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Abstract
Objective: This study investigated the association between long-term exposure to multiple ambient air pollutants and the risk of heart disease among middle-aged and older adults in China, and assessed the robustness of results as well as potential population heterogeneity through sensitivity and stratified analyses.

Methods: We used nationally representative data from the China Health and Retirement Longitudinal Study (CHARLS). A total of 9,403 participants were included in the cross-sectional analysis, and 7,750 participants free of heart disease at baseline were prospectively followed for 9 years (2011–2020). Annual average concentrations of PM₁, PM₂.₅, PM₁₀, NO₂, and O₃ were estimated using the high-resolution spatiotemporal China High Air Pollution (CHAP) model and assigned to participants based on city-level geocoded residential information. Logistic regression was applied for cross-sectional analyses, while Cox proportional hazards models were used for longitudinal analyses with stepwise adjustment for demographic, lifestyle, and clinical covariates. Multi-pollutant models and sensitivity tests were additionally performed.

Results: In the cross-sectional analysis, only PM₁₀ was significantly associated with prevalent heart disease (OR = 1.002, 95% CI: 1.000–1.004, P = 0.019). In the longitudinal analysis, each 1-SD increase in PM₁₀ and PM₂.₅ was associated with a 22.3% (HR = 1.223, 95% CI: 1.163–1.285) and 15.1% (HR = 1.151, 95% CI: 1.090–1.215) higher risk of incident heart disease, respectively (both P < 0.001). PM₁ and NO₂ were also positively associated with incident risk. For O₃, no significant association was observed in single-pollutant models (HR = 0.957, 95% CI: 0.908–1.009), but a negative association emerged after simultaneous adjustment for NO₂ in multi-pollutant models (HR = 0.779, 95% CI: 0.700–0.867), indicating high sensitivity to co-pollutant adjustment and exposure windows. Subgroup analyses suggested higher risks among women, rural residents, and individuals with lower education, although no significant interactions were detected.

Conclusions: Long-term exposure to PM₁, PM₂.₅, and PM₁₀ was robustly associated with an increased risk of heart disease, and this study provides novel epidemiological evidence for PM₁. These findings underscore particulate matter pollution as a modifiable risk factor and highlight the importance of targeted public health strategies for susceptible populations.
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Figure 1. Geographic Distribution of Sampling Sites Across Seven Regions of China

1 Introduction
Cardiovascular disease (CVD) is among the most prevalent non-communicable diseases (NCDs) worldwide, accounting for nearly one-third of all global deaths [1]. It remains a leading public health challenge, driving both mortality and disease burden on a global scale. According to the Global Burden of Disease (GBD) 2019 report, CVD was responsible for approximately 5.09 million deaths in China, and its share of total national mortality has continued to increase [2,3]. Within the spectrum of CVD subtypes, heart disease (HD)—encompassing myocardial infarction (MI), coronary heart disease (CHD), and heart failure (HF)—represents the predominant contributor and poses a particularly severe threat to population health [4,5].

Air pollution is widely recognized as a major modifiable risk factor for CVD [6]. The Global Burden of Disease (GBD) study reported that, in 2015, air pollution–related diseases accounted for approximately 4.2 million deaths worldwide, representing 7.6% of all global deaths, and contributed to an estimated 103 million disability-adjusted life years (DALYs), nearly 19% of which were attributable to cardiovascular mortality [7]. The World Health Organization (WHO) has further highlighted that the burden of air pollution is particularly pronounced for CVD and stroke, together responsible for more than one-third of all pollution-related deaths [8]. Air pollution is composed of both particulate matter and gaseous pollutants, whose physicochemical characteristics and toxicities vary across time and space [9]. Fine particulate matter (PM₂.₅, aerodynamic diameter <2.5 μm) and inhalable particulate matter (PM₁₀, aerodynamic diameter <10 μm) can penetrate deep into the respiratory tract, leading to systemic adverse health effects [10]. Nitrogen oxides (NOx) and ozone (O₃), primarily generated from traffic and industrial combustion, can further contribute to or intensify particulate pollution through secondary reactions [9]. Emerging evidence suggests that no safe threshold exists for the risk of HD associated with air pollution.

