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ABSTRACT

In this study, cohort studies retrieved from
PubMed, Web of Science,
systematically evaluated to clarify the link between

and Embase were

long-term ozone exposure and cardiovascular disease
(CVD)-related mortality and morbidity, addressing
gaps in previous reviews that were not comprehensive
or did not distinguish specific CVD types. For every
10 pg/m3 increase in ozone concentration, the relative
risk (RR) of CVD mortality was 1.0105 [95%
confidence interval (CI): 1.0027, 1.0185], and that of
CVD morbidity was 1.0578 (95% CI: 1.0289,
1.0874). In different exposure windows, the CVD
mortality risk associated with warm-season ozone
exposure (RR=1.0186, 95% CI: 1.0119, 1.0253) was
higher than that associated with annual average ozone
exposure (RR=0.9971, 95% CI: 0.9781, 1.0164). The
RRs for CVD mortality were 1.1135 (95% CI: 1.0057,
1.2328) for females and 1.0707 (95% CI: 0.9855,
1.1633) for males. By region, the RRs were 1.0129
(95% CI: 1.0085, 1.0173) in Europe and the USA,
and 1.0326 (95% CI: 0.9323, 1.1436) in Asia. Long-
term ozone exposure is associated with a modest
increase in the risk of cardiovascular mortality and
morbidity. However, evidence regarding the long-term
effects of ozone exposure on cardiovascular disease-
related health outcomes remains sparse, and further
studies covering a broader range of regions and
vulnerable populations are urgently required.

Cardiovascular disease (CVD) remains a major
global public health issue with consistently high
morbidity and mortality. Its burden has increased due
to industrialization, urbanization, and population
aging, leading to an increase in the number of CVD
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deaths from 12.4 million in 1990 to 19.8 million
worldwide in 2023. Within the multifactorial disease
paradigm,
underscores the critical role of ambient air pollution,

mounting  epidemiological  evidence
including ambient ozone, in the onset of CVD. Ozone
enters the human body predominantly through the

respiratory route, triggering inflammatory responses

and oxidative stress that adversely affect the
cardiovascular ~ system  (Z). Long-term exposure
(typically measured in months or years) may lead to a
range of chronic  health issues, including

cerebrovascular diseases (2—4). Some studies have
shown that long-term exposure to air pollutants poses a
greater cardiovascular risk than short-term exposure
(5-6). In three previously conducted meta-analyses, the
health effects of long-term ozone exposure were
investigated using data collected before February 1,
2022; however, CVD was considered a single disease,
and the specific types were not distinguished (7-9).
However, emerging evidence has led to contradictory
conclusions across different regions. Studies from
European countries such as Denmark (70), France
(11), and the UK (I2) reported no or negative
associations, whereas investigations conducted in South
America indicated positive associations (/3). This
systematic review aims to provide an updated and
complete overview of the health effects of long-term
exposure to ozone using sensitive populations and
regional distribution characteristics.

INCLUDED STUDIES AND KEY
INDICATORS

Following a systematic literature screening procedure
and predefined eligibility criteria, 30 eligible articles
were identified. Each article contained one to two
independent cohort studies, collectively yielding 31
distinct cohorts for qualitative synthesis (Figure 1).
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FIGURE 1. Flow diagram of the literature screening and study selection process for the systematic review of the association
between long-term ozone exposure and cardiovascular disease risk.

Abbreviation: CVD=cardiovascular disease.

The objectives of the evaluation were defined
according to three elements: 1) study population,
2) exposure (referring to long-term ozone exposure),
and 3) CVD-related morbidity and mortality
(Supplementary Table S1, available at https://weekly.
chinacdc.cn/). The specific inclusion and exclusion
criteria provided in the
Supplementary ~ Materials. ~ Health  endpoints
predominantly included mortality outcomes (total

and methods are

cardiovascular disease, ischemic heart disease (IHD),
acute myocardial infarction, and cerebrovascular
mortality) and  morbidity [total
cardiovascular disease, IHD, hypertension, and heart
failure (HF)]. This systematic review included 14
CVD mortality studies and six CVD morbidity studies
(Supplementary Table S2, available at https://weekly.
chinacdc.cn/). The predominant exposure indicator of
the raw dataset was the daily maximum eight-hour
average ozone concentration, with most analyses
incorporating  co-pollutant  adjustments  [e.g.,
particulate matter with a diameter of 2.5 pm or less
(PM;5) and NO,] through multivariate regression

indicators
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models. Cox proportional hazards regression emerged

as the predominant analytical framework.

