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Introduction: Ambient ozone pollution becomes critical in China. Conclusions
on the short-term effects of ozone on cardiovascular mortality have been
controversial and limited on cause-specific cardiovascular mortalities and their
interactions with season and temperature. This research aimed to investigate the
short-term effects of ozone and the modifications of season and temperature on
cardiovascular mortality.

Methods: Cardiovascular death records, air pollutants, and meteorological factors
in Shenzhen from 2013 to 2019 were analyzed. Daily 1-h maximum of ozone and
daily maximum 8-h moving average of ozone were studied. Generalized additive
models (GAMs) were applied to evaluate their associations with cardiovascular
mortalities in sex and age groups. Effect modifications were assessed by stratifying
season and temperature.

Results: Distributed lag impacts of ozone on total cardiovascular deaths and
cumulative effects on mortality due to ischemic heart disease (IHD) were
most significant. Population under 65 years old was most susceptible. Majority
of significant effects were found in warm season, at high temperature, and at
extreme heat. Ozone-associated risks in total deaths caused by hypertensive
diseases reduced in warm season, while risks in IHD in males increased at high
temperature. Extreme heat enhanced ozone effects on deaths caused by CVDs
and IHD in the population under 65 years old.

Discussion: The revealed cardiovascular impacts of ozone below current national
standard of air quality suggested improved standards and interventions in China.
Higher temperature, particularly extreme heat, rather than warm season, could
significantly enhance the adverse effects of ozone on cardiovascular mortality in
population under 65 years old.

hypertension, ischemic heart disease, stroke, air pollution, climate change
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1. Introduction

Ozone is a secondary air pollutant, produced from volatile organic
compounds (VOCs), and nitrogen oxides (NOy) through a series of
photochemical reactions under solar radiation. As one of the main air
pollutants, it has been identified as a global health hazard (1). Ozone
was suggested to increase the short-term risks of the worldwide total
mortality (2), and attribute to about 63 million of mortality around
the world (3).

Cardiovascular diseases (CVDs), as the death cause ranking first
globally (World Health Organization, WHO), have been also reported
to be associated with the concentration of ozone. Increasing ozone was
suggested to be associated with the admissions (4, 5) and the mortality
(6, 7) of overall cardiovascular diseases. Regarding specific
cardiovascular diseases, the relative findings were more diverse.
Several studies demonstrated the positive associations between ozone
and ischemic heart diseases (IHD) (8, 9), while several others did not
notice such relationships (4, 10, 11). Similar situations were also found
in research related to other cardiovascular diseases, such as myocardial
infarction (12-14) and stroke (15, 16).

Ambient ozone pollution has drawn increasing attention in China.
The level of ozone in China has been found to increase (17) and China
was indicated to be at risks of more severe and frequent high-ozone
events compared to other parts of the world (18). The seasonality of
ozone and its close associations with meteorological factors were
reported to be possibly independent from precursor emissions (19).
Thus, the possible influence of climate on ground-level ozone and its
relationship with health have been noted considering the aggravation
of climate change and extreme weather events. Climate change has
been suggested to be associated with the level of 0zone and increase
the ozone-related risk of total mortality (20). Several national studies
in China showed the positive associations of ozone with year of life
lost (21) and mortality (16, 22) due to CVDs, but suggested that
season and temperature modified differently across China. Extreme
weather events have been indicated to increase the level of ozone and
such trend will continue in the future (23). Some studies on China
have also noticed that the concentration of ozone increased along with
heat wave (24, 25). However, despite the suggested increasing
influence of extreme temperature events in China, there have been
insufficient investigations on their consequences, especially the health
effects (26).

