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Associations of ambient PM2.5 and O3 with cardiovascular mortality:
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Abstract
China is among the countries with the worst air quality throughout the world. As PM2.5 was not included in the national air quality
monitoring network before January 2013 in China, no study has investigated the associations of ambient PM2.5 and O3 with
cardiovascular mortality in Hefei, China. In this time-series analysis, Poisson regression in generalized additive model was
adopted to assess the associations between the air pollutants and cardiovascular mortality during the 2013–2015 in Hefei,
China. The findings showed that the daily average level of PM2.5 and O3 was 77.8 μg/m3 and 60.1 μg/m3 in the study period,
respectively. PM2.5 and O3 exposure tended to increase cardiovascular mortality, but the associations were statistically insignif-
icant. Further stratified analyses by seasons showed that with every 10 μg/m3 increase of PM2.5 in the cold season (October–
March), the risk of cardiovascular death increased by 0.22% (95%CI 0.05%, 0.39%); while every 10 μg/m3 increase of O3 in the
warm season (April–September), the risk of cardiovascular death increased by 1.29% (95% CI 0.26%, 2.33%) on Lag0.
Interestingly, stratified analysis by gender showed that the associations of PM2.5, but not O3 exposure, could significantly
increase cardiovascular mortality in females, but not males. The findings of this study especially underscored the adverse
associations of PM2.5 and O3 exposure with females in specific seasons. More studies are needed to verify our findings and
further investigate the underlying mechanisms.
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Introduction

Ambient air pollution has become a major concern throughout
the world, especially in some developing countries including
China that the intensive urbanization and construction in the
past decade has led to substantial aggravation of air pollution
(Tsai et al. 2014; Tsangari et al. 2016). In addition to respira-
tory disorders, accumulating evidence has also demonstrated
that air pollution exposure contributes to cardiovascular

mortality. For instance, in the largest and most definitive US
nationwide cohort to date, Pope (Pope et al. 2015) found that
long-term fine particulate matter (PM2.5) exposure could sig-
nificantly increase the risk of cardiovascular mortality (HR per
10 μg/m3: 1.12, 95% confidential interval [CI] 1.08, 1.15),
which has been confirmed by some other studies. Ozone
(O3), in addition, has also been shown to be a pollutant asso-
ciated with increased risk of cardiovascular and respiratory
disorders (Coogan et al. 2017; Raza et al. 2018). On the other
hand, however, some studies have only found weaker or even
no association between air pollution and cardiovascular mor-
tality. For example, the European Study of Cohorts for Air
Pollution Effects [ESCAPE] investigated 367,383 individuals
from 22 European cohorts, but found that PM2.5 exposure did
not significantly increase the overall risk of cardiovascular
mortality (Beelen et al. 2014). Therefore, there is still an in-
terest in investigating the associations between outdoor air
pollution exposure and mortality.

Air pollution in China is greatly different from the air pol-
lution in western countries, both from the aspects of pollution
level and components, which has already been widely
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acknowledged. A previous study in 2011 (Yang et al. 2011)
has indicated that PM2.5 in China has high content of crustal
materials due to transported dust from desert and arid loess-
land and locally induced dust in relation to lower vegetation
coverage and intensive urban construction. In the past decade,
the accelerated urbanization in the major cities in China could
have greatly increased the content of transported dusts (Chen
et al. 2017). In addition, however, the sharp increase of the
number of personal vehicles in recent years could also in-
crease the components from biomass burning (Bai et al.
2018); the consequent exhausts from the vehicles can further
give rise to particulate matters and ozone. Hefei is the capital
city of Anhui province, which is also the economic and cul-
tural center of this province. In the past decade, Hefei
witnessed substantial changes regarding expansion and urban-
ization (Li et al. 2018; Zhang et al. 2017). Such changes,
indeed, not only have brought great convenience to the resi-
dents in Hefei, but also led to worsening of air pollution. A
previous time-series study (Zhang et al. 2017) has already
shown that exposure of PM10, SO2, and NO2 could signifi-
cantly increase cardiovascular mortality. However, the associ-
ations of PM2.5 and O3 with cardiovascular mortality have not
been investigated in this city yet.