LONG-TERM OZONE EXPOSURE
INCREASES CVD RISK

Ozone Exposure and Diverse CVD Risk

The included studies were published between 1982
and 2024 with cohort sizes ranging from 4,866 to 22.2
million participants. For every 10 pg/m> increase in
ozone concentration, the pooled relative risk (RR) was
1.0105 [95% confidence interval (CI): 1.0027,
1.0185] for CVD mortality (Figure 2) and 1.0578
(95% CI: 1.0289, 1.0874) for CVD morbidity.

Sensitivity analyses restricted to studies reporting
hazard ratios (HRs) yielded comparable estimates, with
pooled RRs of 1.0076 (95% CI: 0.9948, 1.0205) for
CVD mortality and 1.0737 (95% CI: 1.0314, 1.1178)
for CVD morbidity, supporting the robustness of the
primary findings. Exploratory meta-regression analyses
identified the PM, 5 adjustment status as the main
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FIGURE 2. Forest plot of the association between long-term ozone exposure and cardiovascular disease mortality per
10 yg/m?® ozone increment.

Note: Squares represent study-specific RR, horizontal lines represent 95% CI, and diamonds represent the pooled RR under
the random effects model. Heterogeneity: =92.41%, P<0.001.

Abbreviation: C/=confidence interval; RR=relative risk.

source of heterogeneity for CVD mortality, explaining
34.0% of the between-study variance (R?=34.0%,
QM=6.47, P=0.011). In contrast, the geographic
region, exposure window, and follow-up duration were
not significant moderators. No significant moderators
were detected for CVD morbidity, which may be
attributed to the limited number of available studies.
For specific cardiovascular outcomes, the pooled RR
was 1.0443 (95% CI 1.0272, 1.0617) for IHD
mortality, 1.0399 (95% CI: 0.9239, 1.1705) for stroke
mortality, and 1.0395 (95% CI: 1.0182, 1.0539) for
stroke morbidity. One included study reported an HR
of 1.150 (95% CI: 1.038, 1.274) for coronary heart
disease (CHD), with HRs of 1.23 (95% CI: 1.03,
1.47) in women and 1.06 (95% CI 0.93, 1.21) in
men. For hypertension, the pooled RR was 1.1166
(95% CI. 1.0383, 1.2007) per 10 pg/m> increase in
ozone concentration, which is broadly consistent with
previous epidemiological studies reporting positive
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associations between ozone exposure and hypertension

risk (/4-15).

Biological Mechanisms Linking Ozone

to CVD Risk
biological
hypothesized to explain the association between ozone
exposure and CVD mortality. Oxidative stress is
considered to be the primary biological response to
ozone exposure (16), followed by the activation of
systemic  inflammation  (/7-18).  Inflammatory
mediators can enter the bloodstream, trigger the release
of coagulation factors (79), damage blood vessel
function (20), and increase thrombosis (7/6), all of
which may contribute to mortality from IHD, CHD,
and CVD. In contrast, hypertension may be more
strongly associated with autonomic nervous system
imbalance, vasoconstriction, and vascular dysfunction
induced by air pollution exposure (21). For stroke, the

Several mechanisms  have  been
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limited number of available studies precluded a meta-
analysis of stroke subtypes, suggesting that
hemorrhagic and ischemic strokes may involve distinct
pathophysiological mechanisms that could contribute
to differences in the observed associations (22).
Similarly, HF may involve additional pathways related
to chronic inflammation, oxidative stress, and
myocardial remodeling (23). These mechanistic
differences may partly explain the heterogeneity in the
associations observed across cardiovascular endpoints
and support the need for endpoint-specific analyses.