In general, the health effects of ozone are demanding more
attention because of its high concentration and the larger influence
of climate change in the future (20). Nevertheless, current evidence
on the short-term effects of ozone specifically on cardiovascular
mortality has been controversial and limited on mortalities due to
specific cardiovascular causes. Furthermore, it is still less known
about the interactions of season and temperature on the associations
between ozone and CVD-caused mortalities. In despite of the
inconsistent evidence and the instability of ozone, evaluations on
the independent effects of ozone are necessary for risk assessment
and effective regulations. Therefore, this research aimed to
investigate the short-term independent effects of ozone on overall
and cause-specific cardiovascular mortalities, and to explore the
modifications and differences of season, temperature, and extreme
heat on the associations between ozone and cardiovascular
mortalities.
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2. Methods
2.1. Study area

This research was conducted in Shenzhen. Shenzhen is a coastal
city located in Pearl River Delta (PRD) in southern China. It is one of
the cities which first implemented the current national standard of air
quality in China (GB3095-2012) since 2013. In addition to daily 1-h
maximum of ozone (O;-1h), as one of the major modifications, daily
maximum 8-h moving average of ozone (O;-8h) is introduced in this
standard. The real-time hourly concentrations of air pollutants in
Shenzhen have been monitored since January 1st, 2013. The datasets
of air pollutants could be obtained from China National
Environmental Monitoring Centre (CNEMC), which is the institution
responsible for nationwide data collection and environment
quality evaluation.

The mortality data in Shenzhen could be derived from the death
registry system of Shenzhen Centre for Disease Prevention and
Control (CDC). The system, as the local part of the national mortality
surveillance system, has been developed to register each death
occurring in its area of administration. Shenzhen CDC is responsible
for the gathering and verification of the deaths registered by healthcare
facilities. The death records with permanent addresses in Shenzhen
were selected as our research subjects. Therefore, the abundant and
high-quality datasets ensure the possibilities of analyses in a
comprehensive manner to investigate the independent health effects
of ozone.

The weather in Shenzhen is warm and humid because of its
subtropical monsoon climate. With a better air quality than most cities
in China, Shenzhen has been rewarded as a national model city of
environmental protection for its massive efforts and achievements.
However, previous research identified that PRD was at the highest risk
of severe ozone pollution in China (27). As the most crowded city in
PRD and in China, studies on the effects of air pollution on population
health in Shenzhen would have great significance.

2.2. Environmental variables

The daily concentrations of air pollutants in Shenzhen from 2013
to 2019 were obtained from Shenzhen Environmental Monitoring
Centre and CNEMC. The monitoring stations were state-controlled
and set according to the technical guidelines developed by the Chinese
government. The respective locations of the 11 monitoring sites
providing data for this study were sufficiently far away from any traffic
intersections, major sources of industrial pollution or any other
emission sources. Therefore, the derived data represent the air quality
of Shenzhen.

The daily levels of air pollutants were calculated based on the
average hourly data across the monitoring sites, including daily 1-h
maximum of ozone (Os-1h), daily maximum 8-h moving average of
ozone (O;-8h), nitric oxide (NO), nitrogen dioxide (NO,), sulfur
dioxide (SO,), carbon monoxide (CO), particulate matter with an
aerodynamic diameter less than 10 pm (PM,,). Data from a site would
be included only if 75% or more of hourly concentrations of air
pollutants for the respective day were available. The dataset from any
monitoring site with over 25% data missing during the entire study
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period would be excluded. There was no such monitoring site in
Shenzhen from 2013 to 2019.

The daily levels of meteorological factors were collected from
Meteorological Bureau of Shenzhen Municipality, including
temperature (Tem), relative humidity (Hum), precipitation (Pre),
barometric pressure (BP), wind speed (WS), and sunshine duration
(SSD). The monitoring procedure followed the international standards
developed by the World Meteorological Organization (WMO).

2.3. Mortality data

Death records in Shenzhen from 2013 to 2019 were analyzed
based on the comprehensive death registry maintained by Shenzhen
CDG, including death date, sex, age, primary cause of death and the
corresponding codes of International Classification of Diseases, 10th
version (ICD-10). The data were divided to investigate the effects of
ozone on deaths caused by CVDs (ICD-10 codes, 100-199),
hypertensive diseases (HBP) (ICD-10 codes, 110-115), IHD (ICD-10
codes, 120-125), and stroke (STR) (ICD-10 codes, 160-169).

2.4. Statistical analyses

The statistical analyses were performed to assess the associations
between the number of daily deaths and the daily concentrations of
ozone. To evaluate the independent effects of ozone, all the
meteorological factors and other air pollutants were involved
as confounders.

