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Abstract
Climate change with increasing temperature is making a significant impact on human health, including more heat-related diseases, and
increasing the burden on the healthcare system. Although many studies have explored the association between increasing temperatures and
negative health outcomes, research on the associated costs of heat-related diseases remains relatively sparse. Furthermore, estimations of future
costs associated with heat-attributable hospital healthcare have not been well explored. This study used a distributed lag nonlinear model to
estimate heat-attributable hospital healthcare costs in Perth, Western Australia. Using 2006e2012 as the baseline, future costings for 2026e2032
and 2046e2052 were estimated under RCP2.6, RCP4.5, and RCP8.5. Higher temperatures were found to be associated with increased hospital
healthcare costs. The total hospital costs attributable to heat over the baseline period 2006e2012 was estimated to be 79.5 million AUD, with
costs for mental health hospitalizations being the largest contributor of the heat-related conditions examined. Costs are estimated to increase
substantially to 125.8e129.1 million AUD in 2026e2032, and 174.1e190.3 million AUD by midcentury under climate change scenarios. Our
findings of a notable burden of heat-attributable healthcare costs now and in the future emphasize the importance of climate change adaptation
measures to reduce the adverse health effects of increasing temperatures and heat exposure on the people of Perth.
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1. Introduction

Climate change is associated with a significant impact on
population health, with increasing morbidity and mortality due
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to temperature-related diseases and injuries (Zhang et al.,
2018). By the middle of the 21st century (2046e2065), the
changing climate will lead to 1e2 �C global mean increase in
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2081e2100 the increase could be up to 3 �C (IPCC, 2018). In
addition to higher temperatures, heatwave events, droughts,
and bushfires will likely occur more frequently with longer
duration and higher intensity (IPCC, 2018). This will further
impact population health and place an added burden on
healthcare systems.

The annual economic costs of heat-related deaths in high-
income countries have been estimated to increase from
around 100 billion USD in 2015 to 320 billion USD in 2030
and 670 billion USD in 2050 (OECD, 2015). In Australia,
health expenditure accounted for 24.4% of the national tax
revenue and 10.0% of gross domestic product in 2017e2018
(AIHW, 2020). With the changing climate, the country's health
and economic burden could be further increased due to more
frequent and intense hot days, heatwaves and extreme weather
events (Zhang et al., 2018).

Previous studies in Australia have found that higher tem-
peratures will likely result in a substantial increase in emer-
gency department visits and health expenditure due to heat-
related injuries and diseases in Australia (AECOM, 2012;
Xiang et al., 2014; Toloo et al., 2015). However, the heat-
attributable hospital healthcare costs have not been well
explored, nor projections for the future healthcare costs due to
climate change with increasing temperatures.

This study estimates heat-attributable hospital healthcare
costs using Perth data, as a case study for likely increasing
costs with climate change. We explored the association be-
tween daily temperatures and hospital healthcare costs. The
impacts of future increasing temperatures on hospital health-
care costs under different climate change scenarios were also
estimated. The results will help local health authority to pri-
oritize state-level measures and health resource allocation to
better prepare for the health challenges in the context of
climate change.

2. Methods
2.1. Study context
The study was conducted in Perth, Western Australia. The
city is located on the coast in the southwest of Australia, with
a metropolitan area of 6418 km2, and a population of 2.1
million in 2020 (ABS, 2018). It has a Mediterranean climate
of hot and dry summers, cool and wet winters. A total of 13
Perth metropolitan hospitals provide hospital inpatient care
services in the area (details in Appendix). Three study periods
were used: the baseline study period of 2006e2012; and two
future scenario periods, 2026e2032 and 2046e2052.
2.2. Data sources

2.2.1. Hospital costs
Daily hospital admissions to the 13 public and private

hospitals in the Perth metropolitan area, and associated
healthcare costs (in Australian dollars) for the study period
from January 2006 to December 2012 were obtained from
the Western Australian Department of Health. Patients from
outside the metropolitan area were excluded from the
analysis. The International Statistical Classification of Dis-
eases and Related Health Problems, Tenth Revision,
Australian Modification (ICD-10-AM) was used to identify
diagnostic categories (NIHPA, 2017). Daily cause-specific
hospital admissions including heat-related illnesses (ICD-
10-AM: E86, T67, L55, X30), renal diseases (ICD-10-AM:
N00eN39.9), ischemic heart diseases (ICD-10-AM:
I20eI25), mental health disorders (ICD-10-AM:
F00eF99.9), and associated healthcare costs were used as
the outcome of interest in this study. These diseases have
been shown to increase in association with temperature in
Australia and other countries (Nitschke et al., 2007; Khalaj
et al., 2010; Ng et al., 2014; Toloo et al., 2015; Fuhrmann
et al., 2016; Phung et al., 2016; Winquist et al., 2016;
Borg et al., 2017; Sun et al., 2018; Min et al., 2019). The
daily hospital costs for each of these individual disease
categories were aggregated for statistical analysis, and
defined as ‘costs associated with temperature-related disease
hospitalizations’. Costs were aggregated by the date of
admission (the total hospital costs for each admission were
assigned to the date of admission by hospital for statistical
purpose).

