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Background and aims: Although several studies have investigated the association between air pollutants and cardiovascular diseases (CVDs) in recent years, a lack of evidence exists regarding carbon monoxide (CO) exposure, especially in the Eastern Mediterranean’s polluted regions. In this study, we aimed to evaluate the short-term effect of CO exposure on daily CVD hospital admissions in Isfahan, a major city in Iran.
 Methods: Data were extracted from the CAPACITY study on daily CVD hospital admissions in Isfahan from March 2010 to March 2012. The 24-h mean CO concentrations were obtained from four local monitoring stations. In a time-series framework, the association between CO and daily hospitalizations for total and cause-specific CVDs in adults (ischemic heart disease (IHD), heart failure (HF), and cerebrovascular disease) was conducted using Poisson’s (or negative binomial) regression, after adjusting for holidays, temperature, dew point, and wind speed, considering different lags and mean lags of CO. The robustness of the results was examined via two- and multiple-pollutant models. Stratified analysis was also conducted for age groups (18–64 and ≥65 years), sex, and seasons (cold and warm).
Results: The current study incorporated a total of 24,335 hospitalized patients, (51.6%) male with a mean age of 61.9 ± 16.4 years. The mean CO concentration was 4.5 ± 2.3 mg/m³. For a 1 mg/m3 increase in CO, we found a significant association with the number of CVD hospitalizations. The largest adjusted percent change in HF cases was seen in lag0, 4.61% (2.23, 7.05), while that for total CVDs, IHD, and cerebrovascular diseases occurred in mean lag2–5, 2.31% (1.42, 3.22), 2.23% (1.04, 3.43), and 5.70% (3.59, 7.85), respectively. Results were found to be robust in two- and multiple-pollutant models. Although the associations changed for sex, age groups, and seasons, they remained significant for IHD and total CVD, except for the warm season, and for HF, except for the younger age group and cold seasons. Additionally, the exposure–response relationship curve of the CO concentrations with total and cause-specific CVD admissions showed non-linear relationships for IHD and total CVDs.
Conclusions: Our results showed that exposure to CO contributed to an increase in the number of CVD hospitalizations. The associations were not independent of age groups, season, and sex.
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1 INTRODUCTION
The Global Burden of Disease (GBD) study demonstrated that cardiovascular diseases have been the leading cause of death since 1980 (Yang et al., 1998; Amini et al., 2021) and is one of the chronic, non-communicable diseases responsible for more than 12% of the global disease burden (Sadeghi et al., 2017). Most of the CVD deaths and global CVD burden occurred in low- and middle-income countries, particularly in the Eastern Mediterranean region (EMR) (Sarrafzadegan and Mohammmadifard, 2019; Baumgartner et al., 2020). Additionally, the rates of cardiovascular and cerebrovascular diseases are increasing in developing countries (Amini et al., 2021). According to GBD study 2015, Iran was one of the countries with the highest CVD rate in the world (Sarrafzadegan and Mohammmadifard, 2019).
An ever-increasing rate of urbanization, modernization, and industrialization in big cities in recent decades has increased the problem of air pollution (Chen et al., 2022). In recent years, numerous studies have investigated the human-induced hazardous effect of air pollution (Collart et al., 2018; Rodríguez et al., 2022). According to the World Health Organization (WHO), ambient air pollution is one of the most critical causes of death and disease, contributing to about 7.6% of total global deaths (Choi et al., 2019). Air pollution is the leading environmental risk factor for global health and the fourth largest risk factor for global mortality (Roth et al., 2020).
Carbon monoxide (CO) is one of the six air pollutants according to the National Ambient Air Quality Standards set by the American Environmental Protection Agency (Reboul et al., 2017). CO is a colorless, odorless, and tasteless gaseous pollutant produced by the incomplete combustion of fossil fuels like motor vehicles and has increased particularly in overcrowded traffic zones such as highways (Li et al., 2018). It has been observed that daily exposure to ambient CO is linked with prolonged hospital admissions, specifically for people with CVDs (Vahedian et al., 2017).
According to the results of the meta-analysis, a 1 ppm increase in CO concentration was associated with a 3.52% (0.52–4.54) increase in hospitalization or death related to heart failure (HF), which is an escalating public health issue that affects more than 23 million people worldwide (Shah et al., 2013). Another meta-analysis showed that for a 1 mg/m3 increase in CO concentration, the pooled risk ratio of myocardial infarction was 1.052 (95% CI 1.017–1.089) (Lee et al., 2020). Most of the air pollution-related deaths in 2016 occurred in low- and middle-income countries worldwide (Dastoorpoor et al., 2021). However, very few studies were conducted in these countries (Lee et al., 2020).
Like many other parts in Asia, the expansion of cities, rapid economic development, industrialization, and traffic congestion have led to intense air pollution in Iran. Isfahan is one of the most polluted cities in Iran for the following reasons: existence of multiple vehicles in the city, vast deserts in the nearby areas, and so many enormous industries in the suburb (Abdolahnejad et al.,2017). In Iran, 5.3%–10.7% of total deaths in four major cities (Ahvaz, Isfahan, Shiraz, and Tehran) were attributed to short-term exposure to air pollution (Mansouri and Hamidian, 2013; Jalali et al., 2021). In recent years, Isfahan, one of the largest cities in Iran, confronted numerous cases of CVDs. For almost all CVDs, a considerably high incidence rate was observed in subjects who participated in the Isfahan Cohort Study (ICS) (Talaei et al., 2013). Nouri et al. (2020) have shown a significant increasing long-term temporal trend in the incidence rate (IR) of IHD in the Isfahan population during a 15-year period. Although people in Isfahan encounter a high exposure to air pollution, specifically CO, and therefore a high risk of CVDs, a lack of studies investigating the effect of CO on CVDs in Isfahan is noticeable to the best of our knowledge. We aimed to study the relationships between total and cause-specific CVD daily hospital admissions and CO concentration in a short-term exposure period in Isfahan City, Iran. For this purpose, we used the data extracted from the CAPACITY (Correlation of Air Pollution with hospitalization And mortality of Cardiovascular and respIraTorY diseases) study, which is one of the few large-scale studies in the province designed to evaluate the effects of ambient air pollutants on cardiovascular and respiratory hospitalization and mortality.
