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Abstract

Climate change has been recognized as a driver of increased heatwave events in the Asia Pacific region, including
Australia. This review systematically retrieved and summarized published evidence on heat-related health impacts
in Australia, focusing on heat-associated deaths, morbidity, and vulnerability. We searched PubMed, Scopus,
Embase, and Web of Science for heat-health studies published in Australia between 2007 and 2023. A total

of 64 articles met the inclusion criteria and were included in our review. Most were epidemiological studies

[56 (87.5%)], which accumulatively considered 85 different cause-specific diseases linked to deaths, hospital
admissions, emergency department (ED) presentations, and ambulance callouts, while eight studies focused on
heat vulnerability index (HVI) assessment. We found strong evidence of increasing risks for heat-associated deaths
among individuals with mental/behavioral disorders, cardiovascular diseases, diabetes, and respiratory disease.
Evidence supporting an increasing risk for renal/genitourinary-related deaths was limited. The majority of studies
reported an increase in heat-associated hospitalization, particularly for patients with renal disease, neurological
disease, stroke, mental disorders, diabetes, and ischemic heart disease. Heat-associated ambulance callouts was
prominent for patients with cardiovascular and respiratory diseases. This evidence suggests that these heat-related
diseases should be used as health indicators for developing and validating HVI in Australia. Most studies did not
examine the long-term changes in vulnerability and lacked evaluation with cause-specific health data. Future
research must incorporate HVI across diverse climate change scenarios to more accurately inform long-term
adaptation measures among vulnerable communities. In addition, research should target nationwide longitudinal
heat vulnerability and examine the benefits of using HVI in heatwave action plans.
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Introduction

Climate change has been recognized as a key driver
behind the recent surge in extreme heat events, result-
ing in increasingly high frequencies and intensities [1,
2]. Asia Pacific regions, including Australian cities, are
affected by extreme heat events due to warming and the
seasonal effects of El Nifio Southern Oscillation [3, 4].

There is a particularly evident threat to Australians
with existing health complications, which has been well-
documented in literature. Individuals with kidney disease
exhibit an increase in risk of heat-associated hospitaliza-
tion, with a relative risk (RR) of 1.29, 95% [confidence
interval (CI): 1.16-1.44] in the Northern Territory [5].
Those diagnosed with respiratory disease had a RR of
1.12 (95% CI: 1.03-1.21) for heatwave-related deaths in
Queensland [6]. Increased risk of heatwave-associated
out-of-hospital cardiac arrest (RR 1.25 95% CI: 1.04-1.50)
was observed in Brisbane [7], and heat-related deaths
from diabetes [odds ratio (OR) 1.22 95% CI: 1.03—1.46]
was found in Sydney [8]. Extreme heat affects human
health via several biological pathways, most of which act
to dysregulate systemic blood flow, thus increasing myo-
cardial strain, blood viscosity, and total cholesterol levels
to cause coronary and cerebral thrombosis [9, 10]. Inha-
lation of hot air may trigger high respiratory ventilation
rate and bronchoconstriction among healthy people and
asthmatic patients [11]. Younger adults may experience
high plasma-based kidney biomarkers, particularly cre-
atinine and cystatin C, which increase the risk of kidney
complications during extreme heat conditions [12].

Australia’s heat-related mortality and morbidity risk
is increasing among its cities and States [13-16]. The
National Coronial Report shows that 354 Australians
were killed by heatwaves from 2000 to 2018 [17]. The
2009 catastrophic heatwave episode caused 20 direct
deaths, increased general practice attendance by 65%
among older people (>75 years), and increased total
cardiac arrests by 280% [18]. A recent report shows that
more than 10 million Australians are exposed to hazard-
ous heat. Extreme heat will negatively affect quality of
life, with an estimated loss of $ 211 billion in agriculture
and labor productivity by the year 2050 [19]. Further esti-
mates from the Australian Climate Council indicate that
there will be a $ 571 billion loss in the property market
because of extreme climate events, including heatwaves
[20].

In 2023, the Australian Department of Health and
Aged Care launched a national health and climate strat-
egy for 2024—2028 to help protect the health of the public
from extreme climate events (i.e., heatwaves) by building
resilient communities. One of the four enablers of the
strategy is the prioritization of climate change (extreme
heat) and health research to help develop effective adap-
tation responses [21]. Evidence from heat vulnerability
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research plays a substantial role in improving health and
well-being by fostering climate-resilient health systems
and driving sustainable city design.

Although heat research has been well-documented in
Australia for the past two decades [22], limited studies
have comprehensively compiled or reviewed heat vulner-
ability studies to inform heat action plans, strategies, and
adaptation policies. Therefore, this scoping review aims
to comprehensively examine Australia’s current heat vul-
nerability studies.

Therefore, to achieve this objective, the review will
address the following four research questions:

(1) What are the trends and distributions of heat-health
studies in Australia?

(2) What are the common diseases from heat-
related mortality, hospital admissions, emergency
department presentations, and ambulance callouts?

(3) What is the current evidence of spatial heat
vulnerability assessment index (HVI) studies in
Australia?

(4) What are the strengths, limitations, and
recommendations for further studies?

Methods

We conducted a systematic scoping review to answer
the four research questions. First, we developed a priori
protocol for this scoping review and made it available at
Open Science Framework OSF (https://osf.io/ewdb9).
The protocol was based on Preferred Reporting Items
for Systematic Reviews and Meta-Analysis extension for
Scoping Reviews (PRISMA-ScR) (Tricco et al., 2018).

Search strategy

We developed a search string and conducted the initial
literature search in PubMed, Scopus, Embase, and Web
of Science on October 16, 2022, and the final search on
December 4, 2023. The search strings were developed fol-
lowing the PECO (populations, exposures, comparators,
and outcomes) conceptual framework [23], as shown in
Supplementary Table S1. We applied different search
fields (such as title, abstract, and keywords) in combina-
tion with truncations, wildcards, subject medical head-
ings (MeSH), and terminologies to develop the strings.
The typical search terms used were “heatwave” OR
“extreme temperature,” OR “mortality” OR “morbidity,’
OR “hospital emergency visits,” OR “ambulance dispatch,’
AND “Australia” The detailed search strategies for all four
electronic databases are available in Supplementary Table
S2.

Selection criteria
After removing the duplicates, two reviewers (P.A. and
N.S.) independently assessed the titles and abstracts of
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all identified papers. Studies selected during the title and
abstract screening were considered for full-text evalua-
tion. During the screening process (i.e., title and abstract,
full text), three-stage inclusive/exclusive criteria were
applied. First, we included only full-length epidemio-
logical studies (e.g., case-crossover, time-series) that have
applied exposure-response models. Second, we included
studies that used heat metrics such as maximum /mini-
mum /mean temperature, heatwave, and excess heat
factor (EHF). EHF is a heatwave intensity measure that
characterizes heatwaves according to their severities
based on a 3-day mean in relation to the 95th percentile
of long-term (e.g., past 20 years) and the recent (30 days)
mean daily temperature [24]. Third, we included heat
vulnerability assessment studies that relied on exposure,
sensitivity, and adaptive capacity variables.

Studies on indoor thermal comfort, bushfires, occu-
pational health, sports, toxicology, and accidental burns
were not considered. All international multi-country/city
studies, systematic reviews, surveys, and interview-based
studies were excluded. Studies that met the inclusive/
exclusive eligibility criteria progressed to data extraction
[25].

Data extraction and analysis

Two reviewers (P.A. and N.S.) conducted data extraction.
For heat-health epidemiological studies, the following
information was collected: authors, study year, and geo-
graphical units (e.g., State level, cities, etc.,). We extracted
the heat exposure metric (e.g., EHF), study period, popu-
lation, the design used, statistical models applied, type of
health outcome (e.g., hospital admissions), cause-specific
diseases (e.g., Asthma), and the main findings of the
study. We extracted data only for heat components from
studies that have assessed other climatic variables (rain-
fall, humidity, air pressure). Where a particular study
has employed more than one heat exposure metric, we
extracted data for all the metrics. Data was not extracted
from studies that combined results from multiple cities,
regions, or geographical units. If a study used diverse
designs, we extracted results from all designs unless they
produced similar outcomes.

For HVI studies, we extracted information about study
locations, geographical scale (e.g., cities, States, etc.,),
heat exposure, sensitivity, adaptive capacity variables
used, the method of HVI construction, and the validation
status (e.g., whether the HVI was associated with heat-
related mortality and morbidity). All extracted results
were presented in the form of tables and bar charts. Any
disagreements between the reviewers were resolved via
discussion with the last author. Given the nature of the
review, we did not assess the quality of individual stud-
ies or conduct a meta-analysis based on the PRISMA ScR
guidelines.
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Results

Study selection processes and characteristics

The literature search generated 696 articles, 687 from
scientific databases, and 9 from other sources, primarily
manual search. After de-duplication, title and abstract
screening, and full-text screening, 64 studies were
retained for the systematic scoping review.

The retained articles comprise 56 epidemiological stud-
ies and 8 HVI studies (Fig. 1). The publication rate has
increased for the past 13 years (2012—-2014), indicating a
growing research interest in heat-health (Fig. 2).

Description of the study

Supplementary Figure S1 shows the distribution of heat-
health studies across Australian States and cities, along
with the types of study designs used for different health
outcomes. Most studies were conducted in Queensland/
Brisbane, and South Australia/Adelaide were mainly
case-crossover in design.