2.2.2. Meteorological data
Daily minimum temperature (Tmin) and maximum tem-

perature (Tmax) for the study period 2006e2012 were ob-
tained from the Australian Bureau of Meteorology. Daily
mean temperature (Tmean) was calculated by the average of
Tmin and Tmax. The centrally located weather observation
station in Perth (Perth Metro Station ID: 009225) was selected
to be representative of the Perth Metropolitan Area. Daily
temperatures for the periods 2026e2032 and 2046e2052 were
estimated based on: i) recorded daily temperatures during the
baseline period 2006e2012, and ii) the temperature change
projected for Perth using Commonwealth Scientific and In-
dustrial Research Organisation (CSIRO) and Bureau of
Meteorology (BoM) -defined Representative Concentration
Pathways (RCPs), which is a greenhouse gas concentration
trajectory for different climate futures. Three pathways RCP
2.6 (low emission), RCP 4.5 (medium emission) and RCP 8.5
(high emission) were adopted for the future climate change
(CSIRO, 2018). The projected temperature increase associated
with the RCP2.6 emission scenario is 0.9 �C in 2050 compared
to the climate reference period 1986e2005. With the RCP4.5
emission scenario the projected temperature increase is 1.2 �C
and with the RCP8.5 emission scenario the associated pro-
jected temperature increase is 1.6 �C. The temperature change
derived from the CSIRO and BoM projections were based on
the mean value of 20 models from the international Coupled
Model Intercomparison Project Phase 5 (CMIP5) (CSIRO and
BOM, 2015). The estimation of future daily temperatures was
made by adding the average projected temperature change to
observed values as suggested by the CSIRO and BoM (CSIRO
and BOM, 2015).
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2.2.3. Population data
Current population data for the baseline period 2006e2012

and projected populations for the periods 2026e2032 and
2046e2052 were obtained from the Australian Bureau of
Statistics (ABS, 2018). The population projection method used
by the Australian Bureau of Statistics considers a number of
national and international trends including fertility, mortality,
net overseas migration and net interstate migration. To
simplify the analysis, the estimated medium levels of fertility,
life expectancy, net overseas migration and interstate flows
were adopted. Daily population for the three study periods
were estimated using linear interpolation (Newbury, 1981).
2.3. Statistical analysis
The data analysis had two stages. First, the relationships
between daily temperature-related hospital costs and daily
minimum temperatures were estimated for the baseline period
2006e2012. Daily minimum temperature was used as it is a
better predictor to capture the effects of temperature on hos-
pital healthcare costs, compared with daily mean and
maximum temperatures. Second, the future heat-attributable
hospital costs were estimated based on the baseline esti-
mated associations and projected temperature and population
changes for 2026e2032 and 2046e2052 in Perth.

2.3.1. First stage
To assess the relationships with daily temperatures, a

generalized linear time series regression with a quasi-Poisson
distribution was used for hospital healthcare costs (Gasparrini,
2011b; Polesel et al., 2019). To assess the shape of the
exposure-lag-response relationship, a distributed lag non-linear
model (DLNM) was fitted simultaneously to estimate the
possible non-linear relationship and delayed effects of temper-
ature on the costs (Gasparrini et al., 2010; Gasparrini, 2011a,
2011b). The model controlled for potential confounding effects
of seasonality and trend, weekday variations and public holi-
days. To control for seasonality and trend, a natural cubic spline
with 5 degrees of freedom (df ) per year for time [ns (time, 5 df
per year � 7 years)] was included in our analysis (Roye et al.,
2020). To control for weekday variations, the day of week
(dow) was also included in the model. Public holidays (pubhol)
were controlled for using a binary variable. The heat-related
effects were calculated relative to the reference temperature,
which was taken to be the temperature giving the lowest esti-
mate in the cumulative exposure-response curve for hospital
costs, as per the methods of Gasparrini et al. (2011a, 2014).
Heat-attributable hospital costs were defined as all effects
associated with temperatures above the reference temperatures.
All relative risk (RR) estimates were calculated relative to the
reference temperature. Attributable hospital costs and attribut-
able fractions were calculated to show costs associated with
heat exposures as per the methods of Gasparrini and Leone
(2014). We did not control for relative humidity in this anal-
ysis, as weather conditions are typically hot and dry during the
warm season in Perth. To ensure the associated healthcare costs
were comparable across the different years, consumer price
index (CPI) data were obtained from the Australian Bureau of
Statistics (ABS, 2020), and the daily healthcare costs were
adjusted for inflation and standardized to the fourth quarter of
2012 in Australian dollars.

