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Abstract: Few studies on population-specific health effects of extreme temperature on cardiovascular
diseases (CVDs) deaths have been conducted in the subtropical and tropical climates of China.
We examined the association between extreme temperature and CVD across four cities in China.
We performed a two-stage analysis; we generated city-specific estimates using a distributed lag
non-linear model (DLNM) and estimated the overall effects by conducting a meta-analysis. Heat
thresholds of 29 °C, 29 °C, 29 °C, and 30 °C and cold thresholds of 6 °C, 10 °C, 14 °C, and 15 °C were
observed in Hefei, Changsha, Nanning, and Haikou, respectively. The lag periods for heat-related
CVD mortality were observed only for 0-2 days, while those of cold-related CVD mortality were
observed for 10-15 days. The meta-analysis showed that a 1 °C increase above the city-specific heat
threshold was associated with average overall CVD mortality increases of 4.6% (3.0%-6.2%), 6.4%
(3.4%-9.4%), and 0.2% (—4.8%-5.2%) for all ages, >65 years, and <65 years over a lag period of
0-2 days, respectively. Similarly, a 1 °C decrease below the city-specific cold threshold was associated
with average overall CVD mortality increases of 4.2% (3.0%-5.4%), 4.9% (3.5%-6.3%), and 3.1%
(1.7%-4.5%), for all ages, >65 years, and <65 years over a lag period of 0-15 days, respectively.
This work will help to take appropriate measures to reduce temperature-mortality risk in different
populations in the subtropical and tropical climates of China.
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1. Introduction

Determining the potential health impacts of climate change is an important but complex issue [1].
In the last century, global temperatures have undergone dramatic changes [2,3]. According to the
fourth International Panel of Climate Change, the number of warm days and nights has significantly
increased for 70% to 75% of land regions [4]. In recent years, the frequency of warm days and nights
has also increased, which increases the relative risk of extreme temperature exposure [5].

Because of these dramatic global temperature changes, temperature-related mortality studies
have become increasingly important, especially for cardiovascular disease (CVD) [6,7]. Many studies
have shown that extreme temperatures seriously impact CVD [8-13]. Both heat waves and cold
snaps significantly increase CVD mortality [14,15]. To date, studies of the temperature and CVD
mortality have been primarily conducted in Europe and the United States [6,16]. In contrast, studies of
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temperature-related CVD mortality in China are lacking and typically focus on northern China [17,18].
For southern China, only some large cities have been studied, such as Changsha, Kunming, Guangzhou,
and Zhuhai [19-23]. Furthermore, these studies mainly focused on the impact of temperature on total
mortality not the CVD mortality.

Moreover, these studies focused on single cities, and few multi-site studies have been conducted
in southern China [24]. Studying the relationship between extreme temperatures and CVD mortality
in the southern cities of China is important since their climate and socio-economic status are different
from the northern cities.

Previous studies have reported a non-linear (U, V, or ] shaped) association between ambient
temperature and CVD mortality [7,25]. In U-shaped associations, when temperature is above or below
the hot or cold threshold, the relative risk for CVD mortality increases with increases and decreases in
temperature. CVD mortality gradually changes when temperatures fall between these two thresholds.
Temperature thresholds usually vary by location and are strongly associated with latitude [26,27].

Temperature-related mortality also varies with age, gender, and socio-economic status [28,29].
Previous studies indicate that older individuals and females are more sensitive to extreme temperatures
than young individuals and males [8,18,30]. In addition, black men with low income, and those who
spend significant time outdoors are more affected than white men and highly educated individuals [31].

Here, we analyzed temperature-related CVD mortality in four cities from southern China
(Hefei, Changsha, Nanning, and Haikou, Figure 1). We first used a distributed lag non-linear model
(DLNM) to estimate the effects of temperature on CVD mortality in individual cities. A meta-analysis
was then used to stratify these results by age and gender [27].
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Figure 1. Geographical distribution of study areas in China.

