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Summary
Background The association between congenital heart disease (CHD) and non-optimal temperatures has received
limited investigation. We aimed to investigate the impact of extreme temperatures on CHD mortality.

Methods We reviewed the National Mortality Surveillance System of China and retrieved death records attributable to
CHD from 2013 to 2021. Temperature and air pollutants data were obtained from the ERA5-Land reanalysis dataset
and the ChinaHighAirPollutants database. A two-stage case-crossover study design was implemented. Sensitivity and
subgroup analyses were performed to test the robustness of findings and determine the vulnerable population.

Findings A total of 32,168 CHD deaths were included, showing a significant association between cold and CHD
mortality, while there was little effect for heat. The odd ratio (OR) ranged from 1.05 (95% confidence interval:
1.00–1.10) to 1.15 (1.03–1.29) across country, with a more pronounced impact in non-monsoon regions up to 1.67
(1.20–2.32). Cold extremes accounted for an attributable fraction of 4.09 per 1000 CHD death nationwide and
13.30 per 1000 CHD deaths in non-monsoon regions. Sensitivity analyses utilizing apparent temperature and
adjusting for air pollutants confirmed the robustness of the main findings. Female and pediatric CHD patients
were identified as the vulnerable population to cold extremes.

Interpretation For the first time, this nationwide study demonstrated the significant impact of cold extremes on CHD
mortality, particularly in non-monsoon regions, and among female and pediatric subgroups. These findings may
suggest that healthcare professionals advise CHD patients to avoid exposure to cold extremes, and provide insight
into healthcare policy adjustment.
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Research in context

Evidence before this study
Extensive research has consistently shown a strong link
between non-optimal temperatures and cardiovascular
diseases, such as ischemic heart disease, stroke, heart failure,
arrhythmia, and aortic disease, in terms of both morbidity
and mortality. Congenital heart disease (CHD), a common
cardiovascular condition in children, has been the focus of
previous studies examining the impact of exposure to non-
optimal temperatures during early pregnancy on the risk of
CHD in offspring. However, limited research has been
conducted on the association between CHD mortality and
non-optimal temperatures.

Added value of this study
Utilizing data from China’s National Mortality Surveillance
System, we conducted a comprehensive two-stage,

individual-level, nationwide case-crossover study to examine
the relationship between ambient temperature and mortality
due to CHD. Our findings revealed a significant association
between CHD mortality and cold extremes rather than high
temperatures, with the risk escalating in correlation with the
severity and duration of cold spells.

Implications of all the available evidence
This study could offer valuable insights in the field of pediatric
cardiology concerning the effects of environmental exposures,
prompting healthcare professionals to advise patients with
CHD to avoid exposure to extreme cold temperatures.
Additional multi-national studies are necessary to validate the
results of this research.
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Introduction
Climate change is intricately linked to human health
and can cause temperature extremes, an ongoing chal-
lenge that adversely undermines the well-being of in-
dividuals and increases the vulnerability of populations
to life-threatening conditions.1 A multi-country study
reported that 5,083,173 deaths per year from 2000 to
2019 were attributed to non-optimal temperatures, and
90.4% of these fatalities were linked to cold-related
conditions.2 Due to anthropogenic influence, the fre-
quency and magnitude of weather extremes tend to be
continuously increased.3 Thus, the association between
temperature extremes and human health is still the
focus of research. Non-optimal temperature-related
morbidity and mortality are multifactorial, which was
speculated to be increased cardiac demand, dehydration,
and pulmonary stress during heat exposure, as well as
diminished cardiac output, hypotension and subsequent
organ failure during cold exposure.2,4,5 In addition, the
cardiovascular system is one of the most susceptible
systems to non-optimal temperature, resulting in
elevated risk and premature mortality.6

