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Future temperature-related hospitalizations from
cardiovascular diseases among rural residents in southeastern
China considering population aging
Zhi-Ying Zhan1,6, Jun Yang2,6, Xue Zhong1,6, Xiao-Xu Xie 1, De-Li Liu3,4, Zhen-Quan Zheng5 and Zhi-Jian Hu 1✉

Future climate changes are projected to adversely affect mortality risk of cardiovascular disease (CVD) in urbanized regions.
However, future temperature-related excess CVD hospitalizations in rural residents with poorer socioeconomic status is not well
understood. Moreover, influence of aging and declining rural population are rarely considered. Using CVD hospitalizations in rural
residents during 2010–2016 in eight regions in southeastern China, the region-specific temperature-CVD associations were
estimated by generalized additive models, which were combined by a meta-regression. We projected excess CVD hospitalizations
due to temperature using regional associations for 27 climate models under scenarios of climate change for 2010–2099. To reveal
the influences of aging and declining rural population, age-specific associations and future population change ratio were used to
estimate age-specific number of temperature-related hospitalizations. We found that heat-related hospitalizations in rural residents
from ischemic stroke, ischemic heart disease and cerebrovascular disease are projected to increase in the 2090 s, although the
excess CVD hospitalizations associated with future temperature in rural residents will reduce in the 2090 s. Rural population aging
amplifies temperature-related CVD burden by >2.34-fold under SSPs in the 2050 s compared to scenarios with only population
declining, although rural population reduction will reduce the temperature-related CVD hospitalizations in the 2090 s. The elderly,
male and those lived in Longyan and Sanming could be more affected. These findings suggest that future heat is projected to
increase hospitalizations of some CVD subcategories. Policies are needed to mitigate increasing temperature and baseline
hospitalization rate. The impact of population aging is noteworthy.

npj Climate and Atmospheric Science           (2023) 6:112 ; https://doi.org/10.1038/s41612-023-00439-7

INTRODUCTION
Globally, there were 17.9 million deaths due to CVD in 2016,
accounting for 32% of all deaths1. In 2030, The CVD is projected to
be the cause of >23.0 million deaths2. Meanwhile, CVDs accounted
for 24% of all hospital admission among middle-aged people from
21 countries, and accounted for 59% in the developing countries3.
In China, the prevalence of CVD is serious and continues to rise,
and the death rate is higher in rural regions than that in urban
regions4.
Ongoing climate change has received increasing attention,

characterized by increasing surface temperature5. Previous studies
collected and analyzed historical data, and suggested that warmer
temperatures may increase the hospital admission from CVD and
its subcategories6. Moreover, the global surface temperature is
predicted to increase between 2.6 oC and 4.8 oC from 1986–2005
to 2081–2100 under high-emission scenarios, which may con-
tribute to an increased incidence of CVD in future. Thus, projecting
potential influence of continued warming in the future is critical
for policymakers to develop mitigation initiatives to minimize
future CVD burden.
Current studies have focused on projections of CVD deaths

related to future non-optimal temperature in highly developed
urban areas7,8, resulting in considerable uncertainties when
generalizing the evidence to morbidity (i.e. hospital admission)
or to regions with diverse socioeconomic levels. In the context of

global warming and frequent heat events, heat-related excess
mortality is projected to increase in China, especially among the
population in the southeastern region, with cardiovascular
disease, or with lower levels of education7,9. However, there is a
lack of evidence regarding the projections of excess CVD hospital
admission attributable to future temperature among rural
residents, those with poorer socioeconomic level and lower level
of education. Moreover, previous studies were limited to project
potential influence of increasing temperature on total CVD7,8,10,
and very limited evidence on its common subcategories, such as
ischemic heart disease and stroke11. Further studies are needed to
project temperature-related hospital admissions from different
cause-specific CVDs. Third, the current studies have mainly
reported the excess CVD related to future temperature in a
short-time period within the 2010 s–2070 s10–12, but few studies
clearly revealed the trend in a long-time period. It is known that
older adults with poor physiological and social condition are
particularly vulnerable to climate change. However, although
population aging is accelerating globally due to lower fertility
rates and longer life expectancies13, the change of rural
population structure and size have not been adequately
accounted for in projection of temperature-related health
burden14.
The existing evidence based on the future temperature from

only a few climate models have not adequately described the
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outcome from future increasing temperature15. Although climate
model projections in Phase 5 of the Coupled Model Intercompar-
ison Project (CMIP5) play an important role in climate research, the
CMIP6 have provided multi-model climate projections and added
three new emission pathways with the SSP1-2.6, SSP4-3.4 and
SSP3-7.0 scenarios to fill the gap between the typical pathways of
the CMIP5, which can meet the need of research on impact of
future global temperature rises of 1.5 °C and 2.0 °C16. However,
evidence is scarce on projecting health risk of future temperature
using the climate models from the Scenario Model Intercompar-
ison Project (ScenarioMIP), a primary activity of the CMIP6.
In this study, we project the excess CVD hospitalizations due to

future temperature exposure under four different future climate
scenarios. We use hospitalization data for rural population in eight
regions in southeastern China and future temperatures projected
by 27 general climate models (GCMs); see Supplementary Table 1.
We further projected cold-related and heat-related hospitaliza-
tions by cause of CVD, individual characteristics, and region. Last,
we aimed to estimate the temperature-induced hospitalizations
burden of CVD in the future with consideration of both the aging
and declining rural population. This study may help identify
vulnerable groups, examine effect of the aging and declining rural
population, and help develop strategy to prevent potential
impacts of future temperature.