Since January 2013, Hefei has introduced PM2.5 in the air
quality monitoring network (Lin et al. 2016a). The objective
of this study was thus to evaluate the short-term associations
of PM2.5 and O3 with cardiovascular mortality in the residents
in Hefei, China, between January 1, 2013, and December 31,
2015.

Materials and methods

Study area

Hefei, the capital city of Anhui province and also a core city of
theWanjiang Urban Belt, is located at the Yangtze River Delta
(31.87° N, 117.28°E). Hefei includes 4 districts, one county-
level-city, and 4 counties. According to the statistics of the
Chinese National Bureau of Statistics, there were over 7.17
million permanent residents in Hefei at the end of 2015. Hefei
witnessed rapid economic development in the past several
years, which was accompanied with great decrease of the air
quality. The annual mean value of PM2.5 inHefei was 84.9μg/
m3 in 2013, which ranked 17th among the 74 cities measured.
In this study, the study area was restricted to the urban area of
Hefei, which included the 4 districts as follows: Shushan,
Luyang, Yaohai, and Baohe Districts.

Air pollution and meteorological data

The daily air pollution data of Hefei between January 1, 2013,
and December 31, 2015 were obtained from the Hefei

Environmental Protection Bureau (HEPB). HEPB has
established 10 monitoring stations in Hefei city area (Fig. 1),
which continuously monitor the air quality 24 h a day,
365 days a year, without interruption. The major pollutants
monitored include O3 and PM2.5. There were no missing data
during the study period. The meteorological data, including
mean temperature, pressure, relative humidity, and wind
speed, at the same period, were obtained from the China
Meteorological Data Network (http://data.cma.cn).

Cardiovascular mortality data

The cardiovascular mortality data of the residents in Hefei
between January 1, 2013, and December 31, 2015, were ob-
tained from the Hefei Centers for Disease Control and
Prevention (Hefei CDC). According to the International
Statistical Classification of disease, 10th revision codes, the
deaths of the permanent residents in the 4 districts of Hefei
city with the code of ICD-10: I00-I99 were included in this
study. The data of the subjects, including gender, age, perma-
nent living address, data of death, and cause of death, were
collected.

Statistical analysis

Microsoft Excel software was used to construct the database
of the daily air pollution, meteorological data, and the daily
cardiovascular deaths in Hefei. The database was then input
into the SPSS 22.0 software for descriptive analysis. The data
were firstly described by means, standard divisions, and per-
centiles, and then the associations between the air pollutants
and meteorological data were assessed by Spearman correla-
tion test.

For the time-series analysis, the MGCV in the R3.2.3 soft-
ware (version 3.1.2, R Foundation for Statistical Computing,
http://cran.r-project.org/) was used. Poisson regression in
generalized additive model (GAM) (Rodopoulou et al. 2014)
was adopted to assess the associations between the air pollut-
ants and cardiovascular mortality. The equation of the model
is as below:

Log E Ytð Þ½ � ¼ αþ DOWþ βXtþ s time; dfð Þ þ s Zt; dfð Þ

In this equation, t is the date of death; Y is the number
of the death on day t; α is the intercept; and E(Yt) is the
predictive number of death on day t; β is the regression
coefficient; DOW is the dummy variable of the weeks; Xt
is the concentration of the air pollutant on day t; s is the
smoothing spline function of the nonlinear variables; time
is the date; df is the degree of freedom; and Zt is the
meteorological data on day t (Lin et al. 2016b). The df
(Tian et al. 2013) was chosen according to the minimum
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Akaike Information Criterion (AIC), of which the smaller
value indicates better fitness of the model.

In this study, the df of time was set as 7, while the dfs of Zt
(including temperature, relative humidity, mean wind speed,
and pressure) were all 3. In the analysis, the lag associations
between the pollutants and cardiovascular mortality were
assessed, from the current day up to 5 days before (Lags0–
5). In addition, 2 to 6 days moving average values (Lags01–
05) of the pollutants were also used to assess the associations
with cardiovascular mortality, to investigate the cumulative
associations of the exposure. Furthermore, the data were also
stratified by age (< 75 and ≥ 75 years) (Yin et al. 2017), gender
(females and males), and season (cold [from October to
March] and warm [from April to September] seasons) for
further analysis. Multi-pollutant models were also used in ad-
dition to single-pollutant models to assess the interactions be-
tween the pollutants. Because the assumption of the linearity
between the log of mortality and air pollutants may not be
justified, the spline function was used to graphically analyze
their relations (Kan et al. 2007). The dfs of air pollutants
(including PM2.5 and O3) were set as 3. The results were
described as excess risks (ERs) and corresponding 95% con-
fidential intervals (CIs) for each 10 μg/m3 increase of the
pollutant concentrations. P < 0.05 was considered statistically
significant.