The models were described as follows:

Yt � Quasi‒PoissonðmtÞ

log½EðYtÞ�¼aþcbðTemptÞþnsðtime; 5 df per year�7yearsÞ
þdowtþpubholt

where, Yt is hospital healthcare costs on day t; a is the inter-
cept; cb(Tempt) is the cross-basis natural cubic spline function
for daily minimum temperature with both response and lag
dimension applied from the DLNM; ns (time, 5 df per year � 7
years) is the natural cubic spline with 5 degrees of freedom per
year multiplied by seven years study period, adjusted for the
seasonality and trend (Bai et al., 2014a), the time is in days;
dow is day of the week on day t with Sunday being the
reference day; and pubhol is a binary variable representing
public holidays on day t. Three internal knots were placed in
the cross-basis natural cubic spline at 10th, 75th, and 90th
percentiles across the range of temperatures (as these per-
centiles best represent the exposureeresponse relationship for
climate change impacts on health (Vicedo-Cabrera et al.,
2019)). Additionally, three equally spaced knots were placed
along the lag dimension. The reference temperatures for
overall hospital costs and disease-specific costs were identified
via an overall cumulative exposure-response curve and
disease-specific cumulative exposure-response curves in the
first stage, and outcomes above the reference temperatures
were assigned as heat-related effect due to heat exposures
(Gasparrini et al., 2010; Gasparrini, 2011b). A maximum lag
of 28 d was used to completely capture the temperature-related
hospital costs (Anderson and Bell, 2009; Bai et al., 2014a).

2.3.2. Second stage
The baseline exposureeresponse relationships between

daily temperatures and outcomes (i.e., daily temperature-
related hospital costs) obtained from the first stage analyses
were used to estimate the effects of future projected temper-
ature change on this outcome. The effects were estimated for
the study periods 2026e2032 and 2046e2052 for three future
temperature scenarios (based on RCP2.6, RCP4.5, and RCP8.5
emission scenarios). Heat attributable number (AN ) and
attributable fractions (AF ) were calculated to show the
attributable healthcare cost and percentage of the health out-
comes associated with ambient temperature exposures. The
AN and AF were calculated using a method of Gasparrini and
Leone (2014). The AN and AF are defined as:

ANx;t¼AFx;t �Nt

AFx;t¼1� exp

 
�
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l¼0
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Table 1

Descriptive statistics of temperature data and daily hospital healthcare costs*
in Perth, Western Australia, 2006e2012.

Characteristics Minimum Mean Maximum Standard

deviation

Daily minimum temperature (�C) �0.7 12.8 28.1 5.2

Daily mean temperature (�C) 7.4 18.9 34.6 5.3

Daily maximum temperature (�C) 12.8 25.0 44.2 6.1

Daily healthcare costs (AUD)* 96,170 305,168 705,736 87,748

Total healthcare costs (AUD)* 780.3 million

Total observation days (d) 2557 (7 years)

Note: *Costs for combined mental health disorders, ischemic heart diseases,

renal diseases and heat-related illnesses.
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where x is the daily minimum temperature exposure on day t;
Nt is daily hospital healthcare cost on day t. bxt�l; l is the
natural logarithm of RR given exposure on day tel after l days
have elapsed. We examined heat attributable costs above the
reference temperatures, which were identified via overall cu-
mulative exposure-response curves in the first stage. The ef-
fects of projected daily minimum temperatures above the
current observed range were estimated using Monte Carlo
simulation (n ¼ 1000) (Gasparrini and Leone, 2014; Vicedo-
Cabrera et al., 2019). Empirical confidence intervals (95%
CI) were also generated from the simulations to quantify the
uncertainties in the exposureeresponse relationships. Esti-
mated hospital costs were also adjusted for the future popu-
lation estimates for Perth in 2026e2032 and 2046e2052 as
per Australian Bureau of Statistics projections (ABS, 2018).

A sensitivity analysis was conducted by changing the
temperature metrics from daily minimum to daily mean and
daily maximum temperatures to compare and best capture the
effects of temperature on hospital healthcare costs. Based on
this, it was decided that daily minimum temperature was the
ambient temperature metric of choice because it was the better
predictor than daily mean and maximum temperatures. As part
of the sensitivity analysis, we also varied the df for time be-
tween 4 and 9 per year, and maximum lag days of 28 to 21 d.
Residual analysis and autocorrelation tests were conducted to
evaluate the goodness of model fit and autocorrelation. All
statistical analyses were performed using R software (version
4.0.3) with the packages ‘dlnm’, ‘tsModel’ and function
‘attrdl’ (R Core Team, 2013; Gasparrini and Leone, 2014), and
Stata software (version 15.1) (StataCorp, 2017). The statistical
significance level of 0.05 was adopted for the analyses.
2.4. Ethics approval
Table 2

Characteristics of hospital healthcare costs for temperature-related diseases in

Perth, 2006e2012.

