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Abstract
Extreme temperatures are emerging as major climate-sensitive drivers of chronic cardiovascular disease (CVD). Global 
warming has increased the frequency, duration, and intensity of heatwaves, while substantial cold-related risk persists, 
particularly in poorly insulated and socioeconomically vulnerable settings. Together, non-optimal temperatures account 
for millions of deaths annually, with a large and growing share attributable to CVD. In this narrative review, we synthe-
size epidemiological, mechanistic, and systems-level evidence linking heat and cold exposure to chronic cardiovascular 
outcomes, with a focus on ischemic heart disease, stroke, heart failure, and arrhythmias. We first outline key temperature 
metrics, shifting climate patterns, and challenges in exposure assessment, including the roles of humidity, diurnal vari-
ability, and indoor versus outdoor environments. We then summarize the epidemiology of temperature, CVD associations 
across diverse regions, highlighting U- and J-shaped exposure-response curves and disproportionate impacts in low- and 
middle-income countries, older adults, and socioeconomically disadvantaged communities. Mechanistic sections examine 
how heat and cold drive autonomic imbalance, endothelial dysfunction, oxidative stress, inflammation, haemoconcentra-
tion, changes in coagulation, renal injury, and myocardial oxygen supply–demand mismatch. We further discuss modifying 
effects of air pollution, wildfires, dust storms, and medication use, including clinically relevant drug-heat interactions in 
patients with chronic CVD. Finally, we review heat-health and cold-health action plans, health-system resilience frame-
works, and emerging research gaps spanning exposure science, mechanistic studies, vulnerable populations, and policy 
evaluation. Recognising non-optimal temperature exposure as a modifiable environmental risk factor for chronic CVD 
is essential. Integrating climate-informed prevention, clinical care, and adaptation strategies offers substantial and timely 
opportunities to reduce cardiovascular burden in a warming and increasingly unstable climate. 
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Introduction

Global climate change has emerged as one of the most sig-
nificant environmental determinants of human health in the 
21 st century. The Earth’s average surface temperature has 
risen by approximately 1.2 °C since the late 19th century, 
with most of this warming occurring within the last sev-
eral decades, making 25 of the hottest years on record occur 
since 2000 [1] (Fig. 1).

This rapid warming has been accompanied by an unprec-
edented frequency, intensity, and duration of extreme tem-
perature events, including prolonged heatwaves, severe 
cold spells, and climate-related natural disasters such as 
storms, wildfires, droughts and floods. Between 1998 and 

2017, climate- and geophysical-related disasters caused an 
estimated 1.3 million deaths and affected 4.4 billion people 
worldwide [3]. These trends are projected to accelerate as 
global temperatures continue to rise and populations, par-
ticularly those with multiple cardiometabolic risk factors, 
become increasingly vulnerable [4].

According to the World Health Organisation, approxi-
mately 3.6 billion people live in regions considered highly 
vulnerable to climate impacts [5]. Such populations, often 
concentrated in low-income or marginalised communities, 
face multiple and overlapping hazards, including rises in 
diarrheal diseases, vector-borne infections such as malaria 
and dengue, coastal flooding, and childhood stunting. Older 
adults, who frequently have reduced thermoregulatory 

Graphical Abstract
Graphical abstract illustrating how non-optimal temperatures, including heatwaves, cold spells, temperature variability, and 
humidity, contribute to chronic cardiovascular disease through vulnerable populations, interacting environmental exposures, 
and biological mechanisms such as autonomic dysfunction, endothelial dysfunction, oxidative stress, inflammation, throm-
bosis, renal stress, and circadian disruption. The figure also highlights key chronic cardiovascular outcomes and potential 
mitigation/adaptation strategies to reduce health risks. Note: This graphical abstract was generated with the assistance of 
ChatGPT.
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capacity and a higher burden of chronic disease, are dispro-
portionately affected. Socioeconomic inequalities, limited 
access to healthcare, and regional disparities in adaptive 
capacity compound these climate-related vulnerabilities.

Non-optimal temperatures (NOT) are now considered 
among the leading risk factors of mortality worldwide [6]. 
A global analysis showed that 9·4% of all deaths can be 
attributed to both cold and hot NOTs, corresponding to 
about 5  million deaths [7]. In most epidemiological stud-
ies, excess cold deaths far outnumber heat deaths. In that 
same global analysis, of the 9·4% attributable temperature-
related deaths, 8·5% (range 6·2–10·5%) were cold-related 
and only 0·9% (range 0·6–1·4%) were heat-related [7], 
which corresponds to approximately 4·6  million deaths 
from cold and about 489 000 from heat, a ratio of roughly 
9:1 of cold versus heat. This pattern is also consistent in 
regional studies [8, 9]. Heat-related excess mortality is most 
pronounced in Europe, whereas the highest cold-related 
mortality burdens occur in Sub-Saharan Africa. This review 
nevertheless emphasises heat stress because, unlike the cur-
rent cold-dominated burden, it is the component of temper-
ature-related risk that is changing fastest: climate warming 
of 1.5–3 °C is projected to increase heat-related mortality 
by 0.5–2.5%, while population ageing largely cancels out 
the modest gains from milder winters [10]; with projec-
tions for European cities, including those in Central Europe, 
indicating that rising heat-related deaths will consistently 
outweigh the comparatively modest decline in cold-related 
mortality over the coming decades [11]. Across all regions, 

individuals with pre-existing cardiovascular conditions suf-
fer disproportionately, reflected by increases in emergency 
department utilisation, ambulance calls, and hospital admis-
sions during temperature extremes [4].

Compounding the direct effects of temperature, adverse 
environmental exposures, particularly air pollution, interact 
synergistically with heat stress, exacerbating cardiovas-
cular risk and contributing to more severe outcomes [12]. 
Demographic trends, including population growth, rapid 
urbanisation, ageing societies, and widening socioeco-
nomic disparities, further increase the proportion of people 
exposed to harmful temperature conditions [13]. Together, 
these forces shape a global environment in which climate-
related cardiovascular vulnerability is rising sharply.

The cardiovascular system is uniquely sensitive to tem-
perature stress because thermoregulation relies heavily on 
dynamic cardiovascular adjustments [14]. Cold exposure 
increases sympathetic activity, systemic vascular resistance, 
blood pressure, and blood viscosity, all of which impose 
additional strain on individuals with coronary artery dis-
ease, hypertension, heart failure, or cerebrovascular disease. 
Heat, conversely, leads to peripheral vasodilation, dehydra-
tion, tachycardia, electrolyte imbalances, and reduced renal 
perfusion, processes that may precipitate ischemia, arrhyth-
mias, and heart failure decompensation. Epidemiological 
studies in multiple regions consistently demonstrate U- or 
J-shaped temperature, mortality curves, with significant 
excess cardiovascular risk at both low and high extremes 
[4, 7]. Even minor deviations from a region’s minimum 

Fig. 1  Global Warming Trend and Seasonal Temperature Shift Over 
Time. This figure illustrates the long-term progression from negative 
to positive global temperature anomalies, overlaid on a landscape 
transitioning from winter (left) to summer (right). Blue bars represent 
annual temperature anomalies below the historical baseline, highlight-
ing decades dominated by cooler-than-average years. Orange and red 

bars indicate anomalies above the baseline, demonstrating the rapid 
rise in global temperatures in recent decades. The increasing height 
and intensity of the orange/red-coloured bars reflect the acceleration 
of anthropogenic warming, with recent years exceeding + 2 °C above 
reference levels in some regions [2]
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mortality temperature are associated with increased cardio-
vascular events.

This narrative review is designed to synthesise current 
scientific understanding of the cardiovascular consequences 
of exposure to non-optimal temperatures with a focus on 
patients with chronic coronary artery disease. It describes 
the epidemiological burden, identifies population-level 
vulnerability factors, and elucidates mechanistic pathways, 
including the roles of autonomic imbalance, endothelial dys-
function, inflammation, oxidative stress, and hemodynamic 
changes, that link thermal stress with cardiovascular pathol-
ogy. Furthermore, the review examines interactions between 
temperature and cardiovascular medications, outlines spe-
cific challenges in acute and intensive cardiac care during 
extreme temperatures, and provides practical guidance for 
clinicians on implementing heat- and cold-health action 
plans. Finally, it discusses climate adaptation and mitigation 
strategies, particularly those relevant to healthcare systems, 
to better protect patients amid rapid environmental change.

Temperature metrics, climate trends, and 
exposure assessment

A clear understanding of how temperature exposures affect 
cardiovascular health rests on three prerequisites: rigorous 
definitions of thermal metrics, awareness of evolving cli-
mate patterns, and reliable exposure assessment. Cardio-
vascular impact is not determined by absolute temperature 
alone but by a constellation of concurrent factors, humidity, 
exposure duration, diurnal variation, seasonality, individual 
acclimatisation, and co-exposures such as air pollution. Cli-
mate change has reshaped these patterns over recent decades 
and is steadily increasing the global burden attributable to 
non-optimal temperature exposure.