Results

Description of the data

There were no missing data about the air pollutants and
meteorological data during the study period. The daily

average level of PM2.5 was 77.8 μg/m3, of which the
highest level was up to 373.0 μg/m3.When stratified by
season, the daily average level of PM2.5 in the warm
and cold seasons was 61.8 and 94.1 μg/m3, respectively.
While for the level of O3, the daily average level of O3

was 60.1 μg/m3, of which the highest level was up to
200.8 μg/m3. When stratified by season, the daily aver-
age level of O3 in the warm and seasons was 74.4 and
45.5 μg/m3, respectively. The daily average level of the
temperature, pressure, wind speed, and relative humidity
was 16.8 °C, 101.3 kPa, 2.0 m/s, and 75.7%, respec-
tively, in the study period (Table 1). The daily average
level of PM2.5 appeared as a sinusoidal distribution
curve, with the levels in cold seasons higher than in
warm seasons, while the daily average level of O3 was
higher in warm seasons than in cold seasons (Fig. 2).

The number of all-cause death (ICD10: A00-R99) in Hefei
between January 1, 2013, and December 31, 2015, was
28,999, among which 12,262 (42.28%) were cardiovascular
deaths (I00-I99). The number of daily average cardiovascular
death was 11.20 (SD 3.88). Among the cardiovascular deaths,
6615 (53.95%) were males, and the daily average death was
6.04 (SD 2.68); 5647 (46.05%) were females, and the daily
average death was 5.16 (SD 2.44). In addition, 69.06% (n =
8468) of the deaths were ≥ 75 years old, with the daily average
death of 7.73 (SD: 3.17), while 30.94% (n = 3794) of the
deaths were < 75 years old, with the daily average death of
3.46 (SD 1.94) (Table 1).The five major types of the diseases
were cerebral infarction (I61.9), coronary heart disease (CHD:
I25.1), intracerebral hemorrhage (I63.9), acute myocardial in-
farction (AMI: I21-22), and hypertensive heart disease
(HHD;I11.9), with the average daily death of 2.24, 1.95,
1.81, 1.64, and 0.66, respectively (Table 2).

Fig. 1 District map of Hefei, China, with air quality monitoring stations locations
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Associations between the air pollutants
and meteorological factors

The associations between the air pollutants and meteo-
rological factors during the study period were assessed

by Spearman correlation, and the results are shown in
Table 3. There were significant correlations between any
two factors (P < 0.05). The strongest correlation was
found between daily average temperature and O3 (r =
0.508, P < 0.01).

Table 1 Description of the daily average level of cardiovascular mortality, meteorological data, and air pollutants in Hefei between January 1, 2013,
and December 31, 2015