2 METHODS
2.1 Data
This study was conducted in Isfahan, the third metropolis located in the central part of Iran extending about 107,000 km2 with a population of more than 2.2 million. In a time-series framework, we investigated the association between ambient CO exposure and total daily hospital admissions for total and cause-specific CVDs in a short-term period.
Data were extracted from the CAPACITY study, which was approved by the Regional Bioethics Committee of Isfahan University of Medical Science and performed in Isfahan, Iran, from 21 March 2010 to 20 March 2012 (2 years in the Persian calendar).
In summary, the aim of the CAPACITY study was to evaluate the relationship between air pollutant indices and mortality or hospitalization regarding CVDs or pulmonary diseases. In this regard, the hospital admissions related to cardiovascular or respiratory diseases of patients who lived in Isfahan were registered in 15 out of 16 hospitals that were eligible to admit patients with CVDs or respiratory diseases. Mortality data for the same period were obtained from Isfahan’s cemetery. The data from the International Classification of Diseases Tenth Revision (ICD-10) including I00-I99 and J00-J99 were used for cardiovascular and respiratory problems, respectively.
The air pollution data including data on pollution due to SO2, NO2, CO, O3, PM10, and PM2.5 (for 10 months) were gathered from four traffic stations operated by Isfahan’s Department of Environment. The meteorological data on temperature, wind speed, and dew point were gathered from the Isfahan Weather Forecast Organization. More details on data collection and quality control procedures were described elsewhere (Rabiei et al., 2017; Karbakhsh et al., 2022).
In this study, ischemic heart diseases (I20–I25), heart failure (I50), and cerebrovascular diseases (I60–I69) were considered cause-specific CVDs. These diseases and any other CVDs including hypertensive heart disease (ICD10: I10–I15), conduction disorders and blocks (I44–I45), cardiac arrest (I46), arrhythmias (I47–I49), and other unspecified disorders of the circulatory system (I99) were evaluated as total CVDs. Although air pollution measurements were recorded on an hourly basis, the current study used an average of 24-h exposure across all stations.
2.2 Statistical analysis
The frequency and percentage of total and cause-specific CVDs according to age groups, sex, and season were reported. Additionally, mean ± standard deviation and the quartile of air pollution and meteorological data were reported.
To investigate the effect of CO exposure on CVDs, we used different types of generalized linear models wherever appropriate.
First, considering the suggestions of other studies such as Li et al. (2018) and Xu et al. (2021), single pollutant models were derived from 0 to 5 lag days, and multiple-day moving averages of lags including lag0–1, lag2–5, and lag0–5. For instance, lag0–1 stands for the average concentrations of CO in lag0 and lag1. Also, all models were repeated after adjusting for holidays, temperature, dew point, and wind speed. Then, the most effective lag period for each disease was identified, and further analyses were performed.
In addition, two-pollutant models were applied to validate the robustness of the CO results after adjustment for other pollutants such as PM10, NO2, SO2, and O3. Moreover, results were validated in multiple-pollutant models. To reduce the collinearity between CO and other pollutants, other pollutants were combined via principal component analysis (PCA).
Additionally, subgroup analysis was conducted using a multi-pollutant model within age groups (18–64 years and ≥65 years), sex (female and male), and season (22nd of March to 25th of September as the warm season and other days as the cold season) with adjustment for meteorological data and holidays. Furthermore, subgroups were compared using Fisher’s Z-statistics and normal distribution as shown in the following equation:
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Here, [image: image] and [image: image] represent the estimates of the two categories, and SE1 and SE2 represent their respective standard errors.
The types of generalized linear models (GLMs) that were performed depended on the existence of zero truncation and overdispersion problem. For more explanation, the GLM for each disease was as follows: for HF and cerebrovascular disease, Poisson’s regression approach was assessed in all models including subgroup analysis of age, sex, and season. For IHD, in total population and subgroup analysis of seasons and the elderly age group, as the number of days without any admission was 0 and overdispersion existed, zero-truncated negative binomial regression analysis was carried out, whereas in both male and female patients and the younger age group, negative binomial regression analysis was performed. For total CVDs, in total population and subgroup analysis, the zero-truncated negative binomial regression was carried out.
The linearity of relationships between CO concentrations and the relative risk (RR) of total and cause-specific CVDs was examined using cubic splines with 2–6 knots (Croxford, 2016). For each disease, the best number of knots was selected according to Akaike’s information criterion (AIC), and the likelihood ratio test (LRT) was performed to check the existence of non-linear effects.
Additionally, the exposure–response relationship curves of CO and total and cause-specific CVDs were drawn.
The relative risk (RR) was computed through Poisson’s regression or negative binomial regression model using the following formula: RR = exp(β), where β represents the regression coefficient related to CO exposure. We reported the percentage changes (PC% = [RR-1] × 100%) in daily hospital admissions for CVDs per 1 mg/m3 increase in CO concentrations with the corresponding 95% confidence interval (CI).
All the data analyses were conducted in Stata statistical software (version 14; Stata Corp., College Station, TX, United States). A p-value less than 0.05 was considered statistically significant.
3 RESULTS
