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Abstract

Background: Climate change is causing an increase in extreme heat. Individuals with
cardiovascular disease are at a high risk of heat-related adverse health effects. How the burden
of extreme heat associated cardiovascular deaths in the United States (US) will change with the
projected rise in extreme heat is unknown.

Methods: We obtained data on cardiovascular deaths among adults and the number of extreme
heat days (maximum heat index =90°F (32.2°C)) in each county in the contiguous US from

2008 to 2019. Based on Representative Concentration Pathway trajectories that model greenhouse
gas emissions and Shared Socioeconomic Pathways (SSP) that model future socioeconomic
scenarios and demographic projections, we obtained county-level projected number of extreme
heat days and populations under two scenarios — SSP2-4.5 (representing demographic projections
from a “middle of the road” socioeconomic scenario and an intermediate increase in emissions)
and SSP5-8.5 (demographic projections in a “fossil-fueled development” based economy and

a large increase in emissions) — for the mid-century period (2036-2065). The association of
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cardiovascular mortality with extreme heat was estimated with a Poisson fixed effects model.
Using estimates from this model, the projected number of excess cardiovascular deaths associated
with extreme heat were calculated.

Results: Extreme heat was associated with 1651 (95% CI1 921 to 2381) excess cardiovascular
deaths per year in 2008-2019. By mid-century, extreme heat is projected to be associated with
4320 (95% CI 2369 to 6272) (162% (95% CI 142 to 182) increase) and 5491 (95% CI 3011 to
7972) (233% (95% CI 206 to 259) increase) excess deaths annually under SSP2-4.5 and SSP5-8.5
respectively. Elderly adults are projected to have a 3.5 (95% CI 3.2 to 3.8) times greater increase

in deaths in the SSP2-4.5 scenario compared to non-elderly adults. Non-Hispanic Black adults are
projected to have a 4.6 (95% CI 2.8 to 6.4) times greater increase compared to non-Hispanic White
adults. The projected change in deaths was not statistically significantly different for other race
and ethnicity groups or between men and women.

Conclusions: By mid-century, extreme heat is projected to be associated with a significantly
greater burden of excess cardiovascular deaths in the contiguous US.
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Introduction:

Global climate change due to greenhouse gas emissions has produced an increase in
extreme weather events compared to pre-industrial levels. The frequency and intensity of
extreme heat events in the United States (US) are projected to continue to increase over
the next several decades.l 2 Due in part to the central role of the cardiovascular system in
thermoregulation, individuals with cardiovascular disease and risk factors are at high risk
of adverse health effects related to extreme heat.3 How the burden of cardiovascular deaths
related to extreme heat might be affected by the projected increase in extreme heat, along
with simultaneous changes in population demographics, is unclear.

Previous studies have demonstrated that extreme heat is associated with cardiovascular
mortality.# > One recent analysis estimated that extreme heat may be responsible for 0.2%
of all cardiovascular deaths.8 Under most plausible greenhouse gas emissions scenarios,
global mean temperatures are projected to continue increase, at least until the middle of
the century.” This continued increase is projected to also increase the number of extreme
heat events. These changes will occur along with several demographic changes in the US
such as the increase in migration of the US population to areas which typically experience
higher temperatures, a projected increase in the proportion of the US population who are
elderly, as well as an increasing share of the population composed of individuals other than
non-Hispanic Whites.8-10 Older individuals are at a higher risk of adverse health events
related to extreme heat, related in part to a higher burden of comorbidities.1* Additionally,
in the US, extreme heat is associated with a significantly greater increase in cardiovascular
mortality among non-Hispanic Black compared to non-Hispanic White adults.12 Analyzing
how these demographic and environmental trends interact is necessary for accurate forecasts
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of how extreme heat events will impact the cardiovascular health of US adults in the coming
decades.

