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Abstract

Background: Active commuting as a contributor to daily physical activity is beneficial for 

cardiovascular health, but leads to more chances of exposure to ambient air pollution. This study 

aimed to investigate associations between active commuting to work with cardiovascular disease 

(CVD), mortality and life expectancy among general Chinese adults, and to further evaluate the 

modification effect of fine particulate matter (PM2.5) exposure on these associations.

Methods: We included 76,176 Chinese adults without CVD from three large cohorts of the 

Prediction for Atherosclerotic Cardiovascular Disease Risk in China project. Information about 

commuting mode and physical activity were collected by unified questionnaire. Satellite-based 

PM2.5 concentrations at 1-km spatial resolution was used for estimating PM2.5 exposure of 

participants. Hazard ratios (HRs) and 95% confidence intervals (CIs) for CVD incidence, 

mortality and all-cause mortality were estimated using Cox proportional hazards regression 

models. Multiplicative interaction term of commuting mode and PM2.5 level was tested to 

investigate potential effect modification.

Results: During 448,499 person-years of follow-up, 2230 CVD events and 2777 all-cause 

deaths were recorded. Compared with the non-active commuters, the multivariable-adjusted HRs 

(95% CIs) of CVD incidence and all-cause mortality were 0.95(0.85−1.05) and 0.79(0.72−0.87) 

for walking commuters, respectively. Corresponding HRs (95% CIs) for cycling commuters 

were 0.71(0.62−0.82) and 0.67(0.59−0.76). Active commuters over 45 years old were estimated 

to have more CVD-free years and life expectancy than non-active commuters under lower 

PM2.5 concentration. However, these beneficial effects of active commuting were alleviated 

or counteracted by long-term exposure to high PM2.5 concentration. Significant multiplicative 

interaction of commuting mode and PM2.5 level was showed in all-cause mortality, with the lowest 

risk observed in cycling participants exposed to lower level of PM2.5.

Conclusions: Active commuting was associated with lower risk of CVD, all-cause mortality, 

and longer life expectancy among Chinese adults under ambient settings with lower PM2.5 level. It 

will be valuable to encourage active commuting among adults and develop stringent strategies on 

ambient PM2.5 pollution control for prevention of CVD and prolongation of life expectancy.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide, 

and more than 80% of CVD mortality take place in low- and middle-income countries 

including China (World Health Organization, 2021). Physical inactivity has been recognized 

as a risk factor for CVD and mortality (Lear et al., 2017). Active commuting modes such as 

walking or cycling are considerable components of daily physical activity. Previous studies 

about the associations of active commuting modes with CVD health showed inconsistent 

results, especially on the indistinct effect of walking (Celis-Morales et al., 2017; Dinu et al., 

2019; Hu et al., 2007; Matthews et al., 2007; Wennberg et al., 2006). Besides, these studies 

were mostly conducted in developed countries. It was reported that the trend of active 

commuting is increasing in developed countries, while decreasing in developing countries 

including China (Eriksson et al., 2020; Gong et al., 2020; Hallal et al., 2012; Mäkinen et al., 

2009; Ussery et al., 2018). More evidences for the benefits of active commuting in Chinese 

population are needed.

In addition, choosing an active commuting mode is inevitably related to higher exposure 

to ambient air pollution, which may counteract its favorable effect on CVD health and 

mortality. Studies indicated that walking or cycling commuters received greater fine 

particulate matter (PM2.5) uptake than those using automobiles or public transportation 

due to larger inhalation rates and commuting time (Cepeda et al., 2017; Chaney et al., 

2017; Liu et al., 2015). Evidences from developed countries and regions indicated that the 

cardiovascular protective effect of active commuting and outdoor physical activity was not 

alleviated by exposure to air pollution (Andersen et al., 2015; Kim et al., 2020a, 2020b; 

Kubesch et al., 2018; Sun et al., 2020). However, air pollution is much more severe in 

developing countries such as China than in developed countries. Several studies indicated 

that exposure to ambient PM2.5 was associated with increased risks of CVD incidence and 

mortality among Chinese population (Li et al., 2020; Liang et al., 2020; Yang et al., 2020).

A recent study from China indicated that active commuting was associated with lower risks 

of ischemic heart disease independent of household air pollution, but it didn’t consider 

the effect of outdoor air pollution (Fan et al., 2019). However, unlike physical activity 

which could happen indoor or outdoor such as work or sport exercise, commuting activity 

happens outdoor. Thus, the air pollution closely related to commuting mode is outdoor 

air pollution. The effects of active commuting on CVD and mortality under high levels 

of ambient PM2.5 have never been reported in China. Therefore, the present study aimed 

to investigate the association of commuting mode with CVD incidence, mortality, and life 

expectancy, and to further evaluate the counteractive effect of long-term ambient PM2.5 on 

such associations, using large cohorts of general Chinese population from Prediction for 

Atherosclerotic Cardiovascular Disease Risk in China (China-PAR) project.
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2. Materials and methods

2.1. Study population and data collection

Participants were from 3 cohorts of the China-PAR project, including China Multi-

