1.28 1.33 1.18, 1.49 

Age group 
65–74 yrs 1.18 b 1.10, 1.27 1.23 b 1.09, 1.38 1.43 b 1.14, 1.79 1.17 0.98, 1.40 
≥75 yrs 1.09 b 1.05,1.13 1.02 b 0.96, 1.08 1.11 b 0.99, 1.25 1.28 1.17, 1.40 

Household income 
Low 1.12 1.07, 1.17 1.25 1.08, 1.45 1.25 1.08, 1.45 1.30 1.17, 1.45 
High 1.09 1.04, 1.14 1.09 1.01, 1.18 1.09 0.94, 1.27 1.19 1.05, 1.33 

All models were adjusted for sex, age, household income, proportion of high school diploma, current smoking rate, monthly average income, temperature, and hu-
midity; all models were stratified by city. 

a Hazard ratios for all-cause and cause-specific mortality associated with 10 μg/m3, increase in 12-month mean PM2.5 levels among patients with ischemic heart 
disease with confidence intervals (CI). 

b The difference in the regression coefficient between the two groups is statistically significant. 

Fig. 2. Hazard ratios (95% confidence intervals) for cause-specific mortality per 10 μg/m3 increase in 12-month moving average PM2.5 exposure after considering 
wash-out periods (1-, 2-, 3-, 4-, 5-, 6-, and 12-month) following hospital discharge. The x-axis indicates different wash-out periods (1, 2, 3, 4, 5, 6, and 12 months). 
The y-axis indicates the hazard ratio and 95% confidence intervals. The red dotted line indicates a hazard ratio of 1 (no effect). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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years; HR: 1.06, 95% CI: 1.03, 1.08) (Han et al., 2020), compared to the 
Chinese study. 

The association between long-term exposure to PM2.5 and IHD 
mortality may be sensitive to the adjustment for ozone exposure. Cak-
mak et al. studied associations between long-term PM2.5 exposure and 
mortality in Canadian population-based cohort of approximately 3.6 
million participants (Cakmak et al., 2018). The study found that 
adjusting for ozone levels in the model attenuated the association be-
tween PM2.5 and IHD mortality (from HR: 1.24, 95% CI: 1.20, 1.28 to 
HR: 1.13, 95% CI:1.08, 1.19). However, results of the attenuated asso-
ciation with PM2.5 after adjusting for ozone are still scarce when expo-
sure assessment of ozone did not reflect on human exposure, resulting in 
a negative or null association of ozone with mortality (Chen et al., 2022; 
Strak et al., 2021). 

4.3. Biological mechanism 

PM2.5 may promote the development of cardiovascular and cere-
brovascular diseases as it enters the lungs through breathing, reaches the 
alveoli, and travels along the microvasculature throughout the body, 
including the brain and heart (Brook et al., 2010; Hamanaka and Mutlu, 
2018). Atherosclerotic lesions are the main cause of ischemic heart 
disease, and the severe forms of ischemic heart disease, such as the acute 
coronary syndrome, are mainly caused by thrombosis or atherosclerosis 
plaque rupture (Hansson, 2005). 

In animal studies, PM2.5 can promote the progression of atheroscle-
rotic plaques, and make them more vulnerable to rupture (Gangwar 
et al., 2020; Yatera et al., 2008). Furthermore, PM2.5 activates platelets 
to cause blood clots, and progressive blood clotting, existing athero-
sclerotic plaques, and blockage of blood vessels in specific parts of the 
blood flow can lead to embolism, which can lead to ischemic heart 
disease (Brook et al., 2010). An epidemiological study in Switzerland 
also reported that exposure to PM2.5 was associated with an increase in 
arteriosclerosis (Aguilera et al., 2016). 

Patients with ischemic heart disease may be more vulnerable to 
PM2.5 exposure because inpatients with ischemic heart disease tend to 
have problems with coagulation function, and there may be synergistic 
effects of PM2.5 on adverse health effects. As persistent smoking could 
alter the antioxidant defense mechanism in patients with ischemic heart 
disease, we postulated that long-term exposure to PM2.5 might adversely 
influence the defense mechanism following ischemic heart disease 
events (Metta et al., 2015). 

Systemic inflammation is another important aspect of the association 
between PM2.5 and cardiovascular disease (van Leuven et al., 2008), and 
can lead to endothelial dysfunction of coronary arteritis, which is the 
initial step of atherosclerotic change, to induce dyslipidemia and coag-
ulative dysfunction (van Leuven et al., 2008). Some studies have re-
ported that exposure to PM2.5 may have affected cardiovascular disease 
by inflammatory reactions, oxidative stress, increased levels of cytokine 
and chemokine, increased white blood cell count (Brook et al., 2010; 
Pope et al., 2004). When PM2.5 acts on lung cells such as alveolar 
macrophages, it produces reactive oxygen species (ROS) in mitochon-
dria. Excessive mitochondrial generation of ROS promotes the secretion 
of the pro-inflammatory cytokine, such as interleukin 6 (IL-6) and tumor 
necrosis factor-α (TNF-α) (Hamanaka and Mutlu, 2018). In addition, 
PM2.5 can act on sensory receptors present in the airway or lungs, 
inducing an automatic nervous system (ANS) imbalance (Vaseghi and 
Shivkumar, 2008). PM2.5 that reaches the endothelium of blood vessels 
during circulation can cause oxidative stress and inflammation in the 
area, resulting in blood clots and leading to cardiovascular diseases 
(Nelin et al., 2012). 