of CVD mortality were 0.9971 (95% CI. 0.9781,
1.0164) for annual ozone exposure and 1.0186 (95%
CIL. 1.0119, 1.0253) for exposure
(Figure 3). This study revealed that the correlation was
stronger when the exposure window was during the
warm season for the same unit of increase in ozone
concentration (£=0.039). When stratified by exposure
period, the corresponding relative risks for IHD were
1.0489 (95% CI: 1.0177, 1.0810) for annual ozone
exposure and 1.0436 (95% CI: 1.0139, 1.0742) for

warm-season ozone exposure. This finding is similar to

warme-season

that of a study involving seven cohorts that reported
RRs of 0.9906 (95% CI: 0.9667, 1.0185) for each 10
pg/m? increase in annual ozone exposure and 1.0047
(95% CI. 1.0000, 1.0093) for warm-season ozone
exposure in relation to CVD mortality (7). A possible
explanation is the longer working hours for outdoor
activities during the warm season, which leads to
increased ozone exposure. Another plausible hypothesis
is that the impact of ozone on human health is

CVD RISK VARIES BY EXPOSURE
WINDOW, POPULATION, AND
REGION

Warm-season Ozone and Enhanced

CVD Mortality Risk
Analysis by exposure window revealed that the RRs
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FIGURE 3. Subgroup analysis of cardiovascular disease mortality risk associated with long-term ozone exposure.

Note: Stratified analyses were conducted according to sex, exposure window, and geographic region. Sex-specific analyses
showed pooled RRs of 1.1135 (95% CI: 1.0057, 1.2328) for females and 1.0707 (95% CI: 0.9855, 1.1633) for males. For
exposure window, the pooled RR for CVD mortality was 1.0186 (95% CI: 1.0119, 1.0253) for warm-season mean ozone
exposure and 0.9971 (95% CI: 0.9781, 1.0164) for annual mean ozone exposure. Regional analyses showed pooled RRs of
1.0129 (95% CI: 1.0085, 1.0173) for studies conducted in Europe and the USA, and 1.0326 (95% CI: 0.9323, 1.1436) for
studies conducted in Asia. Each point represents the RR for CVD mortality associated with a 10 yg/m? increase in ozone
concentration; error bars indicate 95% CI. The horizontal dashed line at RR=1 indicates no association. The P-values above
each subgroup pair represent the P for interaction (test for subgroup differences). K indicates the number of studies
contributing to each subgroup.

Abbreviation: Cl=confidence interval; CVD=cardiovascular disease; RR=relative risk.
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modulated by temperature. Kahle et al. revealed that
systemic effects vary with
temperature. Specifically, at elevated temperatures
(32.5 °C), ozone impairs the fibrinolytic pathway,
whereas at moderate temperatures (22 °C), it activates

this pathway (24).

the ozone-induced

Sex Disparities in Ozone-related CVD
Mortality Risk

Notably, sex-stratified analyses were available in only
three studies and suggested potential differences in the
association between long-term ozone exposure and
cardiovascular outcomes. The pooled RRs were 1.1135
(95% CI: 1.0057, 1.2328) for females and 1.0707
(95% CI:. 0.9855, 1.1633) for males. Although the
estimated risk appeared numerically higher among
females, these findings should be considered
exploratory because of the limited number of studies
and lack of formal tests for subgroup differences. Other
studies have reported sex-based differences in the
between air pollutants and health
outcomes. One study on the association between air
pollutants and hypertension revealed that women were
more sensitive to long-term ozone exposure [odds ratio
(OR)=1.61, 95% CI: 1.15, 2.23] (25). Another study
linked women's exposure to air pollution with a higher
risk of adverse cardiovascular outcomes (26). This sex-
specific difference in risk may originate from the
fundamental  biological  mechanisms
adipocyte distribution. In men, androgen levels are
inversely related to the fat content in the visceral and
subcutaneous compartments, whereas the opposite is
true in women (2/-28). These hormonally modulated
fat-partitioning patterns may accelerate atherosclerosis
progression through distinct pathways (29).

association

governing

Regional Differences in Ozone-related

CVD Mortality Risk

Among the 31 included cohorts, geographical
distribution  analysis revealed 19 investigations
conducted in Europe and the USA, and 12 in Asia (all
of which were from China and the Republic of Korea).
The pooled RRs for CVD mortality associated with
long-term ozone exposure were 1.0129 (95% CI:
1.0085, 1.0173) for studies in Europe and USA and
1.0326 (95% CI. 0.9323, 1.1436) in Asia. A meta-
analysis of 25 cohort studies also revealed long-term
ozone exposure as a risk factor for cardiovascular death,
with an RR of 1.019 (95% CI:1.004, 1.035) (9).

