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Abstract

Background Humid heatwaves might cause more massive destruction to human health systems, especially

the cardiovascular system. However, there is no systematic approach for identifying humid heatwaves and assessing
their impacts on human health and health-related economic burden. This study aims to elucidate the relationship
between short-term exposure to humid heatwaves and the relative risk of hospitalization for ischemic heart disease
(IHD) and the hospitalization-related economic burdens.

Methods This study utilizes hospitalization data from the Chinese Multiple-County (CMC) Hospital Network

with 6,843,511 IHD cases across 1309 counties from 2016 to 2022. We employed a pre-post analysis and a causal
inferential propensity score matching aided difference-in-differences (PSM-DID) approach to assess the causal effect
of each type of humid heatwaves on IHD hospitalization rate changes.

Results |HD hospitalizations increased by 2.92% (95% Cl, 1.17%, 4.66%), 2.76% (95% Cl, 1.07%, 4.45%), and 1.60% (95%
Cl, 0.08%, 3.12%) following independent humid heatwaves, light precipitation involved-, and moderate precipitation
involved-humid heatwaves, with annual hospitalization-related economic burden reached $154 million (95% Cl, $20,
$249 million), $75 million (95% Cl, $14, $136 million), and $81 million (95% Cl, $31, $131 million), respectively. Chronic
IHD and Angina were the most sensitive subtypes. Moreover, middle-to-old and male populations were afforded

the most burdens.

Conclusions As humid heatwaves become more intense, older populations with IHD should be provided with more
care and medical resources. Identifying strategies and implementing actionable adaptation measures to mini-

mize disruptions in healthcare delivery following these extremely hot and humid events is crucial to reducing IHD
hospitalizations.
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Background
As global climate change intensifies, multiple regions
such as Southeast Asia, West Africa, and South Amer-
ica are experiencing prolonged hot and humid condi-
tions [1]. While previous studies have established the
fundamental associations between extreme heat expo-
sure (i.e., heatwaves) and cardiovascular disease (CVD)
[2-4], the reliance on a single temperature param-
eter for heatwave identification may underestimate
the actual health risks under climate change, as high
humidity can exacerbate heat stress by inhibiting sweat
evaporation and elevating perceived temperature [5, 6].
Besides, the accumulation of water vapor in the hot and
humid atmosphere increases the likelihood of subse-
quent precipitation [7], which may offer a cooling effect
that interferes with the lag effect of heat exposure.
These complicated meteorological interactions of tem-
perature and humidity pose substantial challenges in
quantifying the impacts of comprehensive heat stress.
Our work not only revealed the health risks exerted by
the independent humid heatwaves but also the effect
of cooling breaks of compounded rainfall during hot
and humid days. Therefore, employing temperature
and humidity as primary indicators [8] to define humid
heatwaves has great potential in accurately capturing
the spatiotemporal health response of the public, which
expands the current understanding of heat stress under
climate change. Ischemic heart disease (IHD), which
constitutes the major component of the disease burden
of CVDs, includes chronic IHD, chronic stable angina,
acute myocardial infarction (MI), and its associated
heart failure [9]. Globally, there were 31.1 million inci-
dent IHD cases, 247 million prevalent IHD cases, 8.88
million IHD deaths, and 187 million disability-adjusted
life years (DALYs) lost [10]. IHD is also a leading cause
of death in China, which accounts for 43% of CVD
deaths and 24.1% of DALYs [11, 12]. Because IHD is
sensitive to extreme weather disasters [13, 14], the lev-
els of IHD hospitalizations can serve as a quantitative
indicator for understanding the health impacts, and the
health-related economic burden of humid heatwaves.
Despite extensive studies that have confirmed the ele-
vated mortality or hospitalization risks for IHD during
extreme heat exposure [15, 16], systematic evaluation of
the health-related economic burden attributable to these
extreme weather events remains limited. This evidence
gap challenges local governments, policymakers, and
healthcare facilities in efficiently allocating economic and
medical resources. Precise estimation of economic bur-
den across IHD subtypes, age, and gender groups enables
more targeted healthcare provision for highly vulnerable
populations—a particularly crucial consideration in less
developed regions with limited healthcare resources.
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To fill this critical deficit, our study aims to employ a
causal inferential study design, including pre-post analy-
sis and propensity score matching aided difference-in-
differences (PSM-DID) approach in 3425 hospitals across
over 1300 Chinese counties through Chinese Multiple-
County (CMC) Hospital Network dataset, to (1) inves-
tigate the sensitivity and temperoal evolution of IHD
hospitalizations following the onset of humid heatwaves
(both independent and precipitation involved); (2) iden-
tifying the vulnerable populations with respect to age
group and gender; (3) estimate the humid heatwaves
induced, IHD hospitalizations related potential economic
burden in China over the years 2016—2022.

