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� First cohort study in China to
investigate long-term ambient O3

exposure and CVD.
� MDA8 O3 may increase the risk of
total CVD, heart disease and
hypertension.

� Effects of MDA8 O3 were greater in
males, urban areas, and Southern
China.

� We also provided the PAFs of CVD
attributable to MDA8 O3.

� This study extended our
understanding of chronic health
effects of ambient O3.
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Introduction: The health effects of ambient ozone have been investigated in many previous studies.
However, the effects of long-term exposure to ambient ozone on the incidence of cardiovascular disease
(CVD) remain inconclusive.
Objectives: To estimate the associations of long-term exposure to maximum daily 8-hours average ozone
(MDA8 O3) with the incidence of total CVD, heart disease, hypertension, and stroke.
Methods: This was a prospective cohort study, and the data was obtained from the China Health and
Retirement Longitudinal Survey (CHARLS) implemented during 2011–2018 and the China Family Panel
Studies (CFPS) implemented during 2010–2018. We applied a Cox proportional hazards regression model
to evaluate the associations of MDA8 O3 with total CVD, heart disease, hypertension, and stroke risks, and
the corresponding population-attributable fractions (PAF) attributable to MDA8 O3 were also calculated.
All analyses were conducted by R software.
Results: The mean MDA8 O3 concertation of all included participants in the CHARLS and CFPS were 51.03
part per billion (ppb) and 51.15 ppb, respectively. In the CHARLS including 18,177 participants, each
10 ppb increment in MDA8 O3 concentration was associated with a 31% increase [hazard ratio (HR)
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= 1.31, 95% confidence interval (CI): 1.22–1.42] in the risk of incident heart disease, and the correspond-
ing population-attributable fractions (PAF) was 13.79% [10.12%-17.32%]. In the CFPS including 30,226
participants, each 10 ppb increment in MDA8 O3 concentration was associated with an increase in the
risk of incident total CVD (1.07 [1.02–1.13]), and hypertension (1.10 [1.03–1.18]). The PAFs of total
CVD, and hypertension attributable to MDA8 O3 were 3.53% [0.82%-6.16%], and 5.11% [1.73%-8.38%],
respectively. Stratified analyses showed greater associations in males, urban areas, and Southern China.
Conclusions: Long-term exposure to MDA8 O3 may increase the incidence of CVD. Therefore, the policies
that control O3 and related precursors are persistently needed.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Ground ozone (O3) is an air pollutant primarily produced by
photochemical reactions between nitrogen oxides (NOx) and vola-
tile organic compounds (VOCs) [1]. Combined with the global
warming, the rapid industrialization and urbanization worldwide
has substantially increased the global ambient O3 concentration
[2]. The Global Burden of Disease (GBD) 2019 reported that 365
thousand deaths were attributed to ambient O3 worldwide in
2019, and the attributable deaths in China was 93.2 thousand [3].

China is one of the most populous counties where air pollution
is a serious public health challenge [4]. There are many new tech-
nologies emerging to prevent and control air pollution, such as
many newly synthesized nanomaterials that can act as photocata-
lysts to reduce the negative environmental impact of pollutants
[5,6]. To combat the severe air pollution, the Chinese governments
have also established a succession of stringent policies and mea-
sures, which has successfully controlled most air pollutants partic-
ularly fine particulate matter [7,8]. However, these policies
inappropriate reduced NOx rather than VOCs leading an increase
in the ambient O3. The national population-weighted mean con-
centrations of maximum daily 8-hours average ozone (MDA8 O3)
has risen from 89.34 lg/m3 in 2013 to 100.96 lg/m3 in 2019 [9].
In most cities across China, ambient O3 has replaced PM2.5 as the
predominant air pollutant. Furthermore, the ambient O3 concen-
tration in China is expected to rise between 2019 and 2050 [10].

The GBD 2015 study reported that the global population-
weighted O3 levels increased by 7.2% from 56.8 part per billion
(ppb) in 1990 to 60.9 ppb in 2015, with greater increases in O3 con-
centration were greater in more populous counties [11]. However,
the GBD studies did not include the O3-related burden of CVD [3].
The associations of long-term exposure to ambient O3 with cardio-
vascular effects have been investigated in many previous studies.
However, most studies aimed to investigate the long-term influ-
ence of O3 on mortality from CVD [3,12,13]. Very limited studies
have attempted to evaluate the effects of long-term O3 exposure
on the incidence of CVD, and their results were inconsistent
[14,15]. Moreover, all these previous studies were implemented
in high-income countries such as United States, Canada, without
evidence from low and middle income (LMI) countries which have
different O3 concentration levels [16].