However, other studies have shown that long-term
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ozone exposure may have protective effects against
cardiovascular mortality. A pooled analysis of 64
studies reported that per 10 pg/m> increment in ozone
levels corresponded to a CVD mortality RR of 0.993
(95% CI:. 0.952, 1.035) (30). These differing results
may be related to the different regions included in
these studies. Evidence shows areas with low total
mortality generally have higher relative death risks:
while China and India bear a larger absolute burden of
pollution-related deaths, urban populations in Europe
and North America suffer greater relative risks of
cardiovascular and acute respiratory mortality at
equivalent PM; 5 concentrations (37).

STUDY LIMITATIONS,
HETEROGENEITY, AND FUTURE
DIRECTIONS

We observed a slight increase in CVD mortality risk
after excluding studies with a high risk of bias, possibly
because these studies often had inadequate adjustments
for essential confounders (e.g., co-pollutants) or less

precise  ozone exposure assessments. Residual
heterogeneity may also reflect differences in
environmental, social, and behavioral contexts.
Notably,  exploratory = meta-regression  analyses

suggested that differences in PM,; s adjustment
strategies across studies may partially explain the
between-study  heterogeneity,  highlighting  the
difficulty of isolating the independent effect of ozone
in observational studies. In addition, combining
different effect measures (e.g., HRs, RRs, and ORs)
may introduce additional uncertainty, particularly for
relatively common outcomes such as hypertension.
Due to the limited number of eligible cohort studies,
subgroup findings regarding sex, regional variation,
should be
exploratory and interpreted cautiously. Funnel plots
and Begg's and Egger's tests had limited statistical
power in several subgroup or outcome-specific analyses

and exposure windows considered

and should not be regarded as definitive evidence for or
against publication bias (Supplementary Table S3,
Figure S1, available at https://weekly.chinacdc.cn/).
Furthermore, studies from low- and middle-income
global
representativeness of the findings. Therefore, future
studies with  broader

standardized

regions remain  scarce, limiting the
multicenter

geographic

assessments are warranted.

prospective

coverage and exposure
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SUMMARY

This study presents a comprehensive systematic
review of the relationship between long-term ozone
exposure and CVD risk. The findings of the reviewed
studies indicate that long-term ozone exposure is
associated with a modest increase in the risk of
cardiovascular mortality and morbidity. The most
sensitive outcomes included IHD mortality, stroke
morbidity, and stroke mortality. Higher risk values
were observed when warm-season ozone exposure was
used as the exposure window than with year-average
ozone exposure. The results of this review offer a
plausible rationale for further development of ozone
reduction measures to prevent and manage CVD.
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SUPPLEMENTARY MATERIAL
INCLUSION AND EXCLUSION CRITERIA

Inclusion Criteria

1) Literature demonstrating an exposure-response relationship between long-term ozone exposure and the risk of
death or disease in a population, including uncertainty representations such as 95% confidence interval (CI), the
percentage or risk of population death or morbidity increase for each specified unit of ozone concentration increase,
relative risk (RR), hazard ratio (HR), and 95% CI. The cause of death was classified according to the International
Classification of Diseases (ICD) published by the World Health Organization (WHO). 2) The main study design
was a cohort study. 3) Because most studies use single-pollutant models, for studies with multiple models, the results
of their main models should be included. 4) Air pollution and meteorological data should come from relevant
monitoring authorities, and all data should comply with quality assurance and quality control.

Exclusion Criteria
1) Original literature that did not address the exposure-response relationship between long-term ozone exposure
and the risk of population mortality. 2) Repeated reports and literature with poor quality and incomplete
information were excluded; 3) For the original data that could not be expressed or converted into a specified unit of
ozone concentration, the increase in the percentage of population death or risk, RR, and HR values were excluded.
4) Review articles. 5) Studies that did not meet the inclusion criteria.

