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BACKGROUND: Cardiovascular disease is the leading cause of death worldwide. Existing studies on the association between
temperatures and cardiovascular deaths have been limited in geographic zones and have generally considered associations
with total cardiovascular deaths rather than cause-specific cardiovascular deaths.

METHODS: We used unified data collection protocols within the Multi-Country Multi-City Collaborative Network to assemble
a database of daily counts of specific cardiovascular causes of death from 567 cities in 27 countries across 5 continents
in overlapping periods ranging from 1979 to 2019. City-specific daily ambient temperatures were obtained from weather
stations and climate reanalysis models. To investigate cardiovascular mortality associations with extreme hot and cold
temperatures, we fit case-crossover models in each city and then used a mixed-effects meta-analytic framework to pool
individual city estimates. Extreme temperature percentiles were compared with the minimum mortality temperature in each
location. Excess deaths were calculated for a range of extreme temperature days.

RESULTS: The analyses included deaths from any cardiovascular cause (32 154 935), ischemic heart disease (11 745880),
stroke (9351312), heart failure (3673723), and arrhythmia (670859). At extreme temperature percentiles, heat (99th
percentile) and cold (1st percentile) were associated with higher risk of dying from any cardiovascular cause, ischemic heart
disease, stroke, and heart failure as compared to the minimum mortality temperature, which is the temperature associated
with least mortality. Across a range of extreme temperatures, hot days (above 97.5th percentile) and cold days (below 2.5th
percentile) accounted for 2.2 (95% empirical Cl [eCl], 2.1-2.3) and 9.1 (95% eCl, 8.9-9.2) excess deaths for every 1000
cardiovascular deaths, respectively. Heart failure was associated with the highest excess deaths proportion from extreme hot
and cold days with 2.6 (95% eCl, 2.4-2.8) and 12.8 (95% eCl, 12.2-13.1) for every 1000 heart failure deaths, respectively.

CONCLUSIONS: Across a large, multinational sample, exposure to extreme hot and cold temperatures was associated with a
greater risk of mortality from multiple common cardiovascular conditions. The intersections between extreme temperatures
and cardiovascular health need to be thoroughly characterized in the present day—and especially under a changing climate.

Key Words: climate change ® cold temperature ® heart failure ® heat ® hot temperature ® myocardial ischemia ® stroke

Correspondence to: Barrak Alahmad, MD, MPH, PhD, Department of Environmental Health, Harvard TH. Chan School of Public Health, 401 Park Dr, Landmark Center
Room 412J, Boston, MA 02115. Email b.alahmad@g.harvard.edu

Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.061832.

Continuing medical education (CME) credit is available for this article. Go to http://cme.ahajournals.org to take the quiz.

For Sources of Funding and Disclosures, see page 45.

© 2022 The Authors. Circulation is published on behalf of the American Heart Association, Inc.,, by Wolters Kluwer Health, Inc. This is an open access article under the
terms of the Creative Commons Attribution License, which permits use, distribution, and reproduction in any medium, provided that the original work is properly cited.

Circulation is available at www.ahajournals.org/journal/circ

Circulation. 2023;147:35-46. DOI: 10.1161/CIRCULATIONAHA.122.061832 January 3, 2023 35


mailto:b.alahmad@g.harvard.edu
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.061832
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9523-9537
https://orcid.org/0000-0003-0003-5089
https://orcid.org/0000-0002-9451-9094
https://orcid.org/0000-0002-1688-9225
https://orcid.org/0000-0002-9498-3313
https://orcid.org/0000-0002-3965-1359
https://orcid.org/0000-0002-9732-1278
https://orcid.org/0000-0002-5727-4980
https://orcid.org/0000-0001-6872-3481
https://orcid.org/0000-0002-2225-9457
https://orcid.org/0000-0002-8530-4809
https://orcid.org/0000-0003-4720-1750
https://orcid.org/0000-0003-3471-4928
https://orcid.org/0000-0001-6146-9839
https://orcid.org/0000-0001-5279-877X
https://orcid.org/0000-0002-6970-9216
https://orcid.org/0000-0001-5357-1251
https://orcid.org/0000-0003-2005-8253
https://orcid.org/0000-0003-1410-3337
https://orcid.org/0000-0003-2524-0548
https://orcid.org/0000-0003-2843-2908
https://orcid.org/0000-0001-6428-6755
https://orcid.org/0000-0003-1703-1041
https://orcid.org/0000-0001-8170-4736
https://orcid.org/0000-0001-6168-378X

