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Associations between short-term PM2.5 exposure and daily hospital admissions for circulatory system diseases in Ganzhou, China: A time series study
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Objective: Previous epidemiological studies have shown that both long-term and short-term exposure to fine particulate matters (PM2.5) were associated with the morbidity and mortality of circulatory system diseases (CSD). However, the impact of PM2.5 on CSD remains inconclusive. This study aimed to investigate the associations between PM2.5 and circulatory system diseases in Ganzhou.

Methods: We conducted this time series study to explore the association between ambient PM2.5 exposure and daily hospital admissions for CSD from 2016 to 2020 in Ganzhou by using generalized additive models (GAMs). Stratified analyses were also performed by gender, age, and season.

Results: Based on 201,799 hospitalized cases, significant and positive associations were found between short-term PM2.5 exposure and hospital admissions for CSD, including total CSD, hypertension, coronary heart disease (CHD), cerebrovascular disease (CEVD), heart failure (HF), and arrhythmia. Each 10 μg/m3 increase in PM2.5 concentrations was associated with a 2.588% (95% confidence interval [CI], 1.161%–4.035%), 2.773% (95% CI, 1.246%–4.324%), 2.865% (95% CI, 0.786%–4.893%), 1.691% (95% CI, 0.239%–3.165%), 4.173% (95% CI, 1.988%–6.404%) and 1.496% (95% CI, 0.030%–2.983%) increment in hospitalizations for total CSD, hypertension, CHD, CEVD, HF, and arrhythmia, respectively. As PM2.5 concentrations rise, the hospitalizations for arrhythmia showed a slow upward trend, while other CSD increased sharply at high PM2.5 levels. In subgroup analyses, the impacts of PM2.5 on hospitalizations for CSD were not materially changed, although the females had higher risks of hypertension, HF, and arrhythmia. The relationships between PM2.5 exposure and hospitalizations for CSD were more significant among individuals aged ≤65 years, except for arrhythmia. PM2.5 had stronger effects on total CSD, hypertension, CEVD, HF, and arrhythmia during cold seasons.

Conclusion: PM2.5 exposure was positively associated with daily hospital admissions for CSD, which might provide informative insight on adverse effects of PM2.5.
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1. Introduction

The development of modern industrialization has made air pollution one of the leading public health concerns worldwide (1). According to the latest Global Burden of Disease (GBD) Survey, ambient air pollution could be responsible for 6.7 million deaths in 2019 (2). Accumulating studies have shown that exposure to air pollutants, whether both short- or long-term, may damage human health on multiple levels (3).

PM2.5, named particulate matter with aerodynamic diameter below 2.5 μm, is considered the most sensitive indicator of air quality (4). Ambient PM2.5 mainly comes from natural conditions (volcanic eruptions and dust storms) and human activities such as industrial production, and traffic exhaust emissions (5). PM2.5 has become an environmental problem and has attracted global public health concerns because of its adverse effects on multiple organs (6). Previous studies suggested that PM2.5 exposure might lead to increased risks of respiratory diseases (7), circulatory system diseases (CSD) (8), neurological diseases (9), and metabolic diseases (10). In fact, the impact of PM2.5 on CSD has been extensively reported in previous studies (11–13). However, epidemiologic studies regarding the relationships of short-term exposure to PM2.5 and CSD remain inconclusive. According to a national study containing 379,133 participants, there was a 0.12% (95% CI, 0.001–0.25%) elevation in cardiovascular disease mortality with a 10-μg/m3 increase in PM2.5 levels on the same day (14). However, a study (15) including over 286 million hospitalizations in England and Wales found little evidence of PM2.5 exposure with increased risk of cardiovascular admissions, and even in many cases, PM2.5 was related to decrease risks of cardiovascular hospitalization. More studies are warranted to evaluate the impacts of short-term PM2.5 exposure on CSD risks.