In this study, a total of 24,335 daily hospital admissions related to one of the CVDs were investigated for patients aged more than 18 years (mean age 61.9 ± 16.4 years). Of these, 12,960 had IHDs (53.3%), 2,698 had cerebrovascular diseases (11.1%), and 1,347 had HF (5.5%). The number of all CVD and IHD cases in daily hospital admissions was higher in the younger age group (<65 years) and slightly higher in the cold season. However, the number for HF and cerebrovascular disease cases was higher in the elderly age group (>=65 years) and slightly higher in the warm season. For total and cause-specific CVDs, admissions were slightly higher among men (Table 1).
TABLE 1 | Number (percentage) of daily hospital admissions for total and cause-specific CVD stratified by age groups, sex, and seasons.
[image: Table 1]Average daily concentrations of CO, SO2, NO2, O3, and PM10 were 4.5 ± 2.3 mg/m3, 37.6 ± 28.5 ppb, 40.8 ± 20.6 ppb, 30.8 ± 12.9 ppb, and 139.1 ± 52.2 μg/m3, respectively. Also, the average of meteorological data, namely, wind speed, temperature, and dew point was 5.2 ± 2.4 km/h, 60.4 °F± 18.5°F, and 28.8°F ± 8.9°F, respectively (Table 2).
TABLE 2 | Descriptive statistics for air pollution concentrations and weather conditions.
[image: Table 2]Table 3 shows the crude and adjusted effect of CO exposure (1 mg/m3 increase) with various lag patterns on the percentage change in daily hospital admission for IHD, HF, cerebrovascular disease, and total CVDs. We found that ambient CO was positively and significantly associated with the percentage change in daily hospital admissions for total and cause-specific CVDs except lag periods 2 and 3 which were not significant for HF in the adjusted models. For HF, in the adjusted models, the most effective lag period was lag0 with a percent change of 4.61 (2.23, 7.05), while for admissions with IHD, cerebrovascular disease, and total CVDs, the biggest increase was observed in the cumulative mean value of lag2–5 with a percent change of 2.23(1.04,3.443), 5.7(3.59,7.85), and 2.31 (1.42,3.22), respectively. Therefore, the following analyses only focused on the lag period 0 for HF and the moving average of lag2–5 for others.
TABLE 3 | Crude and adjusted percent change in daily hospital admissions in total and cause-specific CVDs per 1 mg/m3 CO increase.
[image: Table 3]According to the results of two-pollutant models (Table 4), the number of IHD and cerebrovascular disease hospitalizations decreased after controlling for PM10 and SO2 and increased after controlling for NO2 and O3. For HF, a small decrease in percent changes was observed after controlling for SO2, NO2, and O3, whereas a slight increase in percent changes was observed after controlling for PM10. Additionally, the number of total CVD increased after controlling for SO2, NO2, and O3, whereas a slight declined was observed in the percent change after controlling for PM10. The results remained robust to the inclusion of the co-pollutants in models and were still significant.
TABLE 4 | Adjusted percentage changes in co-pollutants and multiple pollutants per 1 mg/m3 increase in the concentration of CO for total and cause-specific CVDs.
[image: Table 4]Additionally, the results for multiple-pollutant models are shown in Table 4. The percent changes in daily hospital admissions per 1 mg/m3 increase in CO concentration in multiple-pollutant models for IHD, HF, cerebrovascular disease, and total CVDs were 2.74(1.38,4.12), 4.28(1.78,6.78), 6.47(4.04,8.96), and 2.67 (1.64,3.71), respectively, which shows a growth in the percent change in IHD, cerebrovascular disease, and total CVD and reduction in HF.
Figure 1 summarizes the results derived from the stratification analyses. The associations between CO concentrations (lag0) with HF and CO concentrations (lag 2–5) with IHD, cerebrovascular disease, and total CVDs varied by age, sex, and season. For IHD, except the warm season, the results remained significant and became stronger for male patients or patients aged >= 65 years and for the cold season. Also, in IHD patients, a statistically significant difference was observed between age groups. For HF, except for the cold season and younger age group, the results were still significant in other subgroups. For cerebrovascular disease, no significant change was observed in subgroup analysis; however, in female patients and in the cold season, the percent changes became stronger, whereas in other subgroups, the associations were decreased. Also, there was a significant difference between the percent change in both male and female patients. The results for the total CVDs remained significant within all subgroups except for the warm season. Additionally, for male patients, the elderly age group, and cold seasons, there was an increase in the percent change, and in other subgroups, a decrease in the percent change was observed. Also, the difference between two seasons was statistically significant.
[image: Figure 1]FIGURE 1 | Adjusted percent change and 95% confidence interval in daily hospital admissions for total and cause-specific CVDs per 1 mg/m3 CO increase stratified by age groups, sex, and seasons. (Z-statistics and relevant p-values for comparing subgroups are shown).
Figure 2 shows the adjusted exposure–response relationship curve of the CO concentrations with total and cause-specific CVD admissions. For HF and cerebrovascular disease, three knots were selected according to AIC, while for IHD and the total CVD, five knots were considered. The estimated exposure–response relationships of the CO concentrations with HF admissions showed a linear relationship with a sharp increase in the dose–response function at lower concentrations (0–5 mg/m3) and a smooth increase at higher concentrations. For cerebrovascular admissions, a sharp linear trend was observed, while the exposure–response curve of the CO concentrations with IHD and total CVD admissions demonstrated a non-linear relationship with a sharp increase in the dose–response function at lower concentrations (0–2.5 mg/m3). Then, a slight decrease in the relative risk was observed within the concentrations (2.5–4 mg/m3), followed by a moderate increase between concentrations (4–6 mg/m3) and a slight increase at higher concentrations. The non-linearity of relationships was not significant for both HF and cerebrovascular disease according to the LRT while accepted for both IHD and total CVD.
[image: Figure 2]FIGURE 2 | Adjusted exposure–response curves of exposure to CO with hospital admissions for HF, IHD, cerebrovascular disease, and total CVDs. The black solid lines represent the relative risk of hospital admissions, and the dotted lines represent the corresponding 95% confidence intervals. For each disease the most effective lag was considered.