Non-optimal temperature (NOT) covers a wide spec-
trum of exposures, from isolated hot days and multi-day 
heatwaves to sudden cold spells, prolonged moderately 
cold periods, and pronounced day-to-night swings. While 
extreme heat and cold are typically defined by location-spe-
cific percentile thresholds [7], cardiovascular risk does not 
begin only at these extremes: epidemiological evidence con-
sistently shows that even modest deviations from a region’s 
minimum mortality temperature (MMT) translate into mea-
surable increases in cardiovascular morbidity and mortal-
ity [15]. Beyond absolute exposure, temperature variability, 
rapid fluctuations within hours or across days, wide diurnal 
ranges, and unstable seasonal transitions, has emerged as an 
independent cardiovascular stressor, disturbing autonomic 
balance, promoting endothelial stress, and amplifying sus-
ceptibility to ischemic events, arrhythmias, and heart failure 
decompensation [4].

Humidity should not be regarded simply as an amplifier 
of heat through perceived discomfort but as a bidirectional, 
context-dependent modifier of thermal cardiovascular 
stress. High humidity impairs evaporative heat loss, increas-
ing core temperature, cardiac output demand, dehydration 
risk, and myocardial oxygen demand. Conversely, very low 
humidity may worsen cardiovascular risk by accelerating 
fluid loss, promoting mucosal dryness and respiratory irrita-
tion, and facilitating co-exposure to dust, wildfire smoke, 
and particulate matter; in winter, low humidity also enhances 
viral transmission, indirectly increasing cardiovascular risk 
through infection-related pathways [12]. Both humid and 
dry heat may therefore increase cardiovascular vulnerabil-
ity, albeit through different mechanistic routes, impaired 
heat dissipation in humid heat versus enhanced dehydration 
plus inhalational co-stressors in dry heat. These humidity-
temperature interactions remain insufficiently characterised 
and warrant explicit attention in future epidemiological and 
mechanistic studies.

The metrics used to capture temperature exposure span 
simple ambient temperature, humidity-adjusted indices 
(apparent temperature, humidex, heat index), and physi-
ologically grounded composite indices such as the Wet-
Bulb Globe Temperature (WBGT), the Universal Thermal 
Climate Index (UTCI), and the Physiological Equivalent 
Temperature (PET) [13]. For cold exposure, wind chill indi-
ces capture convective heat loss, although cardiovascular-
specific physiological models remain less developed. These 
are complemented by event-based metrics such as heat-
waves, cold spells, diurnal temperature range, and cumula-
tive or compound exposures. The definitions, components, 
strengths, limitations, and cardiovascular relevance of these 
metrics are summarised in Table 1.

Heatwaves and cold spells deserve particular attention 
because they capture not only the magnitude of thermal 
stress but also its duration, persistence, and cumulative bur-
den. Heatwaves have become longer, more frequent, and 
more intense across Europe, North America, Asia, and Aus-
tralia. Global warming, however, does not eliminate cold-
related risk: milder winters may reduce some direct cold 
exposure, but winter mortality remains driven by respiratory 
infections, poor housing, fuel poverty, and inadequate heat-
ing, particularly in older adults and patients with chronic 
disease [16].

Traditional definitions based solely on daily maximum 
or minimum thresholds may underestimate cardiovascular 
risk by overlooking cumulative exposure, delayed recovery, 
variability, and day–night persistence. Recent work, there-
fore, conceptualises heatwaves as multidimensional events 
that integrate intensity, duration, timing, and cumulative 
excess temperature. In a study of 2.39 million patients, Yu 
et al. demonstrated a non-linear association between excess 
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Metric Definition/Calculation Components 
Considered

Strengths Limitations Cardiovascular 
Relevance

Ambient tempera-
ture (T_air)

Absolute air tempera-
ture (°C/°F) measured 
at standard height 
(≈ 2 m)

Air temperature only Widely available; 
simple; comparable 
across regions

Ignores humidity, 
radiation, wind, 
indoor/outdoor 
differences

Most commonly used 
exposure variable 
in cardiovascular 
epidemiology

Hot night excess 
Index

Excess sum of high 
temperature during the 
nighttime hours

Hourly air 
temperature

Quantifies the intensity 
of nocturnal thermal 
stress

Requires hourly 
temperature data

Sustains sympathetic 
activation, sleep disrup-
tion, dehydration

Apparent tem-
perature/Heat 
Index/Humidex

Empirical combination 
of air temperature and 
relative humidity

Temperature + humid-
ity

Easy to compute; used 
in public-health alerts

Limited validity in 
elderly and patients 
with impaired 
thermoregulation; 
ignores radiation/
wind

Approximates perceived 
heat stress; useful for 
warning systems

Wet-Bulb Globe 
Temperature 
(WBGT)

Composite index: 0.7 
× T_wet-bulb + 0.2 × 
T_globe + 0.1 × T_air

Temperature, humid-
ity, radiant heat, wind

Integrates multiple 
thermal stressors; stan-
dard in occupational 
settings

Requires specialized 
instruments; less 
validated indoors

Reflects cardiovascular 
load during heat expo-
sure in outdoor/occupa-
tional contexts

Universal 
Thermal Climate 
Index (UTCI)

Equivalent temperature 
derived from a multi-
node human energy-
balance model

Temperature, humid-
ity, wind, radiation, 
metabolic and cloth-
ing factors

Physiologically 
grounded; applicable 
across climates

Computationally 
demanding; requires 
high-resolution 
meteorological inputs

Provides best approxi-
mation of human 
thermal strain for car-
diovascular research

Physiological 
Equivalent Tem-
perature (PET)

Air temperature of 
a reference indoor 
environment producing 
equivalent core/skin 
temperatures

Body energy bal-
ance (core and skin 
temperatures)

Models individual 
physiological strain

Assumes standard-
ized clothing/activ-
ity; less suited to 
populations with 
comorbidity

Estimates cardiovascu-
lar and thermoregula-
tory load

Wind Chill Index Equivalent temperature 
combining ambient 
cold with wind speed

Temperature + wind 
speed

Captures convective 
heat loss

Does not include 
humidity or 
radiative loss; car-
diovascular models 
underdeveloped

Relevant for cold-
related sympathetic 
activation, vasoconstric-
tion, BP elevation

Minimum Mortal-
ity Temperature 
(MMT)

Location-specific tem-
perature associated with 
the lowest cardiovascu-
lar mortality

Local population mor-
tality data

Population-tailored 
optimum; basis for 
“non-optimal tempera-
ture” definition

Varies by region, 
time period, age, 
comorbidity; requires 
long mortality time 
series

Reference point for 
quantifying heat- and 
cold-related cardiovas-
cular risk

Extreme heat 
thresholds

Location-specific high 
percentiles (≥ 95th or 
≥ 99th) of daily tem-
perature distribution

Temperature 
distribution

Adapts to local accli-
matisation; standard in 
DLNM analyses

Threshold choice 
influences risk 
estimates

Defines extreme heat 
exposure linked to isch-
emic events, arrhythmia, 
HF decompensation

Extreme cold 
thresholds

Location-specific low 
percentiles (≤ 5th or 
≤1st) of daily tempera-
ture distribution

Temperature 
distribution

Population-relative; 
reproducible

Sensitive to reference 
period and climate 
change drift

Defines extreme cold 
exposure linked to MI, 
stroke, prothrombotic 
state

Diurnal Tempera-
ture Range (DTR)

Difference between 
daily maximum and 
minimum temperature

Intra-day temperature 
variability

Captures short-term 
thermal stress

Does not reflect day-
to-day variability

Associated with 
autonomic imbalance, 
endothelial stress, 
arrhythmia, HF

Temperature vari-
ability (TV)

Standard deviation of 
temperature within or 
across days

Hour-to-hour or day-
to-day fluctuations

Independent cardiovas-
cular stressor beyond 
mean exposure

Multiple computa-
tional definitions; 
inconsistent reporting

Linked to ischemic 
events, arrhythmia, HF 
exacerbations

Heatwave ≥ 2–3 consecutive days 
exceeding a defined 
high-temperature 
threshold (e.g., ≥ 95th–
99th percentile)

Intensity + duration Captures sustained 
thermal stress

Definitions vary 
across studies and 
regions

Associated with cumu-
lative cardiovascular 
load and mortality

Excess Cumula-
tive Heat (ECH)

Integrated thermal load 
above a threshold over 
the duration of a heat 
event

Intensity × duration 
(cumulative)

Reflects total heat 
burden, not single hot 
days

Less standardized; 
requires high-resolu-
tion data

Nonlinear association 
with cause-specific 
cardiac mortality (Yu et 
al., 2025)

Table 1  Temperature Metrics Relevant to Cardiovascular Risk Assessment
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cumulative temperature during heatwaves and cause-spe-
cific cardiac mortality, supporting the view that risk rises 
with the accumulated thermal load of prolonged events 
rather than with isolated “hot days” [17]. Compound day–
night heatwaves, in which persistently warm nights deny the 
cardiovascular system its nocturnal recovery, are of particu-
lar concern, sustaining sympathetic activation, tachycardia, 
dehydration, sleep disruption, endothelial stress, and myo-
cardial supply–demand mismatch; Wang et al. showed that 
such compound hot extremes, increasingly frequent due 
to anthropogenic emissions and urbanisation, pose greater 
health risks than isolated daytime or nighttime events, par-
ticularly among older and female urban residents [18]. Cold 
spells should likewise be regarded as dynamic events rather 
than isolated cold days, thereby triggering sympathetic acti-
vation, peripheral vasoconstriction, elevated blood pressure, 
increased afterload, haemoconcentration, and a prothrom-
botic state.