Ganzhou, a city with 9.8402 million population in 2021 and located in southern China, enjoys a typical subtropical monsoon climate. In recent years, great measures were conducted to reduce urban ambient pollution in China and the air quality of Ganzhou has gradually improved in last 10 years. In 2021, the mean concentration of PM2.5 in Ganzhou was 23 μg/m3, 34.3% lower than the that (35 μg/m3) in 168 Chinese cities in the same year. To evaluate potential effects of PM2.5 on the onset of CSD in Ganzhou is also helpful to understand adverse health effects caused by relatively low levels of PM2.5 in China.

In this study, daily concentrations of air pollutants in Ganzhou were collected from China National Environmental Monitoring Center (CNEMC), and hospital admission data for CSD from 2016 to 2020 were extracted from the biggest hospital in Ganzhou. This time-series analysis was conducted to evaluate the relationships of ambient PM2.5 exposure with daily hospitalizations for CSD. The effects of co-exposure to other air pollutants on above relationships were also analyzed.



2. Materials and methods


2.1. Daily hospital admissions data

Daily hospital admissions data of CSD from Jan.1, 2016 to Dec.31, 2020 were extracted from the hospital's admission case registry system in the biggest hospital of Ganzhou. The patient information included gender, age, residential address, date of admission, and principal diagnosis. The CSD in present study were encoded according to the 10th version of the International Classification of Diseases (ICD-10) as follows: total circulatory disease (I00-I99), hypertension (I10-I15), coronary heart disease (CHD, I20-I25), cerebrovascular diseases (CEVD, I60-I69), heart failure (HF, I50), and arrhythmia (I47-I49).



2.2. Ambient air pollutants and meteorological data

The 24-h average concentrations of PM2.5, NO2, PM10, SO2, and CO, and the maximum 8-h mean concentrations of O3 from January 1, 2016 to December 31, 2020 were obtained from the National Real-Time Air Quality Monitoring Data Publishing Platform developed by CNEMC (http://www.cnemc.cn/). Daily average meteorological data including daily average temperature, relative humidity, and wind speed during the 5 years were obtained from the National Meteorological Information Center (http://data.cma.cn/). Present study did not involve/include any personally identifiable information and Institutional Review Board approval was not applicable.



2.3. Statistical analysis

Descriptive statistical analyses were performed to reveal the features of daily circulatory hospital admissions, ambient air pollutants and meteorological factors from January 1, 2016 to December 31, 2020. Spearman's rank correlation test was used to evaluate the bivariate associations between air pollutants and meteorological variables. To address the associations between PM2.5 and hospitalization for CSD, the quasi-Poisson regression method in generalized additive models (GAMs) based on time series was applied. In this model, spline smoothing functions of time trend, daily mean temperature and relative humidity were introduced into the GAMs to exclude the potential confounding effects of long-term time trend and meteorological variables. Besides, the day of the week (DOW) and holiday were also considered as potential confounders. The model finally used was as follows:
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Where t is the day of observation; Yt denotes daily count of hospital admissions for CSD at day t; Xt is the daily mean concentration of PM2.5 at day t; β is the regression coefficient which represents the log-relative rate of hospital admissions for CSD with a 10 μg/m3 increase of PM2.5 concentration; DOW means the day of the week; df is degree of freedom whose value is determined based on the Quasi-Akaike information criterion (QAIC); α is the model intercept.

It is universally accepted that ambient air pollutants have persistent and hysteresis effects on health outcomes (16). We considered both single-day lags (lag0–lag14) and multiday lags (lag01–lag014) to evaluate delayed effects of PM2.5. Lag0 refers to the impact of PM2.5 on hospitalizations for CSD on the same day and Lag01 shows the effect of PM2.5 in the current and the previous days. Additionally, stratified analyses were performed to determine whether the associations differed by age (≤65 and >65 years old), gender, season (May-October, warm season; December-April, cold season).

To exclude the potential confounding effect of other pollutants, a series of co-pollutant models were developed in addition to the single-pollutant model. Notably, to avoid collinearity, pollutants with correlation coefficients >0.6 were not incorporated into co-pollutant models simultaneously.