=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

€20z ‘Gz Afenuer uo Aq Blio'sfeuinofeye//:dny woly pspeojumod

Alahmad et al

Clinical Perspective

What Is New?

* This study provided evidence from what we believe
is the largest multinational dataset ever assembled
on cardiovascular outcomes and environmental
exposures.

e Extreme hot and cold temperatures were associ-
ated with increased risk of death from any cardio-
vascular cause, ischemic heart disease, stroke, and
heart failure.

* For every 1000 cardiovascular deaths, 2 and 9
excess deaths were attributed to extreme hot and
cold days, respectively.

What Are the Clinical Implications?

e Extreme temperatures from a warming planet may
become emerging priorities for public health and
preventative cardiology.

* The findings of this study should prompt profes-
sional cardiology societies to commission scientific
statements on the intersections of extreme temper-
ature exposure and cardiovascular health.

Nonstandard Abbreviations and Acronyms

CVD cardiovascular disease

eCl empirical confidence interval

GDP gross domestic product

ICD-9 International Classification of Diseases,
Ninth Revision

ICD-10 International Classification of Diseases,
Tenth Revision

MCC Multi-Country Multi-City Collaborative
Research Network

MMT minimum mortality temperature

significant public health gains in cardiovascular

disease (CVD) prevention, mainly by address-
ing CVD traditional risk factors, such as tobacco use,
hypertension, hyperlipidemia, diet, and physical activity.!
Despite this, CVD remains the leading cause of death
worldwide, claiming 18 million lives yearly? Expanding
public health assessments towards nontraditional risk
factors, such as environmental exposures, could bring
new insights into CVD prevention.

Climate change has led to substantial swings in
extreme ambient temperature and increases in mortal-
ity® The Global Burden of Disease Study has recently
introduced nonoptimal temperatures among the leading
risk factors of mortality worldwide.* In addition, a recent
global analysis showed that 9.4% of all deaths can be
attributed to high and low nonoptimal temperatures.®

The second half of the 20th century witnessed
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Both low and high ambient temperatures were shown
to contribute to CVD mortality.®'® However, most tem-
perature-related mortality studies considered total death
counts combining deaths from all-causes, nonacciden-
tal causes, or all cardiovascular causes as one stratum.
Previous studies also used different designs and meth-
odological approaches and were confined to limited geo-
graphical regions and climate zones with little attention
for potential confounding from other environmental fac-
tors. Analyzing associations between extreme tempera-
tures and specific CVD outcomes can identify vulnerable
subgroups to mobilize healthcare resources and inform
recommendations that is specific to CVDs.

In this study, we assembled a large global database on
CVD-specific causes of death across the world from the
Multi-Country Multi-City (MCC) Collaborative Research
Network to investigate associations between extreme
temperatures and all CVD causes, ischemic heart dis-
ease, stroke, heart failure, and arrhythmia using a stan-
dardized analytic protocol.

METHODS

Data Collection

Investigators from each country of the MCC network (http://
mccstudy.lshtm.ac.uk/) were contacted to extract specific
causes of CVD mortality from national and regional death reg-
istries based on International Classification of Diseases, Ninth
(ICD-9) and Tenth Revisions (ICD-10) codes. We collected the
statistical underlying cause of death, defined by the World
Health Organization as the disease that initiated the series
of events that directly led to death. The analyses to locations
with available cause-specific CVD mortality data. We used daily
death counts of all cardiovascular causes (ICD-9;, 390-459,
ICD-10; 100-199), ischemic heart disease (ICD-9; 410-414,
ICD-10; 120-125), stroke (ICD-9; 430-438, ICD-10; 160-169),
heart failure (/CD-9; 428, ICD-10; 150), and arrhythmia (/ICD-9;
427 [except for 427.5], ICD-10; 147-149).