RESULTS
There were 2,016,904 CVD hospitalizations recorded from 2010 to
2016 among rural population from the 8 regions in the southern
China, and cerebrovascular disease, stroke and ischemic heart
disease accounted for 34.84%, 21.47% and 16.85% of the total
CVD hospitalizations, respectively. Supplementary Table 2 also
shows summary statistics for other environmental factors, and
hospitalizations by cause, individual characteristics and regions.
Figure 1 shows that the lowest CVD hospitalization rate per million
was 12,397 in Zhangzhou, and the highest was 32,759 in Sanming.
The lowest averaged daily temperature was 17.87 °C in Fuzhou,

and the highest was 21.82 °C in Zhangzhou during the baseline
period.
Figure 2 and Supplementary Figure. 1 shows temporal trends of

projected temperatures under the four scenarios in Fujian
Province and in the eight regions. The projected temperature
under the scenarios of SSP3-7.0 and SSP5-8.5 will continue to
increase rapidly across the 21st century, while the projected
temperature after the middle of this century will slightly increase
under the SSP2-4.5 scenario, and will slightly decrease under the
SSP1-2.6 scenario. Compared to the baseline period (2010 s), the
average temperature will increase by 4.8 °C, 3.7 °C, 2.4 °C and
1.2 °C in 2090 s under the SSP5-8.5, SSP3-7.0, SSP2-4.5 and SSP1-
2.6 scenarios, respectively (Supplementary Table 3). The eight
regions will have similar absolute temperatures, increasing
magnitudes and temperature variability in the 2090 s.
Supplementary Figure. 2 shows the baseline

temperature–hospitalization associations accumulated over 28
lag days by causes of hospitalization, gender and age groups, with
eight region-specific associations in dashed curves. The non-linear
temperature–hospitalization associations suggested that both
cold and heat increased the hospitalizations risk of CVD. Mean-
while, it was observed that adverse hospitalizations risk attenu-
ated with extremely high temperatures. The minimum
hospitalization temperatures was 10.6 °C for cardiovascular
disease, similar with subcategories and subgroups.
Table 1 illustrates the future trends of excess hospitalizations

attributed to heat and cold by hospitalization causes and
individual characteristics under the four scenarios. For the
cardiovascular disease, we projected that the fraction of excess
hospitalizations attributed to both heat and cold will decrease in
the future. The heat-related attributable fraction will decrease
from 17.1% (95% eCI: 6.7–25.3) in the 2010 s to 13.4% (95% eCI:
-13.0–27.5) in the 2090 s under SSP5-8.5, while the cold-related
attributable fraction will decrease from 0.4% to 0.1%. In addition,
the temperature-attributable excess CVD hospitalizations will
change by 0.1%, -0.7%, -2.5% and -4.0% at the end of the 21st
century compared with the 2010 s under all climate scenarios,

Fig. 1 Annual mean temperature (°C) and hospitalization rate per million population in eight regions in Fujian Province during
2010–2016. The colors represent different ranges of annual mean temperatures (left) and hospitalization rates (right). The dots and the
crosses represent weather and air pollution monitoring stations, respectively. Xiamen without hospitalizations of rural residents was excluded.
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respectively, and the change gradients increased in order of SSP1-
2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios.
The trends in heat-related hospitalizations varied by subcate-

gories, although there were consistent decreasing trends in cold-
related hospitalizations (Table 1). For instance, increasing trends in
heat-related hospitalizations are projected for some CVD sub-
categories, such as ischemic stroke, ischemic heart disease and
chronic ischemic heart disease. Compared with in 2010s, the
temperature-attributable excess hospitalizations will increase by
1.3–2.0%, 0.6–0.8%, 1.0–2.8%, and 0.1–0.8% in 2090 s under four
scenarios for ischemic stroke, ischemic heart disease, chronic
ischemic heart disease and cerebrovascular disease, respectively.
Moreover, the fraction of excess CVD hospitalizations attributable
to cold and heat in the future remain higher for the male and the
older people than those for the female and the young people. In
addition, the trends for cardiovascular disease were similar across
regions, but higher heat impacts were observed in Longyan,
Ningde and Sanming (Supplementary Table 4).
Table 2 and Supplementary Table 5 shows the cold- and heat-

attributable number of excess hospitalizations for different CVD
subcategories in the decades of 2050s and 2090s under different
combining scenarios of temperature increasing, rural population
change and aging. Under no population change scenario, the
heat- and cold-attributable number of excess hospitalizations are
projected to decrease in the 2090s, except for a slight increase of
heat-related hospitalizations under the SSP1. Moreover, the
declining rural population will substantially decrease the
temperature-related excess CVD hospitalizations in the 2090s
under four SSPs, which are 6%, 30%, 65% and 6% of the no
population change scenario. Despite the continued decline in the
rural population, the population aging will lead to a peak in the
number of elderly people in the 2050s and then to a significant
increase in heat- and cold-related CVD hospitalizations, which are
2.82, 2.64, 2.34 and 2.87 times higher than those under the four
SSPs with only population declining. Similar trends driven by
population aging were observed for different subcategories.
Population aging will increase the burden of hospitalizations for
chronic ischemic heart disease, ischemic stroke, and cerebrovas-
cular disease to a greater degree in the 2050s under the SSP2 and
SSP3 scenarios than other subcategories and scenarios, so that the
hospitalization burden even exceeds that of the no population
decline scenario.

The temperature–hospitalization relationships and the projec-
tions of temperature-related hospitalizations were generally
robust to variation in the dfs ranging from 10 to 12 per year for
temporal trends and the df s ranging from 4 to 6 for lag days. The
projected results remain robust after separately adjusting for
environmental factors or excluding PM10 (Supplementary Table 6).