Missing values of the collected environmental factors were
imputed using the method of Kalman Smoothing on Structural Time
Series “imputeTS” package in R 4.0.2. There was 1 day missing each
for O;-1h, O;-8h, NO,, SO,, CO, and PM,,. Data on NO were missing
for 95days. There were no missing values of temperature, relative
humidity, or barometric pressure. Data of 1 day each for precipitation,
and sunshine duration as well as 214 days for wind speed missed. The
relationships between each two environmental factors were analyzed
using Spearman correlation.

The mortality records were stratified by sex, age, season, and
temperature. Young group included deaths under 65years old, and
senior group included the rest. Season was generally divided by
comparing monthly mean temperature with annual mean
temperature. Warm season with monthly mean temperature higher
than annual mean temperature included months from May to
QOctober, and cold season included the rest of months from November
to April. Days with unstratified temperature were represented as “ns
(not stratified)” The subgroup of days at temperature higher than the
median value was described as “high temperature,” otherwise as “low
temperature” Days at temperature not lower than 97.5 percentile were
defined as “extreme heat.”

The risk of cardiovascular mortalities related to ambient ozone
was analyzed using generalized additive models (GAMs) with
penalized splines. As daily mortality followed a Poisson distribution,
GAMs with log link and Poisson error were applied. To perform this
analysis, the best basic model for each death cause without ozone was
firstly built up, and then the main model was developed.

In the basic model, the smoothed spline functions of death date,
meteorological variables, and other air pollutants except ozone were

Frontiers in Public Health

10.3389/fpubh.2023.1182337

involved. The day of week (DOW) was included as a dummy variable
in the basic model.

The association between ozone and the logarithmic cardiovascular
mortality, following previous research (28), was assumed to be linear.
Ozone was introduced into the basic model to analyze the relationship
with mortality caused by CVDs. The fitness of the model was evaluated
using Akaike’s Information Criterion (AIC). The smaller AIC was, the
more the model was preferred. We applied the following GAMs to
estimate the log-relative rate f:

q P
log[ E(Yt)]=a+ > Bi(Xi)+ Y fi(Zj.df )+ Wt(DOW )

i=1 j=1

In this equation, E(Yt) refers to the expected death number at
day t; 8 refers to the log-relative rate of mortality associated with a
unit increase of ozone; Xi refers to the concentration of ozone at day

t; i i (Z] df ) is the non-parametric spline function of death date,
Jj=1

meteorological variables, and other air pollutants; ¢ (DOW) is the
dummy variable for the day of the week. The degree of freedom (df’)
was initialized as 9 df /year for death date, and 3 df for all the
other variables.

3-day lag effects of ozone on cardiovascular mortality were
analyzed. To build the model of lag effects, ozone with different lag
structures of single-day lag (distributed lag; LO to L3, LO means the
current-day concentration and L1 means the concentration on the
previous day) and multi-day lag (moving average lag; L01 to L03, L03
means the four-day moving average concentration of the current day
and previous 3days). The current-day levels of meteorological
variables and other air pollutants were included in the lag models.

The modifications of season and temperature on the associations
between ozone and cardiovascular mortality were analyzed using
GAMs with stratification parameters. Current-day effects and lag
effects of ozone were examined. The following models were performed
to assess the modifications of season and temperature, respectively:

log[ E(Yt)]=a+ B(X)+ Bo (M) + B3 (X : My)

+ f 1i(Zj.df )+ wt(DOW)
j=1

B1 corresponds to the effects of ozone; X corresponds to the
concentrations of ozone; 8 corresponds to the effects of season,
temperature, or extreme heat; My, is the current level of modification
term (season, temperature, or extreme heat); 33 corresponds to the

interactive effects of ozone and season or temperature. i i (Z] Jdf ) is
Jj=l1

the non-parametric spline function of other variables including death
date, meteorological variables, and other air pollutants. Wt(DOW) is
the dummy variable for the day of the week. The effects of ozone on
days in warm season, with high temperature, or with extreme heat
were derived from B + 3. The confidence intervals were obtained
using the method for interaction terms (29).

The “mgcv” package in R 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria) was used to perform all the analyses.
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Relative risk (RR) of death number per 10 ug/m? increase of ozone
(RR= P XAC, where Ac is 10 pg/m’ of ozone) was used to indicate the
effects of ozone on cardiovascular mortality. A p value less than 0.05
was considered to be statistically significant.