The temperature-related mortality burden shows pro-
nounced geographical heterogeneity. Mortality is there-
fore shaped not only by ambient temperature but also by 
population vulnerability, housing quality, healthcare access, 
acclimatisation, socioeconomic conditions, and adaptive 
capacity. Climate-driven extreme events add further com-
plexity: wildfires, droughts, and dust storms, all intensified 
by rising temperatures, generate hazardous air-quality con-
ditions that synergistically amplify cardiovascular risk [12].

Accurate quantification of individual temperature expo-
sure remains challenging. Most epidemiological studies 
rely on ambient measurements from fixed weather stations 
or gridded datasets, which may misclassify personal expo-
sure by failing to capture indoor versus outdoor environ-
ments, access to air conditioning or heating, occupational 
exposures, mobility patterns, and urban heat island effects 

(where city temperatures exceed surrounding rural areas 
by 5–10 °C and disproportionately affect low-income and 
minority populations). Indoor cold exposure may likewise 
be underestimated, particularly in households facing energy 
poverty or poor insulation. Wearable sensors and smart-
phone-linked personal environmental monitors offer oppor-
tunities for improved characterisation [19], but their uptake 
in large cardiovascular cohorts remains limited. Integrat-
ing high-resolution exposure models with electronic health 
records, longitudinal biobanks, and personal sensor data 
represents a promising direction for exposome-informed 
cardiovascular epidemiology [20].

Future temperatureCVD studies and early-warning sys-
tems should move beyond simple threshold-based defi-
nitions and incorporate compound exposures, day–night 
persistence, cumulative heat or cold burden, short-term 
variability, indoor exposure, humidity, air-pollution co-
exposures, and social vulnerability, a broader framework 
essential for anticipating future cardiovascular burdens and 
tailoring adaptation strategies to regional risk profiles.

Non-optimal temperatures and climate 
hazards as drivers of cardiovascular risk

The Lancet Countdown on Health and Climate Change has 
comprehensively documented the cardiovascular impact 
of extreme temperatures and other climate-related haz-
ards [21]. Heat-related mortality among individuals over 
65 years has increased by a record 167% compared with 
the 1990 s — 102% points beyond what would have been 
expected without temperature rise [21]. A substantial share 
of this excess mortality is cardiovascular, reflecting the 
heightened sensitivity of the cardiovascular system to both 

Metric Definition/Calculation Components 
Considered

Strengths Limitations Cardiovascular 
Relevance

Compound day–
night heatwave

High daytime tem-
peratures combined 
with persistently warm 
nights

Day + night 
persistence

Captures absence of 
nocturnal recovery

Requires sub-daily 
data; not yet rou-
tinely reported

Sustains sympathetic 
activation, sleep dis-
ruption, dehydration; 
greater risk than isolated 
day/night events

Cold spell ≥ 2–3 consecutive days 
below a defined low-
temperature thresh-
old (e.g., ≤5th–1st 
percentile)

Intensity + duration 
of cold

Captures sustained 
cold strain

Definitions 
heterogeneous

Linked to MI, stroke, 
BP elevation, prothrom-
botic state, respiratory 
infection burden

Personal/wearable 
thermal exposure

Individual-level 
measurements from 
wearable or smart-
phone-linked sensors

Real-time tempera-
ture, humidity, some-
times activity

Captures indoor 
exposure, mobility, 
occupational settings, 
microenvironments

Limited deployment 
in large cohorts; 
data harmonisation 
challenges

Enables exposome-
informed cardiovascular 
epidemiology and preci-
sion risk assessment

Abbreviations: BP = blood pressure; CVD = cardiovascular disease; DLNM = distributed lag non-linear model; DTR = diurnal temperature 
range; ECH = excess cumulative heat; HF = heart failure; MI = myocardial infarction; MMT = minimum mortality temperature; PET = physi-
ological equivalent temperature; TV = temperature variability; UTCI = universal thermal climate index; WBGT = wet-bulb globe temperature

Table 1  (continued) 
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heat and cold; meta-analyses consistently identify CVD as 
the leading cause of death during heatwaves across diverse 
populations and regions [22, 23].

A recent systematic review of 492 observational studies, 
most from high- and middle-income countries, illustrates 
the breadth and limitations of the current evidence base: 
392 studies addressed non-optimal temperature (NOT) and 
ozone, while the remainder examined wildfire smoke and 
extreme weather events such as hurricanes, dust storms, and 
droughts [24]. Evidence was judged sufficient for extreme 
temperatures, ozone, tropical storms, hurricanes, cyclones, 
and dust storms, but limited for wildfire smoke and inad-
equate for droughts and mudslides — underscoring critical 
gaps in global climate-health surveillance [24].

Non-optimal temperatures. Both low and high ambient 
temperatures substantially increase cardiovascular mor-
bidity and mortality [25, 26], with effect sizes varying by 
exposure magnitude, duration, and population vulnerability 
[24]. Climate warming is narrowing the cold-to-heat mor-
tality ratio: projections across 800 locations in 50 countries 
indicate that 1.5 °C, 2 °C, and 3 °C of warming will raise 
heat-related mortality by 0.5%, 1.0%, and 2.5%, respec-
tively, while population ageing largely offsets the gains 
from milder winters, leaving cold-related deaths essentially 
unchanged or slightly increased (0.1–0.4%) [10].

Heatwave studies generally account for duration through 
threshold-based or comparative definitions. Prolonged 
heatwaves are particularly harmful because they sustain 
dehydration, cutaneous vasodilation, tachycardia, sleep 
disruption, renal strain, and myocardial supply–demand 
mismatch, with insufficient recovery between hot days 
posing special risk to patients with coronary disease, heart 
failure, hypertension, or impaired thermoregulation. Liu et 
al. reported rising cause-specific mortality from compound 
heatwaves under climate change [6], and Son et al. observed 
greater risks for longer, more intense, or early-summer heat-
waves in Korean cities [27]. Consistent with these data, 
heatwaves lasting ≥ 5 days in China were associated with an 
18% increase in overall mortality (95% CI 6–31%), rising to 
24% in adults ≥ 65 years [28, 29].

Regional patterns require careful interpretation. In warm-
climate populations, low absolute cold exposure does not 
equate to low vulnerability: limited heating infrastructure, 
poor insulation, and reduced cold-risk awareness can pro-
duce substantial cardiovascular stress at only moderately 
low temperatures. Cold-related mortality may therefore 
remain considerable, and in many regions still exceed heat-
related mortality, highlighting the importance of distinguish-
ing meteorological exposure from population vulnerability 
and adaptive capacity. Hitherto, extreme temperature events 
have been regarded as transient threats, but with intensify-
ing climate change, younger generations face unprecedented 

lifetime exposure with progressively shorter return periods, 
raising the possibility of cumulative health burdens that are 
currently underestimated and remain to be quantified.

Beyond ambient temperature itself, several co-occurring 
environmental hazards further modify cardiovascular risk 
during climate extremes: ground-level ozone, particulate 
matter from dust storms, and the disruption of essential 
infrastructure caused by extreme weather events.

Ozone  Ground-level ozone interacts synergistically with 
high temperatures, with each exposure amplifying the car-
diovascular risks posed by the other [24]. This combined 
effect is particularly relevant during heatwaves, when stag-
nant atmospheric conditions promote ozone accumulation.

Particulate matter and dust storms  Dust storms gener-
ate particulate matter across multiple size fractions (PM₁₀, 
coarse PM, and PM₂.₅). A systematic review and meta-
analysis found a 0.27% increase in all-cause mortality on 
dust-event days [30], and an Asian meta-analysis reported a 
2.33% rise in combined respiratory and circulatory mortality 
[31]. In Taipei, dust-event days were associated with a 26% 
increase in cardiovascular emergency admissions, includ-
ing 35% and 20% rises in ischemic heart disease and stroke 
visits, respectively [32]. Additional studies report elevated 
risks of ischemic and hemorrhagic stroke and heart-failure 
admissions linked to dust exposure [33].

Extreme weather events  Hurricanes, tropical storms, 
floods, and prolonged power outages produce cardio-
vascular risks that may persist for months after the initial 
disaster, primarily by disrupting access to cooling, heating, 
medications, and healthcare [24]. Older adults, patients with 
chronic disease, and socially marginalised communities are 
disproportionately affected.