DISCUSSION
This study is to provide evidence on the projections of excess
hospitalizations attributable to future temperature from a series of
CVD subcategories for rural population in China, using 27 GCMs
under four scenarios that emphasize consistency between SSP
and RCP. We found that the excess CVD hospitalizations
attributable heat and cold generally decrease in future under
different scenarios, with the net decrease of 4.0% in hospitaliza-
tions attributable to temperature under the SSP5-8.5 scenario in
the 2090s compared to the 2010s. For specific subcategories,
there were consistent decreasing trends in cold-related hospita-
lizations, but different trends in heat-related hospitalizations. The
net increase in temperature-related hospitalizations are projected
to increase with 1.3–2.0% for ischemic stroke under the four
scenarios in the 2090s, 0.6–0.8% for ischemic heart disease,
1.0–2.8% for chronic ischemic heart disease, and 0.1–1.0% for
cerebrovascular disease. Moreover, future high temperature will
cause larger fraction of CVD hospitalizations among male, the
elderly and people lived in Longyan and Sanming. Generally, rural
population aging will increase the temperature-attributable
number of excess CVD hospitalizations in the 2050s, especially
under the SSP2 and SSP3 scenarios, and then a dramatic reduction
in the size of rural population in the 2090s will reduce the CVD
burden attributable to future temperature.
In this study, the excess CVD hospitalizations attributable to

cold and heat in rural population are projected to decrease under
the majority of future climate change scenarios. Provincially, heat-
and cold-related attributable fraction of CVD hospitalizations
under the SSP5-8.5 scenario will decrease from 17.1% to 13.4%
and from 0.4% to 0.1% respectively during 2010s–2090s. The
trends varied slightly across scenarios. However, there was no
relevant evidence on projecting the temperature-related excess
CVD hospitalizations in rural population. The heat effects at
extreme high temperature were mitigated in Fujian, because
people tend to stay indoors or in air-conditioned rooms to partly

Fig. 2 Temporal trends in projected temperature in Fujian Province. SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 represent the low, moderate,
relative high and high social vulnerability and emission scenarios, respectively. Solid lines denote the mean annual temperature estimated
across the 27 general circulation models (GCM), and semi-transparent lines denote GCM-specific temperatures for each year. The four vertical
bars on the right show the average annual minimum and maximum for each projected temperature series. Source data are provided in
Supplementary Table 3.
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Table 1. Temperature-related excess hospitalization (%) and 95% empirical confidence intervals indicating the uncertainty by disease,
subpopulation, climate change scenario and period.

Disease Scenario Effect 2010s 2050s 2090s

Cardiovascular
disease

SSP1-2.6 Heat 17.2 (6.7–25.3) 17.4 (5.7–26.3) 17.4 (5.7–26.4)

Cold 0.4 (−0.1–0.8) 0.2 (−0.1–0.5) 0.2 (−0.1–0.6)

Net — 0.0 (−2.2–1.3) 0.1 (−2.4–1.6)

SSP2-4.5 Heat 17.1 (6.6–25.3) 17.0 (4.9–26.1) 16.7 (3.0–26.7)

Cold 0.4 (−0.1–0.8) 0.2 (−0.1–0.5) 0.1 (0.0–0.4)

Net — −0.3 (−3.3–1.5) −0.7 (−6.4–2.4)

SSP3-7.0 Heat 17.2 (6.7–25.3) 16.7 (4.4–26.0) 15.0 (−4.4–26.8)

Cold 0.4 (−0.1–0.8) 0.2 (0.0–0.5) 0.1 (0.0–0.2)

Net — −0.6 (−4.3–1.6) −2.5 (−15.4–3.4)

SSP5-8.5 Heat 17.1 (6.7–25.3) 16.7 (3.4–26.4) 13.4 (−13.0–27.5)

Cold 0.4 (−0.1–0.8) 0.1 (0.0–0.3) 0.1 (0.0–0.6)

Net — −0.7 (−5.6–2.1) −4.0 (−24.9–4.6)

Ischemic
heart disease

SSP1-2.6 Heat 20.5 (8.5–30.3) 21.2 (8.8–31.8) 21.3 (8.8–31.9)

Cold 0.4 (−0.4–1.0) 0.2 (−0.3–0.6) 0.2 (−0.3–0.7)

Net — 0.6 (−1.5–2.3) 0.7 (−1.5–2.5)

SSP2-4.5 Heat 20.5 (8.5–30.3) 21.1 (8.7–31.7) 21.5 (8.2–32.4)

Cold 0.4 (−0.4–1.0) 0.2 (−0.3–0.6) 0.1 (−0.2–0.4)

Net — 0.5 (−2.3–2.7) 0.8 (−4.5–4.6)

SSP3-7.0 Heat 20.5 (8.4–30.3) 21.0 (8.5–31.6) 21.4 (5.5–32.9)

Cold 0.4 (−0.4–1.0) 0.2 (−0.3–0.6) 0.1 (−0.1–0.3)

Net — 0.4 (−3.0–3.2) 0.6 (−10.8–8.1)

SSP5-8.5 Heat 20.4 (8.4–30.3) 21.3 (8.3–32.1) 21.4 (0.9–34.6)

Cold 0.4 (−0.4–1.0) 0.1 (−0.2–0.4) 0.0 (−0.1–0.5)

Net — 0.6 (−3.9–4.1) 0.6 (−18.1–11.3)

Chronic ischemic
heart disease

SSP1-2.6 Heat 23.8 (12.8–32.5) 24.9 (12.8–34.3) 25.0 (12.9–34.4)

Cold 0.2 (−0.7–1.0) 0.1 (−0.4–0.6) 0.1 (−0.5–0.7)

Net — 1.0 (−1.0–2.7) 1.0 (−0.9–3.0)

SSP2-4.5 Heat 23.8 (12.7–32.4) 24.9 (12.5–34.4) 25.6 (12.2–35.8)

Cold 0.2 (−0.7–1.0) 0.1 (−0.4–0.6) 0.0 (−0.3–0.4)

Net — 0.9 (−1.5–3.1) 1.6 (−2.7–5.2)

SSP3-7.0 Heat 23.8 (12.8–32.4) 24.9 (12.3–34.5) 26.1 (10.2–37.4)

Cold 0.3 (−0.7–1.0) 0.1 (−0.4–0.6) 0.0 (−0.2–0.3)

Net — 0.9 (−1.9–3.7) 2.1 (−6.3–8.4)

SSP5-8.5 Heat 23.8 (12.7–32.4) 25.4 (12.3–35.2) 26.8 (7.5–39.5)

Cold 0.2 (−0.7–1.0) 0.0 (−0.3–0.4) 0.0 (−0.2–0.3)

Net — 1.4 (−2.4–4.6) 2.8 (−10.4–11.4)

