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A B S T R A C T   

Background: Evidence for the association between long-term exposure to ozone (O3) and cause-specific cardio
vascular disease (CVD) mortality is inconclusive, and this association has rarely been evaluated at high O3 
concentrations. 
Objectives: We aim to evaluate the associations between long-term O3 exposure and cause-specific CVD mortality 
in a Chinese population. 
Methods: From 2009 to 2018, 744,882 subjects (median follow-up of 7.72 years) were included in the CHinese 
Electronic health Records Research in Yinzhou (CHERRY) study. The annual average concentrations of O3 and 
fine particulate matter (PM2.5), which were estimated using grids with a resolution up to 1 × 1 km, were assigned 
to the community address for each subject. The outcomes were deaths from CVD, ischemic heart disease (IHD), 
myocardial infarction (MI), stroke, and hemorrhagic/ischemic stroke. Time-varying Cox model adjusted for 
PM2.5 and individual-level covariates was used. 
Results: The mean of annual average O3 concentrations was 68.05 μg/m3. The adjusted hazard ratio per 10 μg/m3 

O3 increase was 1.22 (95% confidence interval [CI]: 1.13–1.33) for overall CVD mortality, 1.08 (0.91–1.29) for 
IHD, 1.21 (0.90–1.63) for MI, 1.28 (1.15–1.43) for overall stroke, 1.39 (1.16–1.67) for hemorrhagic stroke and 
1.22 (1.00–1.49) for ischemic stroke, respectively. The study showed that subjects without hypertension had a 
higher risk for CVD mortality associated with long-term O3 exposure (1.66 vs. 1.15, p = 0.01). 
Conclusions: We observed the association between long-term exposure to high O3 concentrations and cause- 
specific CVD mortality in China, independent of PM2.5 and other CVD risk factors. This suggested an urgent 
need to control O3 pollution, especially in developing countries.   
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Yinzhou; CI, confidence interval; CPS-II, the American Cancer Society Cancer Prevention Study II; CVD, cardiovascular disease; EPA, Environmental Protection 
Agency; GBD, Global Burden of Diseases; GDP, gross domestic product; HR, hazard ratio; IHD, ischemic heart disease; IQR, inter quartile range; MI, myocardial 
infarction; O3, ozone; PM2.5, fine particular matter; SD, standard deviation. 
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1. Introduction 

Ozone (O3) is a secondary pollutant with strong oxidizing properties 
(Cakmak et al., 2018). In recent years, the concentrations of other pol
lutants, such as fine particulate matter (PM2.5), have decreased, whereas 
the ambient O3 concentration is stable or gradually increasing globally 
(Global Burden of Diseases [GBD] 2019 Risk Factors Collaborators, 
2019; Zhou et al., 2022). Global warming is accelerating because of the 
rising greenhouse gas emissions and natural climate cycles (Xu et al., 
2018), and the associated increase in temperature could further increase 
the concentrations of O3 in the future (Likhvar et al., 2015; Pu et al., 
2017). A warming climate reduces humidity and wind speed, which 
decreases the dispersion of nitrogen oxides and volatile organic com
pounds, in turn prolonging the time available for O3-forming reactions 
to occur. Moreover, O3-forming reactions are enhanced at higher tem
peratures (Heal et al., 2013; Jhun et al., 2014). In a recent GBD study 
considering only the effect of O3 on respiratory disease, the global 
burden of mortality attributable to ambient O3 pollution in 2019 
increased compared to 1990 (GBD 2019 Risk Factors Collaborators, 
2019). Therefore, ambient O3 pollution is a serious globally public 
health concern. 