The MCC environmental database has been described pre-
viously.2'"12 In brief, city-specific daily ambient temperatures
(expressed in °C) were obtained either from meteorological
stations in national and regional networks or climate reanalysis
data (Table S1). The evidence suggests that, at a large global
scale, reanalysis weather data is comparable to observed data
obtained from monitoring station."® In locations where 2 or more
stations were available, the mean across all stations was com-
puted for each day. Temperature and mortality data were avail-
able in overlapping periods ranging from as early as January 1,
1979 in Japan, to as late as December 31, 2019 in Ecuador
and Paraguay. Wherever available, we also collected daily time
series data of relative humidity (24-hour average, expressed as
percentage) and air pollutants such as large particulate mat-
ter (ie, particulate matter with aerodynamic diameter <10 pm;
24-hour average, in ug/md), fine particulate matter (particulate
matter with aerodynamic diameter <2.5 pm; 24-hour average,
in pg/m?3), near surface ozone (maximum 8-hour average, in
pg/m3), and nitrogen dioxide (24-hour average, in pg/m?). In
general, city-specific air pollution concentrations were derived
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from daily measurements of 1 or more monitors in national or
regional networks. The pollution data has been described in
previous MCC studies.'"'2'* We collected values for country-
level gross domestic product (GDP) per capita from the World
Bank. Climate zones were assigned to each city using the
Képpen-Geiger climate classification.'

Data was collected within the MCC Collaborative Research
Network under a data sharing agreement and cannot be made
publicly available. Institutional approvals were obtained by each
MCC participant in their respective country. More information
about institutional sources of data can be found in the supple-
mental material.

Statistical Analysis

The analyses follow a 2-stage approach: (1) at each city, we
estimate the association between extreme temperatures and
death from a cardiovascular cause; and (2) then we pool all the
risk estimates from individual cities to get an overall estimate.

In a case-crossover design, conventionally, each individual
case serves as their own control to estimate the acute asso-
ciations between short-term temperature exposures and CVD
events; effectively eliminating potential confounding from indi-
vidual characteristics such as age, gender, diet, and smoking,
among others.'® Since we had count data, we fit conditional
quasi-Poisson models for each city, including 3-way interac-
tion terms between year, month, and day of the week as a
flexible time series alternative for a case-crossover design.'”
The temperature-mortality association in each city was mod-
eled as a continuous bidimensional function of temperature
and lag using the distributed lag nonlinear models. Consistent
with previous MCC studies, the exposure—response dimension
was modeled with a quadratic B-splines with 3 internal knots
placed at the 10th, 76th, and 90th percentiles of temperature
for each city while the lag—response dimension was modeled
with a natural spline with 3 internal knots equally spaced in the
log scale.>'® We considered lag periods up to 14 days to allow
for delayed effects and the possibility of mortality displacement,
in which deaths are advanced only a few days before when they
would have occurred without the exposure.

For the second stage, to pool city-specific effect estimates,
we applied a novel hierarchical extended mixed-effects frame-
work for meta-analysis for nested groups.’® We fit city-specific
mean summer temperature, mean winter temperature, and
country-level GDP per capita as fixed meta-predictors in the
meta-regression. These meta-predictors account for potential
effect modification by climatologic and socioeconomic fac-
tors on the temperature—mortality relationships from different
locations. In the same meta-regression model, we also fitted
2-level random effects where cities are nested within country-
specific climate zones, allowing cities from the same country
and climate zone to borrow information from each other. Each
city has its own temperature—mortality relationships allowing
us to account for differences across them. We examined the
heterogeneity between cities first with intercept only and then
with meta-predictors and random effects using extended ver-
sions of the Cochran Q test and F statistic?® We predicted
the pooled and country-level relative risks (RR) from the fixed
meta-predictor model. The estimates of the temperature—mor-
tality relationships at the city level were derived from the best
linear unbiased predictions with risks modeled on continuous
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scale of temperature. For each cause of death, for each city
and country, we empirically identified the Minimum Mortality
Temperature (MMT), which is the temperature that is associ-
ated with the least mortality risk without imposing constraints
on its location. The MMT is dependent on human adaptability
to local climate reflecting the most comfortable, optimum tem-
perature in a given location.?'??

