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Long‑term air pollution exposure 
is associated with higher incidence 
of ST‑elevation myocardial 
infarction and in‑hospital 
cardiogenic shock
Jinah Cha 1,2,28, Se Yeon Choi 3,28, Seung‑Woon Rha 1*, Byoung Geol Choi 3, Jae Kyeong Byun 3, 
Sujin Hyun 4, Min Woo Lee 5, Jaeho Kang 2, Wonsang Chu 2, Eun Jin Park 2, Dong Oh Kang 2, 
Cheol Ung Choi 2, Suhng Wook Kim 6, Myung Ho Jeong 7, Soohyung Park 2* & The Korea Acute 
Myocardial Infraction Registry study group *

Previous studies have reported the association between myocardial infarction (MI) and air pollution 
(AP). However, limited information is available regarding the long‑term effects of AP on the relative 
incidence rates of ST‑elevation MI (STEMI) and Non‑ST‑elevation MI (NSTEMI). We investigated the 
association between long‑term exposure to AP and the incidence of STEMI. Between January 2006 
and December 2015, a total of 45,619 eligible patients with Acute Myocardial Infarction (AMI) were 
enrolled in the Korea Acute MI Registry (KAMIR) and KAMIR‑National Institutes of Health. Mixed‑
effect regression models were used to examine the association between the annual average ambient 
AP before MI onset and the incidence of STEMI, and to evaluate the association of AP with the 
incidence of in‑hospital cardiogenic shock. After mixed‑effect regression model analysis, particulate 
matter (PM) 10 µm or less in diameter  (PM10) was associated with increased incidence of STEMI 
compared with NSTEMI (odds ratio [OR] 1.009, 95% Confidence Interval [CI] 1.002–1.016; p = 0.012). 
For in‑hospital cardiogenic shock complication,  PM10 and  SO2 were associated with increased risk, 
 PM10 (OR 1.033, 95% CI 1.018–1.050; p < 0.001),  SO2 (OR 1.104, 95% CI 1.006–1.212; p = 0.037), 
respectively. Policy‑level strategies and clinical efforts to reduce AP exposure are necessary to prevent 
the incidence of STEMI and severe cardiovascular complications.

Ischemic heart diseases (IHD), including acute myocardial infarction (AMI), constitute a significant global 
public health burden, being a leading cause of mortality and morbidity worldwide. AMI, in particular, is a 
major contributor to mortality in the Asia–Pacific  region1–4. Patients with coronary artery disease (CAD) may 
experience complications related to air pollution (AP), such as increased hospitalization, re-admission, and 
early  mortality5–7. Exposure to highly polluted air is one of the environmental factors that triggers  AMI8. While 
both short and long-term effects of AP exposure have been investigated, the long-term consequences appear to 
outweigh the cumulative impact of short-term  exposure9. Most studies have primarily focused on examining 
the association between short-term AP exposure and  AMI8,10,11. However, only a few studies have reported on 
long-term AP exposure and compared the relative incidence of ST-elevation myocardial infarction (STEMI) and 
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Non-ST-elevation myocardial infarction (NSTEMI). Particularly, the incidence of cardiogenic shock—a critical 
complication predominantly associated with STEMI—within the context of long-term AP exposure, has not been 
integrally investigated. Our previous studies demonstrated that AP exposure was associated with overall adverse 
clinical outcomes, including mortality, in AMI patients, considering both short and long-term exposure dura-
tions and follow-up  periods12,13. As an extension of our prior findings, this study aims to further investigate the 
association between long-term average AP concentration and the relative risk of developing STEMI compared 
to a NSTEMI. Additionally, we aim to clarify the relationship between annual average AP concentration and the 
occurrence of cardiogenic shock, a complication observed to be more prevalent in STEMI patients.

Methods
Study protocols and population
The study subjects were enrolled in the Korea AMI registry (KAMIR) and KAMIR-National Institutes of Health 
(NIH). The KAMIR study protocol has been introduced  previously14. KAMIR and KAMIR-NIH are nationwide 
prospective multicenter registration study series that aim to establish treatment guidelines and derive risk fac-
tors through the analysis of various clinical characteristics and follow-up of Korean AMI patients since October 
2005 onwards. A flowchart of the study is shown in Fig. 1. A total of 50,130 patients with AMI were enrolled in 
the KAMIR and KAMIR-NIH between January 2006 and December 2015. The exclusion criteria were as follows: 
(1) date of symptom onset before 2006, (2) missing date of symptom onset, (3) age < 18 years, and (4) no final 
diagnosis of myocardial infarction (MI) at discharge.

Ethical approval
This study was approved by the Institutional Review Board (IRB) of Korea University Guro Hospital (KUGH, 
#2016GR0740) and was conducted in accordance with the principles of the Declaration of Helsinki. Prior to 
giving written consent to participate, the participants or their legal guardians received a thorough and detailed 
explanation of the study procedures, both in written and verbal form.

AP measurement
Hourly AP concentrations were provided by the Korean Ministry of Environment (http:// www. airko rea. or. kr). In 
2001, 329 monitoring stations nationwide began measuring the concentration of air pollutants. Measurement of 
air pollutants involved the β-ray absorption method for particulate matter (PM) 10 µm or less in diameter  (PM10), 
the non-dispersive infrared method for carbon monoxide (CO), the pulse ultraviolet fluorescence method for 
sulfur dioxide  (SO2), the chemiluminescence method for nitrogen dioxide  (NO2), and the ultraviolet photomet-
ric method for ozone  (O3). The concentration measurement of PM 2.5 µm or less in diameter  (PM2.5) began in 
January 2015; therefore, annual average concentration values were not available during the patient enrollment 
period (2006–2015) and was excluded.