Hospital admissions

We identified 81 heat-health epidemiological studies
(Supplementary Table S3, Supplementary Figure S1). Of
these, 36 studies investigated the effect of extreme tem-
perature exposures on hospital admissions among the
general population. The majority of the studies described
weather exposure as heatwave (n=17), utilized case-
crossover (n=15) study design, and analyzed the data
using Poisson regression models (7=18). Most of the
hospital admissions studies (n=27) were focused on the
capital cities, especially in Brisbane (#=10) and Adelaide
(n=10 ), with fewer studies in Sydney (n=3), Melbourne
(n=1), Perth (n=1), Hobart (n=1) and Darwin (n=1).
Only nine hospital admission studies were conducted at
the State level; the majority of them were in Queensland
(n=4), with few studies in South Australia (z=2), New
South Wales (# = 1), Western Australia (#z = 1), and North-
ern Territory (n=1).

ED presentations

Twenty of the heat-health epidemiological studies
assessed the impact of extreme temperature on ED pre-
sentations (Supplementary Table S3, Supplementary Fig-
ure S1). The majority of the studies were described in the
context of heatwaves (n=12) as well as other exposure
types, including heat (n =2), hot temperature (1), extreme
temperature (#=2), summer temperature/heatwave
(n=1), and temperature (n=2). Most of these studies
determined associations using Poisson regression models
(n=18) within an ecological study design (n=11).

Only one study was a retrospective cohort using the
Rural Acute Hospital Data Register (RAHDaR), which
collects comprehensive data on visitations made to the
various EDs in Southwestern Victoria, including urgent
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Records identified from the following databases —
121 PubMed
211 Scopus
206 Web of Science
149 Embase
009 Manual search
Total = 696

A\ 4

275 duplicate records were removed.

A4

421 records screened.

174 irrelevant records were excluded.

Exclusion Criteria —

= Heat epidemiology studies from different
countries (e.g., China, Brazil, Vietnam, USA)

= Clinical studies (e.g., hygroscopic heat)

= Radiological studies (e.g., Hypothermia,
chemotherapy, laser therapies)

= Studies on burns (e.g., heater injuries,
dermal, gas heaters)

= Ecosystem studies (seawater temperature)

= Ambient pollution studies (e.g., Asthma,
COPD)

= Indoor air pollution studies (e.g., respiratory
iliness)

= Papers from COVID (e.g., on mental health,
therapeutic features)

= Diseases transmission studies
(gastroenteritis, viruses, fungal infections)

= Studies on Wildfires (e.g., forest burns)

A\ 4

A\ 4

247 full-text articles assessed for eligibility.

186 records excluded —
75 Not heat-health study.
29 Not full-length paper (chapter, poster
conference, erratum, corrigenda)
22 Systematic/scoping/narrative review
14 Does not include heat exposure.
12 Wrong setting
) - 8 Occupational heat exposure sources
Other records identified from 3 .
5 Accidental heat burns
5 Multi-city studies
18 Wrong study design
5 Occupational health outcomes
v 1 Indoor thermal exposure
L 1 Retracted Article
3 reports assessed for eligibility. R 1 Wrong comparator
2 Duplication

A 4

institutions.

A 4
64 total included studies (61 articles, 3 reports)
56 epidemiological
8 vulnerability assessmefit

Fig. 1 PRISMA flow chart showing the study selection process
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Fig. 2 Different study types published from 2007 to 2023, with the number of heat-health studies (N=64) for each study group indicated by the publica-

tion year

care centers [26]. The majority of the ED presentation
studies were located in Brisbane (#=6) and Adelaide
(n=5); a very small number of the studies were found in
Sydney (n=1) and Perth (n=1). All the State-level studies
were almost equally distributed, with each state having
only one study except Tasmania (n=2) (Supplementary
Table S3, Supplementary Figure S1).

Ambulance callouts

Ten Studies investigated the association between extreme
temperature and ambulance callouts (Supplementary
Table S3, Supplementary Figure S1). The majority of them
described the exposure as heatwave (n=38), while others
were characterized as heat (n=2) and hot temperature
(1). Most studies used a time-series study design (n=4)
and a Poisson regression statistical approach (n=6).
These six studies were focused only on three major popu-
lated capital cities of Australia - Adelaide (= 3), Brisbane
(n=2), and Sydney (n=1). Only one State-level study has
been carried out in Queensland, South Australia, New
South Wales, and Tasmania.

Mortality

Seventeen studies have investigated the link between
extreme temperature and mortality in Australia (Supple-
mentary Table S3, Supplementary Figure S1). A greater

number of the studies described the association in the
context of heatwave (n=12), with a few studies in heat
(n=3), extreme temperature (n=1), and summer temper-
ature/heatwave (n=1). The most common study designs
used were case-crossover (n=7) followed by ecological
study (n=4), time-series (n=3), and case-series (n=3).
The statistical approaches used were mostly Poisson
regression (8) and conditional logistic regression (5), and
only one study used a generalized estimating equation
and negative binomial regression. Capital city-specific
heat-related mortality studies were primarily conducted
in Brisbane (n=6), followed by Adelaide (n=4), with few
studies in Sydney (n=2) and Perth (n=1). Limited evi-
dence for heat-mortality association was found at the
state level, with only one study conducted in Queensland,
Northern Territory, South Australia, and New South
Wales (Supplementary Table S3).

Cause-specific health outcomes

As indicated in Supplementary Table S4, we reviewed all
the cause-specific heat-associated morbidity and mor-
tality in Australia for (a) hospital admissions, (b) ED
presentations, (c) ambulance callouts, and (d) deaths.
Supplementary Figure S2 displays the effect estimates
[as relative risk (RR), incident rate ratios (IRR), and
odds ratio (OR)] of the various heat-related morbidity
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and mortality according to disease type, the associated
human system, and age categories.

Cause-specific hospital admissions

Under the broad category of hospital admissions, 63
studies have investigated different types of diseases,
as shown in Supplementary Table S4. The various dis-
eases from heat-associated hospital admissions could
be known by extending hospital admissions, as shown
in Supplementary Table S5. Due to the heterogeneity in
study designs employed by these studies, the heat-related
outcomes from these diseases have been reported as OR,
RR, and IRR in Supplementary Figure S2.

Diseases of the genitourinary system Fifteen studies
focused on diseases of the genitourinary system compris-
ing seven specific diseases, including acute renal failure
(ARF), dialysis (DLS), renal failure (RNF), urolithiasis
(URS), urinary tract infections (UTI), and urinary dis-
eases (URD). Among these health outcomes, the most
reported disease showing heat-associated hospitaliza-
tions was renal disease (RND) [27-35].

A study in Adelaide (1995-2006) found an increased
risk of RND [IRR=1.10 (95% CIL: 1.00-1.20) ], and ARF
[IRR=1.25 (95% CI: 1.03-1.51)] heat-associated hos-
pitalizations. However, DLS [IRR=1.01 (95% CL: 0.96—
1.05)] was not associated with extreme heat [27]. Earlier
research reported a 13% rise in RND hospital admis-
sions from 1995 to 2006, higher than during 1995-2006
[32]. In the same city (Adelaide ), there was a marginal
increase in RND hospital admissions among the elderly
despite the varying frequencies in 2008 [IRR=1.23 (95%
CIL: 1.03-1.47)] and 2009 [IRR =1.48 (95% CI: 1.15-1.88)]
heatwave episodes days [31]. Additional factors contrib-
uting to hospitalization risk in Adelaide include living
alone and low socioeconomic conditions [36]. Residents
in Adelaide are shown to be highly susceptible to RND
and ARF admissions, including more extended hospi-
tal stays [35, 37, 38]. This association was also found
among people who either had been diagnosed with
RNF[OR=1.13 (95% CI: 0.89-1.43)] or had underly-
ing RNF conditions [OR=1.18 (95% CI: 1.09-1.27)] in a
regional study in New South Wales [28].

In Queensland, there was an overall decrease in RND
hospital admissions from 1995 to 2016. However, males
and elderly individuals aged 75 years and older were
the most susceptible groups [29, 30]. RNF had a higher
attributable fraction compared to UTI [30]. A city-scale
analysis in Brisbane also showed an increase in RND
admissions [OR=1.2 (95% CI: 0.38-3.84)] when adjusted
for particulate matter with an aerodynamic diameter
of 10 micrometers (PM,y) [34]. Children in Brisbane
showed high susceptibility to RND heat-associated
hospital admissions, and caution was given about the
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importance of improving pediatric healthcare services
against extreme temperatures [33]. In Sydney, both single
and three-day severe/extreme heat events were associ-
ated with increased admissions for RNF [OR=1.26 (95%
CI: 1.16-1.38)] and URS [OR=1.18 (95% CI: 1.02-1.25)]
[8]. Similarly, in Western Australia, severe/extreme heat-
wave was linked to a 16% increase in RND [IRR=1.16
(95% CI: 1.05-1.28)] hospital admissions, with the elderly
(260 years) showing the highest vulnerability [39].

Diseases of the circulatory system Eleven studies delved
into the effect of extreme heat on hospital admissions from
circulatory system diseases. The specific diseases studied
included circulatory system disease (CSD), cerebrovas-
cular disease (CBD), acute myocardial infarction (AMI),
ischemic heart disease (IHD), heart failure (HTF), stroke,
high blood pressure (HBP), and heart diseases (HRD).
Two of these studies were conducted at regional levels
in New South Wales [28] and Northern Territory [40].
The former study highlighted that people with underly-
ing CSD (12%), including cardiac arrest (14%), and cere-
brovascular diseases (11%) [(non-statistically significant)]
were at higher risk of hospital admissions after exposure
to a 3-day moving average temperature. On the contrary,
findings from L Webb, H Bambrick, P Tait, D Green and
L Alexander [40] suggested that there were reductions
in heat-associated admissions from IHD (63%) and HTF
(40%) in older (= 65 years) females and males, respectively.