Cerebrovascular disease SSP1-2.6 Heat 22.6 (10.4–31.9) 23.4 (10.2–33.6) 23.5 (10.2–33.7)

Cold 0.0 (−0.3–0.3) 0.0 (−0.3–0.1) 0.0 (−0.3–0.2)

Net — 0.8 (−1.0–2.1) 0.8 (−1.2–2.4)

SSP2-4.5 Heat 22.5 (10.4–31.9) 23.3 (9.7–33.7) 23.6 (8.6–34.7)

Cold 0.0 (−0.3–0.3) 0.0 (−0.2–0.1) 0.0 (−0.2–0.1)

Net — 0.7 (−1.7–2.4) 1.0 (−3.6–3.8)

SSP3-7.0 Heat 22.5 (10.4–31.9) 23.2 (9.3–33.7) 23.1 (4.5–35.7)

Cold 0.0 (−0.3–0.3) 0.0 (−0.3–0.1) 0.0 (−0.2–0.1)

Net — 0.6 (−2.3–2.6) 0.5 (−9.2–5.2)

SSP5-8.5 Heat 22.5 (10.4–31.9) 23.5 (8.9–34.4) 22.6 (−1.2–37.0)

Cold 0.0 (−0.3–0.3) 0.0 (−0.2–0.1) 0.0 (−0.1–0.1)

Net — 0.9 (−3.1–3.3) 0.1 (−15.5–6.8)

Stroke SSP1-2.6 Heat 12.3 (−6.9–26.8) 12.7 (−10.7–29.2) 12.7 (−10.7–29.3)

Cold 0.3 (−0.4–0.8) 0.1 (−0.2–0.4) 0.2 (−0.2–0.6)

Net — 0.3 (−4.3–2.7) 0.4 (−4.4–2.9)
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Table 1 continued

Disease Scenario Effect 2010s 2050s 2090s

SSP2-4.5 Heat 12.2 (−7.1–26.8) 12.6 (−12.4–29.6) 12.6 (−17.3–31.7)
Cold 0.3 (−0.4–0.8) 0.1 (−0.2–0.5) 0.1 (−0.1–0.3)

Net — 0.2 (−6.0–3.2) 0.2 (−11.8–5.3)

SSP3-7.0 Heat 12.2 (−6.9–26.7) 12.4 (−13.8–30.0) 11.6 (−29.8–33.9)

Cold 0.3 (−0.4–0.8) 0.1 (−0.2–0.5) 0.1 (−0.1–0.2)

Net — 0.1 (−7.5–3.7) −0.8 (−26.2–8.0)

SSP5-8.5 Heat 12.2 (−7.1–26.8) 12.5 (−16.0–31.1) 10.5 (−47.9–36.0)

Cold 0.3 (−0.4–0.8) 0.1 (−0.1–0.3) 0.1 (0.0–0.3)

Net — 0.1 (−10.1–4.6) −2.0 (−44.8–10.4)

Ischemic stroke SSP1-2.6 Heat 21.8 (5.5–33.7) 23.2 (3.3–36.8) 23.2 (3.2–36.8)

Cold 0.2 (−0.4–0.8) 0.1 (−0.2–0.4) 0.1 (−0.2–0.5)

Net — 1.3 (−2.9–3.5) 1.3 (−3.1–3.9)

SSP2-4.5 Heat 21.8 (5.3–33.8) 23.3 (1.9–37.3) 24.0 (−2.5–39.8)

Cold 0.2 (−0.4–0.8) 0.1 (−0.2–0.5) 0.1 (−0.2–0.3)

Net — 1.3 (−4.5–4.1) 2.0 (−9.7–7.1)

SSP3-7.0 Heat 21.8 (5.5–33.7) 23.3 (0.8–37.8) 24.0 (−16.9–43.6)

Cold 0.3 (−0.4–0.8) 0.1 (−0.2–0.5) 0.0 (−0.1–0.2)

Net — 1.3 (−5.9–5.0) 2.0 (−25.6–11.1)

SSP5-8.5 Heat 21.8 (5.4–33.7) 23.7 (−1.4–39.1) 23.6 (−38.4–46.8)

Cold 0.2 (−0.4–0.8) 0.1 (−0.2–0.3) 0.0 (−0.1–0.3)

Net — 1.8 (−8.3–6.2) 1.6 (−48.2–14.8)

Male SSP1-2.6 Heat 21.9 (12.4–30.4) 22.7 (11.6–32.4) 22.8 (11.6–32.5)

Cold 0.6 (0.0–1.1) 0.3 (0.0–0.7) 0.4 (0.0–0.9)

Net — 0.5 (−1.2–2.0) 0.6 (−1.3–2.3)

SSP2-4.5 Heat 21.9 (12.3–30.4) 22.5 (10.9–32.5) 22.6 (9.2–33.8)

Cold 0.7 (0.0–1.1) 0.3 (0.0–0.8) 0.2 (0.0–0.6)

Net — 0.3 (−1.9–2.2) 0.3 (−3.9–3.4)

SSP3-7.0 Heat 21.9 (12.4–30.3) 22.3 (10.3–32.6) 21.5 (4.3–34.8)

Cold 0.7 (0.0–1.2) 0.4 (0.0–0.7) 0.2 (0.0–0.4)

Net — 0.1 (−2.5–2.3) −0.9 (−10.1–4.3)

SSP5-8.5 Heat 21.8 (12.3–30.3) 22.5 (9.7–33.3) 20.4 (−1.8–36.0)

Cold 0.7 (0.0–1.1) 0.2 (0.0–0.5) 0.1 (0.0–0.9)

Net — 0.3 (−3.4–2.9) −1.9 (−16.5–5.7)

Female SSP1-2.6 Heat 13.0 (−0.5–24.1) 12.8 (−2.2–24.7) 12.8 (−2.1–24.8)

Cold 0.2 (−0.5–0.7) 0.1 (−0.3–0.4) 0.1 (−0.3–0.5)

Net — −0.3 (−3.7–2.0) −0.2 (−3.8–2.1)