4 DISCUSSION
In the current study, in a time-series framework, we investigated the association between the ambient CO and hospitalizations for CVDs, using Poisson’s regression or negative binomial regression models and applying the data extracted from the CAPACITY study for patients aged 18 years or more. The mean concentration of CO in our study was 4.5 ± 2.3 mg/m3, which was a little higher than the recommended standard of 4 mg/m3 (Evangelopoulos et al., 2020) and higher than that in other studies such as Vahedian et al. (2017) and Xu et al. (2021).
Furthermore, we found that short-term exposure to ambient CO significantly increased the percent changes in hospital admissions related to cause-specific and total CVDs. Increasingly, scientific evidence has indicated that outdoor CO exposure is related to CVD hospital admissions and mortality. For example, Lee et al. (2020) in an updated systematic review and meta-analysis evaluated the short-term effects of CO on IHD hospital admissions or mortality. Their combined estimate across 26 studies demonstrated the risk ratio of 1.05 [with 95% CI of (1.02, 1.09)] for IHD per 1 mg/m3 increase in CO. In another study in Shiraz, Iran, in a long-term observational period, a significant association between CO and CVD-related hospital admissions was observed [RR = 1.52 (1.16, 1.99)] (Soleimani et al., 2009). Bell et al. (2009) found a positive and statistically significant association between the same-day CO concentration and increased risk of hospitalization for multiple CVD outcomes in US urban counties. Additionally, CO levels were associated with cerebrovascular diseases to a greater extent compared to any other CVDs, which was not seen in other studies. In contrast to our study, the results of Phosri et al. (2019) were not significant for cerebrovascular disease.
The largest estimated effects on IHD, cerebrovascular disease, and total CVDs in our study were observed in the moving average of lag2–5. Our results are almost consistent with a recent study conducted on older adults in Guangzhou, China, during 2016–2019, showing that each IQR increase in lag0–4 days of exposure to CO was significantly associated with a 4.53% increase in odds ratio of hospital admissions for sequelae of stroke (Wang et al., 2022). Motessadi Zarandi et al. (2022), in a time-series analysis carried out in Tehran, Iran, demonstrated that total CVD and IHD admissions were associated with CO for each 1 mg/m³ increase at lags of 6 and 7 days, which is close to our study. Unlike our study, a multicity time-series study conducted by Liu et al. (2018) in 272 major cities in China from January 2013 to December 2015 demonstrated that with a 1 mg/m³ increase in average CO concentrations at lag0–1, significant increases in mortality by 1.12% (0.42–1.83) for CVDs, 1.75% (0.85–2.66) for IHD, and 0.88% (0.07–1.69) for stroke will occur. Also, a time-series study in Bangkok, Thailand, from January 2006 to December 2014 demonstrated a 6.69% (4.33, 9.11) increase in CVD admission at lag0–1 day per 1 mg/m3 increase in CO (Phosri et al., 2019). Furthermore, in our study, for HF, the RR peaked at lag0, which is in agreement with a case–cross-over study conducted in Pennsylvania, United States, during 1987–1999 and showed that an IQR increase in the CO level at the hospitalization day led to a 4.55 (3.33, 5.79) percent increase (and 95% confidence interval) in the rate of hospital admissions for HF (Wellenius et al., 2005).
The subgroup analysis showed that although percent changes varied in different subgroups, only the results of the warm season in IHD and total CVDs and the cold season and younger age group in HF admissions were not more statistically significant. Additionally, our findings show significant differences between age groups in IHDs, between sex for cerebrovascular disease, and between seasons for total CVDs. A time-stratified case–cross-over study in China showed that a 1 mg/m3 increase in a 2-day moving average of CO concentration led to a rise of 2.8% (2.2, 3.3%) and 3.0% (2.4, 3.6%) in daily hospital admissions for CVD and IHD, respectively, which did not significantly differ within sex and age groups and was in contrast to our study (Li et al., 2018). Unlike our study, the associations did not vary substantially for city, region, and demographic characteristics such as age and sex in Liu et al. (2018). The findings of Xu et al. (2021), Motessadi Zarandi et al. (2022), and Wang et al. (2022) were not in agreement with our study and did not vary for sex and age groups. In contrast to our study, Xu et al. (2021) showed that CO exhibited a stronger association with mortality for IHD during the warm season. Whereas the results of stratification analysis in Phosri et al. (2019) and Vahedian et al. (2017) were consistent with the present study, and the elderly age group seemed to be the most affected group by CO.
Moreover, the results were controlled for other pollutants in the two- and multiple-pollutant models and remained robust. Although Liu et al. (2018), Li et al. (2018), Bell et al. (2009), and Motessadi Zarandi et al. (2022) adjusted other pollutants by only two pollutant models and did not use multiple-pollutant models, the same as our findings, their results were robust to controlling for other pollutants. Unlike our study, the result of Xu et al. (2021) did not remain robust when adjusted for SO2.
Additionally, in our study, the adjusted exposure–response curves demonstrated that the association between the CO concentration and IHD and total CVDs was partly linear, and the relative risk decreased in some regions, yet there is no obvious threshold below which CO exposure has no effects on CVDs. Even for decreasing regions of the curves, CO showed noticeable changes in relative risks. The same results were observed in Li et al. (2018), while the results of Xu et al. (2021) and Wang et al. (2022) were somehow different. In Xu et al. (2021), descending-shaped curves tended to become non-linear at higher CO concentrations, and in Wang et al. (2022), there was no evidence of non-linearity.
An increase in CO levels causes the oxygen-binding sites in hemoglobin to become occupied by CO and a decrease in the oxygen-carrying capacity (Yang et al., 1998). Little do we know about the exact pathophysiological mechanisms of acute adverse effects of CO exposure on cardiac patients; however, results of different studies account it for CVD patients. Also, we are not able to identify the mechanism for sex and age group disparity via a time-series study. Therefore, toxicological and population studies on exposure to mixtures of air pollution may determine the biological mechanisms that caused adverse health effects due to CO exposure.
