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Previous studies have demonstrated that short-term exposure to ambient air pollution was associated with hospital admissions for cardiovascular diseases, but the evidence of its effects on acute myocardial infarction (AMI) in East Asian countries is limited and inconsistent. We aimed to investigate the association between air pollution and AMI hospitalizations in Chongqing, China. This time-stratified case-crossover study included 872 patients with AMI from three hospitals in Chongqing from January 2015 to December 2016. Exposures were compared between days with AMI (case days) and days without AMI (control days). Spearman’s correlation coefficient was applied to explore the correlation between air pollutants and meteorological conditions. Conditional logistic regression was used to assess the associations between air pollution exposure with different lag periods and AMI hospitalizations. Stratification analysis was further implemented by sex, age, and season. Hospitalizations for AMI were signifficantly associated with air pollution. All analyzed air pollutants showed lag-specific at lag 0 day and lag 01 day, whereas a 10 μg/m3 increase of average concentrations in PM2.5, PM10, SO2, NO2, and CO was associated with 1.034% (95% CI: 1.003–1.067%), 1.035% (95% CI:1.015–1.056%), 1.231% (95% CI: 1.053–1.438%), 1.062% (95% CI: 1.018–1.107%), and 1.406% (95% CI: 1.059–1.866%) increase in hospitalizations for AMI, respectively. No effect modifications were detected for sex, age, and season. Our findings suggest that short-term exposure to PM2.5, PM10, SO2, NO2, and CO contributes to increase AMI hospitalizations, which have public health implications for primary prevention and emergency health services.
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INTRODUCTION
Acute myocardial infarction (AMI) is a specific manifestation of coronary artery disease which has the characteristics of arrhythmias, heart failure, and angina pectoris with typical distribution [1]. As with the common heart attack event, the global fatality rate of AMI is estimated at more than 2.4 million deaths in the United States, more than four million fatalities in Europe and northern Asia, and is higher in most industrialized countries and low-income countries [2]. In China, AMI has a significant fatality rate and a large economic burden, where it is responsible for over 0.6 million deaths annually [3].
It was previously reported that the underlying influencing factors of AMI may involve genetic background, emotional state, and socioeconomic status, which have been found to be significantly and positively associated with the incidence and pathogenic condition [4], wherea, recent epidemiological studies have reported an association between ambient air pollution and AMI. In Europe, a comprehensive meta-analysis that included 17 time-series studies and 17 case-crossover studies suggested that all the main air pollutants (with the exception of ozone) were significantly associated with an increase in AMI risk [5]. In addition, a time-stratified case-crossover research conducted in England showed significant correlations [6]. It has been shown that ambient air pollution has been connected to deleterious effects on cardiovascular mortality. Furthermore, ambient air pollution has been linked to elevated risks of AMI, including worsening pre-existing symptoms and exacerbating the development of atopic diseases [7–10]. Environmental variables are also thought to be responsible for 24% of global morbidity and 23% of mortality, according to the World Health Organization. Given the ongoing interaction between human beings and the environment, variables such as air pollutants may be potential predictors of cardiovascular diseases [11, 12].
Over the past few decades, the evidence linking air pollution to cardiovascular disease has grown substantially. A time-series study that covered 16 administrative districts of Beijing found an ambient particulate matter of diameter ≤10 µm (PM10), and nitrogen dioxide (NO2) had a significant influence on deaths from cardiovascular diseases [13]. Another cross-sectional study in Shanghai suggested that the particulate matter of diameter ≤2.5 µm (PM2.5) was significantly associated with increased AMI risk on a concurrent day [14]. Meanwhile, Yu’s research about significant adverse effects focused on the city of Guangzhou, which is the central city of South China, and this study found that increased daily levels of PM2.5 increase the daily morbidity of myocardial infarction [15].
All the aforementioned studies indicated that exposure to air pollutants may trigger AMI symptoms or development; however, most of these studies were conducted in the coastal region, and there are currently no studies on heavy industry cities such as Chongqing in inland China. Chongqing is different from the countries or regions mentioned earlier, which are mainly related to the light industry and tertiary industry. The secondary sector in Chongqing accounts for 40% of the total, according to the 2021 Economic Development report, and its value-added has climbed by 4.9 percent. Furthermore, the medical care visits for AMI are clinically meaningful and need to be evaluated for potentially differentiated effects of air pollution in southwest China.
Therefore, this study has selected a major heavy industry city in China as the research site. We conducted a case-crossover analysis to evaluate the associations between short-term exposure to major air pollutants and daily hospital admissions for AMI in Chongqing, a non-coastal region in southwest China.
