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A B S T R A C T   

Background: Although exposure to ambient air pollution (AAP) increases the risk for arteriosclerotic cardiovas-
cular disease (ASCVD), evidence on the association of solid fuel use with ASCVD and its association modified by 
ambient air pollution remains limited. 
Methods: A total of 16,779 adults were derived from the Henan Rural Cohort Study. Concentrations of ambient air 
pollutants (PM1, PM2.5, PM10, and NO2) were estimated by a spatiotemporal model based on satellites data. Solid 
fuel use was assessed by a self-reported questionnaire. The associations of solid fuel use with high 10-year ASCVD 
risk and the modified association by exposure to air pollutants were explored using logistic regression models. 
Results: There were positive associations of AAP exposure with high 10-year ASCVD risk among individuals with 
self-cooking. The joint associations between high AAP exposures and solid fuel use with high 10-year ASCVD risk 
were found. Compared to clean fuel user with low PM2.5 exposure, the odds ratios (ORs) and 95% confidence 
intervals (CIs) of high 10-year ASCVD risk was 1.25 (1.09, 1.42) for solid fuel user with low PM2.5 exposure, 1.93 
(1.75, 2.12) for clean fuel user with high PM2.5 exposure, and 3.08 (2.67, 3.54) for solid fuel user with high PM2.5 
exposure, respectively. Their additive effect on high 10-year ASCVD risk was observed (relative excess risk due to 
interaction (RERI): 0.90 (95 %CI: 0.50, 1.30), attributable proportion due to interaction (AP): 0.29 (95 %CI: 
0.19, 0.40), and synergy index (SI): 1.77 (95 %CI: 1.38, 2.26)). 
Conclusion: This study showed a synergistic effect of AAP and household air pollution reflected by solid fuel use 
on high 10-year ASCVD risk, suggesting that reducing solid cooking fuels and controlling air pollution may have 
a joint effect on public health improvement.   

Abbreviations: 95% CI, 95% confidence interval; AAP, ambient air pollution; AP, attributable proportion due to interaction; ASCVD, atherosclerotic cardiovascular 
disease; CI, confidence interval; CVD, cardiovascular disease; HAP, household air pollution; NO2, nitrogen dioxide; OR, odds ratio; PM1, particulate matter with an 
aerodynamics diameter ≤ 1.0 µm; PM10, particulate matter with an aerodynamics diameter ≤ 10 µm; PM2.5, particulate matter with an aerodynamics diameter ≤ 2.5 
µm; RERI, relative excess risk due to interaction; SI, synergy index. 
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1. Introduction 

Atherosclerotic cardiovascular disease (ASCVD), a cluster of coro-
nary artery disease, stroke and peripheral arterial disease, is a major 
cause of mortality, and has contributed to high healthcare costs world-
wide (Leening et al., 2016; Stone et al., 2014). In China, the percentage 
(number) of all-cause death attributable to ASCVD has increased from 
11% (1 million) in 1990 to 25% (2.4 million) in 2016 (Zhao et al. 2019). 
Growing evidence suggests exposure to air pollution is associated with 
increased cardiometabolic disease risk (Alexander et al., 2015; Cesaroni 
et al., 2014; Faustini et al., 2014; Hoek et al., 2013; Norris et al., 2016; 
Painschab et al., 2013; Unosson et al., 2013; Feigin et al., 2016; Institute 
for Health Metrics and Evaluation (IHME), 2019). Owing to the financial 
and social burden caused by ASCVD, it is urgent to assess risk and 
modified factors such as air pollution, which might provide a clue for the 
implementation of effective measures for ASVCD prevention (Donath 
and Shoelson 2011; Tu et al. 2020). 

Air pollution, including household air pollution (HAP) and ambient 
air pollution (AAP), has been considered as one of the greatest silent 
killers of human (Landrigan 2017). The World Health Organization re-
ported that AAP and HAP were responsible for 7.6% and 7.7% of mor-
tality in the global context, respectively (WHO, 2019). AAP and HAP 
have been ranked as the fourth and fifth risk factors for poor health in 
China (Institute for Health Metrics and Evaluation; Human Development 
Network;  The World Bank, 2013). Epidemiological studies have re-
ported that exposure to long-term AAP is associated with an increased 
risk of CVD events, such as acute myocardial infarction, stroke, and 
cardiovascular mortality (Cesaroni et al., 2014; Faustini et al., 2014; 
Hoek et al., 2013; Feigin et al., 2016). Experimental studies have 
demonstrated that ambient particulate matter can induce systemic 
vascular oxidative stress response and subsequently cause endothelial 
dysfunction and promote plaque formation (Araujo 2010; Mills et al. 
2011; Mills et al. 2005; Wauters et al. 2013) and ultimately contribute to 
the development of CVD. Data supporting the association between HAP 
from solid fuel use and CVD are emerging. It has been recorded that solid 
fuel use is positively associated with CVD risk factors such as increased 
systolic and diastolic blood pressure, and higher prevalence of hyper-
tension, carotid intima-media thickness, and arterial stiffness (Alex-
ander et al. 2015; Norris et al. 2016; Painschab et al. 2013; Unosson 
et al. 2013). Exposure to pollutant emissions from a cooking stove can 
induce oxidative damage to DNA and mitochondria by irrigating 
imbalance of oxidant-antioxidant status which may be involved in age- 
related diseases such as CVD (Mondal et al. 2010; Wick et al. 2003). 