The remaining nine studies examined the effect of
extreme heat exposures on several types of CSD-caused
admissions across the major Australian capital cities. In
Melbourne, for example, episodic extreme heat events
increased acute AMI admissions [41]. In Adelaide, a case-
series study design highlighted increased IHD admissions
among the elderly [31, 32]. A matched case-control study
in Adelaide also found increased hospital admissions for
heart diseases despite using air conditioning [36]. In Bris-
bane, XY Wang, AG Barnett, W Yu, G FitzGerald, V Tip-
pett, P Aitken, G Neville, D McRae, K Verrall and S Tong
[34] reported a 65% increased odds of stroke admissions
from heat-related hospitalizations among those aged
15-64. Still, their previous study showed a non-signifi-
cant increase in stroke admissions among participants
aged 65 years and younger [42]. Z Xu, S Tong, HC Ho,
H Lin, H Pan and ] Cheng [43] identified that individu-
als with diabetes are highly susceptible to heat-associated
CSD admissions, particularly AMI. LA Wilson, GG Mor-
gan, IC Hanigan, FH Johnston, H Abu-Rayya, R Broome,
C Gaskin and B Jalaludin [8] showed a 4% increase in
odds of THD hospitalizations during severe and extreme
heat exposures.

Mental and behavioral disorders Eight studies focused
on heat-associated hospital admissions for mental and



Amoatey et al. BMC Public Health (2025) 25:522

behavioral disorders, investigating 17 different specific
diseases: mainly mental disorders (MDS), depression
(DPR), dementia (DEM), all mental and behavioral dis-
orders (MBD), organic including symptomatic, mental
disorder (OSMD), mental and behavioral disorders due
to psychoactive substance use (MBPS), schizophrenia,
schizotypal, and delusional disorders (SSDS), mood dis-
orders (MOD), neurotic, stress-related, and somatic dis-
orders (NSSD), behavioral syndromes associated with
psychological disturbances and physical factors (BSPF),
disorders of adult personality and behavior (DAPD), men-
tal retardation (MTR), disorders of psychological devel-
opment (DPD), behavioral and emotional disorders with
onset usually occurring in childhood and adolescence
(BEDC), psychotic disorder (PSD), senile degeneration of
brain (SDB), and senility (SEN).

A comparative study in Adelaide found that heatwave
events in 2008 increased MDS-related hospitalizations
by 64% in children (5-14 years) and 10% in the elderly
(75 + years), while the 2009 event saw decreases of 3% in
adults (15-65 years) and 5% in the elderly [31]. An ear-
lier study in the same geographical area (Adelaide) also
found an overall increase in MDS hospitalization by 7%
across the entire population but a higher risk among the
elderly (17%) [32]. S Williams, M Nitschke, T Sullivan,
GR Tucker, P Weinstein, DL Pisaniello, KA Parton and P
Bi [44] reported a 3% increase in MDS admissions when
adjusted for ozone and PM,, following a 10°C increase in
maximum temperature. Other studies did not evaluate
the specific causes of hospital admissions but found that
MDS was among several types of diseases that contrib-
uted to an overall increase in the length of hospital stay
in Adelaide [38]. An ecological study (1993-2006) also
found a 7.3% increase in MDS hospitalization, attribut-
ing it to organic diseases, dementia, mood disorders, and
senility [14].

A case-control study in Sydney between 1991 and 2009
found 2% increase in odds of overall MDS ([OR=1.02
(95% CI: 1.00-1.03]) caused hospitalization at 95th per-
centile temperature exposures. The most susceptible
groups were those diagnosed with MTR (27%) and PSD
(3%), though the association was not statistically sig-
nificant [45]. A study assessed the impact of single and
continuous (3-day average in a row) heat exposures by
employing a case-crossover approach. The results showed
a 3% and 9% increase in MDS hospital admissions among
all age groups, and those with 65 plus years, respectively
[8]. One study in Brisbane examined whether extreme
heat (=37 °C for two or more consecutive days) predicted
MDS admissions among the population aged 65—74 years
and found a non-significant association (OR=1.50; 95%
CIL: 0.45-4.99) [34].
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Disease of the respiratory system Seven epidemiologi-
cal studies have assessed respiratory system-caused hos-
pital admissions, focusing on four diseases: all respiratory
disease (RSD), chronic obstructive pulmonary diseases
(COPD), Asthma, and pneumonia (PNM). These studies
were mostly conducted in Adelaide (5), Sydney (1), and
New South Wales (1).

The first regional-scale heat-epidemiological study in
New South Wales found no association between heat
exposure and RSD (including COPD and ASM) as the
primary disease diagnosed. There was an increase in
admissions for those with underlying health conditions
for RSD (14%), COPD (12%), and ASM (57%) for 3-day
moving average heat exposure [28]. A case-series study
conducted by M Nitschke, GR Tucker, AL Hansen, S Wil-
liams, Y Zhang and P Bi [31] found that the 2008 extreme
heat event is not a predictor of RSD for all the popula-
tions in Adelaide except for 5-14 years and 15-64 years
age groups with IRRs of 1.02 (95% CIL: 0.71-1.47), and
1.06 (95% CI: 0.77—1.47), respectively. For the subsequent
2009 heatwave event, M Nitschke, GR Tucker, AL Han-
sen, S Williams, Y Zhang and P Bi [31] later found a 3%
increase in RSD admissions among infants (0—4 years). A
matched-case control study (43 cases, 25 control) during
the same 2009 heatwave event was not significantly asso-
ciated with RSD, including ASM [36]. The previous evi-
dence (1993-2006) has suggested that only populations
within 15-64 years (3%) had high vulnerability to RSD
hospitalizations, but the association was not significant
[32]. Other studies did not investigate age-specific associ-
ation but found that both minimum (3%) and maximum
(2%) temperatures equally increase RSD admissions, but
such association was not statistically significant [44].

Two studies focused on Sydney. The first study when
adjusted for heat (95 and 99th percentiles) levels with
both ozone and PM,,, showed a statistically significant
association with RSD [ OR=1.02 (95% CI: 1.01-1.04)]
especially 11% increase for pleurisy (PLY), and empy-
ema (EYA), but was protective against ASM ([OR=0.88
(95% CI: 0.83-0.94)] [45]. The second case-crossover
study found that RSD (3%), COPD (6%), and PNM (5%)
all showed a similar magnitude of association for 3-day
moving average heat exposure. No association was found
for ASM [8].

So far, only one study was conducted in Brisbane
(1996-2005) but did not find an association between
extreme temperature (defined as >37°C for two or more
consecutive days) and RSD among different age groups.
Those within 15-64 years showed the highest vulnerabil-
ity [OR=7.7 (95% CI: 0.8—-74.9] to RSD admissions, but
the association was not statistically significant [34].

Disease of the cardiovascular system Seven stud-
ies investigated diseases of the cardiovascular system by
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focusing on three main types - chronic heart failure (CHF),
cardiac failure (CDF), and all cardiovascular diseases
(CVD)- distributed across different geographical scales in
Australia. Two of the seven studies were at the State level,
particularly in South Australia and Queensland. A retro-
spective cohort study involving 2961 patients (between
1994 and 2004) in South Australia assessed the impact of
hot summer heatwave on heart failure hospitalizations.
The study found an increase in 33 cases of CHF-caused
admissions [Rate=33 (95% CI: 30-37)/1000 people]
due to extreme summer temperature, revealing that the
elderly (=75 years old) were the most at-risk group [46].
The Queensland study (1995-2016) employed a case-
crossover design to determine the risk of heat-related
CVD admissions. The findings suggest a 10% increase in
the risk of heat-associated CVD admissions overall, with
a 20% increase observed among those aged 0-59 years;
both males and females had an equal risk (10%) of CVD
admissions [15].

At the city scale, some studies in Brisbane did not
observe any association of extreme heat levels with CVD
hospitalization [OR=1.04 (95% CI: 0.87-1.24] [34]. A
similar outcome was also reported in Sydney (1997-
2010), where single heat exposure showed a non-signifi-
cant association with CVD (10%) admissions for all ages,
including those aged 65 years and above [8]. In contrast,
in the same city (Sydney), a study (1991-2009) found a
marginal increase (1%) in the odds of overall CVD hos-
pitalizations [OR=1.01 (95% CI: 1.00-1.02)]. It should be
noted that ozone and PM,, were the main confounding
variables applied to the model [45]. Only one study was
found in Adelaide (1993-2009), and the researchers con-
cluded that extreme heat was not associated with CVD
admissions [OR=1.0 (95% CI: 0.99-1.00)] at a minimum
temperature level of 26°C [44].

Disease of the endocrine, nutritional, and metabolic
system Six studies assessed hospitalizations due to dis-
eases of the endocrine, nutritional, and metabolic sys-
tems, focusing on diabetes (DBT), and hyperlipidemia
(HDM). These studies were primarily conducted in Bris-
bane (n=3), Sydney (n=1), Adelaide (n=1), and New
South Wales (n=1).

A study found no association between hospital admis-
sions and extreme heat events (for 3 days average in a
row) among people who have been diagnosed with DBT
[OR=1.13 (95% CI: 0.97-1.31)], and those with under-
lying DBT [OR=1.04 (95% CI: 0.98-1.10)] health con-
ditions [28]. Similar findings were reported in another
study that accounted for air pollution, such as ozone,
PM,,, and nitrogen oxide (NO,) levels [34]. Wilson et
al. (2013) reported a positive association between DBT
admissions and heat exposure without accounting for
air pollution exposure. The intensity of the heatwave

Page 8 of 20

can drive DBT admissions. For example, a retrospec-
tive cohort study in Brisbane (2005-2015) indicates
that admissions increased significantly during moder-
ate (19%, p=0.026) and high (37%, p=0.00) but not low
(9%, p=0.15) heat intensity heatwave [47]. A case-control
study involving 143 participants with underlying DBT
conditions showed a significant increase in DBT hospital-
ization [36]. Others have also predicted that combining
DBT with other diseases can increase the overall length
of hospital admissions [38]. Only minimal studies have
assessed the indirect effect of heat on hyperlipidemia
(HDM). According to Z Xu, S Tong, H Pan and ] Cheng
[48], individuals with pre-existing HDM [OR=1.18 (95%
CI: 1.07-3.19)] showed a significant increase in stroke-
related admissions after adjusting for PM,, and NO,. It
was concluded that other environmental factors, such as
low urban greenery and income levels, can exacerbate the
risk.