Center Collaborative Study of Cardiovascular Epidemiology-1998 (China MUCA (1998)), 

International Collaborative Study of Cardiovascular Disease in Asia (InterASIA) and 

Community Intervention of Metabolic Syndrome in China and Chinese Family Health 

Study (CIMIC). Detailed information of these cohorts has been described in the previous 

study (Yang et al., 2016). China MUCA (1998), InterASIA and CIMIC were established in 

1998, 2000–2001 and 2007–2008, respectively. China MUCA (1998) and InterASIA were 

followed up twice during 2007–2008 and 2012–2015, and CIMIC was followed up once 

during 2012–2015 (Yang et al., 2016). Data collection was conducted by trained staffs using 

standard questionnaires, physical examination, and blood biochemical examinations under 

strict quality control. This study was approved by the institutional review board at Fuwai 

Hospital in Beijing and all participating institutions. Written informed consent was signed 

by each participant before procedures and data collection.

Information about commuting mode and physical activity was collected using a unified 

questionnaire for the 3 cohorts at the 2007–2008 surveys for the first time, thus data 

from the 2007–2008 surveys were used for baseline characteristics in the present study. 

A total of 104,957 participants responded at the 2007–2008 survey were initially enrolled, 

of which 1255 in 3 sites of InterASIA were only followed up till 2008, 7654 lost to 

follow-up, 2652 with CVD history, and 717 with invalid commuting information were 

excluded. Furthermore, the present study focused on commuting mode, thereafter 16,503 

(15.7%) participants were excluded due to unemployment and retirement, and the baseline 

characteristics of these participants and included participants were compared in Table 

S1. These excluded participants were older and more inactive, with higher incidences 

of hypertension, diabetes, and dyslipidemia, which were in line with characteristics of 

unemployed and retired people. Finally, 76,176 participants were included for analysis in 

this study (Fig. 1).

2.2. Assessment of commuting data

The information of commuting mode was collected by asking “What kind of commuting 

mode do you take to and from work?”, and the options were “A. Walking; B. Cycling; C. 

Public transportation; D. Driving (Car or motorcycle); E. No need to commute (i.e., Working 

at home)”. Commuting modes was categorized into three types as non-active (including 

public transportation, driving, and no need to commute), walking and cycling. Non-active 

commuting mode was served as reference in this study.

2.3. Assessment of ambient PM2.5 level

Satellite-based spatiotemporal models were applied to estimate environmental fine 

particulate matter (PM2.5) exposure levels. The detailed method has been published 

elsewhere (Ma et al., 2016). In brief, an ensemble machine learning model was developed to 

estimate ground PM2.5 concentration of China based on the Aerosol Optical Depth (AOD) 

retrieved from the National Aeronautics and Space Administration (NASA) Aqua and Terra 
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satellites, meteorology, land use information and population density data. The most recent 

released 1 × 1 km resolution AOD data retrieved by the multi-angle atmospheric correction 

(MAIAC) algorithm were used to estimate a 1 × 1 km resolution PM2.5 level (Xiao et al., 

2018). The model has been verified using the ground PM2.5 measurement results of the 

China Environmental Monitoring Center. The R2 of overall model fit is 0.97, and the R2 of 

model cross-validation is 0.93.

With the satellite-based spatiotemporal model, we obtained the monthly PM2.5 concentration 

in China from 2000 to 2015. The residential address of each participant was geocoded as 

grid cells according to latitude and longitude data. The average monthly PM2.5 concentration 

from 2007 to 2008 survey to 2015 were calculated for each participant.

2.4. Assessment of covariates

Data on demographics (age at baseline, gender, education attainment, per-capita household 

income, urban or rural resident, and geographic region), lifestyle behaviors (dietary habit, 

smoking status, alcohol consumption, and physical activity), physical examination (height, 

weight, blood pressure, fasting blood glucose, and serum lipid levels), family history of 

CVD, and medical history (hypertension, diabetes mellitus and dyslipidemia) were collected 

with standardized questionnaires and procedures by trained staffs. Current smoking status 

was categorized as smoker or nonsmoker by asking the participant whether he or she had 

smoked more than 100 cigarettes and whether he or she kept smoking till then. Alcohol 

drinking was defined as alcohol consumption at least 12 times in the last year. Body 

weight and height were measured by asking participants wearing light clothes with bare 

feet, and body mass index (BMI) was defined as body weight (kilograms) divided by 

height (square meters). Diet score was defined as the number of ideal consumptions of 

red meat (< 75 g/d), fish (≥ 200 g/w), fruit and vegetable (> 500 g/day), legumes (≥ 125 

g/d), and tea (≥ 3 times/w) according to the Chinese dietary guideline recommendations 

(Han et al., 2018; Wang et al., 2016, 2020). Physical activity level and sedentary behavior 

were evaluated by daily time spending on moderate-vigorous physical activity (MVPA) and 

sitting. Family history of CVD was defined as at least a parent or a sibling having coronary 

heart disease (CHD) or stroke. Blood pressure (BP) was measured three times with 30 s 

interval in a seated position, and hypertension was defined as systolic BP ≥ 140 mmHg 

and/or diastolic BP ≥ 90 mmHg or use of antihypertensive medication within 2 weeks. 