The Representative Concentration Pathways (RCP) and the Shared Socioeconomic Pathways
(SSP) are potential trajectories of changes in atmospheric greenhouse gas concentrations and
socioeconomic conditions that have been used in climate change modeling.13 A combination
of RCP and SSP can thus provide a range of potential scenarios incorporating economic,
demographic, social, and environmental changes that may occur globally through the rest of
the century. To evaluate how such changes may impact extreme temperature associated
cardiovascular mortality in the contiguous US, we compared the estimated number of
excess cardiovascular deaths among adults in the contiguous US from 2008 to 2019 with

the projected number of deaths in the mid-century period (2036-2065) based on two SSP-
RCP scenarios: SSP2-4.5 which represents a plausible scenario based on economic and
environmental policies that are currently being enacted to tackle greenhouse gas emissions
leading to an intermediate increase in emissions and SSP5-8.5 which tracks with emissions
in the previous two decades and assumes minimal emissions reduction efforts in the future,
leading to a large increase in emissions.14 15

All data used are publicly available from sources listed in this manuscript and are aggregated
at the US county level. This analysis was considered exempt from review based on
guidelines from the University of Pennsylvania Institutional Review Board guidelines, and
informed consent was waived.

Extreme Heat

Extreme heat, which refers to temperatures significantly higher than usual for a particular
area, was the primary exposure of interest. Although there is no universal definition of
extreme heat, in this analysis we defined any day where the maximum heat index (HI)
was =90 °F (32.2 °C), which is the definition used for the projections of the mean annual
number of extreme heat days in each US county by mid-century obtained from data made
available by the Union of Concerned Scientists.1® Heat index combines air temperature
and relative humidity to provide a measure of the temperature perceived by the human
body.1” A threshold of =90 °F was used for the primary analysis as this has been used by
government agencies in the US when describing extreme heat to the general public and

in previous analyses a higher burden of heat associated mortality was also noted when
using lower thresholds.* 18: 19 However, we also use alternative definitions in sensitivity
analyses as noted below. The methodology used to obtained the projection is provided in
detail by Dahl et al.20 Briefly, daily temperature and relative humidity from 18 Global
Climate Models included in the Coupled Model Intercomparison Project Phase 5 were
statistically downscaled using the Multivariate Adaptive Constructed Analogs method to
cover the contiguous US to a spatial resolution of 4 kilometers.2! Modeled data from a
historical period (1950-2005) was trained to a spatially and temporally granular observed
meteorological dataset (gridMet). The downscaled models were then used to project the
mean annual number of days in each US county with a HI above different threshold levels
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for different 30-year periods, including the mid-century (2036-2065) period were calculated
for intermediate (RCP 4.5) and large increases (RCP 8.5) in greenhouse gas concentration
trajectories. Extreme heat projections for the mid-century 30-year period were used in the
Union of Concerned Scientists dataset. Additional details on RCP trajectories and this
methodology are provided in Supplemental Methods S1 and S2. In addition to the number of
days with HI =90 °F, we tested different definitions for extreme heat — HI 2100 °F (37.8 °C)
and HI =105 °F (40.6 °C) in secondary analyses.

Population projections

We obtained county-level, age, sex, race, and ethnicity specific population projections

that account for different SSP scenarios for the mid-century period based on an analysis

by Hauer.22, SSPs describe possible, and plausible, trajectories of future socioeconomic
developments in the coming decades.23 Different SSP scenarios, or narratives, envision
different levels of acceptance or barriers to mitigation and adaptations to climate change.
These scenarios have then been used to model demographic and economic changes that
could occur in human societies. For this analysis we used projections based on the SSP2 and
SSP5 scenarios. SSP2 is labeled a “middle of the road” scenario and envisions a medium
level of challenges to mitigation and adaptation. SSP5 describes a global economy based on
“fossil-fueled development” with a high degree of barriers to mitigation but low challenges
to adaptation due to the availability of economic resources. Using the National Vital
Statistics System US Census Populations with Bridged Race Categories data set, Hauer first
used a baseline period of 1969 to 2000 to project county-level, sub-group specific population
for the projection period 2000-2015. After validating this projection with the actual county-
level populations from the 2000 to 2015 period, annual, county-level, sub-group specific
populations were projected for the years 2020 to 2100. These projections were then adjusted
for the five SSP scenarios, using previously produced total population projections for the
US under the different scenarios.?* Additional details regarding SSP scenarios and the
methodology used for the projected populations are available in Supplemental Methods

S1 and S3. For this analysis, we used the sub-group specific, county-level, mean annual
projected population for the years 2036 to 2065.