Congenital heart disease (CHD), one of the most
prevalent cardiovascular diseases for children, exhibited
an average increase of 14% in children and 70% in
adults in the prevalence between 1985 and 2010.7,8 With
the continuous advancement in CHD treatment, there
will be more individuals living with CHD and engaging
in social activity.9 Thus, there may be increasing possi-
bility for patients with CHD to experience extreme
temperature. Substantial research has reported the
robust association between non-optimal temperatures
and cardiovascular diseases, including ischemic heart
disease, stroke, heart failure, arrhythmia, and aortic
disease in the aspects of morbidity and mortality.10–13 For
CHD, previous studies mainly focused on the associa-
tion between exposure to non-optimal temperatures
during early pregnancy and the risk of CHD in
offsprings.14–19 However, the association between CHD
mortality and non-optimal temperatures has received
limited investigation. A recent American Heart Associ-
ation Statement has pointed out that children are more
vulnerable to environmental exposures due to the
developmental plasticity,20 and CHD is the foremost
congenital defect with the highest burden of mortality,
accounting for over 50% of noncommunicable disease
deaths under 20 years old in 2019.21 Taken together,
exploring the association between CHD mortality and
ambient temperature could be beneficial to under-
standing the contributing factors and further improve
the lifespan of these populations.

Based on the National Mortality Surveillance System
of China, we performed a two-stage, individual-level,
nationwide case-crossover study to systemically analyze
the association between CHD mortality and ambient
temperature. The modification effect of humidity and
air pollutants on ambient temperature was considered
in the model, and several subgroup analyses were con-
ducted to explore the vulnerable subpopulations. In
response to the American Heart Association Statement,
this study may provide novel evidence-based insights
into the life-long caring of CHD populations and health
policy adjustment.
Methods
Data sources
The death records from the National Mortality Surveil-
lance System of China, which was operated under the
administration of the Chinese Center for Disease Con-
trol and Prevention,22,23 were reviewed for the period
between January 1st, 2013 and December 31st, 2021.
The underlying causes of deaths attributed to CHD were
determined based solely on the primary diagnosis coded
www.thelancet.com Vol 53 December, 2024
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by the 10th revision of the International Classification of
Diseases, including Q20 to Q28. The date of death, date
of birth, gender, and geocoded residential address were
also collected from the records.

The gridded ambient temperature data were ob-
tained from the ERA5-Land hourly climate reanalysis
dataset, which has a spatial resolution of 0.1◦ × 0.1◦,24
and has been validated and widely adopted in previous
global studies.25,26 Geocoded residential addresses of
each identified CHD record from the National Mortality
Surveillance System were converted into gridded form.
Subsequently, we extracted hourly 2m dewpoint and 2m
temperature data for each identified CHD death record
from the nearest grid cell in the ERA5-Land dataset. The
daily temperature was determined by calculating the
average of the 24-h temperature. The corresponding
relative humidity of each grid cell was also collected to
calculate the apparent temperature as previously
described.27

The gridded ambient air pollutants data were ob-
tained from the ChinaHighAirPollutants (CHAP) data-
base (available at https://weijing-rs.github.io/product.
html), which was generated from the spatiotemporal
artificial intelligence models combined with ground
measurements, satellite remotes sensing products, and
atmospheric reanalysis.28–31 The corresponding daily
PM2.5, O3, NO2, SO2, and CO data for each CHD death
record at his or her geocoded residential address were
extracted for downstream analysis. The spatial resolu-
tion was 1 × 1 km for PM2.5 and O3, and 10 × 10 km for
NO2, SO2, and CO.

Human development index (HDI), a well-known
index used to assess the well-being levels with a com-
bination of health, education and standard of living, was
obtained from the Subnational Human Development
Database.32 The HDI ranges from 0 to 1, with a value
approximate to 1 reflecting a higher level of human
development. A HDI below 0.550 indicates low well-
being level; between 0.550 and 0.699 is considered
moderate well-being level; between 0.700 and 0.799 is
classified as high well-being level; and a HDI equal to or
greater than 0.800 is considered very high well-being
level.33