4.1 Strengths and limitations
Our study had various strengths. First, our study was a part of the CAPACITY study, which is one of the few large-scale studies in this region designed to investigate the health-related effects of air pollution. Second, the study approximately covered most of the CVD admissions in Isfahan. Third, we investigated the potential association between ambient CO and total and cause-specific CVD admissions for different lag periods, age groups, seasons, and sexes. In addition, we considered the effect of other pollutants and meteorological data, and we investigated the adjusted exposure–response relationships.
However, our study had to deal with some limitations. First, as a time-series study, ecological bias is inherent. We had to consider the average air pollution over different stations since various parts of the city were exposed to different amounts of air pollution and the time people spent in each area varied greatly. Additionally, non-adequate pollution registration stations and unmeasurable distances from the stations may lead to measurement errors and exposure rate errors. Therefore, we were not able to quantify the exposure of individuals precisely. Second, in areas where CO is released alongside many other pollutants, it is almost impossible to undervalue the similar effects of other pollutants on CVDs. Although we adjusted the effects of other pollutants in our models, it is difficult to establish an isolated association. Third, although the GBD study denoted that indoor air pollution is one of the highest risk factors for all deaths worldwide, we did not consider CO exposure from indoor sources. Outdoor pollution may be approximately similar for residents who occupy the same area. Reversely, indoor pollution can be varied depending on the lifestyle of the people and the different air-conditioning systems in each house. In our study, no data regarding indoor air monitoring were accessible, and further studies may consider the effect of indoor air pollution on CVD-related hospital admissions. Ultimately, we were not capable of controlling potential individual confounders such as socioeconomic status, occupation, eating patterns, smoking, and other risk factors corresponding to CVDs that may impact hospital admissions.
5 CONCLUSION
Our findings have annotated that short-term exposure to ambient CO significantly increased the risk of hospitalizations for total and cause-specific CVDs in Isfahan, Iran. Furthermore, noticeable effects were observed for IHD in the elderly age group, for cerebrovascular disease in the female patients, and for total CVDs in the cold season. Additionally, multiple-pollutant adjustments raised the effects except for HF. Also, non-linear effects were observed for IHD and total CVDs. A long-period study considering confounders like socioeconomic status and lifestyle status such as eating habits, smoking, and physical activity that may affect the cardiovascular hospital admissions may better demonstrate the clear effect of CO and other air pollutants on CVDs.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by author Nizal Sarrafzadegan (nsarrafzadegan@gmail.com), without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Regional Bioethics Committee of the Isfahan University of Medical Sciences. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
MT prepared the manuscript draft. MT and FN conducted data analysis. MT, MZ, AP, and NS have participated in the interpretation of data, elaboration, or critical reviews of the report. MT, KR, AP, SMSI, and NS contributed to the conception, study design, supervision, and project administration and revised the manuscript. All authors have given final approval of the version to be published and agree to be accountable for all aspects of the work. All authors read and approved the final manuscript.
FUNDING
This study was financially supported by the Crisis Management Office of Isfahan Provincial Governor Office, Iran. The proposal was approved by Isfahan’s Department of Environment (ID: 90/7588) and Isfahan Cardiovascular Research Center (ID: 91112).
ACKNOWLEDGMENTS
The authors wish to express their appreciation to the Crisis Management Office of Isfahan Provincial Governor Office and Isfahan’s DOE for their support. We would like to acknowledge the CAPACITY staff, collaborators, and participants for their contribution.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdolahnejad, A., Jafari, N., Mohammadi, A., Miri, M., Hajizadeh, Y., and Nikoonahad, A. (2017). Cardiovascular, respiratory, and total mortality ascribed to PM10 and PM2. 5 exposure in Isfahan, Iran. J. Educ. health Promot. 6, 109. doi:10.4103/jehp.jehp_166_16
 Amini, M., Zayeri, F., and Salehi, M. (2021). Trend analysis of cardiovascular disease mortality, incidence, and mortality-to-incidence ratio: Results from global burden of disease study 2017. BMC Public Health 21 (1), 401–402. doi:10.1186/s12889-021-10429-0
 Baumgartner, J., Brauer, M., and Ezzati, M. (2020). The role of cities in reducing the cardiovascular impacts of environmental pollution in low-and middle-income countries. BMC Med. 18 (1), 39–41. doi:10.1186/s12916-020-1499-y
 Bell, M. L., Peng, R. D., Dominici, F., and Samet, J. M. (2009). Emergency hospital admissions for cardiovascular diseases and ambient levels of carbon monoxide: Results for 126 United States urban counties, 1999–2005. Circulation 120, 949–955. doi:10.1161/CIRCULATIONAHA.109.851113
 Chen, H., Deng, G., and Liu, Y. (2022). Monitoring the influence of industrialization and urbanization on spatiotemporal variations of AQI and PM2. 5 in three provinces, China. Atmosphere 13 (9), 1377. doi:10.3390/atmos13091377
 Choi, Y. J., Kim, S. H., Kang, S. H., Kim, S. Y., Kim, O. J., Yoon, C. H., et al. (2019). Short-term effects of air pollution on blood pressure. Sci. Rep. 9 (1), 20298–8. doi:10.1038/s41598-019-56413-y
 Collart, P., Dubourg, D., Levêque, A., Sierra, N. B., and Coppieters, Y. (2018). Short-term effects of nitrogen dioxide on hospital admissions for cardiovascular disease in Wallonia, Belgium. Int. J. Cardiol. 255, 231–236. doi:10.1016/j.ijcard.2017.12.058
 Croxford, R. (2016). Restricted cubic spline regression: A brief introduction. Toronto: Institute for Clinical Evaluative Sciences, 1–5. 
 Dastoorpoor, M., Riahi, A., Yazdaninejhad, H., Borsi, S. H., Khanjani, N., Khodadadi, N., et al. (2021). Exposure to particulate matter and carbon monoxide and cause-specific Cardiovascular-Respiratory disease mortality in Ahvaz. Toxin Rev. 40 (4), 1362–1372. doi:10.1080/15569543.2020.1716256