With respect to underlying mechanisms, extensive evidence indicates that exposure to PM₂.₅, PM₁₀, NO₂, and O₃ can accelerate atherosclerosis and vascular injury through pathways involving oxidative stress [11], endothelial dysfunction [12,13], and systemic inflammation [14], thereby elevating the risk of HD [15]. Epidemiological studies further substantiate these associations. The European Study of Cohorts for Air Pollution Effects (ESCAPE), encompassing 11 countries, reported that long-term PM₂.₅ exposure was significantly associated with an increased risk of coronary HD events, even at concentrations below the legal limits set by the European Union [16]. Likewise, the United States Environmental Protection Agency (EPA), in its Integrated Science Assessment for Particulate Matter (2019) and the 2022 supplemental report, synthesized extensive evidence linking PM₂.₅ exposure to elevated risks of cardiovascular events, including myocardial infarction, stroke, and heart failure, with many findings specifically implicating HD outcomes [17]. Evidence from the UK Biobank cohort further demonstrated that long-term exposure to PM₂.₅, PM₁₀, and NO₂/NOₓ was associated with increased risks of coronary HD, potentially mediated by leukocyte telomere length [18]. Additional analyses revealed that these pollutants were also related to higher risks of ventricular arrhythmias, with more pronounced effects observed among genetically susceptible individuals [19]. Systematic reviews and meta-analyses have reinforced these findings, showing that short-term exposure to PM and NOx is associated with increased risks of myocardial infarction, hypertension, and stroke, while long-term PM₂.₅ exposure is consistently linked to myocardial infarction and atherosclerosis. Moreover, limited evidence suggests positive associations with heart failure, arrhythmias, and atrial fibrillation [20]. Importantly, significant associations between air pollution and adverse cardiovascular outcomes have been observed even in countries with relatively low levels of pollution. In contrast, research in low- and middle-income countries (LMICs) remains insufficient, and prolonged exceedance of air quality standards may place populations at even greater health risks [21].

Despite substantial international evidence, critical gaps remain. Most studies have focused on conventional pollutants, with limited data on ultrafine particles, rural populations, and multipollutant interactions. Methodological limitations, such as reliance on time-series or ecological designs, further restrict robust individual-level inference. In China, comprehensive analyses linking multiple pollutants with HD are still lacking, despite persistently high pollution levels driven by rapid urbanization and industrialization.To fill these gaps, this study leverages nationally representative data from the China Health and Retirement Longitudinal Study (CHARLS) and incorporates multipollutant exposure estimates to systematically investigate the associations between long-term exposure to PM₂.₅, PM₁₀, NO₂, and O₃ and the risk of HD in middle-aged and older adults. Prospective analyses were conducted to further evaluate the robustness of these associations.

2. Methods
2.1 Study Population
The China Health and Retirement Longitudinal Study (CHARLS), led by the National School of Development at Peking University, employed a multistage, stratified, cluster sampling design across 150 counties (districts) in 28 provinces to assess the health, socioeconomic, and demographic characteristics of Chinese adults aged ≥45 years. CHARLS was launched in 2011, with follow-up surveys conducted in 2013, 2015, 2018, and 2020. The study protocol was approved by the Biomedical Ethics Review Committee of Peking University (IRB00001052-11015), and all participants provided written informed consent. The dataset is publicly accessible at http://charls.pku.edu.cn/pages/data/111/en. In this study, participants were longitudinally tracked using unique identification numbers. After excluding those with missing key covariates (N = 4,443), 9,403 participants were retained for the cross-sectional analysis. During the 9-year follow-up (2011–2020), we further excluded 1,056 participants with baseline HD and 597 lost to follow-up, leaving 7,750 participants for the prospective analysis (Figure 2). A total of 1,959 incident HD cases were documented in the prospective cohort. Using the Schoenfeld method (two-sided α = 0.05, power = 80%, R² = 0.20), the minimum detectable hazard ratio (MDHR) per 1-SD increase in exposure was estimated at ~1.07; across R² values of 0.10–0.30, the MDHR remained stable at 1.07–1.08. These results suggest that the study sample size was adequate to detect the small effect sizes commonly observed in environmental epidemiology.
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Figure 2. Flowchart of Participant Selection

2.2 Assessment of Air Pollution Exposure
We examined five common air pollutants—PM₁, PM₂.₅, PM₁₀, O₃, and NO₂. The China Air Pollution (CHAP) dataset, widely recognized as a reliable source for air pollution research in China, has been used in multiple national and regional studies [22,23] and is publicly available (https://weijing-rs.github.io/product.html). Validation studies have demonstrated high predictive accuracy, with coefficients of determination (R²) ranging from 0.80 to 0.92 based on ten-fold cross-validation [24].

The CHAP dataset integrates ground monitoring data, satellite remote sensing products, emission inventories, and atmospheric reanalysis, combined with a spatiotemporal random forest model to generate nationwide pollutant concentration estimates. Spatial resolution is 1 km for PM₂.₅, PM₁₀, and O₃, and 10 km for NO₂. In this study, long-term exposures were assessed by calculating annual mean pollutant concentrations during follow-up and linking them to participants’ city-level geocodes. Specifically, three-year average concentrations prior to the 2011 baseline survey were used to represent baseline exposure. Because CHARLS does not provide exact residential addresses, exposure assessment was conducted at the city level. All pollutant concentrations were modeled as continuous variables and expressed uniformly in micrograms per cubic meter (μg/m³).