Disease of the nervous system Four studies focused
explicitly on admissions related to diseases of the ner-
vous system, such as all nervous system disease (NSD),
neurological disorders (NUD), and Alzheimer’s disease
(AZD). The first study applied case-series design across
different regions in New South Wales between 1998 and
2006. The researchers identified that individuals having
NSD as underlying health conditions were more vulnera-
ble to hospital admissions [OR =1.12 (95% CI: 1.04—1.14)]
during 3-day extreme heat exposure ( 99th percentile
mean temperature). The risk was higher during the first
day (10%) of exposure but decreased on subsequent days
(6%) [28]. A similar study (matched case-control study)
in Adelaide enrolled 143 individuals diagnosed with NSD
health issues. The study showed that extreme heat caused
a significant increase in NUD hospitalizations among
them [36]. Stratification by sex and age groups revealed
that females but not males were at increased risk of hos-
pitalizations for AZD. In contrast, males aged 65—74 had
a lower risk of AZD admissions than females following
heat exposure [14]. Using a retrospective cohort design, Z
Xu, S Tong, ] Cheng, Y Zhang, N Wang, A Hayixibayi and
W Hu [49] revealed that AZD admissions increased sig-
nificantly during moderate heat intensity and that the risk
was very low for people living in high vegetation areas.

Infectious parasitic and cancer diseases Two studies
investigated the association between extreme heat and
certain infectious and parasitic diseases related to hospi-
tal admissions [28, 36]. Both studies used the same health
data sources (medical records data) but applied different
study designs. The first study in New South Wales applied
case-only analysis and found a significant association
between extreme heat neoplasm (NPSM) caused admis-
sions [28]. The second study in Adelaide used a matched
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case-control approach and found no association with can-
cer-disease-related hospital admissions [36].

Disease of the digestive system, heat-related illness,
injuries, and poisoning We found very limited studies
(n=1) on digestive system diseases that comprise only
15% of cases of liver diseases (LVD) in Adelaide. The study
found a significant increase (6%, p=0.01) in LVD admis-
sions [36] with exposure to extreme heat. Two studies
investigated the extent of increasing hospital admissions
because of heat-related illness (HRI). The first study in
Sydney found increased heat-associated hospitalization
among individuals with HRI and injuries [OR = 12.05 (95%
CI: 8.91-16.30)] during the same day of heatwave expo-
sure. The association [OR=19.47 (95% CI: 11.71-32.36)]
was stronger among elderly people (=65 years) [8]. The
second study did not evaluate the standalone HRI admis-
sions but found that HRI and other diseases increase the
duration of hospital admissions in Adelaide [38].

The only study that investigated admissions caused
by injuries, poisoning, and other external consequences
found statistically significant heat-associated admissions
from fall-related hip fracture (FHF) among the elderly
(75-84 years) men [OR=0.98 (95% CI: 0.96-0.99)] and
women [OR=0.99 (95% CI: 0.98-1.00)] in Sydney [50].

Cause-specific ED presentations

A total of 53 studies assessed different disease-causing
ED presentations in the context of extreme temperature
exposures in Australia (Supplementary Tables S4-S5).
The effects estimates (RR, IRR, OR) of these diseases are
presented in Supplementary Figure S2.

Disease of the respiratory system caused ED presenta-
tions Out of 53 studies, 10 assessed respiratory system
disease-caused ED presentations in five specific diseases:
all respiratory diseases (RSD), Asthma, acute upper respi-
ratory infections (ARI), chronic lower respiratory dis-
ease (CRI), and chronic obstructive pulmonary diseases
(COPD) (Supplementary Table S4).

A cohort study involving analysis of Rural Acute Hos-
pital Data Register (RAHDaR) between 2017 and 2020
found evidence of a 12% increase in RSD-caused ED
presentation during high-heat days (at 95th percentile
mean temperature) among rural populations in regional
Victoria State [26]. In Adelaide city, a case-series analy-
sis of the 2008 heatwave event found a 3% increase in
RSD among all age groups, with higher (21%) among the
65—74 years category. By contrast, RSD decreased (i.e.,
RR<1) in the subsequent heatwave event (2009) among
the same population [31]. When considering the impact
of different heatwave intensities, both low and severe
heat cause increased RSD presentations in Adelaide [51].
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A time-series study (2000-2008) in Brisbane evaluated
the impact of socioeconomic status on RSD-related ED
presentations, adjusting for PM,, and O;. Despite the 8%
increase in RSD-related ED cases, no association with
extreme heat events was found [52]. Between 1996 and
2004, another time-series study in Brisbane applied dif-
ferent heatwave metrics to predict RSD-related presenta-
tions. Although RSD was not assessed among various age
groups (e.g., elderly), it increased the risk of ED presen-
tations by 14% at the 95th percentile of mean tempera-
ture across the population [53]. In a multi-city (Brisbane,
Cairns, Longreach, Mackay, Mount Isa, Rockhampton,
Toowoomba, Townsville) study, extreme heat was not
associated with RSD-related presentations in both rural
and urban settings for all age groups [54].

With regards to child health in Brisbane, evidence from
two ecological studies indicated a high risk of childhood
(<4 years) Asthma, particularly in males [RR=1.13 (95%
CI: 1.02-1.25)] [55], and chronic CRI [RR=1.13 (95% CI:
1.02-1.38)]] [56] because of extreme temperature.

A case-crossover study (2008-2016) examined the
impact of extreme heat on overall RSD, ASM, and
COPD in Tasmania. The results showed a similar risk of
RSD (4%) and ASM (4%) caused ED presentations but
decreased in COPD [OR=0.97 (95% CI: 0.63-1.05)].
These associations were non-significant [57]. An ecologi-
cal study based on heatwave vulnerability to RSD-related
presentations was also observed in Perth between 2002
and 2009. The study reported no association between
heatwave and ED presentations from RSD [58].

Disease of genitourinary system caused ED presen-
tations Ten studies examined the risk of diseases of the
genitourinary system on heat-associated ED presenta-
tions in Australia (Supplementary Table S4). Among the
specific diseases investigated were ARF, RNF, URS, UTI,
URD, chronic kidney disease (CKD), lower urinary tract
infections (LUTI), pyelonephritis (PHS), renal diseases
(RND), and all genitourinary diseases (GUD) (Supple-
mentary Table S4-S5).

Two studies in Adelaide suggested a high vulnerability
to heat-related urinary diseases ED presentations. The
first ecological study (2003-2014) indicates that a 1°C
increase in temperature is associated with ARF (4%),
RNF (3%), CKD (2%), URS (2%), UTIs (0.4%), and LUTIs
(0.3%) [59]. Similar results were reported in the same
population using a different study design; the use of the
excess heat factor (EHF) metric predicted an increase in
overall URD, ARF, and URS by 5%, 11%, and 42%, respec-
tively, within lag0-10 days. Under severe heatwave inten-
sity, ARF presentations were further exacerbated by 68%
[IRR=1.67 (95% CI: 1.35-2.07)] [60].

In the same city (Adelaide), a comparative case-series
analysis between two (2008 versus 2009 heatwave) major
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heatwave episodes indicates an increased risk of all RND-
related presentations from the previous (2008: 11%) to
the subsequent heatwave event (2009: 39%). The elderly
(=75 years) experienced the highest vulnerability (68%)
during the 2009 heatwave episode when compared to
children (25%) [31]. In Adelaide, there is evidence of the
elderly (= 65 years) showing sensitivity to all RND-caused
ED presentation at both minimum and maximum tem-
perature levels of 24% and 30% when compared to all age
groups of 13% and 11%, respectively [44]. Also, all RND
heat-related presentations can be increased when com-
bined with another disease but are non-significant when
assessed as independent health outcomes [51].

The less sensitivity of children to heat-related geni-
tourinary diseases was also supported by another study
in Brisbane, where there was a decrease in children
(0—14 years) including pediatrics genitourinary diseases
related presentation during the two days (lag0-1) of heat
exposure and the subsequent days (lag0-21) with RR of
0.91 (95% CI: 0.82-1.02), and 0.92 (95% CI: 0.63-1.35),
respectively [56]. In Tasmania (2008-2016), both ARF
[OR=0.93 (95% CI: 0.35-2.52)] and RNF [OR =0.94 (95%
CI: 0.74-1.94)] presentations were decreased among
all populations, including children under 5 years of age
[57]. A similar effect was observed in Perth (2002—2008),
where all RND-related presentations were increased
by 12% during heatwave days [58]. At the State level
(Queensland), two studies showed a significant increase
in all genitourinary systems [RR=1.05 (95% CI: 1.00-
1.09)] [54], and more specifically acute CKD [OR=2.59
(95% CI: 1.89-3.55)] [61] related ED Presentations at
both three days and hourly temperature exposures,
respectively.

Mental and behavioral disorders caused ED presenta-
tions Five studies assessed mental and behavioral dis-
orders caused by ED Presentations by looking at MDS,
organic mental disorder (ORM), and MBD.