Indoor and outdoor air pollution can be mutually dependent and 
interacting with each other. Evidence has suggested that ambient air 
pollutants can infiltrate into indoor environments which may lead to the 
increase of indoor air pollutants levels (Kinney et al. 2002), and in turn, 
the fine particles from the uncompleted combustion of household solid 
fuel can contribute to increment in levels of ambient air pollutants 
(Chafe et al. 2014). Although indoor air pollution is mainly sourced from 
solid fuel use for cooking in the Chinese rural population, few epide-
miological studies have explored the effect of solid fuel use on the as-
sociation of AAP with cardiovascular events. Therefore, the major aim of 
this study is to assess the joint effect between solid fuels and air pol-
lutants on 10-year ASCVD risk using baseline data from the Henan Rural 
Cohort Study. 

2. Methods 

2.1. Study population 

In this study, individuals were obtained from the Henan Rural Cohort 
Study, a large population-based cross-sectional study, which was con-
ducted in the rural regions of Henan province in China. Details of the 
study design, data collection, and measurements were described else-
where (Liu et al. 2019). Briefly, a multi-stage stratified cluster sampling 

method was used to recruit 39,259 permanent residents aged 18–79 
years who had lived in the same place for at least 3-year from five rural 
areas (Xinxiang, Tongxu, Yuzhou, Suiping, and Yima counties) in Henan 
Province, China, during 2015–2017. Questionnaires (individual char-
acteristics, socioeconomic status and lifestyles) and physical examina-
tions (such as fasting blood glucose and other biochemical parameters 
(total cholesterol, and HDL cholesterol)) of participants were performed 
in accordance with the standardized procedures. After excluding par-
ticipants without self-cooking meals (n = 17,777), younger than 35 
years or older than 75 years (n = 1769), and participants with missing 
data on fuel type (n = 308), 10-year ASCVD risk predictors (waist 
circumference (WC), systolic blood pressure (SBP), total cholesterol 
(TC), high-density lipoprotein cholesterol (HDLC), diabetes, family 
history of ASCVD, and personal histories of ASCVD) (n = 2626), a total 
of 16,779 participants were involved for further analysis. This study was 
approved by the Zhengzhou University Life Science Ethics Committee. 
Written consent was obtained from each participant prior to this study. 

2.2. Ascertainment of exposure 

HAP exposure was measured using the self-reported questionnaire 
including fuel types, which was in line with many previous epidemio-
logic studies (Clark et al. 2013; Li et al. 2019). A questionnaire was used 
to collect information from a face-face interview in this study. In-
dividuals were requested to provide information about the following 
data: how many times the individuals cooked meals at home per week on 
average, main cooking fuel type (gas, coal, wood, electricity, other), the 
average duration time for cooking a meal, and the kitchen ventilation 
(extractor hood, exhaust fan, window, other). Although multiple types 
of fuels may be used to cook meals by individuals at the same time, only 
the fuel which was used most frequently was collected. Individuals were 
classified into solid fuel use group if they cooked meals using coal or 
wood as their primary cooking fuel. Individuals were classified into the 
clean fuel use group if they cooked meals primarily using gas or elec-
tricity. The gas category included natural-, coal- and liquefied 
petroleum-gas. The “other” was comprised of all fuel types not specified 
above, such as diesel, kerosene, as well as solar energy. 

AAP, including particulate matter with an aerodynamic diameter ≤
1.0 µm (PM1), ≤ 2.5 µm (PM2.5), or ≤ 10 µm (PM10), as well as nitrogen 
dioxide (NO2) was assessed using random forest models based on sat-
ellites data and the good predictive power of the estimated air pollutants 
concentrations have been validated (Chen et al. 2018a; Chen et al. 
2018b). Daily concentrations of PM1, PM2.5, PM10, and NO2 were 
calculated by using a 0.1◦ × 0.1◦ spatial resolution. The random forest 
models were used to assess concentrations of PM1, PM2.5, PM10, and NO2 
through monitoring data, satellite remote sensing, meteorological and 
land use information, and other spatial and temporal predictors. The 3- 
year average concentrations of estimated air pollutants for each 
participant were calculated by using their corresponding geocoded 
home addresses (longitude and latitude) and survey dates. 

2.3. Ascertainment of outcome 

The 10-year predicted risk of ASCVD was calculated using equations 
from the China-PAR project (China ASCVD Risk Prediction) (Yang et al. 
2016). The China-PAR project has developed a 10-year ASCVD risk 
prediction equation that has been validated to be more suitable for the 
Chinese population. This study used age, gender, systolic blood pressure, 
HDL cholesterol, total cholesterol, waist circumference, current smok-
ing, diabetes, and family history of ASCVD to predict the 10-year ASCVD 
risk. Type 2 diabetes mellitus (T2DM) individuals were defined as those 
with fasting blood glucose ≥ 7.0 mmol/L or those who self-reported 
T2DM and are currently receiving antidiabetic medication. Partici-
pants with family histories of ASCVD were defined as those who had at 
least one parent or sibling with coronary heart disease, myocardial 
infarction, or stroke. The participants were classified into low (<10%) 
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and high (≥10%) 10-year ASCVD risk based on the estimated ASCVD 
risk (Yang et al. 2016). 

2.4. Assessment of covariates 

Covariates were selected as potential confounders between the 
exposure and outcome or predictors of outcome including, marital status 
(married/cohabitation, unmarried/divorced/widowed), socioeconomic 
status (education level - elementary school or below, junior high school, 
high school or above), averaged monthly income (<500 RMB, 500–999 
RMB and ≥ 1000 RMB), lifestyles (alcohol drinking habits - never, ever 
and current), high-fat diet, fruit and vegetable intake, and physical ac-
tivity (measured in accordance with the international physical activity 
questionnaire (Tu et al. 2019)) and cooking characteristics (kitchen 
ventilation, cooking frequency, cooking duration). For dietary intake 
data collection, the Food Frequency Questionnaire (FFQ) was used to 
collect information on the quantity (grams) and frequency (never, days, 
weeks, months, and years) of their high fat diet (poultry, e.g., chicken 
and ducks) and livestock (e.g., pigs, cattle, and sheep), as well as fruit 
and vegetable consumption in the past year. This FFQ has been 
demonstrated to be suitable for rural adults, with acceptable reproduc-
ibility and validity (Xue et al. 2020). The data collection on other po-
tential confounders such as smoking status, physical activity has been 
demonstrated a good to high agreement between baseline study and re- 
survey in a large prospective study (Li et al. 2019). 

