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Abstract: The interactive effects between particulate matter (PM) and heat waves on circulatory
mortality are under-researched in the context of global climate change. We aimed to investigate the
interaction between heat waves and PM on circulatory mortality in Fuzhou, a city characterized by
a humid subtropical climate and low level of air pollution in China. We collected data on deaths,
pollutants, and meteorology in Fuzhou between January 2016 and December 2019. Generalized
additive models were used to examine the effect of PM on circulatory mortality during the heat waves,
and to explore the interaction between different PM levels and heat waves on the circulatory mortality.
During heat waves, circulatory mortality was estimated to increase by 8.21% (95% confidence intervals
(CI): 0.32–16.72) and 3.84% (95% CI: 0.28–7.54) per 10 µg/m3 increase of PM2.5 and PM10, respectively,
compared to non-heat waves. Compared with low-level PM2.5 concentration on non-heat waves layer,
the high level of PM2.5 concentration on heat waves layer has a significant effect on the cardiovascular
mortality, and the effect value was 48.35% (95% CI: 6.37–106.89). Overall, we found some evidence to
suggest that heat waves can significantly enhance the impact of PM on circulatory mortality.
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1. Introduction

Climate change and air pollution are the two major global public health challenges [1]. Every year,
more than 3 million people die from air-pollution-induced disease worldwide, and most of these
deaths are attributable to circulatory diseases [2,3]. Under the context of climate change, especially
since the 2003 European heat wave event [4], numerous studies have found that high temperatures
and heat waves were associated with an increased risk of mortality due to circulatory diseases [5–9].
Temperatures and particulate matter (PM) have independent effect on health, but the potential
interaction due to PM and temperatures could also amplify the burden of disease [10]. However,
to date, research relating to the potential interactive effects between heat waves and PM on circulatory
mortality is limited.

It has been asserted that the joint effect of high temperatures and air pollution on health outcomes
should be greater than its respective independent effect [8,9]. Current research has begun to pay more
attention to the interaction between air pollution and high temperatures [11,12], however, inconsistent
findings still exist. For example, Li G. et al. found that compared with moderate or low temperatures,
high temperatures have a stronger correlation in Tianjin [13], but a study in Guangzhou showed
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that high temperatures and PM have no interactive effects on cardiovascular and cerebrovascular
health [14]. The inconsistency may be associated with the differences in the level and composition of
PM in different regions [15].

In China, explorations about the interactions between heat waves and PM on circulatory mortality
often focused on cities such as Beijing, Hefei, and Tianjing, which are polluted heavily [10,13,16].
However, there is a paucity of studies exploring the interactive effects in slightly polluted cities with a
humid subtropical climate in southern China. Evidence has shown that low-level PM exposure could
cause an increased excess risk of circulatory mortality [17–20]. Therefore, analysis of the combined
effects of heat waves and low-level PM exposure may further inform the development of intervention
measures to reduce the burden of air pollution and heat-induced circulatory mortality.

Characterized by a humid subtropical climate, Fuzhou has been called an “oven” city because
of its extremely hot summers, and is one of the hottest provincial capitals in China according to the
National Climate Center of the China Meteorological Administration. Compared to some heavily
polluted cities in northern China with a temperate climate, air pollution in Fuzhou is not a prominent
problem. According to the Ministry of Ecological Environment of China, during 2015–2018 in Fuzhou,
there were only 12 days with an Air Quality Index (AQI) exceeding the threshold of 100, which means
that the air is polluted and may cause harm to human health [21]. AQI is a popular comprehensive
indicator of overall air pollution level based on multiple air pollutants [22]. Given the improving air
quality in China due to continuous interventions and the likely increasing extremely hot days in a
warming climate, we selected Fuzhou as a case study to explore the interactive effect of PM and heat
waves on circulatory mortality. Results of this study can provide references for future studies in other
less polluted coastal cities with relatively mild subtropical humid climates.

2. Materials and Methods

2.1. Materials

To monitor the impact of air pollution on population health, a nationwide Air Pollution Impact
Monitoring Project has been initiated by the National Institute of Environmental Health, Chinese Center
for Disease Control and Prevention. Fuzhou was selected as one of the monitoring cities. In our
research, the monitoring data on daily air pollution were based on a four-year data collection from
1st January 2016 to 31st December 2019 from seven air pollution monitoring stations in the Fuzhou
Environmental Monitoring Center Station, and daily meteorological monitoring data were collected
through daily monitoring by the Fuzhou Meteorological Bureau, which is part of the nationwide
network of monitoring stations. They strictly implement the relevant national technical requirements.
The indicators of air pollution included PM10 (particulate matter less than 10 µm in aerodynamic
diameter) and PM2.5 (particulate matter less than 2.5 µm in aerodynamic diameter). The meteorological
indicators included daily average air pressure, daily mean relative humidity, and daily maximum
temperature. The daily data on mortality were obtained from the Fuzhou Center for Disease Control
and Prevention (Fuzhou CDC), which has been part of the Fuzhou health monitoring network
for four consecutive years, and was subject to strict quality control as per the requirements of
the Air Pollution Impact Monitoring Project work manual. The causes of death were classified
according to codes of the International Classification of Diseases, 10th edition (ICD-10), as follows:
circulatory diseases (ICD10: I00-I99), cardiovascular diseases (ICD10: I05-09, I11, I20-I27, I30-52),
and cerebrovascular diseases (ICD10: I60-I69). Among the I00-I99 codes, I05-09, I11, I20-I27, and I30-52
represent cardiovascular diseases and I60-I69 represent cerebrovascular diseases, which indicates that
cardiovascular diseases and cerebrovascular diseases are part of the diseases of the circulatory system.