2.3 Assessment of Heart Disease
The outcome variable in this study was the presence of HD, defined to include myocardial infarction (MI), CHD, angina, and heart failure (HF). The outcome was coded as a binary variable, where 0 represented "no" and 1 represented "yes." HD was identified based on participants’ self-reported responses to standardized questions, such as “Have you ever been told by a doctor that you have had a heart attack, CHD, angina, heart failure, or any other heart problems?” These variables were collected from longitudinal follow-up data spanning from the 2011 baseline to 2020.

2.4 Covariates
Covariates were chosen based on potential confounders previously identified in the literature as relevant to air pollution and HD [25], and included sociodemographic characteristics, lifestyle behaviors, and health conditions. Sociodemographic variables comprised age (continuous), sex (male/female), marital status (married/unmarried), educational level (primary or below/secondary/high school or above), and place of residence (urban/rural). Lifestyle variables included sleep duration (<6, 6–8, or >8 hours), smoking status (yes/no), and alcohol consumption (yes/no), all self-reported. Health-related covariates included body mass index (BMI, kg/m²), hypertension, and diabetes. Hypertension was defined as systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, self-reported physician diagnosis, or current use of antihypertensive medication. Diabetes was defined as fasting blood glucose ≥7.0 mmol/L, self-reported physician diagnosis, or current use of antidiabetic medication.

2.5 Statistical Analysis
Baseline characteristics were stratified by the presence or absence of HD. Normally distributed continuous variables were presented as mean ± standard deviation (SD), skewed variables as median with interquartile range (IQR), and categorical variables as frequencies (n) and percentages (%). Normality was assessed using the Kolmogorov–Smirnov test. Between-group differences were evaluated with analysis of covariance (ANCOVA) for normally distributed variables, nonparametric tests for skewed variables, and chi-square tests for categorical variables. In the cross-sectional analysis, generalized linear models (GLM) were used to evaluate associations between pollutant concentrations and baseline HD prevalence, with progressive adjustment: the crude model was unadjusted; Model 1 adjusted for demographic factors (age, sex, residence, education, marital status); and Model 2 further adjusted for lifestyle factors (smoking, drinking, social activities), chronic conditions (hypertension, diabetes), and BMI. In the prospective analysis, Cox proportional hazards models estimated associations between baseline long-term exposure (three-year average concentrations, 2008–2010, standardized per 1-SD increment) and incident HD. Adjustment was conducted in three stages: Model 1 unadjusted; Model 2 adjusted for sex and age; and Model 3 further adjusted for BMI, smoking, sleep duration, blood pressure, waist circumference, residence, education, marital status, hypertension, diabetes, and alcohol consumption. To examine independent effects, two- and three-pollutant models were constructed based on Model 3. Variance inflation factors (VIF) were calculated, excluding combinations with VIF > 5. Ridge-penalized Cox regression was performed as a sensitivity analysis. Subgroup and interaction analyses were conducted by sex, age (<65 vs. ≥65 years), residence (urban/rural), education, smoking, drinking, diabetes, and hypertension. Hazard ratios (HRs) were estimated within strata, and interaction terms (“pollutant × characteristic”) were included in fully adjusted models. Likelihood ratio tests were used to assess interactions, with false discovery rate (FDR) correction for multiple comparisons. In exploratory analyses, we additionally fitted interaction terms between pollutants (PM₂.₅×NO₂, PM₂.₅×O₃, NO₂×O₃) one at a time on top of fully adjusted models, and evaluated them using likelihood ratio tests with FDR correction.Model diagnostics included tests of the proportional hazards assumption using Schoenfeld residuals and assessment of linearity in exposure–outcome associations with restricted cubic splines (RCS). All analyses were conducted using Empower(RCH) and R software (version 4.4.1). Statistical significance was defined as two-sided P < 0.05.

3. Results
3.1 Characteristics of the Study Population
A total of 9,403 participants were included in the study, comprising 1,124 (11.95%) in the HD group and 8,279 (88.05%) in the non–HD group. Compared with participants without HD, those with HD had higher age, BMI, blood pressure, waist circumference, and triglyceride (TG) levels, but lower HDL-C levels (all P < 0.001). Total cholesterol (TC) was slightly higher in the HD group (P = 0.031), whereas LDL-C showed no significant difference. Regarding categorical variables, the HD group had higher proportions of women, urban residents, individuals with hypertension or diabetes, and unmarried participants, but a lower proportion of alcohol drinkers (all P < 0.05). Sleep duration also differed between groups (P = 0.007), while no significant differences were observed for the other variables (Table 1).