2.5. Statistical analysis 

Continuous variables were expressed as mean (mean, standard de-
viation - SD) and categorical variables were expressed as number and 
percentage. Differences in baseline characteristic distributions between 
low and high 10-year ASCVD risk were tested using the Student’s t-test 
for continuous variables and Chi-square test for categorical variables. 
Logistic regression models were used to estimate the independent as-
sociations of ambient air pollutants and cooking fuel types with high 10- 
year ASCVD risk, and the estimated odds ratios (ORs) and 95% confi-
dence intervals (CIs) were reported. To explore the linearity of the as-
sociations between AAP and high 10-year ASCVD risk, AAP (PM1, PM2.5, 
PM10, NO2) were categorized into quartiles and the lowest quartile was 
set as the reference group. Trend tests were used to identify the linearity 
of associations between AAP and 10-year ASCVD risk with increasing 
quartiles. Furthermore, logistic regression models with restricted cubic 
splines were used to assess the linearity of associations between air 
pollutants and 10-year ASCVD risk (Fig. S1). Considering that the 
nonlinear associations of PM1 and NO2 with 10-year ASCVD risk may be 
attributable to their outliers, we conducted a sensitivity analysis to 
examine the linearity of associations of PM1 and NO2 which were fixed 
at 5th-95th percentile ranges with 10-year ASCVD risk. 

To quantify the combined associations of AAP and cooking fuel type 
with 10-year ASCVD risk, AAP were dichotomized according to their 
corresponding medians values. The multiplicative interactions were 
assessed by including the main effect of APP and cooking fuel type and 
their product term in the models. The p-values of product term were 
used to identify their multiplicative interaction of them. The relative 
excess risk due to interaction (RERI), attributable proportion due to 
interaction (AP), and synergy index (SI) were used to quantify their 
additive interaction. The modified effect of cooking fuel type on the 
association between AAP and 10-year ASCVD risk was calculated as the 
following formula (Zeka et al. 2006): 
(

Q̂1 − Q̂2
)
± 1.96

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ŜE1 − ŜE2
√

where Q̂1 and Q̂2 represent the estimated effect of AAP on 10-year 
ASCVD risk in the clean and solid fuel groups; ŜE1 and ŜE2 represent 
as the corresponding standard errors. As shown in Fig. S2, linear 

associations of PM1 and NO2 with 10-year ASCVD risk were observed, 
and thus the concentrations of PM1 and NO2 were limited to the 5% to 
95% percentile. Furthermore, the associations of AAP with 10-year 
ASCVD risk were analyzed by stratifying the fuel types and the 
changes in the association of solid fuel use with 10-year ASCVD risk 
along with increased levels of AAP were assessed. All analyses were 
performed using logistic regression models, adjusted for covariates 
including marital status, education level, average monthly income, 
drinking status, high fat diet, vegetables and fruits intake, physical ac-
tivity, cooking frequency, cooking duration time, and kitchen ventila-
tion. All data analyses were conducted in R version 3.5.1 and all 
statistical significances were set a P-value < 0.05 at two-tail. 

3. Results 

3.1. Study population characteristics 

Table 1 shows that 4041 of 16,779 participants had a high 10-year 
ASCVD risk. Compared to participants with low 10-year ASCVD risk, 
those with high 10-year ASCVD risk were more likely to be older, have a 
lower socioeconomic status, unhealthy lifestyles (lower physical activ-
ity, smoking and drinking, intake lower vegetables/fruits, and more 
high fat foods) and have poorer kitchen ventilation. 

Table 2 shows the median value of PM1 (56.81 µg/m3 vs. 56.40 µg/ 
m3), PM2.5 (73.25 µg/m3 vs. 71.72 µg/m3), PM10 (132.63 µg/m3 vs. 
128.35 µg/m3), or NO2 (38.80 µg/m3 vs. 37.47 µg/m3) was higher in 
individuals with high 10-year ASCVD risk than that in the ones with low 
10-year ASCVD risk. 

3.2. Independent associations of air pollutants or solid fuel use with high 
10-year ASCVD risk 

Table 3 shows that, in model 1, the odds ratios (ORs) and 95% 
confidence intervals (CIs) of high 10-year ASCVD risk in each 1 µg/m3 

increment in PM1, PM2.5, PM10, and NO2 were 1.11 (1.09, 1.13), 1.18 
(1.16, 1.21), 1.07 (1.06, 1.08) and 1.11 (1.10, 1.13), respectively. 
Compared to participants with self-cooking using clean fuels, that 
cooking using solid fuels had an increased OR (1.69, 1.55–1.83) of high 
10-year ASCVD risk. In model 3a, the ORs (95% CIs) of high 10-year 
ASCVD risk in each 1 µg/m3 increment in PM1, PM2.5, PM10, and NO2 
were 1.12 (1.09, 1.14), 1.22 (1.19, 1.25), 1.09 (1.08, 1.10) and 1.17 
(1.15, 1.19), respectively. Compared to participants with self-cooking 
using clean fuels, the ORs (95% CIs) for high 10-year ASCVD risk was 
1.36 (1.23, 1.49), 1.44 (1.31, 1.59), 1.48 (1.35, 1.63), and 1.45 (1.31, 
1.59) for participants who cooked with solid fuels in the models 3b-e. 
Increased risk of high 10-year ASCVD risk was accompanied by 
increased quartiles of air pollution (PM1, PM2.5, PM10, and NO2) (all 
Ptrend < 0.001). 