Study design
We applied a two-stage, individual-level, time-stratified
case-crossover design to investigate the association be-
tween CHD mortality and ambient temperature, which
could better address the effect of long-term trend and
seasonality of exposure and control for individual-level
factors (such as age, sex, lifestyle, comorbidities and
socioeconomic status).34 In the first stage, we obtained
the province-specific temperature-mortality associations
using a time-stratified case-crossover design. In this
design, the day of death for each subject was designated
as the case day; any other dates that fell within the same
year, month, and weekday were designated as the
www.thelancet.com Vol 53 December, 2024
matching control days. For example, if a patient passed
away on Wednesday, June 10th, 2021, that date would be
designated as the case day and the other Wednesdays in
June would serve as the control days (June 3rd, 17th,
24th). Due to the vast territories of China, the optimal
temperature for populations in different provinces may
vary. Therefore, in the second stage, we obtained the
overall estimate across China by using a meta-analytic
model with random effect to pool provincial esti-
mates.35 The informed consent was not applicable due to
the nature of second-hand data, and this study was
approved by the ethics committee of Fuwai hospital (No.
2024-2324).

Exposure assessment
The initial step was to standardize address-specific
ambient temperatures by converting absolute values
into percentiles. We subsequently derived the patient-
specific location thresholds for cold extremes at the
5th, 7.5th, 10th, 12.5th percentiles, as well as heat ex-
tremes at the 87.5th, 90th, 92.5th and 95th percentiles of
daily temperatures from 2013 to 2021. Three exposure
patterns were measured: i) moving average effect: 2–5
days moving average of temperatures before CHD death
was used to estimate the association36; ii) single lag ef-
fect: a range of lags from 0 to 21 days was used to es-
timate the temperature-mortality association37; iii)
cumulative effect: cold or heat extremes last for 2–5 days
(such as P5_5d, indicating temperature remained below
the 5th percentile for 5 consecutive days, and P95_3d,
indicating temperature remained above the 95th
percentile for 3 consecutive days) were used to estimate
the association.11

Statistical analysis
The association between CHD mortality and ambient
temperature (as continuous variables) was visualized
using a restricted cubic spline with 3 degrees of
freedom. A crude conditional logistic regression model
was used to examine the association between exposure
to temperature extremes and CHD deaths, with odds
ratio (OR) and its 95% confidence interval (CI)
employed to quantify the associations. Each subject had
one case day and three or four control days in the time
stratum. The formula was as follows:

P(Yhi = 1|Xhi) = exp{αh + βTXhi}

1+ exp{αh + βTXhi}

where Yhi ∈ {0, 1} indicates the ith observation of the hth
stratum. αh indicates the constant term for the hth
stratum.

To quantify the number of deaths attributable to
temperature extremes, we separately estimated the
attributable fraction (population) for different thresholds
of cold extremes encompassing daily temperatures at
3
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the 5th, 7.5th, 10th, and 12.5th percentiles, as well as
their cumulative effect. The formula was as follows:

P[Y = 1] −P[Y = 1][E = 0]
P[Y = 1]

where P[Y = 1] indicates the risk of CHD deaths in the
whole population, P[Y = 1][E = 0] indicates the risk of
CHD deaths in the population that is not exposed to
temperature extremes.

Sensitivity analyses were conducted to test the
robustness of the main findings, including pooling the
estimates at climate zones’ level in the second stage,38

analyzing the association of apparent temperatures
with CHD mortality and adjusting air pollutants (PM2.5,
O3, NO2, SO2, and CO) as the covariates in the condi-
tional logistic regression model. To identify potentially
vulnerable CHD populations to cold extremes, we con-
ducted stratified analyses by climates (monsoon, non-
monsoon), sex (male, female), age (<1 year, ≥1 year;
<5 years, ≥5 years; <18 years, ≥18 years), and HDI
(<0.7, ≥0.7). The stratification in climates was due to the
climatic distribution and distinct characteristics between
monsoon and non-monsoon climates39; age was mainly
based on the clinical significance of CHD that 1-year is a
critical turning point of CHD treatment,40 5-year is an
essential milestone to assess the health of pediatrics
within a country,41,42 and 18-year is another significant
period to separate the CHD management between pe-
diatric and adult population43; HDI was categorized as
low or high well-being level with the cutting point of
0.7.33 We also divided the study period by 2020 to
investigate whether the COVID-19 pandemic had an
impact on the relationship between extreme tempera-
tures and CHD mortality.44 P for interaction was also
tested by adding the interaction term in the model. The
data collection process was conducted using Python
(v.3.9) and all the analyses were performed utilizing R
(v.4.0.3) and SAS (v 9.4).