Characteristics Healthcare cost
This study obtained ethics approval from the Human
Research Ethics Committee of the University of Adelaide
(Approval No. ID33179) and the Western Australian Depart-
ment of Health Human Research Ethics Committee (Approval
No. RGS0000001094).

3. Results
million AUD Percentage (%)

Gender Male 414.9 53.2

Female 365.4 46.8

Age group (years) 0e14 20.1 2.6

15e24 74.4 9.5

25e34 93.0 11.9

35e44 98.9 12.7

45e54 101.2 13.0

55e64 97.6 12.5

65e74 95.6 12.3

75þ 199.3 25.5

Hospital Public hospital 739.1 94.7

Private hospital 41.2 5.3

Diseases Mental health disorders 371.5 47.6

Ischemic heart diseases 225.5 28.9

Renal diseases 174.5 22.4

Heat-related illnesses 8.7 1.1

Total 780.3 100
3.1. First stageebaseline period

3.1.1. Descriptive results
In the 2557 observation days across the 7-year study period

between 2006 and 2012, there was a total of 780.3 million
AUD in hospital costs associated with our selected diseases
(i.e. mental health disorders, ischemic heart diseases, renal
diseases and heat-related illnesses). The daily temperatures
and hospital costs are shown in Table 1. The details of char-
acteristics for hospital healthcare costs are shown in Table 2.
Of the 780.3 million AUD hospital healthcare costs, 414.9
million AUD in costs were for males and 365.4 million AUD
for females. The age group of 75 years and above accounted
for 199.3 million AUD in costs, which was 25.5% of the total.
The bulk of the healthcare costs were from public hospitals,
accounting for 739.1 million AUD (94.7 %) of the total.
Among them, there were 371.5 million AUD (47.6%) in
healthcare costs for mental health disorders, 225.5 million
AUD (28.9%) for ischemic heart diseases, 174.5 million AUD
(22.4%) for renal diseases, and 8.7 million AUD (1.1%) for
heat-related illness healthcare costs.

3.1.2. Exposure-lag-relationship between daily
temperatures and temperature-related hospital healthcare
costs

The overall cumulative exposureeresponse relationships
between total healthcare costs, disease-specific healthcare
costs and daily minimum temperatures are shown in Fig. 1.
The reference temperatures of 7.0 �C, 4.2 �C, 8.2 �C, and
8.7 �C were identified for combined total temperature-related
disease, mental health, ischemic heart disease, and renal dis-
ease healthcare costs, respectively. The reference temperature
for heat-related illnesses was not identified due to the small
number of cases (1602) accounting for 1.3 % of total hospital
admissions (Table A1), and 1.1% of total healthcare costs
(Table 1).



Fig. 1. Overall cumulative exposureeresponse relationships between daily temperature-related hospital-associated healthcare costs and daily minimum temperature

for 28-d lag in Perth, 2006e2012 (RR is the relative risk for hospital healthcare costs. The total hospital healthcare costs included those for mental health disorders,

ischemic heart diseases, renal diseases, and heat-related illnesses. The vertical dotted lines indicate the reference temperatures. Shade indicates 95% CI).
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Fig. 1 shows that the overall temperature-related hospital
healthcare costs increased with minimum temperature, and the
same trends can be found for mental health, ischemic heart
disease and renal disease healthcare costs, although the latter
two diseases were not significantly increased. Additionally,
although our main focus was on heat effects, we noted that
ischemic heart disease healthcare costs also increased with
cold temperature exposure.

The exposure-lag-response relationships between hospital
healthcare costs and daily minimum temperatures are pre-
sented in Fig. 2. The RR of heat exposure for combined total
hospital healthcare costs was the highest at lag 0 day and the
extreme minimum temperature of 28.1 �C (Figs. 2 and 3). For
disease-specific outcomes, the RR for mental health costs was
also the highest at 0-d lag with extreme hot temperature (Figs.
2 and 3), and the elevated costs could last for up to nearly 4
weeks. The RR for renal disease showed a similar pattern, but
with no lagged heat effect. For ischemic heart disease
healthcare costs, both hot and cold temperatures increased the
RR for costs, with the heat effect peaking at lag 0-d and
decreasing rapidly in the following days, while cold effects
last up to 15 d (Figs. 2 and 3). Lastly, the lag-specific expo-
sure-response curves of hospital healthcare costs and daily
minimum temperatures for each disease can be found in
Supplementary Fig. A2‒A5.

The disease-specific analyses revealed three key pieces of
information that might be important for understanding the
relationship with ambient daily temperature. First, increased
healthcare costs formental health disorders were associatedwith
heat but not cold exposure. Second, both acute effects of heat and
lagged effects of cold were associated with increased healthcare
costs for ischemic heart diseases. Third, the effect of heat was
associated with an acute increase in hospital costs for renal
diseases, although this was not sustained over the long term.