2. Materials and Methods

2.1. Study Area

Four capital cities in southern China were selected in this study: Hefei, the capital of Anhui
province; Changsha, the capital of Hunan province; Nanning, the capital of Guangxi province; and
Haikou, the capital of Hainan province (Figure 1). The first three cities are located in a subtropical zone,
while Haikou is located in a tropical zone. Hefei and Changsha have subtropical monsoon climates
with high summer temperatures and low winter temperatures. Nanning is located along the Tropic of
Cancer with a wet summer climate and a dry winter climate. Haikou has a typical tropical maritime
monsoon climate with high summer temperatures and relatively warm winter temperatures.

Socio-economic data was only available for one county from Hefei (Chaohu County), one district
and one county from Changsha (Tianxin District and Liuyang County), one county from Nanning
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(Laiyang County), and one district from Haikou (Meilan District). In 2011, the populations in each city
were 0.89,1.82, 1.01, and 0.5 million, respectively, while their Gross Regional Domestic Products were
17.1,46.5,13.7, and 17.4 billion CNY, respectively [32].

2.2. Data Collection

Daily CVD mortality data between 2008 and 2011 were collected for the four cities from the
Chinese Center for Disease Control and Prevention. The causes of CVD were classified according
to the 10th International Classification of Disease (ICD-10:100-179). In order to analyze the impact
of temperature on different populations, we divided the whole population into four subgroups;
>65 years, <65 years, males, and females.

Table 1 displays the distributions of daily CVD mortality, and Table 2 displays the meteorological
factors. There were a total of 41,577 CVD deaths between January 2008 and December 2011.
Mortality was highest among those aged >65 years and was slightly higher in men than in women.
Older individuals (>65) accounted for 85.4%, 82.5%, 80.2%, and 78.3% of total deaths for Hefei,
Changsha, Nanning, and Haikou, respectively.

Table 1. The distribution of cardiovascular disease (CVD) mortality.

Variables City Daily Min  Daily Max Total Death Per 100,000  Proportion
Hefei 0 18 7483 958 100%
All ages Changsha 1 38 19,418 1107 100%
J Nanning 0 19 9242 1181 100%
Haikou 0 16 5434 598 100%
Hefei 0 16 6392 819 85.4%
~65 vears  Changsha 0 34 16,014 913 82.5%
=Y Nanning 0 17 7409 947 80.2%
Haikou 0 16 4257 469 78.3%
Hefei 0 5 1091 139 14.6%
<65 vears  Changsha 0 9 3404 194 17.5%
y Nanning 0 6 1832 234 19.8%
Haikou 0 6 1177 129 21.7%
Hefei 0 11 3884 497 51.9%
Mal Changsha 0 23 10,912 622 56.2%
ae Nanning 0 12 5165 660 55.9%
Haikou 0 12 3150 347 58.0%
Hefei 0 9 3599 461 48.1%
Femnal Changsha 0 21 8506 485 43.8%
emale Nanning 0 13 4077 521 44.1%
Haikou 0 12 2284 251 42.0%

Daily meteorological data (maximum, minimum, and mean temperature and atmospheric
pressure and relative humidity) for the same time period was collected from the China Meteorological
Data Sharing Service System. Each city has two meteorological monitoring stations; the average of
the meteorological data from both stations was used. The daily mean temperatures were 16.4 °C,
18.3 °C, 21.4 °C, and 23.9 °C for Hefei, Changsha, Nanning, and Haikou, respectively. The diurnal
temperature ranges were 38.6 °C, 37.8 °C, 27.6 °C, and 22.9 °C for Hefei, Changsha, Nanning, and
Haikou, respectively.

China’s State Environment Protection Agency (SEPA) is responsible for measuring the level of air
pollution in China. The air pollution indices (API) level was based on the level of five atmospheric
pollutants, namely sulfur dioxide (5O,), nitrogen dioxide (NO,), suspended particulates (PMj),
carbon monoxide (CO), and ozone (O3), measured at the monitoring stations throughout each city.
An individual score is assigned to the level of each pollutant and the final API is the highest of those
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five scores. The pollutants can be measured quite differently. SO,, NO,, and PM;( concentration are
measured as the average per day. CO and O3 are more harmful and are measured as the average per
hour. The final API value is calculated per day [33]. For every station, each pollutant’s daily individual
API was calculated from the 24 h average mass concentration. The highest individual API was selected
and reported as the daily APIL. The API can replace detailed air pollution data (such as PMj and
SO,) and act as an ambient air quality indicator [33,34]. In this study, the APIs were obtained from
the Chinese Environmental Protection Agency. The API in the four cities were 83.5, 68.7, 52.4, and
38.4, respectively.