METHODS

Literature Screening and Data Collection

The objectives of the evaluation were defined according to three elements: 1) study population, 2) exposure
(referring to long-term ozone exposure), and 3) CVD-related morbidity and mortality. We searched for studies on
the relationship between ozone exposure and CVD in PubMed, Web of Science, and Embase. The main search
terms were "ozone", "cardiovascular disease", and "exposure”. Eligible studies were identified via a systematic search
and reference screening of relevant reviews. A literature search was conducted for studies published between January
1, 2009, and December 31, 2024. The literature search and selection processes were repeated independently by two
researchers, and parts such as data extraction (including risk values, environmental pollutant levels, and study time)
were checked by a third person.

SUPPLEMENTARY TABLE S1. Literature search strategy.

Database Search strategies Results

(TS=(ozone OR O3;) AND TS=("long-term exposure" OR "chronic exposure") AND TS=("cardiovascular
Web of disease*" OR "heart disease*" OR "myocardial infarction" OR "stroke" OR "heart failure" OR "arrhythmia*"
Science OR "cardiovascular mortalit*" OR "cardiovascular death*" OR "cardiovascular incidence" OR "cardiovascular
morbidity") ) AND PY=(2009-2024)

(("Ozone"[Mesh] OR ozoneltiab] OR Ogj[tiab]) AND ("Long-Term Exposure"[tiab] OR "Chronic Exposure"[tiab]
OR "Environmental Exposure"[Mesh:NoExp]) AND ("Cardiovascular Diseases"[Mesh] OR "Heart
Diseases"[Mesh] OR "Myocardial Infarction"[Mesh] OR "Stroke"[Mesh] OR "Heart Failure"[Mesh] OR
"Arrhythmias, Cardiac"[Mesh] OR ("cardiovascular mortality"[tiab] OR "cardiovascular death"[tiab] OR
"cardiovascular incidence"[tiab] OR "cardiovascular morbidity"[tiab])))

AND ("2009/01/01"[Date - Publication]: "2024/12/31"[Date - Publication])

(('ozone'/exp OR ozone:ti,ab OR O4:ti,ab) AND ('long term exposure'/exp OR 'chronic exposure'/exp OR
'long-term exposure':ti,ab OR 'chronic exposure':ti,ab) AND (‘cardiovascular disease'/exp OR 'heart
disease'/exp OR 'myocardial infarction'/exp OR 'stroke'/exp OR 'heart failure'/exp OR 'cardiac
arrhythmia'/exp OR
(‘cardiovascular mortality':ti,ab OR 'cardiovascular death':ti,ab OR 'cardiovascular incidence'ti,ab OR
‘cardiovascular morbidity":ti,ab)))AND [2009-2024]/py

Note: *=wildcard character used in database searching to retrieve words with different endings.
Abbreviations: O3=ozone; TS=Topic (Web of Science field tag); OR=Boolean operator; MeSH=Medical Subject Headings;
tiab=title/abstract; exp=Emtree explosion; py=publication year.

461 records

PubMed 454 records

Embase 301 records
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SUPPLEMENTARY TABLE S3. Statistical tests of publication bias using the Begg and Egger methods.
Begg's rank correlation test Egger's linear regression test Whether there is significant

Health outcome

(P) (P) publication bias
CVD mortality 1.0000 0.8818 no
CVD morbidity 0.1361 0.3545 no
IHD mortality 1.0000 0.2178 no
stroke mortality 1.0000 0.3272 no
stroke morbidity 0.7726 0.4788 no
HF morbidity 0.7500 0.2789 no
hy{gif;gi;’” 0.3333 0.0480 ves

Abbreviation: CVD=cardiovascular disease; IHD=ischemic heart disease; HF=heart failure.
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SUPPLEMENTARY FIGURE S1. Funnel plot of CVD mortality.

Note: Funnel plots of studies investigating the association between ambient ozone exposure and CVD mortality. Each point
represents the relative risk (RR) for CVD mortality associated with a 10 ug/m® increase in ozone concentration from an
individual included study. The horizontal and vertical axes denote the effect size and the standard error of the effect
estimate, respectively. The central vertical dashed line indicates pooled effect sizes. Publication bias assessment for CVD
mortality showed no significant asymmetry, and Begg's rank correlation test (P=1.0000) and Egger's linear regression test
(P=0.8818) indicated no significant publication bias. Detailed results of the other outcomes are presented in the
Supplementary Materials.