3.1.3. The effects of current temperature increase on
hospital healthcare costs

The estimated heat-attributable hospital healthcare costs in
Perth over the study period 2006e2012 are presented in Table
3. The total hospital healthcare costs attributable to heat over
the baseline period 2006e2012 were estimated to be 79.5
million AUD (95% CI: 15.9; 144.2) and 11.4 million AUD per
year, which accounted for 10.2% of the total 780.3 million
AUD temperature-related hospital healthcare costs (Table 4).
For disease-specific costs, estimated heat-attributable mental
health costs were the largest contributor to the total
temperature-related hospital healthcare costs over the baseline
study period 2006e2012, i.e. 69.0 million AUD (95% CI:
16.5; 114.8) accounting for 18.6% of the total costs (Table 4).
Estimated heat-attributable ischemic heart disease and renal
disease healthcare costs were lower and not significant.

Although the focus of the study is heat-attributable health-
care costs, cold-attributable healthcare costs over the baseline
period 2006e2012 were also examined and are presented in



Fig. 2. Exposureeresponse relationships between temperature-related hospital healthcare costs and daily minimum temperature in Perth, 2006e2012 (RR is the

relative risk for hospital healthcare costs. The total hospital healthcare costs included those for mental health disorders, ischemic heart diseases, renal diseases, and

heat-related illnesses).

643TONG M.X. et al. / Advances in Climate Change Research 12 (2021) 638e648
Supplementary Table A3. While the estimated ischemic heart
disease healthcare costs were 7.4 million AUD (95% CI: 0.8;
13.8), the total healthcare costs, mental health disorder
healthcare costs and renal disease healthcare costs due to cold
were not significant (Supplementary Tables A2 and A3).
3.2. Second stageefuture estimation

3.2.1. Future temperature scenarios
Three different temperature scenarios were developed for

the periods 2026e2032 and 2046e2052 (Fig. A1) as described
in the method section. Depending on the RCP emission sce-
narios, the annual temperature is projected to increase
0.7e0.9 �C for the period 2026e2032, relative to the reference
period 1986e2005, and by 0.9e1.6 �C for the period
2046e2052 (Table A4) (CSIRO, 2018).

3.2.2. The effects of future temperature increase on hospital
healthcare costs

Estimated heat-attributable hospital costs under the three
RCP scenarios (RCP2.6, RCP4.5, and RCP8.5) over the future
periods 2026e2032 and 2046e2052 are shown in Table 3. The
estimated total costs gradually increased from 125.8 million
AUD (95 % CI: 25.2; 228.3), 127.5 million AUD (95% CI:
25.6; 231.1) to 129.1 million AUD (95 % CI: 26.0; 233.8)
under the RCP2.6, RCP4.5 and RCP8.5 scenarios, respec-
tively, for 2026e2032. Estimates would be further increased to
190.3 million AUD (95% CI: 39.9; 340.2) under the high
emission scenario RCP8.5, with percentage increments of
139.5% observed over 2046e2052 relative to baseline period
2006e2012. In particular, the estimates for heat-attributable
mental health costs increased from 69.0 million AUD to
149.3 million AUD (95% CI: 38.6; 246.1), 154.4 million AUD
(95% CI: 41.1; 252.6) and 161.1 million AUD (95% CI: 45.3;
261.0) under RCP2.6, RCP4.5 and RCP 8.5 scenarios in
2046e2052. There were no significant estimated increases in
heat-attributable healthcare costs for ischemic heart disease
and renal disease (Table 3). The corresponding heat-
attributable fractions of temperature-related hospital health-
care costs are presented in Table 4. Further, assuming a con-
stant population, the estimated heat-attributable hospital costs
will increase to 82.8e85.0 million AUD and 94.9e92.8



Fig. 3. Exposure-response curves of temperature-related hospital healthcare costs and daily minimum temperature at lags 0, 1, 7 and 21 d in Perth, 2006e2012 (RR

is the relative risk for hospital healthcare costs. The total hospital healthcare costs included those for mental health disorders, ischemic heart diseases, renal

diseases, and heat-related illnesses. Shade indicates 95% CI).
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million AUD over the future periods 2026e2032 and
2046e2052, respectively (Tables A5 and A6). Additionally,
estimated cold-attributable hospital healthcare costs are re-
ported in supplementary materials (Tables A2 and A3).
3.3. Sensitivity analysis
The results of the sensitivity analysis to establish the model
that best captures the association between daily temperatures
(Tmin, Tmean and Tmax) and daily hospital healthcare costs
indicated that Tmin was the better predictor of heat effects on
healthcare costs as shown in Fig. A6. The associations be-
tween daily minimum temperature and daily hospital costs
were consistent when changing the df of the natural cubic
spline for the calendar year from 5 per year to 4e9 per year
(Fig. A7), and when changing the maximum lag days from 28
to 21 d (Fig. A8). The natural cubic spline with 5 df for the
calendar year was selected as it best captures seasonality and
trend. The residuals for the DLNM models followed a normal
distribution, and no significant autocorrelations were found in
the residuals (Fig. A9).
4. Discussion