MATERIALS AND METHODS
Study Population
Data on daily hospitalizations for AMI from 1 January 2015 to 31 December 2016 were extracted from three top-level and general hospitals (the Second Affiliated Hospital of Chongqing Medical University, the University-Town Hospital of Chongqing Medical University, and the Southeast Hospital) with approximately 3,500, 1,500, and 1,200 inpatient beds, respectively. The AMI (the International Classification of Diseases-10 codes: I21) hospitalization was defined as our study outcome. For each AMI death case, we retrieved information on age at hospital admission, sex, diagnosis, dates of admission, and admitted hospital. All the medical information was recorded on the Platform of Medical Data Science Academy of Chongqing Medical University.
Study Design
We used a time-stratified case-crossover design, which has been widely applied to investigate the acute effects of air pollution on various health outcomes, to examine the relationship between short-term exposure to air pollution and AMI hospitalizations [16, 17]. To control the potential confounding effects of day of the week, long-term trend, and seasonality, the ambient air exposure on the case day (admission day) was matched with the exposure on a series of reference days within the same month on the same day of the week for each AMI case [18].
Exposure Assessment
We obtained daily mean concentrations of PM2.5, PM <10 µm in aerodynamic diameter (PM10), sulfur dioxide (SO2), nitrogen dioxide (NO2), and carbon monoxide (CO) between 1 January 2015 and 31 December 2016 from the National Urban Air Quality Real-Time Publishing Platform in China. In Chongqing, there were 17 air pollution monitoring stations. Due to the high number of missing data at some monitoring stations, 14 monitoring sites were finally retained. To assess air pollutant exposures, we used the inverse distance weighting (IDW) method. Specifically, the Baidu Maps API (http://lbsyun.baidu.com/) was used to geocode the locations of all monitoring and hospital addresses. To analyze the IDW method’s performance in the exposure assessment, we used a 10-fold cross-validation procedure and estimated the coefficient of determination (R2) and root mean square error based on the observed and projected concentrations across the research period. For each AMI case, we calculated the predicted concentration of his/her inpatient hospital as an inverse distance weighted average of concentrations (1/d2) at all monitoring stations on each of the case and control days. In the present study, we estimated single-day lag exposures (lag 1 day to lag 5 days) and moving average day exposures (lag 01 day to lag 05 days).
Covariates
Weather conditions including daily mean temperature and mean relative humidity were sourced from the National Meteorological Information Centre of China and weather conditions were included in all models to account for their potential confounding effects. We did not take into account the other individual-level covariates, including sex, age, and marital status, because they were held constant in comparing case days to the corresponding control days.
Statistical Analysis
Spearman’s correlation coefficient was applied to investigate the correlation between air pollutants and meteorological conditions. Conditional logistic regression was used to assess the associations between air pollution exposure with different lag periods and AMI hospitalizations. Daily average temperature and relative humidity were included as natural cubic spline functions (with a df of 6 and 3, respectively) in all models to account for potential confounding by meteorologic conditions. The risk estimates were expressed in terms of the odds ratio in AMI hospitalizations per 10 μg/m3 increment of air pollutants (except that CO was per 1 mg/m3) and their respective 95% confidence intervals (CIs). Stratified and sensitivity analyses were performed on the basis of reaching the maximum effect of PM2.5, PM10, SO2, NO2, and CO in the moving average lag structure.
We explored the potential effect modification of AMI risk by age (≥75 years and <75 years), gender, and season (warm season as 1 April to 30 September and cold season as 1 October to 31 March). The statistical significance of subgroup differences was assessed as [image: image], such that the [image: image] and [image: image] represent the estimates for the two subgroups and SE1 and SE2 represent their respective standard errors.
The robustness of our results was evaluated by several sensitivity analyses. First, we fitted a two-pollutant model to exclude the confounding effects of other pollutants. However, correlation coefficients >0.5 were not included to avoid collinearity. Second, the degrees of freedom for temperature and humidity are selected as 4–6 and 7–9, respectively. All analyses were performed using R version 3.6.3. P-value less than 0.05 was considered statistically significant.
RESULT
There were 872 cases of AMI between 1 January 2015 and 31 December 2016 from the Platform of Medical Data Science Academy of Chongqing Medical University. Table 1 summarized the statistics on AMI patients during the study period. Of the 872 AMI patients, 582 (66.7%) were male and 409 (46.9%) were female, hospitalized in the cold season. The mean age at hospital admission was 75.38 years, and 56.0% of the cases were ≥75 years old.
TABLE 1 | Distribution of daily AMI admissions and meteorological factors in Chongqing, China (January 2015–December 2016).