Abbreviation: CVD=cardiovascular disease.

The literature that passed the screening criteria was included in the analysis database, and the following three
parts of data were extracted: 1) research information: study name, first author, and publication year; 2) research
methods: study location, data year, and study design. Results: RR or HR and 95% CI of each effect size of the
population morbidity or mortality with each increase in a certain concentration of pollutants. To ensure the
accuracy of the data entry, it was checked at least three times.

Statistical Analysis
The results must be translated into the expression "RR or HR value and 95% CI for every 10 pg/m? increase in
ozone concentration". The ozone concentration is converted according to 1 ppb=2.144 pg/m3. The specific
conversion formula can be found in the Supplementary Information.
The extracted data were summarized and sorted, and the heterogeneity of the included studies was tested and
expressed using the /2 statistic. Data processing and meta-analysis were performed using the metafor package
implemented in R software (version 4.4.1; R Foundation for Statistical Computing, Vienna, Austria). The Begg and
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Egger methods were used to check for bias in the analysis, and the funnel plot revealed publication bias.

Statistical Analysis Formula
The specific conversion formula is as follows:

1
RR, = 2% (1)
RR; refers to the relative risk when the ozone concentration is unified to 10 pg/m3, RR, refers to the relative risk
of a cardiovascular disease in the original literature, AX; refers to 10 pg/m>, and AX, refers to the unified ozone
concentration when the relative risk is calculated in the original literature.
We conducted stratified analyses according to sex, exposure window, and region. To determine whether there
were statistical differences in the risk estimates of ozone between subgroups a and b (with the null hypothesis HO:
Ba=Pb), we used the following formula:

L, ba-pb
\/se (Ba)* + se (Bb)?

Ba and Bb refer to the log(RR) for subgroups a and b, respectively, and se (a) refers to its standard error, giving a P
value according to Z.

2

REFERENCES

1. Turner MC, Jerrett M, Pope III CA, Krewski D, Gapstur SM, Diver WR, et al. Long-term ozone exposure and mortality in a large prospective study.
Am ] Respir Crit Care Med 2016;193(10):1134 - 42. https://doi.org/10.1164/rccm.201508-16330C.

2. Liu SD, Zhang Y, Ma RM, Liu XF, Liang JY, Lin HB, et al. Long-term exposure to ozone and cardiovascular mortality in a large Chinese cohort.
Environ Int 2022;165:107280. https://doi.org/10.1016/j.envint.2022.107280.

3. Niu, Zhou YC, Chen RJ, Yin P, Meng X, Wang WD, et al. Long-term exposure to ozone and cardiovascular mortality in China: a nationwide cohort
study. Lancet Planet Health 2022;6(6):¢496 - 503. https://doi.org/10.1016/52542-5196(22)00093-6.

4. Lim CC, Hayes RB, Ahn ], Shao YZ, Silverman DT, Jones RR, et al. Long-term exposure to ozone and cause-specific mortality risk in the United
States. Am J Respir Crit Care Med 2019;200(8):1022 - 31. https://doi.org/10.1164/rccm.201806-11610C.

5. Liang SR, Chen YM, Sun XL, Dong XM, He GH, Pu YD, et al. Long-term exposure to ambient ozone and cardiovascular diseases: evidence from two
national cohort studies in China. ] Adv Res 2024;62:165 - 73. https://doi.org/10.1016/j.jare.2023.08.010.

6. Cakmak S, Hebbern C, Vanos ], Crouse DL, Burnett R. Ozone exposure and cardiovascular-related mortality in the Canadian Census Health and
Environment Cohort (CANCHEC) by spatial synoptic classification zone. Environ Pollut 2016;214:589 - 99. https://doi.org/10.1016/j.envpol.2016.
04.067.

7. Hvidtfeldt UA, Serensen M, Geels C, Ketzel M, Khan J, Tjenneland A, etal. Long-term residential exposure to PMj 5, PM{(), black carbon, NO,
and ozone and mortality in a Danish cohort. Environ Int 2019;123:265 - 72. https://doi.org/10.1016/j.envint.2018.12.010.