Units Day Mean SD Min Percentiles Max

25th 50th 75th

Cardiovascular disease

All 1095 11.2 3.9 0 9 11 14 27

Intracerebral hemorrhage 1095 2.2 1.5 0 1 2 3 9

Coronary heart disease 1095 2.0 1.5 0 1 2 3 8

Cerebral infarction 1095 1.8 1.5 0 1 2 3 8

AMI 1095 1.6 1.3 0 1 1 2 8

Hypertensive heart disease 1095 0.7 0.9 0 0 0 1 5

Gender

Male 1095 6.0 2.7 0 4 6 8 17

Female 1095 5.2 2.4 0 3 5 7 18

Age

< 75 1095 3.5 1.9 0 2 3 5 11

≥ 75 1095 7.7 3.2 0 5 7 10 20

PM2.5

All year μg/m3 1095 77.8 48.6 7.8 46.6 66.5 94.4 373.0

Warm season μg/m3 552 61.8 34.2 7.8 40.4 54.8 76.6 283.0

Cold season μg/m3 543 94.1 55.2 11.8 57.9 78.7 111.0 373.0

O3

All year μg/m3 1095 60.1 33.4 15.4 35.7 50.0 73.8 200.8

Warm season μg/m3 552 74.4 36.9 15.4 44.9 64.5 94.3 200.8

Cold season μg/m3 543 45.5 21.1 15.6 30.9 39.4 56.3 138.2

Average temperature

All year °C 1095 16.8 9.3 −3.0 8.3 18.1 24.6 34.0

Warm season °C 552 24.4 4.4 11.0 21.4 24.5 27.1 34.0

Cold season °C 543 9.1 5.9 −3.0 4.5 8.3 13.0 25.0

Air pressure

All year kPa 1095 101.3 0.9 99.0 100.5 101.4 102.1 104.0

Warm season kPa 552 100.7 0 99.0 100.2 100.6 101.1 103.0

Cold season kPa 543 102.0 0.7 100.0 101.6 102.0 102.5 104.0

Wind speed

All year m/s 1095 2.0 0.8 0 1.4 1.8 2.4 6.0

Warm season m/s 552 2.0 0.8 0 1.4 1.9 2.4 6.0

Cold season m/s 543 2.0 0.8 0 1.3 1.8 2.5 6.0

Relative humidity

All year % 1095 75.7 13.4 29.0 67.0 76.0 86.0 100.0

Warm season % 552 77.7 11.4 42.0 70.0 78.0 86.0 100.0

Cold season % 543 73.6 14.9 29.0 63.0 74.0 86.0 100.0

SD standard deviation, Min minimum, Max maximum
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Associations between air pollutants
and cardiovascular mortality in single-pollutant
model

Figure 3 shows the exposure-response relationships between
air pollutants and cardiovascular mortality outcomes. An al-
most linear relationship between air pollutants (including
PM2.5 and O3) and cardiovascular mortality was observed
for most air pollutant levels in this study (chi-square test for
linearity, P > 0.05).

Table 4 shows the ERs and corresponding CIs of cardio-
vascular mortality with every 10 μg/m3 increase of PM2.5

or O3 concentration in single-pollutant model. The findings
show that although exposure to PM2.5 and O3 tended to
increase the risk of cardiovascular death, the associations
were not statistically significant (Table 4). However, when
stratified by seasons, the results showed that with every
10 μg/m3 increase of O3 in the warm season, the risk of
cardiovascular death increased by 1.29% (95% CI 0.26%,
2.33%) and 1.17% (95% CI 0.20%, 2.14%) on Lag0 and
Lag2, respectively. The moving average values also
showed that O3 exposure could increase the cardiovascular
mortality by 1.16–1.37%. However, no significant associ-
ations of PM2.5 on cardiovascular mortality were found in
the warm season. In contrast, the results in the cold season
showed that every 10 μg/m3 increase of PM2.5 could result
in 0.22% increase of cardiovascular on Lag0 by 0.22%
(95% CI 0.05%, 0.39%), although no significant cumula-
tive associations were found as shown by the moving av-
erage values. However, similar to the results in the warm
season, the increase of O3 significantly increased the risk
of cardiovascular mortality on Lag2, as well as the moving
average associations of Lags01–04 (Table 4).

Fig. 2 Daily average levels of
PM2.5 and O3 in Hefei, China,
between January 1, 2013, and
December 31, 2015

Table 2 Distribution of the major cardiovascular diseases in Hefei
between January 1, 2013, and December 31, 2015

Subgroup ICD 10 2013 2014 2015 All

All subjects I00-I99 3933 4101 4228 12262

Intracerebral hemorrhage I61.9 901 771 786 2458

Coronary heart disease I25.1 612 736 785 2133

Cerebral infarction I63.9 619 663 702 1984

Acute myocardial infarction I21-I22 613 612 573 1783

Hypertensive heart disease I11.9 205 244 272 721
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We further stratified the subjects by gender. The results
showed no statistically significant associations of PM2.5 and
O3 exposure with cardiovascular death in males. To our sur-
prise, however, the associations between PM2.5 exposure and
the cardiovascular mortality in females were all statistically
significant, regardless of the lag days. The association on the
exposure day (Lag0) was the strongest 1.11% (95%CI 0.56%,
1.66%), which attenuated gradually with the increase of the
lag days. In addition, the association tended to accumulate, as
shown in the moving average results. No statistically signifi-
cant associations of O3 exposure on cardiovascular mortality
in females were found (Table 5).