Overnight fasting blood samples were drawn for measurements of serum lipid and glucose 

concentrations. Diabetes was defined as fasting glucose level ≥ 7.0 mmol/L and/or current 

use of hypoglycemic medicine or insulin within 2 weeks. Dyslipidemia was defined as 

defined as total cholesterol ≥ 240 mg/dL, triglycerides ≥ 200 mg/dL, low-density lipoprotein 

cholesterol ≥ 160 mg/dL, high-density lipoprotein cholesterol < 40 mg/dL and/or taking 

lipid-lowing medicine within 2 weeks.

2.5. Ascertain of outcomes

The 2012–2015 survey was used as the end of follow-up. In the present study, major 

outcomes included CVD incidence and all-cause death. CVD was defined as incident stroke, 

non-fatal acute myocardial infarction (AMI), or death from circulatory diseases (ICD-10 
I00-I99). In addition, secondary outcomes included CHD (fatal or non-fatal CHD events), 
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stroke (fatal or non-fatal stroke events) and death from CHD (ICD-10 I20-I25), stroke 

(ICD-10 I60–69), and CVD. During follow-up period, participants or their proxies were 

interviewed to update their latest disease or death information. Hospital records or death 

certificates were also checked to validate the diagnosis for validation. All outcomes were 

initially recorded by trained investigators at local institutes and further adjudicated by an 

expert outcome assessment committee at Fuwai Hospital.

2.6. Statistical analysis

Baseline characteristics were presented according to categories of commuting modes. 

Person-years were calculated from the date of 2007–2008 survey to the date of CVD event, 

death, or last follow-up, whichever occurred firstly. Participants with non-active commuting 

modes were served as reference, and Cox proportional hazards regression models stratified 

by source of cohort were used to estimate hazard ratios (HRs) and 95% confidence intervals 

(CIs) for incidences and mortality of CVD, CHD, and stroke, as well as all-cause mortality 

associated with commuting by walking and cycling. The analysis was performed with three 

models. Model 1 was adjusted for gender, age, education level (below high school, high 

school or above), urbanization (urban or rural), geographic region (north, northeast, east, 

southwest, central, south and northwest of China), per-capita household income (< 6000 or 

≥ 6000 CNY/year) and PM2.5 concentration. Model 2 was further adjusted for diet score, 

current smoking status (yes or no), alcohol consumption (yes or no), daily time of MVPA 

and daily time of sitting. Model 3 was further adjusted for BMI, family history of CVD, 

status of hypertension, diabetes, and dyslipidemia.

In addition to adjusting PM2.5 as a Continuous variable in the Cox proportional hazards 

regression models, the joint associations of commuting modes and PM2.5 level with risks 

of CVD incidence and all-cause mortality were evaluated. According to our previous study 

on the dose-response relationship between PM2.5 and CVD, the risks of CVD incidence and 

CVD mortality of Chinese population started to increase dramatically while PM2.5 above 

around 60 μg/m3 (Li et al., 2020; Liang et al., 2020). Furthermore, 61 μg/m3 is the median 

of PM2.5 concentration among all study participants in the present study. Thus, participants 

were cross-categorized into 6 groups according to commuting modes (non-active, walking 

and cycling) and PM2.5 levels (< 61 μg/m3 and ≥ 61 μg/m3), and the group with non-active 

commuting and exposed to higher PM2.5 was used as the reference. The interaction effect 

was tested by introducing the multiplicative interaction term of commuting mode and PM2.5 

level into the Cox models. Moreover, gain of CVD-free years and life expectancy related to 

active commuting modes (walking and cycling) compared with non-active commuting mode 

were estimated under higher of lower levels of PM2.5. The years gained were calculated 

by the differences of areas under the survival curves fitted by the fully-adjusted Cox 

proportional model with age as the timescale, from the age of 45–95 (Chudasama et al., 

2019; Dehbi et al., 2017). In order to estimate the 95% CI, bootstrap simulations were 

applied, which generated new bootstrapped samples in equal sample size from the original 

data with 500 replications. The 2.5th and 97.5th percentiles of these distributions were the 

95% CIs.

Lin et al. Page 6

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2023 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Subgroup analysis by selected baseline characteristics was conducted, and the interaction 

terms with commuting mode were tested to investigate potential effect modifications. 

To evaluate the robustness of results, sensitivity analysis was conducted by excluding 

participants who developed CVD within the first year of follow-up.

All analyses were performed with SAS (version 9.4, SAS Institute Inc., Cary, North 

Carolina, USA) and R software (version 3.6.0, R Foundation for Statistical Computing, 

Vienna, Austria). All statistical tests were two-sided, and a P-value < 0.05 was considered 

statistically significant.