Among epidemiological studies, short-term O3 exposure (from hours 
to a few days) increases the risk of mortality from respiratory disease, 
cardiovascular disease (CVD), ischemic heart disease (IHD), and stroke 
(U.S.EPA, 2020), as well as hospital admissions due to cardiopulmonary 
disease (Berman et al., 2012; Ensor et al., 2013). However, limited 
studies have assessed the association between long-term exposure to O3 
and mortality, especially CVD mortality, and the results are inconsistent. 
As the leading cause of mortality, CVD was responsible for 17.8 million 
deaths in 2017, accounting for approximately 31.8% of all-cause global 
deaths (GBD 2017 Causes of Death Collaborators, 2018). Recent large 
cohort studies in the US and Canada have shown that long-term expo
sure to O3 is associated with CVD deaths (Cakmak et al., 2016; Kaze
miparkouhi et al., 2020; Lim et al., 2019; Turner et al., 2016; 
Weichenthal et al., 2017), whereas cohort studies from Denmark 
(Hvidtfeldt et al., 2019), France (Bentayeb et al., 2015) and the UK 
(Carey et al., 2013) have reported null or negative associations. Several 
studies (Lim et al., 2019; Turner et al., 2016; Weichenthal et al., 2017) 
have suggested the association of O3 and death from respiratory disease 
or CVD are in fact non-linear, with a threshold concentration ranging 
between 25 and 60 μg/m3. This may explain the conflict results stated 
above, because most studies examining the effects of long-term O3 
exposure on CVD mortality were conducted in developed countries 
where O3 concentrations are generally below 60 μg/m3 (Cakmak et al., 
2016; Di et al., 2017; Turner et al., 2016). More significant association 
may be observed at higher O3 concentrations that exceed the above- 
specified threshold range. As well as these inconclusive results, little is 
currently known about the effect of higher concentrations of O3. 
Moreover, as reported by the U.S. Environmental Protection Agency 
(EPA), the main uncertainty also comes from the limited evidence from 
epidemiologic studies on the effect of long-term exposure to O3 on cause- 
specific CVD outcomes, such as IHD, myocardial infarction (MI) or 
stroke (U.S.EPA, 2020). 

Therefore, by examining O3 estimates at a high spatiotemporally 
resolution (up to 1 km grid cells) in a large Chinese cohort study (Lin 
et al., 2018) of 744,882 adults from 2009 to 2018, with a detailed 
consideration of PM2.5 and individual-level risk factors, we aim to 
evaluate the associations between long-term exposure to high O3 con
centrations and cause-specific CVD mortality and to examine the con
centration–response curves to fill the gap of knowledge about long-term 
exposure to O3 related CVD health effects at high O3 concentrations and 
to provide epidemiological evidence to support policy making for O3 
control to promote public health. 

2. Materials and Methods 

2.1. Study population 

The CHinese Electronic health Records Research in Yinzhou 
(CHERRY) study is a large, population-based, observational cohort study 
integrating individual data within the regional health information sys
tem in China. The study is conducted in Yinzhou, Ningbo in Zhejiang 
Province (29◦37′− 29◦57′ N, 121◦08′− 121◦54′ E), which is located in the 
coastal area of eastern China, 230 km south of Shanghai, with an area of 
1346 km2 and a total population of 1.24 million in 2016 (Lin et al., 
2018). Yinzhou has a subtropical monsoon climate, with mild winters 
and warm but moist summers. The temperature reaches its highest (32.4 
◦C; the monthly average high temperature) in July and its lowest (4.0 ◦C; 
the monthly average low temperature) in January, with an annual mean 
temperature of 18.8 ◦C. Yinzhou typically sees approximately 150.79 
mm (5.94 in.) of precipitation and has 168.65 rainy days annually, 
which mainly occur from June to September. 

The protocols of the CHERRY study have been previously described 
(Lin et al., 2018). In brief, individuals were included if they met all the 
following inclusion criteria: (1) aged over 18 years on 1 January 2009; 
(2) had complete information on the date of birth and sex, as well as a 
valid healthcare identifier; (3) had been living in Yinzhou for at least 6 
months and (4) were Chinese nationality (Lin et al., 2018). A total of 
1053,565 subjects were included in the original CHERRY cohort study, 
with registration between January 1, 2009 and December 31, 2017. The 
registration date of these subjects was used as the baseline date of the 
study. Subjects with missing addresses at community/village level or 
missing important information on individual-level risk factors were 
excluded. The remaining 744,882 subjects from 33 counties (610 com
munities or villages) were included in the analysis set in this study 
(Supplementary Figure 1). The baseline characteristics of both the 
included and excluded participants are summarized in Supplementary 
Table 1. 