3. Results
3.1. Descriptive statistics

The general description of ozone, meteorological factors, and
cardiovascular mortalities in total population has been shown in
Tables 1, 2,
Supplementary Tables S1, S2.

The daily concentrations of O;-1h and O;-8h were 98.4 and
81.1 pg/m’. The median value of temperature was 24.8°C, and was

and more relative details can be found in

used as the cut-off point for temperature stratification. The 97.5
percentile of temperature was 30.4°C, not lower than which was
defined as extreme heat. During the study period, there were 67 days
in total at extreme heat. Regardless of different indicators, the levels of
ozone in warm season and at high temperature were higher than those
in cold season and at low temperature, respectively. During the days
at extreme heat, ozone reached its highest average level.

The temporal changes of two ozone indicators, O;-1h and O;-8h,
temperature, and the daily deaths caused by overall CVDs were
displayed in Figure 1. Overall, the concentration of ozone showed
increasing trend from 2013 to 2019. The lowest level of ozone generally
happened in June, while the highest level of ozone occurred in
Septembers of 2013 and 2019.

The numbers of overall and cause-specific cardiovascular
mortalities in different sex and age groups are shown in
Supplementary Table S2. Despite of sex and age, IHD and stroke were

10.3389/fpubh.2023.1182337

the major causes of cardiovascular deaths. In general, there were no
significant differences in the daily death counts between cold season
and low temperature, between warm season and high temperature.

Figure 2 shows the Spearman correlations between ozone and
meteorological factors. Increasing ozone was significantly associated
with higher barometric pressure and longer sunshine duration.
Temperature, relative humidity, precipitation, and wind speed were
negatively related to the concentration of ozone.

3.2. Effects of ozone and modifications of
season and temperature on cardiovascular
mortality

Figures 3, 4 shows the effects of ozone on cardiovascular mortality
and the modifications of season and temperature. Slightly more effects
were revealed when using O;-1h as indicator than those using O;-8h.
In general, the impacts of ozone on total cardiovascular deaths and
mortality due to IHD were most obvious, and population under
65 years old was most susceptible. Majority of the significant effects
were found in warm season, days with high temperature, and days
with extreme heat. The lag windows during which ozone significantly
affected each cardiovascular cause of death showed inconsistency.

Significant effect modifications on the associations between ozone
and cardiovascular mortality, were observed in both seasons and
temperature strata, yet the modification of temperature was more
obvious. Additionally, the detected relationships during each lag
window were unstable in the stratifications of temperature and season.
Though the days of extreme heat were part of the days with high
temperature, not all the positive associations noticed in days at high
temperature were also revealed in extreme heat. Similarly, though one
of the main meteorological features in warm season was higher

TABLE 1 Annual rate of overall cardiovascular mortality in Shenzhen (per 10,000 person).

Year 2013 2014 2015 2016 2017 2018 2019

Overall CVD deaths 1,684 2,203 1,846 4,527 4,761 5,079 5,104 ‘

Annual rate 1.6 2.0 1.6 3.8 3.8 3.9 3.8 ‘
TABLE 2 General information of environmental factors and total cardiovascular mortalities.

Mean SD Minimum 25% Median 75% Maximum

O;-1h (pg/m?) 98.4 42.8 18.0 65.0 91.0 123.0 290.0

0,-8h (pg/m?) 81.1 36.3 14.0 52.0 75.0 103.0 246.0

Tem (°C) 235 54 3.5 19.5 24.8 28.1 33.0

Hum (%) 75.6 13.1 19.0 69.5 78.0 84.5 100.0

Pre (mm) 5.3 15.9 0.0 0.0 0.0 1.3 187.8

BP (hPa) 1005.5 6.5 983.1 1000.7 1005.5 1010.4 1027.2

WS (m/s) 2.0 0.7 0.4 14 1.8 23 6.1

SSD (h) 52 3.8 0.0 1.4 55 8.7 12.5

CVD 9.9 54 0 5 9 14 33

HBP 0.9 1.0 0 0 1 1 6

IHD 4.0 3.0 0 2 3 6 17

STR 3.6 2.4 0 2 3 5 14
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FIGURE 1
Temporal changes of ozone, temperature, and daily deaths due to overall CVDs in Shenzhen from 2013 to 2019.

temperature, not all the significant effects reported in days at higher
temperature were also uncovered in warm season.