8. Zhu LF, Fang JY, Yao Y, Yang ZM, Wu ], Ma ZW, et al. Long-term ambient ozone exposure and incident cardiovascular diseases: national cohort
evidence in China. ] Hazard Mater 2024;471:134158. https://doi.org/10.1016/j.jhazmat.2024.134158.

9. Crouse DL, Peters PA, Hystad P, Brook JR, van Donkelaar A, Martin RV, et al. Ambient PM2'5, 03, and NOy exposures and associations with
mortality over 16 years of follow-up in the Canadian Census Health and Environment Cohort (CanCHEC). Environ Health Perspect 2015;123(11):
1180 - 6. https://doi.org/10.1289/ehp.1409276.

10.  Kazemiparkouhi F, Eum KD, Wang BY, Manjourides J, Suh HH. Long-term ozone exposures and cause-specific mortality in a US Medicare cohort. ]
Expo Sci Environ Epidemiol 2020;30(4):650 - 8. https://doi.org/10.1038/s41370-019-0135-4.

11. Cakmak S, Hebbern C, Pinault L, Lavigne E, Vanos J, Crouse DL, et al. Associations between long-term PMy 5 and ozone exposure and mortality in
the Canadian Census Health and Environment Cohort (CANCHEC), by spatial synoptic classification zone. Environ Int 2018;111:200 - 11. https://
doi.org/10.1016/j.envint.2017.11.030.

12.  Ensor KB, Raun LH, Persse D. A case-crossover analysis of out-of-hospital cardiac arrest and air pollution. Circulation 2013;127(11):1192 - 9. https://
doi.org/10.1161/CIRCULATIONAHA.113.000027.

13.  Carey IM, Atkinson RW, Kent AJ, van Staa T, Cook DG, Anderson HR. Mortality associations with long-term exposure to outdoor air pollution in a
national English cohort. Am J Respir Crit Care Med 2013;187(11):1226 - 33. https://doi.org/10.1164/rccm.201210-17580C.

14. Jerrett M, Burnett RT, Beckerman BS, Turner MC, Krewski D, Thurston G, et al. Spatial analysis of air pollution and mortality in California. Am J
Respir Crit Care Med 2013;188(5):593 - 9. https://doi.org/10.1164/rccm.201303-06090C.

15.  Jerrett M, Burnett RT, Pope III CA, Ito K, Thurston G, Krewski D, et al. Long-term ozone exposure and mortality. N Engl ] Med 2009;360(11):1085
- 95. https://doi.org/10.1056/NEJM0a0803894.

16. Bai L, Shin S, Burnett RT, Kwong JC, Hystad P, Van Donkelaar A, et al. Exposure to ambient air pollution and the incidence of congestive heart failure
and acute myocardial infarction: a population-based study of 5. 1 million Canadian adults living in Ontario. Environ Int 2019;132:105004. https://doi.
0rg/10.1016/j.envint.2019.105004.

17. Yazdi MD, Wang Y, Di Q, Zanobetti A, Schwartz J. Long-term exposure to PM7 5 and ozone and hospital admissions of Medicare participants in the
southeast USA. Environ Int 2019;130:104879. https://doi.org/10.1016/j.envint.2019.05.073.

18. Shi Y, Zhang LH, Li W, Wang Q, Tian AX, Peng K, et al. Association between long-term exposure to ambient air pollution and clinical outcomes
among patients with heart failure: findings from the China PEACE prospective heart failure study. Ecotoxicol Environ Saf 2021;222:112517. https://
doi.org/10.1016/j.ecoenv.2021.112517.

Chinese Center for Disease Control and Prevention CCDC Weekly / Vol. 8/ No. 31 S5



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

S6

China CDC Weekly

Kim H, Kim J, Kim S, Kang SH, Kim HJ, Kim H, et al. Cardiovascular effects of long - term exposure to air pollution: a population - based study with
900 845 person - years of follow - up. ] Am Heart Assoc 2017;6(11):¢007170. https://doi.org/10.1161/JAHA.117.007170.

Jin TF, Di Q, Réquia WJ, Danesh Yazdi M, Castro E, Ma T, etal. Associations between long-term air pollution exposure and the incidence of
cardiovascular diseases among American older adults. Environ Int 2022;170:107594. https://doi.org/10.1016/j.envint.2022.107594.