In addition, the associations of PM2.5 exposure on Lag0
were evidently stronger in the subjects younger than 75 years
old than the ones ≥ 75 years (ER 0.67% vs. 0.26%), although
the results were statistically insignificant. Similarly, no signif-
icant associations of O3 exposure on cardiovascular mortality
were found in either age group (Table 6).

Associations of air pollutants with cardiovascular
mortality in two-pollutant model

The associations of PM2.5 and O3 exposure with cardiovascu-
lar mortality in the subjects declined a little in the two-
pollutant model, comparing with the single-pollutant model.
When O3 was introduced, the ER of PM2.5 on cardiovascular
on Lag0 decreased from 0.37% (95% CI − 0.06%, 0.79%) to
0.33% (95% CI − 0.10%, 0.76%); while when PM2.5 was
introduced, the ER of O3 on cardiovascular mortality on
Lag0 decreased from 0.68% (95% CI − 0.12%, 1.49%) to
0.61% (95% CI − 0.20%, 1.42%) (Table 7).

Discussion

This study investigated the association between air pollutants
(PM2.5 and O3) exposure and cardiovascular mortality risk in
Hefei, China, between January 1, 2013, and December 31,
2015. The results of this time-series analysis suggested that
the acute effects of O3 exposure could significantly increase
the risk of cardiovascular mortality in warm seasons, while
PM2.5 mainly increase the risk in cold seasons. To our

knowledge, this is the first study that investigated the associ-
ations of PM2.5 and O3 with cardiovascular mortality in Hefei.

Studies have pointed out that when pollutant level increase
to a certain degree, it could result in a “harvesting effect” in
sensitive subjects, and therefore accelerate the death of such
people (Costa et al. 2017). Accordingly, accumulating evi-
dence has shown that PM2.5 and O3 exposure could result in
detrimental effects on human health. For instance, a previous
time-series study in 75 cities in the USA found that in every
10 μg/m3 increase of PM2.5 level, the risk of cardiovascular
mortality increase by 1.03% (95% CI 0.65%, 1.41%) (Dai
et al. 2014). On the contrary, however, studies in China
showed that although the daily average level of PM2.5 was
very high, the associations with daily mortality were almost
negligible (Lee et al. 2015). In agreement with these studies in
China, the overall associations of PM2.5 and O3 exposure with
cardiovascular mortality in Hefei residents were also not sta-
tistically significant. This could be the result of a very inter-
esting fact, that when the level of pollutant reach a very high
degree, the exposure-effect curve will shift to plateau stage, in
which stage the slope of the curve is very low, thus mask the
effects of the pollutants on health. The findings of the present
study showed that air pollution in Hefei was very heavy dur-
ing the study period, with the highest PM2.5 level of 373 μg/
m3, and the highest O3 level of 200.80 μg/m3. Although the
exact exposure-effect curve in Hefei was not estimated, we
can still speculate that such high levels of PM2.5 and O3 could
be in the plateau stage of the curve. Therefore, the associations
between the exposures and cardiovascular mortality are seem-
ingly to be not so pronounced. In addition, several studies
have also shown that the components of particulate matters
in China are different from those in western countries
(Aguilera et al. 2016; Alam et al. 2012; Thurston et al.
2016). For instance, a great proportion of the particulate mat-
ters in China are from the transported dust from desert and arid
loess-land, as well as locally induced dust due to intensive
urban construction (Chen et al. 2017; Lee et al. 2014).
Therefore, such particulate matters contain high content of
crustal materials, of which the toxicity is relatively lower than
the particulate matters from fossil combustion.