3.2.1. Effects identified using O3z-1h as indicator

The identified effects of ozone on mortality due to CVDs when
using O;-1h as indicator are presented as Figure 3. Since there were no
significant effects found between O;-1h and deaths caused by stroke,
relevant information is not known in Figure 3.

The level of Os-1h was positively related to mortality due to overall
CVDs in each lag window. The distributed lag effects of O;-1h on total
cardiovascular mortality were more obvious than the cumulative
effects, with larger number of significant associations and influencing
more population groups. Most of the noted associations were
identified in days at higher temperature. Extreme heat significantly
increased the risk of CVD-caused mortality related to O;-1h with
1-day lag. Interestingly, the higher risks of CVD-caused deaths
identified using O;-1h of L0, L3, and L03 at high temperature were not
observed in days with extreme heat. The associations between O;-1h
at L1 and CVD-caused mortality in the young were insignificant in
warm season, but significant at high temperature and extreme heat.

Frontiers in Public Health 05

Regarding the specific cardiovascular causes of mortality, the
significant effects of O;-1h were identified on mortality due to
hypertensive diseases in the total population and IHD only in the
population under 65years old. Only was a significantly cumulative
and negative association found between O;-1h of LO1 and deaths
caused by hypertensive diseases in the total population. Season was a
modifier on L0 and LO1. The majority of significant impacts on cause-
specific cardiovascular mortality was found in IHD-caused mortality
in the young population. The cumulative influence of Os-1h on
IHD-caused deaths was more obvious than the distributed influence.
Extreme heat increased the risks of IHD mortality related to O;-1h of
L1 and LOI. Although without significant impacts revealed, the
modification of temperature on Os-1h-related IHD mortality were
shown in males on the current day, L01, L02, and L03.

3.2.2. Effects identified using O;-8h as indicator
The effects of ozone on cardiovascular mortality using O;-8h as
indicator are shown as Figure 4.
The impacts of O;-8h on overall cardiovascular deaths was observed
in each lag windows except for L0, L2, and L02. The most significant
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associations were reported between O;-8h of L3 and CVD-caused
mortality. Unstable relationships were shown at higher temperature.
Statistically positive associations at L3 in the senior population and at
L03 in the total population were noted at high temperature but not at
extreme heat. The modification effect was only found to be significant
between temperature groups on the CVD-caused deaths of the young
population with the level of O;-8h on the current day.

Significant effects of O;-8h were uncovered on mortality due to
each specific cardiovascular cause, except stroke. O;-8h was negatively
related to mortality due to hypertensive diseases in the population
under 65years old at low temperature with 1 day lagged and in the
total population in warm season with one-day moving-average lagged.
Season was identified as a modifier of O;-8h-related deaths caused by
HBP hypertensive diseases in the total population on the current day.
The effects of O;-8h on IHD-caused mortality were also found only in
the young. The impacts at L02 were observed at high temperature and
extreme heat but not in warm season. The modification effects of high
temperature and extreme heat were considerable for deaths caused by
IHD in the male and in the young deaths, respectively. Without
significant relationships discovered between stroke mortality and
0;-8h, extreme heat still showed a protective impact on their
potential associations.

4. Discussion

The average levels of ozone with two indicators, O;-1h and O;-8h,
in Shenzhen from 2013 to 2019 were under the national standards for

Frontiers in Public Health

city, 200 and 160 pg/m®, respectively (GB3095-2012). However, in
addition to the independent health impacts of 0zone with current level
(O5-8h, 81.1 pg/m?), the enhanced effects of ozone under extreme heat
were still noted in our research. The Air Quality guideline proposed
by WHO (30) in 2021 is below the current Chinese national standard
with 60 pg/m’ for O;-8h, including two interims of 100 and 70 pg/m’
in the peak season. Our findings confirmed the WHO
recommendation, supporting the need for further adjustments of the
national air quality standard and prompting more interventions
reducing ozone pollution in China.