A recent ecological study (2014-2017) suggests no
significant association between MBD and heatwaves in
Adelaide, though there was a rise in presentations within
this period [62]. A case-series study demonstrated a con-
sistent increase in MDS-related ED presentations dur-
ing two consecutive heatwave episodes in Adelaide. The
authors reported a higher risk of MDS-related presenta-
tions among the elderly (=75 years) during the 2008 and
2009 heatwaves, at 15% and 18%, respectively, compared
to the entire population, which saw increases of 5% and
4%, respectively [31]. In a time-series study (1993-2009)
in the same city, heatwave-associated ED presentations
from MDB were evident among the > 65-year age groups
for both minimum (24%) and maximum (29%) tempera-
ture thresholds. These risks were higher compared to the
general population (10%) [44].
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Similar to Perth (2002-2009), the risk of MBD pre-
sentations was 5% for mean temperature (defined as
35°C for =3 days in a row) but was exacerbated above
the minimum (60%) and maximum (43%) temperature
thresholds [58]. A case-crossover analysis in Tasmania
between 2008 and 2016 showed a decrease in both MBD
[OR=0.95 (95% CI: 0.77-1.18)], and ORM [OR=0.84
(95% CI: 0.36—1.96)], though the association was not sig-
nificant [57].

Cardiovascular system caused ED presentations Four
studies identified cardiovascular system disease caused
ED presentations but focused on only cardiovascular dis-
eases (CVD), as shown in Supplementary Table S4.

The study by Tong et al. (2014) did not find any risk of
heat-associated CVD presentations, whereas in their fur-
ther study, heatwave affected the CVD presentations by
10% and 9% at lag0, and lagl, respectively when adjusted
with socioeconomic disadvantage conditions [52].

A case-crossover study in Tasmania (2008—2018) found
heatwaves to be a predictor of CVD presentations, par-
ticularly atrial fibrillation (AF)=3%, but the association
was non-significant due to a small number of cases [57].
In Perth, an ecological study conducted in 2002-2009
suggests that exposure to temperature (=35 C) for >3
days increases the risk of heat-associated CVD presenta-
tions by 30% [58].

Endocrine, nutritional, and metabolic system-caused
ED presentations Four studies investigated endocrine,
nutritional, and metabolic system-caused ED presenta-
tions by considering only endocrine, nutritional, and met-
abolic diseases (ENM) and DBT, as indicated in Supple-
mentary Table S4.

Two studies specifically focused on DBT patients using
EHF as an exposure variable. The first study employed
Tasmanian Health Service data, finding that there is a
57% non-significant increase in odds [OR=1.57 (95%
CIL: 0.82-3.01)] of DPT-related ED presentations dur-
ing heatwave days [57]. The second study in Adelaide
also found similar evidence. There was an increase in the
number of DBT-related presentations in heatwave days
[12 (95% CI: -15 to 34)], without any statistically signifi-
cant association [51].

For ENM-related presentation studies, the first study
focused on both urban and rural areas of Queensland
and concluded that heatwaves affected ENM-related pre-
sentations by 18% [RR=1.18 (95% CI: 1.04—1.34)] among
all populations [54]. The last study was conducted among
children (0-14 years) living in Brisbane, finding that the
risk of those affected by ENM presentations was only 1%
during the first two days (lag0-1 day) of heatwave expo-
sure but increased rapidly to 34% in lag0-13 days, and
80% in lag0-21 days [56].
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Circulatory system-caused ED presentations Five
studies evaluated the effects of circulatory system dis-
eases on heat-related ED presentations by looking at five
individual diseases: CSD, IHD, hypertension (HPS), atrial
fibrillation (AF), and HTF (Supplementary Table S4).

A retrospective cohort study using RAHDAR data from
rural Victoria and at temperature exposure levels ranging
between 33.2°C and 36.8°C found the risk of CSD-related
presentations to be 5-8% [26]. A similar regional study in
Queensland did not find any associations with presenta-
tions from CSD in both urban and rural localities during
heatwave days [54].

A study reported in Adelaide that the risk of IHD-
related presentations was reduced [RR=0.94 (95% CI:
0.81-1.13)] during 2008 heat episodes but was increased
by 3% for that of 2009. Those who were 65-74 years (7%
of the total population) and 15-64 years (39%), respec-
tively, were the most vulnerable group during the two
heatwave events [31]. A more recent study (2014-2017)
showed a decrease in the number of IHD-related presen-
tations during heatwave periods [-3 (95% CI: -61 to 53)],
except severe heatwave thresholds [2 (95% CI: -35 to 28)].
However, this association was not statistically significant
[51]. Evidence from Tasmania based on a case-crossover
study (2008—-2016) suggests a non-significant increase in
risk of CSD heat-related ED presentations, particularly
HPS [OR=1.4 (95% CIL: 0.58-3.38)], and AF [OR=1.03
(95% CI: 0.66-1.60)], except for IHD [OR=0.79 (95% CI:
0.58-1.07)], which indicated a reduced risk [57].

Nervous system caused ED presentations Three stud-
ies examined heat-related ED presentations due to ner-
vous system disease, focusing on two specific diseases—
NSD and NUD (Supplementary Table S4). Two of these
studies were located in Queensland; the first one identi-
fied NSD as a driver of heat-associated presentations spe-
cifically among children [RR=1.06 (95% CI: 1.01-1.13)]
in Brisbane [56]. The second study, on the other hand,
found the risk of higher NSD presentations among larger
populations living in both urban and rural communities
[RR=1.09 (95% CI: 1.02—1.17)] [54]. For the third study
conducted in Tasmania, there was no evidence of an asso-
ciation between heat-related ED presentations and NUD
[57].

Digestive system caused ED presentations Three stud-
ies focused on heat-associated ED presentations of diges-
tive system diseases, primarily assessing digestive system
diseases (DSD) and diarrhea (DRH) as the main health
outcomes. Most of the studies were focused on children’s
(0—14 years) health in Brisbane. The first study found heat-
associated DSD presentations during the first two (lag0-
1) days [RR=1.07 (95% CI: 0.98-1.17)] of heat exposure,
but was reduced slightly in lag0-13 days [RR=0.99 (95%
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CI: 0.84-1.18)], with lesser sensitivity observed among
younger children (0—4 years) [56].

Evidence from a more detailed study conducted
among the same population shows that children who are
1-2 years of age were affected (17%) by bacteria diar-
rhea (DRH) [RR=1.17 (95% CIL: 1.0- 1.25)] related pre-
sentations, and 10% by viral DRH [RR=1.10 (95% CL:
1.06-1.13)] among all the children within 0-14 years at
p<0.05 [63]. In the case of regional Victoria, a retrospec-
tive cohort-based study within rural farming communi-
ties found a decrease (-6%) in DSD-related presentation
during heatwave days compared to non-heatwave days
(Adams et al. 2022).

Infectious and parasitic diseases caused ED presenta-
tions Two studies that employed ecological design inves-
tigated infectious and parasitic diseases (IPD) and intes-
tinal infectious disease-related (IFD) ED presentations in
Queensland communities and Brisbane City, respectively
(Supplementary Table S4). The first, which evaluated IPD
presentations in Queensland (2013-2015), predicted that
the risk was higher in rural communities than urban areas
[54]. The second study in Brisbane (2003—2009) revealed
that increased IFD presentations was a critical health con-
cern in cities. IFD presentation increased by 6% among
children (0-14 years) during lag0-1, and by 18% during
lag0-13 days, but these increases were not significant [56].

Skin, ear, Musculoskeletal, and heat-related illness
caused ED presentations One study examined the effect
of three different outcomes, including skin and subcuta-
neous tissue, all musculoskeletal system and connective
tissue, and diseases of the ear and mastoid process on
heat-related ED presentation. The study was conducted in
Queensland State using ecological design and Queensland
health data from 2013 to 2015. The authors found a posi-
tive association between these three outcomes (i.e., skin,
ear, musculoskeletal), and increased ED presentations in
urban areas than in rural settings [54]. In Victoria State,
a cohort-based study in rural areas shows substantial
reductions (-40%) in ED presentations among patients
diagnosed with all musculoskeletal systems and connec-
tive tissue during heatwave days [26].

A study examined the relationship between direct
heat-related illness and the associated presentations in
Adelaide (HRI) through an ecological study design. The
authors observed that the HRI patients had many ED
presentations during heatwave days [389 (95% CI: 342—
427)]. The number of presentations was still higher under
both severe [220 (95% CI: 192-241)] and low [198 (95%
CI: 164—228)] heatwave intensity thresholds [51].
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Cause-specific ambulance callout

Fifteen studies investigated cause-specific (respiratory,
cardiovascular, and nervous system diseases) related
ambulance callouts in Australia due to extreme temper-
ature exposure (Supplementary Table S4-S5). The effect
measures (as OR, RR, and IRR) of the individual cause-
specific outcomes are presented in Supplementary Figure
S2.

Respiratory system disease ambulance callout Five
studies assessed respiratory system diseases but focused
on only all respiratory diseases (RSD). Two of these stud-
ies were conducted in Adelaide; both applied case-series
study design and investigated whether RSD increases
ambulance dispatches. The first study, which used
South Australian Ambulance Service Data (1993-2006),
reported a non-significant increase in RSD among chil-
dren (5-14 years) but a reduction among the elderly
(=75 years) patients [RR=0.93 (95% CI: 0.86-1.02)] [32].
The second used the same data source (1993-2009) but
focused on two different heatwave episodes: 2008 and
2009 heatwave events. The study reported an overall
increase in RSD presentations in 2008 [RR =1.06 (95% CI:
0.94-1.19)] compared to 2009 [RR=0.88 (95% CI: 0.77-
1.01)]. A higher risk of 32% and 16%, respectively, was
observed among the 15-64 years groups, and the risk was
reduced (RR < 1) among 75-year patients [31].

Two other studies were conducted in Brisbane using
the same 7-year (200-2007) Queensland Ambulance data
and the same study design (time series) but different heat
definitions. The first study using the daily mean tempera-
ture metric found a reduction in RDS-caused dispatches
[RR= -1.99 (95% CIL: -3.72 to -0.25)] at lag2-15 days [64].
The second study found that maximum temperature
exceeding 37°C increased RDS dispatches by 101.1% (95%
CI: 34—202) for all ages, particularly among the 75 + years
age groups [163 (95% CI: 33-420)] [65].