In the sensitivity analysis, we adjust the dfs of calendar time to 7 per year to test the stability of the associations, according to relevant studies (17–19). In addition, previous studies have shown that COVID-19 might have impacts on circulatory system (20). In this study, in order to control the impact of COVID-19 on the associations, we also included the occurrence of COVID-19 in the model for sensitivity analysis.

All results were given as percent changes and 95% confidence intervals (CIs) in daily hospitalizations for CSD per 10 μg/m3 increment in PM2.5 levels. All statistical analyses were performed in R version 4.1.2 with the “mgcv” and “tsModel” packages. P-value < 0.05 was considered as statistically significant (2-sided).




3. Results

The descriptive statistics of daily air pollutants, meteorological variables, and hospitalizations for CSD during the 5 years were shown in Table 1. A total of 201,799 hospitalizations for CSD (daily average: 110 hospital admissions) in Ganzhou were included in the analysis. Among all the records, 50.5% were older than 65 years old, and 56.8% were males. As for disease subtypes, hypertension accounted for 47.0% of total CSD, followed by cerebrovascular diseases (20.9%), coronary heart disease (14.2%), heart failure (10.7%) and arrhythmia (7.2%).


TABLE 1 Characteristics of meteorological variables, ambient air pollutants, and hospital admissions in Ganzhou (2016–2020).
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The average daily concentrations of PM2.5, PM10, NO2, SO2 and CO during research period were 37.38 μg/m3, 60.06 μg/m3, 22.75 μg/m3, 18.73 μg/m3, 1.24 mg/m3, respectively, while the 8-hour average concentration of O3 was 90.52 μg/m3. On average, the daily temperature was 20.54°C and the relative humidity was 75.21 %.

As shown in the time series plots, the levels of PM2.5 in Ganzhou decreased slowly and gradually during the study period (Supplementary Figure 1). The levels of PM10, NO2, SO2 and CO also showed similar trends, except that O3 levels increased. During the same period, hospital admissions for total CSD and five specific subtypes fluctuated and rose steadily (Supplementary Figure 2).

The Spearman's correlation coefficients for exposure variables were given in Figure 1. PM2.5 was highly correlated with PM10 and SO2, and NO2 (r > 0.6 and P < 0.05), moderately correlated with CO and O3 (r = 0.44 and 0.33, respectively, P < 0.05). However, PM2.5 was negatively correlated with relative humidity (r = −0.21, P < 0.05) and temperature (r = −0.22, P < 0.05).


[image: Figure 1]
FIGURE 1
 Spearman's rank correlations of meteorological variables with ambient air pollutants. T represents temperature; RH denotes relative humanity; *means P < 0.05, **means P < 0.01.


Positive linear exposure-response relationships between PM2.5 concentrations and daily hospitalizations for total and cause-specific CSD were observed (Figure 2). Hospitalizations for total CSD, hypertension, CHD, CEVD, and HF increased rapidly at high levels of PM2.5, except for arrhythmia, which showed a slowly linear rise. In single-pollutant models, significantly positive associations were observed between PM2.5 levels and hospital admissions for studied CSD in both single-day (lag1–lag14) and cumulative-day (lag01–lag014) lag structures (Table 2). The largest single day effect of PM2.5 was at lag6 for total CSD, hypertension, CHD, lag4 for CEVD, and lag1 for HF and arrhythmia. The greatest cumulative day effect for total CSD, hypertension, CHD and HF were observed at lag014. The effect of PM2.5 on hospitalizations for CEVD peaked at lag011. Every 10 μg/m3 increment of ambient PM2.5 concentrations was associated with a 2.588% [95% confidence interval (CI), 1.161–4.035%], 2.773% (95% CI, 1.246–4.324%), 2.865% (95% CI, 0.786–4.893%), 1.691% (95% CI, 0.239–3.165%), 4.173% (95% CI, 1.988–6.404%) and 1.496% (95% CI, 0.030–2.983%) increment in hospitalizations for total CSD, hypertension, CHD, CEVD, HF, and arrhythmia, respectively.