The meteorological factors which influenced the concentration of
ozone most in our study were relative humidity, precipitation, and
sunshine duration. In our research, ozone increased along with lower
humidity, lower precipitation, and longer sunshine duration, and the
relationship between temperature and ozone was negative and limited.
However, a nationwide study in China suggested temperature,
humidity, and sunshine duration to influence ozone most (19).
Another investigation in Spain determined humidity, wind speed, and
temperature as the most influential factors of ozone (31). The regional
difference may be related to the specific climate conditions in different
areas, such as the weather clusters and the weather frequency
change (32).

In our research, overall cardiovascular deaths and mortality due
to IHD were affected by ozone the most, while the effects of ozone on
mortality due to hypertensive diseases and stroke were relatively
insignificant. However, findings from other studies were not all
consistent with ours. Though many previous investigations in
population observed the significant effects of ozone on cardiovascular
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FIGURE 3
Effects on cardiovascular mortality identified using Os-1h as indicator. *p<0.05; **p<0.01; in box refers to the interaction term with statistical
significance (warm season vs. cold season, low temperature vs. high temperature, extreme heat vs. not extreme heat, p value <0.05).

health, with a maximum daily 8-h ozone of 93.5 pg/m?, one study in
Prague did not underline such relationships between ozone and either
mortality or hospital admissions due to CVDs (33). Research in Hefei,
China, with O;-8h of 79.08 ug/m’, did not uncover any significant
effects of ozone on cardiovascular mortality, either (34). Relative
results of mortality due to specific cardiovascular cause were more
diverse. There was research reporting significant effects of ozone on
deaths caused by hypertensive diseases (16), IHD (16), and stroke (16,
35), while other did not find such relationships of ozone with
hypertension (15), IHD (10) or stroke (10, 15). Additionally, previous
research underlined significant impacts of ozone on the older adults
(14, 36, 37). But our research raises the attention to the population
under 65 years old regarding ozone-related cardiovascular events.

More positive associations between ozone and cardiovascular
mortality were noticed in warmer season and at higher temperature.
Nevertheless, after the statistical tests, more significant effects
modifications were verified in the stratifications of temperature.
Therefore, regarding the short-term effects of ozone, temperature
could be a more sensitive modifier than season.

Specifically in terms of season, most of significant effects of ozone
were identified in warm season in our research. These findings were
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in consistency with several other studies. Though unstable, positive
relationships between ozone and cardiovascular mortality were
reported in the entire year and in warm season in Beijing, China (38).
Similar results were also demonstrated in France (10) and in another
study covering Europe (39). However, modification effects of season
on ozone-related HBP deaths identified in our research turned to
show a protective impact in warm season. These results were in line
with a study which was conducted only in warm season observed
negative relationships between ozone and cardiovascular deaths in
population above 64 years old (11). Nevertheless, there were other
investigations revealing different associations between ozone and
CVD-caused deaths in different seasons. Rather than warm season,
studies in Shanghai (35) and Zhengzhou, China (40) found the
significant associations between ozone and cardiovascular mortality
in the cold season. Moreover, a study in Iran did not observe the
difference of ozone-related cardiovascular deaths between warm and
cold season (41).

Regarding the modification of temperature, we discovered more
significant impacts and greater risks of ozone in days with high
temperature and days with extreme heat. The highest relative risks
were revealed at extreme heat when applicable. There were several
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studies in line with our results. Enhanced cardiovascular effects of
ozone at higher temperature (>75 percentile) were also observed in a
nationwide study in China (42), an European study covering eight
urban areas (43), and a study covering nine French cities (10).
Different from the findings of these studies, in the nationwide research
of the US, both low and high temperature (1st and 2nd tertiles as
cut-offs) could raise the cardiovascular risks related to ozone (44).
Regarding the modification of heat on the association between ozone
and cardiovascular mortality, relative evidence was more limited and
inconsistent. In our research, the increased risks of CVD-caused
deaths at extreme heat (not less than 97.5 percentile) were only
noticed in the population under 65 years old. With the same cut-off
defining heat, the aforementioned French study did not report any
significant effects of ozone on cardiovascular mortality at heat (10).
The differences among relative investigations could be explained
by several reasons. First, the reported concentrations of ozone varied
spatially and temporally. Second, the study designs may have some
influence on the results, such as the categorisations of season and
temperature, research in a particular group of people. Third, different
research considered various confounders. Some studies involved the
socioeconomic status of the study population. Temperature and
relative humidity were mostly involved, while we also counted in
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precipitation, barometric pressure, wind speed and sunshine duration.
Fourth, the activity pattern of the population would affect the personal
level of ozone exposure. Season and weather, especially temperature
(45-47) were significantly associated with the activity patterns of the
population. It was also projected that climate change would influence
physical activity differently over regions (48). With a generally lower
concentration of ozone indoor (49), the exposure to ozone may differ
at the individual level, resulting in distinct cardiovascular risks. In
China, most of population has already retired for several years at the
age of 65 and thus, has no obligations to commute. Shenzhen has two
respective warning systems for high air pollution and extreme weather
condition, timely advising vulnerable population with underlying
health conditions to avoid outside activities. Furthermore, air
conditioning systems are widely covered in Shenzhen. Therefore,
individual exposure of senior population in our research might be low.
This may explain that younger population was found to be more
susceptible in our research. Therefore, future research accessing the
individual exposure to ozone may help to further explain the
differences between regions.