Role of the funding source
The funders had no role in study design, data collection,
data analysis, interpretation, writing of the report.
Results
Descriptive results
From 2013 to 2021, a total of 32,168 case days of CHD
deaths were identified through the National Mortality
Surveillance System of China, with no missing data and
corresponding 109,201 control days matched utilizing
the case-crossover design (Table 1). Among all deaths
attributed to CHD, neonates and adults emerged as the
predominant age groups, with most cases being male
patients (55.2%). The case of CHD deaths remained
relatively stable throughout the four seasons, with a
slightly higher occurrence observed in spring and
winter. The majority of case days occurred in regions
with monsoon climates, and consistent patterns were
observed across genders, age groups and seasons. The
summarized results were shown in Central illustration.

Association between ambient temperature and
CHD mortality
The relationship between 2-day to 5-day average tem-
perature and OR of CHD mortality exhibited a common
U-shape pattern (Fig. 1A and Supplementary Figure S1).
The risk of CHD mortality was significantly associated
with cold temperatures, while no significant association
was observed with heat temperatures despite the pres-
ence of notable point estimates. Negative results were
also observed in the cumulative effects of heat extremes
on CHD mortality (Supplementary Tables S1 and S2).
Thus, we focused on exploring the association between
cold temperatures and CHD mortality. The number of
cold extremes exhibited a gradual increase as the elevated
percentiles of thresholds (P5_3d to P12.5_3d), primarily
concentrated in the western and central regions of the
country (Fig. 1B and Supplementary Figure S2).

The lag responses of each threshold for cold ex-
tremes were examined up to 21 days, revealing that the
significant association between cold extremes and CHD
mortality occurred within a lag period of 5 days
(Supplementary Figure S3). Therefore, we further
explored the cumulative effects of cold extremes on
CHD mortality. Approximately 90% of CHD deaths
occurred in regions with monsoon climates at various
thresholds of cold extremes (Table 2). A significant as-
sociation between cold extremes and CHDmortality was
observed across the country, with the highest risk in
P5_5d (OR: 1.15, 95% CI: 1.03–1.29) (Fig. 2). The pos-
itive contribution was found to be more pronounced in
the non-monsoon zone and exhibited an increase with
lower temperature thresholds compared with the
monsoon zone, with the OR ranging from 1.23 (95% CI:
1.05–1.45) for P12.5_1d to 1.67 (95% CI: 1.20–2.32) for
P5_5d. The sensitivity analysis pooling estimates at
climate zones’ level (Supplementary Table S3) and uti-
lizing apparent temperature yielded consistent results
with the main findings (Supplementary Table S4). In
addition, sensitivity analysis adjusted by air pollutants
exhibited a slightly more positive contribution of cold
extremes on CHD mortality (Supplementary Table S5).
Stratified analysis did not find interaction between year
and the exposure (2013–2019 vs. 2020–2021), albeit to
the larger point estimates in the 2020–2021 group
(Supplementary Table S6).