4.4. Susceptible populations 

Individual factors such as sex, age, income level, education level, and 
employment status are important risk factors for cardiovascular health 

(Alexeeff et al., 2021; Schultz et al., 2018). Among those factors, pre-
vious studies reported that age and socioeconomic status (SES) modified 
the associations between long-term exposure to PM2.5 and cardiovas-
cular mortality (Valero-Elizondo et al., 2018; Wang et al., 2020). The 
present study did not find significantly different HRs for ischemic heart 
disease mortality associated with increases in PM2.5 levels among pa-
tients with ischemic heart disease in subgroup stratified by age, sex, or 
household income levels. In contrast, the HRs for all-cause, cardiovas-
cular, and stroke mortality were greater in the 65–74 age group than in 
the 75 years or older subgroup. These results are consistent with pre-
vious studies. Wang et al. reported that the risk estimates associated 
with PM2.5 exposure were greater among the younger elderly group 
(65–74 years) than in older adults (75+ years) (Wang et al., 2020). 
Another cohort study reported that the association between exposure to 
PM2.5 and mortality risk decreased as the age increased in the elderly 
population group (Wang et al., 2017). Although we do not have a clear 
explanation for lower estimates of the associations of exposure to PM2.5 
with mortality, we can postulate that all-cause, cardiovascular, and 
stroke deaths among 75+ IHD patients may be more attributable to 
internal factors than external exposure to PM2.5. 

Although several previous studies showed greater associations of 
cardiovascular mortality with long-term exposure to air pollution in low 
SES than in high SES (Spatz et al., 2016; Valero-Elizondo et al., 2018; 
Wang et al., 2017; Yitshak-Sade et al., 2019), the present study showed 
that the associations did not differ significantly by household income 
levels. 

4.5. Wash-out periods 

As the mean follow-up time for ischemic heart disease mortality after 
discharge following hospitalization for ischemic heart disease is shorter 
than in other diseases (e.g., 7.6 months and 25.6 months for ischemic 
heart disease and stroke mortality, respectively), participants who died 
due to ischemic heart disease after discharge might have had more se-
vere disease. After we excluded participants who died within 12 months, 
significant associations between long-term PM2.5 exposure and ischemic 
heart disease mortality persisted (Fig. 2). In contrast, participants with 
all-cause, cardiovascular, and stroke-related mortality showed attenu-
ated associations after excluding those who died within 12 months. 
Thus, participants with all-cause, cardiovascular, and stroke mortality 
after 12 months following discharge from hospitalization for ischemic 
heart disease might include those with less severe ischemic heart disease 
or with other competing risk factors for mortality other than PM2.5 
exposure. 

4.6. Strength and limitations 

To the best of our knowledge, this is the first study to evaluate the 
prognosis of patients discharged with ischemic heart disease associated 
with long-term PM2.5 exposure in South Korea. Furthermore, we covered 
all older adults who were admitted to the hospitals due to ischemic heart 
disease between 2008 and 2016 in seven major cities in South Korea. We 
investigated various exposure lengths of PM2.5 and wash-out periods 
after discharge. We also evaluated potential susceptible populations 
among ischemic heart disease patients by conducting detailed subgroup 
analyses. As the post-discharge care of ischemic heart disease patients is 
important, our study provides evidence to initiate strategies to mitigate 
the mortality risk induced by long-term PM2.5 exposure among patients 
with ischemic heart disease (Majed et al., 2015). 

This study has some limitations. First, individual-level risk factors of 
cardiovascular disease, including lifestyles (smoking, drinking, exercise, 
and others), and comorbidity were not considered in our models. 
Although we considered area-level covariates, we cannot rule out re-
sidual confounding, which might affect the study’s results. Indirect 
adjustment in the administrative cohorts is warranted in further studies 
(Shin et al., 2014). Second, as South Korea started nationwide PM2.5 

J. Oh et al.                                                                                                                                                                                                                                       



Environmental Research 216 (2023) 114440

7

monitoring in 2015, we were not able to assign monitored PM2.5 con-
centration levels to the patients during the study period, 2008–2016. 
Instead, we used the CMAQ-modeled PM2.5 levels as a proxy for expo-
sure to PM2.5. Although the monitored and modeled PM2.5 levels showed 
a high correlation in available years, 2015–2016, in the seven major 
cities (correlation coefficients ranging from 0.982 to 0.993) (Supple-
mentary Fig. 5), we cannot rule out residual uncertainty in unobserved 
areas and years. Furthermore, we linked the modeled data based on 
administrative districts by using the patients’ address codes from the 
health insurance database. The misclassification of exposure may 
generate bias toward the null. 

Third, our study population was limited to older patients residing in 
major cities in South Korea. Therefore, the results cannot be generalized 
to other populations and should be interpreted with caution. 

5. Conclusions 

In conclusion, this study examined long-term PM2.5 exposure and all- 
cause and cause-specific mortality among hospital-discharged older 
patients with ischemic heart disease. We found an association between 
long-term exposure to PM2.5 and mortality among elderly IHD patients. 
Our findings suggest the need for prognostic management of patients 
with ischemic heart disease, particularly those living in areas with high 
concentrations of PM2.5. However, studies with adjustment for individ-
ual lifestyle factors and exposure assessment based on residential ad-
dresses are warranted. 
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