2.2. Statistical Analysis

Daily death, air pollution, and weather data are linked by date and therefore were analyzed with a
time-series design [23]. Since daily mortality counts are a small probability event and follow a Poisson
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distribution, time-series Poisson generalized additive models (GAMs) were employed in the study [24].
Given that the value we aimed at obtaining was the risk of mortality on a heat wave day versus that
same day without heat waves, we considered only those days that had a potential to have heat waves.
Thus, we restricted our analysis to days in the summer season (May–October) from 2016 to 2019 [25].
Moreover, according to the China Meteorological Administration (2018), it is suggested by the World
Meteorological Organization to define a heat wave when the maximum temperature exceeds 32 ◦C
for three consecutive days [26,27]. First, in order to investigate the interaction between PM and heat
waves, we used the GAMs to evaluate the risk of PM on the circulatory mortality under heat wave and
non-heat wave layers. We adjusted the long-term trend of time, short-term fluctuations, and relative
humidity. The natural spline (ns) function of date was also used in the GAMs to address nonlinear
trends, sequence correlations, and the number of events per day on the time axis. The model is as
follows:

logE (Yt) = βKZtHK + ns (time, df) + ns (Xt, df) + DOW + intercept

where E (Yt) is the expected value of the number of deaths due to circulatory diseases on day t; Zt is
the pollutant concentrations on day t; β is the exposure-response coefficient; HK denotes the dummy
variable for heat wave (H1 = 0, H2 = 0) and non-heat wave days (H1 = 0, H2 = 0); β1 and β2 represent
the effect of PM in the heat wave layer and non-heat wave layer, respectively. ns () is the natural
smoothing spline function; time is the calendar time variation; df represents the degrees of freedom;
(the df) for date were 7 df per year [10]. Xt is the meteorological factor. Degrees of freedom of 3 were
chosen for relative humidity [28]. DOW is the weekly variation; the day of the week (DOW) was
considered in this model to control for the natural fluctuation trends over a particular week.

Second, for a better illustration of the effect modification, the effect of high and low levels of PM
was also reported under heat wave and non-heat wave layers, respectively. High- and low-level PM
days were defined as those where the daily average PM value was >50th and ≤50th percentile of the
warm season from 2016 to 2019, respectively. (Note: 50th percentile of the distribution for PM2.5 was
equal to 20 µg/m3, 50th percentile of the distribution for PM10 was equal to 52 µg/m3). The model is
as follows:

logE (Yt) = βKZtPK + ns (time, df) + ns (Xt, df) + DOW + intercept

PK denotes the dummy variable for high (P1 = 0, P2 = 0) and low (P1 = 0, P2 = 0), β1 and β2

represent the effect of PM in high and low PM levels, respectively. We examined a single-day lag
(from lag0 to lag7) and the cumulative lag effect (from lag0–1 to lag0–7) in the GAMs. We tested for
differences in effect estimates between different layers by calculating the 95% confidence intervals (CI)
as shown below:

(Q1 −Q2) ± 1.96
√
(SE1)

2 + (SE2)
2

where Q1 and Q2 are the estimates of the two levels, and SE1 and SE2 are their standard errors,
respectively [29]. A p-value of <0.05 was considered statistically significant.

All data analyses were performed using “mgcv” package in statistical software R version 3.6.1.
The results are presented as the percent increase (i.e., ER(excessive risk) =

(
e10×β

− 1
)
× 100% ,

ER(95% CI) =
(
e(β±1.96SE)×10

− 1
)
× 100%) in daily mortality for each 10 µg/m3 increment in

PM concentrations.

3. Results

During the warm season from 2016 to 2019, there were 31 heat wave events in Fuzhou, including
339 days with heat waves and 397 days without heat waves. The earliest period of heat wave event
was from 15 to 18 May, and the latest period was from 26 to 28 October. The longest heat wave event
was from 12 July to 29 August in 2019, lasting 48 days. In 2017 and 2018, the occurrence of heat wave
events was nine at most.
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Descriptive statistics of daily circulatory mortality, PM, and meteorological conditions are
presented in Table 1. The mean average PM concentrations were 56.06 µg/m3 for PM10, 21.69 µg/m3 for
PM2.5 during heat waves.

Table 1. Summary statistics of daily circulatory diseases deaths, particulate matter, and meteorological
factors in Fuzhou during days with heat waves and days without heat waves during the warm
season, 2016–2019.

Heat Waves Non-Heat Waves

Days 339 397
Deaths (number of cases)

Circulatory diseases 10.26 ± 3.37 10.27 ± 3.47
Cardiovascular diseases 3.89 ± 2.24 3.66 ± 1.95
Cerebrovascular diseases 3.02 ± 1.78 3.22 ± 1.77

Pollutants (ug/m3)
PM10 56.06 ± 19.23 51.72 ± 24.25
PM2.5 21.69 ± 8.94 20.86 ± 9.63

Meteorological factors
Daily maximum temperature (◦C) 35.11 ± 1.58 28.75 ± 3.25

Mean pressure (hPa) 1002.06 ± 4.35 1006.57 ± 6.02
Mean relative humidity (%) 69.75 ± 6.84 74.12 ± 12.05

Abbreviations: PM10: particulate matter less than 10 µm in aerodynamic diameter; PM2.5: particulate matter less
than 2.5 µm in aerodynamic diameter.