The U.S. Environmental Protection Agency (EPA) found that the
evidence of causal association between long-term O3 exposure and
cardiovascular effects is only suggestive [17]. However, laboratory
studies have illustrated that exposure to O3 results in changes in
markers of fibrinolytic, oxidative stress, and inflammatory path-
ways [18,19,20], which were closely related to the development
of CVD. These findings suggested a causal relationship between
O3 exposure and CVD, but more epidemiological studies are
needed to clarify the causal relationship. Further, there is still lack
of standard for long-term exposure to ambient O3. Therefore, we
believe additional studies are needed.
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To fill the above gaps, we conducted an analysis with two
national prospective cohorts in China to estimate the associations
of long-term O3 exposure with the incidence of CVD, calculate
the O3-related burden of cardiovascular morbidity, and further
explore potential effect modifications.
Materials and methods

Study population and design

The data used in this study was provided by the China Health
and Retirement Longitudinal Survey (CHARLS) and China Family
Panel Studies (CFPS). The CHARLS study recruited participants aged
45 years or over, as well as her or his spouse, from 450 rural areas
and urban communities dispersed throughout 30 provinces across
China (Figure S1) [21]. Initially, 17,708 participants were enrolled
in the baseline investigation between 2011 and 2012. In 2013,
2015, and 2018, face-to-face computer-assisted personal inter-
views (CAPI) were applied to follow up all study participants. In
each follow-up investigation, new participants were recruited to
increase the sample size. There were 25,533 participants in
CHARLS study as of the most recent study. However, 7,349 partic-
ipants were eliminated due to lost to follow-up (n = 2,448), new
participants in the latest interview (n = 601), under 45 years old
(n = 1,410), CVD patients at baseline (n = 2,332) and lack of key
information (n = 565). The detailed information is shown in sup-
plementary materials (Figure S2).

The CFPS study, a large-scale and comprehensive survey, was
carried out by the China Social Science Survey Center (ISSS) of Pek-
ing University [22,23]. The CFPS was launched during 2010–2011
and included 14,960 households covering 25 provinces of China
(Figure S3). All adults aged 18 years or over were included. Using
a questionnaire, the CFPS collected household level and individual
level information on various aspects including economic status,
educational background, physical, and mental health, etc. These
participants were followed up in 2012, 2014, 2016, and 2018,
respectively. However, 21,848 participants were excluded due to
remove core members (n = 179), lack of address information
(n = 18,379), and lost to follow-up (n = 3,290). Supplementary
materials contain more detailed information (Figure S4).

To examine the associations of long-term MDA8 O3 exposure
with the incidence of CVD, we envisioned a longitudinal cohort
design using the CHARLS’ 2011 baseline data and data from
follow-up in 2013, 2015, and 2018, and the CFPS’ 2010 baseline
data and data from follow-up in 2012, 2014, 2016, and 2018.

Ethics statement

The CHARLS study involving human participants was ethically
reviewed and approved by the Biomedical Ethics Review Commit-
tee of Peking University (IRB00001052-11015). The CFPS study
involving human participants was ethically reviewed and
approved by the ISSS of Peking University (IRB00001052-14010).
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All subjects in both cohort studies provided their informed
consent.

Main measurement outcomes

Participants were defined as having hypertension, heart disease,
and stroke if they reported these diseases diagnosed by a doctor. In
the CHARLS cohort, heart diseases included coronary heart disease,
heart failure, heart attack, angina, or other heart-related problems
[24,25]. In the CFPS cohort study, we selected three events as the
outcomes: hypertension, total CVD, and stroke including cerebral
thrombosis, cerebral infarction, and other cerebrovascular diseases
[26]. According to the Disease Classification Codebook and Text
Coding Technical Report for CFPS, total CVD in this study included
the following diseases: acute rheumatic fever, chronic rheumatic
heart disease, angina pectoris, acute myocardial infarction, other
ischemic heart disease, pulmonary heart disease, other types of
heart disease, hypertensive disease, cerebrovascular disease, and
other circulatory diseases [27].