The Tasmania study (2008-2019), which assessed the
effect of RSD on dispatches during heatwave days based
on a case-crossover design, reported a non-significant
risk of 5% and 7% during low and severe intensity heat-
wave days, respectively [66].

Cardiovascular system disease ambulance callout Five
studies examined heat-associated ambulance dispatches
from cardiovascular system diseases, with three studies
focusing on all cardiovascular disease (CVD), while two
were on cardiac arrest (CDA). Two time-series studies in
Brisbane, all conducted in 2000-2007, found a decrease
in CVD dispatches [RR= -1.85 (95% CL: -3.06 to -0.64)]
for mean temperature exposure [64], whereas, for a maxi-
mum temperature of >37°C, the risk increased by 29.5%
for all ages, and 164% for those within 64—74 years [65].
Although there were null associations in Tasmania (2008—

Page 12 of 20

2019), CVD dispatches increased by 5% and 42% during
low and extreme heatwave periods, respectively [66].

Two case-series studies in Adelaide have produced
contrasting results. The first study found non-statistically
significant heat-associated callouts from CDA among
0—4 years children [IRR=1.21 (95% CI: 0.85-1.74)], but
it was reduced among 75 years people [IRR=0.93 (95%
CI: 0.87-0.98)] [32]. The subsequent study found a statis-
tically significant association between CDA-related dis-
patches during 2008 [RR=1.10 (95% CI: 1.01-1.2)] and
2009 [RR=1.13 (95% CI: 1.03-1.23)] heatwave episodes
[31].

Nervous system disease ambulance callout Two stud-
ies, both case series conducted in Adelaide, have exam-
ined the association between nervous system disease and
heat-related ambulance callouts by looking specifically at
neurological disorders (NUD).

The first study, which focused on the effect of mean
daily temperature exposures, did not find any associa-
tion [RR=1.00 (95% CIL: 0.95-1.04), p>0.05] with NUD
dispatches among all populations, but reported a 15%
increase among children [RR=1.15 (95% CI: 0.94-1.41)]
[32]. The subsequent study assessed two heatwave epi-
sodes: 2008 and 2009 heatwave events. The risk of NUD
for heat-related callouts was reported to be 8% and 2%,
respectively, among all the patients. The 75+ years (11%)
and 65-74 years (35%) patients, respectively, were the
most vulnerable groups [31].

Endocrine, genitourinary, and heat-related illness
ambulance callout Three different cause-specific dis-
eases, including diabetes (DBT), renal diseases (RND),
and Heat-related illness (HRI), were examined to under-
stand their association with heat-associated ambulance
dispatches in Tasmania using a case-crossover design.
The findings suggest a non-significant increase in the risk
of heat-associated dispatch from DBT during low (9%),
severe (26%), and extreme (18%) heatwave periods. The
risk of RND was found to be 8% and 20% for low and
extreme heatwave days, respectively. HRI, on the other
hand, increased the risk of ambulance callouts by 9% dur-
ing low intensity and 43% in severe heatwave periods [66].

Cause-specific mortality

Thirty-three (33) of the studies that satisfied the inclu-
sion criteria focused on cause-specific mortality due to
extreme temperature exposure using mixed methods,
either ecological, case-crossover, time-series, or case-
series (Supplementary Tables S4-S5). The effect size of
the various cause-specific health outcomes is shown in
Supplementary Figure S2.
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Respiratory system disease-related deaths Five stud-
ies investigated heat-associated deaths from respiratory
system diseases; the studies focused on only respiratory
diseases (RSD).

S Tong, XY Wang, G FitzGerald, D McRae, G Neville, V
Tippett, P Aitken and K Verrall [53] calculated the risk of
RSD heat-associated deaths to be 42% [RR =1.42 (95% CI:
1.13-1.79), p<0.05] using time-series analysis from 1996
to 2004 in Brisbane at >95th percentile temperature. At
higher exposure (=99th percentile), the risk increases to
70%. When a case-crossover design was applied, there
was a non-significant increase in RSD deaths [OR=1.47
(95% CI: 0.78-2.75)] at >37°C maximum temperature
after adjusting for air pollutants (PM,, NO,, O3) [34].
A recent suburb-level study (2010-2019) in Queensland
State showed a statistically significant increase in RSD
deaths by 7% across all ages [RR=1.07 (95% CIL: 1.02—
1.12)] during heatwave days [6].

In contrast, a case-series study conducted in Adelaide
reported that at >35°C maximum temperature over >3
days in a row, there was a decrease in risk of RSD-related
mortality [IRR=0.84 (95% CI: 0.72—0.99)] among older
people>75 years. The risk did not increase across the
entire population [IRR=0.92 (95% CI: 0.80-1.05)] but
affected 15- 64-year-old people during the heatwave
days [32]. A study in Sydney found that both single-day
[OR=1.14 (95% CI: 1.04-1.24)] and 3-day [OR=1.08
(95% CIL: 0.99-1.18)] heatwave periods (95th percen-
tile maximum temperature) were associated with RSD
related deaths. Adult (65 + years) mortality risk increased
by 13% and 7%, respectively for the two heatwave expo-
sure periods [8].

Mental and behavioral disorders-related deaths Five
studies examined whether extreme heat days are predic-
tive of mental disorders (MDS) related deaths in Austra-
lia. The specific disorders investigated were mental and
behavioral disorders (MBD), dementia (DEM), cognitive
and behavioral disorders due to psychoactive substance
use (MBPS), and schizophrenia, schizotypal, and delu-
sional disorders (SSDS).

Two studies were conducted in Adelaide. The first
study using case-series design (1993-2004) during heat-
wave days (=35°C for >3 days in a row) showed a non-
significant increase in the risk of MDS-related deaths
[IRR=1.04 (95% CI. 0.73-1.47)] Individuals between
15 and 64 years old (24%) were the most vulnerable
group [32]. The second study using an ecological design
revealed that daily temperature thresholds>26.7C
increased the risk of heat-associated deaths from MBD
[IRR=2.39 (95% CL 1.16-4.92), p=0.01 ] among the
elderly (65-74 years) people. A similar risk was observed
for DEM [IRR=5.06 (95% CI: 1.21-21.23), and SSDS
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[IRR=2.08 (95% CI: 1.05-4.14) heat-associated deaths
[14].

Two studies, both employing case-crossover design,
were conducted in Queensland and reported different
findings. The first study (1996-2004) found a non-sig-
nificant decrease in MDS heat-associated deaths among
all the patients [OR=0.8 (95% CI: 0.21-2.98), except for
those aged 75 years and older, where it increased by 5%
[34]. The second study (2010-2019) found a significant
9% increase in heat-associated MDS deaths among all
patients regardless of age. The risk was exacerbated to
18% during extreme heatwave conditions [6]. The former
study accounted for confounders such as air pollution,
seasonality, and public holidays, while the latter did not.

In Sydney, a case-crossover study (1997-2007) sug-
gests that both single-day [OR=1.10 (95% CI: 0.95-1.27),
p>0.05] and a 3-day [OR=1.04 (95% CI: 0.90-1.21)]
heatwave periods increased the risk of MDS related
deaths. The risk was increased by 7% among the elderly
(65 +years) for a single day of heatwave exposure [8].

Endocrine, nutritional, and metabolic systems-related
deaths Five studies targeted heat-associated deaths from
diseases of the endocrine, nutritional, and metabolic sys-
tems by looking specifically at 3 different causes: DBT,
HDM, and endocrine and metabolic diseases (EMD)
caused deaths due to heatwave.

For a study in Brisbane that used case-crossover design
(1996—2004) for a daily maximum temperature of >37°C
(for >two consecutive days), the authors reported a sta-
tistically significant increase in heat-associated deaths
from DBT [OR=9.96 (95% CI: 1.02-96.85) among the
older patients (>75 years old) [34]. Another retrospec-
tive cohort study (2005-2013) involving 413 patients in
Brisbane found evidence of an increase in DBT post-dis-
charge deaths among patients during low (46%, at lag0),
medium (64%, at lag0) and high (137%, at lagl) heatwave
intensities [47]. In the same city, there is a lack of statisti-
cal association between extreme heat and patients with
underlying HDM diseases [48]. Similarly, another case-
crossover study (2010-2019) in Queensland found no
statistical association between extreme heat and EMD-
related deaths [6].

In Sydney, a case-crossover study (1997-2007) showed
that single-day heatwave events were associated with
DBT-related deaths [OR=1.22 (95% CI: 1.03-1.46)], par-
ticularly among the older (> 65 years) patients [OR=1.26
(95% CI: 1.05-1.51)] [8].

Genitourinary systems-related deaths Four studies
evaluated the impact of diseases of the genitourinary sys-
tem on heat-associated deaths. They investigated RND,
RNE, and GUD-related deaths.
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A study (1993-2004) applied case-series analysis
to understand the impact of extreme temperature on
RNF-related deaths in Adelaide. It was reported that
exposure to the daily mean temperature of >35C ( in
>3 consecutive days) did not increase [IRR=0.84 (95%
CIL: 0.59-1.19)] RNF-related deaths [32]. For another
study (1996-2004) in Brisbane that applied case-cross-
over design, heatwave exposure increased RND-related
deaths by 19%, but the association was non-significant
[34]. Similar findings were observed in Sydney, where
a study (1997-2007) reported an 18% (not statistically
significant) increase in RNF-caused deaths at 95th per-
centile mean temperature exposure levels [8]. Also, a
case-crossover study (2010-2019) did not find any asso-
ciation between GUD-caused deaths and heatwave days
in Queensland. Even under extreme, and severe heatwave
days, no association was found with GUD-related deaths
[6].

Circulatory systems-related deaths Four studies
assessed heat-associated deaths from the circulatory sys-
tem; the three specific diseases investigated were IHD,
stroke, and CRD). Two studies examined stroke and IHD
deaths during heatwave days.