When we stratified the analyses by seasons to warm and
cold seasons, the results showed that every 10 μg/m3 increase

Table 3 Associations between the air pollutant levels and meteorological factors in Hefei between January 1, 2013, and December 31, 2015

PM2.5 O3 Air pressure Wind speed Relative humidity

O3 − 0.272**

Air pressure 0.374** − 0.416**
Wind speed − 0.347** 0.075* − 0.161**
Relative humidity − 0.080** − 0.175** − 0.241** − 0.105**
Temperature − 0.382** 0.508** − 0.896** 0.128** 0.087**

*P < 0.05, **P < 0.01
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of PM2.5 could increase the cardiovascular mortality by 0.22%
(95% CI 0.05%, 0.39%) in cold season on Lag0; however, the
associations in warm season were still statistically insignifi-
cant. We speculate that these effects could, at least partially,
resulted from the changes of the components of particulate

matters in cold season, in which time period more fuels were
consumed, which could add some highly toxic components,
such as benzopyrene (BaP) and heavy metals, to particulate
matters. In addition, wood burning was identified as the dom-
inant source of fine particles in the winter (Rodopoulou et al.

Fig. 3 Smoothing plots of air
pollutants against mortality risk
(df = 3). X-axis is air pollutants
concentrations (μg/m3) on Lag0.
The estimatedmean percentage of
change in daily mortality is
shown by the solid line, and the
dotted lines represent twice the
point-wise standard error. Air
pressure (Lag0) was used, and the
df of air pressure was 3

Table 4 Effects of every 10 μg/m3 increase of PM2.5 and O3 exposure on the risk of cardiovascular disease per season (ER, 95% CI)

Overall Warm season Cold season

Lag PM2.5 O3 PM2.5 O3 PM2.5 O3

Lag0 0.37(− 0.06,0.79) 0.68(− 0.12,1.49) − 0.37(− 1.36,0.64) 1.29(0.26,2.33)** 0.22(0.05,0.39)* − 1.18(− 2.48,0.13)
Lag1 0.27(− 0.15,0.70) 0.01(− 0.79,0.82) − 0.31(− 1.30,0.69) 0.77(− 0.23,1.78) 0.17(− 0.32,0.67) − 2.12(− 3.42,-0.80)**
Lag2 0.04(− 0.38,0.46) 0.54(− 0.26,1.35) − 0.24(− 1.23,0.76) 1.17(0.20,2.14)** − 0.09(− 0.58,0.41) − 1.03(− 2.34,0.29)
Lag3 − 0.03(− 0.46,0.39) − 0.01(− 0.81,0.79) − 0.65(− 1.64,0.36) 0.16(− 0.84,1.16) − 0.16(− 0.65,0.34) − 0.63(− 1.94,0.71)
Lag4 0.18(− 0.24,0.60) − 0.08(− 0.87,0.73) − 0.21(− 1.20,0.79) − 0.32(− 1.33,0.71) 0.05(− 0.44,0.54) − 0.16(− 1.49,1.18)
Lag5 0.10(− 0.32,0.52) 0.31(− 0.48,1.12) − 0.69(− 1.69,0.31) 0.58(− 0.39,1.56) 0.03(− 0.46,0.52) − 0.21(− 1.54,1.13)
Lag01 0.41(− 0.07,0.89) 0.42(− 0.46,1.30) − 0.44(− 1.57,0.70) 1.18(0.09,2.29)* 0.27(− 0.29,0.83) − 2.04(− 3.49,− 0.57)**
Lag02 0.35(− 0.18,0.88) 0.56(− 0.37,1.50) − 0.51(− 1.76,0.76) 1.37(0.24,2.51)* 0.18(− 0.45,0.81) − 2.11(− 3.66,− 0.53)**
Lag03 0.29(−0.28,0.87) 0.46(− 0.52,1.44) − 0.78(− 2.15,0.60) 1.16(0,1.34)* 0.09(− 0.59,0.78) − 2.07(−3.71,− 0.40)*
Lag04 0.34(− 0.26,0.96) 0.37(− 0.64,1.40) − 0.83(− 2.31,0.66) 0.92(− 0.27,2.13) 0.10(− 0.64,0.85) − 1.85(− 3.57,− 0.10)*
Lag05 0.36(− 0.29,1.01) 0.42(− 0.63,1.48) − 1.11(− 2.67,0.48) 0.96(− 0.26,2.19) 0.13(− 0.67,0.93) − 1.81(− 3.60,0.02)

Cold season: October to March; Warm season: April to September. *P < 0.05, **P < 0.01
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2015). Interestingly, stratified analyses by gender in this study
also showed that PM2.5 exposure can significantly increase
cardiovascular mortality in females. This is in agreement with
several previous studies (Chen et al. 2017; Qin et al. 2017),
which have demonstrated that the adverse associations of
PM2.5 are stronger in females than in their male counterparts.
This gender difference regarding the associations of PM2.5

exposure could be attributed to the variations in physiological
features, lifestyles, and chances of specific exposures between
males and females (Bell et al. 2013).