2.2. Health data collection 

Longitudinal data for subjects are linked through various clinical and 
administrative databases. The basic demographic information (birth 
date, sex, education level and residential community or village), lifestyle 
risk factors (smoking status and alcohol consumption), anthropometric 
measurements (height and weight), personal medical history (history of 
hypertension and diabetes mellitus) were collected. Residents were 
divided into urban and rural according to their addresses, which were 
categorized from the National Bureau of Statistics. Information on the 
Gross Domestic Product (GDP) per capita and the accessibility of 
healthcare facilities were included as the county-level variables. Infor
mation on GDP per capita was obtained from Statistical yearbook 2017 
in Yinzhou District of Ningbo city, Zhejiang Province in China. More
over, a score for healthcare accessibility was calculated for each county 
in Yinzhou District. All public and private hospitals and primary care 
units within a radius of 3 km of each county were counted. According to 
the hospital grade (tertiary public hospital or large private hospital, 
secondary public hospital, or primary care unit), the score of 10, 5 and 2 
was assigned to each hospital tertiary, secondary public hospital and 
primary care unit, respectively. The hospital grade was officially 
assessed according to the scale of the hospital (number of staffed beds), 
scientific research, number of doctors, and the level of medical care 
provided, amongst other factors. The final county-level score was 
calculated by summing all points from each healthcare units. 

2.3. Outcomes 

All subjects were followed up until the date of death, moving out of 
the region, or the end of the study (Dec 31, 2018). Owing to the border 
adjustment of the Yinzhou district in 2017, follow-up of individuals from 
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nine counties, who were considered as moving out of the region, were 
censored on December 31, 2016. As described previously (Lin et al., 
2018), vital information (time and cause of death) was collected from 
January 1, 2009 to December 31, 2018. The death certificates have been 
reported previously (Wang et al., 2016). The International Statistical 
Classification of Diseases, 10th Revision, was used to determine the 
underlying cause of death from CVD (I00-I99), IHD (I20-I25), MI (I21- 
I22), stroke (I60-I69), hemorrhagic stroke (I61) and ischemic stroke 
(I63). 

2.4. Measurements of air pollutants and other environmental factors 

The ground-level daily average concentrations of O3 and PM2.5 in 
China from 2005 to 2017 were estimated using random forest algorithm 
at a spatial resolution of 1-km. These estimates have been used previ
ously (Ma et al., 2021a; Zhao et al., 2020) and the modeling method
ology has been described in detail elsewhere (Ma et al., 2021b). Briefly, 
the random forest algorithm considered the important features 
including ground-based measurements, satellite-based data, outputs 
from the GEOS-Chem chemical transport model, meteorological vari
ables, land-use terms, road network data, elevation, normalized differ
ence vegetation index and regional and seasonal variables. Original 
validation data indicated that the model performance was good when 
comparing model estimates with ground-based measurements, with R2 

value for prediction versus observation for daily average O3 and PM2.5 
concentrations of 0.71 and 0.85, respectively. In our study, the primary 
exposure was annual average O3 concentrations, which was calculated 
by averaging the daily average O3 concentrations over the year. Within 
our study area, O3 concentrations were also directly measured from the 
three monitor stations. The annual average O3 concentrations from the 
monitor stations was highly correlated with the model estimate, with an 

R2 value of 0.833 (Supplementary Figure 4). In addition, to demonstrate 
the seasonal fluctuation of O3 concentration, we provided the directly 
measured average O3 levels per month from the included three stations 
within our study area in the Supplementary Figure 5. As seen from the 
figure, in our study area, the highest O3 concentrations are observed in 
late spring (April - May) and the lowest in winter (November - January). 
O3 concentrations remains high from February till October. Therefore, 
besides the annual average O3 concentrations, we also provided the 
analysis based on the warm-season O3 concentrations (February - 
October). The temperature and normalized difference vegetation index 
were also obtained in the form of annual average values. Residential 
address was available at the communities/villages level in the study. 
Individuals were classified into 610 communities/villages within the 
study area. All residents within each community/village were assigned 
the same exposure estimates. The detailed locations of all communities/ 
villages were marked as green dots in Fig. 1. The latitude and longitude 
of these community/village-level addresses were determined on an area 
map using ArcGIS version 10.5. By linking community/village-level 
addresses to the nearest grids at 1 km resolution, we match the expo
sures of O3 and PM2.5 to each participant. 