SSP2-4.5 Heat 12.9 (−0.6–24.1) 12.4 (−2.9–24.6) 11.8 (−5.6–25.3)

Cold 0.2 (−0.5–0.7) 0.1 (−0.3–0.4) 0.0 (−0.2–0.3)

Net — −0.7 (−5.1–2.4) −1.3 (−9.9–4.1)

SSP3-7.0 Heat 13.0 (−0.6–24.0) 12.1 (−3.7–24.5) 9.9 (−14.8–26.1)

Cold 0.2 (−0.5–0.7) 0.1 (−0.3–0.4) 0.0 (−0.2–0.2)

Net — −1.0 (−6.5–2.8) −3.2 (−22.7–7.0)

SSP5-8.5 Heat 12.9 (−0.6–24.0) 11.9 (−4.9–24.9) 8.0 (−28.0–27.5)

Cold 0.2 (−0.5–0.7) 0.0 (−0.2–0.3) 0.0 (−0.1–0.2)

Net — −1.2 (−8.6–3.6) −5.1 (−37.0–9.7)

Age, 0–64 years SSP1-2.6 Heat 12.3 (−5.2–26.0) 11.8 (−7.9–27.3) 11.9 (−7.9–27.4)

Cold 0.4 (−0.3–1.0) 0.2 (−0.2–0.6) 0.2 (−0.2–0.7)

Net — −0.6 (−3.6–1.4) −0.5 (−3.8–1.6)

SSP2-4.5 Heat 12.2 (−5.3–26.0) 11.4 (−9.2–27.3) 10.6 (−12.6–28.3)

Cold 0.4 (−0.3–1.0) 0.2 (−0.2–0.7) 0.1 (−0.2–0.5)

Net — −1.1 (−4.9–1.5) −1.9 (−9.0–2.5)

SSP3-7.0 Heat 12.2 (−5.2–26.0) 11.0 (−10.1–27.4) 8.3 (−21.2–29.1)

Cold 0.4 (−0.3–1.1) 0.2 (−0.2–0.7) 0.1 (−0.1–0.3)
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mitigate heat effects during extremely hot days, which resulted in
the decreasing trend projected for heat-related excess hospitaliza-
tions from CVD under global warming. This finding underscores
the importance of policy and measurement improving population
adaptation to global warming. Previous studies have found heat
will increase mortality due to CVD under climate change, while
cold will decrease the burden7,8, and similar trends were reported
on years of life lost (YLL) and out-of-hospital cardiac arrest10,17.
However, it is still inconsistent that whether the cold-related
decreasing trend can offset the heat-related increasing trend in
mortality and YLL. Thus, the CVD health outcome (morbidity and
mortality) related to future cold and heat need to be confirmed in
more research.
We found that both the declining and aging rural population in

the future may substantially affect the burden of CVD hospitaliza-
tions associated with future rising temperatures. The declining
rural population would substantially decrease the temperature-
related CVD hospitalizations. It may be the reason that rapid
urbanization will monotonically and substantially decrease the
rural population size under the four SSPs in the Fujian Province.
Although a substantial reduction in the total rural population will
attenuate the projected excess CVD hospitalizations related to
future temperature in rural regions, the rural population aging will
still elevate temperature-related CVD hospitalizations in the 2050s
that is 2.82, 2.64, 2.34 and 2.87 times under four SSPs with
population declining and aging compared to those with only
population declining. Yang and co-authors found similar results
that the population aging is detected to rapidly rise the excess

mortality related to heat in the northeastern region in China,
which is probably associated with both high population out-
migration and long life expectancy7,18. With the serious challenges
of an aging population, our findings may be beneficial in the
improvement of relevant health care planning and public health
activities to counteract the future cold and heat to protect the
elderly.
Increasing trends in heat-related hospitalizations is projected

for ischemic heart disease, cerebrovascular and ischemic stroke.
Due to different physiological mechanisms, the shapes of the
temperature–hospitalization association varied by subcategories,
which might lead to inconsistencies in the predicted hospitaliza-
tions burden from different CVD subcategories related to
temperature. Previous studies confirmed that future high tem-
perature is likely to increase mortality from ischemic heart disease
and cerebrovascular disease from the 2010s to 2090s in Ningbo,
China19, and to increase mortality from acute ischemic heart
disease and ischemic stroke from the decades of 1980s to 2080s
under RCP4.5 and RCP8.5 scenarios11. The projected number of
excess hospitalizations from cerebrovascular disease associated
with heat is greater than those from other subcategories in our
study, with at least 226,776 excess hospitalizations in the 2090s
under scenarios, which is probably associated with higher
hospitalization rate. Thus, continuous attention and epidemic
surveillance to the disease is necessary to reduce the health
burden.
We found the elderly and males were more susceptible to the

future climate change than the young and female. The poorer

Table 1 continued

Disease Scenario Effect 2010s 2050s 2090s

Net — −1.5 (−6.0–1.6) −4.3 (−19.3–3.7)
SSP5-8.5 Heat 12.2 (−5.3–26.0) 10.7 (−11.8–27.8) 6.2 (−31.4–30.5)

Cold 0.4 (−0.3–1.0) 0.1 (−0.2–0.5) 0.1 (−0.1–0.6)

Net — −1.8 (−8.0–2.1) −6.4 (−30.6–5.2)

Age, 65–74 years SSP1-2.6 Heat 22.5 (13.5–29.8) 23.6 (13.9–31.5) 23.6 (14.0–31.6)

Cold 0.3 (−0.6–1.0) 0.1 (−0.4–0.6) 0.2 (−0.4–0.7)

Net — 0.9 (−0.7–2.4) 1.0 (−0.7–2.7)

SSP2-4.5 Heat 22.5 (13.5–29.9) 23.5 (13.9–31.6) 24.1 (14.0–32.6)

Cold 0.3 (−0.6–1.1) 0.1 (−0.4–0.6) 0.1 (−0.3–0.4)

Net — 0.8 (−1.3–2.8) 1.4 (−2.4–4.5)