There is evidence that people can adapt, at least partially,
to the temperatures that they are used to experiencing. 2%
Therefore, the impact of given extreme temperature event on
human health can depend on where and when it occurs. In
some locations a 35°C day is a typical summer day, whereas in
other locations it can cause incalculable damage. Accordingly,
temperature extremes are defined by comparison to some local
average (eg, the top 1% of warmest days recorded in a par-
ticular location) rather than to an absolute temperature (such
as 35°C).?° The RR of death by CVD outcome is, therefore,
reported for extreme heat as the location-specific 99th per-
centile temperature versus MMT, and extreme cold as the 1st
percentile temperature versus the MMT. We then estimated the
proportion of excess deaths that are attributable to extreme
temperatures ranges. Ranges of extreme cold and hot days
were also defined as location-specific days that were below the
2.6th or above the 97.5th temperature percentile, respectively.'®
We computed empirical Cls (eCl) using Monte Carlo simula-
tions assuming a multivariate normal distribution of the best
linear unbiased predictions of reduced coefficients.

In additional analyses, we computed excess deaths asso-
ciated with all hot and cold temperatures above and below
the MMT. We also stratified the cities by quartiles of GDP
per capita and ranked them by the relative risk for each CVD
cause of death.

To assess robustness of findings, we modeled the expo-
sure—response curves with 4 knots at the 10th, bOth, 75th,
and 90th percentiles, b knots at the bth, 25th, 50th, 75th, and
95th percentiles, and increased the lag period up to 21 days.
We then adjusted for relative humidity, ozone, nitrogen diox-
ide, particulate matter with aerodynamic diameter <10 pm, and
particulate matter with aerodynamic diameter <2.5 pym in cit-
ies where such data was available. We also adjusted for other
temperature variables such as interday temperature variability
and sustained durations of heatwaves. Last, we controlled for
very slow decadal changes in mortality and/or temperature
trends by including a natural spline function of time with 1 knot
every 10 years. All analyses were carried out using R soft-
ware (version 4.2.1) with gnm, dinm, and mixmeta packages.
Detailed steps of the statistical analyses are presented in the
Supplemental Methods.

RESULTS
Descriptive Analyses

The analyses included 567 cities from 27 countries. We
examined a total of 32154935 all-cause CVD deaths,
11745880 ischemic heart disease deaths, 9351312
stroke deaths, 3673723 heart failure deaths, and
670859 arrhythmia deaths, covering largely overlapping
years between 1979 and 2019 (average time series, 16
years per country; range, 3-36 years; Table 1). Overall
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Table. Number of Cardiovascular Cause-Specific Deaths in Each Country
CE All-Cause cardio- | Ischemic heart
5 Country Years Locations vascular disease disease Stroke Heart failure Arrhythmia
E North America
.—:' Canada 1986-2015 26 1264 609 692655 252524 64930 31295
E United States 1985-2006 209 11108 824 5894981 1768235 487512 166761
E Caribbean and Central America
Guatemala 2009-2018 1 15137 6108 3310 1636 472
Costa Rica 2000-2017 1 9288 3278 1910 123 -
Panama 2013-2016 1 9747 1593 1101 - -
South America
Uruguay 2001-2018 1 78692 19410 27890 5915 1667
Ecuador 2013-2019 2 48202 17794 11527 1002 619
Paraguay 2004-2019 1 15371 4231 4508 1212 435
Brazil 1997-2018 12 1176 298 379402 358919 72042 21077
South Africa
South Africa 1997-2013 52 1299 688 203319 398239 245936 9995
North Europe
Finland 1987-2018 1 90992 49462 23300 1201 1541
Estonia 1997-2018 9 159664 72410 31673 1845 764
United Kingdom 1990-2016 70 2258 296 1167871 568588 80729 36372
Central Europe
Switzerland 1995-2016 8 321657 130156 59245 30123 7485
Moldova 2001-2010 1 33087 22062 9830 - -
o South Europe
% Portugal 1990-2018 6 531859 132056 241552 57786 9445
g_ Spain 2000-2018 6 356602 99810 90295 58253 14346
% Italy 2006-2015 6 121805 40760 27479 5281 4524
g Cyprus 2004-2017 5 26629 8655 5417 3821 1,151
_g Middle East Asia
§ Iran 2001-2017 2 417756 120780 71312 55094 13716
‘§' Kuwait 2000-2016 1 35285 17251 6615 4620 234
;;’ East Asia
é South Korea 1997-2018 36 701638 158637 350137 - -
g Japan 1979-2015 47 11541 897 2348 938 4850 175 2449671 333805
§ Taiwan 2008-2016 3 107210 28547 32708 10227 4472
5 Southeast Asia
E_I; Thailand 1999-2008 55 315105 87701 115219 28208 9579
N Philippines 2006-2010 4 87401 34406 30178 2618 927
5 Vietnam 2010-2013 1 22196 3607 9426 3872 -
Totals 1979-2019 567 32154 935 11745 880 9351 312 3673723 670859