Table 2. The distribution of meteorological data.

Variables City Mean STD Median Min Max
Hefei 16.4 9.6 17.8 —43 343
Daily Changsha 18.3 9.3 19.2 —2.8 35
temperature (°C) Nanning 214 6.7 23.2 3.7 31.3
Haikou 239 4.7 254 8.7 31.6
Hefei 73.6 16.1 76 23 100
Relative Changsha 74.8 12.5 76 29 97
humidity (%) Nanning 76.2 9.3 77 39 96
Haikou 80.5 8.0 81 47 98
Hefei 10,132 95 10,133 9944 10,386
Air P Changsha 10,086 92.1 10,085 9911 10,322
trbress Nanning 9982 71.6 9977 9798 10,167
Haikou 10,036 60.8 10,029 9781 10,207
Hefei 83.5 37.1 80 0 500
AP Changsha 68.7 27.1 67 11 443
Nanning 524 229 52 0 163
Haikou 384 14.4 35 0 99

2.3. Data Analysis

We used a generalized additive model (GAM) to analyze the association between temperature
and CVD mortality [29,35]. In order to explore the non-linear impacts of daily temperature on CVD
mortality during different lag periods, a DLNM (DLNM) [36] was used in this study, and Akaike
information criterion (AIC) [37] were used to test model fitting. The analysis was conducted in two
stages. First, we estimated city-specific effects using data from each city. Then, we used a meta-analysis
to estimate the overall effects and the spatial heterogeneity [38].

In the first stage, for city-specific analyses, we adopted the GAM to analyze time series data.
Each city had an outcome variable (daily CVD death counts for all ages and genders) and several
covariates, such as temperature and API. We assumed that the outcome variable followed a Poisson
distribution [38]. Daily CVD deaths can be affected by long-term and seasonal trends, holidays, the day
of the week (DOW), and meteorological factors [27]. Therefore, these variables were included in our
models. In addition, because confounding variables such as API, barometric pressure, and relative
humidity have lag effects on mortality, we examined a lag period of 0-7 days for these confounders.
The AIC value of the model was lowest when all confounding variables had a lag period of 7 days,
except API, which had a lag period of 3 days. We divided the CVD mortality data into five groups
(all ages, >65 years, <65 years, males, and females) and analyzed the associations with each group.
The detailed GAM was as follows [35]:

m n
Log(Yy) = a + Bc(Ty — 1) + Bu(Te — 1) + Y s(xit, 4) + s(timer, 7 X year) + E‘szj+£f 1)
i—1 j=1
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where Y; represents the number of daily CVD deaths on day f; T; denotes the daily mean temperature;
Ty and 7¢ are the heat and cold temperature thresholds, respectively; s(.) denotes the smoothing
splines function; x;; denotes API and meteorological factors; time; refers to calendar time; zj represents
DOW and public holidays; « is the intercept term; B¢, By, and d; are coefficients; and ¢; is the
residual [39].

First, we estimated the shape of the exposure-response curve between temperature and CVD
mortality for all ages as previously described [38]. The lag-stratified natural cubic spline models were
used to analyze the non-linear and lag characteristics of temperature-associated CVD mortality. Mean
temperature at the lowest city-specific mortality was used as a reference value. A natural cubic spline
with seven degrees of freedom (df)/year for calendar time was used to control for long-term and
seasonal trends, and natural cubic splines with five df/year were used to smooth the API and other
confounders [6,29]. We first plotted three-dimensional associations between mean temperature and
CVD mortality with a lag period of 30 days (Figure 2). We then analyzed the association between
temperature and relative mortality risks with lag periods of 1, 7, 14, 21, and 28 day (Figure 3).
Here, Lag0_7 denotes the cumulative impact of the temperatures from the prior seven days and the
current day on the current day’s mortality [27].

Hefei Changsha

Figure 2. Three-dimensional plots of the relationship between mean temperature and CVD mortality
with a 30 day lag period.