We transformed collected data into the daily average value, and then, the annual average value of air pollut-
ants before the symptom day was calculated the way previous research was  performed13. Each monitoring station 

Figure 1.  Study flow chart of patient enrollment. AMI = acute myocardial infarction; KAMIR = Korea Acute 
Myocardial Infarction Registry; MI = myocardial infarction.

http://www.airkorea.or.kr
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was matched by the closest distance in a straight line to 68 hospitals registered in KAMIR to measure individual 
exposure concentration of air pollutants. Monitoring stations were selected based on hospital admission addresses 
for the following reasons: (1) Patient addresses were not included in the multicenter registry data. (2) As AMI 
is an emergency, it is assumed that the patient was admitted to an emergency room close to the workplace and 
residence at the time of symptom onset. If a pollutant measurement was missed due to a connection error with 
a monitoring station, the measurement of the next-nearest monitoring station was assigned. Symptom date was 
defined as the first occurrence of MI-related symptoms such as chest pain or dyspnea.

Study definitions
The diagnosis of AMI was defined as an elevation in cardiac biomarkers (creatinine kinase-MB, and troponin I, 
or T) with typical changes on 12 leads electrocardiogram (ECG) or clinical symptoms. STEMI was diagnosed as 
a new ST-elevation segment measuring ≥ 1 mm from ≥ 2 contiguous leads on ECG. Patients with positive cardiac 
biomarkers but without ECG findings of STEMI were defined as NSTEMI. Cardiogenic shock was defined as a 
systolic blood pressure < 90 mmHg for > 30 min, the need for supportive management to maintain systolic blood 
pressure > 90 mmHg, and clinical signs of pulmonary congestion. A complication of cardiogenic shock is defined 
as its new onset after admission.

Individual cardiovascular risk factors, including hypertension (HTN), dyslipidemia (DL), diabetes mellitus 
(DM), prior cardiovascular disease, heart failure (HF), prior cerebrovascular disease (CVA), family history of 
CAD, and smoking history, were based on self reports by the patient.

Statistical analysis
All statistical analyses were performed using R version 4.1.2. (R Core Team, 2021; R: Language and Environment 
for Statistical Computing; R Foundation for Statistical Computing, Vienna, Austria, URL: https:// www.R- proje 
ct. org/).

We compared the clinical and angiographic characteristics using a  X2 test or Fisher’s exact test for categorical 
variables and Student’s t-test or Mann–Whitney rank test for continuous variables. In our analysis,  X2 tests were 
used for categorical variables with expected cell frequencies of five or more; otherwise, Fisher’s exact test was 
applied. Continuous variables were analyzed with Student’s t-test if data were normally distributed (assessed by 
the Kolmogorov–Smirnov test) and with the Mann–Whitney rank test for non-normal distributions. Categori-
cal data were expressed as percentages, and continuous variables were described as mean ± standard deviation.

We used generalized logistic mixed effect models with a random effect term for hospitals to examine the 
associations of each air pollutant with the incidence rate of STEMI and cardiogenic shock complication rates, 
and to account for hospital and regional effects such as accessibility and treatment plans. All variables used in 
the models for the incidence of STEMI and cardiogenic shock complications are presented in Table 1.

Using a multivariable model, we adjusted for potential confounding factors for STEMI incidence, including 
age, sex, body mass index (BMI), smoking status, HTN, DM, DL, stroke, HF, previous IHD, and family history 
of CAD. To analyze the incidence of cardiogenic shock complications, we considered the factors previously 
mentioned, in addition to STEMI status, percutaneous coronary intervention (PCI), and left ventricular ejec-
tion fraction (LVEF).

To assess and mitigate the risk of collinearity, we conducted correlation analyses and variance inflation fac-
tor (VIF) assessments among the included air pollutants. The VIF values obtained were below the commonly 
used threshold of 4, indicating that collinearity was unlikely to significantly impact the results of our regression 
analyses.

In the subgroup analysis, we conducted several stratified analyses using interaction terms for each specified 
group. For the STEMI group analysis, we included the following terms respectively: age, sex, HTN, DM, DL, CVA, 
HF, prior IHD, smoking, family history of CAD. In the cardiogenic shock group, STEMI status, PCI, and LVEF 
were added. The results were presented as adjusted odds ratios (OR) for logistic regression with corresponding 
95% confidence intervals (CI). Statistical significance was defined as a p-value < 0.05.

Results
A total of 45,619 patients with AMI were enrolled in our study. Of these, 20,526 were patients with NSTEMI and 
25,093 were patients with STEMI. In our study population, compared with patients with NSTEMI, patients with 
STEMI were younger, male, had a higher smoking status, and had fewer underlying chronic diseases, such as 
DM, HTN, and DL. Moreover, patients with STEMI had more Killip class IV and a low LVEF and those were less 
likely to have a history of cardiovascular diseases, such as HF, CVA, and previous IHD. Among the angiographic 
parameters, the STEMI group had more PCI as the initial treatment for MI, lower multivessel coronary artery 

Table 1.  Variables used in mixed-effects logistic regression models.

Response variable Fixed effects Random effect

log
(

PSTEMI

PNSTEMI

) Age, Sex, Body Mass Index, Smoking Status, Hypertension, Diabetes Mellitus, Dyslipidemia, Stroke, Heart Failure, Previous Ischemic 
Heart Disease, Family History of Coronary Artery Disease, Air Pollutant Hospital

log
(

PCardiogenic Shock
1−PCardiogenic Shock

)

Age, Sex, Body Mass Index, Smoking Status, Hypertension, Diabetes Mellitus, Dyslipidemia, Stroke, Heart Failure, Previous Ischemic 
Heart Disease, Family History of Coronary Artery Disease, STEMI Status, Percutaneous Coronary Intervention, Left Ventricular Ejec-
tion Fraction, Air Pollutant

Hospital

https://www.R-project.org/
https://www.R-project.org/
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disease (MVD), and the left main artery as the culprit lesion. The cardiogenic shock complication rate during 
the index hospitalization was significantly higher in the STEMI group (Table 2).

