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Ischaemic stroke (IS) has a heavy disease burden. Although epidemiological research has suggested
that heatwaves are associated with cardiovascular disease, there is a lack of empirical evidence

for a correlation between heatwaves and IS. The China Meteorological Administration defines a
heatwave as a wave lasting = 3 days, with a maximum temperature of 235°C. We collected data on
daily meteorological conditions, air pollution, and IS admissions in Hunan Province from 2018 to
2019. A generalized additive model and distributed lag nonlinear model were used to determine the
associations between heatwaves and IS admissions. We analysed 329,876 admitted patients with

IS in Hunan Province from 2018 to 2019. The main effect of heatwaves was that they significantly
increased the risk of hospitalization for IS. The single-day lag maximum risk occurred at a daily average
temperature of 30.88°C (RR=1.05, 95% CI: 1.04-1.06) and at a daily maximum temperature of 35.82°C
(RR=1.05, 95% CI: 1.03-1.06). The use of the 5th and subsequent days of a heatwave as a reference
showed that the 1st-2nd days (RR=1.07, 95% CI: 1.02-1.12) and the 3rd-4th days (RR=1.68, 95% CI:
1.03-1.10) of the heatwave increased the risk of hospitalization for IS. Compared with the third and
subsequent heatwaves, the first (RR=1.27, 95% C/: 1.19-1.35) and second (RR=1.24, 95% Cl: 1.16-
1.32) heatwaves had greater impacts on the risk of hospitalization for IS. The risk of IS hospitalization
was also exacerbated by high relative humidity (RR=1.25, 95% Cl: 1.16-1.35) and a low diurnal
temperature range (RR=1.08, 95% Cl: 1.02-1.14) during the heatwave period. In our study, the main
effects of heatwaves increased the risk of IS hospitalization. The effects varied according to the day
of the heatwave, the timing of the heatwave, the DTR during the heatwave, and the humidity during
the heatwave. This evidence has significant implications for the strategic planning of public health
interventions to mitigate adverse health outcomes associated with heatwaves.

Ischaemic stroke (IS) is a subtype of cardiovascular disease, and the 2019 Global Burden of Disease data show that
IS accounts for 62.4% of all new strokes and has a high risk of recurrence’. The global incidence of IS is expected
to increase further by 20302 In China, although the risk of death from IS decreased between 1990 and 2019, its
incidence has been increasing®. IS is characterized by high morbidity, disability, and mortality, which places a
heavy burden on patients’ families and the health care system*. The Lancet climate change report states that high
temperatures are associated with cardiovascular disease’. Over the past few decades, the surface temperature of
the Earth has been continually increasing. Since 1980, each decade has been warmer than the previous one, with
the period from 2012 to 2022 being the warmest decade on record®. In the context of global warming, the burden
of diseases caused by high temperatures is a major global public health issue, and their risks are expected to
increase’. A heatwave is defined as several consecutive days of high temperatures®-!!. A survey of 130 districts/
counties in China revealed that the risk of cardiovascular disease-related deaths increased by 22.0% during
heatwaves'2. Although studies have shown that heatwaves can increase the risk of death from stroke!® 14, the
association between heatwaves and stroke hospitalizations is controversial'> !¢, and no studies have explored the
associations between the characteristics of heatwaves and hospitalizations for IS during subtropical monsoons.
Further research is needed to ensure more precise and effective prevention of IS.

There are two approaches to studying the health impacts of heatwaves. One of the main effects of heatwaves
is that they are generated independently of high temperatures. Temperature is treated as a continuous variable,
and predictions are made through exposure-response functions linking temperature to health, which can be
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used to extract the impacts of specific temperatures on health. Another approach involves studying the added
effects of heatwaves and investigating the extra impact of continuous high temperatures. In this case, heatwaves
are regarded as independent events, and the associated excess risk is estimated by comparing heatwave periods
with nonheatwave periods'’~*°.

The health impacts of heatwaves tend to vary according to their characteristics'?. Health risks can also be
influenced by the duration of a heatwave (for example, a heatwave is defined by having a duration of three or
more consecutive days), its temperature thresholds (for example, a heatwave is defined by using a relative or
an absolute threshold), the day number of the heatwave (for example, the 1st-2nd day of the heatwave), the
timing of the heatwave (for example, whether it is the first heatwave of the year), and the characteristics of
other meteorological factors®. Currently, the associations between heatwave characteristics and IS for targeted
warning and prevention are unclear.

The burden of IS caused by heatwaves cannot be ignored. This study aimed to analyse the main and added
effects of heatwaves, as well as the associations between heatwave characteristics and hospital admissions for IS.
By determining prevention and control priorities, more accurate preventive measures can be developed on the
basis of heatwaves and meteorological characteristics. This approach enables the precise prevention of IS when
heatwaves occur.