Figure 1 shows the estimates of percent change in daily circulatory mortality (including
cardiovascular mortality and cerebrovascular mortality) associated with a 10 µg/m3 increase in
PM concentrations during days with heat waves. It was found that PM has a significant effect on
circulatory mortality. We found that in lag0, lag0–1, lag0–2, and lag0–3, PM2.5 had a significant impact
on the circulatory mortality. The effect values of lag0, lag0–1, lag0–2, and lag0–3 were 5.26% (95% CI:
0.35–10.40), 6.12% (95% CI: 0.32–12.27), 7.27% (95% CI: 0.50–14.49), and 8.21% (95% CI: 0.32–16.72),
respectively. Simultaneously, we found that in lag0–1, lag0–2, and lag0–3, PM10 had a significant
impact on circulatory mortality as well. The effect values of lag0–1, lag0–2, and lag0–3 were 2.73%
(95% CI: 0.04–5.49), 3.63% (95% CI: 0.53–6.83), and 3.84% (95% CI: 0.28–7.54), respectively. From the
results above, it can be concluded that PM has the maximum effect value on circulatory mortality at
lag0–3. Therefore, the following analysis shows the effect values of lag0–3.
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Figure 1. Estimates of percent change in daily circulatory mortality associated with a 10 µg/m3 increase
in particulate matter concentrations during days with heat waves. Note: PM10: particulate matter
less than 10 µm in aerodynamic diameter; PM2.5: particulate matter less than 2.5 µm in aerodynamic
diameter; ER: excessive risk. X-axis: lag0 to lag7 means a single-day lag. lag0–1 to lag0–7 means
cumulative lag effect.
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Table 2 shows that compared with the non-heat wave period, the effects of PM10 and PM2.5 on the
circulatory mortality during the heat wave period are significantly increased. The effect values were
8.21% (95% CI: 0.32–16.72) and 3.84% (95% CI: 0.28–7.54), respectively.

Table 2. Estimates of percent change in daily circulatory mortality associated with a 10 µg/m3 increase
in particulate matter concentrations during days with heat waves and days without heat waves.
The effects are presented as excessive risk with their corresponding 95% confidence intervals.

PM2.5 PM10

Heat Wave Days Non-Heat Wave Days Heat Wave Days Non-Heat Wave Days

Circulatory 8.21 * 4.24 3.84 * 1.29
(0.32, 16.72) (−3.29, 12.37) (0.28, 7.54) (−1.98, 4.66)

Cardiovascular
9.89 1.36 4.90 1.11

(−3.56, 25.22) (−10.08, 14.26) (−1.19, 11.37) (−4.09, 6.60)

Cerebrovascular
8.29 2.19 4.49 1.63

(−5.58, 24.20) (−9.57, 15.48) (−1.95, 11.35) (−3.75, 7.31)

Abbreviations: PM10: particulate matter less than 10 µm in aerodynamic diameter; PM2.5: particulate matter
less than 2.5 µm in aerodynamic diameter. Bolded figures are statistically significant (p < 0.05). Figures marked
with asterisk * are statistically significantly higher (p < 0.05) than equivalent estimates in the non-heat wave layer.
The results show lag0–3 for PM2.5 and PM10.

Table 3 shows that compared with low-level PM2.5 layer on days without heat waves, the high
level of PM2.5 concentration had a significant increase on the cardiovascular mortality. The effect value
was 48.35% (95% CI: 6.37–106.89) for PM2.5.

Table 3. The effect of days with heat waves and days without heat waves on circulatory mortality with
high levels of particulate matter compared to days with low levels of particulate matter. Effects are
presented as excessive risk with their corresponding 95% confidence intervals a.

Low PM2.5 High PM2.5 Low PM10 High PM10

Heat wave days

Total days 155 184 146 193

Circulatory 16.68 13.09 3.74 0.96
(−23.59, 78.16) (−7.16, 37.76) (−20.01, 34.52) (−8.21, 11.04)

Cardiovascular
−32.95 48.35 * −23.6 14.73

(−68.97, 44.86) (6.37, 106.89) (−51.23, 19.68) (−2.97, 35.66)

Cerebrovascular
53.54 9.4 52.85 −5.83

(−27.66, 225.87) (−23.41, 56.25) (−3.79, 142.85) (−20.72, 11.85)

Non-heat wave days

Total days 207 190 221 176

Circulatory −14.55 3.59 −4.51 −3.31
(−38.60, 18.91) (−12.54, 22.69) (−14.93, 7.19) (−12.32, 6.63)

Cardiovascular
−36.24 −12.84 −6.44 −0.68

(−62.69, 8.97) (−32.81, 13.08) (−22.90, 13.55) (−15.07, 16.14)

Cerebrovascular
3.58 29.94 −6.25 12.79

(−38.73, 75.11) (−3.67, 75.28) (−22.72, 13.73) (−4.60, 33.35)

Abbreviations: PM10: particulate matter less than 10 µm in aerodynamic diameter; PM2.5: particulate matter less
than 2.5 µm in aerodynamic diameter. Bolded figures are statistically significant (p < 0.05). a “Low PM” means the
daily average PM value is below the 50th percentile of data; “High PM” means the daily average PM value is above
the 50th percentile of data. The PM2.5 value of the 50th percentile of data is 20 ug/m3. The PM10 value of the 50th
percentile of data is 52 ug/m3. Figures marked with asterisk * are statistically significantly higher (p < 0.05) than
equivalent estimates in the low-level PM2.5 layer during days without heat waves. The results show lag0–3 for
PM2.5 and PM10.