 Evangelopoulos, D., Perez-Velasco, R., Walton, H., Gumy, S., Williams, M., Kelly, F. J., et al. (2020). The role of burden of disease assessment in tracking progress towards achieving WHO global air quality guidelines. Int. J. public health 65 (8), 1455–1465. doi:10.1007/s00038-020-01479-z
 Jalali, S., Karbakhsh, M., Momeni, M., Taheri, M., Amini, S., Mansourian, M., et al. (2021). Long-term exposure to PM2. 5 and cardiovascular disease incidence and mortality in an eastern mediterranean country: Findings based on a 15-year cohort study. Environ. Health 20 (1), 112–116. doi:10.1186/s12940-021-00797-w
 Karbakhsh, M., Mansourian, M., Taheri, M., Rabiei, K., Hosseini, S. M., Rahimi, M., et al. (2022). Outdoor fine and coarse particles and hospital admissions for cardiovascular diseases: A large-scale case-crossover study. Air Qual. Atmos. Health 15 (9), 1679–1693. doi:10.1007/s11869-022-01212-0
 Lee, K. K., Spath, N., Miller, M. R., Mills, N. L., and Shah, A. S. (2020). Short-term exposure to carbon monoxide and myocardial infarction: A systematic review and meta-analysis. Environ. Int. 143, 105901. doi:10.1016/j.envint.2020.105901
 Li, H., Wu, J., Wang, A., Li, X., Chen, S., Wang, T., et al. (2018). Effects of ambient carbon monoxide on daily hospitalizations for cardiovascular disease: A time-stratified case-crossover study of 460,938 cases in beijing, China from 2013 to 2017. Environ. Health 17 (1), 82–91. doi:10.1186/s12940-018-0429-3
 Liu, C., Yin, P., Chen, R., Meng, X., Wang, L., Niu, Y., et al. (2018). Ambient carbon monoxide and cardiovascular mortality: A nationwide time-series analysis in 272 cities in China. Lancet Planet. Health 2 (1), e12–e18. doi:10.1016/S2542-5196(17)30181-X
 Mansouri, B., and Hamidian, A. H. (2013). Assessment of the air quality of Isfahan city, Iran, using selected air quality parameters. Iran. J. Toxicol. 7 (21), 842–848. 
 Motesaddi Zarandi, S., Hadei, M., Hashemi, S. S., Shahhosseini, E., Hopke, P. K., Namvar, Z., et al. (2022). Effects of ambient air pollutants on hospital admissions and deaths for cardiovascular diseases: A time series analysis in tehran. Environ. Sci. Pollut. Res. 29 (12), 17997–18009. doi:10.1007/s11356-021-17051-y
 Nouri, F., Feizi, A., Taheri, M., Mohammadifard, N., Khodarahmi, S., Sadeghi, M., et al. (2020). Temporal trends of the incidence of ischemic heart disease in Iran over 15 Years: A comprehensive report from a multi-centric hospital-based registry. Clin. Epidemiol. 12, 847–856. doi:10.2147/CLEP.S259953
 Phosri, A., Ueda, K., Phung, V. L., Tawatsupa, B., Honda, A., and Takano, H. (2019). Effects of ambient air pollution on daily hospital admissions for respiratory and cardiovascular diseases in Bangkok, Thailand. Sci. total Environ. 651, 1144–1153. doi:10.1016/j.scitotenv.2018.09.183
 Rabiei, K., Hosseini, S. M., Sadeghi, E., Jafari-Koshki, T., Rahimi, M., Shishehforoush, M., et al. (2017). Air pollution and cardiovascular and respiratory disease: Rationale and methodology of CAPACITY study. ARYA Atheroscler. 13 (6), 264–273.
 Reboul, C., Boissière, J., André, L., Meyer, G., Bideaux, P., Fouret, G., et al. (2017). Carbon monoxide pollution aggravates ischemic heart failure through oxidative stress pathway. Sci. Rep. 7 (1), 39715–39721. doi:10.1038/srep39715
 Rodríguez, D., Cobo-Cuenca, A. I., and Quiles, R. (2022). Effects of air pollution on daily hospital admissions for cardiovascular diseases in castilla-La mancha, Spain: A region with moderate air quality. Air Qual. Atmos. Health 15 (4), 591–604. doi:10.1007/s11869-021-01144-1
 Roth, G. A., Mensah, G. A., Johnson, C. O., Addolorato, G., Ammirati, E., Baddour, L. M., et al. (2020). Global burden of cardiovascular diseases and risk factors, 1990–2019: Update from the GBD 2019 study. J. Am. Coll. Cardiol. 76 (25), 2982–3021. doi:10.1016/j.jacc.2020.11.010
 Sadeghi, M., Haghdoost, A. A., Bahrampour, A., and Dehghani, M. (2017). Modeling the burden of cardiovascular diseases in Iran from 2005 to 2025: The impact of demographic changes. Iran. J. public health 46 (4), 506–516.
 Sarrafzadegan, N., and Mohammmadifard, N. (2019). Cardiovascular disease in Iran in the last 40 years: Prevalence, mortality, morbidity, challenges and strategies for cardiovascular prevention. Archives Iran. Med. 22 (4), 204–210.
 Shah, A. S., Langrish, J. P., Nair, H., McAllister, D. A., Hunter, A. L., Donaldson, K., et al. (2013). Global association of air pollution and heart failure: A systematic review and meta-analysis. Lancet 382 (9897), 1039–1048. doi:10.1016/S0140-6736(13)60898-3
 Soleimani, Z., Darvishi Boloorani, A., Khalifeh, R., Griffin, D. W., and Mesdaghinia, A. (200920152019). Short-term effects of ambient air pollution and cardiovascular events in Shiraz, Iran, 2009 to 2015. Environ. Sci. Pollut. Res. 26 (7), 6359–6367. doi:10.1007/s11356-018-3952-4
 Talaei, M., Sarrafzadegan, N., Sadeghi, M., Oveisgharan, S., Marshall, T., Thomas, G. N., et al. (2013). Incidence of cardiovascular diseases in an Iranian population: The isfahan cohort study. Archives Iran. Med. 16 (3). 138-144.
 Vahedian, M., Khanjani, N., Mirzaee, M., and Koolivand, A. (2017). Ambient air pollution and daily hospital admissions for cardiovascular diseases in Arak, Iran. ARYA Atheroscler. 13 (3), 117–134.
 Wang, R., Xu, R., Wei, J., Liu, T., Ye, Y., Li, Y., et al. (2022). Short-term exposure to ambient air pollution and hospital admissions for sequelae of stroke in Chinese older adults. GeoHealth 6, e2022GH000700. doi:10.1029/2022GH000700
 Wellenius, G. A., Bateson, T. F., Mittleman, M. A., and Schwartz, J. (2005). Particulate air pollution and the rate of hospitalization for congestive heart failure among medicare beneficiaries in Pittsburgh, Pennsylvania. Am. J. Epidemiol. 161 (11), 1030–1036. doi:10.1093/aje/kwi135
 Xu, Z., Xiong, L., Jin, D., and Tan, J. (2021). Association between short-term exposure to sulfur dioxide and carbon monoxide and ischemic heart disease and non-accidental death in Changsha city, China. Plos one 16, e0251108. doi:10.1371/journal.pone.0251108
 Yang, W., Jennison, B. L., and Omaye, S. T. (1998). Cardiovascular disease hospitalization and ambient levels of carbon monoxide. J. Toxicol. Environ. Health Part A 55 (3), 185–196. doi:10.1080/009841098158485
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Taheri, Nouri, Ziaddini, Rabiei, Pourmoghaddas, Shariful Islam and Sarrafzadegan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1126977-t003.jpg
Crude Adjusted
Cerebrovascular Total CVD Cerebrovascular Total CVD
disease disease