3.3. Interactive associations of air pollutants and solid cooking fuel use 
with high 10-year ASCVD risk. 

Table 4 shows the combined associations of solid fuel use and high 
AAP exposure with high 10-year ASCVD risk. Significant multiplicative 
interaction effects of cooking fuel type and exposure to PM2.5 and PM10 
on high 10-year ASCVD risk were found (both P < 0.05). Significant 
additive interactions of cooking fuel type and each of the four air pol-
lutants on the high 10-year ASCVD risk were found. The corresponding 
RERIs were ranged from 0.43 (95% CI: 0.12, 0.74) to 1.06 (0.57, 1.55), 
which indicated that relative excess risks were attributed to the additive 
synergistic effect of solid fuel use and high air pollution exposure on 
high 10-year ASCVD risk; APs were ranged from 0.19 (0.07, 0.32) to 0. 
29 (0.19, 0.40), which suggested that 19% to 29% additional risk of high 
10-year ASCVD risk may be caused by the synergistic effect of these two 
risk factors; SIs were ranged from 1.54 (1.12, 2.10) to 1.77 (1.38, 2.26), 
indicating the synergistic effect of solid fuel use and high air pollution 
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exposure on high 10-year ASCVD risk. 
Results from the logistic regression model with restricted cubic 

splines revealed nonlinear associations of PM1 and NO2 with high 10- 
year ASCVD risk and linear associations of PM2.5 and PM10 with high 
10-year ASCVD risk (Fig. S1). Sensitivity analyses (Fig. S2) of these 
nonlinear associations were further conducted by fixing the levels of 
PM1 and NO2 at the 5th and 95th ranges, and the nonlinear associations 
were disappeared. 

Stratified analyses by fuel type (Fig. 1 and Table 5) showed that there 
were stronger positive associations between AAP and 10-year ASCVD 
risk among solid fuel users, compared to clean fuel users. The ORs (95% 
CIs) of high 10-year ASCVD risk were 1.32 (1.23, 1.41), 1.31 (1.24, 
1.38), and 1.12 (1.09, 1.14) for each 1 ug/m3 in 3-year average con-
centration of PM1, PM2.5, PM10, respectively, among individuals with 
self-cooking using solid fuel and these effects were higher than those 
individuals with self-cooking using clean fuel. 

Fig. 2 exhibits the estimated changes in associations between solid 
fuel use and high 10-year ASCVD risk accompanying by increased con-
centrations of air pollutants, indicating that the negative impact of solid 
fuel use on high 10-year ASCVD risk was enhanced with increasing air 
pollutant concentrations. 

Table 1 
Characteristic of the study population.   

Overall 10-year ASCVD risk  

Characteristics Low High P  

n=
(16779) 

n=
(12738) 

n=
(4041)  

Age (years, mean ± SD) 55.45 ±
9.8 

52.38 ±
8.6 

65.13 ±
6.2 

<0.001a 

Gender (men, n, %) 3715 
(22.1) 

2208 
(17.3) 

1507 
(37.3) 

0.007b 

Marital status (n, %)    <0.001b 

Married/cohabitation 15225 
(90.7) 

11951 
(93.8) 

3274 
(81.0)  

Unmarried/divorced/ 
widowed 

1554(9.3) 787(6.2) 767(19.0)  

Education level (n, %)    <0.001b 

Elementary school or below 8066 
(48.1) 

5335 
(41.9) 

2731 
(67.6)  

Junior high school 6466 
(38.5) 

5502 
(43.2) 

964(23.9)  

High school or above 2247 
(13.4) 

1901 
(14.9) 

346(8.6)  

Average monthly income (n, 
%)    

<0.001b 

<500RMB 5956 
(35.5) 

4167 
(32.7) 

1789 
(44.3)  

500–999 RMB 5425 
(32.3) 

4161 
(32.7) 

1264 
(31.3)  

≥1000RMB 5398 
(32.2) 

4410 
(34.6) 

988(24.5)  

Smoking status (n, %)    0.002b 

Never 14245 
(84.9) 

11278 
(88.5) 

2967 
(73.4)  

Ever 692(4.1) 355(2.8) 337(8.3)  
Current 1842 

(11.0) 
1105(8.7) 737(18.2)  

Drinking status (n, %)    <0.001b 

Never 14534 
(86.6) 

11253 
(88.3) 

3281 
(81.2)  

Ever 400(2.4) 222(1.7) 178(4.4)  
Current 1845 

(11.0) 
1263(9.9) 582(14.4)  

High fat diet (yes, n, %) 2781 
(16.6) 

2270 
(17.8) 

511(12.7) <0.001b 

Adequate vegetable and fruit 
intake (yes, n, %) 

8244 
(49.1) 

6617 
(52.0) 

1627 
(40.3) 

0.038b 

Physical activity (n, %)    <0.001b 

Low 4702 
(28.0) 

3275 
(25.7) 

1427 
(35.3)  

Moderate 6823 
(40.7) 

5448 
(42.8) 

1375 
(34.0)  

High 5254 
(31.3) 

4015 
(31.5) 

1239 
(30.7)  

WC (cm, mean ± SD) 83.4 ±
10.2 

81.9 ± 9.7 88.11 ±
10.3 

<0.001a 

SBP (mmHg, mean ± SD) 125.42 ±
19.9 

119.42 ±
15.7 

144.37 ±
19.7 

<0.001a 

DBP (mmHg, mean ± SD) 77.42 ±
11.5 

75.31 ±
10.6 

84.08 ±
11.9 

<0.001a 

TC (mg/dL, mean ± SD) 4.93 ± 4.9 4.85 ± 1.0 5.19 ±
1.1 

<0.001a 

HDL-C (mg/dL, mean ± SD) 1.35 ± 1.4 1.38 ± 0.3 1.28 ±
0.3 

<0.001a 

Family history of ASCVD (n, 
%) * 

2701 
(16.1) 