2.5. Statistical analysis 

The Cox proportional hazards model was used to estimate the asso
ciation between the annual average O3 concentrations and cause- 
specific CVD mortality. To avoid the potential time trend confounding, 
time-varying O3 (and PM2.5) measurements were used. Individual re
cords during follow-up were split into each calendar year. The corre
sponding annual average O3 concentration was assigned to each year as 
the exposure. Records with follow-up<1 year were kept. The hazard 
ratio (HR) and 95% confidence interval (Cl) associated with each 10 µg/ 

Fig. 1. Spatial Distribution of the Annual Averaged O3 Concentration in Yinzhou District From 2009 to 2017. Abbreviations: O3, Ozone.  
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m3 increment of annual average O3 concentrations were examined. Fully 
adjusted models included the following individual-level variables: age 
(grouped into 5-year categories), sex, level of education (primary school 
or lower, middle school, and college or higher), smoking status (never 
smoker, former smoker, and current smoker), alcohol consumption 
(never, infrequent, and ≥ 3 times per week), body mass index (BMI: 
<18.5, 18.5–24.0, and ≥ 24.0 kg/m2), hypertension status (yes and no), 
diabetes status (yes and no), urbanicity (urban and rural), as well as the 
following two county-level variables: healthcare accessibility score 
(continuous variable) and GDP per capita (continues variable). The 
proportional hazard assumption was checked using the Schoenfeld re
siduals (Grambsch PM, 1994). Warm season O3 exposure (February to 
October) was also assessed using time-varying Cox model. In addition, 
we evaluated the concentration–response relationship between O3 and 
cause-specific CVD mortality by fitting natural spline in the PM2.5- 
adjusted model. Considering that the concentrations of O3 was primarily 
ranged only from 60 to 80 μg/m3, two degrees of freedom were adopted 
in the natural spline to avoid overfitting. Subgroup analyses were con
ducted to examine potential effect modifications by age, sex, smoking 
status, alcohol consumption, hypertension status, diabetes status, BMI, 
and urbanicity, separately. Finally, we performed a series of sensitivity 
analysis by 1) excluding participants who died during the first year after 
baseline date; 2) using age as a strata variable; 3) excluding hyperten
sion and diabetes status at baseline from model covariates; 4) including 
temperature as additional model covariate; 5) including normalized 
difference vegetation index as additional model covariate; 6) using the 
healthcare accessibility with reassigned scores (3, 2, 1) as model co
variate; 7) using different lag patterns for the O3 exposure: annual 
average O3 concentration one year before, the moving two-year average 
of the O3 concentration on previous one and two years, and the moving 
three-year average of the O3 concentration on previous one, two and 
three years, respectively; 8) using traditional Cox model with baseline 
year O3 concentration; 9) using competing risk model in elders (greater 
than50 years) who has higher risk of death from CVD and other causes; 
10) changing the degree of freedoms for evaluating the concen
tration–response curve. 

All tests were two-sided and P-value of < 0.05 was considered to be 
statistically significant. All statistical analyses were performed using 
Stata 14.0 (Stata Corp., College Station, TX, USA) and R version 3.6.2 
(https://www.r-project.org). 

3. Results 

A total of 744,882 subjects aged over 18 years and who lived in 610 
different communities or villages in 33 counties were included in our 
study (Supplementary Figure 1). The study participants were on average 
43.25 years of age, and 50.8% were women. The summary baseline 
characteristics of the study population are provided in Table 1. 