In Table 3, we observed the median value of annual average concentrations was 0.049 part per million (ppm) 
for  SO2, 0.6088 ppm for CO, 0.0211 ppm for  O3, 0.0259 ppm for  NO2, and 50.53 μg/m3 for  PM10.

Table 2.  Baseline characteristics. Data is expressed as number (percentage), mean ± standard 
deviation. CABG = coronary artery bypass grafting, NSTEMI = non-ST-elevation myocardial infarction, 
PCI = percutaneous coronary intervention, MI = myocardial infarction, STEMI = ST-elevation myocardial 
infarction.

Variables Total NSTEMI (n = 20,526) STEMI (n = 25,093) P value

Age (year) 63.82 ± 12.77 65.10 ± 12.40 62.77 ± 12.97 < 0.001

Sex (male) 32,921 (72.2) 14,042 (68.4) 18,879 (75.2) < 0.001

Body mass index (kg/m2) 23.98 ± 3.25 23.94 ± 3.27 24.01 ± 3.23 0.036

Systolic blood pressure (mmHg) 129.69 ± 28.25 133.71 ± 27.38 126.37 ± 28.53 < 0.001

Diastolic blood pressure (mmHg) 78.89 ± 16.66 80.18 ± 15.87 77.82 ± 17.22 < 0.001

Heart rate (bpm) 78.19 ± 19.90 79.70 ± 19.36 76.96 ± 20.25 < 0.001

Left ventricular ejection fraction (%) 51.96 ± 11.86 53.51 ± 12.20 50.66 ± 11.41 < 0.001

Killip Class 4 2389 (5.2) 552 (2.7) 1837 (7.3) < 0.001

Hypertension 22,776 (49.9) 11,203 (54.6) 11,573 (46.1) < 0.001

Diabetes mellitus 12,596 (27.6) 6418 (31.3) 6178 (24.6) < 0.001

Dyslipidemia 5082 (11.1) 2571 (12.5) 2511 (10.0) < 0.001

Cerebrovascular disease 3030 (6.6) 1659 (8.1) 1371 (5.5) < 0.001

Heart failure 842 (1.8) 582 (2.8) 260 (1.0) < 0.001

Smoking history 26,337 (57.7) 11,077 (54.0) 15,260 (60.8) < 0.001

 Current smoker 18,853 (41.3) 7276 (35.4) 11,577 (46.1) < 0.001

Family history of heart disease 3285 (7.2) 1501 (7.3) 1784 (7.1) 0.404

Previous ischemic heart disease 7027 (15.4) 4150 (20.2) 2877 (11.5) < 0.001

Previous PCI 3346 (7.3) 1968 (9.6) 1378 (5.5) < 0.001

Previous MI 2164 (4.7) 1265 (6.2) 899 (3.6) < 0.001

Previous CABG 371 (0.8) 268 (1.3) 103 (0.4) < 0.001

Previous angina 2793 (6.1) 1733 (8.4) 1060 (4.2) < 0.001

Initial treatment of MI

 Thrombolysis 990 (2.2) 0 (0.0) 990 (3.9) < 0.001

 CABG 933 (2.0) 556 (2.7) 377 (1.5) < 0.001

 PCI 39,847 (87.3) 16,329 (79.6) 23,518 (93.7) < 0.001

Multi-vessel disease 21,542 (47.2) 9942 (48.4) 11,600 (46.2) < 0.001

Left main disease 1661 (3.6) 957 (4.7) 704 (2.8) < 0.001

Infarct-related artery

 Left main 886 (1.9) 522 (2.5) 364 (1.5) < 0.001

 Left anterior descending artery 18,963 (41.6) 6987 (34.0) 11,976 (47.7) < 0.001

 Left circumflex artery 6849 (15.0) 4596 (22.4) 2253 (9.0) < 0.001

 Right coronary artery 13,489 (29.6) 4719 (23.0) 8770 (34.9) < 0.001

Cardiogenic Shock Complications 2317 (5.1) 554 (2.7) 1763 (7.0) < 0.001

Table 3.  Distribution for annual average air pollution concentration before symptom date. CO = carbon 
monoxide, IQR = interquartile range,  NO2 = nitrogen dioxide,  O3 = ozone,  PM10 = particulate matter 10 µm or 
less in diameter, ppm = part per million, Q1 = 1st quintile, Q3 = 3rd quintile,  SO2 = sulfur dioxide.

SO2 (ppm) CO (ppm) O3 (ppm) NO2 (ppm) PM10 (µg/m3)

Min 0.0014 0.2028 0.0037 0.0070 18.25

Q1 0.0041 0.5312 0.0176 0.0218 44.65

Median 0.0049 0.6088 0.0211 0.0259 50.53

Q3 0.0061 0.7211 0.0244 0.0342 58.67

Max 0.0136 1.4976 0.0437 0.0812 99.14

IQR 0.0020 0.1899 0.0068 0.0124 14.02

Mean 0.0053 0.6276 0.0210 0.0284 52.57
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In the Spearman rank correlation analysis using the average annual concentrations after the symptom date, 
most air pollutants showed a positive correlation (r = 0.178–0.467); however,  O3, and other air pollutants, showed 
a negative correlation (r = − 0.265 to − 0.609; Fig. 2).