We combined the demographic projections based on the SSPs with the number of extreme
heat days based on the RCP trajectories for each county based on two combinations that
were used for the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change: SSP2—-4.5 and SSP5-8.5.7 SSP2—4.5 can be considered a plausible scenario for the
state of greenhouse gas emissions if some of the ongoing and planned emissions mitigation
measures are put in place resulting in an intermediate increase. SSP5-8.5 is a scenario based
on continued heavy use of fossil-fuels and a subsequent large increase in emissions.

Mortality Rates

To estimate the association between the number of extreme heat days, and monthly
cardiovascular rates in the current period (2008-2019), we calculated county-level, age-
adjusted (standardized to the 2000 US census) monthly cardiovascular mortality rates for
all adult residents (20 years of age and older) for summer months (May to September)
from 2008 to 2019 using data from the National Center for Health Statistics (NCHS).
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Cardiovascular mortality was defined as a death with the primary cause as any disease of
the circulatory system (International Statistical Classification of Diseases and Related Health
Problems, 10th Revision codes 100-199).

Death certificate data was used to identify the age, sex, race, and ethnicity of each deceased
individual. Data regarding race and ethnicity in death certificates in the US has been

shown to have excellent agreement with self-reported Black and White race and Hispanic
ethnicity.2> As small area mortality rates can be statistically unstable, we used spatial
empirical Bayes smoothed mortality rates (Supplemental Methods S4).26

The primary outcome of interest is the mean, annual, estimated excess cardiovascular
mortality rate in the contiguous US in the mid-century period in the SSP2-4.5 and SSP5-
8.5 scenarios. Secondary outcomes include excess cardiovascular mortality rates among
subgroups of age, sex, race, and ethnicity.

Data sources and missing data

Additional data sources not stated above and data missingness are listed in Supplemental
Methods S5.

Statistical Analysis

We first calculated the proportion of total cardiovascular deaths during summer months
(May to September) from 2008 to 2019 among different sub-groups of gender, race, and
ethnicity. We then calculated summary measures of county-level demographic, clinical, and
health care-related variables in the current period. We also calculated the median number of
extreme heat days in the current period and mid-century projections for RCP 4.5 and RCP
8.5 trajectories and the median county population of the different sub-groups of interest in
the current period, and the projected population under the SSP2 and SSP5 scenarios.

We then estimated the association between the number of extreme heat days per month and
monthly cardiovascular mortality rate in the current period (2008-2019) using a Poisson
fixed-effects regression model. The model includes year and month fixed effects as well as
additional time varying environmental (e.g. precipitation, days with elevated fine particulate
matter), economic (e.g., unemployment and poverty rates), land development (proportion

of land with forest cover, proportion developed), demographic (e.g., proportion of county
residents other than non-Hispanic White), healthcare related variables (e.g., number of
primary care providers) as listed in the in Supplemental Methods S6. As diabetes may

be associated with impaired thermoregulation and is also an important cardiovascular risk
factor, the proportion of county residents with diabetes was also included as a covariate.2”
Additional details about the fixed effects model are provided in Supplemental Methods

S6. We compared alternative specifications of covariates in the primary model using the
Bayesian Information Criterion. Additional goodness of fit statistics were also calculated. As
previous studies have shown that the association between extreme heat and health outcomes
differs by age, we estimated fixed effects models for non-elderly (20 to 64 year old) and
elderly (65 years of age and older) adults separately in a simultaneous estimation framework
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that allowed us to combine the estimates for each age sub-group and then estimate the
number of excess deaths associated with extreme heat across all counties in the contiguous
US.28 The estimated excess number of deaths associated with extreme heat in the current
period was the difference in the predicted number of cardiovascular deaths based on the
observed value of the model covariates, including number of extreme heat days, in each
county and the predicted number if there were no extreme heat days, but other covariates
were unchanged.

