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Background and aims: Air pollution is a major environmental risk factor and the leading cause of disease burden with detrimental effects on cardiovascular systems. Cardiovascular diseases are predisposed by various risk factors, including hypertension, as the most important modifiable risk factor. However, there is a lack of sufficient data concerning the impact of air pollution on hypertension. We sought to study the associations of short-term exposure to Sulfur dioxide (SO2) and particulate matter (PM10) with the number of daily hospital admissions of hypertensive cardiovascular diseases (HCD).
Methods: All hospitalized patients between March 2010 to March 2012 were recruited with the final diagnosis of HCD based on the International Classification of Diseases 10 (codes: I10-I15) from 15 hospitals in Isfahan, one of the most polluted cities in Iran. The 24-hour average concentrations of pollutants were obtained from 4 monitoring stations. In addition to single- and two-pollutant models, we used Negative Binomial and Poisson models with covariates of holidays, dew point, temperature, wind speed, and extracted latent factors of other pollutants controlling for multi-collinearity to examine the risk for hospital admissions for HCD affected by SO2 and PM10 exposures in the multi-pollutant model.
Results: A total of 3132 hospitalized patients (63% female) with a mean (standard deviation) age of 64.96 (13.81) were incorporated in the study. The mean concentrations of SO2 and PM10 were 37.64 μg/m3 and 139.08 μg/m3, respectively. Our findings showed that a significantly increased risk of HCD-induced hospital admission was detected for a 10 μg/m3 increase in the 6-day and 3-day moving average of SO2 and PM10 concentrations in the multi-pollutant model with a percent change of 2.11% (95% confidence interval: 0.61 to 3.63%) and 1.19% (0.33 to 2.05%), respectively. This finding was robust in all models and did not vary by gender (for SO2 and PM10) and season (for SO2). However, people aged 35-64 and 18-34 years were vulnerable to SO2 and PM10 exposure-triggered HCD risk, respectively.
Conclusions: This study supports the hypothesis of the association between short-term exposure to ambient SO2 and PM10 and the number of hospital admissions due to HCD.
Keywords: sulfur dioxide, particulate matter pollution, air pollution, multipollutant model, hypertensive cardiovascular disease, cubic spline, Poisson regression model, negative binomial regression model
1 INTRODUCTION
Cardiovascular diseases (CVDs) have been the leading cause of mortality since 1980 worldwide and predominantly contribute to the burden of disease in the Eastern Mediterranean Region (Mokdad et al., 2018). CVDs, including chronic heart failure, coronary heart disease, and stroke, are predisposed by a variety of risk factors, including hypertension (Roth et al., 2020). Hypertension, as the most important modifiable risk factor (Cohen et al., 2017), not only causes the overall health burden in the community but also severely jeopardizes patients’ quality of life (Trevisol et al., 2011; Riley et al., 2019). An ongoing longitudinal population-based cohort study showed a high incidence of CVD risk factors, especially hypertension, with a 7-year incidence proportion of 22.8% (confidence interval (CI): 20.5–25.1) and an average annual incidence of 3.6% in Isfahan, Iran (Sadeghi et al., 2014). Furthermore, hypertension was the most predominant risk factor for all morbidity and mortality due to CVDs in Isfahan, Iran, indicating the highest attributable risks (Sarrafzadegan et al., 2011; Sadeghi et al., 2014). Various factors, including lifestyle (physical activity, diet, and smoking), genetics, and the environment, are major contributors to hypertension (Leung et al., 2019; Qin et al., 2021; Li et al., 2022a).
Air pollution, a major environmental risk factor, is a heterogeneous mixture of various gaseous (e.g., sulfur dioxide (SO2), carbon monoxide (CO), nitrogen dioxide (NO2), and ozone (O3)) and particulate matter (PM) compounds. According to the Global Burden of Diseases Study (GBD) report in 2019, air pollution, the main cause of disease burden, especially in low-income and middle-income countries, led to about 12% of all death tolls (Murray et al., 2020). In the Prospective Urban Rural Epidemiology study as a multinational, prospective cohort study, the population-attributable fraction for CVDs induced by ambient air pollution was globally estimated at about 13.9%. In addition, the study highlighted that exposure to ambient air pollution is the highest in low- and middle-income countries (Yusuf et al., 2020).
It has been recognized that exposure to air pollution could significantly and rapidly elevate blood pressure, either acute or chronic, thereby raising hypertension and the risk of CVDs development (Brook and Kousha, 2015; Cai et al., 2016; Choi et al., 2019; Qin et al., 2021). In addition to a potential rise in urgent cardiovascular occurrences, blood pressure elevation may also lead to an increase in emergency visits, specifically regarding greater blood pressure levels per se or various related symptoms (Szyszkowicz et al., 2012; Brook and Kousha, 2015). Even though air pollution exposure triggered relatively low adverse effects of elevations in blood pressure, it is capable of causing a large population-attributable risk of hypertension due to its pervasive nature (Szyszkowicz et al., 2012; Cai et al., 2016). Therefore, it is essential to identify the effects of air pollution on hospital admission for hypertension, favoring the early prediction and potential prevention of related diseases and mortality in later life. Some previous studies investigated specifically the relationship between air pollutants and hypertension-related hospital admissions. Findings derived from previous studies demonstrated that short-, mid-, and long-term exposure to some gaseous and particulate air pollutants were significantly associated with an increased risk of hospital admissions for hypertension on various lag patterns. However, there is an inconsistency between the effect of some ambient air pollutants and the risk of hypertension (Arbex et al., 2010; Guo et al., 2010; Szyszkowicz et al., 2012; Brook and Kousha, 2015; Chen and Yang, 2018; Tsai et al., 2018; Song et al., 2019; Li et al., 2022a).