[image: Figure 2]
FIGURE 2
 Exposure-response relationships of PM2.5 concentrations with daily hospital admissions for total and cause-specific circulatory system diseases. CEVD, Cerebrovascular Disease; CHD, Coronary Heart Disease; HF, Heart Failure. The concentration response curve is the solid line and the 95% CI is presented by the dotted line.



TABLE 2 Percent changes and 95% confidence intervals (CIs) of daily hospital admissions for total and cause-specific circulatory system diseases by each 10 μg/m3 increase of PM2.5 concentrations at different lag structures in the single-pollutant model.
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The risk of hospital admissions seems to be higher in males for total CSD, CHD, and CEVD, and in females for hypertension, HF, and arrhythmia (Supplementary Figure 3 and Figure 3).


[image: Figure 3]
FIGURE 3
 Percent changes and 95% confidence intervals (CIs) of daily hospital admissions for total and cause-specific circulatory system diseases by each 10 μg/m3 increase of PM2.5 concentrations stratified by gender at the cumulative-day lag models. HBP, hypertension; CHD, Coronary Heart Disease; CEVD, Cerebrovascular Disease; HF, Heart Failure.


When analyses were stratified by age (≤65 and >65 years old), the results were not materially changed. In the elderly (>65 years old), significantly positive associations were observed of PM2.5 exposure with all the outcomes of interest in present study (Supplementary Figure 4 and Figure 4), slightly different from those in the younger (≤65 years old). As for the young people, PM2.5 levels were significantly associated with hospitalizations for CSD, except for arrhythmia.
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FIGURE 4
 Percent changes and 95% confidence intervals (CIs) of daily hospital admissions for total and cause-specific circulatory system diseases by each 10 μg/m3 increase of PM2.5 concentrations stratified by age in the cumulative-day lag models. HBP, hypertension; CHD, Coronary Heart Disease; CEVD, Cerebrovascular Disease; HF, Heart Failure.


The impacts of PM2.5 on hospitalizations for CSD in cold seasons were stronger than those in warm seasons (Supplementary Figure 5 and Figure 5). In cold seasons, positive associations were observed in at least one exposure lag structure in present study, except for CHD. In warm seasons, hospitalizations for CHD and HF increased 2.618% (95% CI, 0.725–4.546%) and 2.769% (95% CI, 0.493–5.097%) per 10 μg/m3 elevation in PM2.5 levels, while there were no significant increases observed for total CSD, hypertension, CEVD, and arrhythmia.
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FIGURE 5
 Percent changes and 95% confidence intervals (CIs) of daily hospital admissions for total and cause-specific circulatory system diseases by each 10 μg/m3 increase of PM2.5 concentrations stratified by season in the cumulative-day lag models. HBP, hypertension; CHD, Coronary Heart Disease; CEVD, Cerebrovascular Disease; HF, Heart Failure.


The results of co-pollutant models were shown in Table 3. The associations remained largely unchanged when additionally adjusted for CO or/and O3, and were similar with additionally adjusted for all major air pollutants. Moreover, the results were similar when we changed the df for secular time (Supplementary Tables 1, 2 and Supplementary Figures 6–11) and adjusted the effect of COVID-19 (Supplementary Table 3), which illustrated the robustness of our findings.


TABLE 3 Percent changes and 95% CIs of hospital admissions associated with every 10 μg/m3 increase of PM2.5 under co-pollutant models.
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4. Discussion

In this study, we found that short-term exposure to PM2.5 was positively associated with hospitalizations for CSD, including total CSD, hypertension, CHD, CEVD, HF and arrhythmia, with significant lag effects. When analyses were stratified by age, gender, and season, there were no material changes of our findings, although the risk of hospitalizations seems to be higher among young people and cold seasons. Our results kept robust in the co-exposure models.