Using the regression coefficients from the Poisson model described above, the estimated
number of excess deaths in the mid-century period (2036-2065) associated with extreme
heat were then calculated as the difference in the predicted number of cardiovascular deaths
based on the projected number of extreme heat days (based on RCP 4.5 and RCP 8.5) in
each county and the predicted number of deaths without any extreme heat day occurring.
The projected population (based on SSP2 and SSP5) (for elderly and non-elderly adults
separately) for each county was also used to calculate the total number of estimated deaths
in each county. We then calculated the percent change in annual excess mortality compared
to the current period under the different population and emissions scenarios for each county.
To understand how changes in extreme heat days, along with demographic changes, impact
change in the number of deaths associated with extreme heat, we also calculated summary
measures for the percent change in the number of extreme heat days, adult population, and
proportion of the population 65 years of age and older by quartiles of US counties based

on the percent change in the estimated number of excess of deaths associated with extreme
heat.

In secondary analyses we estimated the number of excess deaths in different subgroups —
men, women, non-Hispanic Black, non-Hispanic White, non-Hispanic other races, Hispanic
(any race), elderly, non-elderly adults, metropolitan counties, and non-metropolitan counties.
As with the primary model, we estimated the number of deaths for the current and mid-
century period as well as the precent change between the two time periods. We also
compared the percent change for the different sub-groups with each other by calculating

the ratio of the change (i.e., the percent change of a sub-group divided by the percent change
of the reference group). We also estimated the primary model using different extreme heat
thresholds and using an alternative definition of cardiovascular disease (Supplemental Table
S1).

Results are presented as means with SD or 95% CI or median with interquartile range
(IQR). All p-values were 2 sided, and values <0.05 were considered statistically significant.
Empirical Bayes smoothing was performed with Geoda. Other statistical analyses were
conducted with Stata 18 (StataCorp, College Station, TX). The Stata module ppm/hdfe was
used to fit the Poisson fixed-effects models.2°

All 3,108 counties in the contiguous United States were included in the analysis. From
2008 to 2019, there were a total of 3,818,017 deaths attributed to cardiovascular disease
in these counties among adults in summer months. Of these deaths, 49.6% were among
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women, 12.3% among non-Hispanic Black adults, 84.9% among non-Hispanic White adults,
2.5% among non-Hispanic adults of other races, 5.8% among Hispanic adults of any race,
and 0.3% among adults with unknown race or ethnicity. The median Bayesian smoothed
monthly cardiovascular mortality rate over the study period was 26.1 (IQR 22.2 to 30.7)
deaths per 100,000 adults. Other environmental, economic, and healthcare related summary
measures for the 2008 to 2019 period included in the fixed effects model are listed in Table
1. The county median annual number of days with maximum HI =90 °F in summer months
in 2008-2019 was 54 (IQR 23 to 93) (Table 2).

The median annual number of extreme heat days is projected to increase to 71 (IQR 38 to
104) and 80 (IQR 47 to 112) under the RCP 4.5 and RCP 8.5 trajectories respectively (Table
2). The mean total number of adults living in the contiguous US is projected to change from
233,008,985 in the 2008-2019 period to 309,413,281 and 354,597,998 in the mid-century
period under the SSP2 and SSP5 scenarios respectively. The median adult population across
counties in the contiguous US is projected to change from 19,524 (IQR 8,337 to 50,287) in
the current period to 18,252 (IQR 7,324 to 54,304) and 20,747 (IQR 8,351 to 62,266) under
the SSP2 and SSP5 scenarios respectively (Table 2). The median projected percent change in
the adult population between the current and mid-century periods is —4.6% (IQR —19.1% to
18.4%) and 8.5% (IQR —8.3% to 35.8%) under the SSP2 and SSP5 scenarios respectively.
The median proportion of county residents who are 65 years and older is projected to
increase from 23.0% (IQR 19.9% to 26.1%) in the current period to 30.6% (IQR 27.0% to
33.8%) and 30.7% (IQR 27.1% to 34.1%) under the SSP2 and SSP5 scenarios respectively.
Projected populations for different sub-groups and for metropolitan and non-metropolitan
counties are listed in Table 2.