The annual average O3 concentrations in Yinzhou District during the 
study period ranged from 59.65 to 78.14 μg/m3, with a mean exposure 
of 68.05 ± 2.37 μg/m3. The average concentrations of warm-season O3 
(February - October) was higher, ranged from 66.14 to 84.28 μg/m3, 
with a mean exposure of 73.24 ± 2.37 μg/m3. For comparison, the 
corresponding range for annual average PM2.5 concentrations was 33.10 
– 57.88 μg/m3 (48.79 ± 3.58 μg/m3). During the study period, the 
concentrations of O3 was generally stable and was relatively high in 
rural areas, while PM2.5 showed a downward trend (Fig. 1, Supple
mentary Figure 2 and 3). 

The correlation coefficient (which ranged from |0.006| to |0.188|) 
showed a weak correlation between the concentrations of O3 and PM2.5 
(Supplementary Figure 3). During the follow-up period (median, 7.72 
years), 7,308 subjects died of CVD, of which 1,742 deaths were due to 
IHD (626 were due to MI), and 4,696 were due to stroke (1,671 were due 
to hemorrhagic stroke and 1,470 were due to ischemic stroke). 

Each 10 μg/m3 increase in long-term annual average O3 exposure 
was associated with an increased risk of CVD mortality (HR: 1.22, 95% 

CI: 1.12–1.33) in the single pollutant model. The HRs decreased when 
we used warm season averages O3 exposure (HR: 1.11, 95% CI: 
1.02–1.21). The HR remained almost the same when further adjusting 
for PM2.5 (Table 2). The HRs for death from CVD in different subgroups 
are shown in Fig. 2. The sensitivity analysis for CVD in elders (greater 
than 50 years) were conducted using the competing risk model. The 
result showed that no substantial change occurred when competing 
events were considered (HR: 1.19, 95% CI: 1.10–1.30), compared with 
the estimates (HR: 1.18, 95% CI: 1.08–1.29) in the primary analysis. The 
risk of CVD mortality associated with O3 exposure was higher among 
subjects without hypertension (HR: 1.66 vs. 1.15, p = 0.01). We did not 
observe effect modification by age, sex, smoking status, alcohol con
sumption, diabetes status, BMI or urbanicity. 

Between 60 and 80 μg/m3, the shape of the associations between the 
annual average O3 concentrations and mortality from CVD, IHD, MI, 
total stroke, hemorrhagic stroke and ischemic stroke were similar 
(Fig. 3). The association within this range was broadly linear. The 
sensitivity analysis on different degrees of freedom demonstrated that 
the pattern of the concentration–response curves was consistent (Sup
plementary Figure 6). 

Table 1 
Baseline Characteristics of the Study Population a.   

Overall Male Female 

(N ¼
744,882) 

(N ¼
366,715) 

(N ¼
378,167) 

Individual level    
Age (years) 43.25 ± 14.60 43.53 ± 14.40 42.99 ± 14.79 
BMI (kg/m2)    
<18.5 22.218 (2.98) 7982 (2.18) 14,236 (3.76) 
18.5–24 556,986 

(74.78) 
271,966 
(74.16) 

285,020 
(75.37) 

≥24 165,678 
(22.24) 

86,767 
(23.66) 

78,911 
(20.87)  

Level of education    
Primary school or lower 218,353 

(29.31) 
95,130 
(25.94) 

123,223 
(32.58) 

Middle school 472,039 
(63.37) 

245,630 
(66.98) 

226,409 
(59.87) 

College or higher 54,490 (7.32) 25,955 (7.08) 28,535 (7.55)  

Smoking status    
Never smokers 580,550 

(77.94) 
222,661 
(60.72) 

357,889 
(94.64) 

Former smokers 18,249 (2.45) 15,994 (4.36) 2,255 (0.60) 
Current smokers 146,083 

(19.61) 
128,060 
(34.92) 

18,023 (4.77)  

Alcohol consumption    
Never 636,396 

(85.44) 
264,072 
(72.01) 

372,324 
(98.45) 

Less frequent 38,130 (5.12) 35,311 (9.63) 2819 (0.75) 
Frequent (≥3 times/week) 70,356 (9.45) 67,332 

(18.36) 
3024 (0.80) 

Hypertension status 254,899 
(34.22) 