Vulnerable CHD population to cold extremes
Subgroup analyses were conducted to investigate the
vulnerable CHD population to cold extremes. Compared
to male patients, female patients appeared to exhibit a
higher susceptibility to cold extremes, with the OR
ranging from 1.08 (95% CI: 1.01–1.16) for P10_1d to
www.thelancet.com Vol 53 December, 2024
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Nationwide Non-monsoon
climate

Monsoon climate

All CHD deaths (case days) 32,168 2739 29,429

Control days 109,201 9315 99,886

Age

<28 days 10,776 (33.5%) 944 (34.5%) 9832 (33.4%)

28 days to 1-year 1396 (4.3%) 106 (3.9%) 1290 (4.4%)

1 to 5-year 6382 (19.8%) 655 (23.9%) 5727 (19.5%)

5 to 18-year 3914 (12.2%) 327 (11.9%) 3587 (12.2%)

≧18-year 9700 (30.2%) 707 (25.8%) 8993 (30.6%)

Sex

Male 17,743 (55.2%) 1457 (53.2%) 16,286 (55.3%)

Female 14,425 (44.8%) 1282 (46.8%) 13,143 (44.7%)

Season at death

Spring (March to May) 8508 (26.4%) 715 (26.1%) 7793 (26.5%)

Summer (June to August) 7274 (22.6%) 583 (21.3%) 6691 (22.7%)

Autumn (September to November) 7283 (22.6%) 609 (22.2%) 6674 (22.7%)

Winter (December to February) 9103 (28.3%) 832 (30.4%) 8271 (28.1%)

Abbreviation: CHD, congenital heart disease. Values are presented with number (percentage).

Table 1: Characteristics of the study subjects in China, from 2013 to 2021.
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1.20 (95% CI: 1.01–1.43) for P5_5d (Supplementary
Table S7). The vulnerability to cold extremes in CHD
patients with different age was revealed to be discrepant
that younger patients exhibiting a relatively higher risk
when compared with others (Supplementary Tables S8–
S10). The point estimates in lower HDI regions
exhibited a greater susceptibility to cold extremes in
comparison to those with higher HDI, and prolonged
duration of cold extremes might exacerbate the impacts
on mortality (Supplementary Table S11).

Attribution fraction of CHD deaths due to cold
extremes
The attribution fraction of CHD deaths to cold extremes
was explored and ranged from 1.19 to 4.09 per 1000 CHD
deaths (Fig. 3). The attribution fraction exhibited an up-
ward trend as the thresholds increased and the duration
of cold extremes decreased. Similarly, the vulnerability of
CHD patients to cold extremes was found to be higher in
the non-monsoon regions compared to monsoon re-
gions, ranging from 5.62 per 1000 CHD deaths for P5_4d
to 13.30 per 1000 CHD deaths for P7.5_2d.

Discussion
In this case-crossover study based on the National
Mortality Surveillance System of China, we systemati-
cally investigated the association between ambient
Extreme temperature events

Extreme cold

Risk Increases in 
Non-monsoon Climate Zone

Cold extremes increa

Odds Ratio:
Ranged from 1.23 (95% CI: 1.05 to 1.45) to 1.67 (95% CI: 1.20 t

Attributable Fraction:
Ranged from 5.62 (95% CI: 0.32 to 10.89) to 13.30 (95% CI: 4.6
per 1000 CHD deaths

Attributable Fraction:
Ranged from 1.19 to 4.09 per 1

Odds Ratio:
Ranged from 1.05 (95% CI: 1.0

Impact of extreme temperature on co
a population-based nationwi

Central illustration: Cold extremes increase the risk of mortality due to c
females, and in non-monsoon regions.

www.thelancet.com Vol 53 December, 2024
temperatures and CHD mortality. We found that the
CHD mortality was significantly associated with cold
extremes rather than ambient heat, and the risk
increased with the intensity and duration of cold
Vulnerable Population

se congenital heart disease mortality

o 2.32)

4 to 21.88) 

000 CHD deaths

0 to 1.10) to 1.15 (1.03 to 1.29) across country

ngenital heart disease mortality: 
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extremes. The sensitivity analyses, which substituted the
ambient temperatures with the apparent temperatures
or incorporated air pollutants as adjustment, demon-
strated consistent results with the major findings. In
addition, CHD patients who were female, younger, and
Exposurea No. of CHD deaths (%)