Next, we calculated temperature thresholds for the four cities. The previous research showed that
the association between temperature and CVD mortality was U shaped [19,25]; therefore, we used the
double threshold-natural cubic spline DLNM from a previous study [17]. We assumed both heat- and
cold-related CVD mortality were linear, and the temperature thresholds were calculated as previously
described [25].

We then estimated the heat- and cold-related CVD mortality for the different population groups
(all ages, >65 years, <65 years, males, and females) in each city. The DLNM framework [36] was used
to account for lag effects. We calculated a relative increase in CVD mortality risk for every 1 °C increase
or decrease above or below the hot and cold thresholds [27].
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Figure 3. The estimated effects of temperature on mortality with different lag periods. The red lines
are relative risks, and the gray regions are the 95% confidence intervals.

In the second stage, we quantitatively summarized the results for each city using a
meta-analysis [38,40]. To combine the city-specific effect estimates of temperature on mortality, we
used random-effects meta-analysis [41]. So, if bi is the coefficient of interest in city i, we assume that bi
~N (b, Vi+ S), where b is the summary estimate from all cities, Vi is the estimated variance in city i, and
S is the random variance component among cities. Variables representing potential effect modifiers
were introduced in second-stage regression models to investigate the causes of heterogeneity [38].
The meta-analysis further estimated the effects of heat (1 °C increase above the heat threshold) and
cold (1 °C decrease below the cold threshold) for different population groups. The analyses were
performed in R2.14.2 with the ‘dlInm1.6.5" package for the DLNM and the ‘metafor’ package for the
meta-analysis [40].

2.4. Sensitivity Analyses

In this study, we varied the degree freedom for long-term trends and other variants, such as API
and air pressure, from 2 to 10 df/year. No significant changes were observed in these analyses.

3. Results

3.1. Temperature Thresholds and Lag Periods

Three-dimensional associations between mean temperature and CVD mortality with a lag period
of 30 days are shown in Figure 2. The shapes of the temperature-CVD mortality association were similar
between Hefei and Changsha. Their relationships with heat-related mortality were very obvious,
while those with cold-related mortality were not. For Nanning and Haikou, the relationships with
cold-related mortality were more apparent than those with heat-related mortality. The city-specific
temperature-CVD mortality curves appeared to be U shaped (Figure 3).The AIC values were used
to determine the hot and cold temperature thresholds for each city. The heat thresholds were 29 °C,
29°C, 29 °C, and 30 °C and the cold thresholds were 6 °C, 10 °C, 14 °C, and 15 °C for Hefei, Changsha,
Nanning, and Haikou, respectively.



Sustainability 2017, 9, 321 7 of 14

The lag periods for heat- and cold-related CVD mortality in each city are shown in Figure 4.
Cold-related CVD mortality had lag periods of 2-11 days, 3-15 days, 3-13 days, and 2-12 days for all
ages in Hefei, Changsha, Nanning, and Haikou, respectively (Figure 4A,C,E,G). Statistically significant
heat-related CVD mortality was observed in Hefei, Changsha, and Nanning (Figure 4B,D,F) but not in
Haikou (Figure 4H). Moreover, we found that the lag periods of heat-related CVD mortality were very
short, only 0-2 days.
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Figure 4. The distributed lag periods of temperature-related mortality for all ages. (A) Hefei cold
effect; (B) Hefei heat effect; (C) Changsha cold effect; (D) Changsha heat effect; (E) Nanning cold effect;
(F) Nanning heat effect; (G) Haikou cold effect; and (H) Haikou heat effect.

3.2. Temperature-Related CVD Mortality Effects

The cumulative effect of heat-(2 day lag period) and cold-(15 day lag period) related CVD mortality
for each city were calculated in Table 3. A 1 °C decrease below each cold threshold temperature was
associated with an overall increase in CVD mortality of 4.1% (95% CI: 1.9%—6.2%), 4.9% (95% CI:
2.9%—6.9%), 2.8% (95% CI: 0.7%-5.1%), and 5.8% (95% CI: 1.2%-10.7%) for Hefei, Changsha, Nanning,
and Haikou, respectively. A 1 °C increase above each heat threshold temperature was associated
with an overall increase in CVD mortality of 4.5% (95% CI: 1.2%-7.9%), 4.4% (95% CI: 1.4%-7.5%),
9.8% (95% CI: —1.7%-18.7%), and 4.2% (95% CI: —13.9%—17.9%) for Hefei, Changsha, Nanning, and
Haikou, respectively.
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Table 3. The cumulative effects of heat-(2 day lag period) and cold-(15 day lag period) related CVD
mortality in four cities.