Recent systematic reviews and meta-analyses assessing the relationship between ambient air pollution and hypertension highlighted the lack of data concerning some pollutants (such as SO2) and the limited number of studies in many low- and middle-income countries, despite being highly polluted regions with prevalent hypertension (Cai et al., 2016; Yang et al., 2018; Qin et al., 2021). Low- and middle-income countries differ in their socioeconomic background and air quality profile from high-income countries, where most evidence examining exposure to air pollutants and hypertension morbidity and mortality is mainly derived (Cai et al., 2016; Yang et al., 2018; Qin et al., 2021). Furthermore, since air quality includes several components and people encounter multiple pollutants in real-life situations, the potentially harmful health effects of air pollutants occur in the context of multi-pollutant; therefore, the impacts of several pollutants should be investigated together. However, most previous studies focused mainly on single- or two-pollutants models assessing air pollution without considering the potential effects of multiple pollutants or any adjustment for multi-collinearity (Tsai et al., 2018; Yang et al., 2018; Qin et al., 2021; Li et al., 2022a).
This study aims to assess the effects of SO2 and PM10 concentrations on the number of daily hospital admissions for hypertensive cardiovascular diseases (HCD) in a highly polluted city of Iran, Isfahan (Kermani et al., 2018), from March 2010 to March 2012, using a large-scale study database (Rabiei et al., 2017) within a Negative Binomial and Poisson regression models framework using multiple lag structures. We also examined the stability and robustness of the effect estimates after adjusting for other pollutants simultaneously (CO, NO2, O3, and SO2/PM10) employing multi-pollutant models. Furthermore, the shape of exposure-response curve relationships between air pollutants and daily hospital admissions for HCD are investigated in the multi-pollutant models. Some stratification analyses were further conducted to explore the associations in vulnerable subgroups.
2 MATERIALS AND METHODS
2.1 Design
The current study examined the daily number of hospital admissions for HCD concerning SO2 and PM10 (inhalable particulate matter with an aerodynamic diameter <10 μm) levels among individuals residing in Isfahan from March 2010 to March 2012. This study was a part of a large-scale comprehensive study named the Correlation of Air Pollution with hospitalization And mortality of CardIovascular and RespiraTorY diseases (CAPACITY) on the relationship between hospital visits regarding cardiovascular and pulmonary diseases and air pollutants in Isfahan from 20 March 2010, to 20 March 2012. The CAPACITY study was approved by the Regional Bioethics Committee of the Isfahan University of Medical Science. Details about the CAPACITY study were previously presented (Rabiei et al., 2017; Davoodabadi et al., 2019; Khosravi et al., 2020).
2.2 Meteorological data and air pollution
The CAPACITY study used 24- hour meteorological data, including temperature (Fahrenheit scale), wind speed (meters per second), and dew point (in percent) from Isfahan’s Meteorological Organization along with the available satellite data (http://www.nesdis.noaa.gov) for the same study period.
To control the probable confounding effects, the hourly average values of weather conditions were calculated for 24 h and used in the current analysis. On each day of the CAPACITY study, hourly concentrations of air quality indicators, including PM10 (milligram per cubic meter: µg/m3), SO2 (ppb: part per billion), NO2 (ppb), CO (ppm: part per million), and O3 (ppb), were obtained from 4 local traffic monitoring stations, supervised by Department of Environment (DOE) of Isfahan province. PM2.5 levels were recorded only for 10 months in 2011 in one station. After calculating the hourly average of each pollutant concentration from all the stations, the daily average concentrations of considered pollutants were computed. Based on the previous suggestions (Song et al., 2019) about the examination of the possible delayed effects between exposure to air pollutants and the onset of events, performing sensitivity analysis for various lag times, and the uncertainty in the specification of the best lag time, we applied multiple lag time patterns, including 0 to 7 single-day and moving average exposure of various days (such as lag 0–1, lag 0–2, lag 0–3, lag 2–5, lag 0–5, and lag 0–7). In the current analysis, meteorological data and air pollutants were similarly lagged.
2.3 Hypertension hospitalization data
Trained experts in the medical record section evaluated patients’ medical records to extract information such as name, sex, father’s name, national identification number, home and work address, date of birth, admission time, discharge date, insurance coverage, final diagnosis (based on the International Classification of Diseases 10 (ICD10) codes), and prescribed medications. Then, they entered the data into the hospital information system (HIS). The treatment deputy of the relevant university regularly supervises data entry. In addition, the Office of Statistics and Information Technology of the Ministry of Health constantly evaluates and monitors the HIS of all hospitals in the country (Rabiei et al., 2017). In the current study, hospitals with coronary care units (CCU), emergency wards for cardiac or respiratory patients, or cardiology, internal medicine, and respiratory diseases wards (where the target patients were likely to be admitted) in Isfahan were identified in coordination with the Deputy of Treatment as a supervisory body for all hospitals. From 24 hospitals in Isfahan, 15 eligible hospitals (Sina, Shariati, Sepahan, Askarieh, Amin, Chamran, Sadoughi, Gharazi, Khanevadeh, Noor, Alzahra, Kashani, Amiralmomenin, Isabne Maryam, and Feiz) met the criteria and were chosen to be considered in this study (Rabiei et al., 2017). We collected private, governmental, social security insurance, university-affiliated, and military hospital records. Therefore, the CAPACITY study includes nearly all of the population admitted for HCD in Isfahan within the study period (Rabiei et al., 2017; Karbakhsh et al., 2022).