Nationwide Non-monsoon
climate

Monsoon
climate

P5_5d 448 59 (13.2) 389 (86.8)

P5_4d 567 66 (11.6) 501 (88.4)

P5_3d 771 94 (12.2) 677 (87.8)

P5_2d 1095 121 (11.1) 974 (88.9)

P5_1d 1580 153 (9.7) 1427 (90.3)

P7.5_5d 778 93 (12.0) 685 (88.0)

P7.5_4d 990 112 (11.3) 878 (88.7)

P7.5_3d 1285 140 (10.9) 1145 (89.1)

P7.5_2d 1736 177 (10.2) 1559 (89.8)

P7.5_1d 2504 225 (9.0) 2279 (91.0)

P10_5d 1207 141 (11.7) 1066 (88.3)

P10_4d 1502 168 (11.2) 1334 (88.8)

P10_3d 1878 194 (10.3) 1684 (89.7)

P10_2d 2420 234 (9.7) 2186 (90.3)

P10_1d 3314 300 (9.1) 3014 (90.9)

P12.5_5d 1696 197 (11.6) 1499 (88.4)

P12.5_4d 2055 223 (10.9) 1832 (89.1)

P12.5_3d 2521 253 (10.0) 2268 (90.0)

P12.5_2d 3142 301 (9.6) 2841 (90.4)

P12.5_1d 4005 362 (9.0) 3643 (91.0)

Abbreviation: CHD, congenital heart disease. aIndicates different cold extremes.
For example, P5_5d indicates temperatures less than the 5th percentile of the
patient-specific location last for 5 days.

Table 2: Number of CHD deaths during cold extremes in China, from
2013 to 2021.
lived in regions with low HDI regions were more
vulnerable to cold extremes.

Enormous research has confirmed the significant
association between ambient temperature and death due
to different cardiovascular diseases.10–13 However, little is
known about the relationship between ambient tem-
perature and CHD mortality, albeit several studies
exploring the morbidity of CHD to ambient
temperature.14–18 The decreasing birth rate of neonates
with CHD, combined with improvements in treatment
outcomes, has resulted in a substantial decrease in
number of CHD-related deaths,9,21 leading to an inade-
quate sample size for a thorough analysis. To our
knowledge, this is the first study designed to illustrate
the impact of ambient temperature on CHD mortality.
Our study reviewed the National Mortality Surveillance
System of China and included 32,168 CHD death re-
cords from 2013 to 2021 spanning almost a decade from
a nation comprising nearly one-fifth of the world’s
population. Due to the availability of personal death
records, we were able to assess the association at the
individual level while controlling for time-varying per-
sonal confounding factors and seasonality. In addition,
people living in different climate zones may have
different tolerances to extreme temperatures.37,45 Thus,
we utilized location-specific standardized temperatures
represented as percentiles as the exposure and imple-
mented a two-stage statistical approach to accommodate
local variations by pooling estimates across multiple
cities for more accurate and reliable results. Further-
more, the vast territories of China with various climates
may enhance the generalization of our study findings.

Our results revealed that only cold extremes had a
significant impact on CHD mortality, which was
partially inconsistent with previous studies reporting
www.thelancet.com Vol 53 December, 2024
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Nationwide

Variable
P5_5d
P5_4d
P5_3d
P5_2d
P5_1d
P7.5_5d
P7.5_4d
P7.5_3d
P7.5_2d
P7.5_1d
P10_5d
P10_4d
P10_3d
P10_2d
P10_1d
P12.5_5d
P12.5_4d
P12.5_3d
P12.5_2d
P12.5_1d

OR (95%CI)
1.15 (1.03, 1.29)
1.09 (0.99, 1.21)
1.09 (1.00, 1.19)
1.09 (1.01, 1.17)
1.09 (1.02, 1.16)
1.11 (1.01, 1.21)
1.11 (1.02, 1.20)
1.09 (1.02, 1.17)
1.08 (1.02, 1.15)
1.07 (1.01, 1.12)
1.10 (1.02, 1.18)
1.12 (1.05, 1.19)
1.10 (1.04, 1.17)
1.08 (1.02, 1.14)
1.05 (1.00, 1.10)
1.07 (1.01, 1.14)
1.07 (1.01, 1.14)
1.08 (1.02, 1.14)
1.05 (1.00, 1.11)
1.04 (0.99, 1.09)