4. Discussion

With the acceleration of urbanization, global-scale climate change will likely conspire in future
years to increase population vulnerability to heat [30]. High temperature is related with global
warming and urbanization, and will have a direct impact on the number of heat wave days in the
future, increasing the potential for increased circulatory deaths in Fuzhou [19]. Given the improving
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air quality in China due to continuous interventions and the likely increase in extremely hot days in a
warming climate, research in Fuzhou on the health hazards of high temperatures and PM may have
important public health significance.

We used GAMs to examine the interactive effects of air pollutants and heat waves on circulatory
mortality in Fuzhou, China. We estimated and compared the effect of heat waves on days with
high- and low-level PM. We found some evidence that PM modifies the association between heat
waves and circulatory mortality. Stronger heat wave effects were observed on days with high-level
compared to low-level PM days for cardiovascular mortality. Our results are consistent with the positive
PM–temperature interaction reported by Roberts [31], Ren et al. [32], Qian et al. [33], Stafoggia et al. [34],
and Breitner [15], all concerning circulatory mortality in various parts of the world. This suggests that
the human body is more susceptible to the toxic effects of PM during hot days [35]. In the present
study, the effect value of the interaction between heat waves and PM on circulatory mortality is higher
than that of the findings of Lin T. [16], in Beijing. Several previous studies have also found null or
negative associations between increased temperatures or extreme heat and PM for circulatory mortality.
A study in Guangzhou found that high temperatures and PM have no interactive effects on circulatory
mortality [14]. A study in Shanghai found a statistically significant interaction between PM and lower
temperatures in their effects on daily mortality, but no significant interaction between air pollution and
higher temperatures was found [36]. The results above show that the effects of the interaction between
PM and heat waves on death in different areas are different, which may be related to the level and source
composition of PM differences across regions and cities [37,38], as well as to population acclimatization
to temperature changes and heat waves [39,40]. In addition, the gender, age, and socioeconomic
status of the population in different regions will play a role in the association between air pollution,
temperature, and mortality outcomes. In the age group, some research found that the effect estimates
of population mortality for older people are stronger than for the young under air pollution and high
temperature conditions [41,42]. On a biological level, the physiological processes decline as people get
older, especially the thermoregulatory ability [43]. A greater susceptibility has been reported for the
people with underlying diseases and for those with a lower socioeconomic status [4,13], and could
be related to poorer health status, limited access to health care, and poorer housing conditions in
these socially disadvantaged groups [44]. In the gender group, some studies found the effect of heat
mortality was stronger for females [45]. The gender-specific susceptibility might be due to biological
(e.g., physiopathological responses to heat stress and air pollution) and behavioral difference (e.g., type
of work—indoor/outdoor) between males and females [46,47]. It is therefore important to conduct
further localized studies to account for these differences and clarify our understanding of any potential
interactive effects of these environmental exposures on circulatory mortality.

We observed stronger heat wave effects on days with high-level PM2.5 compared to those
with low-level PM2.5 for cardiovascular mortality. High-level PM2.5 enhances the heat wave effect.
These results are similar to the findings of Analitis [48]. There are various plausible explanations for a
synergistic association between heat waves and air pollutants. A proportion of particles (secondary
particles) is generated by processes in the atmosphere in the presence of sunlight and primary emitted
pollutants. On hot days, emissions of pollutants may be further increased by behavioral changes
(e.g., inhabitants of cities may choose to use their possibly air-conditioned car more often). In addition,
differences in pollution sources could lead to pollutants with different characteristics (e.g., more
toxic) [48]. Exposure to extreme heat may also make humans more susceptible to air pollutants by
causing physiologic stress or exposure to high PM concentrations may make them more sensitive to
the effects of heat [49].

It is plausible that air pollution and heat exposure may interact on a biological level, although the
exact causal pathways and mechanisms involved are not yet fully elucidated. In high-level particles,
human blood viscosity, and some albumin increase, causing thrombosis. Epidemiological studies have
also shown that PM causes vascular endothelial cell death through oxidative damage, increasing the
incidence of cardiovascular diseases and mortality. The activation of the body’s thermoregulatory
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system and mechanisms during heat stress can facilitate and increase the absorption and entry of
toxins and air pollutants into the body, as well as alter the body’s response to such substances [35]. It is
biologically plausible that high temperatures could exacerbate the toxic effects of many environmental
toxicants, such as PM [49]. The strength of the toxicity of a chemical or toxin on a biological system can
be exacerbated by increased body temperature. Passive heat exposure can stress the cardiovascular
system, where increased skin blood flow during thermoregulation results in increased cardiac output,
which in turn is mediated by increases in heart rate [50].