Patients referred to the hospital were examined by the on-call doctors and were presented with various differential diagnoses. Then, the doctor in charge would conduct the necessary investigations to determine the definite diagnosis, and then at the time of the patient’s discharge, would record the final diagnosis in the patient’s file in HIS. Therefore, during the hospitalization, other differential diagnoses are checked and ruled out, and the final and relatively definite diagnosis of the disease based on the examination by the specialist doctor was registered in HIS with the ICD10 code. More details on quality control procedures can be retrieved elsewhere (Rabiei et al., 2017). In the CAPACITY study, the elective admissions of database were deleted and only the emergency hospitalized patients were considered. The diagnoses were recorded based on ICD10 codes. In the ICD10 approach, subgroups of HCD included essential (primary) hypertension (I10), hypertensive heart disease (I11), hypertensive renal disease (I12), hypertensive heart and renal disease (I13), and secondary hypertension (I15), which were considered the clinical criteria for inclusion in the study. Total HCD admissions were considered the sum of I10-I15. All non-elective and emergency patients with first HCD events were included in the current study. According to patients’ addresses in hospital records, participants who lived in Isfahan, and were hospitalized either in one of 15 hospitals (university-affiliated, private, social security insurance, military, and governmental) in Isfahan or died due to any hypertensive cardiovascular events from 20 March 2011, to 20 March 2012, were included in the study. In the current study, patients under the age of 18 were excluded because of the few hospital admissions of HCD. More details about data collection and quality control procedures were previously reported (Rabiei et al., 2017).
2.4 Statistical analysis
In the current study, the daily hospital admission of HCD, air pollutant concentrations, and meteorological data are linked by date. Data were analyzed using Negative Binomial and Poisson time-series regression models to investigate short-term effect estimates of exposure to air pollutants triggering hospitalized admission due to HCD. The Negative Binomial regression model allows the over-dispersion issue compared to Poisson regression. Concentrations of air pollutants were considered to be the independent variables, while the observed daily HCD hospital admission count was the dependent variable in the mentioned models. The exponent of the estimated coefficient is the relative risk in daily hospital admissions for HCD per 10 µg/m3 increase in SO2 and PM10 concentrations. Relative risk and percent change ([Relative risk −1] × 100%) and their corresponding 95% CI were computed using Stata (version.15; Stata Corp., College Station, TX, United States). To estimate the effect of SO2 (or PM10) exposure on HCD hospital admissions, we first conducted a single-pollutant model (without adjustment) using various lag structures. The effect estimates were calculated on 0 to 7 single-day and moving average exposure of various days (such as lag 0–1, lag 0–2, lag 0–3, lag 2–5, lag 0–5, and lag 0–7). Single-pollutant models are considered without any adjustment for meteorological data and other pollutants. To control potential confounding, some time-varying weather-related variables, including dew point, temperature, and wind speed, were included as covariates in the models, namely, the Meteorological models. Additionally, holiday (weekend and public holidays vs. weekday) in the current day (lag 0) as a binary variable, was adjusted in the Meteorological models. Two-pollutant models were conducted to evaluate the stability and robustness of SO2/PM10 effects in different lag patterns. In two-pollutant models, in addition to weather-condition and holiday variables, we adjusted other pollutants (NO2, O3, CO, and PM10/SO2) in a pairwise manner, namely, the Two-pollutant and Meteorological model. Based on all single-pollutant, meteorological, and two-pollutant models for SO2 and PM10, the lag showing the maximal health effect estimate was selected. According to the chosen lags of SO2 and PM10, analyses stratified by gender (male and female), age categories (18–34, 35–64, and ≥65 years), and season of admission (warm: spring and summer; and cold: autumn and winter) were conducted in the single-pollutant, meteorological, and multi-pollutant models. The multi-pollutant models were performed by controlling for all pollutants. To remove the influence of multi-collinearity between PM10/SO2 and other pollutants (NO2, O3, CO, and SO2/PM10), the exploratory factor analysis used to extract one or multiple latent variables of pollutants (NO2, O3, CO, and SO2/PM10) (Li et al., 2018). Then, these latent variables functioning as latent pollution factors along with weather-condition and holiday variables were included in the models, which were called the multi-pollutant models. To compare effect estimates of subgroups, we calculated a Z value based on the standard normal distribution as follows: [image: image], where [image: image] and [image: image] were regression coefficients for two groups, and [image: image] and [image: image] were their respective corresponding standard errors. A Bonferroni correction was applied for pairwise comparisons of stratifications with more than two groups. p-value <0.05 was deemed statistically significant. The linear relationship between air pollutants and HCD hospital admissions was checked using multiple cubic splines with 2–6 knots (Croxford, 2016) for SO2 and PM10. To determine the best model fit in terms of the number of knots in the cubic spline, the Akaike information criterion (AIC) was calculated. Then selected cubic spline functions were added into multi-pollutant models in the lag showing the maximal health effect estimate in mentioned models. Afterward, the non-linear association was examined by the Likelihood Ratio test (LRT). Finally, the exposure-response relationship curves between SO2 and PM10 and hospital admissions due to HCD were plotted. A p-value less than 0.05 was considered statistically significant.