The first study (1993-2004) in Adelaide, through case-
series design, found a statistically significant decrease in
stroke-related deaths across all age patients [IRR=0.84
(95% CI: 0.74-0.96)], with a similar trend observed
among those aged>75 years [IRR=0.86 (95% CI: 0.74—
0.99)] during heatwave days [32]. The second study
(1996-2004), on the other hand, applied a case-cross-
over design and reported a statistically non-significant
association between heatwave and IHD-related deaths
[OR=1.84(95% CI: 0.31-11.16)] in Brisbane [34].

In Sydney, LA Wilson, GG Morgan, IC Hanigan, FH
Johnston, H Abu-Rayya, R Broome, C Gaskin and B
Jalaludin [8] found that those affected by heatwave had
7% [OR=1.07 (95% CI: 1.01-1.12)] and 12% [OR=1.12
(95% CI: 1.06-1.18)] increase odds of IHD deaths during
a single day, and a 3-day heatwave periods, respectively.
In contrast, a study (2010-2019) in Queensland, using
a case-crossover design, did not find any association
between heatwave days and CRD-related deaths [6].

Cardiovascular systems-related deaths Three studies
focused on heat-associated deaths from the cardiovas-
cular system, and the specific disease investigated was all
cardiovascular diseases (CVD).

The first study (1997-2007) in Sydney revealed that
both a single-day [OR=1.06 (95% CI: 1.02-1.12)] and a
3-day [OR=1.11 (95% CI: 1.06—1.17)] heatwave increases
the risk of death from CVD (p<0.05) by 6% and 11%,
respectively across all age groups, the similar magnitude
of risk was also found among >65 years patients [8]. The
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second study (1996-2004) in Brisbane found a statisti-
cally significant increase in heat-associated deaths from
CVD ([OR=1.89 (95% CI: 1.44—2.48)]. The authors high-
lighted that heat-related death was still evident despite
good acclimatization of the population to heatwaves
[34]. The third study was also conducted in Brisbane but
applied a time-series design and reported a statistically
significant association between heatwave (= 95th percen-
tile mean temperature) and an increase in CVD-caused
deaths [RR=1.37 (95% CI: 1.24—1.51)] among all the age
groups [53].

Nervous systems-related deaths Two studies assessed
heat-related deaths from the disease of the nervous sys-
tem, with a focus on NSD and AZD.

Xu et al. (2019c) examined heat-associated deaths
from AZD under different heatwave intensity thresh-
olds in Brisbane. The authors reported that medium
heatwave intensity (95th percentile for >2 consecu-
tive days) thresholds showed a statistically significant
increase in heat-related deaths from AZD by 269% (95%
CI: 76-665%) [49]. Similarly, In Queensland (2010-2019),
the use of matched case-crossover analysis demonstrated
a 10% increase in NSD-related deaths during heatwave
days [6].

Malformation, infectious, skin, musculoskeletal, and
perinatal deaths The effect of the heatwave on different
health outcomes was investigated in Queensland using
match case-crossover analysis of cause-specific mortal-
ity data from the Australian Bureau of Statistics between
2010 and 2019 [6].

The study did not find any association between heat-
wave days and an increase in deaths from congenital dis-
eases (CND) and infectious and parasitic diseases (IPD).
The study also found that exposure to heat waves was
not associated with skin diseases (SKD) but all muscu-
loskeletal diseases (MSK) and perinatal diseases (PRD)
related deaths [6]. In contrast, there was evidence of an
increased risk of heatwave-associated deaths from neo-
plasm (NPSM) [RR=1.05 (95% CI: 1.03—-1.08)]. Similarly,
NPSM deaths also increased by 12% under extreme heat
([RR=1.12 (95% CI: 1.08-1.17)] intensity thresholds [6].

Heat vulnerability assessment

Eight studies assessed Australia’s heat vulnerability index
(HVI) in the context of exposure, sensitivity, and adap-
tive capacity components as shown in Supplementary
Table S6. All the studies constructed HVI based on heat
exposure (e.g., temperature, impervious surface), sen-
sitivity (e.g., age, income), and adaptive capacity (e.g.,
home ownership, emergency services) variables for each
component. No study has validated the HVI with health
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outcome data, either morbidity or mortality data (Sup-
plementary Table S6).

From spatial scale standpoint, majority (87%) of the
studies constructed HVI at city scale [67-73], only one
study was focused at State level [74], while none of the
eight studies assessed heat vulnerability from national
scale.

W Zhang, P McManus and E Duncan [67] character-
ized spatial variability of HVI in Sydney at statistical area
level 2 (SA2) geographical unit by using one satellite-
based heat exposure data (land surface temperature),
nine sensitivity variables (infants, elderly, ethnicity, low
education, language barriers, new arrivals, low-income,
disability, and isolated people), and four adaptive capacity
variables (traffic convenience, internet access, proximity
to vegetation, and proximity to water bodies). HVI was
constructed through a novel raster-based subdividing
indicators (RSI) approach. The authors did provide the
importance of using RIS for HVI mapping, considering
the increasing growth of the use of spatial data for urban
designs in recent years.

A El-Zein and FN Tonmoy [68] developed a similar HVI
for Sydney in the local government area (LGA), which is
bigger than SA2. The researchers used six heat exposure
variables. Three of them (maximum temperature, mini-
mum temperature, days with temperature>30C) were
direct heat variables, while the other three (impervious
surface, population density, road density) were indirect
heat variables. The study then developed HVI by includ-
ing four sensitivity variables (elderly [>65 years], elderly
[>65 years and living alone], children [<4 years], [multi-
unit housing dwellers]), and 12 adaptive capacity vari-
ables (people finishing year 12 education, people who
speak other languages different from English, median
home loans repayment, home ownership, internet access,
median household income, ratio of assets to liabilities,
per capita business rates to local council, per capita
community service expenses to local council, per capita
expenses on environment and health, people that needs
financial support). Correlation and multi-criteria ranking
were the main data analytical approaches for construct-
ing the HVL

M Loughnan, N Nicholls and NJ Tapper [70] devel-
oped HVI for Melbourne by situating the study to a
finer geographical scale known as postal area (POA),
which is smaller than LGAs and SA2s. Four sensitivity
variables (single-person households, age [elderly of =65
years and children of <0-4 years], disability, the burden
of chronic diseases) and four adaptive capacity variables
(age care facility and nursing homes, ethnicity, socioeco-
nomic status derived from socioeconomic index for areas
[SEIFA], and density of non-single dwellings) were used
to develop the HVI. Mixed and simple methodological
approaches, including correlation, linear regression, and
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an unweighted approach, were applied to develop the
HVIL

Q Sun, ] Hurley, M Amati, A Saunders, ] Arundel, B
Boruff and P Caccetta [72] focused on the HVI mapping
in Melbourne but at statistical area level 1 (SA1), which is
a much smaller geography than SA2 and LGAs but bigger
than POAs. The authors employed one exposure variable
(land surface temperature) and six sensitivity variables, of
which two were environmental based (number of roads,
vegetation cover), and four were sociodemographic (pop-
ulation density, elderly of = 65 years, children of <4 years,
persons that need care support). The researchers devel-
oped HVI by combining the heat exposure data with two
adaptive capacity variables in the form of indices such as
the index of relative socioeconomic disadvantage [IRSD]
and the index of education and occupation [IEQ]); these
indices were developed from a wide range of socioeco-
nomic variables (e.g., income level, housing, occupational
status, education, housing). Correlation, linear regres-
sion, and unweighted were the most common approaches
used to construct the HVIL

Three studies [69, 71, 73] mapped HVI at the POA level
for the same eight capital cities (Canberra, Melbourne,
Brisbane, Sydney, Hobart, Perth, Darwin, and Adelaide)
of Australia. The first two studies both used two exposure
variables (land surface temperature, population density),
three sensitivity variables (single-person households,
age [elderly with > 65 years, and children of 0-4 years],
disability), and six adaptive capacity variables (age care
facilities, ethnicity, non-single dwellings, vegetation
cover, access emergency services, socioeconomic status)
to construct the HVI but with different methodological
approaches. M Loughnan, N Tapper and T Loughnan
[41] used correlation analysis and linear regression. M
Loughnan, N Tapper, T Phan, K Lynch and ] Mclnnes
[71] also used the same methods but improved the esti-
mates by including principal component analysis (PCA).
S Wang, QC Sun, X Huang, Y Tao, C Dong, S Das and Y
Liu [73] similarly applied PCA analysis using two expo-
sure variables (land surface temperature, population den-
sity) and 17 demographic, socioeconomic, and health
variables without any of the variables linked to adaptive
capacity (Supplementary Table S6).

Discussion

This scoping review has noted six major findings. (i) We
observed compelling evidence of increased risk of heat-
associated deaths for those with mental and behavioral
disorders, as well as for those with history of cardiovas-
cular disease. Moderate evidence was found to support
an increased risk of heat-associated deaths for those
diagnosed with respiratory disease or diabetes. Studies
on heat and renal or genitourinary diseases are limited,
(ii) A large number of studies reported an increase in
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heat-associated hospital admissions for those with renal,
diabetes, neurological, stroke, mental disorders, and isch-
emic heart disease, (iii) Individuals with renal, neurologi-
cal, cardiovascular, or respiratory diseases did not exhibit
strong associations with heat-related ambulance callout,
(iv) Elderly individuals (65+) were at higher risk of heat-
related deaths and morbidity, (v) Regarding HVI, studies
were only focused on Australian cities, with heat vul-
nerability predicted based on socioeconomic and health
data from single-year census estimates, and (vi) Studies
investigating the longitudinal effect of heat vulnerability
is sparse, as is the case for Australian-based HVI studies
that incorporate mortality and morbidity data.