After mixed-effect regression model analysis, no difference was observed for most air pollutants except  PM10, 
which was associated with increased incidence of STEMI compared with NSTEMI for each 1 μg/m3 increase (OR 
1.009, 95% CI 1.002–1.016; p = 0.012; Table 4). For in-hospital cardiogenic shock complication, each 1 μg/m3 
increase of  PM10 and each 1 part per billion (ppb) increase of  SO2 were associated with increased risk:  PM10 (OR 
1.033, 95% CI 1.018–1.050; p < 0.001),  SO2 (OR 1.104, 95% CI 1.006–1.212; p = 0.037), respectively. In contrast, 
for each 1 ppb increase in  O3 was negatively correlated with cardiogenic shock (OR 0.891; 95% CI 0.857–0.928; 
p < 0.001; Table 5).

When STEMI and each air pollutant were analyzed in subgroups, the results showed there was a significant 
association with a decrease in STEMI incidence for every 1 ppb increase of  NO2 in CVA patients. In the absence 
of HTN, there was an increase in STEMI incidence for every 1 μg/m3 increase  PM10 (Supplementary Figs. 1–5). 
In subgroup analyses used to evaluate the risk of cardiogenic shock with AP exposure, it is shown that there was 
a significant association between increasing cardiogenic shock complication rate and for each 1 ppb increase of 
 NO2 in patients with no history of PCI, for each 1 μg/m3 increase of  PM10 in patients with prior IHD or without 
PCI treatment, and for each 1 ppb increase in  SO2 with HF patients or prior IHD (Supplementary Figs. 6–10).

Figure 2.  Spearman correlation coefficients for annual average concentrations of air pollutants. CO = carbon 
monoxide;  NO2 = nitrogen dioxide;  PM10 = particulate matter 10 µm or less in diameter.

Table 4.  Univariate and multivariate regression analysis of the incidence of STEMI compared with NSTEMI 
regarding annual average concentration of each air pollutant before symptom date. Adjusted for Age, body 
mass index, diabetes mellitus, dyslipidemia, heart failure, hypertension, previous ischemic heart disease, 
sex, smoking status, stroke, and family history of CAD. CI = confidence interval, CO = carbon monoxide, 
 NO2 = nitrogen dioxide,  O3 = ozone, OR = odds ratio,  PM10 = particulate matter 10 µm or less in diameter, 
ppb = part per billion, ppm = part per million,  SO2 = sulfur dioxide.

Univariate Multivariate

OR (95% CI) P value OR (95% CI) P value

SO2 (ppb) 1.044 (0.998–1.093) 0.060 1.041 (0.995–1.089) 0.084

CO (ppm) 1.037 (0.978–1.100) 0.225 1.036 (0.977–1.099) 0.236

O3 (ppb) 0.990 (0.972–1.009) 0.293 0.989 (0.971–1.007) 0.239

NO2 (ppb) 1.000 (0.987–1.012) 0.943 0.999 (0.987–1.012) 0.914

PM10 (µg/m3) 1.008 (1.001–1.014) 0.027 1.009 (1.002–1.016) 0.012
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Discussion
In the population of AMI patients, we performed a large registry-based analysis to evaluate the association 
between long-term exposure to AP. In this study, using a nationwide prospective clinical registry, we found 
associations between elevated levels of AP and a higher incidence of STEMI relative to NSTEMI. Additionally, 
our findings suggest an association between increased AP concentrations and a heightened incidence of car-
diogenic shock complications, which have been linked to increased overall mortality. The results of this study 
showed that long-term exposure to high levels of  PM10 is associated with an increased risk of STEMI. Moreover, 
this study demonstrates that  PM10 and  SO2 may impact on the development of cardiogenic shock complication 
in patients with AMI.

Air pollutants comprise complex mixtures that are compounded with gases, including  SO2,  NO2, CO,  O3, 
and PM, including  PM10 and  PM2.5

15. Although it may intuitively seem that AP poses a health risk mostly in the 
form of respiratory disease, many epidemiological and clinical studies have suggested that the majority of the 
adverse effects of AP are associated with the cardiovascular  system16–18. Previous studies demonstrated that AP 
exposure is associated with endothelial injury and inflammation, indicating that it can trigger cardiovascular 
 events19–21. Moreover, recent study demonstrated that air pollution may induce plaque rupture and is associated 
with macrophage infiltrates in coronary plaques and it is well reported that plaque rupture portends a worse 
prognosis in MI  patients22. By integrating these insights with the concept of the exposome—defined as the totality 
of environmental exposures—this discussion broadens to highlight the need to assess the cumulative impact of 
such exposures, particularly key inflammation drivers like air pollution, on cardiovascular risk and  outcomes23.

Regarding the association between AP and CVD, many studies have demonstrated that short-term exposure to 
AP increases the incidence of an acute coronary syndrome (ACS)24–26. In contrast, the present study investigated 
the effects of long-term exposure to AP, which was the major novelty of our research. The number of studies 
on the long-term effects of AP exposure are increasing. The ESCAPE (European Study of Cohorts for Air Pol-
lution Effects) study, the increase in  PM10 and  PM2.5 during the long-term follow-up period increases the risk 
of  ACS27. However, these studies mainly focus on mortality or overall clinical  outcome17,27–29. Researchers have 
rarely compared the risk of developing STEMI with that of NSTEMI. To the best of our knowledge, this is the 
first study to demonstrate a long-term association between AP exposure and the relative incidence of STEMI 
compared with that of NSTEMI in the Asia–Pacific region.