3 RESULTS
We gathered information on 3,132 hospitalized patients aged 18 years old or above with the first HCD events using the data of the CAPACITY study in Isfahan from March 2010 to March 2012. The descriptive characteristics of participants are presented in Table 1. Approximately 63% of the hospitalized patients were women, more than 43% aged 35–64 years, and about 25% of them were older than 65 years. The mean (standard deviation: SD) age was 64.96 (13.81). In addition, the descriptive statistics for the number of hospital admission by season, gender, and age groups are shown in Table 1. There was a mean (±SD) of 4.29 (±2.42) daily hospital admissions for HCD in Isfahan over the study period. Around 57% of hospitalized visits occurred in cold seasons. The average number of daily hospital admission was higher in women, in patients over 65 years old, and in the cold seasons of the year. Furthermore, the descriptive statistics for daily concentrations of air pollutants and meteorological variables are summarized in Table 1. The mean concentrations of SO2 and PM10 were 37.64 μg/m3 and 139.08 μg/m3, respectively, for the period of 730 days. The average temperature, wind speed, and dew point were 60.42°F, 5.19 m/s, and 28.76%, respectively; Table 2 depicts the Spearman correlation coefficient between air pollutants and meteorological data. SO2 is negatively correlated with O3, CO, temperature, wind speed, and dew point (p-value<0.05). PM10 is positively correlated with O3, CO, and temperature; and negatively correlated with wind speed (p-value<0.05).
TABLE 1 | Descriptive statistics for number of hospital admission, daily concentrations of air pollutants, and daily meteorological variables in Isfahan, Iran during March 2010 to March 2012.
[image: Table 1]TABLE 2 | Spearman’s correlation test between air pollution concentrations and meteorological data in Isfahan, Iran during March 2010 to March 2012.
[image: Table 2]Figure 1 illustrates the effects of PM10 exposure (per 10 μg/m3 increment) with various lag structures on daily hospital admission for HCD. Data are percentage changes (%) with 95% CIs from single pollutant (without adjustment), meteorological (adjusted for temperature, wind speed, dew point, and holiday), two-pollutant (further adjustment for NO2, CO, O3, and SO2 in a pairwise manner), and multi-pollutant (further adjustment for other pollutants (CO, NO2, O3, and SO2) simultaneously using latent pollution factors by exploratory factor analysis) models. It was found that PM10 exposure was positively and significantly associated with the risk of daily hospitalized admissions from HCD at lag 7 (previous 7 days) and lag 0–2 (3-day moving average of lag 0 - lag 2) in the models. The maximal effect estimate was observed on lag 0–2 days. While PM10 exposure on several lag days was not significantly related to the daily number of hospital admissions of HCD, the direction of risk on most lags favored positive associations. Furthermore, Figure 2 graphically depicts percent changes (95% CI) in daily hospital admissions for HCD per 10 μg/m3 increase in daily SO2 concentrations with varying lag patterns using different models. We reached a significant positive relationship between a 10 μg/m3 increment in SO2 and daily hospital admission for HCD at all lag days except for lag 0, 6, and 7 days in meteorological data and two-pollutant models (after including NO2, CO, PM10, and O3 (additional non-significant lag on 0–1). The maximum effect of SO2 appeared at lag 0–5 (6-day moving average of lag 0- lag 5) in all considered models. Therefore, the following analyses only focused on the effect estimates of PM10 and SO2 on lag 0–2 and 0–5 days, respectively.
[image: Figure 1]FIGURE 1 | Percent changes (95% CI) of daily hospital admissions for Hypertensive Cardiovascular Disease per 10 μg/m3 increase in PM10. Lag 0 = current day; Lag 1 = previous 1 day; Lag 2 = previous 2days; Lag 3 = previous 3 days; Lag 4 = previous 4 days; Lag 5 = previous 5 days; Lag 6 = previous 6 days, Lag 7 = previous 7 days, Lag 0–1 = 2-days moving average of lag 0 - lag 1; Lag 0–2 = 3-days moving average of lag 0 - lag 2; Lag 0–3 = 4-days moving average of lag 0 - lag 3; Lag 2–5 = 4-days moving average of lag 2 - lag 5; Lag 0–5 = 6-days moving average of lag 0 - lag 5; Lag 0–7 = 8-days moving average of lag 0 - lag 7. PM10: Particulate Matter with an aerodynamic diameter <10 micrometers, SO2: sulfur dioxide; NO2: nitrogen dioxide; O3: ozone; CO: carbon monoxide.
[image: Figure 2]FIGURE 2 | Percent changes (95% CI) of daily hospital admissions for Hypertensive Cardiovascular Disease per 10 μg/m3 increase in SO2. Lag 0 = current day; Lag 1 = previous 1 day; Lag 2 =previous 2days; Lag 3 = previous 3 days; Lag 4 = previous 4 days; Lag 5 =previous 5 days; Lag 6 =previous 6 days, Lag 7 =previous 7 days, Lag 0–1 = 2-days moving average of lag 0 - lag 1; Lag 0–2 = 3-days moving average of lag 0 - lag 2; Lag 0–3 = 4-days moving average of lag 0 - lag 3; Lag 2–5 = 4-days moving average of lag 2 - lag 5; Lag 0–5 = 6-days moving average of lag 0 - lag 5; Lag 0–7 = 8-days moving average of lag 0 - lag 7. PM10: Particulate Matter with an aerodynamic diameter <10 micrometers, SO2: sulfur dioxide; NO2: nitrogen dioxide; O3: ozone; CO: carbon monoxide.
We also conducted sensitivity analyses with perfect PM2.5 data (the information derived from one station over the period of 10 months, as previously mentioned). Considering that PM2.5–10 (PM10 minus PM2.5) defines particulate matter between 2.5 and 10 µg/m3 in aerodynamic diameter (Zhang et al., 2016; Shamsipour et al., 2019; Li et al., 2022b), the multi-pollutant models were carried out to estimate the association between SO2 and PM10-2.5 and daily hospital admissions for HCD adjusted for the meteorological variables and simultaneous exposure to other pollutants (NO2, O3, CO, PM2.5, and PM2.5–10/SO2). The influence of pollutants (SO2 and PM2.5–10) in both situations (with and without PM2.5 adjustment) are almost alike in different lags, as illustrated in Supplementary Figure S1 (in supplementary material); therefore, the findings are stable and robust.