Exposure assessment to air pollution and temperature

Annual data of the highest seasonal [six-month] average of
MDA8 O3 (in parts per billion [ppb]) was obtained from the GBD
Study 2019 project, in which the measurements data were
obtained from the Tropospheric Ozone Assessment Report (TOAR)
and the China National Environmental Monitoring Center (CNEMC)
Network [3]. The MDA8 O3 data was estimated at a spatial resolu-
tion of 0.5��0.5� by using the chemical transport model and Baye-
sian maximum entropy, and a NASA G5NR-Chem model was used
to decline the spatial resolution to 0.1�.

Due to privacy issues, we did not obtain the residential address
of each participant. City-level MDA8 O3 data was used as a proxy
for personal data in the CHARLS study, and county-level MDA8
O3 data was used in the CFPS study. If no disease developed in
the participants throughout follow-up, MDA8 O3 exposure level
for each individual was averaged from enrollment to the end of
cohort follow-up. When participants in the study developed dis-
ease during the study period, each individual’s MDA8 O3 exposure
level was averaged from the time of enrollment to the year of the
disease occurred. In addition, for participants without disease
onset who changed address or who were lost to follow-up after
entry into the cohort, the MDA8 O3 exposure level was averaged
from when they entered the cohort to the final follow-up.

The yearly mean PM2.5 data for China from 2010 to 2018 were
acquired from the global surface PM2.5 dataset (V4.GL.03) which
was developed by the Atmospheric Composition Analysis Group
[28,29]. The ambient temperature data across China from 2010 to
2018 were obtained from the ERA5 which was the reanalysis of the
global climate and atmosphere by the fifth generation European
Centre for Medium-Range Weather Forecasts (ECMWF) [30]. The
individual assessment methods for PM2.5 and temperature were
the same as that for MDA8 O3.

Covariates

The following variables were selected as covariates: age, gen-
der, residence, region, education levels, marital status, smoking
status, drinking status, physical activity, body mass index (BMI)
and ambient PM2.5.

Age was divided into three groups: �50 years, 51to 60 years,
>60 years. Residence was defined as a dichotomous variable indi-
cating urban or rural areas. Region is divided into the south or
north by the Qin-Huai line [31]. Educational level refers to the
number of years of education. Participants with less than 6 years
of education may be those who have not reached the level of ele-
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mentary school knowledge, those with 7 to 12 years of education
may be those who have reached the level of secondary school
teaching, and most of those with more than 12 years may have uni-
versity knowledge. Marital status was divided into three groups,
namely unmarried, married and other marital status. Unmarried
means that the participants has never been married, and other
marital status means that the participants may be divorced, wid-
owed, etc. Current smokers were defined as the participants who
smoked more than 100 cigarettes in a lifetime and still smoked
now or have smoked cigarettes in the last month [32,33]. Current
drinkers were defined as the participants who drink alcohol 3
times a week in the past 1 month or in the past year [34]. Physical
activity was defined as a dichotomous variable indicating never or
ever [35]. Body mass index (BMI) was generated by dividing
weight in kilograms by height in m2. BMI was divided into three
groups: <18.5 kg/m2, 18.5 to 23.9 kg/m2 and � 24.0 kg/m2.
(Table S1).

Statistical analysis

We adopted a time- dependent Cox proportional hazards
regression model to analyze the associations of long-term MDA8
O3 exposure with total CVD, heart disease, hypertension, and
stroke incidence [36]. The statistical analysis is consistent with
previous research in which annual concentrations of air pollutants
were assigned to each year of follow-up [37]. In comparison to the
previous method, which used the average from enrolment to the
end of cohort follow-up, this method using time-varying covariates
and coefficients in the Cox hazards model would decrease the like-
lihood of exposure bias during long-term follow-up cohort [38].
The approach applied to evaluate the proportional risk hypothesis
was assessed with the weighted Schoenfeld residuals [39], by
which no violation was found (P > 0.05). The variable of MDA8 O3

was imputed into the model as a continuous variable. When the
linear association was estimated, we presented the hazard ratio
(HR) and its 95% confidence interval (CI) for each 10 ppb increment
in the MDA8 O3 concentration. By contrast, when the nonlinear
association was estimated, we used a natural spline (ns) function
with three degrees of freedom (3dfs) to examine the nonlinear
effects [40].

The method for calculating the population-attributable frac-
tions (PAF) of CVD attributable to MDA8 O3 has been described
and explained in detail in previous articles [41], and has also been
well validated in other studies [42].

We also applied several types of subgroup analyses to examine
the modification effects of gender, age group, residence, and
region. A 2-sample z test was used to test the difference in the
associations among different subgroups [43].