[image: Table 1]Table 2 shows the distributions of air pollutants and meteorological conditions. The mean exposures to PM2.5, PM10, SO2, NO2, and CO were 58.170 μg/m3, 94.046 μg/m3, 113.631 μg/m3, 61.410 μg/m3, and 0.998 mg/m3, respectively. The annual average temperature and relative humidity were 20°C and 75%, respectively, refflecting the typical subtropical climate of Chongqing.
TABLE 2 | Summary statistics of air pollutant concentrations and meteorological factors.
[image: Table 2]Spearman’s correlation coefficients between air pollutants and meteorological factors are listed in Table 3. PM2.5, PM10, and CO were positively and moderately correlated, while SO2 and NO2 displayed a weak correlation with other air pollutants. Temperature was negatively associated with PM10. Relative humidity was negatively associated with NO2 but not statistically associated with other air pollutants.
TABLE 3 | Spearman’s correlation coefficients between air pollutants and meteorological factors.
[image: Table 3]Figure 1 (risk of AMI cases for each pollutant at various lags) lists ORs in daily admissions for AMI associated with 10 μg/m3 increase in air pollutant concentrations for different lag structures. All analyzed air pollutants showed consistent significant associations at lag 0 day and lag 01 day. The ORs of PM2.5, PM10, SO2, NO2, and CO peaked at the lag 02 days, lag 0 day, lag 02 days, lag 0 day, lag 01 day, and the corresponding values were 1.034 (95% CI: 1.003–1.067), 1.035 (95% CI: 1.015–1.056), 1.231 (95% CI: 1.053–1.438), 1.062 (95% CI: 1.018–1.107), and 1.406 (95% CI: 1.059–1.866), respectively. The estimated effects in 10 μg/m3 increments are presented in Supplementary Table S1.
[image: Figure 1]FIGURE 1 | Risk of AMI cases for each pollutant at various lags.
The associations between air pollutant exposures and the hospitalizations for AMI were evaluated in the subgroups based on sex, age, and season (Table 4). Although the ORs for PM2.5, PM10, NO2, SO2, and CO varied to some extent, no significant effect modification by sex, age, or season was observed (all p for effect modification >0.05).
TABLE 4 | Risks for AMI hospitalizations with per 10 μg/m3 increase of exposure to PM2.5, PM10, SO2, NO2, and except that CO was per 1 mg/m3 stratified by age, sex, and season.
[image: Table 4]Table 5 provides the results of the two-pollutant model. When adjusting for co-pollutants, the effect estimates for PM10, NO2, SO2, and CO were slightly reduced but remained statistically significant, and further adjustment for other pollutant exposures did not materially change the associations between PM2.5 exposures and AMI. Sensitivity analysis is presented in Supplementary Table S2. The use of an alternative df value for temperature (4–6) and relative humidity (7–9) had no significant effect on the effect estimates of the associations between air pollution and daily hospital admissions for AMI.
TABLE 5 | Risks of AMI for each pollutant in the two-pollutant model.
[image: Table 5]DISCUSSION
Over the past few decades, a growing body of epidemiological and clinical evidence has raised concerns about the inffluence of air pollution on cardiovascular health in the context of global environmental change, but the data in developing countries are still limited, especially in East Asia. Chongqing is a major heavy industry city with a population of more than 8.6 million in southwest China, and its basin structure has a great impact on ambient air pollution. Therefore, we conducted this time-stratified case-crossover study to evaluate the short-term effects of ambient air pollutants on hospitalizations for AMI in Chongqing.
In the present study, we identified that ambient air pollutants were associated with hospitalizations for AMI. The data indicated that short-term exposure to PM2.5, PM10, SO2, NO2, and CO was significantly associated with increased clinical visits for AMI. In the single-pollutant models, we found that each 10 μg/m3 increase in PM2.5, PM10, SO2, NO2, and CO was associated with a 1.03, 1.03, 1.23, 1.06, and 1.41% increase in AMI hospitalizations, respectively. In the two-pollutant models, the estimated effects of PM10, SO2, and NO2 were all statistically significant when adjusting for co-pollutants. Also all the air pollutants and meteorological factors showed lag effects in the present study. Despite the relatively small effect sizes of unit changes in exposure variables, our results still have considerable public health implications due to ubiquitous exposure. Our results contribute to the limited scientific evidence that ambient air pollution and meteorological factors may influence the incidence of AMI.
It was indicated that air pollutants were positively associated with AMI incidence in previous similar studies [19–21]. For example, a study conducted in Brisbane city has shown that AMI hospitalizations increased by 12.34% (95% CI: 1.44–24.42%) per 10 μg/m3 increase in PM2.5 [19]. Another case-crossover research on fine particulate air pollution and AMI hospitalization rate in 26 Chinese cities also indicated that short-term elevations in PM2.5 concentration may increase the risk of STEMI [20]. Meanwhile, a European multicenter cohort study reported that cardiac readmissions increased by 1.014% (95% CI: 1.001–1.026%) per 200 microg/m3 increase in CO and increased by 1.032% (95% CI: 1.013–1.051) for per 8 microg/m3 NO2 [21].