temperature average varied by geographical and climate
region (Figure 1). The variance of temperatures was also
heterogeneous as evident by the distributions in each
country (Figure S1). Countries that have temperate cli-
mates such as those in Caribbean and Central America
and Southeastern Asia had a narrow range of tempera-
tures, while the majority of other countries had a con-
siderable variance with dual peaks of frequency for cold
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winters and hot summers. Across the cities, the range
of temperatures varied from, for example, =30°C in Hel-
sinki, Finland to 44°C in Kuwait City, Kuwait. Similarly,
the MMT percentiles for all-cause CVD varied across
countries but ranged from the 78th (Taiwan) to the 93rd
(Estonia) percentiles (Table S2, Figure S1).

The overall missing rates for data for temperature,
all-cause CVD, ischemic heart disease, stroke, heart
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Figure 1. Map of all 567 locations.
Each city is represented with average annual temperature in °C.

failure, and arrhythmia time series were 0.71%, 0.08%,
0.38%, 0.26%, 0.76%, and 0.24%, respectively. Detailed
descriptive statistics and information on missing data are
summarized in Tables S1 to S3.

Regression Analyses

The pooled overall temperature and CVD mortality rela-
tionships were non-linear with increased mortality risk in
both hot and cold temperature ranges (Figure 2). The RR
of death increased gradually for the cold temperatures be-
low the MMT, while the slope for hot temperatures was
slightly steeper especially with heart failure where the RRs
appear to escalate quickly. The pooled RRs of death as-
sociated with extreme heat (99th percentile vs MMT) from
ischemic heart disease, stroke, and heart failure were 1.07
(95% Cl, 1.04-1.10), 1.10 (95% ClI, 1.06-1.15), and 1.12
(95% ClI, 1.05-1.19), respectively (Figure 3A). Mean-
while, the pooled RRs of death associated with extreme
cold (1st percentile vs MMT) from ischemic heart disease,
stroke, and heart failure were 1.33 (95% CI, 1.26—1.41),
1.32 (95% Cl, 1.26-1.38), and 1.37 (95% Cl, 1.28-1.47),
respectively (Figure 3B). Risk of dying from arrhythmias
was associated with greater uncertainty and smaller effect
size estimate for extreme heat (1.05 [95% Cl, 0.98-1.12])
and cold (1.19 [95% ClI, 1.07-1.33)]). Exposure-response
curves with temperature in the absolute scale (°C) are
shown in Figures S2 and S3.