Methods

Data sources and collection

Meteorological and air pollution data

Daily meteorological data were collected from the China Meteorological Data Network (https://data.cma.cn/)
and included the daily maximum temperature, minimum temperature, average temperature, relative humidity
and atmospheric pressure from 1 January 2018 to 31 December 2019. We obtained air pollution data from the
China National Environmental Monitoring Centre (https://www.cnemc.cn/), including O,, CO, NO,, PM, .,
PM,, and SO, data from 1 January 2018 to 31 December 2019. The daily meteorological and air pollution data
for 122 districts/counties in Hunan Province were obtained by the spatiotemporal kriging interpolation analysis.
Hunan Province has 29 environmental/meteorological monitoring stations and 71 air quality monitoring
stations. Therefore, to obtain the daily average meteorological data and air pollution data for each county/district
in Hunan Province, we used spatiotemporal kriging interpolation analysis based on the latitude and longitude of
each station and each district/county using the the R software (“Itsk” and “parallel” packages).

Definition of a heatwave

Since there is no international standard for heatwaves®!, this study adopted the definition of heatwaves from
the China Meteorological Administration; that is, heatwaves were defined as lasting>3 days with a maximum
temperature >35C. Referring to previous studies, to avoid confounding caused by low temperatures, we limited
the analysis to the warm season (1 May-30 September) when analysing the added effects!>!>22,

Daily hospital admission data
The daily number of IS admissions was extracted from the databases maintained by the statistical information
direct reporting system of the Hunan Health Commission.

The inclusion criteria for admitted patients were as follows: (1) patients who were hospitalized from 1 January
2018 to 31 December 2019; (2) patients whose main diagnosis at discharge was IS and whose ICD-10 code was
163; and (3) patients whose number of hospitalization days was > 1. The exclusion criteria were as follows: (1)
individuals with unclear addresses or whose address was not in Hunan Province; (2) patients with the same ID
number whose admission date coincided with the previous discharge date were considered readmitted; and (3)
patients whose hospitalization cost was 0.

Economy and health resource data
The data on the economy and health resources of each district/county of Hunan Province in 2018 and 2019 were
extracted from the Hunan Statistical Yearbooks 2019 and 2020 (http://tjj.hunan.gov.cn/).

Data analysis

Impacts of heatwaves on IS

Statistical analyses in this section consisted of two stages. The main effects of heatwaves were examined in the
first phase, and the added effects of heatwaves were examined in the second phase.

The main effects The relationship between heatwaves and IS admissions was analysed using a distributed lag
nonlinear model (DLNM). A “cross-basis” function was used to evaluate the two-dimensional relationship be-
tween different numbers of lag days and temperature changes via the DLNM?*?%. Considering the excessive
dispersion problem in Poisson regression, a quasi-Poisson distribution was used as the connection function to
fit the model.

Model a was as follows:

Log(E(Y:,:)) = a+ cb(tempy i, lag)+ns(relahumiditys s, 3) + ns(PM2.5¢;, 3)
+ns(NO24,4,3) + ns(S024,4,3) + ns(COy,i, 3) + ns(034,4, 3)+ns(time, 7 x 2) (Model a)
+B1hospitalst,; + B2 DOW +Bsholiday + BaGD Py ;
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where Log( ) denotes the link function of a quasi-Poisson distribution; E(Y, ) is the expected daily count of IS
hospital admissions on calendar day ¢ (t=1, 2, ..., 730) in the i area; a is the intercept; 8, B,, B,, and 3, are
the regression coefficients; cb is the “cross-basis” function in the DLNM; femp indicates the maximum or the
average temperature; lag is the lag days; relahumidity indicates relative humidity; time denotes long-term effects;
hospitals indicates the number of medical institutions in each district/county; DOW is the dummy variable for
the day of a week; holiday is used to control for the holiday effect; and GDP indicates gross domestic product per
capita in each district/county in 2018 and 2019. The relahumidity, time, PM, , NO,, SO,, CO and O, were fitted
with natural cubic spline functions (ns), and the degrees of freedom were set to 3. The variable assignments are
detailed in Supplementary Table S1. Referring to previous studies, we used 7 degrees of freedom (dfs) per year
for time to control for the long term and seasonality?>?°, where 2 represents 2 years. Considering that the effects
of heatwaves tend to occur quickly (most studies use a maximum lag of 7-14 days)”’~?, a maximum lag of 10
days was chosen for this study according to the sensitivity analysis and the Akaike information criterion (AIC).