Our present study was shown that the risk of developing STEMI increased compared to NSTEMI according 
to the 1-year average  PM10 concentration before symptom onset. These results indicate that STEMI contributes 
more than NSTEMI to an increased risk of MI according to the AP concentration. Studies on short-term expo-
sure have reported that elevated AP exposure highly triggers the development of STEMI compared with that of 
 NSTEMI30,31. However, some studies have also reported greater incidence of NSTEMI than that of STEMI due to 
AP  exposure32. The inconsistent results can be attributed to differences in exposure periods, geographic location, 
pollutant concentration level, study population, and statistical methods used for  analysis8,10.

In addition, this study is meaningful in that we clarified the effect of AP exposure on the risk of severe 
complications of cardiogenic shock. Our main findings showed that an increased AP concentration was associ-
ated with an increase incidence of cardiogenic shock complication. Cardiogenic shock occurs in approximately 
5–13% of AMI  patients33. Moreover, AMI itself was an important etiology contributing to 80% incidences of 
cardiogenic  shock34. Cardiogenic shock is associated with poor prognosis for high rate of adverse events even 
with appropriate treatment, with an in-hospital mortality of 20–40% and a 1-year mortality rate of up to 50%33.

Although the pathophysiology of cardiogenic shock is not fully understood, it is known that the systemic 
inflammatory response, release of inflammatory cytokines, and increase in the concentration of nitric oxide (NO) 
are involved in inappropriate vasodilation after peripheral vascular constriction to compensate for the reduction 
in myocardial  contractility35,36. Exposure to AP is related to oxidative stress and systemic  inflammation14,16–18 
and it adversely affects vascular homeostasis through the production of superoxide and the uncoupling of 
NO  synthase37. These results add evidence for the development of cardiogenic shock and its subsequent poor 
prognosis.

Table 5.  Univariate and multivariate regression analysis between the incidence of cardiogenic shock events 
and the annual average concentration of each air pollutant before the symptom date of myocardial infarction. 
Adjusted for age, body mass index, diabetes mellitus, dyslipidemia, heart failure, hypertension, left ventricular 
ejection fraction, percutaneous coronary intervention, previous ischemic heart disease, sex, smoking 
status, STEMI status, stroke, and family history of CAD. CI = confidence interval, CO = carbon monoxide, 
 NO2 = nitrogen dioxide,  O3 = ozone, OR = odds ratio,  PM10 = particulate matter 10 µm or less in diameter, 
ppb = part per billion, ppm = part per million,  SO2 = sulfur dioxide.

Univariate Multivariate

OR (95% CI) P value OR (95% CI) P value

SO2 (ppb) 1.122 (1.021–1.234) 0.017 1.104 (1.006–1.212) 0.037

CO (ppm) 1.090 (0.960–1.238) 0.182 1.076 (0.949–1.219) 0.254

O3 (ppb) 0.889 (0.853–0.926) < 0.001 0.891 (0.857–0.928) < 0.001

NO2 (ppb) 1.013 (0.985–1.041) 0.365 1.015 (0.988–1.042) 0.269

PM10 (µg/m3) 1.036 (1.019–1.053) < 0.001 1.033 (1.018–1.050) < 0.001
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In our previously published study, the 1-year average AP concentration before the onset of symptoms was 
associated with an increase in 30-day short-term  mortality13. Studies using the same registry reported that 
STEMI patients exhibited not only higher short-term mortality but also an elevated incidence of cardiogenic 
shock compared to NSTEMI  patients38. These results underline the critical need for a consolidated approach in 
research to further understand the mechanisms linking AP exposure, the differential impact on STEMI versus 
NSTEMI, and the subsequent risk of cardiogenic shock and cardiac  death33.

This study strongly suggests that reducing exposure to high concentrations of AP is crucial for reducing the 
occurrence of potential MI and mortality. This holds true not only for the high-risk group but also for the low-risk 
group of AMI. It is necessary to reduce the occurrence of potential MI and mortality, even if STEMI appears to 
be relatively safe because of its younger age and lower co-morbidity rates than NSTEMI (Table 1). These efforts 
should be accompanied by policy strategies and clinical practice.

This study has several limitations. First, because of the limited sampling data available for  PM2.5, the associa-
tions with clinical events may have been relatively low.  PM2.5 data was only available for 2015, the final year of our 
study period, limiting longitudinal analysis. Evidence suggests that PM size is related to cardiovascular morbidity 
and  mortality29,38,39. Further studies with new data are needed to evaluate the impact of  PM2.5 in AMI patients in 
the future with our KAMIR data with later than 2015 registry database. Second, because the patients’ addresses 
were not available, the direct exposure level determined for the patients could be incorrect. It was assumed that 
patients were admitted to a nearby emergency room at the time of symptom onset. However, some patients who 
visited other local hospitals or were transferred may have been misclassified, requiring careful interpretation of 
the results. Third, because of the limitations of the study design, although confounding factors were adjusted 
for, the results for residential addresses and socioeconomic variables should be carefully considered. We aimed 
to assess adjusted adequate variables which could be potentially relevant factors using a multivariable model. 
Finally, although data used in this research were collected by the attending hospitals well-trained, multicenter 
registry is need to interpret with consideration for several characteristics such as a gap among each hospitals 
and data such as input errors and misclassification.

In conclusion, We observed that high concentration of air pollutants, particularly of  PM10, which is an 
environmental risk factor was associated with an increased incidence of STEMI. Moreover,  PM10 and  SO2 levels 
were risk factors for in-hospital cardiogenic shock complication after MI. This study emphasizes on the need of 
developing a policy-level strategy and clinical efforts to reduce AP exposure and prevent the incidence of STEMI 
and severe cardiovascular complications.

Data availability
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Chonnam National University Hospital Institutional Data Access/Ethics Committee (contact via research man-
ager) for researchers who meet the criteria for access to confidential data.