Though previous studies have reported relationships of PM2.5 with the risks of CSD, the results were largely inconsistent. Most studies found positive relationships of PM2.5 with increased risk of CSD. A multi-country time series study including 30 countries reported that every 10-μg/m3 elevation in PM2.5 concentrations was significantly relevant to a 0.12%, 0.42%, and 0.17% increase in cardiovascular diseases (CVD), acute myocardial infarction (AMI), and CHD on the same day (14). Furthermore, another study conducted in Beijing found that increasing PM2.5 levels were associated with hospitalizations for total CVD, CHD and atrial fibrillation (AF) (21). However, a few studies argued that there were no significantly associations of PM2.5 exposure with the risks of CSD (12, 15). Notably, the case data in above studies mainly came from government departments, which means that the data might be incomplete. Moreover, the confounding effect of time was not considered. Here, this time-series study based on more complete data were conducted and significantly positive associations of PM2.5 exposure with hospitalizations for CSD were observed, which was keeping with most studies.

The delayed effect of PM2.5 was also inconsistent in previous studies. Some studies across different countries showed that the impacts of PM2.5 on CSD mortality were peaked on the current day (22) and lag03 (13, 23, 24). A study in Kraków, Poland reported the delayed effects of PM2.5 levels on the risk of Myocardial Infarction (MI) admissions were observed at lag4 and lag6 (11). In our study, the earliest positive association between PM2.5 and hospitalizations for total CSD was at lag1 and peaked at lag6, as well as lag04 and lag014 in the cumulative-day lag model, which were longer than the hysteresis of other studies. The potential underlying reasons are as follows. First of all, the air quality of Ganzhou city is relatively good, and the average levels of PM2.5 from 2016 to 2020 was 37.38 μg/m3, which was significantly lower than that in other studies (21, 25). According to previous toxicological studies, PM2.5 exposure could lead to chronic systemic inflammation (26, 27), oxidative stress (28), stress hormone secretion (29–31) and vascular endothelial disfunction (32, 33), thereby causing to cardiovascular system damage. It takes several days from PM2.5 exposure to symptoms and hospitalization. Therefore, we speculated that exposure to higher levels of PM2.5 might have an acute effect on circulatory system health, while relatively low levels of PM2.5 tended to have delayed effects. Further studies are definitely needed to verify the hypothesis. Besides, in present study, hypertension and CHD accounted for relatively higher proportion of 47.0% and 14.2% in total CSD, respectively (Table 1). Worthy of note was that patients with hypertension and CHD are more inclined to self-medicate rather than to be hospitalized until their conditions worsen, which might be responsible for longer days' lag and underestimations of the impacts of PM2.5.

In this study, the cumulative-day lag model generally has higher estimates than the single-day lag model, with the greatest effects observed at lag 014. Similar results have been observed in other studies (34–36). The health effects of air pollutants usually last for several days, therefore, a cumulative lag model might be more accurate than a single-day lag model in assessing the health effects of air pollutants.

Our results regarding the positive associations of PM2.5 with CSD were correspondent with current mainstream understanding of the damage effects of PM2.5 on the circulatory system. Previous toxicological studies (28) have shown that PM2.5 is inhaled into lung through respiration, causing lung inflammation. The particles and inflammatory mediators released by alveolar macrophages could also enter the blood circulation system directly through the capillaries in the lungs and cause systemic inflammation and vascular endothelial dysfunction (37). These responses may underlie PM-induced circulatory system damage. PM2.5 could also activate the hypothalamic–pituitary–adrenal (HPA) axis, triggering an increase of stress hormones release, thereby causing vasoconstriction, increased blood pressure and a series of pathological reactions (29). However, full details regarding the biological mechanisms remain largely unclear and warrant further study.

The associations between PM2.5 and hospitalizations for CSD were not materially changed in different gender subgroups. The impacts of PM2.5 on the hospitalizations for arrhythmia seemed to be stronger in females compared with males, consistent with some studies (35–37), which might be attributable to more vulnerable biological systems of females.

In age subgroups, we found that younger people (≤65 years old) showed greater sensitivity to PM2.5 exposure in total CSD, hypertension, CHD, CEVD, and heart failure. In addition to air pollution, numerous factors such as occupational exposure (38), lifestyles (39), and even social status (40) and psychological factors (8) could also affect the health of circulatory system. Compared with the elderly, younger people tend to spend more time outdoors and are more vulnerable to harmful ambient hazards and occupational factors, such as industrial dust, chemicals, and noise (41), which can explain why younger people are more susceptible to PM2.5. Overall, more researches are warranted to probe the potential modifiers in age and sex on associations of PM2.5 exposure with the risks of CSD.