In the cross-basis functions of this study, a ns was used for the fitting of both the exposure and lag dimensions,
with the exposure dimension nodes set at the 25th, 50th, and 75th percentiles®**!, The relative risk of the main
effects was calculated by comparing the medians of the maximum and average temperatures during the heatwave
period to a reference temperature (the lowest admission risk temperature from 2018 to 2019).

The added effects  To analyse the added effects of heatwaves, heatwave events were defined as binary categorical
variables, and the DLNM was established.
Model b was as follows:

Log(E(Y:,;s)) = o+ cb(HWy 3, lag)+ns(relahumidity i, 3) + ns(PM2.5¢ ;, 3)

+ns(NO2;;,3) + ns(S02¢,i, 3) + ns(COyi, 3) + ns(034,4, 3)+ns(time, 3 x 2) (2)
+B1hospitalst,; + B2 DOW+Bsholiday + aGD Py ;

where HW =0 if day ¢ is a nonheatwave day and HW =1 if day ¢ is a heatwave day. The variable assignments are
detailed in Supplementary Table S1. For the choice of the cross-basis functions, fitting for the exposure-response
dimension employs an integer suitable for categorical variables, whereas fitting for the lag dimension employs
an ns. In accordance with previous studies, we used 3 degrees of freedom (dfs) per warm season to control for
the long term and seasonality'>!% 22, A maximum lag of 10 days was chosen for this study according to the AIC.

Impacts of heatwave characteristics on IS

To explore the impacts of heatwave characteristics on the hospitalization of IS patients, a generalized additive

model (GAM) was constructed.

Model ¢ was as follows:

Log(E(Y},i)) =a+ 51 HWDt,»;+52HWTt,Z‘+ﬁ3HWRHt_’i+54HWDTRL»;+55HWAT¢,¢
+ns(relahumidityy i, df) + ns(PM2.5;,df) + ns(NO24;,df ) + ns(SO2¢;, df)
+ns(COy,i,df) +ns(O3¢,,df ) + ns(PM2.5, ;,df) * ns(meantempy ;, df )
+ns(NO2¢;,df) * ns(meantempy ;, df ) + ns(SO24 s, df) * ns(meantempy ;, df)
+ns(COy,i, df) * ns(meantempy i, df ) + ns(O34,i, df ) * ns(meantemps i, df)
+Bshospitalst,; + B DOW +pgholiday + foGDP; ;

€)

where f8,_, are regression coefficients. The HWD represents the day of the heatwave, the HWT represents the
timing of the heatwave during the year, and the HWRH indicates the relative humidity during the heatwave
period. Considering that the impact of relative humidity on the human response is not significant when the
relative humidity is less than 70%%2, a relative humidity of less than 70% was used as the reference value, with
the remaining portions divided into two layers, increasing by 50% each. The HWDTR indicates the diurnal
temperature range during the heatwave period, and the HWAT represents the average temperature during
heatwaves; both are divided into two strata in 50% increments. The above variables were included in the model
as unordered categorical variables, with detailed variable assignments provided in Supplementary Table S1. We
found that air pollutants might contribute to a further increase in hospital admissions during extreme heat®.
Therefore, we included an interaction term between the average temperature and air pollutants (including PM s
NO,, SO,, CO, and 03) as a covariate to control for the effects of the interaction.

The impacts of heatwave characteristics on hospitalization of IS patients were explored by comparing the
relative risks of different characteristics during the heatwave period.

Sensitivity analyses
To verify the robustness of the models, this study performed sensitivity analyses in the following aspects: I. In
Model a, (1) the maximum number of lag days was changed from 7 to 12 days; (2) the df of time was modified
from 8/year to 10/year; and (3) the df of other covariates (including relahumidity, PM, ., NO,, SO,, CO, and O,)
was adjusted from 4 to 5. II. In Model b, (1) the maximum number of lag days was changed from 7 to 12 days;
(2) the df of time was changed from 2/year to 5/year; and (3) the df of other covariates (including relahumidity,
PM, ,, NO,, SO,, CO, and O,) was adjusted from 4 to 5. IIl. In Model c, the df of other covariates (including
relahumidity, PM, ., NO,, SO,, CO, and O3) was adjusted from 4 to 5.

Data analyses in this study were performed in R (V4.2.2) using the ‘splines, ‘mgcv), and ‘dlnm’ packages to

construct the DLNM and GAM. The means, standard deviations, maxima, minima and quartiles were used
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to describe daily IS admissions, meteorological factors and air pollutant distributions. The test level was set to
a=0.05 (two-sided test). Patients’ names, identity card numbers, and telephone numbers were desensitized at
the data collection stage. Data confidentiality was maintained throughout the study. This study was approved
by the Medical Ethics Committee of the Xiangya School of Public Health, Central South University (number:
XYGW-2024-23). The requirement for informed consent was waived by the Medical Ethics Committee of the
Xiangya School of Public Health, Central South University. All procedures were performed in accordance with

the relevant guidelines and regulations.