2292 
(18.0) 

409(10.2) <0.001a 

Antihypertensive treatment 
with 2 weeks (n, %) 

2346 
(14.0) 

883(6.9) 1463 
(36.3) 

<0.001b 

Diabetes mellitus (n, %) 1411(8.4) 477(3.7) 934(23.1) <0.001b 

Solid fuel use (n, %)     
Wood 2289 

(70.8) 
1642 
(75.2) 

647(61.9)  

Coal 942(29.2) 543(24.9) 399(38.2)  
Clean fuel use (n, %)    <0.001b 

Electricity 2841 
(21.0) 

2038 
(19.3) 

803(26.8)  

Coal gas 9464 
(69.9) 

7546 
(71.5) 

1918 
(64.0)   

Table 1 (continued )  

Overall 10-year ASCVD risk  

Characteristics Low High P 

Natural gas 1243(9.2) 969(9.2) 274(9.2)  
Cooking frequency (times, 

mean ± SD) 
17.88 ±
5.8 

17.95 ±
5.8 

17.65 ±
5.9 

<0.001a 

Cooking duration (minutes, 
mean ± SD) 

33.62 ±
14.7 

33.59 ±
14.5 

33.73 ±
15.2 

<0.001a 

Ventilation condition (n, %)*    <0.001b 

Good 8284 
(49.4) 

6438 
(50.6) 

1846 
(45.8)  

Poor 8481 
(50.6) 

6292 
(49.4) 

2189 
(54.3)  

ASCVD: atherosclerotic cardiovascular disease; SD: standard deviation; PM1, 
particulate matter with an aerodynamics diameter ≤ 1.0 µm; PM2.5, particulate 
matter with an aerodynamics diameter ≤ 2.5 µm; PM10, particulate matter with 
an aerodynamics diameter ≤ 10 µm; NO2, nitrogen dioxide. a Student’s t-test was 
used to compare the mean difference of continuous variables between low and 
high 10-year ASCVD risk group; b Chi-square test was used to test the distribu-
tions of categorical variables between low and high 10-year ASCVD risk group; * 
Contain missing values. 

Table 2 
Median (interquartile range) of 3-year average concentrations of ambient air 
pollutants.  

Ambient 
air 
pollution 
(μg/m3) 

Overall 10-year ASCVD risk  

Low High P 

PM1 56.45 
(54.98,57.53) 

56.40 
(54.93,57.36) 

56.81 
(55.40,57.87)  

<0.001 

PM2.5 71.83 
(70.54,74.12) 

71.72 
(70.49,73.54) 

73.25 
(71.48,74.56)  

<0.001 

PM10 128.71 
(125.69,134.60) 

128.35 
(125.51,134.30) 

132.63 
(127.83,135.36)  

<0.001 

NO2 37.50 
(35.91,40.89) 

37.47 
(35.89,40.73) 

38.80 
(36.10,41.43)  

<0.001 

PM1: particulate matter with an aerodynamic diameter ≤ 1.0 µm; PM2.5: par-
ticulate matter with an aerodynamic diameter ≤ 2.5 µm; PM10: particulate 
matter with an aerodynamic diameter ≤ 10 µm; NO2, nitrogen dioxide. Student’s 
t-test was used to compare the mean difference of continuous variables between 
low and high 10-year ASCVD risk group. 
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4. Discussion 

We carried out a large-scale health survey in rural China to examine 
the associations of solid fuels, air pollutants and their combinations on 
10-year ASCVD risk. Solid fuel use for cooking and exposure to high 
levels of air pollutants were associated with increased high 10-year 
ASCVD risk. A prominent effect of AAP on increased high 10-year 
ASCVD risk was observed among participants using solid fuel during 
their own cooking. Furthermore, the quantified interactive effect of air 
pollutants and solid fuel use on high 10-year ASCVD risk was observed, 
implying that solid fuel users might be more sensitive to an AAP-related 
increased 10-year ASCVD risk, which could be due to the uncompleted 
combustion of solid fuels. 

Solid fuel use has been the major source of PM2.5 in rural regions of 
China (Yun et al. 2020). Previous studies demonstrated that air 

pollutants emitted from combustion of stoves was one major source of 
HAP (Zhang and Smith 2007), and particularly PM2.5 concentration in 
households was mainly attributable to solid fuels combustion products 
(Chen et al. 2018c; Du et al. 2018; Lai et al. 2020; Lung et al. 2021; Qi 
et al. 2019). According to the results of a PM monitoring study con-
ducted in Asian households, cooking without and with solid fuels 
resulted in increments in 76.5 and 183.8 µg/m3 (1 min) of PM2.5, 
respectively (Lung et al. 2021). A study on PM dynamics in rural 
households showed the highest concentrations in kitchens (101 ± 56 µg/ 
m3) and lower concentrations outdoors (91 ± 39 µg/m3) in rural 
households, implying that increased PM levels related to solid-fuel 
burning internal sources (Qi et al. 2019). Results from another study 
indicated that solid fuel combustion made the largest contribution to 
PM2.5 in homes, accounting for 27%-84% of household PM2.5 (Lai et al. 
2020). Evidence also showed that the average concentration of personal 
exposure PM2.5 was twice higher in households using solid fuels than the 
ones using electric power (310.8 vs. 156.8 μg/m3), implying that do-
mestic solid fuel was one of the main contributors to high personal 
exposure PM2.5 levels (Xu et al. 2018). 