For every 1000 all-cause CVD deaths, 2.2 (95%
eCl, 2.1-2.3) excess deaths were attributed to extreme

Circulation. 2023;147:35-46. DOI: 10.1161/CIRCULATIONAHA.122.061832

range of hot temperatures above the 975th percentile.
The highest burden from extreme hot temperatures was
seen for heart failure with 2.6 (95% eCl, 2.4-2.8) excess
deaths for every 1000 heart failure deaths (Figure 4A).
Excess mortality attributable to an extreme range of cold
temperatures below the 2.5th percentile was consistently
higher than heat and accounted for 9.1 (95% eCl, 8.9—
9.9) for every 1000 all-cause CVD deaths and 12.8 (95%
eCl, 12.2-13.1) for every 1000 heart failure deaths (Fig-
ure 4B). Country-specific risk estimates, excess deaths
from extreme and all temperature ranges, and cities at
highest risk are provided in the Tables S4 to S7.

Using simple models (with intercept only), the het-
erogeneity (F statistic) in second-stage meta-analyses
for mortality from all-cause CVD, ischemic heart dis-
ease, stroke, heart failure, and arrhythmia were 55.0%,
36.9%, 23.7%, 21.9%, and 5.2%, respectively. After
including the meta-predictors (GDP per capita, mean
summer and winter temperatures) and random effects
(country and climate zones), the corresponding hetero-
geneity was reduced to 50.0%, 33.5%, 17.6%, 17.9%,
and 4.5%, respectively (Table S8). Exposure—response
curves stratified by GDP per capita and mean summer
and winter temperatures are shown in Figures S4 to S6.
For stroke and heart failure, countries with low GDP per
capita seem to have higher risks of mortality compared
to countries with high GDP per capita, whereas for isch-
emic heart disease it is the opposite (Figure S4).

The results from the main model were robust to dif-
ferent modelling choices and adjustments for potential
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Figure 2. Pooled exposure-response relationships.
Relationships are described as temperature percentiles and relative risk (RR) of different cardiovascular causes of death: all-cause
cardiovascular (567 cities), ischemic heart disease (567 cities), stroke (567 cities), heart failure (524 cities), and arrhythmia (441 cities).
Dashed line indicates the minimum mortality temperature. Dotted line indicates the 1st percentile (extreme cold) and the 99th percentile
(extreme heat). X-axis was transformed from absolute temperatures (°C) to percentiles to enable a comparative application of the
association. CVD indicates cardiovascular disease.
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Figure 3. Relative risks of death from different cardiovascular-specific causes.
A, Relative risks of death from extreme heat comparing the 99th percentile to the minimum mortality temperature in each country as well as the
pooled estimate. B, Relative risks (RR) of death from extreme cold comparing the 1st percentile to the minimum mortality temperature in each

country, as well as the pooled estimate.

results. Increasing the lag period from 14 to 21 days
was associated with slightly higher RR and excess
deaths from cold temperatures. The results were not

time-varying confounders (Table S9). Changing the
number and location of knots in the temperature expo-
sure—response curve did not substantially change the
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affected by adjustments for temperature variability,
heatwaves, long-term trends, relative humidity, and air
pollutants (eg, ozone, nitrogen dioxide, particulate mat-
ter with aerodynamic diameter <10 pm, and particulate
matter with aerodynamic diameter <2.5 pm [included
1 at a time]).
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DISCUSSION

Our study provides evidence for an association between
extreme temperatures and CVD cause-specific mortal-
ity from what we believe is the largest multinational da-
taset ever assembled. The data includes outcomes from

Circulation. 2023;147:35-46. DOI: 10.1161/CIRCULATIONAHA.122.061832



€202 ‘Gz Afenuer uo Aq Bio'sfeuinofeye//:dny woly pspeojumogd

Alahmad et al

countries in different climate zones, and with different
socioeconomic and demographic characteristics. Pre-
vious studies reported associations for all-cause CVD
mortality as an umbrella outcome but with substantial
heterogeneity; this limits the ability to draw meaningful
clinical conclusions about specific CVD causes of death
to inform health care providers on vulnerable patients
and direct public health planning. Using state-of-the-art
unified analytical protocol, we examined specific causes
and found considerably less heterogeneity and robust
pooled-effect size estimates. Overall, extreme cold as-
sociations were found to be substantial for different
causes of CVD deaths, with the largest excess deaths
associated with heart failure. While hot temperatures
showed steeper slopes and high RRs that increased
with greater temperatures, these occurred during a
small proportion of days; therefore, excess CVD deaths
from sustained extreme cold were larger than those
from quickly escalating heat risks.