0.8 1 1.5 2
Odds Ratio

Non−monsoon

OR (95%CI)
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Fig. 2: Risk of CHD mortality and different thresholds of cold extremes across country, regions with monsoon and non-monsoon cli-
mates. P value for interaction as follows: 0.015 for P5_5d, 0.028 for P5_4d, 0.001 for P5_3d, 0.001 for P5_2d, 0.008 for P5_1d. 0.027 for
P7.5_5d, 0.005 for P7.5_4d, 0.003 for P7.5_3d, 0.001 for P7.5_2d, 0.076 for P7.5_1d, 0.025 for P10_5d, 0.008 for P10_4d, 0.017 for P10_3d,
0.014 for P10_2d, 0.025 for P10_1d, 0.014 for P12.5_5d, 0.016 for P12.5_4d, 0.035 for P12.5_3d, 0.025 for P12.5_2d, 0.028 for P12.5_1d. OR,
odds ratio; CI, confidence interval.

Articles
that both cold and heat extremes contributed to extra
cardiovascular mortality.10,13 These might be explained
in several aspects: i) Cold extremes may have more se-
vere impacts on CHD mortality as a series of multi-
country studies suggested that cold extremes may
Nationwide
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Fig. 3: Attributable fractions of CHD deaths due to cold extremes acros
attributable fraction; CI, confidence interval.
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cause extra mortality than heat events.2,37,45 In addition,
pediatrics is the major population in patients with CHD,
and there are distinct physical variances between the
children and adult populations. A recent review has
indicated that most studies have not found a correlation
oon
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between heat and cardiovascular diseases in pediatrics46;
ii) For CHD with left-to-right shunt, increased pulmo-
nary blood flow may render individuals more suscepti-
ble to cold environment, increasing the risk of
respiratory tract infection47; iii) For CHD with right-to-
left shunt, increased metabolism and oxygen con-
sumption in cold environment may exacerbate the
hypoxia in multi-organs.48 Collectively, CHD patients
should be alerted to the potential extra risk of premature
death caused by cold extremes.

Compared to men, women generally demonstrate
reduced sweating, lower mean skin temperature and
may feel more discomfort in cold temperatures.49,50

Xiong et al. found that women might be more sensi-
tive in thermal sensation, and feeling discomfort in cold
temperatures might cause cytokines level fluctuation.49

In addition, women might have reduced ability to
generate heat in cold environments,51 and experience
greater heat loss due to increased evaporative efficiency
of sweating resulting from a higher ratio of body surface
to body mass,50 leading to lower skin temperature and
vicious cycle. Moreover, reproductive hormones have
significant effects on thermoregulation, as estrogen
typically promotes vasodilation, heat dissipation, and
lower body temperature, while progestins generally
exhibit opposing effects.52 Thus, the fluctuations in
reproductive hormones due to menstrual cycle or the
use of oral contraceptives may lead to differences in
thermoregulation between women and men. Collec-
tively, the aforementioned processes may pose addi-
tional challenges for female CHD patients when
encountering cold extremes, and future study to verify
this theory is warrant.

Most CHD patients require surgical repair in their
early life, placing pediatric patients at risk of fatal post-
operative complications. The overwhelming major
adverse cardiovascular events occurred within the first
year of life in CHD patients,53 meaning that patients in
this postoperative period may be more potentially
vulnerable to environmental exposure. In addition,
children are more susceptible to cold extremes and less
capable of regulating body temperature.54 A national
survey in China reported that decreasing temperatures
were associated with fluctuation in blood pressure
among pediatric patients.55 Collectively, these factors
may render pediatric CHD patients at higher risk when
experiencing cold extremes.