Sensitivity analyses

By additionally adjustment for ambient temperature, the sensi-
tivity analyses were done to verify the robustness of associations
between MDA8 O3 and CVD.

All above analyses were conducted by R software (V4.1.1, R
Development Core Team). All statistical analyses were two-sided,
and statistical significance was defined by P-value < 0.05.
Results

General characteristics of study participants

There were 18,177 participants selected from the CHARLS
cohort, contributing 101,171 person-years of observation, with
an average 5.57 years of follow-up. Out of the total participants,
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Table 1
Characteristics of study participants in the CHARLS cohort and CFPS cohort.

Characteristics CHARLS cohort
(n, %)

CFPS cohort
(n, %)

All 18,177 30,226
Gender
Male 9216 (50.7) 14,609 (48.3)
Female 8961 (49.3) 15,617 (51.7)
Age (years)
Minimum age 45 18
Maximum age 115 92
�50 5767 (31.7) 18,690 (61.8)
51 � 60 6300 (34.7) 5920 (19.6)
>60 6110 (33.6) 5616 (18.6)
Residence
Rural 10,959 (60.3) 16,966 (56.1)
Urban 7218 (39.7) 13,260 (43.9)
Region
Southern 10,644 (58.6) 13,345 (44.2)
Northern 7533 (41.4) 16,881 (55.8)
Smoking status
Current 5827 (32.0) 9310 (30.8)
Former 1522 (8.4) 1844 (6.1)
Never 10,828 (59.6) 19,072 (63.1)
Drinking status
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8,961 (49.3%) were females, 6,110 (33.6%) were aged over 60 years,
10,959 (60.3%) resided in rural areas, 10,644 (58.6%) resided in
Southern China, and 2,021 (11.1%) reported new heart disease dur-
ing the follow-up period (Table 1).

A total of 30,226 individuals were selected from the CFPS
cohort, with a total of 213,329 person-years of observation, and
an average 7.05 years of follow-up. Of these participants, 15,617
(51.7%) were females, 5,616 (18.6%) were aged over 60 years,
16,966 (56.1%) resided in rural areas, and 13,345 (44.2%) resided
in Southern China. During the follow-up, 3,980 (13.2%), 2,335
(7.7%), and 1,122 (3.7%) reported new incidence of CVD, hyperten-
sion, and stroke, respectively (Table 1 and Table S2).

The mean MDA8 O3 concertation of all included participants in
the CHARLS and CFPS cohorts were 51.03 ppb and 51.15 ppb,
respectively. The mean PM2.5 concertation of all included partici-
pants in the CHARLS and CFPS cohorts were 46.19 lg/m3 and
50.33 lg/m3, respectively. The MDA8 O3 was positively correlated
with ambient PM2.5 (r = 0.50, P < 0.001 in CHARLS, r = 0.45,
P < 0.001 in CFPS), and negatively correlated with ambient temper-
ature (r = -0.09, P < 0.001 in CHARLS, r = -0.07, P < 0.001 in CFPS)
(Table S3 and Table S4).
Current 6713 (36.9) 4850(16.0)
Former 1390 (7.6) 1369(4.5)
Never 10,074 (55.4) 24007(79.4)
Educational level (years)
�6 7860 (43.2) 15,913 (52.6)
7 � 12 8291 (45.6) 12,410 (41.1)
>12 2026 (11.1) 1903 (6.3)
Marital status
Unmarried 154 (0.8) 3631 (12.0)
Married 16,209 (89.2) 24,546 (81.2)
Others 1814 (10.0) 2049 (6.8)
Physical activity
Never 1753 (9.6) 24,792 (82.0)
Ever 16,431 (90.4) 5434 (18.0)
BMI
Underweight (<18.5 kg/m2) 1003 (5.5) 3073 (10.2)
Normal weight (18.5 to 23.9 kg/m2) 10,168 (56.0) 18,525 (61.3)
Overweight (�24.0 kg/m2) 7006 (38.5) 8628 (28.5)
Heart disease incidence during follow-up
NO 16,156 (88.9) –
Yes 2021 (11.1) –
Total CVD incidence during follow-up
NO – 24,353 (80.6)
Yes – 3980 (13.2)
Hypertension incidence during follow-up
NO – 27,056 (89.5)
Yes – 2335 (7.7)
Stroke incidence during follow-up
Associations of long-term exposure to MDA8 O3 with incident
cardiovascular diseases

We found that the positive nonlinear associations of long-term
MDA8 O3 exposure with incident CVD, particularly for heart dis-
ease, and hypertension (Fig. 1). Results of linear analyses also
showed positive associations of long-term MDA8 O3 (per 10 ppb
increase) exposure with the risks of incident heart disease
(HR = 1.31, [95%CI: 1.22–1.42]), total CVD (1.07, [1.02–1.13]), and
hypertension (1.10, [1.03–1.18]) in the total participants.