3. Results

3.1. Baseline characteristics

Baseline characteristics among the 76,176 participants enrolled in the study by categories 

of commuting modes were presented in Table 1. The mean age at baseline was 51.2 

± 11.8 years old, 40.7% were male. Besides, 33,716 (44.3%) of participants taking 

active commuting modes to and from work. Active commuters were more likely to be 

urban residents, non-smokers, non-drinkers, with higher PM2.5 exposure and hypertension 

incidence rate.

3.2. Association of commuting modes with CVD incidence and cause-specific mortality

During 448,499 person-years (median of 5.9 years) of follow-up, we observed 2230 cases 

of incident CVDs including 389 CHDs and 1678 strokes; and 2777 deaths including 

918 CVDs, 251 CHDs and 482 strokes. The associations of commuting modes with 

CVD incidence and mortality are represented in Tables 2 and 3. Generally, commuting 

by cycling was associated with lower risk of CVD incidence, while walking showed no 

significant association. Compared with non-active commuters, the multivariable-adjusted 

HRs (95% CIs) of incident CVD, stroke and CHD were 0.71(0.62−0.82), 0.74(0.62−0.87) 

and 0.81 (0.59−1.12) for cycling commuters, respectively (Table 2). The corresponding 

HRs (95% CIs) for walking commuters were 0.95(0.85−1.05), 0.95(0.84−1.07) and 

0.98(0.77−1.25), respectively (Table 2). Furthermore, beneficial effects were observed 

between active commuting modes and CVD mortality and all-cause mortality. Specifically, 

compared with non-active commuters, the multivariable-adjusted HRs (95% CIs) of walking 

commuters were 0.80(0.68−0.95), 0.80 (0.64−1.00), 0.84(0.62−1.13) and 0.79(0.72−0.87) 

for CVD, stroke, CHD, and all-cause mortality, respectively (Table 3). The favorable 

effects were more apparent in cycling commuters, with corresponding HRs (95% CIs) of 

0.58(0.46−0.73), 0.67(0.49−0.92), 0.54(0.34−0.84) and 0.67(0.59−0.76), respectively (Table 

3).

3.3. Joint associations of commuting mode and PM2.5 level with CVD and mortality

The HRs and 95% CIs for joint associations of commuting mode and PM2.5 with CVD 

and all-cause mortality are shown in Fig. 2. Notably, compared with non-active commuters 

under higher PM2.5 level, taking active commuting modes showed no beneficial effects on 

either CVD incidence or all-cause mortality, with the HRs (95% CIs) of 1.02 (0.91−1.15) 

for walking commuters and 0.87(0.73−1.03) for cycling commuters in CVD incidence, 
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and 0.91(0.81−1.02) and 0.98(0.84−1.15) in all-cause mortality. Compared to participants 

exposed to higher PM2.5 concentration, those in lower PM2.5 level had lower risk of CVD 

incidence and all-cause mortality. More importantly, cycling commuters had 40% and 58% 

lower risk of CVD and all-cause death compared to non-active commuters under lower 

PM2.5 level. Significant multiplicative interaction of commuting mode and PM2.5 level was 

observed in all-cause mortality (P for interaction < 0.001). The lowest mortality risk was 

observed in cycling participants exposed to lower level of PM2.5.

3.4. CVD-free year and life year gains of active commuter under different PM2.5 levels

To evaluate the beneficial health effect of taking active commuting modes under different 

air pollution conditions, we further estimate the gains of CVD-free years and life years 

of walking commuters and cycling commuters under overall, higher, or lower PM2.5 

levels (Fig. 3). Participants were divided into higher PM2.5 group and lower PM2.5 group, 

with average PM2.5 concentrations of 79.5 μg/m3 and 54.7 μg/m3, respectively. Among 

all participants at the index age of 45, compared with non-active commuters, walking 

commuters were associated with 2.16 (95% CI: 1.35, 3.10) additional life years gained, 

with no apparent association with CVD-free years gained (0.72, 95% CI: − 0.05, 1.46); 

and cycling commuters were associated with an average of 3.24 (95% CI: 2.33, 4.22) 

and 3.71 (95% CI: 2.68, 4.61) additional CVD-free years and life years, respectively. In 

participants under lower PM2.5 level, the beneficial effects of active-commuting modes were 

more apparent, with 1.82 (0.45, 3.13) and 3.46 (1.94, 5.04) additional CVD-free years and 

life years (95% CI) for walking commuters, and 3.61 (2.48, 4.85) and 6.74 (5.34, 8.04) 

years for cycling commuters as compared with non-active commuters at the index age of 

45. However, the CVD-free year gained by cycling was attenuated to 1.72(0.38, 3.14) years, 

and there was no significant postponement of death by taking active commuting modes for 

participants under higher PM2.5 level (Fig. 3).