Observed associations for temperature extremes and
all-cause CVD in our study were in line with previous meta-
analyses.®'° Pooling across different definitions of cold
and heat, 1 meta-analysis of 26 temperature—mortality
studies found that cold exposure had a greater effect size
on all-cause CVD mortality (pooled RR, 1.0565; 95% Cl,
1.050-1.060) compared to heat exposure (pooled RR,
1.013; 95% ClI, 1.011-1.015).25 Another meta-analysis,
restricted to the elderly population, found an increase in
all-cause CVD mortality for every 1°C departure from the
optimal temperature?” The F statistic for heterogeneity
in these meta-analyses ranged from 88.2% to 98.9%.
In contrast to these studies, our findings had a markedly
lower F of 50.0% after accounting for meta-predictors.

Ischemic heart disease is the commonest cause of
CVD mortality, and it was the most frequent cause of
death in our dataset accounting for 37% of CVD deaths.
We estimated that about 1% of all ischemic heart dis-
ease deaths are attributed to extreme temperatures
alone. Some have argued that future ischemic heart dis-
ease risk is expected to be more evident with increasing
temperatures induced by climate change.®

Globally, stroke is estimated to be the third leading
cause of death and disability combined in 2019.2° In this
study, we estimate that for every 1000 stroke deaths,
1.6 and 9 excess deaths are attributed to extreme heat
and cold days, respectively. While latitude, average tem-
peratures, and sex were effect modifiers for previously
examined temperature—stroke relationships,®® we found
that GDP per capita and average summer and winter
temperatures also partially explained heterogeneity. Pre-
vious studies support an association between tempera-
ture and stroke risk®'; yet, the role of GDP per capita
on temperature-related stroke deaths is not understood.
The Global Burden of Disease Study showed that stroke
mortality rates in low-income countries are 3x higher
than high-income countries.®® Our effect modification
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analysis, albeit inconclusive, is suggestive of a potential
link between GDP per capita and temperature—stroke
relationship. High GDP per capita may reflect both
increased ability to control temperature exposures and
decreased outdoor work.

To our knowledge, little evidence exists on the risk of
heart failure mortality from extreme temperatures. Some
studies examined the relationship between heart failure
admissions and seasonality or diurnal temperature range
showing higher admissions during winter months and
with greater diurnal temperature range.®>® The expo-
sure—response curves for heart failure outcomes and
temperatures, however, were absent. We found heart
failure mortality to have the highest burden of excess
deaths for both heat and cold compared to other causes
of CVD mortality. Additionally, the slope for hot tempera-
tures beyond the MMT appears to accelerate sharply.

Few studies report on arrhythmia mortality and
extreme temperatures, and findings have been incon-
sistent for occurrence of arrhythmia.®*-*7 This inconsis-
tency may result from different arrhythmia end points
and definitions across different studies. We did not find
a significant association between extreme heat and
death from arrhythmia, which may have resulted from
misclassified recording of arrhythmia as a cause of
death. For example, fatal ventricular arrhythmias may
have occurred but often is the end result of ischemia,
cardiomyopathy, or other CVD causes.