Between 2008 and 2019, there were a total of 12,243,859 (mean: 1,020,322 (SD=59,221)
per year) cardiovascular deaths among adults living in the contiguous US during summer
months. In the Poisson fixed effect model, in the current period, 1 additional extreme heat
day was associated with a 0.05% (95% CI 0.02% to 0.07%) increase in cardiovascular
mortality among elderly adults and 0.05% (95% CI 0.01% to 0.09%) increase among
non-elderly adults. Goodness of fit statistics for the model and alternative specification

of covariates are listed in Supplemental Table S2. The mean annual estimated excess
cardiovascular deaths associated with extreme heat in 2008-2019 were 1,651.4 (95% CI
921.4 t0 2,381.3) (Table 3, Figure). In the SSP2-4.5 scenario, the mean annual estimated
excess cardiovascular deaths associated with extreme heat in the mid-century periods is
4,320.2 (95% CI 2,368.5 to 6,272.0) representing a 161.6% (95% CI 141.5% to 181.7%)
increase from the current period. In the SSP5-8.5 scenario, the mean number of estimated
deaths is 5,491.3 (95% CI 3,010.6 to 7972.0) representing a 232.5% (95% CI 206.3% to
258.8%) increase.

The median projected percent change in extreme heat associated cardiovascular deaths
across counties was 64.1% (IQR 17.9% to 155.5%) and 116.8% (IQR 48.1% to 255.4%)
under the under the SSP2-4.5 and SSP5-8.5 scenarios respectively. For the SSP2-4.5
scenario, among counties in the quartile with the lowest percent change in the number of
deaths, there was a mean —0.5% (95% CI —3.1% to —2.2%) change in the number of extreme
heat associated deaths, a median change of 445.8% (IQR 279.2% to 476.0%) in the annual
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number of extreme heat days, and a —10.2% change in the adult population between the
current and mid-century periods. In the second quartile, there was a 41.6% (95% CI 35.0%
to 48.2%) increase in the number of excess deaths, a 478.8% (IQR 429.7% to 544.6%)
increase in the number of extreme heat days, and a 1.0% change in the adult population.

In the third quartile, there was a 110.7% (95% CI1 97.8% to 123.6%) increase in deaths, a
562.8% (IQR 464.4% to 672.9%) increase in the number of extreme heat days, and a 14.8%
increase in the adult population. Among counties in the highest quartile for percent change
in the number of deaths, there was a 271.0% (95% CI 238.7% to 303.2%) increase in deaths
associated with extreme heat, a 604.7% (IQR 482.4% to 845.7%) increase in the number of
extreme heat days, and a 52.5% increase in the adult population. The change in the number
of extreme heat associated deaths, extreme heat days, and adult population in the SSP5-8.5
scenario are listed in table 3.

Using alternative definitions of extreme heat, in 2008-2019, the mean number of annual
estimated excess cardiovascular deaths associated with extreme heat were 1043.2 (95% CI
761.6 to 1,324.9) and 461.7 (95% CI 297.9 to 625.6) for maximum daily HI =100 °F (37.8
°C) and =105 °F (40.6 °C) respectively (Supplemental Table S3). For maximum daily HI
=100 °F, the mean annual estimated excess cardiovascular deaths associated with extreme
heat in the mid-century period is 3,915.5 (95% CI 2,903.5 to 4,927.5) in the SSP2-4.5
scenario (275.3% (95% Cl 252.4% to 298.2%) increase) and 5,771.5 (95% CI 4,284.0

to 7,259.1) in the SSP5-8.5 scenario (453.2% (95% CI 418.4% to 488.1%) increase).