3.5. Subgroup and sensitivity analyses

Subgroup analyses showed that the beneficial effect of active commuting mode on CVD 

incidence were more apparent in participants who were female, over 60 years old, non-

smoker and non-drinker (P for interaction = 0.024, 0.025, 0.036 and 0.003, respectively, 

Table S2). The association of commuting mode and all-cause mortality was consistent across 

gender, status of smoking and drinking, BMI and MVPA, while significant interaction effect 

was observed between commuting mode and age (P for interaction = 0.025, Table S3). In 

addition, after excluding participants who developed CVD within the first year of follow-up, 

the significant associations of commuting mode with CVD incidence and all-cause mortality 

remained robust (Table S4).

4. Discussion

In this large prospective cohort study of general Chinese population, we observed that active 

commuting modes by walking and cycling were associated with lower risks of CVD and all-

cause mortality, as well as postponement of incident CVD and death. Notably, we provide 

evidence for the first time that the protective effect of active commuting was alleviated 
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or counteracted by higher exposure of ambient PM2.5 in China. These associations were 

independent of socio-demographics, lifestyle behaviors and cardio-metabolic comorbidities.

Before the 19th century, people mainly commuted by walking. With the expansion of urban 

and the advancement of transportation technology, the way of commuting has changed 

dramatically. The Finnish Adult Health Behavior Survey showed that commuting-related 

physical activity showed a downward trend from 1978 to 2002 (Mäkinen et al., 2009). In 

recent years, many developed countries have advocated commuting by walking or cycling, 

and the proportion of commuters choosing active commuting has increased. From 1998 to 

2015, the proportion of Swedish workers who chose non-active commuting dropped from 

64% to 56%, while the proportion of people who chose to commute with moderate to 

severe physical activity rose from 12% to 19% (Eriksson et al., 2020). In addition, the 

National Health Survey of the United States the proportion of walking commuters rose 

from 28.4% to 31.7% from 2005 to 2015 (Ussery et al., 2018). However, it was reported 

that the willingness of taking active commuting was decreasing among Chinese population 

(Gong et al., 2020). In the present study, we found that from 2007 to 2008, 55.7% of the 

study subjects chose an inactive way of commuting, and only 44.3% chose an active way of 

commuting. The prevalence and trend of commuting modes are different between China and 

developed countries.

Several studies have investigated the associations of CVD incidence and mortality, but the 

results in other countries may not be applicable for Chinese population due to different 

commuting patterns, physical activity, and environmental factors (Celis-Morales et al., 

2017; Fan et al., 2019; Kubesch et al., 2018). the present study indicated that choosing 

an active commuting mode might lead to beneficial effects on CVD health, which is in 

consistency with previous findings. Moreover, the advantage of cycling was consistent 

in previous studies, yet conflicting findings on the effect of walking were reported (Celis-

Morales et al., 2017; Fan et al., 2019). Similar to other studies, our findings showed 

that walking commuting was associated only with CVD- and all-cause mortality, but 

not with CVD incidences (Celis-Morales et al., 2017; Fan et al., 2019). Daily active 

commuting is an important part of total physical activity, which is proved to be beneficial 

for cardiorespiratory fitness and overall health (Audrey et al., 2014; Liu et al., 2020; 

Ogilvie et al., 2007). Thus, the different effect of walking and cycling may be due to the 

distinction in physical activity amount (Celis-Morales et al., 2017). The 2011 Compendium 

of Physical Activities reported that the average intensity of commuting by walking is 4.0 

metabolic equivalents (METs), lower than that of commuting by cycling which is 6.8 

METs (Ainsworth et al., 2011). Besides, people with longer commuting distance were 

likely to choose cycling than walking, this may partly contribute to higher commuting 

related physical activity in cycling commuters. However, we did not observe significant high 

MVPA in cycling commuters than walking commuters in the present study. We speculated 

that because of higher occupational physical activity in Chinese population with more 

labor-intensive jobs compared with developed countries, the total amount of physical activity 

was mainly determined by work-related physical activity instead of commuting modes (Liu 

et al., 2020; Zang and Ng, 2016). Besides, according to previous studies, not only the 

amount but also the intensity had influence on the cardiovascular health effect of physical 

activity, and higher intensity physical activity was showed to exert better cardiovascular 
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protective effect (Hidalgo-Santamaria et al., 2018; Ramos et al., 2015). The difference of 

intensity of physical activity between walking and cycling might be a potential mechanism. 

Furthermore, the effect of active commuting on life expectancy has been reported in other 

developed countries with inconsistent results (Cepeda et al., 2017; Mueller et al., 2015). 

This study is the first one among Chinese populations to identify that choosing an active 

commuting mode was related to postponement in CVD onset and death. The associations 

of active commuting with incidence and mortality of CVD were independent of potential 

confounding factors such as gender, age, socioeconomic status, diet behavior, physical 

activity level, smoking and alcohol consumption, air pollution exposure, family history of 

CVD, BMI, and comorbidity with diabetes, hypertension, and dyslipidemia. Taken together, 

choosing an active commuting mode, especially cycling, may deliver benefits on CVD 

prevention and life expectancy at the population level.