Table 1. Baseline Characteristics Comparison
	Variable
	Overall 
(n = 9,403)
	Non-heart disease
 (n = 8,279)
	Heart disease
 (n = 1,124)
	P-value

	Continuous variables
	
	
	
	

	BMI, n (%)
	23.15 (20.87–25.81)
	23.05 (20.79–25.63)
	24.20 (21.56–27.02)
	<0.001

	Age
	65.00 (59.00–72.00)
	65.00 (58.00–72.00)
	68.00 (62.00–75.00)
	<0.001

	SBP (mmHg)
	127.33 (114.67–142.33)
	126.67 (114.33–141.67)
	131.00 (117.67–148.00)
	<0.001

	DBP (mmHg)
	74.67 (67.33–83.33)
	74.67 (67.00–83.00)
	76.33 (68.33–85.33)
	<0.001

	TC (mg/dL)
	190.21 (167.01–215.34)
	189.82 (166.63–214.95)
	192.53 (169.72–216.88)
	0.031

	TG(mg/dL)
	105.32 (74.34–153.99)
	103.55 (73.46–150.45)
	119.48 (84.96–176.12)
	<0.001

	WC (cm)
	84.28 ± 12.65
	83.93 ± 12.42
	86.85 ± 14.01
	<0.001

	HDL-C (mg/dL)
	51.21 ± 15.27
	51.51 ± 15.28
	49.06 ± 15.04
	<0.001

	LDL-C (mg/dL)
	116.44 ± 35.15
	116.16 ± 34.99
	118.49 ± 36.23
	0.079

	Categorical variables
	
	
	
	

	Gender, n (%)
	
	
	
	<0.001

	 Male
	4,346 (46.22)
	3,896 (47.06)
	450 (40.04)
	

	 Female
	5,057 (53.78)
	4,383 (52.94)
	674 (59.96)
	

	Smoking, n (%)
	
	
	
	0.143

	 Yes
	3,668 (39.01)
	3,252 (39.28)
	416 (37.01)
	

	 No
	5,735 (60.99)
	5,027 (60.72)
	708 (62.99)
	

	Social activity, n (%)
	
	
	
	0.126

	 Yes
	4,751 (50.53)
	4,159 (50.24)
	592 (52.67)
	

	 No
	4,652 (49.47)
	4,120 (49.76)
	532 (47.33)
	

	Sleep duration, n (%)
	
	
	
	0.007

	<6 h
	1,309 (13.92)
	1,131 (13.66)
	178 (15.84)
	

	6-8 h
	6,264 (66.62)
	5,502 (66.46)
	762 (67.79)
	

	>8 h
	1,830 (19.46)
	1,646 (19.88)
	184 (16.37)
	

	Location, n (%)
	
	
	
	<0.001

	 Urban
	709 (7.54)
	569 (6.87)
	140 (12.46)
	

	 Rural
	8,694 (92.46)
	7,710 (93.13)
	984 (87.54)
	

	Education, n (%)
	
	
	
	0.056

	 Elementary or below
	2,675 (28.45)
	2,389 (28.86)
	286 (25.44)
	

	 Middle school
	3,911 (41.59)
	3,428 (41.41)
	483 (42.97)
	

	 High school or above
	2,817 (29.96)
	2,462 (29.74)
	355 (31.58)
	

	Marital status, n (%)
	
	
	
	0.006

	 Married
	8,289 (88.15)
	7,326 (88.49)
	963 (85.68)
	

	 Unmarried
	1,114 (11.85)
	953 (11.51)
	161 (14.32)
	

	Hypertension, n (%)
	
	
	
	<0.001

	 Yes
	3,825 (40.68)
	3,179 (38.40)
	646 (57.47)
	

	 No
	5,578 (59.32)
	5,100 (61.60)
	478 (42.53)
	

	DM, n (%)
	
	
	
	<0.001

	 Yes
	988 (10.51)
	830 (10.03)
	158 (14.06)
	

	 No
	8,415 (89.49)
	7,449 (89.97)
	966 (85.94)
	

	Drinking, n (%)
	
	
	
	<0.001

	 Yes
	3,063 (32.57)
	2,794 (33.75)
	269 (23.93)
	

	 No
	6,340 (67.43)
	5,485 (66.25)
	855 (76.07)
	


Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;TC, total cholesterol; TG, triglycerides; WC, waist circumference; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.

3.2 Air pollutant exposure and risk of heart disease
In cross-sectional logistic regression analyses, only PM₁₀ was significantly associated with HD risk. In the fully adjusted model, each 1 μg/m³ increase in PM₁₀ corresponded to a 0.2% higher risk of HD (OR = 1.002, 95% CI: 1.000–1.004, P = 0.019). No significant associations were detected for PM₂.₅, PM₁, NO₂, or O₃ in any model (Table 2).