Crude and adjusted relative risks (95% CI) and percent changes (95% CI) for a 10 μg/m3 increment in PM10 and SO2 on the daily number of HCD-related hospital admissions based on gender, age groups (18–34, 35–64, and ≥65 years) and season of admission day (warm and cold) were presented in Table 3. There were no significant relationships between SO2 and PM10 and the risk of daily hospitalized admission for HCD on warm days in the current study. SO2 levels remained significant after the inclusion of meteorological data and latent pollution factors in the single-pollutant model in total and those of 35–64 years old as well as males. In the multi-pollutant models, for a 10 mg/m3 increase in the 6- day moving average of SO2 concentrations (lag 0–5) we observed a significant increase of 2.11% (95% CI: 0.61%–3.63%) in the daily hospital admission for HCD. The aforementioned significant associations were 3.14% (95% CI: 1.05%–5.28%) and 3.79% (95% CI: 1.56%–6.07%) in those aged 35–64 years old and males, respectively. However, there was no significant relationship in females, age groups of 18–34 and ≥65 years, and cold seasons of admission days in this study.
TABLE 3 | Relative risk, percent changes and their 95% confidence intervals in daily hospital admissions from hypertensive cardiovascular disease per 10 μg/m3 increase in PM10 and SO2.
[image: Table 3]According to our findings in Table 3, after controlling for meteorological data and latent pollution factors, data demonstrated significant associations with PM10 exposure (lag 0–2) on hospitalized admissions of HCD for total, females, age groups of 18–34 and 35–65 years, and cold seasons. Regarding the multi-pollutant models, the risk of daily hospital admission for HCD affected by PM10 exposure was estimated to increase by 1.19% (95% CI: 0.33%–2.05%) in total, 5.65% (95% CI: 1.13%–10.36%) and 1.44% (95% CI: 0.23%–2.66%) in respective age groups of 18–34 and 35–64 years, 1.45% (95% CI: 0.48%–2.42%) in females, and 1.36% (95% CI: 0.37%–2.37%) in cold seasons, respectively. However, there was no association between levels of PM10 and risk of daily hospital admission for HCD in males, age group of >65 years, and warm seasons in all single-pollutant, meteorological, and multi-pollutant models.
According to stratified analyses, while the association between SO2 exposure and daily hospital admission for HCD did not vary by gender and admission season, age groups of 35–64 and ≥65 years had significant differences in all single-pollutant, meteorological, and multi-pollutant models. It means that people aged 35–64 years were vulnerable to SO2 exposure-triggered HCD risk compared with the elderly (65 years old and over). Alternatively, younger people (age group of 18–34 years) were vulnerable to PM10 pollution-induced HCD risk compared with those aged 35–64 and >65 years in all models. In addition, the adverse PM10 exposure effects led to daily hospital admission for HCD were significantly higher in cold seasons than in warm ones. Furthermore, no effect modifications of gender were found to be significant. Figure 3 shows the exposure-response relationship curve between SO2 on lag 0–5 days and PM10 on lag 0–2 days and daily hospital admissions for HCD in multi-pollutant models. According to smaller values of the AIC index, cubic spline functions with 4 and 5 knots for SO2 and PM10 were considered and added into multi-pollutant models, respectively. The exposure-response curve of SO2 was S-shaped for concentrations <50 μg/m3 and then tended to become an ascending-shape curve at concentrations ≥50 μg/m3. The curve for PM10 showed a steep slope at concentrations <100 μg/m3, then was S-shaped between concentrations >100 and <200, and became flat for ≥200 μg/m3. According to the Likelihood Ratio test, the differences between the linear and spline models for SO2 (χ2 = 4.44, p-value = 0.21) and PM10 (χ2 = 8.57, p-value = 0.07) concentrations were not statistically significant.
[image: Figure 3]FIGURE 3 | The exposure-response association curves (smoothing by natural cubic spline functions) between levels of Sulfur Dioxide and Particulate Matter 10 and relative risk of hospital admissions for Hypertensive Cardiovascular Disease. The X-axis is the 6-day and 3-day moving average of SO2 and PM10 concentrations (mg/m3). The Y-axis is the relative risk, after adjusting for holidays, dew point, temperature, wind speed as well as simultaneous exposure to other pollutants (NO2, O3, CO, and PM10/SO2).
4 DISCUSSION
In the current study, we evaluate the relationship between PM10 and SO2 concentrations and the daily number of HCD-induced hospital admissions using the data from the CAPACITY study, which is a large-scale study performed in Isfahan, Iran, from March 2010 to March 2012, employing Negative Binomial and Poisson time series regression models. According to the reports of the statistical center of Iran, the population of Isfahan city was nearly 1,756,000 in 2012. Isfahan was one of the most polluted cities in Iran (Kermani et al., 2018). During the period of our study, the mean concentrations of PM10 and SO2 were 37.64 μg/m3 and 139.08 μg/m3, respectively, which were higher than recommended standards (Kermani et al., 2018; Karbakhsh et al., 2022). In line with our findings, a previous study on eight Iranian megacities during 2011 and 2012 showed that the second-highest annual average concentration of PM10 was in Isfahan, with 127 μg/m3, which was approximately 6-times higher than the WHO air quality guideline values (Kermani et al., 2018). The heavy pollution in the cities of Iran is a result of urbanization, industrialization, vehicle accumulation, construction activities, weather condition, dust storms, and population density (Tsiouri et al., 2015; Marzouni et al., 2017; Kermani et al., 2018). Previous studies revealed that the highest impact attributed to PM10, with an attributable proportion of 7.037% (5.02–10.27), corresponding to an excess of 637 (435–890) hospital admission of all CVDs (ICD9: 390–459) in Isfahan, during our study period (Kermani et al., 2018). Moreover, recent estimates indicated that in Isfahan, age-, sex-, and place-of-residence adjusted incidence rate (per 10,000) of ischemic heart disease in Isfahan were 41.23–59.92, based on different reference populations during the period between April 2010 to March 2012 (Nouri et al., 2020). In addition, the prospective studies have highlighted a high incidence of various risk factors, including hypertension, obesity, metabolic syndrome, hypercholesterolemia, diabetes mellitus, hypertriglyceridemia, and smoking in Isfahan (Sarrafzadegan et al., 2011; Sadeghi et al., 2014). Given the higher air pollutant concentrations coupled with the ubiquitous nature and the high population at risk in Isfahan, the population-attributable risk induced by air pollution exposure might be remarkably high.