Methods

Data sources and IHD cases

Meteorological data were obtained from the Visual
Crossing global weather database [17], and IHD clini-
cal diagnoses [18] were collected from the CMC Hos-
pital Network dataset. Specifically, the Visual Crossing
global weather database combines the Integrated Surface
Database (ISD) from the National Oceanic and Atmos-
pheric Administration (NOAA) and historical records
from thousands of ground stations, generating hourly
level, high-resolution (0.1° X 0.1°) meteorological metrics
including but not limited to temperature and humidity
[19]. For meaningful interpretation at the county scale,
these metrics were converted to the daily average by area.
The CMC Hospital Network dataset, initially established
in 2016, documents all patient records from a collective
of 3425 hospitals in 1309 counties across China. IHD
hospitalizations were examined by the international clas-
sification of diseases, 10™ revision (ICD-10) codes [18],
including angina (I20), myocardial infarction (I21, 122,
123), chronic ischemic heart disease (I125), other ischemic
heart diseases (I124). We also aggregated demographic,
socioeconomic, environmental, and health-related data
(e.g., gross regional product (GRP), GRP growth rate,
population, gender ratio, the elderly proportion, educa-
tion attainment, green coverage, and number of hospi-
tals) from the National Bureau of Statistics [20].

Independent and precipitation-involved humid heatwaves
To evaluate the composite effects of extreme tempera-
ture and high humidity, as well as other factors compris-
ing atmospheric pressure and solar energy, we developed
a comprehensive meteorological humid heatwave index
(for more details, see Additional file 1 methods: Text 1)
[21-32], with assistance of which the humid heatwave is
defined as a climate-related hazard persisting for three or
more days exceeding the 90" percentile threshold in local
history based on the criteria from the World Meteorolog-
ical Organization (WMO) and NOAA.
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Based on the occurrence of subsequent rainfall (due to
high humidity [33]), the humid heatwave is categorized
into the independent and the precipitation-involved
humid heatwaves. An independent humid heatwave is
when the index exceeds the 90™ percentile for three or
more consecutive days without any subsequent precipi-
tation [34]. In contrast,a precipitation-involved humid
heatwave is recognized as a compound event where pre-
cipitation occurs within 1 week following the onset of
a humid heatwave. This 1-week window period aligns
with existing studies focusing on compound extreme
climate hazards [35]. Besides,it also fits the observa-
tion window configuration in our PSM-DID framework
discussed later. Additionally,based on the precipita-
tion levels [36],precipitation-involved humid heatwaves
are further categorized as follows: light precipitation
involved (LPL<9.9 mm/day); moderate precipitation
involved (MPL9.9 ~16.9 mm/day); and extreme precipi-
tation involved (EPLover the 95" percentile (17.0 mm/
day) of precipitation in history [36]). We did not provide
detailed DID estimates for EPI humid heatwaves due to
the very limited number of events. To further understand
the mechanisms of cooling breaks that precipitation plays
in precipitation-involved humid heatwaves,varying lev-
els of independent precipitation events were addition-
ally analyzed to capture the relative changes in ambient
temperature and humidity after rainfalls (Additional
file 1 results: Table 1). Moreover,the humid heatwave
event was at the county level which followed the standard
aggregation approach based on the weights of population
density for the justification of hazard exposure [37, 38].

Pre- and post-period and warning period

Considering the short duration of humid heatwave
exposure and the potential IHD hospitalization risk in
lag period, by tagging the start of the event day as day
0, the observation windows were set by weeks as fol-
lows (also refer to Additional file 1 results: Fig. 3):

(1) Warning: pre- vs. post-period as [— 6, —4] vs. [— 3,
—1] days;

(2) Period 1: pre- vs. post-period as [— 10, —4] vs. [0, 6]
days;

(3) Period 2: pre- vs. post-period as [— 17, —4] vs. [0,
13] days; and.

(4) Period 3: pre- vs. post-period as [— 24, —18] vs. [14,
20] days.

Note that a 3-day warning period immediately before
the onset of the humid heatwave is particularly consid-
ered and removed from the pre-event timeline, aiming
to avoid analyzing escalated hospitalization rates that
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might occur in the pre-period in the DID model. Oth-
erwise, the relative risk induced by the humid heatwave
would be underestimated. Typically, period 1 reflects the
most threatening relative risk imposed by most humid
heatwaves immediately after the onset, resulting from
the highest heat intensity at their active periods. Period 2
indicates the overall relative risk during the first 2 weeks
following the onset of humid heatwaves. For most cat-
egories of events, period 3 refers to the period in which
the lag effect gradually diminishes to no statistical signifi-
cance stage.