City Group Cold Effect Heat Effect
Estimate (%) 95% CI Estimate (%) 95% CI
All ages 4.1* 1.9-6.2 45* 1.2-7.9
>65 43* 1.6-7.0 4.9* 0494
Hefei <65 37* 0.6-6.8 2.8 -1.2-6.8
Males 36* 0.5-6.8 49* 0.4-9.7
Females 4.8*% 24-72 3.9 —0.9-8.9
All ages 49* 2.9-6.9 44 1.4-7.5
>65 6.2 % 4.0-8.3 5.1% 0.6-9.6
Changsha <65 33* 0.2-6.5 3.7 —0.6-7.6
Males 39* 1.2-6.6 2.8% 0.2-5.4
Females 6.1% 3.7-8.5 6.3% 1.9-10.8
All ages 2.8% 0.7-5.1 9.8 -1.7-18.7
>65 36* 1.3-5.9 114 % 0.9-22.8
Nanning <65 1.0 -3.1-5.3 0.4 —17.9-20.2
Males 3.8% 1.2-6.4 10.9 —3.5-25.3
Females 2.6 —0.4-5.7 6.2 —4.6-17
All ages 5.8 % 1.2-10.7 4.2 —-13.9-17.9
>65 59* 0.8-11.2 5.0 —11.4-24.5
Haikou <65 5.4 —55-17.4 -9.3 —35.9-28.3
Males 25 —3.3-8.6 -3.1 —20.9-18.7
Females 10.0 * 2.6-17.9 4.3 —-16.5-30.4

Note: * p < 0.05; 95% CI: 95% confidence interval.

We also calculated the cumulative effect of the heat-(2 day lag period) and cold-(15 day lag
period) related CVD mortality of the subgroups in each city. For cold-related CVD mortality, the
cumulative effects on the aged (those ages > 65) were always higher than the effects on young people
(those ages < 65). The aged in Changsha was most seriously affected by the extreme cold temperature,
wherein a 1 °C decrease below the cold threshold was associated with increase in CVD mortality of
6.2% (95% CI: 4.0%—-8.3%). In addition, we found that the cold effect for the young people was not
significant in lower latitudes (Nanning and Haikou). Females in all cities were more seriously affected
by the extreme cold temperature than men except Nanning, where the cold effect for females was not
significant. Furthermore, we found an interesting phenomenon; the cold-related CVD mortality for
females in Haikou was very high, wherein 1 °C decrease below the cold threshold was associated with
an increase in CVD mortality of 10.0% (95% CI: 2.6%-17.9%).

We also found that the aged in all cities were more affected by extreme hot temperatures, especially
in Nanning, where the relative risk of CVD mortality will increase 11.4% (0.9%-22.8%) with a1 °C
increase above the heat threshold. In addition, the cumulative effect of heat-related CVD mortality
was not significant in lower latitudes (such as Nanning and Haikou) (Table 3).

Meta-analysis results are shown in Table 4 and Figure 5. A 1 °C increase above each heat threshold
was associated with overall increases in CVD mortality of 4.6% (3.0%-6.2%), 6.4% (3.4%-9.4%),
0.2% (—4.8%-5.2%), 5.6% (2.5%-8.7%), and 4.1% (2.7%-5.5%) for all ages, >65 years, <65 years, males,
and female, respectively. A 1 °C decrease below each cold threshold was associated with overall
increases in CVD mortality of 4.2% (3.0%-5.4%), 4.9% (3.5%—6.3%), 3.1% (1.7%-4.5%), 3.6% (2.2%-5.0%),
and 5.6% (3.9%—-8.3%) for all ages, >65 years, <65 years, males, and females (Table 4). The relative risk
of cold-related CVD mortality was higher for females than males, while males were more sensitive to
extreme hot temperatures than females (Figure 5).