Lag0 175 433 440 (2.74,6.08) 187 126 4.61 449 (276,6.17) 166
(0.72,2.79) (1.996.72) (1.04,2.71) (0.27,2.26) (2.23,7.05) 0.90,242)

Lagl 148 330 375 (2.09,5.43) 161 123 2.89 3.89 (2.29,5.69) 143
(0.45,2.53) (0.97,5.69) (0.78,2.45) (0.22,2.25) (0.51,5.33) (0.67,221)

Lag2 198 303 348 (1825.16) 176 177 222 345 (1.75,5.17) 145
(095302) | (069,542) (093,2.59) (0.772.78) 17,4.67) (0.68,245)

Lag3 185 239 416 (2.51,5.85) 178 164 214 427 (2.58,5.99) 163
(0.81,2.89) (0.06:4.79) (0.94,2.62) (0.64,2.66) (-0.26,4.59) (0.86,239)

Lagi 201 364 358 (192,5.26) 196 197 355 379 (2.09,5.53) 199
0.97,3.05) (1.31,6.04) (1.14.279) (0.96,2.98) (1.15,6.01) (1.23277)

Lags 219 408 343 (177,5.12) 209 195 3.99 357 (187,531) 197
(L16324) | (174648) (1.26292) (0.952.97) (1.59,6.45) (1.21,2.75)