Immune system involvement in 
temperature-related cardiovascular injury

The immune system is increasingly recognized as a central 
effector linking environmental stressors to cardiovascular 
disease [34]. Chronic low-grade inflammation, monocyte 
and macrophage activation, and pro-inflammatory cytokine 
signalling drive endothelial dysfunction, atherogenesis, 
plaque destabilisation, and thrombosis [35]. Monocytes 
and macrophages are particularly important in this context 
because they infiltrate the arterial wall, take up oxidised 
lipids to form foam cells, and secrete matrix-degrading 
enzymes and pro-inflammatory mediators that drive plaque 
growth and rupture, while their recruitment and phenotypic 
switching after myocardial infarction and in heart failure 
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directly shape infarct healing and adverse cardiac remod-
elling [36] Extreme temperatures perturb this immune 
homeostasis through distinct but converging pathways. 
Heat exposure increases the production of ROS that in turn 
triggers heat-shock protein release, NLRP3 inflammasome 
activation, and gut-barrier disruption with endotoxin trans-
location[34], generating a systemic pro-inflammatory and 
prothrombotic state that closely resembles low-grade sepsis 
and contributes to cardiovascular collapse during heatstroke 
[37, 38] (Fig. 2). Notably, heat-shock protein induction is 
not solely a consequence of ROS signalling: heat directly 
denatures and aggregates intracellular proteins, and it is this 
accumulation of misfolded protein aggregates, sensed by 
molecular chaperones, that constitutes the principal trigger 
for the heat-shock response [39] Cold exposure, by contrast, 
elicits sympathetic-driven leukocytosis, redistribution of 
innate immune cells, and elevated pro-inflammatory cyto-
kines (IL-6, TNF-α), while simultaneously altering adaptive 
T-cell responses and increasing susceptibility to respiratory 
infections that further amplify cardiovascular events [40, 
41]. These thermally driven immune perturbations inter-
act with shared pathways activated by air pollution and 

HPA-axis stress, producing a sustained inflammatory milieu 
that may explain the persistent excess in cardiovascular 
morbidity and mortality observed during and after extreme 
temperature events [42].

How does non-optimal temperature 
contribute to cardiovascular events?

The human body counters heat stress primarily through two 
coordinated responses: redistribution of blood flow toward 
the skin (cutaneous vasodilation) to dissipate heat from the 
muscular core, and active sweating, which removes body 
heat through evaporative cooling [43]. These responses are 
orchestrated centrally by the brain, which integrates affer-
ent signals from temperature-sensitive nerve endings in the 
skin and deep tissues [44]. Non-thermal modulators, such 
as dehydration, metaboreceptor activation by metabolic 
by-products of working muscles, and circulating cyto-
kines, further fine-tune this thermoregulatory control [44]. 
Although these homeostatic mechanisms normally limit the 
rise in core temperature, their efficiency varies considerably 
between individuals and is markedly compromised by pre-
existing medical conditions, with potentially deleterious 
cardiovascular consequences. The principal mechanisms 
underlying NOT-mediated cardiovascular events are sum-
marised in Fig. 3.

Stage 1 — Initial thermoregulatory load (mild to 
moderate heat exposure). Cutaneous vasodilation im-
mediately increases cardiac output demand while si-
multaneously lowering ventricular filling pressure [46], 
forcing the heart to contract harder and faster and there-
by raising myocardial oxygen demand. In patients with 
underlying cardiac disease, this can precipitate a mis-
match between elevated demand and impaired coronary 
supply; when sustained, the imbalance may culminate in 
myocardial ischemia, infarction, or cardiovascular col-
lapse [47]. Older adults are particularly susceptible: dur-
ing extreme heat events, cardiovascular causes account 
for more heat-related deaths than any other complica-
tion [13, 48].
Stage 2 — Progressive volume loss and circulatory 
strain (sustained or intensifying heat). As heat expo-
sure continues, profuse sweating depletes circulating 
blood volume and intensifies cardiovascular load [49]. 
The resulting dehydration can precipitate acute kidney 
injury and, in cases of repeated exposure, especially 
among outdoor workers, promote renal fibrosis and 
chronic kidney disease, both of which further aggravate 
cardiovascular disease and are frequently observed dur-
ing or in the aftermath of hot-weather episodes [50].

Fig. 2  Heat stress increases the production of ROS, activating the 
heat shock response pathway, resulting in the release of proinflam-
matory cytokines. Akt – Protein kinase B; HSF – Heat shock factor; 
HSP – Heat shock protein; HSP70 – Heat shock protein 70; HSP90 
– Heat shock protein 90; IFN – Interferon; IL-1 – Interleukin-1; IL-
4 – Interleukin-4; IL-6 – Interleukin-6; MAPK – Mitogen-activated 
protein kinase; NF-κB – Nuclear factor kappa-light-chain-enhancer of 
activated B cells; ROS – Reactive oxygen species TLR(s) – Toll-like 
receptor(s); TNF-α – Tumor necrosis factor alpha
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Stage 3 — Thermoregulatory failure and heat stroke 
(severe heat exposure). When heat exposure exceeds 
thermoregulatory capacity, core temperature rises un-
controllably and may culminate in potentially fatal 
heat stroke [38]. Core temperatures of 39–40 °C, com-
bined with ischemia and oxidative stress from extensive 
blood-flow redistribution, trigger widespread cellular 
and tissue injury, with the brain, heart, kidneys, intes-
tines, liver, and lungs being most vulnerable [50].
Stage 4 — End-organ injury (endothelial leakage, 
oedema, ARDS). At this stage, endothelial dysfunc-
tion, increased microvascular permeability, and system-
ic inflammation drive multi-organ damage. Exertional 
heat stroke in particular can cause pulmonary oedema 
and acute respiratory distress syndrome, especially in 
patients with pre-existing respiratory conditions [51]. 
Hyperventilation arises during heat stress as a ther-
moregulatory response, so-called thermal tachypnoea, 
through which increased ventilation enhances respira-
tory heat and water loss; it is further driven by direct 
stimulation of the respiratory centre by elevated core 

and blood temperatures, by the rise in metabolic rate 
associated with hyperthermia, and by compensatory re-
spiratory drive in response to heat-induced metabolic 
acidosis [52]. Together with this hyperventilation and 
the worsened air quality typical of heatwaves, these 
mechanisms account for substantial heatwave-related 
morbidity and mortality, second only to cardiovascular 
disease [13].
Stage 5 — Long-term consequences. Heat-induced 
injury remains hazardous even after the body has been 
cooled. Although most heat-related hospital admis-
sions occur within 24 h of the event, the consequences, 
including persistent cognitive impairment and chronic 
organ dysfunction, may extend for years, sustaining an 
elevated risk of death for decades after the initial insult 
[53].
Cold exposure. Cold exposure, by contrast, activates 
the sympathetic nervous system, producing constriction 
of cutaneous and skeletal-muscle vasculature. While 
this response helps conserve, and in some cases gener-
ate, body heat, it also raises blood pressure, increases 

Fig. 3  Principal mechanisms involved in non-optimal temperature-mediated cardiovascular events. Upper panel represents physiological and 
pathological adaptation to heat and lower panel represents physiological and pathological adaptation to cold (adapted with permission from [45])
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afterload, and elevates myocardial oxygen demand, all 
of which can exacerbate underlying heart failure. Like 
heat, cold also induces a hypercoagulable state, charac-
terised by increased blood viscosity, haemoconcentra-
tion, and clotting abnormalities [54].

Non-optimal temperatures and 
cardiovascular events

Ischemic heart disease

Ischemic heart disease (IHD) remains the dominant cause 
of cardiovascular mortality worldwide, and both extreme 
heat and cold now emerge as significant, climate-sensitive 
triggers of acute ischemic events. Although the detrimen-
tal cardiovascular effects of cold exposure, particularly its 
association with elevated rates of myocardial infarction 
(MI), have been recognised for decades, the impact of heat 
on acute MI has gained increasing attention in recent years 
as global temperatures rise. The most comprehensive evi-
dence comes from the Multi-Country Multi-City (MCC) 

collaborative network, which analysed temperature–car-
diovascular associations across 567 cities in 27 countries 
and included more than 32 million cardiovascular deaths. 
Among these were 11,745,880 ischemic heart disease 
deaths, 9,351,312 stroke deaths, 3,673,723 heart-failure 
deaths, and 670,859 arrhythmia deaths, recorded between 
1979 and 2019 [4].

The MCC data revealed a clear non-linear association 
between temperature and IHD, with increased risk at both 
hot and cold extremes. Below the minimum mortality tem-
perature (MMT), the risk of ischemic events rose steadily 
with falling temperature; above the MMT, the slope was 
steeper for heat, especially for outcomes such as heart 
failure. For extreme heat (99th percentile versus MMT), 
the pooled relative risks (RRs) for death from ischemic 
heart disease, stroke, and heart failure were 1.07 (95% CI: 
1.04–1.10), 1.10 (95% CI: 1.06–1.15), and 1.12 (95% CI: 
1.05–1.19), respectively. For extreme cold (1st percen-
tile), the RRs were substantially higher at 1.33 (95% CI: 
1.26–1.41), 1.32 (95% CI: 1.26–1.38), and 1.37 (95% CI: 
1.28–1.47). Arrhythmia-related mortality showed greater 
uncertainty and smaller effect estimates [4]. (Fig. 4).