Although active commuting is beneficial for cardiovascular health, active commuters are 

more likely to expose to outdoor air pollution than non-active commuters who take the 

public transportation or driving. Our previous works revealed that long-term exposure to 

higher PM2.5 led to increased risks of CVD and mortality in China (Liang et al., 2020; 

Yang et al., 2020). Besides, recent modeling studies in both China and the US indicated 

that life year gains could be achieved by reducing PM2.5 concentration (Bennett et al., 2019; 

Qi et al., 2020). Studies from Chinese population showed that personal PM2.5 exposure 

levels were the highest among walking commuters, followed by cycling commuters and 

non-active commuters (Foraster et al., 2014), and a recent meta-analysis indicated that active 

commuters had higher inhalation doses of air pollutants than commuters using non-active 

ones (Cepeda et al., 2017). Hence, it is important to evaluate whether the beneficial effects 

of active commuting on cardiovascular health were reduced by exposure to air pollutants, 

especially in China where the ambient air pollution is more severe than many developed 

countries. Results of this study indicated that active commuting was associated with reduced 

risks of CVD, mortality, CVD-free year gained and life year gained in participants under 

lower exposure of PM2.5. A prospective cohort study from China Kadoorie Biobank 

showed that the association between active commuting modes and incident and recurrent 

myocardial infarction was independent of air pollution, but only indoor air-pollution by 

cooking and heating was considered (Fan et al., 2019). Another experimental study showed 

that beneficial effects in arterial stiffness were reduced in healthy and CVD participants 

after walking under high compared with low concentrations of traffic-related air pollution 

(Sinharay et al., 2018). Furthermore, Evidences from developed countries and regions 

indicated that the health protective effect of active commuting and outdoor physical activity 

was not alleviated by exposure to PM2.5, whereas the levels of PM2.5 was much lower 

than that in mainland China, including 26.1 μg/m3 in Taiwan, China, 35.3 μg/m3 in Hong 

Kong, China, and 26.2 μg/m3 in Korea (Guo et al., 2020; Kim et al., 2020a, 2020b; 

Sun et al., 2020). Moreover, it should be noted that the categories of PM2.5 (average 

PM2.5 concentrations: 79.5 ug/m3 for ’higher PM2.5’, and 54.7 ug/m3 for ’lower PM2.5’) 

still far exceed China’s recommended guidelines to limit average annual PM2.5 to less 

than 35 ug/m3 or what is generally considered as healthy PM2.5 levels. Differences in 

the modification effects of air pollution on the association between active commuting and 

CVD health may due to the level and types of airborne pollutants varying across studies. 

Lin et al. Page 10

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2023 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Therefore, the present study provides the first evidence in Chinese population that the 

advantageous effects on health of active commuting may be attenuated or counteracted by 

long-term exposure to a higher level of PM2.5.

These findings have important public health policy implications. Air quality is becoming 

better with strict air pollution control strategies in China. According to the Report on the 

State of the Ecology and Environment in China, the control strategies on air pollution have 

achieved good results. However, besides cities with low level of air pollution, the PM2.5 

level of some cities still exceed the level recommended by China (35 ug/m3) and level 

suggested by the present study (61 ug/m3), especially among northern cities and during 

winter. Therefore, on one hand, in areas with lower PM2.5 level, a more active commuting 

mode especially cycling should be encouraged on a population level such as construction of 

cycle lane, allowance for bike hire and purchase and publicity of healthy life style. On the 

other hand, in area with higher PM2.5 level especially above 61 ug/m3, active commuting 

should be recommended with caution, and preventive procedure like wearing mask should 

be taken for active commuters to reduce the inhalation of PM2.5. Moreover, the air pollution 

control should be continued in China, especially in northern areas and winter season.

This is the first large prospective cohort study investigated the interaction of commuting 

mode and long-term exposure to ambient air pollution in CVD prevention and longevity 

among general Chinese population. Our study was based on a large sample size, and a 

long-term follow-up period with strict and comprehensive data collection, which allowed 

us to adjust for a wide range of potential confounding factors such as socio-demography, 

lifestyle behaviors and comorbidities, and to analyze subtypes of CVD. Furthermore, by 

using the most recent high-resolution PM2.5 data derived from the MAIAC algorithm and 

machine-learning approach enabled us to estimate the fine-scale PM2.5 variability for each 

participant.

Despite the strengths above, several limitations should be noted in the present study. 

First, information of commuting behavior and physical activity were self-reported 

instead of instrumental measurements such as pedometer, thus recall bias may introduce 

misclassification of commuting modes and attenuate the association of active commuting 

with outcomes. Second, we could not account for information about commuting time and 

distance in analysis due to lack of information collect. Third, through the satellite-based 

spatiotemporal models, we only obtained the data of ambient air PM2.5, making us incapable 

to analyze the health impact of other ambient air pollutants and consider the effect of 

work-related or indoor air pollution. Previous studies reported that the health benefits 

of physical activity were not affected by exposure to NO2 and PM10 in Danmark and 

Korea (Andersen et al., 2015; Kim et al., 2020a, 2020b; Kubesch et al., 2018), yet the 

level of air pollution was lower in these areas. Forth, the levels of PM2.5 exposure of 

participants were only dichotomized in the present study. Due to lacking participants and 

follow-up years to develop enough incidence cases, we could not observe significant results 

in more detailed stratifications in PM2.5 level. Fifth, though we had rigorous quality control, 

some participants may not have good access to health care and may lead to differential 

outcome misclassification. Sixth, although we have adjusted confounders including socio-

demographics, lifestyle behaviors and cardio-metabolic comorbidities, residual confounding 

Lin et al. Page 11

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2023 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



is still possibly existed, and associations may not imply causation for observational study. 