Results
Research data characteristics

There were 329,876 patient admissions for IS in the 122 districts/counties in Hunan Province from 2018 to
2019, including 191,298 male patients, 138,578 female patients, 67,476 patients under the age of 60, and 262,400
patients aged 60 years and older. The distribution of daily admissions is shown in Table 1. There were an average
of 3.72 admissions of IS patients per day, with a standard deviation of 3.30. Specifically, there were an average of
0.76 admissions per day for patients under 60 years of age, with a standard deviation of 1.03, and 2.96 admissions
per day for patients aged 60 years and above, with a standard deviation of 2.78. Male patients had a mean of 2.15
admissions per day, with a standard deviation of 2.16, whereas female patients had a mean of 1.54 admissions

per day, with a standard deviation of 1.73.

Nonparametric tests revealed that hospital admissions were greater for those aged 60 years and older
than for those under 60 years of age (U=1.28x 107, P<0.001) and were greater for males than for females
(U=5.03x10°, P<0.001). Hospital admissions were greater at low diurnal temperature ranges (DTRs) than at
high DTRs during heatwaves (U=2.22x 10°, P<0.001). The numbers of admissions were greater at high average
temperatures during heatwaves than at low average temperatures (U=1.91x 105, P=0.013). Additionally, the
numbers of hospital admissions differed depending on the timing of the heatwave (H=34.94, P=0.001) and
relative humidity (H=39.54, P<0.001). A pairwise comparison revealed that daily admissions for IS were greater
during the second heatwave than during the first heatwave and were lower during the third and subsequent
heatwaves. With increasing relative humidity, hospital admissions for IS tended to increase.

In 2018 and 2019, heatwaves occurred between May and September in Hunan Province. In 2018, a total of
321 heatwave events were reported across the 122 districts/counties, with an average of 2.63 heatwave events
per district/county, a total of 16.67 heatwave days (4.57%), and a total of 348.33 nonheatwave days (95.43%). In
2019, there were 322 heatwave events in the 122 districts/counties, with an average of 2.64 heatwave events per
district/county, a total of 16.40 heatwave days (4.49%), and a total of 348.60 nonheatwave days (95.51%). The
earliest heatwave event in 2018 occurred on 18 May, and the latest heatwave event occurred on 3 September. The
earliest heatwave event in 2019 occurred on 17 May, and the latest heatwave event occurred on 2 September. The

shortest duration of a heatwave was 3 days, and the longest duration was 23 days.

Variables Mean (standard deviation) | Minimum value | 25th centile | 50th centile | 75th centile | Maximum value ‘ H/U ‘ p-value
Age
<60 years old 0.76(1.03) 0 0 0 1 11
1.28x107 | <0.001
>60 years old 2.96(2.78) 0 1 2 4 29
Sex
Male 2.15(2.16) 0 1 2 3 19
5.03x10° | <0.001
Female 1.54(1.73) 0 0 1 2 19
The day in the heat wave
The 1st-2nd day of the heat wave 4.08(3.33) 0 1 3 6 24
The 3rd-4th days of the heat wave 4.05(3.13) 0 2 3 6 24 2.93 0.231
The 5th and subsequent days of the heat wave | 3.86(3.02) 0 1 3 5 19
The timing of the heat wave
The first heat wave 4.03(3.36) 0 1 3 6 24
The second heat wave 4.28(3.14) 0 2 4 6 20 34.94* 0.001
The third and subsequent heatwaves 3.63(2.86) 0 1 3 5 15
Meteorological factors during heatwaves
Low RH during heatwaves(<70%) 3.05(2.80) 1 1 3 5 19
Medium RH during heatwaves(70-77%) 3.84(3.12) 0 1 3 5 24 39.54% <0.001
High RH during heatwaves(>77%) 4.32(3.28) 0 2 3 6 24
Low DTR during heatwaves(<10C) 4.20(3.21) 0 2 3 6 24
- 2.22x10° | <0.001
High DTR during heatwaves(>10C) 3.74(3.08) 0 1 3 5 24
Low AT during heatwaves (<31°C) 3.90(3.18) 0 1 3 5 24
. 1.91x10° | 0.013
High AT during heatwaves (=31°C) 4.09(3.12) 0 2 3 6 24

Table 1. Characteristics of daily admissions for IS in 122 districts/counties, Hunan, 2018-2019. RH indicates
relative humidity; DTR indicates diurnal temperature range; AT indicates average temperature. *The pair-wise

comparison results are statistically significant.
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The daily distributions of meteorological factors and air pollutants in the 122 districts/counties in Hunan
Province from 2018 to 2019 are shown in Supplementary Table S2. The median daily average temperature from
2018 to 2019 was 19.59 °C, with a median of 30.88 °C during heatwaves. The median daily maximum temperature
was 24.07 °C, with a median of 35.82 °C during heatwaves. The median daily relative humidity was 81.08%, with
amedian of 75.84% during heatwaves. The median DTR was 7.70 °C, with a median of 9.93 °C during heatwaves.