The results of this study were indirectly supported by several studies, 
which have demonstrated that long-term exposure to ambient air 
pollution (PM1, PM2.5, PM10, or NO2) was associated with severe car-
diovascular events (Cesaroni et al., 2014; Faustini et al., 2014; Hoek 
et al., 2013; Feigin et al., 2016). In a large prospective European study, 
each 10 µg/m3 and 5 µg/m3 increase in the annually averaged concen-
tration of PM10 and PM2.5 was associated with a 12% and 13% incre-
ment in the risk of myocardial infarction, respectively (Cesaroni et al., 
2014). Results from the Global Burden of Diseases 2019 indicated that 
ambient PM2.5 exposure almost accounted for 27.95% (23.73− 31.16 %) 
of the stroke-related DALYs in China (IHME, 2019). Two meta-analyses 
of the cardiovascular effects of long-term exposure to air pollutants re-
ported a 13% and 11% increase in cardiovascular mortality with each 
10 µg/m3 increment in annual concentrations of NO2 (Faustini et al. 
2014) and PM2.5 (Hoek et al. 2013), respectively. The following mech-
anisms of air pollution on 10-year ASCVD have been suggested: 1), 
exposure to air pollution can induce systemic vascular oxidative stress 
(Hartz et al. 2008; Poljsak et al. 2013; Risom et al. 2005), lead to 
endothelial damage (Higashi et al. 2009), and ultimately cause the 
initiation and progression of atherosclerosis (Widlansky et al. 2003); 2), 
AAP is associated with increased platelet activation which can promote 
thrombus formation and involve in the development of ASCVD (Argacha 
et al. 2018; Hou et al. 2020). 

HAP from uncompleted combustion of solid fuels use has not only 
contributed to increased ambient particle matter level but also an in-
dependent risk factor for cardiovascular disease (Fatmi and Coggon 
2016; Hystad et al. 2019; Yu et al. 2018). Results from Global Burden of 
Diseases 2019 indicated that HAP from solid fuels has attributed to 
almost a fifth (18.05%, 12.89–23.96%) of the stroke mortality among 
low-middle SDI (Sociodemographic index) countries (IHME, 2019). A 
large-scale prospective Chinese study conducted among 271,217 adults 
(Yu et al. 2018) showed that individuals with solid fuels use for cooking 
was associated with a 20% (hazard ratio (HR): 1.20, 95% CI: 1.02–1.41) 
and 11% (1.11, 1.03–1.20) increased risk of cardiovascular mortality 
and all-cause mortality rather than those with clean fuels use for cook-
ing. The mechanism of potential toxic effects of air pollutants from the 
uncompleted combustion of solid fuels use on the cardiovascular system 
remains unclear. Air pollutants sourced from solid fuels use may be more 
harmful to organisms relative to those sourced from clean fuels. Envi-
ronmental stressors such as carbon monoxide, nitrogen oxides sourced 
from solid fuel combustion can irritate defense response in the human 
body, especially in the cardiovascular system (Ris 2007). A study con-
ducted in rural India explored the link between long-term exposure to 
solid fuel smoke and genotoxicity (Mondal et al. 2010), which demon-
strated that smoke from the use of solid fuels can induce increased ROS 
production and decreased levels of superoxide dismutase and total 
antioxidant status. Long-term exposure to solid fuel smoke may induce 

Table 3 
Estimated independent associations of ambient air pollutants and solid fuel use 
with high 10-year ASCVD risk.  

Variables Logistic Regression ORs (95% CI) 

Model 1 Model 2 Model 3 

Ambient air pollution    
PM1 (μg/m3)    
Each 1 μg/m3 change 1.11(1.09,1.13) 1.12(1.09,1.14) 1.12(1.09,1.14) a 

Q1 (49.10-) 1.00 1.00 1.00 
Q2 (54.98-) 1.02(0.92,1.14) 1.02(0.91,1.14) 0.99(0.88,1.11) a 

Q3 (56.45-) 1.23(1.11,1.36) 1.23(1.11,1.38) 1.20(1.08,1.34) a 

Q4 (≥57.53) 1.84(1.67,2.03) 1.97(1.76,2.20) 2.01(1.80,2.25) a 

Ptrend <0.001 <0.001 <0.001 
PM2.5 (μg/m3)    
Each 1 μg/m3 change 1.18(1.16,1.21) 1.21(1.18,1.23) 1.22(1.19,1.25) a 

Q1 (69.29-) 1.00 1.00 1.00 
Q2 (70.54-) 1.05(0.94,1.18) 1.11(0.99,1.25) 1.10(0.97,1.23) a 

Q3 (71.83-) 1.70(1.53,1.89) 1.84(1.65,2.06) 1.83(1.63,2.05) a 

Q4 (≥74.12) 2.08(1.88,2.30) 2.30(2.06,2.58) 2.41(2.14,2.71) a 

Ptrend <0.001 <0.001 <0.001 
PM10 (μg/m3)    
Each 1 μg/m3 change 1.07(1.06,1.08) 1.09(1.08,1.09) 1.09(1.08,1.10) a 

Q1 (122.36-) 1.00 1.00 1.00 
Q2 (125.69-) 0.98(0.87,1.09) 1.01(0.90,1.14) 0.98(0.87,1.11) a 

Q3 (128.71-) 1.90(1.71,2.11) 2.06(1.84,2.31) 2.07(1.84,2.32) a 

Q4 (≥134.60) 1.97(1.78,2.19) 2.32(2.07,2.59) 2.50(2.23,2.81) a 

Ptrend <0.001 <0.001 <0.001 
NO2 (μg/m3)    
Each 1 μg/m3 change 1.11(1.10,1.13) 1.15(1.13,1.17) 1.17(1.15,1.19) a 

Q1 (31.00-) 1.00 1.00 1.00 
Q2 (35.91-) 1.11(1.00,1.24) 1.06(0.95,1.19) 1.05(0.94,1.18) a 