\

Lag0-1 197 450 459 (2.74,6.48) 207 141 459 495 (3.01,692) 187
(0833.11) | (1947.23) (1162.99) (0312.52) (1.87,7.38) (L02.2.71)

Lag0-2 221 441 501 (3.09,6.96) 225 195 433 540 (3.39,7.45) 226
(1.04,3.39) (1.73,7.17) (1.31,3.19) (0.81,3.11) (1.537.22) (1.39,3.14)

Lag2-5 254 435 504 (3.12,7.01) 249 223 3.67 5.70(3.59,7.85) 231
(1.363.73) (1.647.13) (155,343) (1.04,3.43) (0.76,6.65) (1.42,3.22)

Lag0-5 258 441 501 (3.02,7.04) 249 177 381 5.64 (3.43,7.90) 203
(136381) | (1627.28) (1.51,347) (0.53,3.02) (075,6.97) (1.09,2.98)

CVD, Cardiovascular disease; IHD, ischemic heart discase; HF, heart failure. Adjusted models are obtained by controlling wind speed, dew point, temperature, and holidays. The most effective

e e cach dimes:

shown in Bold form. Data are shown as percent change (95% Confidence interval).






OPS/images/fphys-14-1126977-t004.jpg
Cerebrovascular disease Total CVD

+0; 2,50 (1.22,3.80) 454 (207,7.07) 647 (4.16,8.84) 262 (1653.60) ‘

+NO, 2,53 (1.31,3.78) 4.47 (2.02,6.98) 6.08 (390,8.31) | 240 (1.47,3.34) ‘

+80, 2.13(0.89,3.39) 3.97 (1.46,6.54) 5.62 (3.41,7.86) 242 (1.49,3.37) ‘
+PM 2,05 (0.69,3.44) 466 (2.11,7.27) | 429 (1956.70) | 1.98 (0.95,3.01)
Muiltiple pollutants 2.74 (1.38,4.12) 4.28 (1.78,6.78) 6.47 (4.04,8.96) 2,67 (1.64,3.71)

05, 0zone; NO,, nitrogen dioxide; SO, sulfur dioxide; PM,, Particulate matter with an aerodynamic diameter <10 pm; CVD, Cardiovascular disease; IHD, ischemic heart disease; HF, heart
failure. For the most effective lag of each disease, effects were controlled by time-varying meteorological (temperature, wind speed, and dew point) and holiday variables and additionally each of
the pollutants in two pollutant models. In multiple pollutants models, latent factors obtained by exploratory factor analysis of NO,, Oy, SO, and PM,q added to models. Data are shown as
Giisaanit chaiips (OB Coubdinss interwabi.





OPS/images/fphys-14-1126977-t001.jpg
F (1,347 (5. Cerebrovascul

18-64 12969 (53.3) 7,933 (61.2) 459 (34.1) 869 (32.2)
265 11366 (46.7) 5027 (388) 888 (65.9) 1829 (67.8)
Sex

Female 11,775 (48.4) 5923 (457) 581 (43.1) 1,283 (47.6)

Male 12560 (51.6) 7,037 (54.3) 766 (56.9) 1415 (524)

Season |

Warm 11,839 (48.7) | 6,484 (49.9) 690 (51.2) 1,370 (50.8)
Cold 12496 (51.3) 6476 (50.1) 657 (48.8) 1,328 (49.2)

CVD. Cardiovascular disease: IHD. ischemic heart disease: HE. heart failure.





OPS/images/fphys-14-1126977-t002.jpg
Mean + SD Median (Q1-Q3)

co 4523 4 (27-355)
50, 376 £ 285 | 285 (214-40.7)
NO, 408 206 354 (29.6-504)
[ 308 % 129 309 (22.8-38.6)
PMyo 1391 £ 522 149.7 (97.0-170.2)
‘Wind speed 52+24 4.9 (3.6-6.2)
Temperature (F) 604 % 185 619 (42.1-77.4)
Dew point (F) 288 +89 297 (224-355)

CO, carbon monoxide; SO, sulfur dioxide; NO,, nitrogen dioxide; O3, ozone; PMq,

Particulate matter with an aerodynamic diameter <10 um.





OPS/images/math_qu1.gif
Z= (B, - B,) [ \SE + SEs*





OPS/images/inline_1.gif





OPS/images/inline_2.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Ambient carbon monoxide and cardiovascular-related hospital admissions: A time-series analysis		1 Introduction

		2 Methods		2.1 Data

		2.2 Statistical analysis





		3 Results

		4 Discussion		4.1 Strengths and limitations





		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-14-1126977-g001.gif





OPS/images/fphys-14-1126977-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