The impact of increasing temperatures on population health in
the context of climate change has been studied extensively in
recent years. In particular, hot temperatures have been associated
with negative health effects (e.g., increasing mortality and
morbidity) on certain ‘temperature-sensitive’ diseases, including
heat-related illnesses, mental health disorders, renal diseases and
cardiovascular diseases in Australia (Hansen et al., 2008;
Williams et al., 2012b; Borg et al., 2017; Lu et al., 2020). How-
ever, the heat-attributable healthcare and economic burden in
Australia has not been well explored, although there have been
studies in Brisbane, Melbourne and Perth exploring emergency
department visits/costs due to heat (AECOM, 2012; Williams
et al., 2012b; Toloo et al., 2015). High ambient temperatures
can generate severe health outcomes, which require in-patient
hospital healthcare (Linares and Dı́az, 2008; Lin et al., 2009;
AECOM, 2012; Williams et al., 2012b; Toloo et al., 2015; Borg
et al., 2017). Previous studies found summer temperatures and
heatwaves have a significant influence on emergency department
visits and hospital admissions in Perth (Williams et al., 2012b;



Table 3

Heat-attributable temperature-related disease hospital healthcare costs (AUD)

in Perth for 2006e2012, and estimations for 2026e2032 and 2046e2052.

Period Hospital healthcare costs (million AUD)

Total *(%)a

(95% CI)

Mental health

disorder (%)b

(95% CI)

Ischemic heart

disease (%)c

(95% CI)

Renal

disease (%)d

(95% CI)

2006e2012

Baseline 79.5

(15,9; 144,2)

69.0

(16.5; 114.8)

14.5

(�25.1; 45.7)

6.3

(�18.3; 28.8)

2026e2032
RCP2.6 125.8 (58.3%)

(25.2; 228.3)

108.3 (56.9%)

(27.2; 179.3)

22.4 (54.0%)

(e41.9; 72.2)

9.7 (53.8%)

(e29.2; 45.2)

RCP4.5 127.5 (60.4%)

(25.6; 231.1)

109.5 (58.7%)

(27.9; 180.9)

22.6 (55.3%)

(e42.7; 72.9)

9.8 (56.3%)

(e29.6; 45.8)
RCP8.5 129.1 (62.5%)

(26.0; 233.8)

110.8 (60.5%)

(28.6; 182.5)

22.8 (56.7%)

(e43.7; 73,6)

10.0 (58.7%)

(e29.9; 46.4)

2046e2052
RCP2.6 174.1 (119.1%)

(35.0; 315.3)

149.3 (116.4%)

(38.6; 246.1)

30.5 (110.3%)

(e59.3; 99.3)

13.4 (113.3%)

(e40.4; 62.5)

RCP4.5 181.0 (127.7%)

(37.0; 326.1)

154.4 (123.6%)

(41.1; 252.6)

31,3 (115.6%)

(e62.1; 102.9)

14.0 (123.3%)

(e42.1; 64.9)
RCP8.5 190.3 (139.5%)

(39.9; 340.2)

161.1 (133.4%)

(45.3; 261.0)

32.3 (122.7%)

(e67.3; 107.7)

14.9 (136.8%)

(e45.0; 68.0)

Note: * Percentage change relative to baseline heat-attributable temperature-

related total healthcare costs, mental health disorder healthcare costs, ischemic

heart disease healthcare costs and renal disease healthcare costs.

Bold cells indicate statistically significant ( p < 0.05) heat-attributable

healthcare costs.
a The total hospital healthcare costs included those for.
b Mental health disorders.
c Ischemic heart diseases.
d Renal diseases, and heat-related illnesses. The total costs are not equal to

the sum of costs for mental health disorder, ischemic heart disease and renal

disease as the different reference temperatures are used for each disease

category individually and not included costs for heat-related illness.
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Patel et al., 2019). However, the associated healthcare costs were
not explored. This study filled this gap in knowledge by using
daily hospital healthcare cost data to estimate the costs attribut-
able to heat in Perth, and to estimate the potential effects of
increasing temperature on the future healthcare costs in this
metropolitan population under climate change scenarios.

This study presents estimates of the hospital healthcare
costs associated with heat exposures for Perth, approximately
Table 4

Heat-attributable fraction of temperature-related disease hospital healthcare costs i

Period Hospital healthcare costs (%)

Totala (95% CI) Mental health disorderb (95

2006e2012 Baseline 10.2 (2.0; 18.5) 18.6 (4.5; 30.9)

2026e2032 RCP2.6 10.6 (2.1; 19.2) 19.2 (4.8; 31.8)

RCP4.5 10.7 (2.2; 19.5) 19.4 (4.9; 32.0)

RCP8.5 10.9 (2.2; 19.7) 19.6 (5.1; 32.3)

2046e2052 RCP2.6 10.9 (2.2; 19.7) 19.6 (5.1; 32.3)