Table 2. Logistic regression analysis of air pollutant exposure and risk of heart disease
	Exposure
	Crude
	P
	Model 1
	P
	Model 2
	P

	
	OR(95%CI)
	
	OR(95%CI)
	
	OR(95%CI)
	

	NO2
	1.002 (0.997, 1.007)
	0.467
	1.001 (0.995, 1.007)
	0.717
	0.998 (0.992, 1.003)
	0.396

	O3
	1.000 (0.997, 1.002)
	0.758
	0.998 (0.995, 1.001)
	0.262
	0.998 (0.995, 1.001)
	0.247

	PM1
	1.001 (0.996, 1.006)
	0.753
	1.000 (0.994, 1.005)
	0.895
	0.998 (0.992, 1.003)
	0.443

	PM10
	1.003 (1.002, 1.005)
	＜0.001
	1.003 (1.001, 1.005)
	＜0.001
	1.002 (1.000, 1.004)
	0.019

	PM2.5
	1.002 (1.000, 1.005)
	0.102
	1.002 (0.999, 1.005)
	0.242
	1.001 (0.998, 1.004)
	0.645


Crude model: unadjusted;
Model 1: adjusted for demographic variables (age, sex, residence, education level, marital status);
Model 2: further adjusted for lifestyle factors (smoking, drinking, social activities), chronic conditions (hypertension, diabetes), and body mass index (BMI).

3.3 Air pollutant exposure and risk of cardiac events
During follow-up, Cox regression analyses revealed significant positive associations of PM₁₀, PM₂.₅, and PM₁ exposures with cardiac event risk, which remained robust after full adjustment (HR = 1.223, 1.151, and 1.108, respectively; all P < 0.001). NO₂ was also positively associated, though with a smaller effect (HR = 1.106, P < 0.001), while O₃ showed no significant association in any model (Table 3).For interpretability, we additionally expressed effect sizes per 10 μg/m³ increase; estimates were directionally consistent with the 1-SD scaling (Supplementary Table S10).

Table 3. Cox regression analysis of standardized air pollutant exposure and risk of cardiac events
	Exposure
	Model 1
	P
	Model 2
	P
	Model 3
	P

	
	HR(95%CI)
	
	HR(95%CI)
	
	HR(95%CI)
	

	NO2
	1.143 (1.086, 1.203)
	<0.001
	1.147 (1.090, 1.208)
	<0.001
	1.106 (1.049, 1.166)
	<0.001

	O3
	0.977 (0.927, 1.029)
	0.375
	0.974 (0.924, 1.026)
	0.319
	0.957 (0.908, 1.009)
	0.103

	PM1
	1.140 (1.082, 1.201)
	<0.001
	1.140 (1.081, 1.202)
	<0.001
	1.108 (1.050, 1.170)
	<0.001

	PM10
	1.251 (1.192, 1.313)
	<0.001
	1.256 (1.197, 1.319)
	<0.001
	1.223 (1.163, 1.285)
	<0.001

	PM2.5
	1.183 (1.122, 1.247)
	<0.001
	1.184 (1.123, 1.248)
	<0.001
	1.151 (1.090, 1.215)
	<0.001


Model 1: unadjusted;
Model 2: adjusted for sex and age;
Model 3: further adjusted for BMI, smoking, sleep duration, systolic blood pressure, diastolic blood pressure, waist circumference, residence, education level, marital status, hypertension, type 2 diabetes, and alcohol consumption.

3.4 Single- and multi-pollutant analyses of air pollution and risk of cardiac events
The results indicated that, in multi-pollutant Cox regression models, PM₂.₅ and PM₁₀ were consistently positively associated with the risk of cardiac events, with hazard ratios ranging from 1.065 to 1.110 for PM₂.₅ and from 1.084 to 1.088 for PM₁₀ (both P < 0.05). O₃ generally showed an inverse association across models, with the lowest estimate observed when jointly adjusted for NO₂ (HR = 0.779, 95% CI: 0.700–0.867, P < 0.001). In contrast, the results for NO₂ were less consistent: it demonstrated a significant positive association when modeled together with O₃ (HR = 1.216, P < 0.001), but was not significant when included alongside particulate matter (P > 0.05) (Table 4).

Table 4.Independent and combined effects of ambient air pollutants on the risk of cardiac events
	Primary pollutant
	Model combination
	Included pollutant
	HR (95% CI)
	P-value

	PM₂.₅
	+ NO₂
	PM₂.₅
	1.110 (1.052, 1.171)
	<0.001

	
	
	NO₂
	0.964 (0.878, 1.058)
	0.44

	
	+ O₃
	PM₂.₅
	1.104 (1.068, 1.141)
	<0.001

	
	
	O₃
	0.865 (0.789, 0.948)
	0.002

	
	+ O₃ + NO₂
	PM₂.₅
	1.065 (1.004, 1.130)
	0.036

	
	
	O₃
	0.820 (0.730, 0.921)
	<0.001

	
	
	NO₂
	1.093 (0.969, 1.233)
	0.147

	PM₁₀
	+ NO₂
	PM₁₀
	1.087 (1.066, 1.109)
	<0.001

	
	