In China, the evidence of the effects of air pollutant exposure on AMI risk is still controversial in the previous studies. A research study in Hubei province was also a retrospective study with a similar theme but with different observational outcomes [17]. They discovered that short-term elevations of PM and NO2 can increase AMI mortality, and the difference in dependence time lags may be related to different observational outcomes or variation in PM2.5 constituents across. Meanwhile, a study conducted in Hongkong found that PM10 and NO2 were significantly and positively associated with AMI hospitalizations both in the single-pollutant model and multipollutant model [22]. Another research study conducted in Shanghai indicated that PM10, SO2, and NO2 were related to visit for AMI [23], which was consistent with our results. However, a research study from Changzhou observed a negative association between ambient NO2 concentrations and AMI hospitalizations [15]. In addition, several other studies in China found no association between CO, SO2, and AMI risk [24–26].
The reason why the change of air quality index concentration in this study affects the change in AMI hospitalization rate can be explained from both medical and environmental aspects. On the one hand, according to the recent mechanistic studies in cells and animal models, the positive association between air pollution and AMI was biologically plausible [27–29]. In addition to inflammatory effects [30], ambient air pollutants have been linked to arterial vasoconstriction and decreased heart rate variability [31]. Air pollutants could aggravate the cardiopulmonary symptoms of AMI or weaken the protection of the respiratory system. Among these hypotheses is the possibility that particles could directly induce the production of reactive oxygen species, resulting in oxidative stress, damage, and inflammation reactions in the immune system [32, 33]. On the other hand, a series of environmental studies have proven that atmospheric aerosol is a composite of various inorganic and organic components, and its physical and chemical properties under the fluctuating environmental conditions determine its impact on air quality and human health [34–37]. Aerosol particles such as PM2.5 and their precursors can have a significant impact on air quality, the ozone layer, and climate on scales ranging from regional to global as anthropogenic activities increase. In terms of PM2.5 particle composition, the creation of PM2.5 particles from atmospheric pollutants (NOx, SO2, etc.) heterogeneously interacted with and condensed on the surfaces of other aerosols in the atmosphere is a process that accelerates toxic gas deposition [38]. Under high relative humidity circumstances, H2O is both a major component of PM2.5 and speeds up the transformation and deposition of accumulated hazardous gases. In this study, we verified the correlation between relative humidity and air pollutants, and the relationships also are rationally followed through other studies [39]. Apart from water-soluble ions, PM2.5 mainly contains sulfate–nitrate–ammonium (SNA) ions, and the sulfate and nitrate are formed by their precursors SO2 and NOx, respectively [40]. High levels of reactive oxygen species (ROS) can be generated from environmentally persistent-free radicals (EPFRs) in PM2.5, and atmospheric pollutants can boost the radical production and EPFR degradation rates through photochemical processes. The capacity of ambient PM to generate ROS can be a reliable predictor of particle-induced unfavorable health effects [41]. It has been shown above that SNA and organic matter can promote the formation of haze and are the main chemical components in the pollution events. That is to say, it proves the relationship between CO, NO2, or SO2 studied in this article, and the relationship between toxic gases accelerates their transformation and deposition. When its emissions increase, it promotes the generation of aerosols and changes the physical and chemical properties of atmospheric aerosols, accelerates the deposition of PM2.5 in the lungs, and then affects the incidence of AMI through pathological reactions [42–44].
The acute inffluences of air pollutants and climate factors on AMI hospital visits were investigated based on a large database in Chongqing, China. Chongqing’s high air pollution levels and distinct seasons provided ample opportunities to investigate the effects of environmental risk factors on AMI conditions. Nevertheless, our study has some potential limitations. First, this is the disadvantage of this research that we do not have, according to the residential address, to perform air pollution exposure assessment, and the exposure misclassification results in an underestimation of the sensitivity of air pollution, which might lead to lower statistical power. Second, this time-stratified study is inherently an ecological analysis, which may limit the ability to adjust for the individual confounders and might understate the effects of air pollution. Last, the data were only collected in Chongqing with a subtropical humid climate, and therefore the results of this study can only be generalized to cities with the same environmental and socioeconomical characteristics.
CONCLUSION
In summary, this study provided clear evidence that ambient air pollution could increase the hospitalization of AMI in Chongqing, China. Further studies from both an epidemiological and a physiological perspective are needed to establish the causal relationship between air pollution, meteorological factors, and AMI.
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