In brief, improvements are needed in future study and follow-up surveys to obtain detailed 

information about commuting mode and air pollution for more accurate estimates of the 

associations.

5. Conclusion

In summary, this large prospective cohort study revealed that active commuting is beneficial 

for CVD prevention and life expectancy, and discovered for the first time that long-term 

exposure to high level of PM2.5 could counteract the cardiovascular benefits attributable to 

choosing active commuting modes in Chinese population. The new findings also provided 

population-based evidence which is critical for policy making on environment protection 

and healthy lifestyle for people in China and other developing countries with severe air 

pollution.
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Fig. 1. 
Flow chart of study participants included and excluded in the study. InterASIA, International 

Collaborative Study of Cardiovascular Disease in Asia; China MUCA (1998), China Multi-

Center Collaborative Study of Cardiovascular Epidemiology 1998; CIMIC, Community 

Intervention of Metabolic Syndrome in China and Chinese Family Health Study. CVD, 

cardiovascular disease.
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Fig. 2. 
Hazard ratios and 95% confidence intervals of cardiovascular disease incidence (A) and 

all-cause mortality (B) for joint associations of commuting mode and PM2.5 concentration, 

stratified by cohort and adjusted for age, gender, urban or rural resident, geographic region, 

per-capita household income, educational level, dietary habit, tobacco smoking, alcohol 

consumption, daily hours of moderate-vigorous physical activity and sitting, BMI, family 

history of CVD, status of diabetes mellitus, hypertension, and dyslipidemia. Higher and 

lower PM2.5 was categorized by the median of PM2.5 concentration among all study 

participants. The P-values for interaction were 0.055 and < 0.001 for CVD incidence 

and all-cause mortality, respectively. CVD, cardiovascular disease; PM2.5, fine particulate 

matter; BMI, body mass index.
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Fig. 3. 
Years of CVD-free gained and years of life gained associated with walking and cycling 

compared with non-active commuters under different air pollution conditions. Higher 

and lower PM2.5 was categorized by the median of PM2.5 concentration among all 

study participants. Models were adjusted for cohort, age, gender, urban or rural resident, 

geographic region, per-capita household income, educational level, dietary habit, tobacco 

smoking, alcohol consumption, daily hours of moderate-vigorous physical activity and 

sitting, BMI, family history of CVD, status of diabetes mellitus, hypertension, and 

dyslipidemia. PM2.5, fine particulate matter; CVD, cardiovascular disease; BMI, body mass 

index.
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Table 1

Baseline characteristics of participants according to categories of commuting mode.

Characteristics Total Non-active Active Walking Cycling

No. of participants 76,176 42,460 17,771 15,945

Age at baseline (year) 51.2 ± 11.8 51.2 ± 12.4 52.3 ± 11.3 50.2 ± 10.6

Male, No. (%) 31,011(40.7) 17,484(41.2) 6711(37.8) 6816(42.7)

Urbanization, No. (%) 2318(3.0) 962(2.3) 689(3.9) 667(4.2)

Education higher than high school, No. (%) 9391(12.3) 5329(12.6) 2205(12.4) 1857(11.6)

Current smoker, No. (%) 16,905(22.3) 9843(23.2) 3502(19.7) 3560(22.3)

Alcohol drinker, No. (%) 17,128(22.5) 10,592(24.9) 3009(16.9) 3527(22.1)

BMI (kg/m2) 23.8 ± 3.6 23.8 ± 3.6 24.0 ± 3.6 23.7 ± 3.5

Household income, Thousand Yuan/year 22.5 ± 26.0 23.1 ± 27.0 17.4 ± 24.8 26.4 ± 23.7

Daily time of MVPA, h/day 8.4 ± 6.6 8.4 ± 6.6 8.5 ± 6.4 8.2 ± 6.7

Daily time of sitting, h/day 7.2 ± 2.9 7.0 ± 2.9 7.7 ± 3.0 7.0 ± 2.7

PM2.5 concentration, yg/m3 67.1 ± 14.7 63.1 ± 13.2 72.4 ± 14.2 71.9 ± 15.8

Family history of CVD, No. (%) 8296(10.9) 4204(9.9) 2552(14.4) 1540(9.7)

Hypertension, No. (%) 25,226(33.1) 12,370(29.1) 6626(37.3) 6230(39.1)

Diabetes mellitus, No. (%) 3995(5.6) 2106(5.0) 1172(6.6) 717(4.5)

Dyslipidemia, No. (%) 21,701(30.2) 12,028(28.3) 5837(32.8) 3836(24.1)

Values were presented as mean with standard deviation (SD) for continuous variables and frequency with percentage for categorical variables. BMI, 
body mass index. MVPA, moderate-vigorous physical activity. PM2.5, fine particulate matter. CVD, cardiovascular disease.
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Table 2

Hazard ratios of cardiovascular diseases incidence associated with categories of commuting mode.