Q3 (37.50-) 1.44(1.30,1.60) 1.64(1.46,1.84) 1.67(1.49,1.88) a 

Q4 (≥40.89) 2.03(1.84,2.25) 2.35(2.10,2.62) 2.50(2.23,2.80) a 

Ptrend <0.001 <0.001 <0.001 
Household air pollution    
Clean fuel use 1.00 1.00 1.00 
Solid fuel use 1.69(1.55,1.83) 1.34(1.22,1.47) 1.36(1.23,1.49) b    

1.44(1.31,1.59) c    

1.48(1.35,1.63) d    

1.45(1.31,1.59) e 

ASCVD, atherosclerotic cardiovascular disease; NO2, nitrogen dioxide; PM1, 
particulate matter with an aerodynamics diameter ≤ 1.0 µm; PM2.5, particulate 
matter with an aerodynamics diameter ≤ 2.5 µm; PM10, particulate matter with 
an aerodynamics diameter ≤ 10 µm. Logistic regression models were used to 
investigate the independent associations of solid fuel use and ambient air pol-
lutants with high 10-year ASCVD risk. Model 1 was crude model; Model 2 was 
adjusted for education level, average monthly income, drinking status, high fat 
diet, vegetables and fruits intake, physical activity; Model 3a were further 
adjusted for solid fuel use, cooking frequency, cooking duration, and kitchen 
ventilation based on Model 2; Model 3b were further adjusted for PM1, cooking 
frequency, cooking duration, and kitchen ventilation based on Model 2; Model 
3c were further adjusted for PM2.5, cooking frequency, cooking duration, and 
kitchen ventilation based on Model 2; Model 3d were further adjusted for PM10, 
cooking frequency, cooking duration, and kitchen ventilation based on Model 2; 
Model 3e were further adjusted for NO2, cooking frequency, cooking duration, 
and kitchen ventilation based on Model 2. 
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persistent oxidative stress, furthermore, increased DNA oxidative dam-
age and ultimately cause age-related diseases such as atherosclerosis 
(Wick et al. 2003). 

Studies on the combined effect of HAP from solid fuel use on the 
association between AAP and cardiovascular events are very limited. 
The Prospective Urban and Rural Epidemiology study (Arku et al. 2020) 

Table 4 
Combined associations of high exposure of ambient air pollutants and solid fuel use with high 10-year ASCVD risk.  

Air pollution Clean fuel use 
OR (95% CI) 

Solid fuel use 
OR (95% CI) 

b RERI (95% CI) AP (95% CI) SI (95% CI) 

PM1   0.43(0.12,0.74) 0.19(0.07,0.32) 1.54(1.12,2.10) 
Low exposure 1.00 1.28(1.13,1.46)    
High exposure 1.52(1.39,1.66) 2.23(1.94,2.55)    
a Pinteraction 0.140     
PM2.5   0.90(0.50,1.30) 0.29(0.19,0.40) 1.77(1.38,2.26) 
Low exposure 1.00 1.25(1.09,1.42)    
High exposure 1.93(1.75,2.12) 3.08(2.67,3.54)    
a Pinteraction 0.008     
PM10   1.06(0.57,1.55) 0.29(0.19,0.39) 1.66(1.34,2.07) 
Low exposure 1.00 1.34(1.17,1.52)    
High exposure 2.26(2.05,2.50) 3.66(3.16,4.24)    
a Pinteraction 0.044     
NO2   0.81(0.37,1.25) 0.26(0.14,0.37) 1.60(1.26,2.03) 
Low exposure 1.00 1.35(1.18,1.53)    
High exposure 2.00(1.82,2.20) 3.16(2.72,3.65)    
a Pinteraction 0.092     

ASCVD, atherosclerotic cardiovascular disease; NO2, nitrogen dioxide; PM1, particulate matter with an aerodynamics diameter ≤ 1.0 µm; PM2.5, particulate matter 
with an aerodynamics diameter ≤ 2.5 µm; PM10, particulate matter with an aerodynamics diameter ≤ 10 µm; RERI, relative excess risk due to interaction; AP, 
attributable proportion due to interaction; S, synergy index. Logistics regression analyses were used to access the combined associations of high exposure and solid fuel 
use with high 10-year ASCVD risk. Models were adjusted for marital status, education level, average monthly income, drinking status, high fat diet, vegetables and 
fruits intake, physical activity, cooking frequency, cooking duration, and kitchen ventilation. a Multiplicative interaction of air pollution and cooking fuel type on 10- 
year ASCVD risk was assessed by including the main effects of them and the product term in the model and the Pinteraction was represented by the p-value of product 
term. b RERI, AP and SI were used to indicate additive interaction of air pollution and cooking fuel type on 10-year ASCVD risk. 

Fig. 1. The estimated associations of air pollutants (PM1, PM2.5, PM10 or NO2) with 10-year ASCVD risk stratified by fuel type were analyzed by using logistic 
regression models and plotted by restricted cubic splines with 3 knots after adjusted for marital status, education level, average monthly income, drinking status, high 
fat diet, vegetables and fruits intake, physical activity, cooking frequency, cooking duration, and kitchen ventilation. The solid lines and grey areas represented the 
estimated effect and 95% confidence interval of air pollutants on 10-year ASCVD risk stratified by fuel types. Abbreviations: ASCVD, atherosclerotic cardiovascular 
disease; NO2, nitrogen dioxide; PM1, particulate matter with an aerodynamics diameter ≤ 1.0 µm; PM2.5, particulate matter with an aerodynamics diameter ≤ 2.5 µm; 
PM10, particulate matter with an aerodynamics diameter ≤ 10 µm. 
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examined the interaction effect of long-term (3-year average) concen-
trations of ambient PM2.5 and HAP from cooking with solid fuels on 
blood pressure (BP) and hypertension, which failed to find any inter-
action effects of the two exposures on BP and hypertension. Other 
studies reported the significant joint effects of other HAP sources such as 
dust, tobacco smoking, and AAP on human health (Mendy et al. 2019; 