	NO₂
	0.914 (0.851, 0.981)
	0.014

	
	+ O₃
	PM₁₀
	1.084 (1.066, 1.102)
	<0.001

	
	
	O₃
	0.802 (0.729, 0.882)
	<0.001

	
	+ O₃ + NO₂
	PM₁₀
	1.088 (1.065, 1.111)
	<0.001

	
	
	O₃
	0.813 (0.732, 0.903)
	<0.001

	
	
	NO₂
	0.975 (0.899, 1.057)
	0.552

	O₃
	+ NO₂
	O₃
	0.779 (0.700, 0.867)
	<0.001

	
	
	NO₂
	1.216 (1.138, 1.299)
	<0.001

	
	+ PM₂.₅
	O₃
	0.865 (0.789, 0.948)
	0.002

	
	
	PM₂.₅
	1.104 (1.068, 1.141)
	<0.001

	NO₂
	+ O₃
	NO₂
	1.216 (1.138, 1.299)
	<0.001

	
	
	O₃
	0.779 (0.700, 0.867)
	<0.001

	
	+ PM₂.₅
	NO₂
	0.964 (0.878, 1.058)
	0.44

	
	
	PM₂.₅
	1.110 (1.052, 1.171)
	<0.001


All models were adjusted for the following covariates: age, sex, education level, marital status, smoking, alcohol consumption, social activities, body mass index (BMI), hypertension, type 2 diabetes, and region of residence.

3.5 Dose–response relationships between air pollutants and risk of cardiac events
Restricted cubic spline models demonstrated significant nonlinear positive associations of PM₁, PM₂.₅, and NO₂ with cardiac event risk (P for overall < 0.001; P for nonlinearity < 0.001), with risk increasing steadily as concentrations rose. PM₁₀ showed a consistent linear positive association (P for overall < 0.001; P for nonlinearity = 0.520). By contrast, O₃ displayed a significant nonlinear inverse association (P for overall = 0.001; P for nonlinearity = 0.001) (Figure 3).
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Models adjusted for age, sex, education level, marital status, smoking, alcohol consumption, BMI, hypertension, type 2 diabetes, and region of residence. The red line indicates estimated hazard ratios (HRs), with pink shading denoting 95% confidence intervals.
Figure 3. Restricted cubic spline curves for the associations between air pollutant exposure and cardiovascular event risk.

3.6 Subgroup and interaction analyses
Interactions between air pollutants and sex, educational level, and residential region were not statistically significant (P for interaction > 0.05) (Table 5). Nevertheless, stratified analyses suggested that women, individuals with lower educational attainment, and rural residents had higher risk estimates associated with exposure to PM₁, PM₂.₅, and PM₁₀ compared with their respective reference groups (Supplementary Figure 1, Supplementary Table 2). Furthermore, in exploratory analyses, pollutant–pollutant interaction terms (PM₂.₅×NO₂, PM₂.₅×O₃, NO₂×O₃) reached statistical significance after FDR correction (Supplementary Table S10); however, the corresponding hazard ratios were extremely close to unity (e.g., 1.001–1.002).

Table 5. Subgroup and interaction analyses of air pollutant exposure and risk of cardiac events
	Subgroup
	PM₁ HR (95% CI)
	PM₂.₅ HR (95% CI)
	PM₁₀ HR (95% CI)

	Gender
	
	
	

	Male
	1.084 (0.998, 1.179)
	1.118 (1.028, 1.216)
	1.180 (1.090, 1.278)

	Female
	1.126 (1.051, 1.206)
	1.174 (1.096, 1.258)
	1.249 (1.173, 1.329)

	P for interaction
	0.495
	0.376
	0.270

	Age
	
	
	

	<65
	1.101 (1.014, 1.194)
	1.154 (1.062, 1.253)
	1.265 (1.171, 1.365)

	≥65
	1.104 (1.029, 1.184)
	1.138 (1.061, 1.220)
	1.182 (1.108, 1.261)

	P for interaction
	0.961
	0.795
	0.185

	Location
	
	
	

	Urban
	0.946 (0.758, 1.181)
	1.024 (0.831, 1.261)
	1.146 (1.003, 1.309)

	Rural
	1.120 (1.060, 1.184)
	1.161 (1.099, 1.228)
	1.236 (1.171, 1.304)

	P for interaction
	0.144
	0.249
	0.290

	Education
	
	
	

	Elementary or below
	1.066 (0.971, 1.170)
	1.108 (1.010, 1.215)
	1.204 (1.095, 1.325)

	Middle school
	1.190 (1.091, 1.298)
	1.238 (1.135, 1.351)
	1.270 (1.181, 1.366)

	High school or above
	1.060 (0.962, 1.168)
	1.095 (0.992, 1.210)
	1.166 (1.064, 1.279)