Fig. 3  (continued)
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Despite its scale, the MCC study has significant limita-
tions, including inadequate representation of highly climate-
vulnerable regions, specifically South Asia, the Middle 
East, and much of Africa. Regions with higher baseline car-
diovascular risk, limited healthcare access, and rapid urban-
isation may therefore have even larger temperature-related 
burdens than captured in the dataset.

Additional evidence illustrates a growing contribution 
of heat to MI risk over time. A longitudinal comparison 
of MI incidence in periods between 1987 and 2000 and 
2001–2014 demonstrated that, while cold exposure trig-
gered MI in the earlier period, the relative risk of heat-
related MI increased significantly in the later period [55]. 
This effect was most pronounced among individuals with 
diabetes or hyperlipidaemia, highlighting the interaction 
between thermal stress and underlying cardiometabolic 
risk. Smaller studies show consistent increases in coronary-
artery-disease hospitalisations and emergency visits dur-
ing heatwaves [56]. Meta-analytic data indicate that every 
1 °C rise above reference temperature increases the risk of 
coronary heart disease by approximately 2.8% [9]. Notably, 
cold-related cardiovascular impacts tend to persist for 1–2 
weeks, whereas heat-related spikes often manifest within 
48–72 h [57, 58]. As warming trends accelerate, the relative 
importance of heat-induced ischemic events is expected to 
increase substantially.

When looking at temperature variability, a study using 
data from the SWEDEHEART MI registry (2005–2019) 
found that an upward temperature shift (reflected by a posi-
tive temperature deviation of the actual day compared to 
the preceding seven days) was associated with increased 
risks of total MI (encompassing all MI types), STEMI, 
and NSTEMI hospital admissions with odds ratios (OR, 
95% confidence intervals [CIs]) of 1.009 (1.005,– 1.013), 
1.014 (1.006–, 1.022), and 1.007 (1.001–, 1.012) per 1 °C 
increase, respectively. Furthermore, a downward tempera-
ture shift (reflected by a negative temperature deviation of 
the actual day compared to the preceding seven days) was 
associated with increased risks of hospital admissions for 
total MI with 2 days delay with an OR (95% CI) of 1.003 
(1.001–, 1.005), and for STEMI with an OR (95% CI) of 
1.006 (1.002–, 1.010) per 1 °C decrease [59].

The same data in addition showed the relevance of cold 
effects: A decrease of 1-unit in percentile temperature at a lag 
of 2 to 6 days was significantly associated with increased risks 
of total MI, NSTEMI, and STEMI, with ORs of 1.099 (95% 
CI: 1.057–−1.142), 1.110 (95% CI: 1.060–−1.164), and 1.076 
(95% CI: 1.004–−1.153), respectively. Additionally, cold 
spells at a lag of 2 to 6 days were significantly associated with 
increased risks for total MI, NSTEMI, and STEMI, with ORs 
of 1.077 (95% CI: 1.037–−1.120), 1.069 (95% 1.020–−1.119), 
and 1.095 (95% CI: 1.023–−1.172), respectively [60].

Stroke

Temperature extremes also influence the incidence and 
severity of stroke. A meta-analysis of more than 2 million 
stroke events found that a 1 °C increase in ambient tempera-
ture increased stroke risk by 1.1%, while a 1 °C decrease 
increased risk by 1.2% [61]. These effects were most pro-
nounced among individuals aged 65 years and older. Ear-
lier analyses yielded mixed findings regarding heat and 
ischemic stroke; a meta-analysis of 21 studies involving 
476,511 patients found no consistent association [62]. How-
ever, other studies, such as an analysis from Seoul, reported 
a significant positive correlation between mean daily tem-
perature and ischemic stroke incidence [63].

Strong evidence about stroke severity arises from the 
MCC consortium: In an analysis of 3.4  million ischemic 
strokes and 2.5  million haemorrhagic stroke deaths from 
522 cities across 25 countries, both extreme heat and cold 
were associated with increased mortality from ischemic 
and haemorrhagic stroke [33]. Extreme hot days (top 2.5%) 
contributed 9.1 excess deaths per 1,000 ischemic strokes 
and 11.2 excess deaths per 1,000 haemorrhagic strokes, 
while extreme cold contributed 2.2 and 0.7 excess deaths, 
respectively. Countries with lower per-capita GDP showed 
disproportionately higher heat-related haemorrhagic stroke 
mortality than wealthier nations, reflecting disparities in 
adaptation capacity and healthcare infrastructure.

Night-time heat is emerging as an independent risk factor. 
Recent analyses showed that extremely hot nights (97.5th 
percentile of nighttime temperature) increased stroke risk, 
with an odds ratio of 1.14 (95% CI: 1.01–1.32), and that this 
association was stronger in 2013–2020 than in 2006–2012. 
Older individuals, women, and patients presenting with 
milder stroke symptoms were particularly susceptible [64]. 
Additional evidence from China confirms elevated heat-
related mortality risks for total stroke (RR 1.54), ischemic 
stroke (RR 1.63), and haemorrhagic stroke (RR 1.36) [65].

An effect on stroke that has so far been overlooked is unex-
pected temperature variability, e.g., cold spells in the summer. 
A study in southern Germany found a markedly elevated risk 
of both transient ischemic attacks (TIA) and ischemic strokes 
associated with exposure to cold spell events during the warm 
season (May–October), using data from 2006 to 2020. The 
effects on stroke occurrence persisted for up to three days after 
exposure. The cumulative odds ratios (ORs) for cold spells 
using the 2.5th percentile as the air temperature threshold 
were 1.29 (95% CI: 1.09–1.53) and 1.23 (95% CI: 1.05–1.44) 
for durations of more than one and two days, respectively. 
The stratified analysis showed that people aged ≥ 65 years, 
females, and stroke cases characterised by minor symptoms 
demonstrated a significantly increased stroke risk due to the 
effects of warm-season cold spells [66].
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Heart failure

Compared with IHD and stroke, research on temperature 
and heart failure (HF) is less extensive, and few studies 
distinguish between HF phenotypes (HFrEF vs. HFpEF). 
Nevertheless, seasonal increases in HF admissions and 
mortality during winter months are well documented [67, 
68]. The MCC analysis revealed that extreme heat led to 
2.6 excess deaths per 1,000 HF deaths and a 12% overall 
increase in HF-related mortality [4]. (Fig. 4)

A nationwide Swedish study indicated that short-term 
exposure to both low and high temperatures was associated 
with an increased risk of all-cause and cardiovascular mor-
tality in patients with heart failure. In addition, the analy-
sis stratified by time periods showed that the mortality risk 
associated with high temperatures appeared to be increasing 
over time [59].

An extensive Japanese study found that low temperatures 
significantly increased the risk of HF hospitalisation, with 
an RR of 1.571 (95% CI: 1.487–1.660). This effect was 
substantially greater than that observed for IHD (RR 1.119) 
or stroke (RR 1.107) [69]. Extreme heat also increased HF 
risk, though the magnitude was smaller (RR 1.030, 95% 
CI: 1.007–1.054). Older adults, particularly those aged ≥ 85 
years, were especially vulnerable. Given the interplay 
between thermoregulation, neurohormonal activation, fluid 
balance, and comorbid renal disease, HF patients may expe-
rience severe physiological stress during both heat and cold 
events.

Arrhythmias

The relationship between non-optimal temperatures 
and arrhythmias is complex and less consistent than for 

ischemic events or stroke. This inconsistency may stem 
from the use of broad arrhythmia categories rather than 
distinguishing between atrial and ventricular arrhythmias. 
In a South Korean study, each 1  °C increase in diurnal 
temperature range was associated with a 1.84% (95% CI: 
0.34–3.37%) increase in [70] At the same time, a separate 
analysis showed that a 1 °C rise in the same-day tempera-
ture increased the odds of ventricular ectopy by 1.10 (95% 
CI: 1.04–1.17) [71].

However, larger datasets have reported null findings. A 
study of 345,052 arrhythmia admissions in Ontario found 
no association between temperature extremes and arrhyth-
mia-related outcomes [72]. Likewise, an investigation in 
London observed no increase in defibrillator activations 
during periods of higher temperatures but for low tempera-
tures [73]. To clarify these correlations, future studies must 
analyse specific arrhythmia phenotypes, incorporate con-
tinuous exposure data (especially night-time temperatures), 
and apply patient-level electrocardiographic monitoring.