Correlation analysis

Supplementary Table S3 shows the results of correlation analyses among these variables. PM, . levels were strongly
correlated with those of PM 10 (rS =0.90, P<0.001). Moreover, the average, maximum, and minimum temperatures
were strongly correlated with each other (r.20.94, P<0.001). Considering the issue of multicollinearity among
variables, PM, ; and the minimum temperature were not included in the model for subsequent analysis, and the
inclusion of both maximum and minimum temperatures in the model was avoided>*.

Impacts of heatwaves on IS

The main effects

In this study, we explored the main effects of heatwaves from two perspectives, namely, the average temperature
and the maximum temperature, as shown in Fig. 1. The risk of hospitalization for IS was the lowest when the
average temperature was 15.78 °C and the maximum temperature was 20.22 °C. Furthermore, the effect began to
decline after the risk peaked at 29.2 °C for the average temperature and 32.3 °C for the maximum temperature.

Figure la shows the cumulative exposure-response relationship between the daily average temperature and
the risk of IS, and Fig. 1b shows a plot of the cumulative exposure-response relationship between the maximum
daily temperature and the risk of IS. The blue curves indicate the relative risk (RR) values, and the shaded areas
indicate the 95% CI of the RR. The temperature at the time of the lowest risk of admission was used as the
reference temperature (average temperature reference: 15.78 °C; maximum temperature reference: 20.22 °C).

The main effects of heatwaves on IS admissions in Hunan Province are shown in Table 2. During heatwaves,
the median daily average temperature was 30.88 °C, and the median daily maximum temperature was 35.82 °C.

The results indicated that the daily average temperature increased the risk of hospitalization for IS on lag
Days 2-9, with the effect reaching its maximum on lag Day 5 (RR=1.05, 95% CI: 1.04-1.06). The cumulative
lag effects of the daily average temperature began to appear on lag Days 0-1 and continued to increase until
lag Day 10 (RR=1.40, 95% CI: 1.30-1.49). Similarly, the daily maximum temperature increased the risk of IS
admission on lag Days 2-9, with the effect reaching its maximum on lag Day 5 (RR=1.05, 95% CI: 1.03-1.06).
The cumulative lag effects of the daily maximum temperature began to appear on lag Days 0-1 and continued to
increase until lag Day 10 (RR=1.31, 95% CI: 1.23-1.40). Supplementary Table S4 shows the results of the analysis
of the influencing factors via Model a.

Figures 2 and 3 show the results of the subgroup analyses. The main effects of heatwaves were rapid among
individuals aged 60 years and above (average temperature lag Day 1, RR=1.20, 95% CI: 1.05-1.36; maximum
temperature lag Day 1, RR=1.19,95% CI: 1.07-1.32) and among males (average temperature lag Day 1, RR=1.30,
95% CI: 1.14-1.49; maximum temperature lag Day 1, RR=1.30, 95% CI: 1.15-1.47), with the effects peaking on
the first lag day. However, there were delays in the occurrence of the heatwave effects among those under 60 years
of age (average temperature lag Day 6, RR=1.07, 95% CI: 1.04-1.09; maximum temperature lag Day 6, RR=1.06,
95% CI: 1.04-1.09) and among females (average temperature lag Day 5, RR=1.05, 95% CI: 1.03-1.07; maximum
temperature lag Day 5, RR=1.06, 95% CI: 1.04-1.08).

a b
B <
@ | —
x B X o |
r o | X «
o o
T T T T T T T T T
0 10 20 30 0 10 20 30 40
Average Temperature(C) Maximum Temperature(C)