	P for interaction
	0.128
	0.113
	0.344



3.7 Sensitivity Analysis
We conducted a series of sensitivity analyses to evaluate the robustness of the findings. Inclusion of both NO₂ and O₃ in multi-pollutant models did not materially change the associations of PM₂.₅ and PM₁₀ with cardiac event risk (Table S3). Ridge regression further confirmed that risk estimates for PM₂.₅ and PM₁₀ remained stable after accounting for multicollinearity, while the effect sizes of O₃ and NO₂ were comparable to those observed in the main models (Table S8). Collinearity diagnostics indicated moderate correlations among pollutants; however, all variance inflation factors (VIFs) in optimized models were below 5, suggesting that multicollinearity had no meaningful impact (Tables S5 and S9). Exclusion of extreme values, either through 1%/99% Winsorization or by omitting cities in the top and bottom 1% of mean exposures, did not materially affect PM₂.₅ estimates (Table S6). Results for PM₂.₅ and PM₁₀ were also consistent across alternative exposure windows, whereas estimates for O₃ showed some fluctuation but did not alter the overall interpretation (Table S4). Analyses applying city-clustered robust standard errors and city-level frailty models yielded similar conclusions (Table S7).

4 Discussion
This study, drawing on a large sample of middle-aged and older adults from the CHARLS cohort, systematically examined the associations between multiple air pollutants and HD risk. Particulate matter, including PM₁, PM₂.₅, and PM₁₀, was positively associated with cardiovascular events, and these associations remained robust across multi-pollutant models and sensitivity analyses, suggesting that particles of different sizes may exert consistent adverse effects on cardiovascular health. In the cross-sectional GLM analyses, the associations for PM₁₀ were relatively consistent across models; however, the effect size was minimal and of limited clinical relevance.

This finding is consistent with several international studies. A prospective analysis based on the UK Biobank reported that combined exposure to multiple air pollutants may increase the risk of HD, particularly heart failure, with PM₂.₅ and PM₁₀ identified as the main drivers [26]. Similarly, systematic reviews and meta-analyses have consistently demonstrated significant associations between PM₂.₅ exposure and the incidence of heart failure [27,28,29]. In the Chinese context, a study using data from the Global Burden of Disease database showed that PM₂.₅-related HD mortality increased steadily between 1994 and 2019, with risks rising significantly with age [30]. In South Korea, a nationwide cohort study found that long-term PM₂.₅ exposure was associated with higher HD mortality among middle-aged adults, with the strongest associations observed for heart failure–related deaths [31]. Collectively, this body of evidence highlights the substantial public health burden of particulate matter pollution across diverse populations. In comparison, the present study not only confirmed the robustness of PM₂.₅ and PM₁₀ associations in a nationally representative Chinese sample, but also complements recent time-series evidence showing that short-term PM₁ exposure increases the risk of HD deaths, with approximately 5.7% of related deaths attributable to PM₁, and older adults being disproportionately affected [32]. Taken together, these short-term and long-term findings suggest that PM₁ may play an important role in the development of HD.

In contrast, the associations of NO₂ and O₃ were less consistent in this study. NO₂ was related to cardiac risk in single-pollutant models, but its effects were unstable in multi-pollutant models. Such inconsistencies were not observed in the European ELAPSE Project, which found that NO₂ remained associated with cardiovascular outcomes even at low concentrations and retained significance in multi-pollutant models [33], suggesting that differences in exposure assessment and model specification may partly explain the divergent findings. Results for O₃ were likewise unstable, showing inverse associations in some models but a reversal of direction after adjustment for exposure windows. The ELAPSE Project also reported that associations between O₃ and mortality were substantially attenuated in multi-pollutant models [33]. Additionally, a cross-sectional imaging study among healthy Canadian adults found that NO₂ was associated with reduced carotid wall volume (CWV), whereas O₃ was significantly associated with increased CWV [34], suggesting that gaseous pollutants may affect subclinical atherosclerosis through complex biological pathways. Taken together, our findings and prior evidence suggest that the health effects of NO₂ and O₃ remain uncertain, highlighting the need for future investigations that incorporate more refined individual-level exposure assessments and optimized multi-pollutant modeling strategies. Notably, the inverse associations of O₃ observed in multi-pollutant models should not be construed as protective effects, but are more likely to represent artifacts driven by exposure correlation structures or model specifications.