Control county matching and selection

We employed a rigorous PSM framework for selecting
control counties, pairing each humid heatwave-affected
county with four controls. Firstly, any county directly
adjacent to the affected county was excluded. Secondly,
counties that were undergoing or had experienced humid
heatwaves within 1 month before or after the study
period were removed, aiming to avoid the potential inter-
ference from the previous humid heatwave on the sub-
sequent event. Previous studies have also confirmed that
heat stress on IHD typically lasts within 1 month [39].
Thirdly, we paired the affected and control counties that
had the same local Koppen-Geiger climate type [40].
Moreover, to avoid auto-correlations, both global and
local Moran’s I were examined and we excluded coun-
ties with local Moran’s I exceeding 0.5 [41] (More details
can be found in Additional file 1 methods: Text 2). After
expelling candidate counties through geographic loca-
tion, interval requirement, spatial autocorrelation, and
local climate type, we utilized PSM to select control
counties that mirrored the conditions of the affected
counties but excluded the impact of humid heatwaves
[42]. Covariates included county-scale socioeconomic
(GRP per capita, growth rate, and employment rate),
demographic (population density, gender ratio, and per-
centage of population with bachelor’s or higher degree),
environmental condition (green coverage), and health-
care attributes (number of hospitals per 100,000 popu-
lation, averaged healthcare expenditure), as well as daily
air pollutants [43—-49] (PM, s, PM,,, and O;) are consid-
ered as confounding factors to balance. We calculated the
standardized mean differences (SMD; Additional file 1
results: Fig. 1) and the histograms of propensity score
distributions (Additional file 1 results: Fig. 2) of balanced
covariates before and after PSM. The |SMD|< 10% and
the consistent distributions of propensity scores indicate
the effective matching between humid heatwave-affected
and non-exposed control counties.
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Hospitalization-related economic burden

Given the relative change of cause-specific hospitalization
rate from the statistical analysis (PSM-DID) and followed
the commonly adopted assumption [50] that the excess
relative risk of IHD hospitalization rates was identical
across all affected counties that experienced humid heat-
waves in China. We estimated the hospitalization-related
economic burden by considering each county’s popula-
tion demographic and exposure characteristics. Then,
these county-scale burdens were summed up to compute
the hospitalization-related burden at the national scale.
Mathematically, the potential economic burden is esti-
mated as:

N, Ng
B= ZizlzjleoAF,.,,Ni,,cx(1 +a)

where subscript i and j respectively refer to the i county
and j population group with N, Ng the corresponding
summations. Ry is the reported IHD incidence rate in
China. AF;; = % is the event-frequency and
population-group dependent attributable fraction to
humid heatwaves, with n, D, T, RR, RR-1, and
> (RR — 1)D being the number of events, the length of
observation window (i.e., periods 1-3), the total study
period, relative risk, excess relative risk, and cumulative
excess relative risk, respectively. N;; is the population size
therefore the product RyAF;;N;; refers to the number of
hospitalizations attributed to humid heatwaves. C is the
direct cost per IHD hospitalization that encompasses
healthcare goods, services, and consumption of other
medical resources [51] so RoAF;;N;;C accounts for the
total economic burden for j age group in i county. Fur-
ther given the purchasing power parties (PPP) y that con-
sider the absolute purchase power difference in different
currencies [52], and the inflation rate [53] «a over the
years, we derive the explicit function of economic burden
(B) which is consistent with the previous study [54].

Statistical analyses

We conducted a pre-post analysis to estimate the over-
all relative change in IHD hospitalization rate following
the onset of humid heatwaves in affected counties. The
pre-post estimates refer to the temporal health outcome
attributed to the humid heatwave and other confounding
factors (e.g., air pollution, economic prosperity, health-
care facilities). Then we employed a causal inferential
study design, utilizing a rigorous PSM-DID approach
[55] to compare the hospitalization rate relative change
in humid heatwave-affected counties with matched con-
trol counties. After PSM, the confounding factors among
affected and control counties are balanced therefore the
DID estimates exclusively represent the health impact
triggered by the humid heatwaves. Note that for the
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pre-post analysis, the primary predictor was the indica-
tor (hospitalization rates) of pre- vs. post-event status.
In the PSM-DID approach, we evaluated the relative risk
difference in IHD hospitalizations using a binary interac-
tion term between the county type (affected =1 or con-
trol =0) and the period (pre-period = 1; post-period =0).
A county-level generalized linear mixed-effect model
was adopted, which treated the geographic location as
a random effect and the daily total IHD hospitalizations
as the dependent variable. We incorporated county-spe-
cific population size as an offset on a logarithmic scale to
account for the difference in population among analyzed
counties. Temporal fluctuations such as holidays and
day-of-week cycles were also considered. For the math-
ematical model descriptions, see Additional file 1 meth-
ods: Text 3.

Regarding the pre-post analysis, it captures the tempo-
ral changes in hospitalization rates in affected counties
before and after the humid heatwaves. Estimates given
by pre-post analysis were just utilized for reference, as
both humid heatwaves and confounding factors (such
as the local economy and air pollutants) contributed to
the captured hospitalization risks. In contrast, PSM-DID
analysis yielded the primary findings of health risks (i.e.,
relative changes in hospitalization rates) that were solely
attributed to humid heatwaves. This causal inference is
achieved by a double-difference framework. By applying
the rigorous inclusion/exclusion criteria and propensity
score matching, confounding factors between humid
heatwave-affected counties and non-exposed controls
were balanced (|SMD|< 10%). Furthermore, the paral-
lel trends preceding the hazard occurrence indicate that
there were no statistically significant temporal effects
between humid heatwave-affected counties and non-
exposed controls. Thus, all the relative changes in hospi-
talization rates were the causal impacts exerted by humid
heatwaves.