In subgroup analysis of HDI, the insufficient sample
size in low-HDI regions may lead to the non-significant
results, despite exhibiting higher point estimates
compared to high-HDI regions. According to the China
Statistical Yearbook from the National Bureau of Sta-
tistics,56 the resident population in low-HDI regions
accounted for approximately 10% of the country’s total
population over the past decade. In addition, more pa-
tients prefer to seek care in high-HDI regions due to the
regionalization of CHD-related medical resources.9
Thus, the interpretation of results stratified by HDI
should be cautious, and further studies investigating
this aspect are warranted.

A multi-country study investigating the association
between cardiovascular mortality and extreme cold
temperatures below the 2.5th percentile reported an
excess of 9.09 deaths per 1000 all-cause cardiovascular
deaths, ranging from 6.87 for arrhythmia to 12.80 for
heart failure.10 However, CHD deaths were not included
in its scope. The attributable fractions of CHD deaths
due to cold extremes ranged from 1.43 per 1000 CHD
deaths for P5_5d to 4.09 per 1000 CHD deaths for
P12.5_3d in our studies and increased up to 13.30 per
1000 CHD deaths when focusing on non-monsoon
climate zones. This study represents the first quantifi-
cation of attributable fractions of CHD deaths due to
cold extremes, filling a gap in understanding the burden
of CHD mortality associated with ambient temperature
and providing significant implications for public health.
With the advancement of treatment, the life expectancy
of CHD population has significantly increased, allowing
more patients surviving until adulthood.21 As a result,
the focus may transition from enhancing treatment to
fulfilling lifelong care and improving the quality of life.57

Based on our findings, in addition to regular medical
follow-up, it is crucial to be vigilant towards fluctuations
in weather conditions, particularly cold extremes. Our
study may serve as important evidence for healthcare
professionals to advise CHD patients to avoid exposure
to cold extremes or consider using artificial warm-
keeping measures, such as air conditioner, and the re-
sults could potentially inform health policy adjustment.

Limitation
Several limitations should be addressed in this study.
First, the limited sample size of CHD deaths may
hinder the obtainment of statistically significant results
in various analyses, indicating the necessity of multi-
country study to verify the results and improve the
generalizability to other populations. Second, similar to
the majority of studies, ambient temperatures and air
pollutants were derived from grid datasets reporting
ambient values rather than individual measurement,
potentially leading to exposure misclassifications. For
instance, there was a lack of individual adaptive behav-
iors, such as uncertainty in the use of air conditioner or
movement trajectory.58 Due to variations in the diag-
nosis and treatment capabilities of CHD, seeking care
from primary home cities to regions with superior
medical capacities is common. However, the case-
crossover design may reduce the effect of inter-
individual discrepancy. Third, CHD encompasses a
broad spectrum of diseases characterized by distinct
intracardiac defects, and we could not obtain the specific
types of defects because of the limited medical capacity
of several medical institutions and the culture of reluc-
tance to autopsy. Thus, subgroup analyses to determine
www.thelancet.com Vol 53 December, 2024
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the specific CHD with the highest vulnerability were
unavailable. Fourth, surgical repair may directly cause
mortality, but we could not identify the details about the
surgery in database. Fifth, the impact of Covid-19
pandemic on the results was not identified, while a
recent study pointed out that temperature-related mor-
tality exceeded Covid-19 mortality and the pandemic
might amplify the effect of temperature on mortality.44

Conclusion
In this nationwide, two-stage, individual-level case-
crossover study, we found that cold extremes were
significantly associated with CHD mortality. The risks
of CHD mortality due to cold extremes increased with
the intensity and duration of extreme cold events. Fe-
male and pediatric CHD patients were identified as the
vulnerable subgroups to cold extremes. This study may
provide significant data in pediatric cardiology regarding
the impact of environmental exposures that healthcare
professionals should suggest CHD patients refrain from
exposure to cold extremes. Further multi-country
studies are required to substantiate the findings of this
research.
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