125,635 
(34.26) 

129,264 
(34.18) 

Diabetes status 101,736 
(13.66) 

48,645 
(13.27) 

53,091 
(14.04) 

Urban 519,290 
(69.71) 

253,382 
(69.10) 

265,908 
(70.31)  

County level    
GDP per capita (10,000 US 

$) 
1.99 ± 0.93 2.00 ± 0.93 1.98 ± 0.93 

Healthcare accessibility 
score 

4 (2–7) 2 (2–5) 4 (2–12) 

Abbreviations: BMI, body mass index; GDP, gross domestic product; US$, U.S. 
dollar; SD, standard deviation; IQR, inter quartile range. 

a Data are mean ± SD, n (%) or median (IQR). 
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With regards to cause-specific CVD mortality, long-term annual 
average O3 exposure was not significantly associated with IHD (HR: 
1.08, 95% CI: 0.91–1.29) and MI (HR: 1.24, 95% CI: 0.92–1.66) in the 
single pollutant models. Results using warm season averages O3 expo
sure were broadly similar. In single pollutant models, increased O3- 
related risks were observed for overall stroke (HR: 1.29, 95% CI: 
1.16–1.44), hemorrhagic stroke (HR: 1.41, 95% CI: 1.17–1.69) and 
ischemic stroke (HR: 1.22, 95% CI: 1.00–1.49). Warm season O3 as 
exposure reduced the HR estimates for ischemic stroke (HR: 1.12, 95% 
CI: 0.91–1.38). We also noted similar associations for all these outcomes 
in PM2.5-adjusted models (Table 2). 

A series of sensitivity analyses were conducted. All these estimates 
were broadly similar to those of our main model (Supplementary Table 
2), suggesting that our results were robust. 

4. Discussion 

This study showed that long-term exposure to high O3 concentrations 
is associated with increased risk of mortality from CVD and stroke 
(including both hemorrhagic and ischemic stroke) in a Chinese 

population, independent of PM2.5 and other traditional CVD risk factors. 
Using high resolution exposure of O3 concentrations linking to a large 
Chinese cohort with detailed individual-level information, our study 
provided epidemiological evidence for positive associations between 
long-term O3 exposure and cause-specific CVD mortality. 

As briefly mentioned in the introduction, in terms of the association 
between long-term O3 exposure and healthy outcomes, several studies 
have reported that there may be a concentration–response curve 
threshold, above which a higher risk is observed (Lim et al., 2019; 
Turner et al., 2016; Weichenthal et al., 2017). The recent Canadian 
Census Health and Environment Cohort (CanCHEC) study (Weichenthal 
et al., 2017) observed the threshold at 25 μg/m3. Above this threshold, 
the estimates of CVD mortality increased with O3 concentration. The 
American Cancer Society Cancer Prevention Study II (CPS-II) (Turner 
et al., 2016) and the National Institutes of Health-American Association 
of Retired Persons Diet and Health Study (Lim et al., 2019) in America 
also reported similar non-linear relationship with thresholds of 35 μg/ 
m3 and 40 μg/m3, respectively. A study by Jerrett et al (Jerrett et al., 
2009) observed an O3 concentration threshold at 60 μg/m3 for respira
tory mortality in the CPS-II cohort. Therefore, one of the possible 

Table 2 
Hazard Ratio of Cardiovascular Mortality Associated with Ambient O3 Concentration (per 10 μg/m3).  

Cause of Death Events Single pollutant model a PM2.5-adjusted model b 

Annual O3 Warm Season O3 
c Annual O3 Warm Season O3 

c   

1.22 (1.12–1.33) 1.11 (1.02–1.21) 1.22 (1.13–1.33) 1.12 (1.03–1.23) 
IHD 1742 1.08 (0.91–1.29) 0.94 (0.78–1.12) 1.08 (0.91–1.29) 0.94 (0.78–1.13) 
MI 626 1.24 (0.92–1.66) 1.08 (0.80–1.45) 1.21 (0.90–1.63) 1.11 (0.82–1.50) 
Stroke 4696 1.29 (1.16–1.44) 1.17 (1.05–1.31) 1.28 (1.15–1.43) 1.19 (1.06–1.33) 
Hemorrhagic stroke 1671 1.41 (1.17–1.69) 1.46 (1.24–1.76) 1.39 (1.16–1.67) 1.49 (1.23–1.80) 
Ischemic stroke 1470 1.22 (1.00–1.49) 1.12 (0.91–1.38) 1.22 (1.00–1.49) 1.11 (0.90–1.36) 