To explore variations in our findings across different
IHD sub-categories and demographic groups, we con-
ducted stratified analyses for each IHD category, gender,
and age group. Sensitivity analyses were performed using
the 95 percentile of the meteorological humid heatwave
index to ensure the robustness of our primary findings.
All statistical tests were reported with P-values and con-
fidence intervals (Cls) to measure statistical significance
and uncertainty. The analyses used R version 4.1.3, Mat-
lab R2023a, and ArcGIS Pro 3.2.

Results

Study population and exposure characteristics

From 2016 to 2022, in total, 10,553 county-specific humid
heatwaves were identified in the CMC Hospital Network
covered counties (i.e.,, 1309 administrative counties)
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Table 1 Baseline disaster and population characteristics of the
Chinese Multiple-County (CMC) Hospital Network in 2016-22

Characteristics N (%)
Disaster characteristics

Study population characteristics

Baseline disaster and population 6,843,511

characteristics of the Chinese

Angina 2,589,772 (37.8)

M 794,234 (11.61)

Chronic ischemic heart disease 3,316,109 (48.46)

Other ischemic heart diseases 143,396 (2.10)
Gender

Male 3,648,523 (53.31)

Female 3,194,988 (46.69)
Age group

18-44 228,031 (3.29)

45-64 2,484,319 (35.82)

Over 65 4,223,639 (60.89)

Employment status

Unemployment 575,858 (841)
Employment 4,197,730 (61.34)
Retired 2,069,923 (30.25)

LPI and MPI humid heatwave refers to the compound humid heatwave in which
shower/light precipitation and moderate precipitation are involved within the
7-day window

LPIlight precipitation involved, MPI Moderate precipitation involved, M/
Myocardial infarction

through the comprehensive meteorological index, of
which 3375 (32.0%) independent humid heatwave events,
3328 (31.5%) LPI, 3203 (30.5%) MPI humid heatwave
events, and 647 (6.0%) EPI heatwave were characterized
(Table 1), mainly affecting the eastern and southern-
eastern of mainland China (Fig. 1). These counties expe-
rienced 6,843,511 IHD cases, the average duration of
an independent humid heatwave was 10.68 days. Most
IHD cases occurred in middle-aged to elderly popula-
tions, with 52.31% male and 61.34% employed. IHD cases
were classified into four sub-types: angina (37.8%), MI
(11.61%), chronic IHD (48.46%), and other IHD diseases
(2.10%). Furthermore, humid heatwaves related IHD hos-
pitalization cases in a sequential observation period are
shown in Figs. 2A,B, and the majority of IHD hospitaliza-
tions were attributed to chronic IHD (49.58-50.27%) and
angina (36.00-36.38%) in each window period.

Cause-specific IHD hospitalization changes

following humid heatwaves

Overall, IHD hospitalization rate was 2.39% (95% CI,
1.27%, 3.51%) higher in affected counties during the first
week (period 1, days 0-6) following a humid heatwave,
with DID estimates showing a 2.03% increase (95% ClI,
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0.27%, 3.79%) (Additional file 1 results: Table 2). Spe-
cifically for different types of humid heatwaves, the hos-
pitalization rate changes decreased with the escalating
level of precipitation involved during the effective period
of humid heatwaves (Table 2). Independent humid heat-
waves imposed the most harmful impact on human
health, with DID estimates of 2.92% (95% CI, 1.17%,
4.66%), 1.73% (95% CI, 0.58%, 2.89%), and 0.38% (95%
CI, —0.09%, 0.86%) during the first, the first two, and the
third weeks. In comparison, LPI and MPI humid heat-
waves possessed comparatively lower stresses, with hospi-
talization rate excess increase respectively 2.76% (95% CI,
1.07%, 4.45%) and 1.60% (95% CI, 0.08%, 3.12%) during
the first week and then gradually diminished with time.

Concerning the responses of subcategories of IHD hos-
pitalizations, chronic IHD associated with recurrent con-
ditions demonstrated the most positive change stressed
by humid heatwaves over the observation time (Period 2
independent 2.25%, [95% CI, 0.06%, 4.44%]; MPI 1.10%,
[95% CI, 0.30%, 1.90%]; Fig. 2B). In comparison, angina
was almost on par with the chronic IHD in the first week
(independent 2.21% [95% CI, 1.08%, 3.34%]; MPI 1.32%
[95% CI, 0.60%, 2.04%]), but exhibited a notable decline
in the overall impact during the first 2 weeks (inde-
pendent 1.57% [95% CI, 1.12%, 2.03%]; LPI 0.92% [95%
CI, 0.43%, 1.41%]; MPI 0.41% [95% CI, 0.11%, 0.71%]).
In contrast, MI and other IHD hospitalizations had no
statistically significant evidence (95% CI) following the
onset of humid heatwaves.