Furthermore, in the current study, a significantly increased risk of HCD-related hospital admission was detected for a 10 μg/m3 increase in SO2 (on lag 0–5) and PM10 (on lag 0–2) concentrations in an Iranian population with a percent change of 2.11% and 1.19%, respectively, adjusting for meteorological and holidays variables and extracted latent factors of other pollutants in the multi-pollutant model. This finding was robust and did not vary by gender (for both SO2 and PM10) and admission seasons (just for SO2). However, people aged 35–64 and 18–34 were susceptible subgroups to SO2 and PM10 exposure-induced HCD risk, respectively. Regardless of separate assessments without considering the multi-collinearity of all pollutants in most previous studies, there were some similarities between our results and others on different populations. For example, a study conducted in Ganzhou, China, using a time-series model reported that in single-pollutant models, a 10 μg/m3 increase in PM10 on the lag day 60 and SO2 at lag 62 days was significantly associated with 4.46% (95% CI: 2.86%–5.65%) and 10.99% (95% CI: 5.98%–16.23%) increase in the number of hospitalizations for hypertension (ICD-10: I10–I13), respectively during the years between 2016 and 2020 (Li et al., 2022a). Our findings are in line with the results of this study. Another time-series study conducted by Song et al. in Shijiazhuang, one of the most polluted cities in China, from 2013 to 2016 found that a 10 μg/m3 increase of PM10 (lag 0–6) corresponded to 0.31% (95% CI: 0.12%–0.50%) increments in the hospitalization of patients for hypertension (ICD10 code: I10). Conversely, they observed insignificant associations with SO2 on lag 0–4 (0.29%, 95% CI: −0.31%–0.89%). In addition, effect estimates of PM10 exposure were more potent in the cold season than in the warm ones, whereas there was no indication of seasonal differences in the associations between levels of SO2 and the risk of hospital admissions of patients for hypertension in the aforementioned study. These findings agreed with our current results. In the Song et al. study, the associations of PM10 and SO2 levels did not vary by sex (likewise to our findings) and age groups of 18–64 and >65 years (in disagreement with ours) (Song et al., 2019). The current observation can be explained by the differences and discrepancies found in the time-activity pattern between old and young subjects (Cohen et al., 2012; Zhang et al., 2016; Yan et al., 2020). Additionally, older individuals exhibit reduced responsiveness to sympathetic and autonomic nervous system stimuli (Esler et al., 1995; Cohen et al., 2012), explaining their declined sensitivity to the hypertensive effects of air pollutants. However, the causal pathway warrants further exploration.
Some previous studies with a case-crossover design, aiming to investigate the association between subjects’ exposure to air pollutants and clinically significant vasopressor responses through emergency department visits for hypertension, demonstrated that various levels of air pollutants (such as SO2 and PM10) are capable of causing clinically significant health effect related to individual-level blood pressure elevations. They found that recent exposures to air pollutants were capable of raising blood pressure to the extent that induces an emergency department visit for hypertension (Szyszkowicz et al., 2012; Brook and Kousha, 2015). The main findings of a time-stratified case-crossover study showed that a 10 μg/m3 increase in SO2 was significantly related to emergency department visits for hypertension (ICD10: I10) at lag 0 days (odds ratio: 1.037 (95% CI: 1.004–1.071), in the single-pollutant model. However, in contrast with ours, after controlling for PM10 and NO2, the association was no longer statistically significant (Guo et al., 2010). Furthermore, the results of a time-stratified case-crossover study in Taipei, Taiwan, showed that there was no marked association between levels of SO2 and the risk of hospital admissions for hypertension (ICD9 code 401 equivalent to code I10 based on ICD10) from 2009 to 2013 in single- and two-pollutant models, in disagreement with our findings (Chen and Yang, 2018). In addition to original studies, the results of multiple recent meta-analyses of case-crossover, cross-sectional, time-series, cohort, panel studies, or case-control showed that short- and long-term PM10 and SO2 exposure–hypertension, -systolic, and -diastolic blood pressure association were significant (Cai et al., 2016; Yang et al., 2018; Qin et al., 2021). For example, the results of a meta-analysis concerning long-term effects on adults showed that each 10-μg/m3 increase in exposure to PM10 and SO2 significantly raised the risk of hypertension by 1.04 (Odds Ratio, 95% CI: 1.02–1.07) and 1.21 (Odds Ratio, 95% CI: 1.08–1.36), respectively (Qin et al., 2021). Findings of another meta-analysis demonstrated the relationships between short- and long-term PM10 exposures and diastolic blood pressure. There was no significant association with long-exposure to SO2. In addition, they found significant associations with short-term exposure to PM10 and SO2 on hypertension and systolic blood pressure. In contrast with our findings, this study showed a stronger association among men based on stratified analysis (Yang et al., 2018). A retrospective cohort study over 12 years in China revealed that a 10 μg/m3 increase in SO2 concentrations was associated with a 76% higher risk of hypertension incidence (hazard ratio: 1.76; 95% CI: 1.163 -1.189) in the fully adjusted model. Based on stratified analyses in this study, the effect estimates of SO2 exposure were more pronounced in patients aged 60 or younger, which approximately conforms with our findings (Yan et al., 2020).