Beyond epidemiological evidence, a growing body of reviews and experimental studies has elucidated the potential mechanisms linking air pollution to HD. Long-term PM₂.₅ exposure has been shown to elevate the risk of acute coronary syndrome, myocardial infarction, arrhythmias, and heart failure through oxidative stress, systemic inflammation, endothelial dysfunction, autonomic imbalance, and thrombogenesis [29,35–37]. Animal studies further demonstrate that chronic PM₂.₅ exposure induces myocardial structural damage and inflammatory responses, accompanied by increased expression of ICAM-1, CRP, and other inflammation-related proteins [38]; nanoparticles may also deposit at vascular lesions, accelerating local inflammation and atherosclerosis [39]. At the molecular level, air pollution promotes reactive oxygen species (ROS) generation and activates key signaling pathways—including Toll-like receptors (TLRs), NF-κB, Nrf2, and the aryl hydrocarbon receptor (AhR)—thereby triggering inflammatory and oxidative stress responses [40–43]. These processes impair vascular relaxation, reduce heart rate variability [44], and are linked to catecholamine dysregulation and sympathetic activation [45], ultimately heightening the risk of arrhythmia and thrombosis [37,46]. Additional mechanisms include impaired HDL functionality [47], epigenetic modifications [48], and immune activation, while emerging evidence suggests that oxidative and inflammatory pathways may also contribute to metabolic syndrome and arteriosclerosis [49,50]. Taken together, evidence from epidemiological, animal, and mechanistic studies strongly supports the role of particulate and gaseous pollutants in the development of HD, providing robust biological plausibility for the present findings.

Further subgroup analyses suggested that women, individuals with lower education, and rural residents were at relatively higher risk of HD associated with PM exposure. Although the interaction effects were not statistically significant, these trends point to potential population susceptibility or differences in environmental exposure. Prior studies have shown that women may be more vulnerable to pollution-related damage through oxidative stress and one-carbon metabolic pathways [51]; residents of areas with inadequate environmental governance or persistently high pollution levels experience greater risks of HD [52]; and those with lower education and socioeconomic status often have limited health literacy and protective awareness, amplifying the adverse effects of pollution [53]. These findings align with the stratified trends observed in this study and underscore the importance of considering population susceptibility in air pollution control and CVD prevention to enable more targeted public health interventions. On this basis, strengthening the transition to clean energy, vehicle emission control, and industrial pollution regulation is essential to reduce long-term exposure in high-risk populations and to mitigate the burden of CVD. Notably, a recent Chinese cohort study of more than 5.8 million participants confirmed the association between air pollution and CVD and emphasized the influence of lifestyle factors [54]. Although more modest in scale, our study focuses on middle-aged and older adults, incorporates PM₁ exposure, and employs rigorous sensitivity analyses, thereby providing complementary evidence to the existing literature.Although some pollutant–pollutant interaction terms reached statistical significance in exploratory analyses, their effect sizes were negligible (hazard ratios close to 1), lacking biological or clinical relevance. Therefore, the core conclusions of this study do not rely on these interaction results but rather focus on the robust associations between long-term single-pollutant exposures and HD risk.

5 Strengths and Limitations
Drawing on a nationally representative cohort, this study systematically examined the associations of PM₂.₅, PM₁₀, and PM₁ exposure with HD risk and confirmed the robustness of the results through multi-pollutant models and sensitivity analyses. Subgroup analyses indicated that women, rural residents, and individuals with lower education may face elevated risks, providing valuable insights for identifying susceptible populations. Notably, this study provides nationwide epidemiological evidence on PM₁, contributing to a deeper understanding of the relationship between particulate matter and HD.

Nevertheless, this study has several limitations. Air pollution exposure was estimated from region-level averages, which may not reflect individual variability. HD outcomes were self-reported, introducing the possibility of information bias, and cross-sectional effect sizes were relatively small, limiting clinical relevance. The inconsistent associations observed for O₃ and NO₂ may reflect pollutant collinearity or spatial heterogeneity. Compared with larger-scale studies, the sample size was modest, reducing statistical power to detect weak effects or interactions. Furthermore, clinical adjudication of outcomes and advanced spatiotemporal exposure models were not applied, which may restrict the generalizability of our findings. Nonetheless, this study offers valuable complementary evidence on the association between long-term particulate matter exposure and HD in the Chinese population, highlighting the public health significance of air pollution as a modifiable risk factor. Residual confounding cannot be excluded, as individual-level data on diet, physical activity, and neighborhood environmental characteristics (e.g., greenness, traffic density) were unavailable, and meteorological covariates were not explicitly incorporated in the long-term analyses. Given the likely non-differential misclassification from city-level exposure assessment and self-reported outcomes, the observed effect estimates may have been biased toward the null.

6. Conclusion
Using a cohort of middle-aged and older adults in China, this study found that long-term exposure to PM₁, PM₂.₅, and PM₁₀ was significantly associated with increased HD risk, with these associations remaining robust across multiple models and sensitivity analyses. By contrast, the effects of NO₂ and O₃ were inconsistent, indicating that their health risks should be interpreted cautiously and require further investigation. Stratified analyses suggested that women, individuals with lower education, and rural residents may be more susceptible to particulate matter, although these differences need further confirmation. Overall, this study underscores particulate pollution as a modifiable risk factor and highlights the need for targeted public health strategies to protect vulnerable populations and reduce the burden of HD.
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