During the 3-day warning period preceding the onset
of humid heatwaves, the overall IHD hospitalization rate
increased by 0.90% (95% CI, 0.76%, 1.04%) in the affected
counties, while DID estimates attributed a 1.10% (95%
CI, 0.85%, 1.35%) overall increase to humid heatwaves
(Additional file 1 results: Table 2). Though shifts were
less significant, these observations highlighted the neces-
sity of considering the warning period in the PSM-DID
framework.

Gender and age stratification analyses

IHD hospitalizations showed strong disparities in
gender and age factors under humid heatwaves. Par-
ticularly for the total IHD hospitalization cases, the
rate increase attributed to the independent humid
heatwaves lasted for 2 weeks for men (2.48% [95% CI,
0.80%, 4.16%]), whereas the adverse impact was only
remarkable in the first week for women (2.15% [95% CI,
0.22%, 4.08%]) (Fig. 3A). Regarding age groups, middle-
aged to older populations experienced a higher risk of
IHD hospitalizations within 2 weeks of exposure to the
independent humid heatwaves (middle age 1.61% [95%
CI, 0.04%, 3.18%]; the elderly 3.29% [95% CI, 0.39%,
6.19%]), while no significant changes were observed
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Fig. 1 Distributions of humid heatwaves in CMC Hospital Network from 2016 to 2022. A Independent humid heatwave. B LPI humid heatwave. C

MPI humid heatwave
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Fig. 2 Association between short-term exposure to humid heatwaves by sub-categories of IHD in different window periods. LPl and MPI

humid heatwave respectively refers to the compound humid heatwave that shower/light precipitation and moderate precipitation is involved
within the 7-day window. Period 1 indicates days 0-6 (post-period [from event start day 0]) vs days —4 to —10 (comparison pre-period); Period 2
indicates days 0-13 (post-period [from event start day 0]) vs days —4 to —17 (comparison pre-period); Period 3 indicates days 14-20 (post-period
[from event start day 0]) vs days —18 to —24 (comparison pre-period); Warning indicates days —3 to 0 (warning-period [from event start day

0]) vs days —4 to —6 (comparison pre-period). The primary predictors were an indicator of whether a county was affected or control, time

(pre- versus post-disaster), and the interaction between the two. All models included the disaster-specific match groups as fixed effects and were
adjusted for county population, holiday, and day of week. IHD—ischemic heart disease; Ml—myocardial infarction; Cl—confidence interval; LPl—

light precipitation involved; MPl—moderate precipitation involved

in the younger population (Fig. 3B). The IHD hospi-
talizations for both age- and gender-specific population
groups decreased with observation time, with no statis-
tical meaningful impact (95% CI) captured in the third
week by the PSM-DID analysis.

Humid heatwave-induced hospitalization related
economic burden

From 2016 to 2022, the yearly averaged potential eco-
nomic burden of IHD hospitalizations attributable to
independent humid heatwaves, LPI, and MPI humid
heatwaves reached 154 million US dollar (USD) (95% CI
20, 249 miillion), 75 million USD (95% CI 14, 136 million),
and 81 million USD (95% CI 31, 131 million), respec-
tively (Fig. 4A—C). The eastern and southeastern coastal
regions, as well as a few large metropolitan clusters in the
central and northern plain areas, were afforded the piv-
otal economic burden triggered by humid heatwaves. The
trend for each event type showed slight fluctuations over
the 7 years (Fig. 4D). Moreover, the middle-aged and the
elderly groups suffered from the majority of the adverse
impacts induced by humid heatwaves, collectively consti-
tuting around 90% IHD hospitalization-related economic
burden, while the burden on the younger demographic
was relatively minimal. Additionally, the humid heat-
waves induced burdens on males (66.06%) were also
comparatively higher than females (33.94%) (Fig. 5).

Moreover, parallel trends for independent and precipi-
tation-involved humid heatwaves were examined before
implementing the DID analysis (Fig. 6).

Sensitivity analyses

Sensitivity analyses employing the 95th™ percentile dis-
tribution of the comprehensive meteorological index as
threshold to define the humid heatwave events (Addi-
tional file 1 results: Table 3) produced slightly larger DID
estimates than our primary analysis: IHD hospitaliza-
tion had DID estimates of 2.82% (95% CI, 0.83%, 4.81%),
2.74% (95% CI, 1.03%, 4.45%), and 1.57% (95% CI, 0.10%,
3.04%) for the independent humid heatwave, LPI, and
MPI humid heatwaves during the first week (period 1),
respectively. These slightly increased magnitudes were
attributed to the more extreme scenario in which the 95
was more server than the 90" humid heatwaves. Never-
theless, consistent trends of these IHD hospitalization
rate changes were captured in the sequential observation
windows. These results supported the robustness of both
our humid heatwave identification approach and PSM-
DID causal inferential framework.