This study has a potential strength. To the best of our knowledge, this is the first study that
examines the potential interactive effects between heat waves and PM on circulatory mortality from
a city characterized by a humid subtropical climate and low level of air pollution in coastal areas of
China. We have shown that circulatory mortality may be susceptible to the potential interactive effects
of heat waves and PM, especially in the high-level PM concentrations on days with heat waves.

This study has some potential limitations. First, the analysis was performed in a single city, therefore,
our results may not be generalizable, given that PM levels and mixtures can vary geographically, as well as
due to population acclimatization to heat waves. Second, the period of observation is limited to four years.
The effect estimates would be imprecise in such a limited period. As the study period increases, the results
obtained will be more reliable. Third, we used population measures of air pollutant concentrations and
temperatures rather than the personal exposure levels, which will underestimate the effect value [51].
Fourth, we used a single model in the study. In future research, we can explore combining different
models to improve the accuracy of the results [52]. Given the several limitations above, we have limited
power to detect robust association. Further, heat wave forecasts or government-issued heat wave
warnings may result in individuals exhibiting avoidance behaviors, especially for people with existing
health conditions. This individual-level response is beyond the scope of this research.

5. Conclusions

In the present study, we found that heat waves can significantly enhance the impact of PM on
circulatory mortality. Compared with low levels of PM2.5, heat waves and high levels of PM2.5 have a
greater influence on cardiovascular mortality. These findings suggest that improving air quality and
developing strategies and policies for controlling and preventing temperature-related diseases would
benefit health of the general population.

Author Contributions: Data curation Q.Z.; formal analysis S.J.; writing—Original draft preparation, S.J.;
writing—Review and editing, C.W.; supervision, C.W. and B.L.; validation, Y.J. and Y.C.; investigation C.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Startup Fund for Scientific Research, Fujian Medical University
(grant number 2018QH1008), and Fujian Medical University’s Research Foundation for Talented Scholars
(grant number XRCZX2018011).

Acknowledgments: We appreciate the support of the Fuzhou Environmental Monitoring Center Station and the
Fuzhou Meteorological Bureau.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

References

1. Kinney, P.L. Interactions of climate change, air pollution, and human health. Curr. Environ. Health Rep. 2018,
5, 179–186. [CrossRef] [PubMed]

2. Lelieveld, J.; Evans, J.S.; Fnais, M.; Giannadaki, D.; Pozzer, A. The contribution of outdoor air pollution
sources to premature mortality on a global scale. Nature 2015, 525, 367–371. [CrossRef] [PubMed]

3. Bind, M.A.; Peters, A.; Koutrakis, P.; Coull, B.; Vokonas, P.; Schwartz, J. Quantile regression analysis of the
distributional effects of air pollution on blood pressure, heart rate variability, blood lipids, and biomarkers
of inflammation in elderly American men: The normative aging study. Environ. Health Perspect. 2016, 124,
1189–1198. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s40572-018-0188-x
http://www.ncbi.nlm.nih.gov/pubmed/29417451
http://dx.doi.org/10.1038/nature15371
http://www.ncbi.nlm.nih.gov/pubmed/26381985
http://dx.doi.org/10.1289/ehp.1510044
http://www.ncbi.nlm.nih.gov/pubmed/26967543


Int. J. Environ. Res. Public Health 2020, 17, 5979 8 of 10

4. Bouchama, A. The 2003 European heat wave. Intensiv. Care Med. 2004, 30, 1–3. [CrossRef]
5. Watts, N.; Adger, W.N.; Agnolucci, P.; Blackstock, J.; Byass, P.; Cai, W.; Chaytor, S.; Colbourn, T.; Collins, M.;

Cooper, A.; et al. Health and climate change: Policy responses to protect public health. Lancet 2015, 386,
1861–1914. [CrossRef]

6. IPCC. Annex I Glossary. In Global Warming of 1.5 ◦C. An IPCC Special Report; Matthews, R., Babiker, M.,
Coninck, H.D., Weyer, N.M., Eds.; World Meteorological Organization: Geneva, Switzerland, 2018.

7. Gasparrini, A.; Guo, Y.; Hashizume, M.; Kinney, P.L.; Petkova, E.P.; Lavigne, E.; Zanobetti, A.; Schwartz, J.D.;
Tobias, A.; Leone, M.; et al. Temporal variation in heat-mortality associations: A multicountry study. Environ.
Health Perspect. 2015, 123, 1200–1207. [CrossRef]

8. Li, J.; Xu, X.; Yang, J.; Liu, Z.; Xu, L.; Gao, J.; Liu, X.; Wu, H.; Wang, J.; Yu, J.; et al. Ambient high temperature
and mortality in Jinan, China: A study of heat thresholds and vulnerable populations. Environ. Res. 2017,
156, 657–664. [CrossRef]

9. Hamanaka, R.B.; Mutlu, G.M. Particulate matter air pollution: Effects on the cardiovascular system.
Front. Endocrinol. 2018, 9, 680. [CrossRef]

10. Qin, R.X.; Xiao, C.; Zhu, Y.; Li, J.; Yang, J.; Gu, S.; Xia, J.; Su, B.; Liu, Q.; Woodward, A. The interactive
effects between high temperature and air pollution on mortality: A time-series analysis in Hefei, China.
Sci. Total Environ. 2017, 575, 1530–1537. [CrossRef]