Sustainability 2017, 9, 321

Table 4. Overall effects of cold and heat in four cities (meta-analysis).

G Cold Effect Heat Effect
roup
Estimate (%) 95%CI Estimate (%) 95%CI
All ages 4.2 3.0-54 4.6 3.0-6.2
>65 49 3.5-6.3 6.4 3.4-94
<65 3.1 1.7-4.5 0.2 —4.8-5.2
Males 3.6 2.2-5.0 5.6 2.5-8.7
Females 5.6 3.9-8.3 4.1 2.7-5.5
A cold effect
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Figure 5. Overall effects of heat and cold over different lag periods in four cities.

4. Discussion

9of 14

Previous studies of temperature-related CVD mortality have been mostly conducted in Europe and
the United States [6,16]. Recently, studies are emerging with thorough investigations in developing
countries such as Vietnam, Thailand, and particularly China [42]. Temperature-related mortality
exhibits spatial heterogeneity [43]. In China, studies of this association have been conducted in the
large cities of China such as Beijing, Shanghai, and Tianjin [17,18,44], or some small communities in
sub-tropical and tropical climates. This research focused on the temperature related CVD mortality in
four medium cities of southern China; Hefei, Changsha, Nanning, and Haikou.

This study found that extreme temperatures can affect CVD mortality in southern China. In cold
environments, this could be because, when exposed in cold air conditions, the blood supplied to
the skin decreases, which results in an accumulation of blood in central organs, and salt and water
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removes the excess blood. In hot environments, in order to maintain body temperature, sweat is
expelled from the body, decreasing salt and water in the body. This increases blood density and may
lead to haemoconcentration and the risk of thrombosis [45].

There was a non-linear lag effect between temperature and CVD mortality and these effects
were different across the four cities. The discrepancy of the heat thresholds in the four cities was not
significantly different from that of the cold thresholds. The results showed that the heat thresholds
were 29 °C, 29 °C, 29 °C, and 30 °C and the cold thresholds were 6 °C, 10 °C, 14 °C, and 15 °C for
Hefei, Changsha, Nanning, and Haikou, respectively. Previous studies showed that the temperature
threshold effect exhibits spatial heterogeneity [19-23]. We compared the results with previous studies
that were conducted in East Asia. Guo et al. found the cold and heat thresholds were 0.6 °C and
25.1 °C in Tianjin [17]. In the research by Chung et al., the heat thresholds were 32 °C, 33 °C, 30 °C, and
25 °C for Beijing, Seoul, Tokyo, and Taipei, respectively [7]. For another research of all-cause mortality,
Wu et al. disclosed the cold thresholds were 7 °C, 15 °C, 13 °C, and 15 °C for Changsha, Kunming,
Guangzhou, and Zhuhai, respectively [27]. Although the research conditions were different for these
studies, we clearly found that the heat thresholds were close to each other, while the discrepancy in
cold thresholds was huge. Hefei and Changsha are located in the Yangtze River basin, while Haikou is
located in a tropical maritime monsoon climate. Compared to Haikou, temperatures were lower in the
Yangtze River basin in the winter (Table 2).In contrast, there is no significant difference in temperature
between Haikou and the Yangtze River basin in summer. This may explain the differences observed
for cold but not heat thresholds.

The lag period for heat-related CVD mortality was very short (0-2 days), while that of cold-related
CVD mortality was longer (11-15 days). Many previous studies found that the heat effects were all
very short [1,6,25]. Anderson et al. observed that the heat waves on the current day and the day
before would affect the CVD mortality in 107 American communities [6]. In Brisbane, the lag period
for heat effect lasted for only one day [25]. In our research, the heat-related mortality curve was
initially very high and then rapidly decreased. This may be because hot temperatures directly cause
CVD deaths, such as congestive heart failure [45]. Compared with the stable lag period of the heat
effect, the cold effect always showed various lag periods. Most US studies applied 2- to 5-day lags for
cold-related mortality [1,46—49], whereas other researchers found cold effects delayed for one or more
weeks [6,50-52]. In our study, we found that the cold-related mortality curve was low at first and then
continually rose throughout the lag period (Figure 3). The reason that the cold effect lasted for more
days may be that cold temperatures indirectly affect CVD by triggering acute myocardial infarction
and myocardial ischemia [53,54].