Discussion

We found a significant increase in total IHD hospitaliza-
tions in the first 2 weeks following the onset of an inde-
pendent humid heatwave, while the risk of IHD gradually
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Table 2 Association between short-term exposure to humid heatwaves and the risk of IHD hospitalizations
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Period All IHD cases

Affected counties,
relative change (95% Cl)

Diff-in-Diff (95% Cl)
(affected RR/control RR)

Independent humid heatwave (N=3375)

Warning 73,976
Period 1 169,106
Period 2 337,179
Period 3 163,921
LPI humid heatwave (N=3328)

Warning 74,937
Period 1 174,991
Period 2 347,502
Period 3 168,302
MPI humid heatwave (N=3203)

Warning 69,123
Period 1 162,229
Period 2 323,559
Period 3 156,717

0.79 (0.64,0.94)
2.53(1.56,3.51)
1.57(0.89, 2.25)

1.28 (1.01, 1.55)
2920117, 466)
1.73(0.58, 2.89)

-

—0.10 (- 1.14,094) 0.38 (- 0.09, 0.86)
0.85 (- 0.62,2.32) 0.69 (= 1.11, 2.49)
2.39(1.29,3.50) 2.76 (1 07, 445)

0.80 (0.06, 1.55) 0.69 (- ,1.99)
—1.23(=236,-0.10) (7 1.03,1.44)
1.02 (0.58, 1.45) 1.60 (- 0.98,4.18)
1.89 (0.86, 2.92) 160(008 3.12)

0.15 (= 0.55,0.86) 1(=073,1.37)
0.12(-0.94,1.18) 032(710 1.65)

The relative changes (95% Cl) in affected counties refer to the result given by the pre-post analysis, whereas the Diff-in-Diff (95%) corresponds to the estimates given
by the PSM-DID framework. LPI and MPI humid heatwave, respectively, refer to the compound humid heatwave in which shower/light precipitation and moderate
precipitation are involved within the 7-day window. Warning indicates days — 3 to 0 (warning-period [from event start day 0]) vs. days — 4 to — 6 (comparison pre-
period); Period 1 indicates days 0-6 (post-period [from event start day 0]) vs. days —4 to — 10 (comparison pre-period); Period 2 indicates days 0-13 (post-period [from
event start day 0]) vs. days —4 to — 17 (comparison pre-period); Period 3 indicates days 14-20 (post-period [from event start day 0]) vs. days — 24 to — 18 (comparison
pre-period). The primary predictors were whether a county was affected by the events or not, time (pre- versus post-disaster), and the interaction between the two.
All models included the disaster-specific match groups as fixed effects and were adjusted for county population, holiday, and day of the week. /IHD ischemic heart
disease; Cl confidence interval; Diff-in-Diff difference-in-differences; LPI light precipitation involved; MPI moderate precipitation involved; RR relative risk

decreased when light-to-moderate precipitation occurred
during the humid heatwave effective period. Collectively,
the estimated average potential healthcare burdens
related to IHD hospitalizations were approximately $154
million (95% CI $20, $249 million), $75 million (95% CI
$14, $136 million), and $81 million (95% CI $31, $131
million) for independent humid heatwaves, LPI humid
heatwaves, and MPI humid heatwaves, respectively.

Our work expands upon the existing evidence by sys-
tematically assessing how short-term exposure to humid
heatwaves could elevate the IHD hospitalization risk.
While previous studies revealed the association between
heatwaves and overall mortality of cardiovascular disease,
there remains insufficient statistical evidence regarding
the impact of high temperature on cause-specific IHD
hospitalizations [3, 56, 57]. Additionally, extensive stud-
ies simply defined heatwaves through a single tempera-
ture parameter with less attention paid to the intricate
interplay of extreme temperature and high humidity in
the broader meteorological context [58, 59]. This neglect
extends to the often overlooked influence of precipita-
tion during hot and humid days. As precipitations could
remarkably reduce the ambient temperature (Additional
file 1 results: Table 1), compared to independent humid
heatwaves, precipitation involved LPI and MPI humid
heatwaves had less influence on IHD hospitalizations,

particularly among middle-aged and the elderly popula-
tions with chronic IHD and angina.