Turner et al. 2014). Additionally, evidence suggests that solid fuel- 
related pollution may cause more cardiovascular damage, because of 
the higher toxicity of carbonaceous particles sourced from solid fuel 
combustion (Lippmann et al. 2013; Ostro et al. 2015; Tuomisto et al. 
2008). It has been demonstrated that PM2.5 emission from different fuels 
had different adverse human effects. For instance, PM2.5 emission from 
solid fuel combustion, especially from coal burning, had a higher risk for 
cardiovascular disease relative to PM2.5 emission from other fuel com-
bustion (Lippmann et al. 2013; Ostro et al. 2015). These findings have 
suggested that the use of solid fuels leads to higher levels of air pollution 
exposure and cardiovascular damage compared to the use of clean fuels, 
which may correspond in part to the stronger positive association be-
tween AAP and adverse health effects found in this study among 
households using solid fuels for cooking. 

Several limitations should be considered. Firstly, the current study is 
cross-sectional, limiting our ability to explore the causal relationship 
between ambient or household air pollution and 10-year ASCVD risk. 
Secondly, the HAP exposure (e.g., PM2.5) was not directly measured in 
this study but was reflected by using self-reported solid fuels. However 
previous studies showed a high agreement of self-reported fuel use be-
tween the baseline and re-survey (kappa coefficients = 0.61), regardless 
of whether individuals were still living at the same place (Li et al. 2019). 
Thirdly, the use of geocoded rural addresses may inevitably result in 
higher spatial misclassification relative to urban environments. We did 
not collect the participants’ lifetime residential history, but participants 
were selected from the local permanent residents who have lived in a 
place for at least 3-year (Liu et al. 2019) and most of them should have a 
stable living home address. Fourthly, some errors in exposure mea-
surement may exist. During the “13th Five-Year Plan” in China, devel-
oping a clean energy society and protecting the ecological environment 
have become national strategies (China State Council, 2016), 

Table 5 
Associations of ambient air pollutants with high 10-year ASCVD risk, stratified 
by fuel type.  

Ambient air pollution 
(each 1 ug/m3 in 3-year average 
concentration) 

Fuel type OR (95 %CI) 

Clean fuel use Solid fuel use 

PM1 * 1.23 
(1.19,1.27) 

1.32 
(1.23,1.41) 

PM2.5 * 1.20 
(1.17,1.23) 

1.31 
(1.24,1.38) 

PM10 * 1.09 
(1.08,1.10) 

1.12 
(1.09,1.14) 

NO2 1.20 
(1.17,1.23) 

1.20 
(1.16,1.25) 

NO2, nitrogen dioxide; PM1, particulate matter with an aerodynamics diameter 
≤ 1.0 µm; PM2.5, particulate matter with an aerodynamics diameter ≤ 2.5 µm; 
PM10, particulate matter with an aerodynamics diameter ≤ 10 µm. Logistics 
regression analyses were used to access the association between ambient air 
pollutants (each 1 ug/m3 in 3-year average concentration) and high 10-year 
ASCVD risk, stratified by fuel type. PM1 and NO2 were truncated at the 5th 
and 95th percentiles. ORs were adjusted for marital status, education level, 
average monthly income, drinking status, high fat diet, vegetables and fruits 
intake, physical activity, cooking frequency, cooking duration, and kitchen 
ventilation. *The significant difference effect of air pollutants on 10-year ASCVD 
was found between Clean fuel use group and Solid fuel use group which was set 
at a two-tailed p-values ≤ 0.05. 

Fig. 2. The estimated associations of solid fuel use on 10-year ASCVD risk as a function of air pollutants (PM1, PM2.5, PM10, or NO2) were analyzed by using logistic 
regression models, PM1 and NO2 were truncated at 5th and 95th percentiles. Models were adjusted for gender, marital status, education level, average monthly 
income, drinking status, high fat diet, vegetables and fruits intake, physical activity, cooking frequency, cooking duration, and kitchen ventilation. The solid lines and 
grey areas represented the estimated effect and 95% confidence interval of solid fuel use on 10-year ASCVD risk along with altered concentrations of air pollutants. 
Abbreviations: ASCVD, atherosclerotic cardiovascular disease; NO2, nitrogen dioxide; PM1, particulate matter with an aerodynamics diameter ≤ 1.0 µm; PM2.5, 
particulate matter with an aerodynamics diameter ≤ 2.5 µm; PM10, particulate matter with an aerodynamics diameter ≤ 10 µm. 
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participants may have just switched to clean fuel users. The question-
naires at that time did not collect information on the length of time 
individuals had been using clean fuel for cooking meals, which may have 
led to an underestimation of the association between solid fuel and high 
10-year ASCVD risk. Finally, even though several confounding factors 
were controlled for, some other covariates such as genetic, methylation, 
etc. were not considered in this study. Despite these limitations, to some 
extent, the results of this large population study may reflect the asso-
ciations of AAP and HAP with high 10-year ASCVD risk. 

5. Conclusion 

This study demonstrated the positive associations of long-term air 
pollution exposure and solid fuel use with high 10-year ASCVD risk. 
There were synergetic effects of solid fuel use and exposure to high 
levels of air pollutants on high 10-year ASCVD risk. This study suggested 
that the individuals’ exposure to particulate matter from the incomplete 
combustion of solid fuel use and other sources could have joint effects on 
an increased high 10-year ASCVD risk, and effective measures should be 
taken into consideration to improve indoor and outdoor air quality and 
reduce the burden of ASCVD. 
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