Abbreviations: CVD, cardiovascular disease; IHD, ischemic heart disease; MI, myocardial infarction; O3, ozone; PM2.5, fine particulate matter; BMI, body mass index; 
GDP, gross domestic product. 

a Single pollutant model adjusted for age grouping, sex, level of education, smoking status, alcohol consumption, hypertension status, diabetes status, BMI, 
urbanicity and, county level healthcare accessibility scores and county-level GDP per capita. 

b PM2.5-adjusted model further adjusted PM2.5 concentration based on single pollutant model. 
c Warm season O3 was defined as the average O3 concentration from February to October in this study area. 

Fig. 2. Hazard Ratio of CVD Mortality 
Associated with Ambient O3 Concentration 
(per 10 μg/m3), by Category of Selected Risk 
Factors. Association was adjusted for PM2.5 
concentration, age grouping, sex, level of 
education, smoking status, alcohol con
sumption, hypertension status, diabetes sta
tus, BMI, urbanicity and, county-level 
healthcare accessibility scores and county- 
level GDP per capita.Abbreviations: O3, 
Ozone; PM2.5, fine particulate matter;CVD, 
cardiovascular disease; HR, hazard ratio; 
BMI, body mass index; GDP, gross domestic 
product.   
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important reasons that previous studies have inconclusive results is 
because O3 concentrations in these studies in the developed countries 
were generally below 60 μg/m3. Moreover, if the proposed non-linear 
relationship exists, the overall estimation for the low range of O3 
exposure assuming linearity might underestimate the effect when the 
exposure level increases. For example, studies from U.S. and Canada 
reported significant and positive associations between long-term O3 
exposure below 60 μg/m3 and CVD outcomes, with an HR of 1.03 (95% 
CI: 1.01–1.05) for CVD mortality from the CPS-II study (Turner et al., 
2016) and an HR of 1.03 (95% CI: 1.02–1.04) from the CanCHEC study 
(Cakmak et al., 2016). Although the estimates of O3-related CVD mor
tality reported by these studies were lower, it is likely that the associa
tion could be stronger at higher level of O3 concentrations according to 
the shape of concentration–response curve in these studies. 

In this study, we used a spatial temporal resolution up to 1 × 1 km for 
the O3 estimates as the primary exposure. It has been reported that high 
resolution of air pollution estimates could reveal greater association 
with the outcome (Crouse et al., 2020). We also estimated the associa
tions between long-term PM2.5 exposure and cause-specific CVD mor
tality in the same analysis set in our study. The estimates 
(Supplementary Table 3) were similar to the recent study examining 

long-term PM2.5 exposure across China (Liang et al., 2020a). This 
demonstrated the credibility of our main findings on long-term O3 
exposure. Meanwhile, it has been noted that the association might also 
be affected by the correlation between O3 and PM2.5 (Kazemiparkouhi 
et al., 2020). PM2.5 concentrations could also differentially confound O3- 
mortality associations (Jerrett et al., 2009). We only observed a weak 
correlation between O3 and PM2.5, and our results show that the asso
ciation of O3 remained robust after the adjustment of PM2.5 in our study. 

Most relevant studies from the US and Canada used warm-season O3 
as the primary exposure (Cakmak et al., 2018; Di et al., 2017; Kazemi
parkouhi et al., 2020). Generally speaking, the O3 concentration is 
higher in the warm season, which may lead to stronger health effects. 
This is often the case when the study area has clear seasonal changes and 
covers a vast area with large regional disparities in O3 concentration. 
However, in our study, the estimates when we use warm-season average 
O3 concentration (February to October) were lower than those using the 
annual average O3 concentration. As can be seen from the monthly O3 
concentration (supplementary Figure 5), the O3 concentration in sum
mer in our study area was not highest due to large number of rainy days. 
The subtropical monsoon from the western Pacific Ocean decreases the 
O3 concentration and further eliminates the regional disparity. 