11. Zanobetti, A.; Peters, A. Disentangling interactions between atmospheric pollution and weather. J. Epidemiol.
Commun. Health 2015, 69, 613–615. [CrossRef]

12. Parry, M.; Green, D.; Zhang, Y.; Hayen, A. Does particulate matter modify the short-term association between
heat waves and hospital admissions for cardiovascular diseases in greater Sydney, Australia? Int. J. Environ.
Res. Public Health 2019, 16, 3270. [CrossRef]

13. Li, G.; Zhou, M.; Cai, Y.; Zhang, Y.; Pan, X. Does temperature enhance acute mortality effects of ambient
particle pollution in Tianjin City, China. Sci Total Environ. 2011, 409, 1811–1817. [CrossRef] [PubMed]

14. Li, G.; Jiang, L.; Zhang, Y.; Cai, Y.; Pan, X.; Zhou, M. The impact of ambient particle pollution during
extreme-temperature days in Guangzhou City, China. Asia Pac. J. Public Health 2014, 26, 614–621. [CrossRef]

15. Breitner, S.; Wolf, K.; Devlin, R.B.; Diaz-Sanchez, D.; Peters, A.; Schneider, A. Short-term effects of air
temperature on mortality and effect modification by air pollution in three cities of Bavaria, Germany:
A time-series analysis. Sci. Total Environ. 2014, 485, 49–61. [CrossRef] [PubMed]

16. Tian, L.; Liang, F.; Guo, Q.; Chen, S.; Xiao, S.; Wu, Z.; Jin, X.; Pan, X. The effects of interaction between
particulate matter and temperature on mortality in Beijing, China. Environ. Sci. Process. Impacts 2018, 20,
395–405. [CrossRef] [PubMed]

17. Huang, C.; Moran, A.E.; Coxson, P.G.; Yang, X.; Liu, F.; Cao, J.; Chen, K.; Wang, M.; He, J.; Goldman, L.; et al.
Potential cardiovascular and total mortality benefits of air pollution control in urban China. Circulation 2017,
136, 1575–1584. [CrossRef] [PubMed]

18. Crouse, D.L.; Peters, P.A.; van Donkelaar, A.; Goldberg, M.S.; Villeneuve, P.J.; Brion, O.; Khan, S.;
Atari, D.O.; Jerrett, M.; Pope, C.A.; et al. Risk of nonaccidental and cardiovascular mortality in relation to
long-term exposure to low concentrations of fine particulate matter: A Canadian national-level cohort study.
Environ. Health Perspect. 2012, 120, 708–714. [CrossRef]

19. Kan, H.; Chen, R.; Tong, S. Ambient air pollution, climate change, and population health in China. Environ. Int.
2012, 42, 10–19. [CrossRef]

20. Zhang, S.; Li, G.; Tian, L.; Guo, Q.; Pan, X. Short-term exposure to air pollution and morbidity of COPD and
asthma in East Asian area: A systematic review and meta-analysis. Environ. Res. 2016, 148, 15–23. [CrossRef]

21. Zhan, D.; Kwan, M.-P.; Zhang, W.; Yu, X.; Meng, B.; Liu, Q. The driving factors of air quality index in China.
J. Clean. Prod. 2018, 197, 1342–1351. [CrossRef]

22. Bao, J.; Yang, X.; Zhao, Z.; Wang, Z.; Yu, C.; Li, X. The spatial-temporal characteristics of air pollution in
China from 2001–2014. Int. J. Environ. Res. Public Health 2015, 12, 15875–15887. [CrossRef] [PubMed]

23. Zeger, S.; Irizarry, R.; Peng, R. On time series analysis of public health and biomedical data. Ann. Rev.
Public Health 2006, 27, 57–79. [CrossRef]

24. Bell, M.L.; Samet, J.M.; Dominici, F. Time-series studies of particulate matter. Ann. Rev. Public Health 2004,
25, 247–280. [CrossRef]

http://dx.doi.org/10.1007/s00134-003-2062-y
http://dx.doi.org/10.1016/S0140-6736(15)60854-6
http://dx.doi.org/10.1289/ehp.1409070
http://dx.doi.org/10.1016/j.envres.2017.04.020
http://dx.doi.org/10.3389/fendo.2018.00680
http://dx.doi.org/10.1016/j.scitotenv.2016.10.033
http://dx.doi.org/10.1136/jech-2014-203939
http://dx.doi.org/10.3390/ijerph16183270
http://dx.doi.org/10.1016/j.scitotenv.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21376370
http://dx.doi.org/10.1177/1010539514529811
http://dx.doi.org/10.1016/j.scitotenv.2014.03.048
http://www.ncbi.nlm.nih.gov/pubmed/24704956
http://dx.doi.org/10.1039/C7EM00414A
http://www.ncbi.nlm.nih.gov/pubmed/29337319
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.026487
http://www.ncbi.nlm.nih.gov/pubmed/28882886
http://dx.doi.org/10.1289/ehp.1104049
http://dx.doi.org/10.1016/j.envint.2011.03.003
http://dx.doi.org/10.1016/j.envres.2016.03.008
http://dx.doi.org/10.1016/j.jclepro.2018.06.108
http://dx.doi.org/10.3390/ijerph121215029
http://www.ncbi.nlm.nih.gov/pubmed/26694427
http://dx.doi.org/10.1146/annurev.publhealth.26.021304.144517
http://dx.doi.org/10.1146/annurev.publhealth.25.102802.124329