Interactions between air pollution, non-
optimal temperatures, and cardiovascular 
health

Air pollution has been recognized as a human health risk 
since antiquity, but its composition, sources, and toxico-
logical complexity have changed dramatically with indus-
trialization and urbanization [74]. Climate, weather and air 
quality are deeply intertwined: climate and weather strongly 
influence pollutant formation, transport, and dispersion, 
while anthropogenic air pollution is itself a major driver of 
climate change [75]. The cardiovascular effects of air pollu-
tion are associated with its intricate chemical properties and 
particle size distributions, both of which depend on emis-
sion sources and prevailing meteorological conditions [42, 
76]. Because weather and climate substantially shape atmo-
spheric chemistry, long-standing assumptions about air-pol-
lution health effects must be continually reassessed in the 
context of rapid global change. Although the detailed chem-
istry of air pollution has been comprehensively reviewed 
elsewhere, it is important to emphasize that both particu-
late matter and gaseous pollutants contribute substantially 
to cardiovascular toxicity [77–82]. Recent global estimates 
indicate that exposure to PM₂.₅ and ozone accounts for 
approximately 8.4 million premature deaths annually [83], 
and PM₂.₅ exposure alone reduces global life expectancy by 
two to three years [84]. Air pollution is considered a lead-
ing global health risk. It accounts for more than one in eight 
deaths worldwide, contributing to 7.9 million lives lost in 
2023 alone. As a leading risk factor for early death, on par 
with high blood pressure, air pollution drives a massive 

Fig. 4  Non-linear exposure–response relationships between tempera-
ture percentiles and cardiovascular outcomes. The pooled temperature, 
mortality associations derived from the Multi-Country Multi-City 
Collaborative Network (567 cities, 27 countries) illustrate U-shaped 
or J-shaped curves for all-cause cardiovascular disease (CVD), isch-
emic heart disease, stroke, heart failure, and arrhythmias. Each panel 
shows the relative risk (RR) across the full temperature distribution, 
expressed as percentiles for each location. The minimum mortality 
temperature (MMT) is plotted at the nadir of the curve, representing 
the temperature associated with the lowest mortality risk. Extreme 
cold (1st percentile) and extreme heat (99th percentile) are marked 
with vertical dashed lines. Cold exposure (< MMT) is associated with 
a gradually increasing risk across all outcomes, particularly for isch-
emic heart disease and stroke. Heat exposure (> MMT) produces a 
steeper rise in risk for ischemic heart disease, stroke, and heart failure, 
whereas arrhythmia patterns show greater uncertainty due to wider 
confidence intervals. Shaded areas represent 95% confidence intervals 
derived from distributed lag non-linear models. These results highlight 
the substantial health burden of both cold- and heat-related cardiovas-
cular mortality and reinforce the importance of temperature as a major 
environmental determinant of cardiovascular risk (with permission 
from [4])
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burden of non-communicable diseases: 86% of pollution-
related deaths are linked to conditions such as heart disease, 
stroke, COPD, diabetes, and dementia, particularly in adults 
over 60 [85].

Temperature profoundly modifies air-pollution dynamics. 
Higher temperatures enhance photochemical reactions, pro-
moting the formation of ozone and secondary aerosols while 
reducing atmospheric mixing and pollutant dispersion [4]. 
Rising temperatures also increase chemical reaction rates 
in the atmosphere, facilitating the production of sulphate, 
organics and other secondary particles [86–88]. Conversely, 
temperature inversions trap pollutants close to the ground, 
creating episodes of extreme air pollution that intensify car-
diovascular toxicity, often coinciding with heat extremes. 
The interaction between air pollution and temperature is 
increasingly recognized as a critical modifier of cardiovas-
cular risk. The “climate penalty” describes the phenom-
enon in which rising temperatures accelerate the formation 
of secondary pollutants, such as ozone. Numerous studies 
demonstrate that both short-term and long-term ozone expo-
sure increases cardiovascular mortality, with stronger asso-
ciations observed during periods of elevated temperature 
[89–91]. A time-series study in eight European cities found 
that pollution-related cardiovascular and all-cause mortal-
ity was more pronounced on hot days [92]. Ozone-related 
mortality increased significantly under warmer conditions. 
Mechanistically, the synergy between heat and air pollution 
likely reflects overlapping biological pathways, including 
enhanced systemic oxidative stress, vascular inflammation, 
endothelial dysfunction, and thrombogenicity.

A central shared pathway through which both heat and 
air pollution exert cardiovascular toxicity is activation of 
the hypothalamic–pituitary–adrenal (HPA) axis. Heat stress 
engages the HPA axis through hypothalamic thermorecep-
tor signalling, increases in core body temperature, and con-
comitant sympathetic activation, leading to enhanced release 
of corticotropin-releasing hormone, adrenocorticotropic 
hormone, cortisol, and catecholamines [93] Air pollutants, 
particularly fine and ultrafine particulate matter and ozone, 
activate the HPA axis through complementary mechanisms, 
including pulmonary and systemic oxidative stress and 
inflammation, neuroinflammatory signalling via the olfactory 
and vagal pathways [94], and direct translocation of ultrafine 
particles into the central nervous system [95] all converging 
on hypothalamic stress centres. Sustained HPA activation in 
response to both stressors raises circulating cortisol and cate-
cholamine levels, promoting tachycardia, hypertension, auto-
nomic imbalance with reduced heart-rate variability, insulin 
resistance, dyslipidaemia, endothelial dysfunction, plate-
let activation, and a prothrombotic and pro-inflammatory 
milieu [96]. When heat and air pollution co-occur, this neu-
roendocrine stress response is amplified, providing a unifying 

mechanistic framework for the synergistic cardiovascular 
toxicity observed in epidemiological studies [5].

A systematic review reported strong interactive effects 
between heat and air pollutants, especially ozone and PM₂.₅, 
with consistent evidence for elevated all-cause and car-
diovascular mortality under co-exposure [97]. Real-world 
studies support these findings. In California, the combined 
impact of extreme heat and PM₂.₅ exceeded the sum of 
their independent effects by far [98]. All-cause mortality 
increased by 6.1% on extreme heat–only days and 5.0% 
on extreme PM₂.₅-only days, but by 21.0% on days when 
both exposures co-occurred. Cardiovascular and respiratory 
mortality rose even more: 29.9% and 38.0%, respectively. 
An extensive case-crossover study of 202,678 MI deaths in 
Jiangsu Province, China, showed that both heatwaves and 
cold spells increased MI mortality (ORs ranging from 1.18 
to 1.74 for heat and 1.04–1.12 for freezing). PM₂.₅ expo-
sure on the preceding day further increased MI mortality 
risk; up to 2.8% of MI deaths were attributable to combined 
exposure to extreme temperatures and PM₂.₅ above WHO 
interim target 3 (37.5 µg/m³) [87]. In addition, co-exposure 
to high temperatures and PM₁₀, PM₂.₅, ozone, or NO₂ fur-
ther increased cardiovascular risk, with the strongest inter-
actions observed for ozone and NO₂ [86].

These findings underscore a central public health impli-
cation: even if the relative risks of heat or pollution appear 
modest at an individual level, the population-level burden is 
enormous due to widespread exposure. A recent European 
Union white paper emphasised the substantial co-benefits 
of integrating air-pollution mitigation into heat-health pro-
tection strategies, highlighting the opportunity to reduce 
cardiovascular morbidity and mortality significantly [99]. 
Figure 5 outlines schematically the distinct and overlapping 
biological pathways through which air pollution and non-
optimal temperatures contribute to cardiovascular injury.

Heat-related cardiovascular risk in 
vulnerable populations

Social inequalities in exposure to extreme heat have been 
documented globally, and evidence from all global regions 
indicates that disadvantaged social groups have lower adap-
tive capacity, meaning that they are less able to avoid heat 
or protect themselves from it [101]. Social factors such as 
socio-economic status, neighbourhood environment, work-
place and work characteristics, and race or ethnicity are also 
likely to be related to unequal exposures to further environ-
mental risks such as air pollution, noise, and a lack of green 
space (Fig. 6).

A substantial body of epidemiological evidence shows 
that cardiovascular risks associated with heat exposure are 
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disproportionately concentrated among older adults, indi-
viduals with pre-existing chronic conditions, and socio-
economically disadvantaged communities [102]. Heat 
vulnerability indices, developed in multiple countries, inte-
grate factors such as age, chronic disease burden, medica-
tion use, poverty, and housing characteristics to identify 
geographic areas [103].

Aging markedly reduces physiological resilience to heat. 
Older adults experience diminished sweating capacity, 
impaired vasodilatory responses, reduced cardiac reserve, and 
blunted thirst perception. Under hot and humid conditions 
(e.g., 42 °C, 30–72% humidity), these limitations substantially 
heighten cardiovascular risk. Meta-analytic data indicate that 
a 1 °C rise in temperature increases the relative risk of car-
diovascular mortality by 0.8%, especially in people aged ≥ 65 
years (1.7% vs. 0.9% in younger adults) [9]. Country-specific 
data echo this pattern: in Germany, heat-related mortality was 
5% higher in adults aged 65–74 and 17% higher in those ≥ 75 
years compared with individuals under 65 [104].

Disparities are even more striking across global income 
levels. Low- and middle-income countries (LMICs) expe-
rience some of the world’s highest summer temperatures 
and most intense heatwaves, yet often lack adequate infra-
structure, such as reliable electricity, air conditioning, green 
space, and robust healthcare systems, to mitigate heat 
exposure [105]. A recent analysis found a 9% higher risk 
of cardiovascular mortality per 1 °C rise in LMICs relative 
to upper-middle-income nations [105]. Data from the MCC 
network further show that heat-related stroke and heart-
failure mortality are higher in countries with low GDP per 
capita. In contrast, heat-related IHD mortality was slightly 
more pronounced in high-income settings [4].