In public health assessment, the shape of exposure-response curve relationships is crucial (Yang et al., 2018). In the current study, any noticeable non-linear exposure-response associations between SO2 and PM10 concentrations and daily hospital admissions for HCD in the multi-pollutant models controlling for holidays, dew point, temperature, wind speed, and simultaneous exposure to other pollutants were not found, which was in agreement with previous time-series studies (Song et al., 2019). Furthermore, in high concentrations of PM10, the S-shaped curve tends to a leveling off. It is likely to hospitalization before reasonably high levels of air pollutant concentrations, namely, the harvesting effect (Chen et al., 2017; Song et al., 2019). In contrast with our findings, spline curves illustrated the non-linear relation of SO2 (on 3-5 lag hours) with systolic blood pressure from February 2015 to June 2017 in Korea (Choi et al., 2019). The exposure-response curve relations might be varied by meteorological variables, a mixture of air pollutants, geographical variations, and diverse populations with different characteristics (Chen et al., 2017; Yang et al., 2018; Song et al., 2019). Future studies aimed to explore the exposure-response relationship between air pollutant concentrations and hospital admissions may help in the protection of susceptible people.
Further studies in the future would be required to elucidate the precise reasons for the discrepancies between our findings with previous studies. Generally, some of these inconsistencies in related studies might be owing to the consideration of various models, including single-, two-, or multi-pollutant models; controlling for synergic effects (multi-collinearity) of other pollutants in multi-pollutant models; adjusting for several confounders such as meteorological and holiday variables; diverse populations with different geographical and socio-demographic factors; varied lag structures such as single-day or moving average exposure of various days; short-, mid-, or long-term effect estimates; the years under study; different designs, including case-series, case-crossover, and prospective/retrospective cohort study, and thereby different approaches for corresponding statistical models; climate-condition; various proportions of air pollutants; stratified analysis to explore susceptible groups; preexisting non-communicable diseases; various diagnostic criteria for hypertension; and variation in hypertension prevalence (Cai et al., 2016; Yang et al., 2018; Song et al., 2019; Qin et al., 2021).
No accurate mechanism has been proposed yet to determine the association between air pollution and the growing number of hospitalized patients with hypertension. Despite that, recent findings (Sanidas et al., 2017; Vidale and Campana, 2018) suggest that three pathways might attribute to pollution-induced hypertension. First, the classic pathway believes that hypertension results from the provocation of systemic inflammation and oxidative stress. Several inflammatory/pro-oxidative factors can be released into the systemic bloodstream. Second, the alternative pathway, relocating directly into the bloodstream. Some constituents of pollutants might be capable of passing through the alveolar membrane directly into the bloodstream thereby, damaging the vasomotor activity. Third, the central pathway which is the activation of the autonomic nervous system. According to the findings of the previous studies, pollutants can activate receptor-mediated reflexive behaviors in the pulmonary tree and have an impact on the blood pressure, variability, and rhythm of the heart rate. All these mechanisms may have overlapping times and/or occur at different times. Also, the relative importance of the mechanisms would be decided based on the size and type of the pollutants (Sanidas et al., 2017; Vidale and Campana, 2018). More meticulous studies should aim to focus on better clarifying these complex mechanisms in the upcoming years.
4.1 Strengths and limitations
Taking limited comprehensive studies from low and middle-income nations, being among immensely polluted countries, and the limited number of published reports about morbidity over mortality data from polluted areas into account (Tsiouri et al., 2015; Kermani et al., 2018; Karbakhsh et al., 2022), our findings add to the limited evidence of the health effects of air pollution in Iran, one of the low-middle-income countries.
The first factor that fortifies the accuracy of the current study is that the CAPACITY included a reliable sample number collected from 15 hospitals across the city incorporating cause-specific morbidity data; so, it was suitable for subgroup analysis. Furthermore, we applied different models, including single-, two, and multi-pollutants models controlling for collinearity of other pollutants with various lag structures such as single- and multi-day lags. Yet, the current study faced some limitations. The restrictions of our study are typical of this type of research. One of the typical concerns in the field of environmental epidemiology is a measurement error of air pollution exposure. To monitor air quality and provide population-average exposure to air pollutants, fixed-site stations were used in the CAPACITY study. Variations in air pollution exposure among people and different places were not fully covered by these stations. Moreover, we were not capable of including different distances of patients from the stations as a covariate in the models. This exposure measurement error leads to an underestimation of the true effect sizes. Furthermore, some factors, including the commuting time and distance, outdoor activity patterns, the time spent outside the home, features of the house, how old the home is, spatiotemporal indicators influencing transmission of air pollutants into the indoor, window-opening pattern and using ventilation and air-conditioning systems, may modify exposure levels of air pollution. This information was not available in the current study. Owing to the lack of monitoring data on PM2.5 concentrations in the whole study, this air pollutant was not adjusted for in multi-pollutant models, which might limit our interpretation.