Stratified analyses showed significant modifications of gender,
residence, and region on the effects of MDA8 O3. For instance, the
associations of MDA8 O3 with incident heart disease were greater
in males (1.43 [1.25–1.63]) than in females (1.23 [1.10–1.38]),
and in Southern China (1.50 [1.30–1.72]) than in Northern China
(1.28 [1.14–1.44]). In addition, the association of MDA8 O3 with
incident hypertension was greater in urban residents (1.15 [1.05–
1.26]) than in rural residents (1.01 [0.91–1.12]). We also observed
the association of MDA8 O3 with stroke in Southern China (1.20
[1.02–1.41]) was greater than in Northern China (1.01 [0.90–
1.14]). (Fig. 2 and Table S5).
NO – 28,781 (95.2)
Yes – 1122 (3.7)

-: Not available.
Note:
Educational attainment (years) � 6 years means less than 6 years of education.
Educational attainment (years) 7 � 12 years means the years of education are
greater than or equal to 7 years and less than 12 years.
Educational attainment (years) > 12 years means greater than 12 years of
education.
BMI, body-mass index.
PAFs of CVD attributable to long-term exposure to MDA8 O3

Fig. 3 shows the PAFs of various CVD attributable to MDA8 O3.
The PAFs of heart disease, total CVD, and hypertension were 13.79%
[10.12%-17.32%], 3.53% [0.82%-6.16%], 5.11% [1.73%-8.38%], respec-
tively. Subgroup analyses showed heterogeneous PAFs among var-
ious subgroups. For example, the PAF of heart disease were higher
in Southern China (18.67% [13.14%–23.85%]), and lower in North-
ern China (13.09% [7.97%-17.94%]). The PAF of hypertension was
greater in urban residents (7.13% [2.47%-11.57%]), and lower in
rural residents (0.56% [-4.87%-5.71%]). The PAF of stroke was
9.82% [1.91%-17.11%] in participants aged over than 60 years
(Table S6).
Sensitivity analyses

The sensitivity analyses indicated robustness of our results
against adjustment for different covariates including ambient
PM2.5 and temperatures (Table S7).
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Discussion

This study based on two national prospective cohorts across
China has estimated the associations of long-term MDA8 O3 expo-
sure with the incidence of CVD. The results suggest that long-term
exposure to MDA8 O3 had the positively association with the inci-
dence of CVD, particularly for heart disease and hypertension. The
effects of MDA8 O3 were greater in males, urban areas, and South-
ern China. Quantitatively, 13.79% of heart disease, 3.53% of total
CVD, and 5.11% of hypertension may be caused by long-term
MDA8 O3 exposure.



Fig. 1. Exposure-response curves of long-term exposure to MDA8 O3 concentration with incidence of heart disease (A), total CVD (B), hypertension (C), and stroke (D).

Fig. 2. The hazard ratio (HR, 95%CI) of heart disease (A), total CVD (B), hypertension (C), and stroke incidence (D) for long-term exposure to MDA8 O3 (per 10 ppb increment).
Adjustment for PM2.5, age, sex, residence type, region, education level, smoking status, drinking status, physical activity level, marital status and BMI. Abbreviations: HR,
hazard ratio; CI, confidence interval.
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The 2022 American Heart Association (AHA) Statistical Update
states that CVD have posed a significant impacts and disease bur-
den globally [44]. In previous literatures [15,45,46], several inves-
tigations have been conducted the impacts of long-term to O3

exposure on the incidence of CVD, and most of them were imple-
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mented in high-income countries. For example, a large cohort
study implemented in Canada observed that long-term exposure
to O3 was positively connected with the incidence of congestive
heart failure (CHF) and acute myocardial infarction (AMI) [47]. In
the Medicare study conducted in USA, Yazdi et al. (2019) observed