SSP3-7.0 Heat 22.5 (13.4–29.8) 23.5 (13.8–31.6) 24.2 (12.3–33.7)

Cold 0.3 (−0.6–1.1) 0.1 (−0.4–0.6) 0.0 (−0.2–0.3)

Net — 0.8 (−1.7–3.2) 1.4 (−6.2–7.1)

SSP5-8.5 Heat 22.5 (13.4–29.8) 23.9 (14.0–32.2) 24.4 (9.6–35.3)

Cold 0.3 (−0.6–1.0) 0.1 (−0.3–0.4) 0.0 (−0.1–0.4)

Net — 1.2 (−2.1–4.0) 1.7 (−10.5–9.8)

Age, ≥75 years SSP1-2.6 Heat 18.2 (2.8–30.5) 18.5 (0.8–32.4) 18.6 (0.9–32.5)

Cold 0.6 (0.0–1.1) 0.3 (0.0–0.7) 0.4 (0.0–0.9)

Net — −0.0 (−3.2–2.2) 0.1 (−3.4–2.4)

SSP2-4.5 Heat 18.2 (2.7–30.5) 18.2 (−0.3–32.6) 17.7 (−4.4–33.9)

Cold 0.6 (0.0–1.1) 0.3 (0.0–0.8) 0.2 (0.0–0.6)

Net — −0.3 (−4.7–2.5) −0.9 (−9.3–4.0)

SSP3-7.0 Heat 18.2 (2.8–30.5) 17.8 (−1.3–32.6) 15.4 (−14.5–35.0)

Cold 0.6 (0.0–1.2) 0.3 (0.0–0.7) 0.2 (0.0–0.4)

Net — −0.7 (−6.0–2.7) −3.3 (−21.5–5.7)

SSP5-8.5 Heat 18.2 (2.8–30.5) 17.8 (−3.0–33.5) 13.2 (−27.4–36.6)

Cold 0.6 (0.0–1.1) 0.2 (0.0–0.5) 0.1 (0.0–0.8)

Net — −0.8 (−8.0–3.5) −5.6 (−35.8–7.8)
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cardiorespiratory and circulatory conditions of the majority of the
elderly may weaken their thermoregulatory capacity and increase
their vulnerability. Limited evidence on vulnerable population to
the future temperature effect on CVD hospitalizations is available
for the rural population. Previous studies reported, in rural
population, the effect modification of temperature on hospitaliza-
tions from CVD diseases by age and gender were inconsistent in
western and southeastern suburbs in China6,20. We also found
spatial heterogeneity in future temperature impact on CVD
hospitalizations. The fraction attributable to future temperature
was higher in Longyan, Ningde and Sanming regions, with
relatively lower socioeconomic status. Previous studies also
reported that the poverty exacerbated the cold- and heat-
related cardiorespiratory mortality21 and hospitalizations6. How-
ever, the existing evidence on effect modification were based on
historical data, and more research is need to provide relevant
evidence of future temperature impact on CVD hospitalizations.
The changes in hospitalizations attributable to future tempera-

ture varied across different climate scenarios, which is similar to
existing evidence on mortality7. For all causes, the slopes of
changes are steeper under SSP5-8.5 scenario. Notably, although
the future risks seem reduce for some subcategories under SSP5-
8.5, it is not yet possible to draw conclusions about the impact of
increasing temperature on public health. Limited evidence on
projection of temperature-related excess CVD hospitalizations is
available from different regions with various climate to confirm
the conclusion, especially in rural population. In addition, a study
conducted in 451 locations in countries worldwide projected that
the excess mortality related to temperature will increase on
average under high-emission scenarios, although with an
apparent heterogeneity across locations14.
This study estimates the future temperature-related excess CVD

hospitalizations accounting for uncertainties from 27 climate
models, four emission scenarios, future aging and declining rural
population, and imprecision of the estimated association. How-
ever, additional sources of uncertainties still deserve attention,
including population structure changes, population adaptation
and acclimatization. The findings in this study should be
considered as potential effects of future temperatures on CVD
hospitalizations under hypothetical scenarios, because we
assumed the shape of the temperature–hospitalizations curve to
be unchanged at the level of the 2010s throughout the study
period, ignoring the potential changes in climate adaptive
capability. However, the extent of population adaptation is still
unclear. Moreover, this study did not consider population

acclimatization to increasing temperatures, which might over-
estimate the risk of future temperatures on CVD hospitalizations.
However, there is limited and inconsistent evidence regarding
influence of population acclimatization on health risk7,22. In
addition, although this study has accounted for population
structure by using age-specific risks, potential changes in disease
spectrum and demographic characteristics (e.g., educational
attainment and social position) may modify the vulnerability of
population to future temperature, by increasing the population at
risk or with higher risks. Future study is needed to properly
account for these sources of uncertainty when assessing health
burden related to future temperature.
This study had some limitations. First, similar to many previous

studies, baseline temperature from fixed monitoring sites cannot
adequately reflect individual exposure, although these measure-
ment errors are probably distributed randomly. Second, the
current SSP scenarios cannot fully represent the region-specific
ratio of the elderly and population size, which probably result in a
conservative estimate of excess CVD hospitalizations related to
future temperature. More studies are needed to quantify future
population changes at a finer scale more accurately. Third, we
assumed the disease spectrum remains constant according to the
previous study7,19, which may underestimate the projections of
CVD hospitalizations. The increasing trends of global elderly and
obese population23 will increase the number of high-risk
population. Moreover, temperature increased risks in almost all
subcategories6, and changes in disease spectrum probably
increase the small subcategories with higher temperature effects.
Fourth, it should be cautious to generalize these finding to other
regions, especially regions with different climatic conditions,
degree of urbanization, and population change. Finally, although
the analyzed dataset could not identify whether the hospitaliza-
tions were planned in advance or not, the impact of pre-planned
hospitalizations on the results is limited, because the Chinese rural
population generally lacked awareness of cardiovascular disease
health management during the studied period24.