Previous evidence suggested several plausible mechanisms
regarding the impacts of ozone, and though insufficient, some studies
considered the modification of temperature on ozone-related
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cardiovascular events. Inflammation was one of the most identified
pathways explaining the cardiovascular effects of ozone. Exposure to
ozone was revealed to be associated with systematic inflammation (50,
51) as well as pulmonary inflammation (52, 53). Impair of pulmonary
function has been causally related to cardiovascular events through
inflammation and increasing fibrinogen in lungs (54, 55). Therefore,
there were scholars considering the indices of lung function when they
explored the cardiovascular effects of ozone. Though one study in
healthy adults reported no significant changes of lung function under
the exposure of ozone (52), more investigations revealed its adverse
impacts on ventilation function (56-59).

Another interpretation about the adverse effects of ozone on
CVD-caused mortality was that ozone influenced the process of
hemostasis and thrombosis. Plasminogen activator inhibitor-1 (PAI-1),
which could contain fibrinolysis, was found to increase with the
exposure of ozone (51) and thus might result in the formation of
thrombi. Further, such changes became more significant when
combined with heat (60, 61). Ozone was also underlined to elevate the
risk of thrombosis through platelet activation (52). Besides, it was
observed that high-density lipoprotein cholesterol (HDL-C) increased
when exposed to ozone only (61) and exposed to both ozone and heat
(60). In addition, low-density lipoprotein cholesterol (LDL-C) and total
cholesterol decreased under combined exposure to ozone and heat (60).
These alterations of lipoproteins could result in thrombosis as well.

Previous research reported the changes of blood pressure when
exposed to ozone, yet the findings were inconsistent. Increasing blood
pressure related to ozone was discovered among healthy adults, while
the same research reported decreased arterial stiffness marker which
was positively related to blood pressure (52). Additionally, other
research in animal and human with certain underlying medical
conditions noted decreased blood pressure, heart rate, and artery
elasticity after ozone exposure, denoting the impacts of ozone on
parasympathetic nervous system and endothelial function (51, 56, 62).
This could be one of the possible reasons about the negative effects of
ozone on mortality due to hypertensive diseases observed in
our research.

A few limitations should be noted while interpreting our findings.
First, the sociodemographic information and the underlying health
conditions of population were absent due to the limitation of data.
Second, our analyses were based on the level of outdoor ozone. Due to
the differences of mobility modes among groups of population in the
days with high temperature and extreme heat, the individual exposure
to ozone may vary and thus affect our results. Third, the current-day
levels of other pollutants and meteorological factors were employed in
our research, and hence, the effects may be underestimated.

5. Conclusion

indicated the short-term

cardiovascular impacts of ozone below the current national standard

In conclusion, our findings
of air quality, which suggested an improved national standard, and
more interventions reducing ambient ozone pollution in China.
Compared to season, temperature was a more sensitive modifier for
short-term ozone-associated effects on cardiovascular health. High
temperature, especially extreme heat, could significantly enhance the
adverse effects of ozone on cardiovascular mortality in males and the
population under 65years old. Thus, it is also recommended to
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promote an adjusted system of early warning and emergency response
considering both temperature and air pollution.
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