Zhao NZ, Pinault L, Toyib O, Vanos ], Tjepkema M, Cakmak S. Long-term ozone exposure and mortality from neurological diseases in Canada.
Environ Int 2021;157:106817. https://doi.org/10.1016/j.envint.2021.106817.

Bentayeb M, Wagner V, Stempfelet M, Zins M, Goldberg M, Pascal M, et al. Association between long-term exposure to air pollution and mortality in
France: a 25-year follow-up study. Environ Int 2015;85:5 - 14. https://doi.org/10.1016/j.envint.2015.08.006.

Wright N, Newell K, Chan KH, Gilbert S, Hacker A, Lu Y, et al. Long-term ambient air pollution exposure and cardio-respiratory disease in China:
findings from a prospective cohort study. Environ Health 2023;22(1):30. https://doi.org/10.1186/s12940-023-00978-9.

Zhang FY, Wang ZY, Li L, Su X, Hu YD, Du Y, et al. Long-term exposure to low-level ozone and the risk of hypertension: a prospective cohort study
conducted in a low-pollution region of southwestern China. Sci Total Environ 2024;952:175900. https://doi.org/10.1016/j.scitotenv.2024.175900.
Coogan PF, White LF, Yu J, Brook RD, Burnett RT, Marshall JD, et al. Long-term exposure to NO7 and ozone and hypertension incidence in the
black women's health study. Am J Hypertens 2017;30(4):367 - 72. https://doi.org/10.1093/ajh/hpw168.

Olaniyan T, Pinault L, Li C, van Donkelaar A, Meng J, Martin RV, et al. Ambient air pollution and the risk of acute myocardial infarction and stroke: a
national cohort study. Environ Res 2022;204:111975. https://doi.org/10.1016/j.envres.2021.111975.

Yang L, Zhu YX, Zhao BW, Wan W], Shi S, Xuan C, etal. Long-term cardiometabolic effects of ambient ozone pollution in a large Chinese
population. Ecotoxicol Environ Saf 2023;261:115115. https://doi.org/10.1016/j.ecoenv.2023.115115.

Zhang ZL, Wang CQ, Lin CY, Wu Y, Wei J, Lu JP, et al. Association of long-term exposure to ozone with cardiovascular mortality and its metabolic
mediators: evidence from a nationwide, population-based, prospective cohort study. Lancet Reg Health West Pac 2024;52:101222. https://doi.org/10.
1016/j.lanwpc.2024.101222.

Liu CR, Zhang BY, Liu C, Zhang YY, Zhao K, Zhang PY, et al. Association of ambient ozone exposure and greenness exposure with hemorrhagic stroke
mortality at different times: a cohort study in Shandong Province, China. Ecotoxicol Environ Saf 2024;278:116356. https://doi.org/10.1016/j.ecoenv.
2024.116356.

Spencer-Hwang R, Knutsen SF, Ghamsary M, Beeson WL, Oda K, Shavlik D, et al. Female renal transplant recipients potentially at increased risk of
fatal coronary heart disease associated with ambient air pollutants. ] Clin Exp Cardiol 2011;56:001. http://dx.doi.org/10.4172/2155-9880.56-001.

CCDC Weekly / Vol. 8 /No. 31 Chinese Center for Disease Control and Prevention



	 
	INCLUDED STUDIES AND KEY INDICATORS
	LONG-TERM OZONE EXPOSURE INCREASES CVD RISK
	Ozone Exposure and Diverse CVD Risk
	Biological Mechanisms Linking Ozone to CVD Risk

	CVD RISK VARIES BY EXPOSURE WINDOW, POPULATION, AND REGION
	Warm-season Ozone and Enhanced CVD Mortality Risk
	Sex Disparities in Ozone-related CVD Mortality Risk
	Regional Differences in Ozone-related CVD Mortality Risk

	STUDY LIMITATIONS, HETEROGENEITY, AND FUTURE DIRECTIONS
	SUMMARY
	Conflict of interest
	SUPPLEMENTARY MATERIAL INCLUSION AND EXCLUSION CRITERIA
	Inclusion Criteria
	Exclusion Criteria

	METHODS
	Literature Screening and Data Collection
	Statistical Analysis
	Statistical Analysis Formula

	REFERENCES
	REFERENCES