RCP4.5 11.3 (2.3; 20.3) 20.2 (5.4; 33.1)

RCP8.5 11.9 (2.5; 21.2) 21.1 (5.9; 34.2)

Note: a The total hospital healthcare costs included those for b mental health disord

total fraction is not equal to the sum of fractions for mental health disorder, ischemic

for each disease category individually and not included fraction for heat-related il

Bold cells indicate statistically significant heat-attributable fractions.
11.4 million AUD annually for the baseline study period of
2006e2012. Under three different climate change scenarios
(RCP2.6, RCP4.5, and RCP8.5), heat-attributable healthcare
costs for heat-related diseases and illnesses were estimated for
the Perth metropolitan areas for 2026e2032 and 2046e2052.
Findings showed that the health burden due to increasing
temperature may further significantly rise by the midcentury,
in particular with the greatest heat-attributable health burden
under a high greenhouse gas emission scenario. Heat adapta-
tion measures to cope with increasing temperatures are
required to mitigate the surging heat-attributable healthcare
costs and reduce the negative heat effect on population health.

An overall non-linear relationship between temperatures
and hospital healthcare costs with acute and lagged effects was
found in this study. This is to be expected because heat has
immediate and lagged effects on various morbidity outcomes
(Ye et al., 2012). For example, other studies have shown that
hospital admissions for certain diseases (i.e. heat stroke) occur
shortly after heat exposure and generate substantial healthcare
costs, while other disease conditions such as heart disease
show lagged effects due to heat/cold and generate lagged
healthcare costs (Bai et al., 2014b; Basu et al., 2017; Borg
et al., 2017). We found the overall cumulative hospital
healthcare costs were increased gradually over 28 d period
when minimum temperature exceeded the reference tempera-
ture of 7.0 �C. The disease-specific analysis showed mental
health healthcare costs increased shortly after heat exposure.
This is in line with studies reporting the effect of increasing
temperature on the occurrence or exacerbation of mental
health disorders (Hansen et al., 2008; Williams et al., 2012a,
2012b). It is also noteworthy that in this study the RR of
mental health healthcare costs has lasting effect 3e4 weeks
after extreme heat exposure, which may imply there are lagged
heat effects. We found acute effects of heat (at lag 0 d) on
ischemic heart disease healthcare costs, while lagged effects of
heat and cold at day 7 (Fig. A4) for an increase in ischemic
heart disease healthcare costs. Moreover, acute effects of heat
(at lag 0 d) on renal disease with increases in health costs were
also identified, but no lagged effects of heat and cold for renal
disease healthcare costs. Overall, the results are consistent
with studies on the occurrence of those diseases, which
n Perth for 2006e2012, and estimations for 2026e2032 and 2046e2052.

% CI) Ischemic heart diseasec (95% CI) Renal diseased (95% CI)

6.4 (�11.1; 20.3) 3.6 (�10.5; 16.5)

6.5 (�12.2; 21.1) 3.6 (�11.0; 17.0)

6.6 (�12.4; 21.3) 3.7 (�11.1; 17.3)

6.6 (�12.7; 21.5) 3.8 (�11.3; 17.5)

6.6 (�12.8; 21.4) 3.7 (�11.3; 17.4)

6.8 (�13.4; 22.2) 3.9 (�11.7; 18.1)

7.0 (�14.5; 23.2) 4.2 (�12.6; 19.0)

ers, c ischemic heart diseases, d renal diseases, and heat-related illnesses. The

heart disease and renal disease as the different reference temperatures are used

lness.
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showed acute heat effects on ischemic heart diseases and renal
diseases, while lagged effects on ischemic heart diseases (Bai
et al., 2014a; Winquist et al., 2016; Borg et al., 2017; Huang
et al., 2019; Lu et al., 2020). However, the exposure-lag-
response relationship between heat-related illness healthcare
costs and temperatures could not be fully assessed due to the
relatively small amount of hospital costs in this study.

Over the baseline study period of 2006e2012, an estimated
780.3 million AUD in total hospital costs were associated with
the selected temperature-related diseases. Nearly one-half of
the hospital costs were associated with mental health disor-
ders, the other half were for ischemic heart diseases and renal
diseases. Heat-related illness (e.g. heatstroke, dehydration and
sunburn) costs only accounted for 1.1% of the total hospital
costs. It is possible that cases of heat-related illnesses were
associated with more ED visits than hospital in-patient stays
(NOE et al., 2012; Bai et al., 2014b).