This study also emphasizes the urgent need to establish
an effective early warning system and implement proac-
tive adaptation strategies to address the escalating chal-
lenges posed by global warming, not restricted to China
[60] but also other nations and/or regions grappling with
prolonged hot and humid days such as those in southeast
Asia [61], central and south America [62] and equatorial
regions of Africa [1]. An early warning system is essen-
tial as it furnishes actionable information to the public,
advising them to take measures (e.g., staying indoors or
seeking cooler shelters), bolstering preparedness for heat
stress, and ensuring prompt emergency responses [63].
However, only about half of the 193 WMO member coun-
tries have established multi-hazard early warning systems
[64]. Significant gaps remain in weather observation net-
works, particularly in Africa, parts of Latin America, and
Pacific and Caribbean island states. In Central America,
countries have developed protocols that include vulnera-
ble groups more comprehensively in preparedness efforts
and have established National Emergency Committees
and legal frameworks to support these warning systems
[65]. These findings suggest policymakers should acceler-
ate warning strategies in their climate change mitigation
plans, especially in climate change scenarios.
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Fig. 3 Association between short-term exposure to humid heatwaves and the risk of IHD hospitalizations and its sub-categories by gender and age

group. A IHD hospitalizations by sex (male vs female); B IHD hospitalizations
heatwave indicates humid heatwave without the effect of any precipitation;

by age (young-age, middle age vs old age). Independent humid
LPIand MPI humid heatwave respectively indicates the compound

humid heatwave that shower/light precipitation and moderate precipitation is involved within the 7-day window; Extreme precipitation indicates
independent extreme precipitation without the humid heatwave. Warning indicates days —3 to 0 (warning-period [from event start day 0]) vs. days
—4 to —6 (comparison pre-period); Period 1 indicates days 0-6 (post-period [from event start day 0]) vs. days —4 to —10 (comparison pre-period);
Period 2 indicates days 0-13 (post-period [from event start day 0]) vs. days —4 to —17 (comparison pre-period); Period 3 indicates days 14-20
(post-period [from event start day 0]) vs. days —24 to —18 (comparison pre-period). IHD—ischemic heart disease; Cl—confidence interval; LPl—light

precipitation involved; MPl—moderate precipitation involved

Our study indicated the vulnerability and gender dis-
parities in humid heatwave-related IHD hospitalizations.
Notably, different sub-categories of IHD, particularly
chronic IHD and angina, showed a significant associa-
tion with humid heatwaves. This finding aligns with those
reported by Liu et al. and Saucy et al. in a meta-analysis

and a Swiss study [3, 66], which suggests an urgent need
for awareness among individuals with chronic IHD of
the potential for extreme weather to trigger disease
recurrence. Additionally, understanding the mecha-
nisms behind the observed decrease in plasma volume
and increased concentration of red blood cells and other
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Fig. 4 IHD hospitalization-related potential economic burden in CMC Hospital Network. A Independent humid heatwave. B LPI humid heatwave. C

MPI' humid heatwave. D Total economic burden by year
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Fig. 5 Percentages of overall potential IHD hospitalization economic burden due to the extreme weather disasters by gender and age group. LPI—

light precipitation involved; MPl—moderate precipitation involved

blood constituents, which contribute to elevated blood
viscosity and cholesterol concentration, thus poten-
tially causing thromboembolism and heightened risk of
ischemic heart disease in males, older population, and
low-income groups, could be crucial [67]. Furthermore,
heat-induced increases in heart rate and cardiac con-
tractility could escalate myocardial oxygen consumption,
potentially leading to fatal arrhythmias and angina [6].
This study separately examined the impacts of inde-
pendent humid heatwaves and precipitation-involved
compound humid heatwaves, offering a more pre-
cise estimation of the risk of IHD hospitalizations and
addressing potential underestimations in previous
research [5, 6, 68, 69]. Consecutive light-to-moderate
precipitation events diminish the severity and duration
of independent humid heatwaves, resulting in a rela-
tively lower IHD risk with no significant risk increases
after 1 week of the event onset in precipitation-involved
humid heatwaves. Moreover, to highlight the adverse
impacts difference of heat stress between humid heat-
waves and conventional heatwaves (solely defined by
temperature), we conducted supplementary analysis
utilizing temperature thresholds only (Additional file 1
results: Table 4). Results show that for all subtypes of
IHD diseases, independent humid heatwaves consist-
ently exerted higher excess hospitalization risks than
conventional heatwaves, with their peak hospitalization

risks (i.e., Period 1) increased by 31.58%, 36.42%, and
6.5% for chronic IHD, angina, and MI diseases, respec-
tively. However, the cooling effect of subsequent rain-
fall during MPI humid heatwaves led to a marked
reduction in IHD hospitalizations, decreasing by
35.67%, 18.52%, and 2.17% for chronic IHD, angina, and
MI, respectively in the first week. Our findings align
with prior studies, though available evidence remains
limited. Tang et al. conducted a single-city study dem-
onstrating a significant correlation between extreme
precipitation and ischemic stroke in China [70]. The
analysis of two extreme compound events (humid heat-
waves and extreme precipitation) was not conducted in
this study due to the rarity of such events, but further
research is necessary to better understand these poten-
tial compound interactions.