Received: 27 October 2023; Accepted: 26 February 2024

References
 1. Vos, T. et al. Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: A systematic analysis for the 

Global Burden of Disease Study 2019. Lancet 396, 1204–1222. https:// doi. org/ 10. 1016/ s0140- 6736(20) 30925-9 (2020).
 2. Roth, G. A. et al. Global burden of cardiovascular diseases and risk factors, 1990–2019: Update from the GBD 2019 study. J. Am. 

Coll. Cardiol. 76, 2982–3021. https:// doi. org/ 10. 1016/j. jacc. 2020. 11. 010 (2020).
 3. Zhao, D. Epidemiological features of cardiovascular disease in Asia. JACC Asia 1, 1–13. https:// doi. org/ 10. 1016/j. jacasi. 2021. 04. 

007 (2021).
 4. World Health Organization. Regional Office for the Western, P. Health at a glance: Asia/Pacific 2014: Measuring progress towards 

universal health coverage. 115 p. (OECD Publishing, 2014).
 5. von Klot, S. et al. Ambient air pollution is associated with increased risk of hospital cardiac readmissions of myocardial infarction 

survivors in five European cities. Circulation 112, 3073–3079. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 105. 548743 (2005).
 6. Warburton, D. E. R. et al. A systematic review of the short-term health effects of air pollution in persons living with coronary heart 

disease. J. Clin. Med. 8, 274 (2019).
 7. Shah, A. S. et al. Global association of air pollution and heart failure: A systematic review and meta-analysis. Lancet 382, 1039–1048. 

https:// doi. org/ 10. 1016/ s0140- 6736(13) 60898-3 (2013).
 8. Peters, A., Dockery, D. W., Muller, J. E. & Mittleman, M. A. Increased particulate air pollution and the triggering of myocardial 

infarction. Circulation 103, 2810–2815. https:// doi. org/ 10. 1161/ 01. cir. 103. 23. 2810 (2001).
 9. Europe, W. H. O. R. O. f. in Review of evidence on health aspects of air pollution – REVIHAAP Project: Technical Report (WHO 

Regional Office for Europe © World Health Organization 2013., 2013).
 10. Pope, C. A. 3rd. et al. Ischemic heart disease events triggered by short-term exposure to fine particulate air pollution. Circulation 

114, 2443–2448. https:// doi. org/ 10. 1161/ circu latio naha. 106. 636977 (2006).
 11. Chen, R. et al. Hourly air pollutants and acute coronary syndrome onset in 1.29 million patients. Circulation 145, 1749–1760. 

https:// doi. org/ 10. 1161/ circu latio naha. 121. 057179 (2022).
 12. Lee, M. W. et al. Air pollution and short-term clinical outcomes of patients with acute myocardial infarction. Clin. Exp. Pharmacol. 

Physiol. 44, 631–638. https:// doi. org/ 10. 1111/ 1440- 1681. 12755 (2017).
 13. Choi, S. Y. et al. Association of air pollution and 1-year clinical outcomes of patients with acute myocardial infarction. PLoS One 

17, e0272328. https:// doi. org/ 10. 1371/ journ al. pone. 02723 28 (2022).
 14. Kim, J. H. et al. Multicenter cohort study of acute myocardial infarction in Korea—Interim analysis of the Korea acute myocardial 

infarction registry-national institutes of health registry. Circ. J. 80, 1427–1436. https:// doi. org/ 10. 1253/ circj. CJ- 16- 0061 (2016).
 15. Pope Iii, C. A. & Dockery, D. W. Health effects of fine particulate air pollution: Lines that connect. J. Air Waste Manag. Assoc. 56, 

709–742. https:// doi. org/ 10. 1080/ 10473 289. 2006. 10464 485 (2006).
 16. Brook, R. D. et al. Particulate matter air pollution and cardiovascular disease: An update to the scientific statement from the 

American Heart Association. Circulation 121, 2331–2378. https:// doi. org/ 10. 1161/ CIR. 0b013 e3181 dbece1 (2010).

https://doi.org/10.1016/s0140-6736(20)30925-9
https://doi.org/10.1016/j.jacc.2020.11.010
https://doi.org/10.1016/j.jacasi.2021.04.007
https://doi.org/10.1016/j.jacasi.2021.04.007
https://doi.org/10.1161/CIRCULATIONAHA.105.548743
https://doi.org/10.1016/s0140-6736(13)60898-3
https://doi.org/10.1161/01.cir.103.23.2810
https://doi.org/10.1161/circulationaha.106.636977
https://doi.org/10.1161/circulationaha.121.057179
https://doi.org/10.1111/1440-1681.12755
https://doi.org/10.1371/journal.pone.0272328
https://doi.org/10.1253/circj.CJ-16-0061
https://doi.org/10.1080/10473289.2006.10464485
https://doi.org/10.1161/CIR.0b013e3181dbece1


8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:4976  | https://doi.org/10.1038/s41598-024-55682-6

www.nature.com/scientificreports/

 17. Pope, C. A. 3rd. et al. Cardiovascular mortality and long-term exposure to particulate air pollution: Epidemiological evidence 
of general pathophysiological pathways of disease. Circulation 109, 71–77. https:// doi. org/ 10. 1161/ 01. CIR. 00001 08927. 80044. 7F 
(2004).

 18. Kampa, M. & Castanas, E. Human health effects of air pollution. Environ. Pollut. 151, 362–367. https:// doi. org/ 10. 1016/j. envpol. 
2007. 06. 012 (2008).

 19. Krishnan, R. M. et al. Vascular responses to long- and short-term exposure to fine particulate matter: MESA Air (Multi-Ethnic 
Study of Atherosclerosis and Air Pollution). J. Am. Coll. Cardiol. 60, 2158–2166. https:// doi. org/ 10. 1016/j. jacc. 2012. 08. 973 (2012).