For maximum daily HI =105 °F, the mean annual estimated excess cardiovascular deaths
associated with extreme heat in the mid-century period is 2,420.0 (95% CI 1,601.8 to
3,238.2) in the SSP2-4.5 scenario (424.1% (95% CI 388.1% to 460.0%) increase) and
4,169.4 (95% CI 2,759.3 to 5,579.5) in the SSP5-8.5 scenario (803.0% (95% CI 738.5% to
867.4%) increase).

In secondary analyses, the projected percentage change in estimated excess deaths
associated with extreme heat for elderly adults was 186.8% (95% CI 178.2% to 195.5%)
and 265.4% (95% CI 253.7% to 277.0%) and for non-elderly adults was 53.3% (95% ClI
49.1% to 57.5%) and 91.5% (95% CI 85.7% to 97.3%) under the SSP2-4.5 and SSP5-8.5
scenarios respectively. The percentage change in estimated excess deaths was 3.5 (95% ClI
3.21t0 3.8) and 2.9 (95% CI 2.7 to 3.1) times higher among elderly adults compared to
non-elderly adults under the SSP2-4.5 and SSP5-8.5 scenarios respectively. The percentage
change in excess deaths was similar for men and women. Among non-Hispanic Black
adults, the percentage change in excess deaths was 364.8% (95% CI 230.0% to 499.5%)
and 534.1% (95% CI 348.3% to 719.9%) and among non-Hispanic White adults it was
79.8% (95% CI 63.1% to 96.5%) and 141.8% (95% CIl 118.9% to 164.6%) under the
SSP2-4.5 and SSP5-8.5 scenarios respectively. The percent change was 4.6 (95% Cl 2.8 to
6.4) and 3.8 (95% CI 2.4 to 5.1) times higher among non-Hispanic Black adults compared
to non-Hispanic White adults under the SSP2-4.5 and SSP5-8.5 scenarios respectively.
Although the mean estimated number of excess deaths increased for both non-Hispanic
adults of other races and Hispanic adults, the change was not statistically significantly
different from zero. The percent change in excess deaths increased to a greater degree in
metropolitan compared to non-metropolitan counties (3.9 (95% CI 3.1 to 4.7) and 3.0 (95%
Cl 2.5 to 3.5) under the SSP2-4.5 and SSP5-8.5 scenarios respectively). When using an
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alternative, narrower, definition of cardiovascular mortality, the overall results of the analysis
were similar (Supplemental Table S4).

Discussion:

The projected number of excess cardiovascular deaths across the contiguous US due

to extreme heat is estimated to increase 161.6% (95% CI 141.5% to 181.7%) under

an intermediate increase in greenhouse gas emissions scenario (resulting from current
emissions reduction policies that are likely to be implemented) and 232.5% (95% ClI
206.3% to 258.8%) under a large increase in emissions scenario (following emissions trends
based on the previous two decades with minimal emissions reduction efforts). In secondary
analyses, there was a significantly greater increase in estimated excess deaths among older
compared to younger adults, among non-Hispanic Black compared to non-Hispanic White
adults, and in metropolitan vs. non-metropolitan counties.

Extreme heat can affect cardiovascular health through several possible biological
mechanisms. As the cardiovascular system plays a key role in thermoregulation, in response
to prolonged heat exposure, there can be an increase in cardiac strain resulting from higher
heart rate and contractility.3° Additionally, heat can increase cytokine release and thrombosis
leading to an increased risk of myocardial infarction and stroke.3! Medications commonly
used by patients with cardiovascular conditions, including beta-blockers and diuretics,

also alter thermoregulation and may make individuals more vulnerable to the adverse

health effects of heat exposure.32: 33 Previous studies have therefore noted an increase in
cardiovascular morbidity and mortality associated with extreme temperatures.® 11 34 Heat
exposure has also been associated with deaths from ischemic heart disease, stroke, and heart
failure specifically.®