The estimated potential economic burden related to
IHD hospitalizations demonstrated slight fluctuations
from 2016 to 2022, with a noticeable concentration in
the metropolis. This pattern suggests that the economic
burden is influenced by both extreme weather events and
varying socio-demographic and economic conditions.
For instance, Beijing (39.90° N, 116.41° E), despite experi-
encing fewer humid heatwaves, exhibited a relatively high
economic burden. In contrast, southernmost counties
like Zhanjiang (21.27° N, 110.36° E) and Haikou (20.04°
N, 110.21° E) showed lower economic burdens, attributed
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Fig. 6 Parallel trend examination for subtypes of IHD under different types of humid heatwaves. Chronic IHD: A independent humid heatwaves;

B light precipitation involved humid heatwaves; C moderate precipitation involved humid heatwaves; Angina: D independent humid heatwaves;
E light precipitation involved humid heatwaves; F moderate precipitation involved humid heatwaves; MI: G independent humid heatwaves; H
light precipitation involved humid heatwaves; | moderate precipitation involved humid heatwaves. Abbreviation: Ml-myocardial infarction. Positive
days refer to the post-period in observation window Period 1, whereas negative days are the corresponding pre-period. The warning period

of 3 days are removed. Day O refers to the onset of the humid heatwave. Day —1 is for reference. Results showed that before humid heatwaves,
there was no significant pre-hazard difference between humid heatwave affected and non-exposed control counties, while after hazard onsets,
significant temporal trend divergence was observed for cause-specific hospitalization rates as the estimated coefficients with 95% confidence
intervals completely above zero for a certain duration of days. Our parallel trends examination confirmed the validity of causal inference designed

by the PSM-DID analytical framework

to smaller populations and lower socio-economic lev-
els, despite more frequent humid heatwaves. Shanghai
(31.14° N, 121.29° E), Chongging (29.34° N, 106.33° E),
and Guangzhou (23.06° N, 113.15° E) not only experi-
enced more humid heatwaves, but also revealed higher
economic burdens. Additionally, prior studies have high-
lighted direct costs of around USD 5000 per IHD hospi-
talization episode, with total IHD expenditures reaching
USD 79.8 billion, marking it the largest cardiovascular-
related expenditure in the USA [55, 71]. In comparison,

our estimates suggest that the economic impact of IHD
hospitalizations due to humid heatwaves is approxi-
mately USD 310 million, accounting for 1.86% of the
total IHD-related economic burden of USD 16.7 billion
in China [51]. Our findings align with previous research
indicating a more significant economic impact on males
and middle-to-older. This discrepancy can be explained
by the increased vulnerability of these groups to extreme
weather events [72] and the higher likelihood of males
participating in outdoor work or recreational activities.
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To our knowledge, this is the first national study to use
pre-post and PSM-DID analyses to evaluate the impact of
humid heatwaves (including both independent and precipi-
tation-involved types) on public health concerning changes
in IHD hospitalization rates. Compared to the extensively
used Distributed Lag Non-Linear Models (DLNM), the
PSM-DID framework has essential advantages as it offers
stronger causal inference capabilities through its dual
methodological framework. Our rigorous PSM match-
ing strictly balanced the observable county characteristics
between affected and control counties, while the difference-
in-differences strategy accounts for the time-invariant con-
founding factors and common temporal trends. Besides,
PSM-DID has simple configurations, with all the variables
obtained from statistical attributes or measured data. While
DLNM in principle can capture the health impacts brought
by humid heatwaves, it requires additional artificial input
model parameters such as the degree of freedom and spline
functions, which to some extent enhance the complexity
but do not offer additional insights for the health outcomes.
Moreover, while DLNM can capture non-linear relation-
ships and temporal dependencies after adjusting for the
potential confounding factors, it primarily establishes asso-
ciations rather than causal effects. This DLNM limitation
persists due to potential unmeasured confounders and the
inherent nature of time-series analyses. Given the increas-
ing prevalence of extreme weather event-related IHD hos-
pitalizations, the considerable IHD healthcare burden, and
the substantial societal impacts, local governments should
establish early warning systems to alert the public, dis-
seminate relevant weather information, plant more trees to
increase precipitation, formulate risk reduction strategies,
and ensure continuity of healthcare services following such
events. Our findings offer valuable insights for China and
other nations in tailoring public health policies that enhance
healthcare providers’ ability to respond effectively.

Study limitations

This study has some limitations. First, the potential for
migration or spillover [73] effects in control counties
cannot be dismissed despite adjusting for socioeconomic,
geographic, and demographic factors. Besides, the diffi-
culty in obtaining age-specific IHD incidence rates neces-
sitated using all-age group data to estimate the economic
burden. Finally, limited EPI humid heatwave events make
analyzing this compound event’s effects on IHD hospital-
ization risks challenging.

Conclusions

Populations exposed to humid heatwaves experienced
increased IHD hospitalizations, with an annual eco-
nomic burden up to 310 million USD. Males and elderly
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individuals afforded most of the burden. Chronic IHD
and Angina are the sensitive subcategories, while myo-
cardial infarction and the others are less pronounced. As
climate-related extreme weather events become more
intense, implementing proactive adaptation strategies
and maintaining the functions of the healthcare system
following these extreme events are crucial to reduce their
adverse impacts on public health.
Supplementary information.
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