 20. Bind, M. A. et al. Air pollution and markers of coagulation, inflammation, and endothelial function: Associations and epigene-
environment interactions in an elderly cohort. Epidemiology 23, 332–340. https:// doi. org/ 10. 1097/ EDE. 0b013 e3182 4523f0 (2012).

 21. Pope, C. A. 3rd. et al. Exposure to fine particulate air pollution is associated with endothelial injury and systemic inflammation. 
Circ. Res. 119, 1204–1214. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 116. 309279 (2016).

 22. Montone, R. A. et al. Air pollution and coronary plaque vulnerability and instability: An optical coherence tomography study. 
JACC Cardiovasc. Imaging 15, 325–342. https:// doi. org/ 10. 1016/j. jcmg. 2021. 09. 008 (2022).

 23. Vineis, P. et al. What is new in the exposome?. Environ. Int. 143, 105887. https:// doi. org/ 10. 1016/j. envint. 2020. 105887 (2020).
 24. Akbarzadeh, M. A. et al. The association between exposure to air pollutants including PM(10), PM(2.5), ozone, carbon monoxide, 

sulfur dioxide, and nitrogen dioxide concentration and the relative risk of developing STEMI: A case-crossover design. Environ. 
Res. 161, 299–303. https:// doi. org/ 10. 1016/j. envres. 2017. 11. 020 (2018).

 25. Mustafic, H. et al. Main air pollutants and myocardial infarction: A systematic review and meta-analysis. JAMA 307, 713–721. 
https:// doi. org/ 10. 1001/ jama. 2012. 126 (2012).

 26. Nuvolone, D. et al. Short-term association between ambient air pollution and risk of hospitalization for acute myocardial infarction: 
Results of the cardiovascular risk and air pollution in Tuscany (RISCAT) study. Am. J. Epidemiol. 174, 63–71. https:// doi. org/ 10. 
1093/ aje/ kwr046 (2011).

 27. Cesaroni, G. et al. Long term exposure to ambient air pollution and incidence of acute coronary events: Prospective cohort study 
and meta-analysis in 11 European cohorts from the ESCAPE Project. BMJ 348, f7412. https:// doi. org/ 10. 1136/ bmj. f7412 (2014).

 28. Tonne, C. & Wilkinson, P. Long-term exposure to air pollution is associated with survival following acute coronary syndrome. 
Eur. Heart J. 34, 1306–1311. https:// doi. org/ 10. 1093/ eurhe artj/ ehs480 (2013).

 29. Miller, K. A. et al. Long-term exposure to air pollution and incidence of cardiovascular events in women. N. Engl. J. Med. 356, 
447–458. https:// doi. org/ 10. 1056/ NEJMo a0544 09 (2007).

 30. Pope, C. A. et al. Short-term exposure to fine particulate matter air pollution is preferentially associated with the risk of st-segment 
elevation acute coronary events. J. Am. Heart Assoc. https:// doi. org/ 10. 1161/ jaha. 115. 002506 (2015).

 31. Gardner, B. et al. Ambient fine particulate air pollution triggers ST-elevation myocardial infarction, but not non-ST elevation 
myocardial infarction: A case-crossover study. Part Fibre Toxicol. 11, 1. https:// doi. org/ 10. 1186/ 1743- 8977- 11-1 (2014).

 32. Ho, A. F. W. et al. Time-stratified case crossover study of the association of outdoor ambient air pollution with the risk of acute 
myocardial infarction in the context of seasonal exposure to the Southeast Asian Haze Problem. J. Am. Heart Assoc. 8, e011272. 
https:// doi. org/ 10. 1161/ jaha. 118. 011272 (2019).

 33. Backhaus, T. et al. Management and predictors of outcome in unselected patients with cardiogenic shock complicating acute ST-
segment elevation myocardial infarction: Results from the Bremen STEMI Registry. Clin. Res. Cardiol. 107, 371–379. https:// doi. 
org/ 10. 1007/ s00392- 017- 1192-0 (2018).

 34. Harjola, V. P. et al. Clinical picture and risk prediction of short-term mortality in cardiogenic shock. Eur. J. Heart Fail. 17, 501–509. 
https:// doi. org/ 10. 1002/ ejhf. 260 (2015).

 35. Vahdatpour, C., Collins, D. & Goldberg, S. Cardiogenic shock. J. Am. Heart Assoc. 8, e011991. https:// doi. org/ 10. 1161/ jaha. 119. 
011991 (2019).

 36. Diepen, S. V. et al. Contemporary management of cardiogenic shock: A scientific statement from the american heart association. 
Circulation 136, e232–e268. https:// doi. org/ 10. 1161/ CIR. 00000 00000 000525 (2017).

 37. Cherng, T. W. et al. Mechanisms of diesel-induced endothelial nitric oxide synthase dysfunction in coronary arterioles. Environ. 
Health Perspect. 119, 98–103. https:// doi. org/ 10. 1289/ ehp. 10022 86 (2011).

 38. Park, H. W. et al. Early- and late-term clinical outcome and their predictors in patients with ST-segment elevation myocardial 
infarction and non-ST-segment elevation myocardial infarction. Int. J. Cardiol. 169, 254–261. https:// doi. org/ 10. 1016/j. ijcard. 2013. 
08. 132 (2013).

 39. Crouse, D. L. et al. Risk of nonaccidental and cardiovascular mortality in relation to long-term exposure to low concentrations of 
fine particulate matter: A Canadian national-level cohort study. Environ. Health Perspect. 120, 708–714. https:// doi. org/ 10. 1289/ 
ehp. 11040 49 (2012).

Acknowledgements
This study was done with the support of Korean Circulation Society (KCS) to commemorate the 50th Anniver-
sary of KCS.