Given the vulnerability of individuals with cardiovascular disease and risk factors to heat
exposure, it is crucial to understand how environmental changes due to climate change,
coupled with socioeconomic and demographic changes, will affect the future burden

of cardiovascular mortality. For the purposes of this analysis, we adopted a modeling
framework used in previous Intergovernmental Panel on Climate Change reports. This
framework provides a range of potential scenarios for how societies may develop as well
as the trajectory of emissions increases. Under both a scenario representing a plausible
trajectory of greenhouse gas emissions increase based on emissions reduction policies
that are likely to be implemented (SSP2-4.5) and a scenario representing a worst-case
scenario where emissions trends are similar to those observed in the previous two decades
(SSP5-8.5), the number of estimated excess deaths associated with extreme heat in the
contiguous US will increase dramatically. This is in part related to the increase in extreme
heat days, which are projected to increase 30% to 50%, based on a threshold of HI =90 °F.
Additionally, demographic changes such as the aging of the population, continued migration
of Americans to warmer areas, and a more racially and ethnically diverse population in
the US is likely to impact the overall burden of extreme heat related mortality.8 While the
number of excess deaths is projected to increase under both scenarios, the magnitude of
the increase is on average lower in the lower emissions increase trajectory. This suggests
that more aggressive policies aimed at reducing greenhouse gas emissions may pay health
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dividends. With the growing realization of the health impacts of extreme heat, investigation
of potential thermoprotective agents may be needed. One recent study suggest that statins
may be one potential class of medications with such an effect.3

Previous studies have demonstrated that burden of extreme heat is experienced
disproportionately by different populations, including older adults, as well as non-Hispanic
Black adults in the US.# 12 This may be due to the higher burden of cardiovascular disease
and risk factors. However, other factors include the lower access to air conditioning and a
greater degree of the urban health island effect in neighborhoods with a higher proportion

of residents other than non-Hispanic White.36: 37 Lack of infrastructure investment in
communities and neighborhoods that have historically faced discrimination places the
individuals living there at some of the highest risk for the growing health impacts of climate
change. This analysis therefore suggests that by identifying such high-risk communities,
potential targeting of mitigation strategies at these communities may have a potentially large
public health impact. Such strategies may include increasing tree canopy cover, use of novel
surfaces that may lower the urban heat island effect, and heat action plans that accommodate
the needs of different communities.38-40

As with any projection, there is uncertainty regarding how the association between extreme
heat and cardiovascular mortality may change over the coming decades. Our analysis
assumes that the association between extreme heat and cardiovascular mortality in the
mid-century period is the same as in the current period. There is some evidence that the
association between temperature and mortality has attenuated over time, possibly due to
greater adaptation such as more widespread use of air conditioning.! Additionally, advances
in therapies for cardiovascular disease and risk factors will affect mortality rates. Conversely,
although our model accounts for population-level prevalence of diabetes, the prevalence of
diabetes and obesity is increasing, and individuals may become increasingly vulnerable to
the health effects of extreme temperatures.*2

This study has some limitations. Due to the observational nature of the study, causality
cannot be assumed. As a county-level ecological analysis, inferences at the individual level
cannot be made. The fixed-effects model used to estimate the association between heat
and cardiovascular mortality controlled for both measured and unmeasured time-invariant
confounding, but residual time varying confounding may be possible. The primary model
was estimated using monthly, rather than daily mortality rates, as the mortality data made
available by the NCHS does not provide more temporally granular information. Therefore,
it is not possible to specifically link a particular death to the occurrence of an extreme heat
day in a given month. However, this approach allows for more statistically stable mortality
estimates from areas with smaller populations. Additionally, due to privacy concerns,
most localities in the US do not make detailed daily mortality data available. The county-
level population and extreme heat projections for the mid-century periods are available
only as point estimates, therefore, our approach does not account for uncertainty within
these projections. However, we used different population and extreme heat projections to
understand a potential range of the increase in estimated extreme heat days. We used

an absolute, rather than relative or area-specific, threshold to define extreme heat. This
was done as these thresholds were used to define extreme heat in the mid-century by
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the projections used for this analysis. It is possible that using an absolute, rather than a
relative, threshold may underestimate the impact of extreme heat as in certain areas of