Education and social disadvantage also modulate vul-
nerability. In Europe, older adults with lower educational 
attainment experienced significantly higher heat-related 
cardiovascular mortality [106]. In the United States, many 
climate-vulnerable urban neighbourhoods correspond to 
historically redlined communities that have endured decades 

Fig. 5  Synergistic cardiovascular effects of hot temperatures and air 
pollution. This figure illustrates the parallel and overlapping biologi-
cal pathways through which extreme heat and air pollution jointly 
increase cardiovascular risk. High temperatures (left) trigger periph-
eral vasodilation with increased sweating and evaporative loss, hae-
moconcentration and hypercoagulability, fluid depletion and electro-
lyte imbalance, tachycardia with sympathetic activation, and demand 
ischaemia or plaque rupture. Air pollution (right) activates multiple 
toxicological pathways, including hypothalamic–pituitary–adrenal 
(HPA) axis imbalance, platelet activation, endothelial dysfunction, 

systemic inflammation, and pro-fibrotic signalling. Together, these 
stressors converge on shared cardiovascular mechanisms, autonomic 
imbalance, oxidative stress, vascular injury, thrombogenicity, and 
impaired myocardial oxygen supply–demand balance, culminating in 
a spectrum of adverse outcomes. These include cardiovascular mortal-
ity such as ischemic heart disease, heart failure, stroke, and venous 
thrombosis or pulmonary embolism. The figure underscores the com-
pounding health burden created when rising global temperatures and 
persistent air pollution co-occur, particularly affecting vulnerable pop-
ulations. (with permission from [100])
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Fig. 6  Vulnerable population groups at heightened risk during heat 
exposure. This schematic illustrates key groups that are particularly 
susceptible to the adverse health effects of elevated ambient tempera-
tures. Elderly individuals and young children have impaired thermo-
regulation; pregnant women face increased metabolic and cardio-
vascular strain; and patients with cardiovascular disease are prone 
to heat-induced decompensation. People taking medications, such as 
diuretics, antihypertensives, anticholinergics, or psychotropics, may 
experience altered fluid balance or impaired heat dissipation. Work-

ers performing heavy outdoor labour are exposed to extreme physi-
cal and environmental stress. Populations in low- and middle-income 
countries often lack infrastructure, cooling capacity, and access to 
healthcare, further amplifying heat-related risks. Collectively, these 
groups require targeted prevention strategies, early warning systems, 
and tailored adaptation measures to mitigate heat-related morbidity 
and mortality. The graphic generated using Midjourney and ChatGPT/
DALL-E, and edited and laid out using Adobe Firefly, Adobe Photo-
shop, and Adobe InDesign
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of structural disinvestment, environmental inequality, and 
under-resourced health systems [107].

Further high-risk groups include residents of low-lying 
island nations, especially in the Pacific and Indian Oceans, 
as well as indigenous communities across Africa, Austra-
lia/New Zealand, and the Americas, who often face height-
ened exposure, limited adaptive capacity, and cultural or 
geographical barriers to accessing cooling and healthcare 
resources [108].

Drug–heat interactions and their 
cardiovascular implications

Heat exposure not only imposes direct physiological stress 
but also interacts with commonly used medications, altering 
pharmacokinetics, pharmacodynamics, and thermoregula-
tory capacity. These interactions may heighten susceptibil-
ity to syncope, electrolyte imbalance, arrhythmias, renal 
dysfunction, and ischemic events, particularly in older 
adults and patients with multimorbidity.

Heat-induced vasodilation can potentiate the hypotensive 
effects of antihypertensive medications, increasing the risk 
of dizziness, falls, and myocardial ischemia [50]. Several 
drug classes interfere with thermoregulation. Anticholiner-
gics reduce sweating, predisposing individuals to dangerous 
hyperthermia. Diuretics, widely prescribed for hyperten-
sion and heart failure, exacerbate dehydration and electro-
lyte disturbances during heatwaves. Beta-blockers blunt the 
compensatory increase in heart rate necessary to dissipate 
heat, impairing cardiovascular adjustment to thermal stress.

Epidemiological evidence highlights the clinical sig-
nificance of these interactions. During the 2003 European 
heatwave, a matched case-control study of 1,405 emergency 
admissions in France found that anticholinergic medications 
independently increased the risk of hyperthermia or heat-
stroke [109]. Another study of 345 heatstroke admissions 
during the same event identified diuretic use as a predictor 
of higher in-hospital mortality [110]. A recent study [111] 
found a significantly increased risk of nonfatal myocardial 
infarction on hot days compared with cooler control days 
in patients taking antiplatelet medications or beta-blockers, 
compared with patients not taking these drugs. Antiplatelet 
use was associated with a 63% increase in risk, and beta-
blocker use with a 65% increase in risk. Patients who took 
both medications had a 75% cumulated risk. Non-users of 
these medications were not more likely to have a heart attack 
on hot days. It is also interesting to note that the effect of 
medication use was stronger in the younger age group (25–
59 years) than in older patients (60–74 years). However, the 
latter were more likely to have underlying coronary heart 
disease. These findings suggest that certain medications 

may shift an individual’s heat tolerance threshold, thereby 
increasing the likelihood of severe cardiovascular complica-
tions during heatwaves.

Given these risks, clinicians must adopt a proactive 
approach during extreme heat events. Strategies include 
patient education on hydration, symptom recognition, 
avoidance of outdoor activity during peak heat, and tempo-
rary adjustments to medication regimens in high-risk indi-
viduals. Further research is needed to clarify the thermal 
effects of other widely used medications, including antide-
pressants and antipsychotics, which may similarly impair 
thermoregulation and heighten cardiovascular vulnerability 
under heat stress.

Heat-health action planning and clinical 
preparedness

WHO/Europe recommends that countries, regions, and 
municipalities develop Heat–Health Action Plans (HHAPs) 
to systematically prevent, manage, and mitigate heat-related 
health risks. HHAPs provide a coordinated public-health 
framework that spans multiple sectors and governance 
levels. According to WHO guidance, effective HHAPs 
incorporate eight core elements: a clearly designated lead 
agency, accurate alert and early-warning systems, coordi-
nated communication strategies, measures to reduce indoor 
heat exposure, targeted protection for vulnerable groups, 
preparedness of health and social-care services, long-term 
urban planning, and continuous monitoring and evaluation. 
These actions should be implemented at national and insti-
tutional levels and be tightly linked to meteorological early-
warning systems, with specific measures activated before 
and during heatwaves.

Given that many heat-vulnerable patients take medica-
tions for cardiovascular conditions, clinicians play a cen-
tral role in HHAPs. As mentioned, frequently prescribed 
drugs, such as anticholinergics, antihypertensives, antiar-
rhythmics, antianginals, diuretics, antidepressants, insulin, 
and some analgesics, may lose efficacy, cause dehydration, 
impair thermoregulation, or increase the risk of adverse 
effects during heat exposure. Physicians must identify at-
risk patients, provide behavioural guidance, assess medi-
cation regimens, and educate patients about proper drug 
storage (typically below 25 °C). Cardiologists are encour-
aged to integrate heat-specific counselling into routine care, 
conduct pre-summer risk assessments, and advise on hydra-
tion and medication adjustment strategies.

Further research is urgently needed to refine HHAPs 
and improve personalised heat-risk management. Priori-
ties include enhancing early-warning and surveillance sys-
tems, evaluating the effectiveness of protective measures, 
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and examining real-world drug–heat interactions. Wearable 
devices offer promise for monitoring individualised physi-
ological responses, such as ambulatory blood pressure, 
arrhythmias, or dysglycaemia. They may help identify vul-
nerable patients, especially those with comorbidities such 
as diabetes or chronic respiratory disease. Systematic stud-
ies examining temperature effects on medication safety and 
pharmacodynamics remain critically lacking and should be 
a primary focus of future research.

Regional, national, and global strategies for 
adaptation and health-system resilience

Adaptation planning and strengthening resilience

Health systems occupy a central position in climate adapta-
tion because they intersect directly with public health risks, 
disease prevention, emergency preparedness, and the deliv-
ery of care to vulnerable populations [21, 112]. The WHO 
Health System Resilience Framework and the new Opera-
tional Framework for Climate-Resilient and Low-Carbon 
Health Systems outline key components necessary to build 
climate-ready health infrastructures [113, 114]. These com-
ponents include sustainable financing; strong governance 
and leadership; a trained and adaptable health workforce; 
robust service-delivery models; effective health information 
systems; resilient medical products and technologies; com-
munity engagement; and strategies to reduce the sector’s 
carbon footprint.

Understanding and implementing these elements is 
essential for evaluating and strengthening a health sys-
tem’s adaptive capacity. Climate-resilient health systems 
can absorb shocks, maintain essential services for high-
risk populations, and support long-term well-being despite 
environmental stressors. A recent scoping review found 
that most resilience-building efforts to date have occurred 
in high-income countries and have focused on invest-
ments in climate-resilient infrastructure, digital technolo-
gies, improved workforce training, and enhanced access to 
care for vulnerable groups [115]. However, global progress 
remains uneven, and only a minority of countries worldwide 
have implemented comprehensive adaptation and resilience 
strategies.