Across the heat-health epidemiological studies that
fulfilled our inclusion criteria, we identified 85 different
cause-specific diseases, presenting concurrently with
heat-events, for hospital admissions, ED presentations,
ambulance callouts, and mortality. Importantly, these
diseases are non-exhaustive compared to the total num-
ber of diseases (1,529) that cause death in Australia [75].
These epidemiological studies differ in outcomes due to
the heterogeneity of heat exposure metrics used (e.g.,
EHF, mean temperature, maximum temperature) are lim-
ited to specific study designs (mainly ecological), and are
heavily focused on cities such as Brisbane and Adelaide.

Studies that employ ecological design usually assess
health outcomes at the population level, by aggregating
health data, rather than at the individual level. Although
such a study design may help in understanding the
broader public health trends and patterns in health out-
comes [76], this design lacks specificity and is prone to
ecological fallacy, where the association observed at the
population level does not necessarily hold at the indi-
vidual level. Future studies might consider complement-
ing ecological designs with individual-level analyses
using longitudinal data. This will enable a more nuanced
understanding of potential risk factors for increased
heat-related mortality and morbidity.

Studies using case-crossover design were mainly
focused on a few cities in Australia making it difficult to
compare risk in non-urban areas that have high socio-
economic disadvantaged groups [77]. For example, in the
Northern Territory of Australia, there is an increasing
risk of heat-associated deaths despite improvements in
infrastructural technologies (i.e., adaptive capacity), sug-
gesting high population sensitivity to extreme heat [77].
Evaluating the impact of heat on a wider geographical
unit, such as the inner (remote) and outer regional areas
where most Indigenous people live, will improve the
understanding of heat-related risk to inform evidence-
based adaptation strategies in the future.

Assessing heat-related deaths and morbidity in smaller
geographical units such as SA2s/SAls is important
because finer spatial-scaled analysis may offer more
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localized insights into patterns and trends to tailor more
effective heatwave adaptation programs. However, it
is important to note that the population in these spa-
tial units is much smaller. Therefore, such data must be
treated with caution due to ethical concerns related to the
potential identifiability of individuals. Nevertheless, with
this high-resolution data, communities in these areas can
more easily interact and participate in local heatwave
intervention programs [78], with tailored plans based
on homogenous characteristics. In the United States, for
example, neighborhoods with a high risk of heat-related
deaths [79] have been able to develop heat intervention
programs, such as tree planting/shading and adaptation
measures (e.g., building connections with culture/ances-
tors) to help build resilience to extreme heat [80]. This
emphasizes the importance of assessing heat-related out-
comes in smaller areas (neighborhoods) to help design
efficient intervention programs.

Most of the studies reviewed have benefited from using
highly accurate observational temperature data, thanks
to the availability of networks of weather stations across
cities in Australia [81]. This accessibility to temperature
datasets could make it easy for researchers to adopt a
common method of heat exposure, such as excess heat
factor (EHF), thereby improving accuracy and reducing
discrepancies in heat-health study outcomes. Evidence
from international studies (e.g., in Europe) has shown
that EHF is the most impactful heatwave metric used in
predicting heat-related health outcomes [82—84]. The use
of modeled temperature data for heat studies is emerg-
ing in Australia [66, 85]; while this data can help predict
future heat events, these models tend to underestimate
and overestimate minimum and maximum temperatures
[86].

The recent Australian National Health and Climate
Strategy (NHCS) has recognized extreme heat as an
important hazard of national concern and encouraged
the urgent need to build a climate-resilient public health
system, through climate science research, to help pro-
tect the health and well-being of Australians [21]. How-
ever, the health risk assessment (e.g., HVI map) part of
the strategy, particularly at the national scale, is lacking
[21, 72, 73]. Our scoping review found that all eight HVI
studies focused only on the major cities, making it chal-
lenging to know the extent of heat vulnerability across
the non-urban parts of Australia, especially the remote
and regional areas. Therefore, developing national HVI
mapping that includes these different geographical units
will provide a better understanding of the heat vulner-
ability in Australia.

Also, the HVI studies in Australia, like other studies
in the literature [87, 88], developed HVIs by utilizing
sociodemographic and health data from single-year cen-
sus data (e.g., 2016 census) without comparing it to data
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from remaining consecutive census years to understand
how HVI changes over time within the same geographi-
cal unit (e.g., SA2). This warrants longitudinal heat vul-
nerability assessment in Australia and evaluation of the
reliability of HVI in predicting health outcomes because
it is difficult for policymakers to rely on a single-year HVI
mapping for long-term policy applications.

Studies suggest that the risk of heat-associated death
and morbidity depends on the intensity of the heatwave
[6, 89]. However, current HVT studies failed to assess vul-
nerability according to heatwave intensity thresholds (i.e.,
low, severe, and extreme) [24]. This is important because
specific sensitive populations (e.g., those with comor-
bidities) can still be affected by heat-related deaths even
when exposed to low heat intensities. Also, CE Reid, K
Mann Jennifer, R Alfasso, B English Paul, C King Galatea,
A Lincoln Rebecca, G Margolis Helene, ] Rubado Dan, E
Sabato Joseph, L West Nancy, et al. [90] have concluded
that HVI was associated with respiratory and renal dis-
eases hospital admissions, but it remains unclear which
heatwave intensity influenced the association. Thus, HVI
should be able to indicate the risk of deaths and morbid-
ity (e.g., hospitalizations) based on the population’s sus-
ceptibility to heatwave intensity levels.

Heatwave intensity and its impact on death are
expected to increase in the future because of climate
change [91]. Developing HVI based on future tempera-
ture changes is necessary to accurately forecast commu-
nities that may be vulnerable to heatwaves in the coming
decades. However, the current HVI studies have not been
projected under different climate change scenarios. HVI
mappings must be projected according to varying levels
of greenhouse gas emissions representative concentra-
tion pathways (RCP), such as RCP 2.6 (low emissions),
RCP 4.5 (medium emissions), and RCP 8.5 (high emis-
sions). These HVI projections will help design long-term
heatwave adaptation strategies among susceptible Aus-
tralian communities. It will also help evaluate if Austra-
lia's NHCS reduces heatwave-related health outcomes.

Summary of gaps and future perspectives

+ Most epidemiological studies are skewed to larger
spatial units such as cities, leaving smaller areas
understudied. Future research must focus on these
smaller areas because it is easy to develop effective
intervention programs (e.g., heat campaigns)
compared to the larger cities [92]. However, it
should be noted that specific study designs (e.g., case
time series) will be assumed ecological since small
areas depend on aggregated data. For smaller data
sizes, non-significant results with wide confidence
intervals are likely to occur compared to the regional
studies.
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+ The strong evidence of increasing risk of mental/
behavioral disorders, cardiovascular deaths from
heat, and hospitalizations from cardiometabolic
(diabetes, stroke, and heart disease), neurological,
and renal diseases suggest that in Australia, these
heat-related health outcomes should be used as
indicators for HVI development. In addition,

HVI developed in Australia should evaluate

the performance or the reliability of HVI with
these health outcomes because of their stronger
association with heat.

+ For long-term climate-health policies, it is
challenging to assess vulnerability by relying on
socioeconomic and health indicators derived from
a single census year (e.g., 2006 census estimates)
without considering whether heat vulnerability
will change for the next consecutive years. Future
research should assess longitudinal heat vulnerability
levels across Australia by employing data from
multiple census years and evaluate the performance
of the HVI with heat-associated mortality and
morbidity data.

+ The socioeconomic (e.g., poverty) and climatic
factors (e.g., heatwave intensity types) driving
vulnerability could also be examined to help develop
effective targeted adaptation programs.

+ Although all eight HVI studies suggested increased
vulnerability in Australia, particularly within the
capital cities, including rural areas, which may
be more vulnerable to heat-related deaths and
morbidity, future studies will provide a realistic
overall vulnerability situation in Australia [93].

+ The HVI developed by previous studies may be
useful in identifying highly vulnerable areas for
mitigation. To date, it is still unknown whether the
HVI maps could be integrated into the Australian
national health and climate strategy. To address
this gap, future research should explore qualitative
interviews among climate-health practitioners across
relevant stakeholders (e.g., State health departments)
to discuss the effectiveness of integrating HVI maps
into heat action plans.

+ Considering the long-term impact of climate change
in Australia, HVI mappings must be projected
according to different climate change scenarios to
help forecast the effects of future climate-induced
heatwaves.

Conclusion

Extreme heat-related health risks have become an impor-
tant public health issue in Australia because of the warm-
ing climate. However, the previous systematic reviews
lack a focus on all health outcomes and often fail to
account for the human vulnerability assessment aspect
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of heat exposure. In this systematic review, we compiled
and analyzed the trends in heat-health studies in Austra-
lia by considering mortality and morbidity from differ-
ent disease types, geographical scales, and spatial HVI
assessment (including exposure, sensitivity, and adaptive
capacity indicators). We found adequate evidence to indi-
cate an increasing risk of heat-related deaths for those
with history of mental/behavioral disorders or cardio-
vascular disease during extreme temperatures. Extreme
heat triggers a high risk of hospitalizations, particularly
for individuals with renal disease, neurological disease,
stroke, ischemic heart disease, mental disorders, and dia-
betes. This suggests that these are heat-health outcomes
that should be employed for HVI development and vali-
dation in Australia.

We found that the current heat vulnerability index
assessment research was limited to only Australian cit-
ies, leaving non-urban/remote areas understudied and
without adequate understaning of how heat vulnerabil-
ity changes over time. We also identify demand for fine-
scaled spatial heat-health studies for the development of
tailored intervention at a small area scale. Future studies
can construct nationwide longitudinal heat vulnerabil-
ity and evaluate the performance of the HVI with mor-
tality and morbidity data. In addition, the projection of
HVI under different climate change scenarios based on
greenhouse gas emission levels can help design adapta-
tion strategies.
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