Fig. 1. Cumulative exposure-response relationship of temperature on IS admissions in Hunan Province,
China. (a) represents the cumulative exposure-response relationship of daily average temperature to IS, and
(b) is the plot of the cumulative exposure-response relationship of maximum daily temperature to IS. The red
line indicates the RR value, and the shaded area indicates the 95% CI of the RR. The temperature at the time of
the lowest risk of admission was used as the reference temperature (average temperature reference: 15.78 °C,
maximum temperature reference: 20.22 °C). RR means relative risk.
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Daily average temperature Daily maximum temperature
Single-day lag | Single effects Multi-day lag | Cumulative effects | Single-day Ig | Single effects Multi-day lag | Cumulative effects
0 1.03(0.97-1.09) | 0-0 1.03(0.97-1.09) 0 1.02(0.98-1.07) | 0-0 1.02(0.98-1.07)
1 1.03(0.97-1.08) | 0-1 1.05(1.01-1.10) |1 1.02(0.98-1.06) | 0-1 1.04(1.00-1.08)
2 1.01(1.00-1.03) | 0-2 1.07(1.02-1.12) |2 1.01(1.00-1.02) | 0-2 1.05(1.00-1.09)
3 1.02(1.00-1.05) | 0-3 1.09(1.04-1.14) |3 1.01(1.00-1.03) | 0-3 1.06(1.02-1.11)
4 1.04(1.02-1.05) | 0-4 1.13(1.07-1.19) |4 1.03 (1.02-1.05) | 0-4 1.09(1.04-1.15)
5 1.05(1.04-1.06) | 0-5 1.19(1.13-1.25) |5 1.05 (1.03-1.06) | 0-5 1.14(1.09-1.20)
6 1.05(1.04-1.07) | 0-6 1.25(1.18-1.32) |6 1.05 (1.04-1.06) | 0-6 1.20(1.14-1.26)
7 1.05(1.03-1.06) | 0-7 1.31(1.24-1.39) |7 1.04 (1.03-1.06) | 0-7 1.25(1.19-1.32)
8 1.04(1.03-1.05) | 0-8 1.36(1.28-1.45) |8 1.03 (1.02-1.04) | 0-8 1.29(1.22-1.37)
9 1.02(1.01-1.04) | 0-9 1.39(1.31-1.48) |9 1.02 (1.00-1.03) | 0-9 1.31(1.24-1.39)
10 1.00(0.98-1.03) | 0-10 1.40(1.30-1.49) |10 1.00 (0.98-1.02) | 0-10 1.31(1.23-1.40)
Table 2. The main effects of heat waves on IS [RR(95%CI)]. The lowest admission risk temperature was used
as the reference temperature (average temperature reference: 15.78 °C, maximum temperature reference:
20.22 °C). Significant values are given in bold.
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Fig. 2. Lag-specific associations between the average temperature and IS hospital admissions in different
subgroups. The lowest admission risk temperature was used as the reference temperature (15.78 °C).

The added effects

The risk of IS hospitalization from lag Day 1 to lag Day 10 during the heatwave period was not significantly
different from that during the nonheatwave period (lag Day 10, RR=1.01, 95% CI: 0.96-1.06). Additionally,
the risks of hospital admission in populations with different demographic characteristics were not significantly
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Fig. 3. Lag-specific associations between the maximum temperature and IS hospital admissions in different

subgroups. The lowest admission risk temperature was used as the reference temperature (20.22 °C).

The characteristics of heatwave RR(95%CI) The characteristics of heatwave RR(95%CI)
The day in the heatwave Meteorological factors during heatwaves
The 1st-2nd day of the heatwave 1.07(1.02, 1.12) | Low RH during heatwaves (<70%) Reference

The 3rd-4th days of the heatwave

1.06(1.03, 1.10)

Moderate RH during heatwaves (70-77%)

1.23(1.15, 1.34)

The 5th and subsequent days of the heatwave

Reference

High RH during heatwaves (>77%)

1.25(1.16, 1.35)

The timing of the heatwave

Low DTR during heatwaves (<10°C)

1.08(1.02, 1.14)

The first heatwave

1.27(1.19, 1.35)

High DTR during heatwaves (=10C)

Reference

The second heatwave

1.24(1.16, 1.32)

Low AT during heatwaves (<31°C)

Reference

The third and subsequent heatwaves

Reference

High AT during heatwaves (=31°C)

1.01(0.94, 1.06)

Table 3. The impact of heatwave characteristics on IS. Significant values are given in bold.

different from lag Day 1 to lag Day 10 (lag Day 10: males, RR=1.01, 95% CI: 0.90-1.10; females, RR=0.96,
95% CI: 0.88-1.03; <60 years old, RR=0.95, 95% CI: 0.85-1.07; 260 years old, RR=1.02, 95% CI: 0.95-1.08). In
summary, the added effects were not statistically significant.

Impacts of heatwave characteristics on IS

Table 3 shows the impacts of heatwave characteristics on IS. The use of the 5th and subsequent days of the
heatwave as a reference showed that the 1st-2nd days (RR=1.07, 95% CI: 1.02-1.12) and the 3rd-4th days
(RR=1.06, 95% CI: 1.03-1.10) of the heatwave increased the risk of hospitalization for IS. Compared with the
third and subsequent heatwaves, the first (RR=1.27, 95% CI: 1.19-1.35) and second (RR=1.24, 95% CI: 1.16-
1.32) heatwaves had greater impacts on the risk of hospitalization for IS.