In addition to exposure measurement error, our study includes the impact of measurement error in the outcome variables, which is a typical concern in this field (Szyszkowicz et al., 2012; Chen and Yang, 2018; Song et al., 2019). It is probable that several patients with increased blood pressure as a response to air pollution exposure who had a role in causing acute CVDs might be excluded from this analysis. In the majority of these cases (such as strokes, heart failure, and acute coronary syndromes), visits to the emergency department are classified by type of acute injury of the corresponding organ or cardiovascular events over HCD. Furthermore, information on some factors, such as accurate time of clinical diagnosis and hypertension control measures, was not captured. The level of sensitivity might differ substantially between the current cases compared to new ones (Song et al., 2019). Moreover, data from patients who had other preexisting diseases or health problems (e.g., obesity and diabetes) were not considered in the study due to data limitations. These types of diseases might have a role in declining the patient’s tolerance to pollutants. Although socioeconomic status and educational attainment years, which are related to an individual’s lifestyle and awareness about health protection, affect the health status of patients, these data were not accessible in the current study. Furthermore, it is worth mentioning that using time-series methods can only reveal the relationship between pollutants exposure and the number of hospital admission for HCD, and causality is not proved. The current study assessed cross-sectional data and is not able to investigate the prospective risk for HCD. Finally, this study collected data from only one of the highly polluted cities in Iran, Isfahan, and the generalizability of our results might be circumscribed.
5 CONCLUSION
This study supports the hypothesis of the association between ambient SO2 and PM10 exposures and the number of hospital admissions of HCD, adjusting for meteorological variables, holidays, and other pollutants simultaneously (NO2, CO, O3, and PM10/SO2), along with considering the interdependence (multi-collinearity) of pollutants in the multi-pollutant models. This finding was robust and did not vary by gender (for both SO2 and PM10) and admission seasons (just for SO2). However, people aged 35–64 and 18–34 years were vulnerable to SO2 and PM10 exposure-triggered HCD risk, respectively. Confirmation of our findings requires further investigations, especially longitudinal studies considering spatial-temporal regression approaches to estimate exact individuals’ exposure to air pollution, as well as overcoming other limitations presented in our study. More accurate quantification of the health effect estimate related to air pollutants exposures would potentially be a necessity for a legislator. Implementation of policies that seek to improve air pollution should continue to be the government’s priority.
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Modd2 | Reaie i 059 C) | 1023 (LOOLOS) | 1039 0661116 | L033 (LOILLOSII | 1013 099510303 | LM 039BLG3) | LW (LOIZLGSS) | 007 (09631053) | 1011 0951027
povalue 0001 | 030 0001 015 009 <0001 075 o018

Perentchange O5% CI | 232091076) | 385 (3361160) | 3330136534) 133 (049318) | 145 (021313) | 375167589 | 072(365529) | 107 (049266

Model 3| Relative isk (95% CI) | 1021 (LO06L036) | 1012 (0936.1.094) | 1031 (LOI0,LOS}a | 1012 (0993103203 | 1011 (0993,1.029) | 1038 (LOIGLOGI) | 099 (0951,1050) | 1009 (0992,1.026)

pralue 0006 o077 000 021 | a0 059 030

Percent change (5% CI) | 21 (061,363) 118 (-6.41,939) 314 (105528) 124(-067320) | 108(-067286) | 379(156607) | -004 (487,505 | 088 (-078255)

PMI0: Particulate Mattr with an serodynamic dismeter <10 y, SO sulfr dioxide.
Estimats are presented per 10 g/ increase i the ag -2 of P and g 0-5 of SO, or ag,sex, andscaso groups. The Negative Binomial e seres egresion model wereusd 10 stimateeffcts fo 0l all age and sason groups, and females. Th poison time
ercsregrssion model s used for maes

The statisially sigaificant cstimates are highlighted in bold.

Model 1 Singe polltant model (without any adjustmen)

Model 2: Adjusted for time-varying metcorologicl (temperatur, wind speed, and dev point) and holiday vaiabes.

Model 3: Multi-polltant model (furthe adjustment for atent polltion factors by explortory factr analysis of carbon monaxide (CO), itrogen dioxide (NO), azone (0., and SO,/PM ).
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SD  Min 25th percentile ~ 50th pe 75th percentile

Hypertensive cardiovascular disease
All ages and sex 3132 100.0 429 | 242 | 0 14 20 40 60
Age groups 18-34 years 91 29 012 | 035 | 0 2 0 0 0
35-64 years 1,352 432 185 | 143 | 0 8 10 20 30
265 years 1,689 254 231 | 164 | 0 9 20 20 30
Gender Female 1978 632 271 | 178 | 0 9 10 25 40
Male 1154 368 158 | 141 | 0 7 0 10 20
Season Warm 1,348 430 362 212 0 1 20 30 50
Cold 1784 57.0 498 | 253 | 0 14 30 50 60
Air pollutants
PMyo 730 - 139.08 | 5225 | 3636 52833 97.02 14972 17021
50, 730 - 3764 | 2846 0 | 1500 2140 285 4073
NO, 730 - 4082 | 2057 | 001 | 12800 29.63 3536 50.39
[e8 730 - 3081 | 1292 | 3 | 10100 2282 3092 39.64
co 730 - 453 | 225 | 0 16 269 400 622
Meteorological data
Temperature 730 - 6042 | 1850 | 245 | 922 421 619 77.42
Wind speed 730 - 519 | 242 | 05 | 155 36 49 62
Dew point 730 - 2876 | 885 | 57 | 484 24 297 355

POl Particulaty astnor with aiv siwidvinic dianaveer <10/, S0+ sl diosi

0,: nitrogen dioxide; Os: ozone; CO: carbon monoxide.
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