Fig. 3. The population-attributable fraction (PAF) of heart disease, total CVD, hypertension, and stroke for long-term exposure to MDA8 O3. Note: We estimated only those
PAFs of diseases which had positive associations with long-term exposure to MDA8 O3 in the total participants or various subgroups. Red represents the heart diseases of
CHARLS. Blue represents total CVD of CFPS. Yellow represents hypertension of CFPS. Green represents Stroke of CFPS. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

S. Liang, Y. Chen, X. Sun et al. Journal of Advanced Research 62 (2024) 165–173
that long-term O3 exposure was significantly associated with first
hospital admissions for stroke, myocardial infarction (MI), and
heart failure [48]. Similarly, our study found that positive associa-
tions of long-term exposure to MDA8 O3 with the incidence of CVD,
including heart disease, hypertension. Our findings provide new
evidence on the adverse cardiovascular effects of ambient O3.
Table S8 showed the characteristics of previous studies and main
findings.

Nevertheless, the long-term effects of ambient O3 on CVD were
inconsistent in existing literature. In a UK cohort study, Atkinson
et al. (2013) discovered a null association of long-term O3 exposure
with the incidence of CVD [14]. The 2012 Korean Community
Health Survey found that PM10, NO2, CO, SO2, and O3 were not
associated with stroke, myocardial infarction, and ischemic heart
disease in Korean adults [49]. This disparity may be related to dif-
ferences in the accuracy of exposure assessment, population char-
acteristics, and O3 exposure levels [50]. Therefore, we call for more
cohort studies to illustrate the impact of chronic exposure to O3 on
cardiovascular health, particularly in LMI countries.

Several plausible biologic mechanisms were proposed in previ-
ous studies on the health impacts of O3 [19,20]. Exposure to O3, a
potent oxidizing gas, may induce oxidative damages to human
cells and tissues, which can then lead to immune-inflammatory
responses in the lung. For example, exposure to higher O3 concen-
tration could lead to increased levels of tumor necrosis factor-a
(TNF-a), and interleukin-6 (IL-6) in human alveolar macrophages
and airway epithelial cells [51]. These immune-inflammatory
responses may ‘‘spillover” to the circulatory system, and increase
the risk of cardiovascular morbidity by affecting hemostasis and
autonomic tone [52]. For example, exposure to higher O3 concen-
tration was associated with an increase in hemostatic markers
such as fibrinogen, and von Willebrand factor. O3 may potentially
have effect on the autonomic nervous system, causing adverse car-
diovascular effects [52].
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We observed a greater association between MDA8 O3 and inci-
dent heart disease in males than in females, which was consistent
with previous studies [47]. Compared with female, male have
higher frequency and intensity of outdoor activities, and may have
more exposure to ambient pollution [53]. Furthermore, the higher
prevalence of smoking in males may exacerbate the negative
impacts of air pollution on health [54]. It was proposed that the
mechanisms of smoking and air pollution on causes of cardiovas-
cular death may be complementary or additive and synergistic
[55].

We also observed a stronger association of MDA8 O3 with CVD
in urban population than in rural population. Although we did not
find a study that has investigated the urban–rural difference in the
long-term association between MDA8 O3 and CVD, some studies
found a stronger effect of other air pollutants on human health
in urban area [56,57]. The greater effects of O3 in urban area may
be related to the higher O3 concentration which was mainly
derived from industry and traffic [58]. Higher ambient temperature
due to the heat island in urban area may also enhance residential
susceptibility to O3 pollution [59–61]. Moreover, the growing
urbanization in China in recent years has contributed to more in-
migration of people to urban cities. Since most of these people
are likely to live in more polluted areas [62], the damage to their
health of air pollution is exacerbated. Hence, more protection mea-
sures are needed to protect human health from O3 pollution in
urban areas.

The stratified analyses also showed that the influence of MDA8
O3 was stronger in Southern China than in Northern China. Such a
modification of geographical region on the long-term impact of O3

on CVD has not been investigated in the literature. However, a
national Chinese investigation indicated a stronger link between
short-term O3 exposure and mortality from CVD in Southern China
than in Northern China, which supports our findings [63]. This geo-
graphical variation could be attributed to the higher ambient tem-
perature in Southern China, which could enhance the health
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impact of O3 [59–61]. In addition, people usually spend more time
outdoor in southern region, which may increase their exposure
level to O3 and hence enhance the health impact of O3 [64]. Our
findings suggest that southern residents should take more mea-
sures to protect their health, particularly in severer O3 polluted
days. Table S9 showed statistical description of temperature,
MDA8 O3 and age of subjects.