We found that hot temperatures had a stronger effect at higher latitudes (Hefei and Changsha),
while cold effects were more severe at lower latitudes (Haikou; Table 3). A 1 °C increase above each
heat threshold temperature was associated with overall increases in CVD mortality of 4.5% (1.2%—7.9%)
and 4.4% (1.4%-7.5%) for Hefei and Changsha, respectively. In a previous research, the relative risk of
heat-related CVD mortality would increase 29.5% (22.9%-36.6%) and 13.4% (10.6%—-16.2%) for lag 1 day
in Beijing and Seoul, respectively [7]. Despite the fact that the cardiovascular deaths in Chung’s study
were different than the deaths in ours, the higher latitudes may explain why Beijing and Seoul had a
higher relative risk. In Haikou, the CVD mortality would increase by 5.8% (1.2%-10.7%) with a 1 °C
decrease below its cold threshold temperature. These results further verified the spatial heterogeneity
of the association between extreme temperature and CVD mortality [26,27,55]. People in cold areas are
more sensitive to hot temperatures and vice versa [6]. In recent years, the number of warm days and
heat waves has increased [3,56]. Therefore, governments, especially at higher latitudes, should enact
measures that prevent harm from extreme hot temperatures.

In this study, older individuals were more sensitive to extreme temperatures than younger
individuals. For those >65 years, both high and low temperatures affected CVD mortality in all
four cities. The heat-related CVD mortality was relatively small for those <65 ages, especially in
Nanning and Haikou (Table 3). Previous studies have also shown that extreme temperatures affect
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older individuals more [28]. The extreme temperature increases the risk of arterial thrombosis for old
people, but for young people the impact is tiny [44]. The results of meta-analysis showed that the
cold effect was 4.9% (95% CI: 3.5%—6.3%) and the hot effect was 6.4% (95% CI: 3.4%-9.4%) for those
>65 years (Table 4). Some previous researchers also revealed that the heat effect was stronger than the
cold effect [1,48] because cold temperatures might have an indirect impact on CVD mortality, but the
impact of hot temperatures is usually direct [57].

Females tend to be more sensitive to extreme temperatures than males because they may have
a higher risk of high blood pressure and arrhythmia [8,18,30]. Furthermore, the relative risk of
cold-related CVD mortality was higher for females than males, while men were more sensitive to
extreme heat temperatures than women. This finding is consistent with previous studies [27,57-59].
The meta-analysis also showed that female CVD mortality was influenced more by cold temperatures,
while males were more affected by hot temperatures (Figure 3). One possible explanation for these
findings is that males are more likely to work outdoors; therefore, they may be exposed to hotter
temperatures than females [60].

Several limitations to this study should be considered. First, as an ecologic study, the
temperature-related mortality focused on population-level exposure, and the conclusion may not
be applied at an individual level. Second, because detailed air pollution data (such as PMjg, SO,
and NO,) was not available, APIs were used; however, this method has been successfully used in
previous research [27]. Third, for socio-economic data in each city, only one county was chosen, and
the four years of data available for the four cities may not be sufficient. It is our target to collect more
socio-economic data and long-term data in future studies.

5. Conclusions

The study found that temperature-related CVD mortality in southern China is spatially
heterogeneous. The discrepancy between cold thresholds was significantly different, while that
of heat thresholds was not, and the hot temperatures had a stronger effect at higher latitudes, while
cold effects were more severe at lower latitudes. These findings on the association of temperature
with CVD mortality have implications for policymakers and future scientific work. The application
of the research could be in assisting governments to establish a warning system for heat waves or
cold spells in these four cities. The threshold provided here can help set up a warning threshold for
each city. Females and older people may need to pay more attention to the heat waves or cold spells
because they are more vulnerable to other groups. The community based warning system can help
these people to avoid exposure and prevent further harm to their health. The lag times of the heat and
cold effects will help to determine the maintenance of the alert before returning to normal conditions.
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