Non-active Active

Walking Cycling

CVD

No. of cases 1317 643 270

Incident rate, per 100,000 Pys 514.5 641.7 300.1

Model1: HR (95% CI) Ref. 0.94 (0.85–1.05) 0.74 (0.64–0.85)

Model2: HR (95% CI) Ref. 0.95 (0.85–1.05) 0.74 (0.64–0.85)

Model3: HR (95% CI)
Stroke

Ref. 0.95 (0.85–1.05) 0.71 (0.62–0.82)

No. of cases 1003 476 199

Incident rate, per 100,000 Pys 391.6 474.7 221.0

Model1: HR (95% CI) Ref. 0.94 (0.83–1.05) 0.78 (0.66–0.91)

Model2: HR (95% CI) Ref. 0.94 (0.84–1.06) 0.77 (0.65–0.91)

Model3: HR (95% CI) Ref. 0.95 (0.84–1.07) 0.74 (0.62–0.87)

CHD

No. of cases 203 128 58

Incident rate, per 100,000 Pys 79.0 126.8 64.3

Model1: HR (95% CI) Ref. 1.03 (0.81–1.30) 0.82 (0.60–1.13)

Model2: HR (95% CI) Ref. 1.01 (0.80–1.28) 0.83 (0.61–1.14)

Model3: HR (95% CI) Ref. 0.98 (0.77–1.25) 0.81 (0.59–1.12)

Model1: adjusted for age, gender, urban or rural resident, geographic region, per-capita household income, educational level, and PM2.5 
concentration. Model2: Further adjusted for dietary habit, tobacco smoking, alcohol consumption, daily hours of moderate-vigorous physical 
activity and sitting, and BMI. Model3: Further adjusted for family history of CVD, status of diabetes mellitus, hypertension, and dyslipidemia. 
CVD, cardiovascular disease; Pys, person-years; HR, hazard ratio; CI, confidence interval; CHD, coronary heart disease; PM2.5, fine particulate 

matter; BMI, body mass index.

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2023 February 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lin et al. Page 22

Table 3

Hazard ratios of cardiovascular diseases and all-cause mortality associated with categories of commuting 

mode.

Non-Active active Walking Cycling

CVD-mortality

No. of cases 556 257 105

Incident rate, per 100,000 Pys 216.1 254.4 116.4

Model1: HR (95% CI) Ref. 0.83 (0.71–0.98) 0.63 (0.50–0.78)

Model2: HR (95% CI) Ref. 0.84 (0.71–0.98) 0.63 (0.50–0.79)

Model3: HR (95% CI) Ref. 0.80 (0.68–0.95) 0.58 (0.46–0.73)

Stroke-mortality

No. of cases 290 132 60

Incident rate, per 100,000 Pys 391.6 474.7 221.0

Model1: HR (95% CI) Ref. 0.82 (0.65–1.02) 0.76 (0.56–1.03)

Model2: HR (95% CI) Ref. 0.83 (0.67–1.04) 0.77 (0.57–1.04)

Model3: HR (95% CI) Ref. 0.80 (0.64–1.00) 0.67 (0.49–0.92)

CHD-mortality

No. of cases 140 83 28

Incident rate, per 100,000 Pys 106.6 199.4 118.8

Model1: HR (95% CI) Ref. 0.91 (0.68–1.22) 0.57 (0.37–0.88)

Model2: HR (95% CI) Ref. 0.89 (0.67–1.20) 0.57 (0.37–0.88)

Model3: HR (95% CI) Ref. 0.84 (0.62–1.13) 0.54 (0.34–0.84)

All-cause mortality

No. of cases 1734 687 356

Incident rate, per 100,000 Pys 674.1 680.0 394.5

Model1: HR (95% CI) Ref. 0.81 (0.73–0.89) 0.69 (0.61–0.78)

Model2: HR (95% CI) Ref. 0.80 (0.73–0.88) 0.68 (0.60–0.77)

Model3: HR (95% CI) Ref. 0.79 (0.72–0.87) 0.67 (0.59–0.76)

Model1: adjusted for age, gender, urban or rural resident, geographic region, per-capita household income, educational level, and PM2.5 
concentration. Model2: Further adjusted for dietary habit, tobacco smoking, alcohol consumption, daily hours of moderate-vigorous physical 
activity and sitting, and BMI. Model3: Further adjusted for family history of CVD, status of diabetes mellitus, hypertension, and dyslipidemia. 
CVD, cardiovascular disease; Pys, person-years; HR, hazard ratio; CI, confidence interval; CHD, coronary heart disease; PM2.5, fine particulate 

matter; BMI, body mass index.
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