Int. J. Environ. Res. Public Health 2020, 17, 5979 9 of 10

25. Peng, R.D.; Bobb, J.F.; Tebaldi, C.; McDaniel, L.; Bell, M.L.; Dominici, F. Toward a quantitative estimate
of future heat wave mortality under global climate change. Environ. Health Perspect. 2011, 119, 701–706.
[CrossRef]

26. China Meteorological Administration. No Universal Definition of Heatwave. Available online: http://www.
cma.gov.cn/2011xzt/kpbd/heatwave/2018050902/201807/t20180709_472858.html (accessed on 8 August 2018).

27. Wu, Y.; Wang, X.; Wu, J.; Wang, R.; Yang, S. Performance of heat-health warning systems in Shanghai
evaluated by using local heat-related illness data. Sci. Total Environ. 2020, 715, 136883. [CrossRef] [PubMed]

28. Duan, Y.; Liao, Y.; Li, H.; Yan, S.; Zhao, Z.; Yu, S.; Fu, Y.; Wang, Z.; Yin, P.; Cheng, J.; et al. Effect of changes
in season and temperature on cardiovascular mortality associated with nitrogen dioxide air pollution in
Shenzhen, China. Sci. Total Environ. 2019, 697, 134051. [CrossRef] [PubMed]

29. Gasparrini, A.; Armstrong, B.; Kenward, M.G. Distributed lag non-linear models. Stat. Med. 2010, 29,
2224–2234. [CrossRef] [PubMed]

30. Hondula, D.M.; Georgescu, M.; Balling, R.C., Jr. Challenges associated with projecting urbanization-induced
heat-related mortality. Sci. Total Environ. 2014, 490, 538–544. [CrossRef]

31. Roberts, S. Interactions between particulate air pollution and temperature in air pollution mortality time
series studies. Environ. Res. 2004, 96, 328–337. [CrossRef]

32. Ren, C.; Williams, G.M.; Tong, S. Does particulate matter modify the association between temperature and
cardiorespiratory diseases? Environ. Health Perspect. 2006, 114, 1690–1696. [CrossRef]

33. Qian, Z.; He, Q.; Lin, H.M.; Kong, L.; Bentley, C.M.; Liu, W.; Zhou, D. High temperatures enhanced acute
mortality effects of ambient particle pollution in the “oven” city of Wuhan, China. Environ. Health Perspect.
2008, 116, 1172–1178. [CrossRef] [PubMed]

34. Stafoggia, M.; Schwartz, J.; Forastiere, F.; Perucci, C.A. Does temperature modify the association between air
pollution and mortality? A multicity case-crossover analysis in Italy. Am. J. Epidemiol. 2008, 167, 1476–1485.
[CrossRef] [PubMed]

35. Gordon, C.J. Role of environmental stress in the physiological response to chemical toxicants. Environ. Res.
2003, 92, 1–7. [CrossRef]

36. Cheng, Y.; Kan, H. Effect of the interaction between outdoor air pollution and extreme temperature on daily
mortality in Shanghai, China. J. Epidemiol. 2012, 22, 28–36. [CrossRef]

37. Guo, Y.; Gasparrini, A.; Armstrong, B.; Li, S.; Tawatsupa, B.; Tobias, A.; Lavigne, E.; de Sousa Zanotti
Stagliorio Coelho, M.; Leone, M.; Pan, X.; et al. Global variation in the effects of ambient temperature on
mortality: A systematic evaluation. Epidemiology 2014, 25, 781–789. [CrossRef]

38. Karagulian, F.; Belis, C.A.; Dora, C.F.C.; Pruess-Ustuen, A.M.; Bonjour, S.; Adair-Rohani, H.; Amann, M.
Contributions to cities’ ambient particulate matter (PM): A systematic review of local source contributions at
global level. Atmos. Environ. 2015, 120, 475–483. [CrossRef]

39. By, N.M.; Peterson, K.; Alston, L.; Allender, S. Australian Heart Disease Statistics 2014. Sexual Health 2014.
Available online: https://www.heartfoundation.org.au/search/ (accessed on 10 August 2018).

40. Guo, Y.; Gasparrini, A.; Armstrong, B.G.; Tawatsupa, B.; Tobias, A.; Lavigne, E.; Coelho, M.; Pan, X.;
Kim, H.; Hashizume, M.; et al. Heat wave and mortality: A multicountry, multicommunity study.
Environ. Health Perspect. 2017, 125, 087006. [CrossRef]

41. Mercer, J.B. Cold—An underrated risk factor for health. Environ. Res. 2003, 92, 8–13. [CrossRef]
42. Basu, R.; Dominici, F.; Samet, J.M. Temperature and mortality among the elderly in the United States:

A comparison of epidemiologic methods. Epidemiology 2005, 16, 58–66. [CrossRef]
43. Sacks, J.D.; Stanek, L.W.; Luben, T.J.; Johns, D.O.; Buckley, B.J.; Brown, J.S.; Ross, M. Particulate matter-induced

health effects: Who is susceptible? Environ. Health Perspect. 2011, 119, 446–454. [CrossRef]
44. McGeehin, M.A.; Mirabelli, M. The potential impacts of climate variability and change on temperature-related

morbidity and mortality in the United States. Environ. Health Perspect. 2001, 109, 185–189. [CrossRef]
[PubMed]

45. Medina-Ramón, M.; Zanobetti, A.; Cavanagh, D.P.; Schwartz, J. Extreme temperatures and mortality:
Assessing effect modification by personal characteristics and specific cause of death in a multi-city case-only
analysis. Environ. Health Perspect. 2006, 114, 1331–1336. [CrossRef] [PubMed]

46. Ma, Y.; Zhao, Y.; Yang, S.; Zhou, J.; Xin, J.; Wang, S.; Yang, D. Short-term effects of ambient air pollution
on emergency room admissions due to cardiovascular causes in Beijing, China. Environ. Pollut 2017, 230,
974–980. [CrossRef] [PubMed]

http://dx.doi.org/10.1289/ehp.1002430
http://www.cma.gov.cn/2011xzt/kpbd/heatwave/2018050902/201807/t20180709_472858.html
http://www.cma.gov.cn/2011xzt/kpbd/heatwave/2018050902/201807/t20180709_472858.html
http://dx.doi.org/10.1016/j.scitotenv.2020.136883
http://www.ncbi.nlm.nih.gov/pubmed/32006779
http://dx.doi.org/10.1016/j.scitotenv.2019.134051
http://www.ncbi.nlm.nih.gov/pubmed/31487586
http://dx.doi.org/10.1002/sim.3940
http://www.ncbi.nlm.nih.gov/pubmed/20812303
http://dx.doi.org/10.1016/j.scitotenv.2014.04.130
http://dx.doi.org/10.1016/j.envres.2004.01.015
http://dx.doi.org/10.1289/ehp.9266
http://dx.doi.org/10.1289/ehp.10847
http://www.ncbi.nlm.nih.gov/pubmed/18795159
http://dx.doi.org/10.1093/aje/kwn074
http://www.ncbi.nlm.nih.gov/pubmed/18408228
http://dx.doi.org/10.1016/S0013-9351(02)00008-7
http://dx.doi.org/10.2188/jea.JE20110049
http://dx.doi.org/10.1097/EDE.0000000000000165
http://dx.doi.org/10.1016/j.atmosenv.2015.08.087
https://www.heartfoundation.org.au/search/
http://dx.doi.org/10.1289/EHP1026
http://dx.doi.org/10.1016/S0013-9351(02)00009-9
http://dx.doi.org/10.1097/01.ede.0000147117.88386.fe
http://dx.doi.org/10.1289/ehp.1002255
http://dx.doi.org/10.1289/ehp.109-1240665
http://www.ncbi.nlm.nih.gov/pubmed/11359685
http://dx.doi.org/10.1289/ehp.9074
http://www.ncbi.nlm.nih.gov/pubmed/16966084
http://dx.doi.org/10.1016/j.envpol.2017.06.104
http://www.ncbi.nlm.nih.gov/pubmed/28753900


Int. J. Environ. Res. Public Health 2020, 17, 5979 10 of 10

47. Zhou, L.; Chen, K.; Chen, X.; Jing, Y.; Ma, Z.; Bi, J.; Kinney, P.L. Heat and mortality for ischemic and
hemorrhagic stroke in 12 cities of Jiangsu Province, China. Sci. Total Environ. 2017, 601, 271–277. [CrossRef]

48. Analitis, A.; Michelozzi, P.; D’Ippoliti, D.; De’Donato, F.; Menne, B.; Matthies, F.; Atkinson, R.W.; Iñiguez, C.;
Basagaña, X.; Schneider, A.; et al. Effects of heat waves on mortality: Effect modification and confounding by
air pollutants. Epidemiology 2014, 25, 15–22. [CrossRef]

49. Ren, C.; O’Neill, M.S.; Park, S.K.; Sparrow, D.; Vokonas, P.; Schwartz, J. Ambient temperature, air pollution,
and heart rate variability in an aging population. Am. J. Epidemiol. 2011, 173, 1013–1021. [CrossRef]

50. Crandall, C.G.; González-Alonso, J. Cardiovascular function in the heat-stressed human. Acta Physiol. 2010,
199, 407–423. [CrossRef]

51. Zeger, S.L.; Thomas, D.; Dominici, F.; Samet, J.M.; Schwartz, J.; Dockery, D.; Cohen, A. Exposure measurement
error in time-series studies of air pollution: Concepts and consequences. Environ. Health Perspect. 2000, 108,
419–426. [CrossRef]

52. Fang, X.; Li, R.; Kan, H.; Bottai, M.; Fang, F.; Cao, Y. Bayesian model averaging method for evaluating
associations between air pollution and respiratory mortality: A time-series study. BMJ Open 2016, 6, e011487.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.scitotenv.2017.05.169
http://dx.doi.org/10.1097/EDE.0b013e31828ac01b
http://dx.doi.org/10.1093/aje/kwq477
http://dx.doi.org/10.1111/j.1748-1716.2010.02119.x
http://dx.doi.org/10.1289/ehp.00108419
http://dx.doi.org/10.1136/bmjopen-2016-011487
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