Author contributions
J.C. analyzed the results and was a major contributor in writing the manuscript. S.Y.C. analyzed and interpreted 
the patient data regarding myocardial infarction with air pollution. S.-W.R. provided advice throughout the 
study and assisted in the design of the methodology. BGC provided expertise on the KAMIR-NIH dataset. 
J.K.B. provided advice throughout the study and redacted parts of the background section. S.H. provided advice 
throughout the study and redacted parts of the materials section. M.W.L. provided expertise on the air pollu-
tion data and revised the manuscript. J.K. and W.C. collected and analyzed the datasets. S.P., E.J.P., and D.O.K. 
provided advice throughout the study and revised the manuscript. C.U.C. provided advice throughout the study 
and revised the manuscript. S.W.K. analyzed the data and developed figures. M.H.J. provided advice throughout 
the study and administered the KAMIR project. All authors reviewed the manuscript.

Funding
This research was supported by Grants (2020ER630800 and 2022ER090900) from the Korea Centers for Disease 
Control and Prevention. (https:// www. kdca. go. kr/). The funding organization had no role in the design and 
administration of the study; the collection, management, analysis, and interpretation of the data; the preparation, 
review, or approval of the manuscript; nor the decision to submit the manuscript for publication.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1161/01.CIR.0000108927.80044.7F
https://doi.org/10.1016/j.envpol.2007.06.012
https://doi.org/10.1016/j.envpol.2007.06.012
https://doi.org/10.1016/j.jacc.2012.08.973
https://doi.org/10.1097/EDE.0b013e31824523f0
https://doi.org/10.1161/CIRCRESAHA.116.309279
https://doi.org/10.1016/j.jcmg.2021.09.008
https://doi.org/10.1016/j.envint.2020.105887
https://doi.org/10.1016/j.envres.2017.11.020
https://doi.org/10.1001/jama.2012.126
https://doi.org/10.1093/aje/kwr046
https://doi.org/10.1093/aje/kwr046
https://doi.org/10.1136/bmj.f7412
https://doi.org/10.1093/eurheartj/ehs480
https://doi.org/10.1056/NEJMoa054409
https://doi.org/10.1161/jaha.115.002506
https://doi.org/10.1186/1743-8977-11-1
https://doi.org/10.1161/jaha.118.011272
https://doi.org/10.1007/s00392-017-1192-0
https://doi.org/10.1007/s00392-017-1192-0
https://doi.org/10.1002/ejhf.260
https://doi.org/10.1161/jaha.119.011991
https://doi.org/10.1161/jaha.119.011991
https://doi.org/10.1161/CIR.0000000000000525
https://doi.org/10.1289/ehp.1002286
https://doi.org/10.1016/j.ijcard.2013.08.132
https://doi.org/10.1016/j.ijcard.2013.08.132
https://doi.org/10.1289/ehp.1104049
https://doi.org/10.1289/ehp.1104049
https://www.kdca.go.kr/


9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:4976  | https://doi.org/10.1038/s41598-024-55682-6

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 55682-6.

Correspondence and requests for materials should be addressed to S.-W.R. or S.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

 

The Korea Acute Myocardial Infraction Registry study group

Seung‑Woon Rha8, Tae Hoon Ahn9, Junghan Yoon10, Hyo‑Soo Kim11, Ki‑Bae Seung12, 
Hyeon‑Cheol Gwon13, Shung Chull Chae14, Chong‑Jin Kim15, Kwang Soo Cha16, 
Jung‑Hee Lee17, Jei Keon Chae18, Seung‑Jae Joo19, Chang‑Hwan Yoon20, Seung‑Ho Hur21, 
In‑Whan Seong22, Kyung‑Kuk Hwang23, Doo‑Il Kim24, Seok Kyu Oh25, Jin‑Yong Hwang26 & 
Myung Ho Jeong27

8Korea University Guro Hospital, Seoul, Republic of Korea. 9Gachon University Gil Medical Center, Incheon, 
Republic of Korea. 10Wonju Severance Christian Hospital, Wonju, Republic of Korea. 11Seoul National University 
Hospital, Seoul, Republic of Korea. 12Seoul St. Mary’s Hospital, Seoul, Republic of Korea. 13Samsung Medical 
Center, Seoul, Republic of Korea. 14Kyungpook National University Hospital, Daegu, Republic of Korea. 15Kyung 
Hee University Hospital at Gangdong, Seoul, Republic of Korea. 16Pusan National University Hospital, Busan, 
Republic of Korea. 17Yeungnam University Medical Center, Daegu, Republic of Korea. 18Jeonbuk National 
University Hospital, Jeonju, Republic of Korea. 19Jeju National University Hospital, Jeju, Republic of Korea. 
20Seoul National University Bundang Hospital, Seongnam, Republic of Korea. 21Keimyung University Dongsan 
Medical Center, Daegu, Republic of Korea. 22Chungnam National University Hospital, Daejeon, Republic of Korea. 
23Chungbuk National University Hospital, Cheongju, Republic of Korea. 24Inje University Haeundae Paik Hospital, 
Busan, Republic of Korea. 25Wonkwang University Hospital, Iksan, Republic of Korea. 26Gyeongsang National 
University Hospital, Jinju, Republic of Korea. 27Chonnam National University Hospital, Gwangju, Republic of Korea.

https://doi.org/10.1038/s41598-024-55682-6
https://doi.org/10.1038/s41598-024-55682-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Long-term air pollution exposure is associated with higher incidence of ST-elevation myocardial infarction and in-hospital cardiogenic shock
	Methods
	Study protocols and population
	Ethical approval
	AP measurement
	Study definitions
	Statistical analysis

	Results
	Discussion
	References
	Acknowledgements