Estimated heat-attributable hospital costs accounted for
10.2% of total hospital costs for the selected disease categories
over the baseline study period 2006e2012 in Perth. This is
consistent overall with a previous national study undertaken in
the U.S. that found hyperthermia-related healthcare costs of 18
million USD per year over the period of 2004e2005 (NOE
et al., 2012). Meanwhile, another national study in the U.S.
found the annual healthcare costs due to heat-related illness
including heatstroke, heat syncope, cramps, edema and heat
exhaustion to fatigue was 39.2 million USD per year during
2001e2010 (Schmeltz et al., 2016). Such estimates are highly
dependent on the selection of different temperature variables,
disease categories used for estimating the temperature-related
hospital healthcare costs, the differences in disease patterns,
demographics, labor costs and local or regional socioeconomic
status that could influence healthcare costs. We found the
majority of the heat attributable hospital costs in Perth were
due to mental health admissions, accounting for 69.0 million
AUD over the study period. The results are in line with other
studies that indicated mental health disorders were sensitive to
heat exposure (Hansen et al., 2008; Williams et al., 2012b).

The estimation of the future heat-attributable hospital
healthcare costs for Perth identified a substantial increase by
midcentury. Even under the lowest greenhouse gas emission
scenario of RCP2.6, hospital costs are estimated to increase,
and under the highest greenhouse gas emission scenario
(RCP8.5) the hospital costs may increase by an additional
62.5% in a decade and a 139.5% by mid-21st-century, relative
to the baseline period. These findings are consistent with prior
studies in Germany and U.S. predicting a substantial increase
in healthcare costs due to climate change by the end of this
century (Hübler et al., 2008; Lin et al., 2012). In particular, our
cost estimates for mental health admissions suggest costs may
almost double under RCP8.5 by mid-21st-century. To aid in
prevention, increased mental health services need to be a
priority, and targeted support for those who are more likely to
be exposed to heat may be required to reduce the overall
hospital healthcare costs. Although we found no significant
increase in heat-attributable healthcare costs for ischemic
heart diseases and renal diseases, the increasing trend of the
costs warrants close attention as these diseases can have a high
potential cost burden. In addition, the estimation of future
heat-attributable healthcare costs would more stably increase
assuming the population remains constant. However, it should
be noted that even with no demographic change, the heat-
attributable fraction of temperature-related healthcare costs
would still increase in the future, with more than 10% of
healthcare costs attributable to heat in the context of climate
change. The future estimated healthcare costs represent costs
in 2012, it is noted that treatment and real treatment costs may
have changed since 2012. Future costs were not discounted
and so the estimated costs to 2032 and 2052 do not represent
the present value of those costs.

Although the effects of cold were not the focus of this
study, we found significant cold-attributable hospital costs for
ischemic heart disease in Perth. These results are consistent
with the findings of Bai et al. (2018) who showed the cold-
attributable heart disease hospitalizations outweigh the heat-
attributable hospitalizations in Ontario, Canada (Bai et al.,
2018). It is possible, however, that the seasonal patterns of
heart disease may shift over time, due to increasing tempera-
tures and ageing populations.

Several limitations of this study should be acknowledged.
First, the use of baseline exposureeresponse relationships for
the estimation of future healthcare costs without consider-
ation of long-term adaptations to increasing temperatures.
Human behavioral, physiological, and technological adapta-
tions to the changing climate have the potential to reduce the
impact of increasing temperatures on health outcomes and
healthcare costs. Effective public health measures may also
mitigate the negative health effects from increasing temper-
ature in the future. Our results highlight the need for adap-
tation and provide evidence that can be used for policy
advocacy and public health planning. Second, this study did
not consider other factors that might alter the estimations for
healthcare costs, e.g. air pollution exposures, other meteoro-
logical factors, socioeconomic development, and new gov-
ernment policies on climate change. Third, the use of hospital
healthcare cost data does not capture all heat-attributable
health costs, because cases who have mild symptoms may
not seek medical services or may visit their general practi-
tioner, the costs of which were not included in this study.
Fourth, while the empirical analysis of heat healthcare costs
relationship suggested that daily minimum temperature was
the best meteorological indicator, mean temperature was used
for future estimation, the only available climatic variable
from climate projection models. Fifth, the future temperatures
based on RCP2.6, RCP4.5, and RCP8.5 emission scenarios
derived from the CMIP5 models may not fully capture
increased climate variability and extremes. Lastly, the
healthcare costs were adjusted based on the consumer price
index in the fourth quarter of 2012, and may not reflect the
future healthcare costs due to inflation, deflation and dis-
counted cash flow, advances in health technologies, or
changes in the management of health conditions. Given these
limitations, the overall estimates of temperature-related
healthcare costs are likely to be attenuated.
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5. Conclusions

We have estimated a significant burden of heat-attributable
hospital costs in Perth, which could increase over 2-fold by
midcentury due to predicted increasing temperatures. The
greatest burden was estimated for heat-associated mental
health admissions and may increase significantly in the future.
Our findings emphasize the importance of climate change
adaptation measures to reduce the adverse health effects of
increasing temperatures and heat exposure on this population.
Further research should explore other study locations and
extend the time period and examine additional healthcare
costs, such as those relating to emergency department visits
and primary healthcare costs, to gain a more complete picture
of heat-related health and cost burdens associated with
increasing global temperatures.
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