In our study, the impacts of PM2.5 on the CSD, except for CHD, dominated during the cold seasons. The differences in PM2.5 levels and compositions might be accounted for the seasonal variations in the relationships of PM2.5 exposure with hospitalizations for CSD. The mean levels of PM2.5 during cold seasons from 2016 to 2020 in Ganzhou is 43.62 μg/m3, significantly higher than that in warm seasons (31.22 μg/m3), shown in Supplementary Table 2. Furthermore, some constituents in PM2.5, including polycyclic aromatic hydrocarbons (PAHs) and metals, which were acknowledged to cause damage to the circulatory system (42, 43), increased significantly compared with warm seasons according to related studies (44, 45).

Profound elucidation for the exposure-response relationship is essential for public health policy formulation regarding the limit for PM2.5. In this study, the exposure-response curves were approximately linear with relatively steeper increases at higher concentrations of PM2.5 (>110 mg/m3 for HF, >100 mg/m3 for other circulatory system diseases). A series of previous studies also reported similar linear exposure-response relationships (21, 36, 46–50). For example, a study in Beijing found that the hospitalizations for ischemic stroke had a stable increase at lower concentrations (<100 μg/m3) and a steeper increment at higher concentrations of PM2.5 (46).

Notably, the average 24h concentration of PM2.5 in Ganzhou from 2016 to 2020 was 37 μg/m3, lower than current National Ambient Air Quality Standard (NAAQS) for PM2.5 (75 μg/m3) (51). However, significantly positive associations of PM2.5 and hospitalizations for CSD were still observed. Our findings were consistent with some studies. In a study of 200 Chinese cities (52), which included 58.52 million hospital admissions, the positive relationships of PM2.5 with hospitalizations were observed when the daily levels met the current NAAQS (75 μg/m3). Furthermore, a recent analysis of Europe (53) also revealed that long-term low levels of PM2.5 exposure was related to the morbidity of stroke and CHD. Additionally, a study in USA (54) also reported the deleterious effects of PM2.5 at levels below the specified limits. From the perspective of public health, our study suggests that more stringent PM2.5 standard limits than current NAAQS should be established to minimize the harmful effects of ambient PM2.5.

In the co-pollutant models, after adjusting CO or/and O3, and other major pollutants, the hospitalizations for CSD per 10-μg/m3 elevation of PM2.5 still significantly increased, indicating that the impacts of PM2.5 on the risks of CSD were robust, in keeping with most studies (21, 23, 55).

There are several strengths in the current study. Firstly, this study estimated the associations between PM2.5 levels and the risk of hospitalizations for CSD in Ganzhou for the first time. Besides, hospital admission data was selected as the effect indicator, which was more sensitive than mortality and has great public health implications.

However, several limitations should also be considered. First, using outdoor air pollution measured at outdoor fixed sited monitors as a proxy for individual exposure levels might lead to the misestimation of the exposure assessment. Secondly, our case data were only collected from one hospital in Ganzhou, which was inevitably to the ecological fallacy and the extrapolation of our research results were limited, to a certain extent. In addition, confounding factors such as smoking, alcohol consumption, occupation and education levels were not considered in the analysis due to lack of information. Finally, we were unable to evaluate the long-term influence of PM2.5 on the CSD under the time-series analysis design. Therefore, more well-designed studies are needed to explore the short-term and long-term impacts of PM2.5 exposure on the incidence of CSD in depth.



5. Conclusion

In this study, we found significantly positive associations of relatively low PM2.5 exposure with daily hospitalizations for total and cause-specific CSD in Ganzhou. And the associations varied in age, gender, and season subgroups. Our findings provide substantial insight regarding the effects of PM2.5 exposure on CSD, which may provide evidence of stricter limits on PM2.5 concentrations and help local policymakers to formulate or promulgate prevention policies.
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