METHODS
Study population and region
This study was carried out in eight regions along the Chinese
southeastern coast, including Fuzhou, Longyan, Nanping, Ningde,
Putian, Quanzhou, Sanming and Zhangzhou regions, where a
subtropical marine monsoon climate characterized by long-lasting

Table 2. Temperature-related number of CVD hospitalizations in 2010s, 2050s and 2090s, under different combining scenarios of temperature
increasing, population change, and population aging.

Temperature scenario Population change Population aging Heat Cold

2010s 2050s 2090s 2010s 2050s 2090s

SSP1-2.6 No change No change 494928 500173 502412 11349 5540 6548

SSP1-2.6 SSP1 No change 494928 199349 26365 11349 1923 205

SSP1-2.6 SSP1 SSP1 475700 563030 86779 12785 7058 1225

SSP2-4.5 No change No change 493719 490821 481480 11553 5501 3422

SSP2-4.5 SSP2 No change 493719 290146 142273 11553 3044 888

SSP2-4.5 SSP2 SSP2 474485 765241 401259 12999 9954 3771

SSP3-7.0 No change No change 494295 482368 432198 11885 5811 2180

SSP3-7.0 SSP3 No change 494295 403186 279852 11885 4697 1310

SSP3-7.0 SSP3 SSP3 475034 941840 603960 13358 12719 3848

SSP5-8.5 No change No change 493461 481561 387360 11465 3730 1711

SSP5-8.5 SSP5 No change 493461 193752 21395 11465 1259 26

SSP5-8.5 SSP5 SSP5 474225 556178 66823 12912 4944 296
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high temperatures in summer prevails. The detailed information
have been described in our previous study6.

Data collection
We have collected the data of hospitalizations and temperature
during the baseline period. Records of individual hospitalizations
for rural population in the regions during 2010–2016 were
collected from the New Rural Cooperative Medical Scheme that
had covered >85% of the rural population since 200725. Based on
the tenth version of the International Classification of Diseases
(ICD-10), we selected and categorized the hospitalization records
into the total cardiovascular diseases (I00–I99) and five subcate-
gories with sufficient occurrences (Supplementary Table 2). We
have aggregated the total number of CVD hospitalizations
per day, broken down by cause of hospitalizations, age groups
(0–64, 65–74, and ≥75 years old) and gender groups. The rates of
extreme outliers exceeding the median by above three times the
interquartile range were <0.22% for the analyzed variables, which
were replaced by the average of counts from two adjacent days.
We also collected the daily weather (temperature and relative
humidity) from the China Meteorological Data Service Center, and
air pollution data (particulate matter with diameters below 10 μm,
nitrogen dioxide and sulfur dioxide) from the China National
Environmental Monitoring Centre during the baseline period. All
variables had no missing values except for PM10 concentration
with a low missing rate of 2.38%, and the missing values were not
processed. The detailed information is shown in Supplementary
Table 2 and our previous study6.
The ScenarioMIP design is the primary activity within the

project of CMIP6 that provides multi-model climate projections
based on various scenarios related to societal concerns of climate
change mitigation, adaptation, or impacts26. It has projected
future temperatures from 1961 to 2100 considering land use and
greenhouse gas concentrations. We acquired downscaled future
temperature projections under the core test, including 4 scenarios
and using 27 general circulation models. These scenarios (i.e.,
SSPx-y) have indicated that adopting climate adaptation and
mitigation policies under specific Shared Socioeconomic Pathways
(SSPs, x) will lead to the corresponding outcome of the
Representative Concentration Pathways (RCPs, y)27. The SSP1-
2.6 scenario indicates a combination of low social vulnerability
and a radiative forcing of 2.6 W/m2, with a temperature rise below
2°C in 2100, which can support the environment-related research
on the target of 2 °C temperature rise. The SSP2-4.5, SSP3-7.0 and
SSP5-8.5 scenarios illustrate moderate, relatively high, and high
social vulnerability and radiative forcing of 4.5 W/m2, 7.0 W/m2

and 8.5 W/m2, of which temperature will rise about 3.07 °C, 4.06 °C
and 5.17 °C by 2100, respectively28. In addition, we downscaled
the monthly gridded data of GCMs to daily scale for the regions in
this study, using the statistical downscaling model NWAI-WG29.
First, spatial downscaling involved an inverse distance-weighted
interpolation based on the center of the nearest four grid points in
the GCMs. Second, bias correction of the GCM-projected monthly
values and historically observed temperatures was performed
using an equidistant quantile method. Finally, the daily time series
of temperature were downscaled from the bias-corrected monthly
GCM projections using a modified version of a stochastic weather
generator30. To date, the NWAI-WG downscaled data have been
used in many previous studies on health risk assessment of
climate change7,31–34.
We collected the gridded rural population projections for the

eight regions from 2010 to 2099 from the database of spatial
population scenario as a published study7. The population of
1 km× 1 km grid cells within each region were summed up to
obtain the projected region-specific and SSP-specific rural popula-
tion, which were further adjusted by the region-specific correction
factors that were assumed to be constant and calculated by

comparing the 2010 projected population from the SSPs to the
2010 population census. We selected the four future population
growth scenarios including SSP1, SSP2, SSP3, and SSP5, correspond-
ing to the above future climate scenarios, representing different
levels of fertility, migration, education, and mortality35. A no
population change scenario was also considered as a reference
group. The rural population continued to influx into cities due to
continuous urbanization, especially the young people, so that the
size of rural population will monotonically decrease in future
different from the whole population, leading to the smallest rural
population of 7459 in Ningde under the SSP1 with low birth rate
and moderate migration rate (Supplementary Figure. 3). Thus, to
account for the effects of dramatic changes in the rural population
size and structure, we projected region-specific rural population
size for the age groups during 2010–209918. Consistent with the
published study7, the provincial proportions between age groups
were used for the local municipal regions due to data availability.
Future rural population in the eight regions in southeastern China
by age groups is presented (Supplementary Figure. 3). The
population aging will increase the number of elderly people,
especially in the region with large total population. The future
population size will decrease more slowly under the SSP3 with high
fertility rate and low migration rate than under other scenarios,
especially in Quanzhou which has a large population base and
developed commerce.