Scientific Reports | (2025) 15:4929 | https://doi.org/10.1038/s41598-025-88557-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Compared with low humidity, moderate humidity (RR=1.23, 95% CI: 1.15-1.34) and high humidity
(RR=1.25,95% CI: 1.16-1.35) significantly increased the risk of hospitalization for IS. Additionally, compared
with heatwave periods with high DTRs, those with low DTRs had a hazardous effect on the risk of hospitalization
for IS (RR=1.08, 95% CI: 1.02-1.14). However, no significant effect on the risk of hospitalization for IS was
found on the basis of the high or low average temperature during heatwaves.

Sensitivity analyses

Supplementary Figure S1 illustrates that the results of the model remained robust even after adjusting the
maximum number of lag days within the range of 7 to 12 days. Supplementary Figures S2 and S3 show that the
results of the model were still robust after varying the dfs of time (from 8 to 10 per year) and other covariates,
including relahumidity, PM2.5, NO2, SO2, CO, and O3 (between 4 and 5). After varying the dfs of time (from 2
to 5 per year) and other covariates, including relahumidity, PM, , NO,, SO,, CO, and O, (between 4 and 5), the
added effects of heatwaves on IS admissions were still not statistically significant. Additionally, Supplementary
Table S5 presents evidence that the results of the model maintained their robustness when the dfs of other

covariates (including relahumidity, PM L, NO,, SO,, CO, and O3) were altered within the range of 4 to 5.

Discussion

Our study used a consistent definition of heatwaves and comprehensively investigated the impacts of heatwaves
and their characteristics on the risk of hospitalization for IS. This approach facilitates the extrapolation of
research findings and provides new support and a theoretical basis for the prevention and control of IS. Studying
the influence of heatwaves on hospital admissions for IS advances disease prevention efforts. Hospitalization
numbers represent individuals requiring hospital treatment due to illness or health issues, providing a more
direct reflection of disease severity and the influence of risk factors on individual health. Moreover, hospital
admissions directly correlate with the demand for medical resources. Hence, studying the impact of heatwaves
on hospital admissions for IS offers direct, comprehensive, and practical advantages. Additionally, this study
provides new evidence regarding the associations between heatwave characteristics and hospital admissions for
IS.

Previous studies have shown that the exposure to air pollutants, the number of health care facilities
(hospitals), the socioeconomic situation (GDP), holidays, and day-of-the-week effects modify the risk of IS in
the population®¢-%’; therefore, we included these potential confounders as covariates in our model. In our study,
a single-day lag effect on the 10th day was not statistically significant, and a study in China reported that the
lagged effect of heat-related mortality from cardiovascular disease was only 0-3 days?. Therefore, for the above
reasons, we chose a lag of 10 days.

In accordance with our findings, the main effect of heatwaves was the risk for IS hospitalization; however,
no significant associations were found between the added effects of heatwaves and IS hospitalizations. From a
biological mechanism perspective, high temperatures exacerbate inflammatory responses, leading to endothelial
cell damage, elevated cholesterol levels, increased blood viscosity, and alterations in coagulation function, which
can result in thrombus formation and subsequent IS*!. Consistent with these findings, a study in California
reported that rising temperatures increased the risk of hospitalization for IS; however, the study also failed to
detect statistically significant associations between the added effects of heatwaves and hospital admissions for
ISte,

This study suggests that the primary risk factor is high temperature, emphasizing the importance of heatstroke
prevention and cooling measures, avoiding emotional excitement, and minimizing outdoor activities during hot
days. Additionally, the study revealed that after reaching a peak at approximately 30 °C, the risk declined for
both average and maximum temperatures, which may have been caused by increased adaptability of the body to
rising temperatures or the implementation of adaptive behaviours (such as using air conditioning or reducing
outdoor activities) by individuals to mitigate the potential risks of heatwaves*2. The lack of statistically significant
associations between the added effects of heatwaves and hospital admissions for IS may be due to increased
adaptability or the implementation of adaptive behaviours that mitigate the risks during heatwaves or to fewer
heatwave days than nonheatwave days, resulting in the effects not being apparent.