Quantitatively, our results showed that the PAFs of CVD, heart
disease, and hypertension caused by long-term exposure to
MDA8 O3 were 3.53%, 13.79%, and 5.11%, respectively. The number
of newly diagnosed patients of CVD, heart disease, and hyperten-
sion are unknown across China. However, based on the annual
average incidence of these three diseases in the present two
national cohorts, we estimated that about 1391.58 CVD, 664.31
heart disease, and 764.22 hypertension patients were newly diag-
nosed in each 100,000 population in China. Out of these new
patients, 0.52 million CVD, 0.41 million heart disease, and 0.41 mil-
lion hypertension patients may be caused by exposure to O3 across
China (Table S10). These figures indicated that the large CVD bur-
den attributable to O3 in China. Considering this number of CVD
patients and the rising of ambient O3 across China, effective air pol-
lutant control strategies are very necessarily for reducing the cost
of CVD.

This study has several strengths. First and foremost, this is a
study based on two national cohorts including participants from
30 provinces across China. The large sample size and long follow-
up period allowed us to obtain adequate number of new CVD cases,
and to confidently estimate their associations with MDA8 O3 expo-
sure with an ensured statistical power. Second, this is the first
cohort study in China to evaluate the relationships between
long-term MDA8 O3 exposure and the incidence of CVD, and
explored the modifications. Our findings provided additional infor-
mation of the adverse health impacts of ambient O3. Third, detailed
individual information was collected in both cohorts, allowing us
to adequately control for the potential confounders. Fourth, we
also calculated the PAF of MDA8 O3 exposure, which could be use-
ful in calculating the disease burden of CVD, and has crucial policy
implications.

Meanwhile, several limitations should be acknowledged. First,
many participants were excluded in the CHARLS and CFPS cohorts,
which may result in selection bias (Table S11 and S12). The
descriptions of physical activity differ in these two cohorts. The
raw data on physical activity in the CHARLS was a continuous vari-
able while the raw data on physical activity in the CFPS was binary.
To maintain the consistency of the study, we divided exercise into
two categories: Never and ever. In the CHARLS, we performed a
sensitivity analysis and discovered that the results did not substan-
tially change using binary variable and continuous variable of
physical activity (Table S13). Second, we assessed the O3 concen-
tration at the city or county level as a proxy of individual exposure,
as we had no access to individual residential address due to privacy
concerns. We cannot totally exclude the misclassification bias of
exposure. In addition, we did not obtain individual information
of time-location activity patterns and indoor air pollution, which
may also lead to misclassification bias of exposure. However, it
was suggested that such misclassification bias is likely to be uni-
versal and non-differential [42], and the impacts on our findings
may be limited. Third, for noncommunicable chronic diseases such
as CVD, there is typically no acute symptom that may be utilized to
corroborate the accurate incident data. The diagnosis date is usu-
ally utilized as the incident date, which may lead to information
bias because the real onset date of CVD may be earlier. Fourth,
those CVD patients diagnosed before entering the cohort were
excluded in this study. These excluded patients may include most
susceptible people who have developed the CVD earlier, which
may result in underestimation of O3 effect.
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Although we have collected detailed individual information, the
information on industrial exposure and occupational dirtiness
indices was not available in CHARLS and CFPS. Some potential con-
founders were not considered in this study including medication
status, comorbidities, dietary habit, physiological and pathological
factors and genetic background.
Conclusions

This national cohort study based on CHARLS and CFPS provides
new evidence for the more comprehensive study of the association
between MDA8 O3 and the incidence of CVD. Initially, this study
strongly suggests the positive association of long-term MDA8 O3

exposure with the incidence of CVD. The associations were more
pronounced in males, Southern China and urban areas. The O3

exposure may have led to have burden of CVD across China. Our
findings combined with previous evidence will aid in establishing
a more precise exposure–response function for estimating the dis-
ease burden caused by MDA8 O3. This study extends our under-
standing of the causal associations between long-term exposure
to MDA8 O3 and CVD. These findings also encourage us to control
ambient O3 pollution to protect public health, with particular
attention to vulnerable populations such as men, those living in
Southern China, and those in urban areas. Considering the rising
of MDA8 O3 concentration and the incidence of CVD across China,
policies that control O3 and related precursors are persistently
needed, particularly in regions with severer O3 pollution.
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