Fig. 3. Association between Annual Average O3 Concentration and Cause-specific CVD Mortality. Abbreviations: CVD, cardiovascular disease; IHD, ischemic heart 
disease; MI, myocardial infarction; O3, Ozone; PM2.5, fine particulate matter. 
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Several biological mechanisms have been proposed to explain the 
relationship between O3 exposure and CVD mortality. Oxidative stress 
caused by O3 is suggested as the first hierarchical response in humans 
(Rajagopalan et al., 2018), followed by activation of systematic 
inflammation (Münzel et al., 2017; Sun et al., 2008). Inflammatory 
mediators can enter the circulatory system, stimulate the release of 
coagulation factors (Goodman et al., 2015), impair vascular function 
(Breton et al., 2012) and increase thrombosis (Rajagopalan et al., 2018), 
which may promote IHD and, leading to CVD mortality. Moreover, O3 
exposure may cause adverse health effects in a dose-dependent manner 
and exposure to high concentrations of O3 may lead to high estimates of 
health effects. An experimental study (Lakey et al., 2016) found that an 
increase of O3 from<30 ppb to more than 100 ppb can reduce the 
chemical half-life of antioxidants surfactants in human epithelial lining 
fluid, suggesting that high O3 concentrations exposure can cause severe 
oxidative stress, not only as a result of high levels of reactive oxygen 
species but also as a result of low levels of antioxidant and surfactant 
concentrations. An epidemiology study of atherosclerosis-related bio
markers (Poursafa et al., 2011) reported an increased in tissue factor 
levels and a decreased in thrombomodulin levels with increased O3 
exposure. To identify the potential biological pathways connecting long- 
term O3 exposure to CVD mortality, future investigations are still needed 
to fill the critical gaps in the health evidence. 

The study has several important strengths that should be noted. First, 
the high spatiotemporal resolution of the exposure assessment helped us 
capture fine-scale variations in O3 (and PM2.5) concentrations. Second, 
we included a large sample of subjects (more than 700,000) from China 
in the epidemiological studies of air pollution, enabling high power for 
the estimation of not only the overall CVD mortality risks, but also 
cause-specific CVD mortality outcomes, such as IHD, MI, overall stroke, 
hemorrhagic stroke and ischemic stroke. In addition, our study included 
detailed individual-level variables, which were vital to reduce con
founding, but that are often unavailable in most studies with large 
simple size. 

This study also has several limitations that should be acknowledged. 
First, the O3 concentration range (from 60 to 80 μg/m3) as well as the 
PM2.5 concentration range (from 30 to 60 μg/m3) due to the regional 
coverage in our study area may limit the generalizability of our findings 
to the other range of exposure. Second, despite our efforts to use the 
high-resolution estimates of O3 (and PM2.5) concentrations, there may 
exist some misspecification of exposure due to the community/village- 
level addresses of participants. However, such exposure error has been 
shown to attenuate effect estimates (Crouse et al., 2020; Hvidtfeldt et al., 
2019), indicating that our main estimates may still be conservative. 
Third, other ambient air pollutants, such as nitrogen dioxide, sulfur 
dioxide, and carbon monoxide, were not included in our analysis 
because no high-resolution exposure estimates were available at this 
granularity. It is still possible that they may confound the association 
between O3 exposure and mortality in different ways. Fourth, potential 
selection bias in the population may exist because 308,683 subjects 
(29% of the original cohort) were excluded, most of whom were younger 
and less frequently had hypertension and diabetes mellitus (Supple
mentary Table 1). 

5. Conclusion 

The results of the study provide new epidemiological evidence to 
support the positive and independent association between long-term O3 
exposure and cause-specific CVD mortality when concentration of O3 is 
high. Our results suggest that there is an urgent need to control ambient 
O3 pollution for CVD protection, especially in developing countries. 
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