Health policy measures

Strengthening health-system resilience requires integrating 
climate considerations into all levels of health policy and 
planning. This includes incorporating climate-related health 
risks into urban design, spatial planning, and environmen-
tal regulation, as well as embedding climate education 

into school curricula and health-professional training pro-
grams [116]. Policy measures should also promote heat-
risk adaptation, coastal protection, early-warning systems, 
and national climate-action databases. Ensuring universal 
access to healthcare services during extreme events is cen-
tral to these efforts.

Successful adaptation depends on long-term, multisec-
toral coordination; adequate and sustained funding; regular 
monitoring and evaluation; and strong regulatory enforce-
ment. Unfortunately, many countries, particularly those most 
exposed to climate-related health hazards, still lack detailed, 
actionable policy frameworks to protect their populations.

Health promotion and risk communication

Public education and risk communication are indispensable 
components of climate adaptation. Communities and health 
professionals must be informed about the health impacts of 
climate change, the role of environmental pollution, and the 
co-benefits of mitigation. Climate-informed health educa-
tion programs should be widely accessible, culturally appro-
priate, and supported by community partnerships.

Effective adaptation also requires timely and targeted 
emergency communication, especially for high-risk groups. 
This includes real-time health messaging during extreme 
heat events, floods, or wildfire episodes, as well as rapid, 
disease-specific emergency response protocols. Strengthen-
ing these communication pathways improves preparedness, 
promotes early action, and reduces climate-related morbid-
ity and mortality.

Research gaps in heat–cardiovascular disease 
evidence

Despite mounting evidence that extreme heat increases car-
diovascular mortality, major knowledge gaps continue to 
limit precise risk estimation, mechanistic understanding, 
and effective policy design (Table 2). Singh et al. identify 
several structural weaknesses in existing studies that must 
be addressed to advance the field.

Temporal changes in temperature–CVD associations

A key gap is the poor understanding of how exposure–
response relationships evolve over time. While some regions 
show declining vulnerability due to improved adaptation or 
healthcare access, others demonstrate rising heat suscepti-
bility, particularly among older adults and individuals with 
cardiovascular comorbidities. Most datasets are too short or 
inconsistent to characterize long-term trends robustly, and 
methodological differences impede comparability. More 
long-running analyses are urgently needed.
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Cause-specific cardiovascular mortality

Most studies continue to use aggregate CVD mortality, obscur-
ing condition-specific risks. Evidence for myocardial infarction, 
arrhythmias, heart failure, and specific stroke subtypes remains 
limited and heterogeneous. Stroke appears especially sensitive 
to heat, yet findings vary by region and study design. Without 
more granular outcome data, including ICD-verified causes, 
the field cannot design tailored heat-health interventions.

Interactions with other environmental and social 
stressors

Heat rarely acts alone. Humidity, air pollution (PM₂.₅, 
PM₁₀, NO₂, O₃), wind, vegetation, built environment 

characteristics, and social inequities jointly modify cardio-
vascular risk. Yet interaction effects are understudied, often 
inconsistently modelled, or treated only as confounders 
rather than mediators or effect modifiers. The synergistic 
effects of heat plus high air pollution appear substantial, but 
evidence remains mixed. Integrated environmental-justice 
frameworks that consider occupation, housing, SES, and 
urban–rural gradients are almost absent.

Inadequate exposure assessment

Most studies rely on outdoor air temperature, even though 
people spend 80–90% of their time indoors. This introduces 
significant exposure misclassification, since indoor heat 
exposure (affected by insulation, air conditioning, household 
materials, and ventilation) can diverge sharply from ambi-
ent temperatures. High-resolution, standardised temperature 
datasets, especially in low- and middle-income countries 
(LMICs), are limited or absent. These regions face the most 
significant heat burden, yet contribute the least data.

Limited evidence from LMICs and climate-
vulnerable regions

Despite these regions bearing most of the heat-attributable 
cardiovascular mortality (e.g., South Asia, Africa, Eastern 
Mediterranean), high-quality epidemiological studies are 
scarce. Differences in baseline CVD rates, infrastructure, 
comorbidities, and adaptive capacity make extrapolation 
from high-income countries unreliable. Strengthening sur-
veillance systems, vital statistics, and exposure-monitoring 
networks in LMICs is essential.

Biological mechanisms and individual-level data

Current evidence links heat exposure to dehydration, hae-
moconcentration, sympathetic activation, and increased 
cardiac workload. But direct mechanistic evidence remains 
weak. Few studies integrate biomarkers, longitudinal 
cohorts, medication use, or clinical parameters (e.g., FMD, 
troponins, BNP). No randomised trials are feasible, but 
detailed longitudinal cohorts with wearable monitoring 
could transform understanding.

Evaluation of policy effectiveness

Heat-health action plans are widely recommended, but 
their real-world impact remains unclear. Few studies evalu-
ate whether interventions reduce mortality in vulnerable 
groups. Without rigorous assessment, policies risk remain-
ing symbolic rather than protective.

Table 2  Key Research Gaps and Needed Advances in Heat/Cold–CVD 
Science
Gap Description Needed Solutions
1. Temporal 
variability

Unclear how heat/
cold–CVD rela-
tionships change 
across decades and 
demographics.

Long time-series 
analyses with stan-
dardized methods.

2. Cause-specific 
outcomes

Limited evidence for 
MI, HF, arrhythmias, 
and stroke subtypes.

More granular ICD-
based analyses; 
harmonic multi-
country cohorts.

3. Environmental 
interactions

Synergistic effects 
with humidity, PM₂.₅, 
NO₂, O₃, and social 
vulnerability poorly 
understood.

Explicit interaction-
modelling and 
environmental-jus-
tice frameworks.

4. Exposure 
misclassification

Overreliance on 
outdoor temperature; 
indoor/personal expo-
sure largely missing.

Indoor heat moni-
toring; improved 
satellite, sensor 
integration.

5. Lack of LMIC 
data

Regions with highest 
burden have least 
research.

Investment in sur-
veillance, meteoro-
logical–health data 
linkage.

6. Mechanistic 
uncertainty

Limited biologi-
cal data connecting 
heat/cold to CVD 
pathways.

Mechanistic 
cohort studies with 
biomarkers and 
wearables.

7. Policy evaluation 
gaps

Effectiveness of heat/
cold-health action 
plans is unclear.

Impact assessments, 
equity-focused 
evaluations.

8. Adaptation 
processes

Behavioural and 
physiological adapta-
tion insufficiently 
studied.

Multi-year cohort 
studies across 
climates and SES 
groups.

9. Longterm Repeated exposure to 
extreme events. 

Multi-year cohort 
studies across 
effects and the 
impact on life 
expectancy climates 
and SES groups.
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Summary and conclusion

Climate change has reshaped the global thermal environ-
ment, increasing the frequency, duration, and intensity of 
temperature extremes, with major consequences for cardio-
vascular health. While cold-related mortality still dominates 
the overall burden, heat-related cardiovascular mortality 
is rising rapidly. For Europe alone [8], projections under 
different emission and population scenarios estimate a 
temperature-related burden of 0.7–2 million deaths across 
the century, with rising heat-related deaths consistently out-
weighing the modest decline in cold-related mortality.

Chronic cardiovascular disease is particularly vulner-
able to thermal stress because thermoregulation depends on 
tightly coordinated adjustments in blood flow, vascular tone, 
hydration, autonomic balance, and renal perfusion. Heat 
and cold disrupt these mechanisms, driving sympathetic 
activation, endothelial dysfunction, oxidative stress, haemo-
concentration, prothrombotic shifts, renal injury, and myo-
cardial oxygen supply–demand mismatch — converging on 
ischemic heart disease, stroke, heart-failure decompensation, 
and arrhythmias along the U- or J-shaped exposure–response 
curves seen across multi-country analyses.

A unifying mechanism is immune and neuroendocrine 
activation: heat triggers heat-shock protein release, NLRP3 
inflammasome activation, and gut-barrier disruption with 
endotoxin translocation, while cold elicits sympathetic-
driven leukocytosis, elevated IL-6/TNF-α, and increased 
susceptibility to respiratory infections. Both responses are 
amplified by concurrent HPA-axis activation, also engaged 
by air pollution, providing a coherent framework linking 
environmental exposure to the chronic inflammation, endo-
thelial dysfunction, and plaque destabilisation underlying 
atherosclerotic disease.

Temperature does not act alone: air pollution, wildfires, 
dust storms, urban heat islands, and drug–heat interactions 
amplify cardiovascular risk, while social determinants con-
centrate it in older adults, patients with chronic CVD, out-
door workers, and populations in low- and middle-income 
countries. Important gaps remain regarding long-term tem-
perature–CVD trends, cause-specific outcomes, interac-
tions with pollution and social vulnerability, mechanistic 
immune–vascular pathways, and rigorous evaluation of 
heat- and cold-health action plans.

Clinically and politically, the message is clear: non-opti-
mal temperature is a modifiable environmental risk factor 
for chronic cardiovascular disease. Integrating heat- and 
cold-risk assessment into cardiovascular care, strengthening 
climate-resilient health systems, and advancing mitigation 
and adaptation policies will deliver substantial co-benefits 
for global cardiovascular health in a warming and increas-
ingly unstable climate.
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