There are some postulated underlying mechanisms
that could explain the CVD mortality risk associated with
extreme temperatures. Both cold and heat exposures
evoke a series of synchronized autonomic and cardiovas-
cular responses that ensures core body thermal homeo-
stasis. Those responses are often altered and exaggerated
with aging and in individuals with preexisting cardiovascu-
lar risk factors, leading to CVD events.®3* Heat exposure
leads to increased skin blood flow which dissipates heat,
as well as increased sweating which evaporates heat.
This leads to potential volume depletion and sympathetic
system activation, resulting in increased heart rate and
inotropy to maintain stroke volume despite decreased
preload.*® Rising core body temperature also increases
metabolic state and oxygen consumption. In susceptible
individuals, these cascades may lead to demand ischemia
or plaque rupture.*' Volume depletion and insensible body
water losses leads to hemoconcentration and hypercoag-
ulable states further increasing the risk of thrombosis and
myocardial ischemia.*? Fluid shifts can disturb electrolyte
balance (speciﬁcally, potassium, magnesium), increasing
risk of arrhythmias in susceptible individuals.*? In patients
with heart failure who receive diuretics, heat may result in
severe volume depletion and potentially, shock.*® On the
other hand, cold exposure leads to increased sympathetic
activity that vasoconstricts skin and increases skeletal
muscle tone to generate and conserve heat. This leads
to catecholamine-driven rise in blood pressure (mainly
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through an increase in peripheral vascular resistant), and
hence, increased cardiac oxygen demand to overcome
this increase in afterload.® Cold also leads to increased
cholesterol crystals deposition in atherosclerotic plaques,
rendering susceptible individuals to plaque rupture and
myocardial infarction® Last, hypothermia is known to
induce hypercoagulability because of increased viscosity
and hemoconcentration from fluid shifting into extravas-
cular space and clotting factor abnormalities.®

Climate change produces both hotter summers and
colder winters, rendering populations not accustomed to
these unusual weather conditions vulnerable, especially
in low-income areas where there may be less adaptabil-
ity to changing conditions. From a clinical perspective,
the extent to which healthcare providers who treat CVD
patients understand and act to minimize the risks of
extreme temperatures is not fully understood. A search
of all American Heart Association and European Society
of Cardiology journals finds no official statements related
to guidance for providers on preventing adverse outcomes
from extreme temperature exposures. From a public health
standpoint, evidence suggests that targeted interventions,
such as warning systems for vulnerable subpopulations,
may be needed to effectively prevent CVD deaths.*'

This study has several limitations. Readers must be
cautioned to interpret our findings as global estimates
since some regions (especially low-income countries)
were underrepresented in our data such as South Asia,
the Middle East, and Africa. Different populations have
markedly different characteristics, baseline rates of CVD,
and are exposed to a wide range of climates. Even within
the studied countries, differences in population character-
istics, urbanization, health care infrastructure and housing
characteristics, warrant further investigation. More specif-
ically, socioeconomic determinants are particularly impor-
tant to understand the effects that extreme temperatures
might have on socially and economically vulnerable sub-
populations. While we account for GDP per capita across
countries, it will not be enough to provide any informa-
tion on the variations of socioeconomic resources that
may drive these CVD outcomes. Potential effect measure
modifiers at the individual level (eg, age, sex, and educa-
tion) were not examined. However, in terms of internal
validity, we note that our results were robust to multiple
adjustments of potential time-varying confounders. On
the other hand, exposure misclassification may result
from assigning measured ambient temperature averaged
from monitoring stations to all individuals at a study site.
Exposure misclassification will be lower for variables that
have less within-city heterogeneity compared to other
variables with more subscale variance (eg, temperature
compared to particulate matter with aerodynamic diam-
eter <2.5 ym). Additionally, causes of CVD deaths may
be coded differently across sites leading to misclassifica-
tion bias. We could not examine subtypes of heart failure
such as those with preserved or reduced ejection fraction
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nor disentangle types of arrhythmias. Using mortality from
arrhythmia as an outcome may not be the best approach,
since it may be difficult to pinpoint arrhythmic death as
the underlying cause. Alternatively, studying the associa-
tions between extreme temperatures and the incidence
of nonfatal cardiovascular diseases (including arrhyth-
mias) may provide us with more answers.

Conclusions

This large, multicountry, multicity investigation shows
increased risk and burden of all-cause CVD, ischemic
heart disease, stroke, and heart failure mortality from
extreme hot and cold temperatures. The results illus-
trate the relevance of environmental exposures to spe-
cific CVD causes of mortality and have direct relevance
to prompt optimal medical and public health responses
to temperature extremes in present day and under a
changing climate.
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