the US where temperatures tend to be elevated (e.g., in South and Southwestern parts

of the country), due to behavioral, cultural, and infrastructure differences, individuals and
communities may be better adapted to high heat levels and elevated mortality may only be
noted when temperatures (or heat index) rises above historic norms for that particular area.
Our analysis is limited to extreme heat days during summer months only and is unable to
account for deaths occurring outside of these months, as the source of our 2008-2019 data
on extreme heat days — the Centers for Disease Control and Prevention’s Environmental
Public Health Tracking Program — tracks extreme heat days only in summer months (May
to September). As this analysis is limited to extreme heat, it does not account for potential
changes in cardiovascular mortality associated with other changes that may occur due to
climate change, including changes in extreme cold temperatures. Although the number of
extreme cold days has declined on average in the past few decades, there is evidence that the
frequency of extreme cold events in certain parts of the US may have risen due to climate
change.#3 Therefore, predicting how deaths due to extreme cold may change in the coming
decades will require a greater understanding of how climate change will impact various
extreme weather phenomena.

The estimated number of cardiovascular deaths associated with extreme heat in the
contiguous US is projected to increase dramatically in the coming decades. Certain groups
may experience a disproportionate increase in excess mortality including older adults, non-
Hispanic Black adults, and people living in metropolitan areas. Clinical and community-
based mitigation strategies, along with global efforts to confront climate change, are needed
to address this growing public health issue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective

What Is New?

The number of cardiovascular deaths associated with extreme heat among
adults living in the contiguous United States is projected to have a statistically
significant increase from the current period (2008-2019) to the mid-century
period (2036—2065).

The mean number of extreme heat associated cardiovascular deaths per

year is projected to increase 162% (95% CI 142% to 182%) in a scenario
representing greenhouse gas emissions increase resulting from current climate
policies or 233% (95% CI 206% to 259%) in a scenario representing large
greenhouse gas emissions increases.

The projected increase in extreme heat associated cardiovascular deaths is
estimated to be significantly greater among older adults compared to younger
adults and among non-Hispanic Black adults compared to non-Hispanic white
adults.

What Are the Clinical Implications?

Due to a combination of continued increase in extreme heat days, aging of
the US population, and continued migration to warmer areas, the number of
cardiovascular deaths associated with extreme heat are projected to continue
to increase in the coming decades.

This increase has the potential to exacerbate pre-existing disparities in
cardiovascular health between communities notably for non-Hispanic Black
compared to non-Hispanic White adults.

Urgent public health and infrastructure interventions are needed to help
communities adapt to the projected increases in extreme heat and to mitigate
its adverse health effects.
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Mid-century period: SSP2-4.5 ~ Mid-century period: SSP5-8.5

Estimated number of excess cardiovascular deaths per 1 million adult residents
Jotos

O5t10
E10to 15
[l 15 and above

Figure —. Estimated number of excess cardiovascular deaths associated with extreme heat per 1
million adult residents in the current (2008-2019) and mid-century (2036-2065) periods in the
contiguous United States*t#

* Extreme heat defined as maximum daily heat index =90 °F (32.2 °C)

t Estimated excess deaths based on Poisson fixed effects model with monthly and annual
covariates from the 2008-2019 period (Supplemental Methods S6). Excess deaths were then
estimated by calculating the difference between the number of predicted deaths in each
county with all covariates at their observed value and the number of predicted deaths if there
were no extreme heat days. For the projected number of excess deaths in the mid-century
period, the number of extreme heat days and county population were replaced with projected
values when calculating the difference while keeping the regression coefficients the same.

T SSP - Shared Socioeconomic Pathways. SSP2—4.5 refers to a “Middle of the road”
scenario for socio-economic changes and an intermediate increase in greenhouse gas
emissions trajectory. SSP5-8.5 refers to a “Fossil-Fueled Development” scenario for
socioeconomic changes and a large increase in greenhouse gas emissions trajectory.
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