The effects of heatwaves vary by age and sex. Our findings indicate that among individuals who are 60 years
old and older or are males, the main effects of heatwaves occur quickly, often as early as lag Day 1. Because
of the gradual physiological decline and the prevalence of various chronic diseases, older people may be
more susceptible to the effects of heatwaves, which is in line with the findings of two studies conducted in
Iran®® 43, Therefore, authorities should issue early warnings, and community and family members should take
early measures to monitor the health of older individuals, encourage them to drink plenty of water, and ensure
suitable temperatures and living conditions for them. Some findings suggest* that high temperatures provoke
stroke hospitalizations more quickly among males than females. This may be because males are often engaged
in physically demanding work and are more likely to be exposed to high temperatures and heatwaves, which
leads to a faster onset of effects. In contrast, females may adopt more protective behaviours, such as avoiding
direct sunlight, which may slow the impact of heatwaves. These findings indicate that males should be aware of
the effects of heatwaves, avoid working at high temperatures for prolonged periods of time, and take necessary
protective measures.

Some heatwave characteristics may modify the risk of hospitalization for heatwave-related IS. The results
of this study indicate that the 1st-4th days of a heatwave pose a greater risk than do the 5th and subsequent
days. This suggests the need for preparation to mitigate the hazards of heatwaves, including reducing outdoor
activities and implementing additional preventive measures during heatwave periods.

We also found that the first and second heatwaves of the year had a greater risk of hospitalization than
the third and subsequent heatwaves did, which is consistent with studies on mortality in 130 counties in
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China'? and 43 communities in the United States**. The reason for this pattern may be the harvesting effect6:47,
whereby susceptible individuals become ill or die during earlier heatwaves, which results in an increase in
hospital admissions during the initial phase of heatwaves and a subsequent decrease in later hospitalizations.
Alternatively, this pattern could be attributed to individual adaptation or the implementation of adaptive
behaviours to withstand heat. This underscores the need for relevant authorities to establish early heatwave
warning systems and strengthen health education for sensitive populations, such as older individuals, to prevent
heatwave hazards at an early stage.

During heatwaves, increased relative humidity is positively correlated with the risk of IS. Multiple studies have
suggested that high relative humidity environments are associated with cerebrovascular diseases. An increase
in humidity may affect the body’s heat perception and temperature regulation, thereby imposing a burden on
blood circulation and the cardiovascular system®%. Therefore, in hot and humid weather, it is important to
focus on cooling and dehumidification, maintain adequate water intake, and pay attention to changes in body
temperature. If any discomfort arises, seeking medical attention or promptly taking emergency measures is
advisable. The results of this study indicate that the DTRs during heatwaves are low and can increase the risk
of IS. This may be because with a low DTR, nighttime temperatures tend to remain high, preventing people
from receiving sufficient rest and relief, thus increasing the risk of disease occurrence. This suggests the need to
mitigate the potential health impacts of prolonged high temperatures. Using cooling devices at night to aid in
heat dissipation can ensure good sleep and help the body regulate its functions and recover.

Because the frequency and intensity of heatwaves will increase in the future, relevant authorities should
develop targeted heatwave warnings on the basis of the characteristics of heatwaves. The authorities should
increase environmental monitoring and enhance emergency response measures for hot weather conditions to
ensure public health and safety.

The limitations of this study must also be acknowledged. First, as in most epidemiological studies, the
meteorological and air pollutant data that we used were from fixed-site outdoor monitors, which do not accurately
reflect the reality of individual exposure. Second, as in most other ecological studies, individual-level confounders
were not controlled for in our study, which means that the study may contain ecological aberrations. Third, we
adopted the definition of heatwaves as stipulated by the China Meteorological Administration, which applies to
China’s climate type; thus, the results may not apply to countries and regions with different meteorological types.
We also found that satellite data had a higher resolution than station data did, were not disturbed by external
conditions, and had higher objectivity and authenticity®®, which will be further investigated in future studies.

Conclusions

In this study, the main effect of heatwaves significantly influenced the risk of hospitalization for IS, whereas the
added effects of heatwaves had no effect on the risk of admission for IS. Moreover, the influence of heatwaves
on hospital admissions for IS varied depending on heatwave characteristics. Specifically, the 1st-4th days of
heatwaves, the first and second heatwaves of the year, periods of high relative humidity and low DTRs during
heatwaves were associated with an increased risk of hospital admissions for IS. Therefore, relevant authorities
should pay attention to the effects of high temperatures during heatwaves and to heatwave characteristics,
establish effective warning systems, implement appropriate protective measures, and increase public awareness
and education to protect individuals from the harmful effects of heatwaves to ensure more precise health
management.

Data availability

Al ICH cases’ data used in this study cannot be shared publicly .The data underlying the results presented in the
study are available from the Information Statistics Center of Health Commission of Hunan Province.Meteoro-
logical data were collected from the China Meteorological Data Network(https://data.cma.cn/).Daily air quality
data were collected from the China National Environmental Monitoring Centre (https://www.cnemc.cn/).The
data for the population, economy, and health resources of each district/county were acquired from the Hunan
Statistical Yearbook 2020 (http://tjj.hunan.gov.cn/).
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