Statistical analysis
Firstly, we established the temperature–hospitalization relation-
ship using a conventional two-stage method based on the
baseline data from 2010 to 2016. Secondly, combining the
established relationship, modeled temperature and hospitaliza-
tions projections, we projected the daily number of hospitaliza-
tions caused by temperature for each day between 2010 and
2099. Lastly, we considered the influence of changes in the rural
population on the anticipated burden related to temperature in
the future. Details of each step are provided below.
The traditional two-stage analyses were employed to estimate

the baseline association of hospitalizations due to various causes
with historical temperature. First, a quasi-Poisson model was used
to fit region-specific temperature-hospitalization relationships
allowing the overdispersion of count data, combined with
distributed lag non-linear model (DLNM) taking the nonlinear
temperature effect over lag days into consideration36. The model
was specified follows:

logE Yt½ � ¼ αþ βTempt;l þ ns Timet; 12 ´ 7ð Þ þ ns PM10t; 3ð Þ
þDOWt þ Holidayt

(1)

where t is the day of observation, Yt and E(Yt) are the observed and
expected counts of daily hospitalizations, respectively. The DLNM
generated a two-dimensional cross-basis function for temperature
(Tempt,l) consisted of a natural cubic spline function (ns) with three
knots at the 10th, 50th and 90th percentiles of temperature to
estimate a nonlinear temperature–hospitalization relationship37,
and a ns function with three knots at equally log-scale spaced
values of 28 lag days to estimate nonlinear lag–hospitalization
relationship. The ns allows the log-linear extrapolation of the
function beyond the range of the monitored temperature series,
which is required to project hospitalization risk of future
temperatures38. The model also controlled for the confounding
effects of long-term trends and seasonality using a ns of Timet with
12 degrees of freedom (df ) per year, PM10 using a ns of PM10t with
3df, day of the week (DOWt) and public holidays. The choice of
parameters for the core model depended on the best-fitting
model, with the minimum Akaike’s information criterion that is
commonly used to compare possible models (Supplementary
Table 7). We selected the reference of the minimum hospitaliza-
tion temperature (MHT) of the temperature–hospitalization
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association accumulated over lag days. α and β are the
coefficients. Second, the region-specific relationships were pooled
together through a multivariate meta-analysis using restricted
maximum likelihood37,39. Then, to ensure the stability, the region-
specific cumulative relationships between temperature and
hospitalizations re-estimated by the best linear unbiased predic-
tion (BLUP). The BLUP estimated the region-specific associations
by combining the region-specific and the average parameters
with weights inversely proportional to their variability, which
could provide precise estimations in regions with small number of
events. This methodology has been described in detail in previous
studies39,40.
Briefly, based on modeled temperature, hospitalizations projec-

tions and the established temperature–hospitalization relation-
ship, we computed the daily amount of hospitalizations due to
temperature for any baseline and future days. Cold days and hot
days were defined according to daily temperatures below and
above the MHT respectively, and collectively referred to as non-
optimal temperature days. The sum of the excess hospitalizations
for all cold days and all hot days are the number of hospitaliza-
tions attributed to cold and heat respectively, and the sum of both
is the number of hospitalizations attributed to non-optimal
temperatures. The fraction of the number of hospitalizations
attributed to non-optimal temperature (i.e., cold and heat) to the
total number of hospitalizations was the attributable fraction (AF).
The modeling framework has been elaborated in a recently
published paper38, and has been adopted in other studies7,19. We
separately estimated decadal heat- and cold-related excess CVD
hospitalizations by different regions, SSPs and GCMs. The
attributable fractions were computed for different regions, decade
and SSP through dividing the GCM-ensemble averages by the
corresponding total number of hospitalizations. The uncertainties
of the projections of hospitalizations attributed to heat and cold
are mainly caused by the estimated exposure–response relation-
ships and projected temperature among different GCMs. To
quantify these uncertainties, we computed the 2.5th and 97.5th
percentiles of the results for combinations of 27 GCMs and
1000 simulated samples of reduced BLUP coefficients as the 95%
empirical confidence intervals (eCI), using the Monte Carlo
simulation assuming a multivariate normal distribution for
coefficients of spline model38.
Considering the impact of rural population change on future

temperature-related burden is essential due to sharp declines in
rural population size and increasing proportions of elderly
populations in the future. First, temperature–hospitalization
associations were estimated for different age groups using the
time-series analysis described above. Then, the number of
hospitalizations attributed to future temperature for each age
group was projected based on the age-specific baseline associa-
tions and age-specific future population change ratio comparing
to the decade of 2010 under four SSP scenarios.
We projected future temperature-related excess hospitaliza-

tions by causes, regions, age groups, gender groups to identify
the susceptible populations in future. The excess hospitaliza-
tions attributed to heat and cold under different climate
change scenarios were provided for the decades of 2010s from
2010 to 2019, 2050s from 2050 to 2059 and 2090s from 2090
to 2099.
In addition, we performed a series of sensitivity analyses to test

robustness of the main results. The df is an important parameter
in a natural cubic spline to determine the number of intervals
dividing the domain of independent variables, and a third-order
polynomial is used to fit nonlinear association in each interval. We
selected the appropriate dfs from those commonly used
(Supplementary Table 7) that could consider the temporal trend
and lagged effects sufficiently. To consider the influence, we
further conducted a common practice using alternative dfs
adjacent to the selected, including dfs of 10 and 11 per year for

time trends, and alternative dfs of 4 and 6 for maximum lag days,
respectively. The main model excluded the PM10 to consider the
influence of missing values, although the missing rate was low. In
addition, the main model also separately added the ns with 3 df of
other environmental factors, such as rainfall (mm), sunshine
duration (hours), NO2 (μg/m3) and SO2 (μg/m3). The software of R
with version number 4.0.5 were used to implement all statistical
analyses.

Ethics statement
This study has been approved by the Ethics Committee of the
Fujian Medical University (No. 202182). No participants were
contacted, and data were analyzed at an aggregate level.
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