A growing body of evidence has demonstrated that the
associations of O3 with daily cardiovascular mortality are
higher than on daily all-cause mortality (Peng et al. 2013).
In addition, O3 exposure could also lead to significant changes
of certain biomarkers in the circulation, which could be
reflected by the changes in inflammatory factors, oxidative

stress, coagulation, vascular activity, and glucose metabolism.
Furthermore, O3 could activate neural reflex, affect cardiac
rhythm, and influence the automatic regulation of blood ves-
sels (Bero Bedada et al. 2016; Goodman et al. 2015).
However, findings of the present study showed that although
O3 exposure tended to increase the annual cardiovascular mor-
tality, the associations were statistically insignificant. These
findings were in agreement with several previous studies, such
as the time-series studies conducted in Arkansas, USA, and in
Montreal, Canada (Goldberg et al. 2013; Rodopoulou et al.
2015). Interestingly, when we stratified the analyses by sea-
sons to warm and cold seasons, the associations of O3 expo-
sure with cardiovascular mortality appeared to be more pro-
nounced. For instance, the exposure can increase the cardio-
vascular mortality by 1.29% and 1.17% on Lag0 and Lag2 in
warm season, respectively. Similarly, the cumulative

Table 5 Effects of every 10 μg/m3 increase of PM2.5 and O3 exposure on the risk of cardiovascular disease per gender (ER, 95% CI)

Male Female

Lag PM2.5 O3 PM2.5 O3

Lag0 0.38(− 0.20,0.96) − 0.10(− 1.19,1.00) 1.11(0.56,1.66)** 0.39(− 0.57,1.37)
Lag1 0.19(− 0.39,0.77) − 0.89(− 1.98,0.21) 1.10(0.55,1.66)** 0.06(− 0.91,1.04)
Lag2 − 0.11(− 0.69,0.48) 0.48(− 0.60,1.58) 0.91(0.35,1.47)** − 0.19(− 1.17,0.79)
Lag3 − 0.21(− 0.79,0.37) 0.03(− 1.06,1.13) 0.86(0.30,1.43)** − 0.63(− 1.61,0.36)
Lag4 0.19(− 0.38,0.77) 0.20(− 0.88,1.29) 0.85(0.29,1.41)** − 0.90(− 1.88,0.08)
Lag5 0.07(− 0.50,0.64) 0.36(− 0.72,1.45) 0.76(0.19,1.33)** − 0.43(− 1.40,0.55)
Lag01 0.36(− 0.29,1.02) − 0.60(− 1.79,0.61) 1.33(0.73,1.94)** 0.26(− 0.77,1.30)
Lag02 0.24(− 0.48,0.96) − 0.23(− 1.50,1.05) 1.47(0.81,2.13)** 0.11(− 0.96,1.19)
Lag03 0.11(− 0.67,0.90) − 0.18(− 1.51,1.17) 1.58(0.88,2.29)** − 0.11(− 1.22,1.00)
Lag04 0.18(− 0.65,1.02) − 0.09(− 1.47,1.31) 1.70(0.96,2.45)** − 0.34(− 1.47,0.80)
Lag05 0.20(− 0.68,1.08) 0.03(− 1.40,1.47) 1.79(1.01,2.57)** − 0.39(− 1.54,0.77)

*P < 0.05, **P < 0.01

Table 6 Effects of every 10 μg/m3 increase of PM2.5 and O3 exposure on the risk of cardiovascular disease per age (ER, 95% CI)

< 75 years ≥ 75 years

Lag PM2.5 O3 PM2.5 O3

Lag0 0.67 (− 0.09,1.43) 0.61(− 0.64,1.87) 0.26 (− 0.25,0.77) 0.71 (− 0.26,1.68)
Lag1 − 0.09 (− 0.86,0.68) 0.07 (− 1.35,1.51) 0.46 (0.05,0.96) − 0.03 (− 1.00,0.95)
Lag2 0.08 (− 0.68,0.85) 0.77 (− 0.47,2.02) 0.05 (− 0.46,0.56) 0.45 (− 0.51,1.43)
Lag3 0.43 (− 0.32,1.19) 0.22 (− 1.19,1.66) − 0.22 (− 0.72,0.30) − 0.14 (− 1.10,0.84)
Lag4 0.24 (− 0.51,1.00) 0.48 (− 0.93,1.91) 0.17 (− 0.33,0.68) − 0.35 (− 1.32,0.62)
Lag5 0.01 (− 0.75,0.77) 0.65 (− 0.59,1.91) 0.16 (− 0.34,0.66) 0.15 (− 0.82,1.12)
Lag01 0.36 (− 0.49,1.22) 0.42 (− 1.13,1.99) 0.46 (− 0.11,1.03) 0.41 (− 0.65,1.48)
Lag02 0.33 (− 0.61,1.28) 0.65 (− 0.75,2.06) 0.40 (− 0.23,1.03) 0.51 (− 0.61,1.65)
Lag03 0.49 (− 0.52,1.51) 0.62 (− 0.83,2.09) 0.25 (− 0.43,0.94) 0.37 (− 0.81,1.57)
Lag04 0.55 (− 0.52,1.64) 0.71 (− 0.76,2.21) 0.30 (− 0.43.1.04) 0.21 (− 1.02,1.45)
Lag05 0.52 (− 0.62,1.67) 0.78 (− 1.06,2.66) 0.35 (− 0.43,1.12) 0.23 (− 1.04,1.51)
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associations, as shown in the moving average values, also
showed that O3 exposure in warm season can increase cardio-
vascular mortality. In summer, residents of Hefei spend more
time outdoors and windows are commonly open, which could
potentially increase their exposure. However, interestingly, the
results showed that O3 exposure in cold season tended to
reduce cardiovascular mortality. We speculated that during
cold seasons, the prominent pollution was particulate matters,
while the weakened ultraviolet could only lead to limited
levels of O3 (45.52 μg/m3 in cold season, comparing with
74.35 μg/m3 in warm season), which could result in protective
effects on cardiovascular mortality. Similar to the findings in
PM2.5, stratified analysis also showed that the associations of
O3 were more pronounced in females than in males, although
the results were statistically insignificant, which were in
agreement with several previous studies (Mercedes and Joel
2008; Stafoggia et al. 2010).

The two-pollutant models in this study showed that when
PM2.5 or O3 was introduced, the associations of PM2.5 or O3

with cardiovascular mortality were slightly, but not statistical-
ly significantly changed, which were in agreement with a pre-
vious time series in Hong Kong (Lin et al. 2017). We specu-
lated that the findings that ER decreased slightly when the
second pollutant was included were partially caused by the
fact that O3 and PM2.5 were negatively correlated. As shown
in Fig. 2, PM2.5 level peaked in winter, while O3 level peaked
in summer; therefore, it is possible that the combined associ-
ations between O3 and PM2.5 could be masked. In contrast, an
experimental study showed that when ultra-fine particulate
matters and O3 were co-applied, the cardiovascular diseases
and pulmonary injuries in mice could be aggravated, and the
additional application of O3 to mice did increase the toxic
effects of ultra-fine particulate matters (Wong et al. 2018).

This study is limited by the following factors: first of all,
the air pollution level was estimated by the average level of
Hefei, which could not loyally reflect the exposure of each
individual; therefore, ecological fallacy could affect the re-
sults; second, only two major pollutants were investigated in
this study, while the other factors could also affect the adverse
associations of PM2.5 and O3; and other factors such as

characteristics of certain groups of people could also affect
the results; and third, there is only 3 years of air pollutant data
for the analysis in this study. However, despite these draw-
backs, the findings of this study showed that PM2.5 and O3

exposure could increase the risk of cardiovascular mortality,
especially in females and in cold season. More studies are
needed to verify our findings and investigate the underlying
mechanisms.
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