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Summary
Background The dual impacts of a warming climate and population ageing lead to an increasing kidney disease
prevalence, highlighting the importance of quantifying the burden of kidney disease (BoKD) attributable to high
temperature, yet studies on this subject are limited. The study aims to quantify the BoKD attributable to high
temperatures in Australia across all states and territories, and project future BoKD under climatic, population and
adaptation scenarios.

Methods Data on disability-adjusted-life-years (DALYs) due to kidney disease, including years of life lost (YLL), and
years lived with disability (YLD), were collected during 2003–2018 (baseline) across all states and territories in
Australia. The temperature-response association was estimated using a meta-regression model. Future
temperature projections were calculated using eight downscaled climate models to estimate changes in
attributable BoKD centred around 2030s and 2050s, under two greenhouse gas emissions scenarios (RCP4.5 and
RCP8.5), while considering changes in population size and age structure, and human adaptation to climate change.

Findings Over the baseline (2003–2018), high-temperature contributed to 2.7% (Standard Deviation: 0.4%) of the
observed BoKD in Australia. The future population attributable fraction and the attributable BoKD, projected
using RCP4.5 and RCP8.5, showed a gradually increasing trend when assuming no human adaptation. Future
projections were most strongly influenced by the population change, with the high temperature-related BoKD
increasing by 18.4–67.4% compared to the baseline under constant population and by 100.2–291.2% when
accounting for changes in population size and age structure. However, when human adaptation was adopted
(from no to partial to full), the high temperature-related BoKD became smaller.

Interpretation It is expected that increasing high temperature exposure will substantially contribute to higher BoKD
across Australia, underscoring the urgent need for public health interventions to mitigate the negative health impacts
of a warming climate on BoKD.
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Introduction
Kidney disease is a growing global public health
concern, responsible for 41.8 million disability-adjusted
life years (DALY) in 2019, and 2.2% of global burden.1

Prevalence increased by 16% from 2010 to 2019, un-
like other non-communicable diseases with declining
*Corresponding author. School of Public Health, The University of Adelaide
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age-standardized death and DALYs rates.1 With the ag-
ing population, there will inevitably be a greater number
of people with, or at risk of, kidney disease.2 Charac-
terized by progressive damage to the kidneys, reduced
filtration function, and removal of protein/albumin
from blood into urine, kidney disease increases the risk
, Adelaide, South Australia 5000, Australia.
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Research in context

Evidence before this study
Previous epidemiologic studies have documented the
association between high temperature and kidney disease.
However, evidence for the burden of kidney disease (BoKD)
attributable to high temperature remains limited. We
searched PubMed, Scopus, and Google Scholar for studies
published in English until April 2023, that explore the high
temperature-related burden of kidney disease, and projections
under future climate change. We used a combination of
search terms, including “temperature”, “climate change”,
“weather” AND “kidney disease”, “renal disease” AND
“mortality”, “morbidity”, “attributable burden”, “attributable
risk”, “projection”, “prediction”. Among the limited studies
quantifying the high temperature-attributable burden of
disease, most have only examined mortality to quantify the
years of life lost (YLL) associated with high temperature.
However, the inclusion of morbidity indicator i.e., years lived
with disability (YLD), is particularly important for estimating
the BoKD. The BoKD attributable to high temperature has not
been examined at the regional level in a country, including
both fatal (YLL) and non-fatal (YLD) indicators.

Added value of this study
This study is the first globally to provide a national overview
of BoKD attributable to high temperature, including both YLL
and YLD in the context of future climate change and
population shifts in size and age distribution. Our projection
incorporates future temperatures from eight climate models
under two representative concentration pathways (RCP4.5
and RCP8.5), while accounting for changes in population and
scenarios of human adaptations until the middle of the 21st
century. We modelled the variation in the exposure-response
relationship between high temperature and kidney disease in
each of the 2310 statistical level 2 areas covering the whole of
Australia and calculated the theoretical minimum risk
exposure distribution (TMRED). We then computed the high
temperature-related population attributable fraction and the

attributable BoKD, as measured in disability-adjusted life years
(DALYs). We found that during the baseline period between
2003 and 2018, high temperature contributed to 2.7% (SD:
0.4%) of the observed BoKD in Australia, resulting in an
average annual loss of 1446.8 years of healthy life or 6.4
DALYs per million population. Our projections suggest that
future temperature will correspond to steady increases in
BoKD in Australia across all scenarios examined, except for full
(100%) adaptation with no population change. When
assuming no human adaptation, we observed a gradually
increasing trend in the high temperature-related BoKD using
RCP4.5 and RCP8.5 climate scenarios. This rise was primarily
influenced by the expected changes in population. For
instance, under a higher-emission RCP8.5 scenario, the high
temperature-attributable BoKD is projected to increase
approximately four times (5660.4 DALYs) compared to the
baseline level (1446.8 DALYs) by 2050. Of this, population
increase accounted for the greater proportion (3238.4 DALYs,
77%), with the remaining 23% attributed to an increase in
future high temperature exposure. Moreover, we found that
the jurisdiction with a warmer climate i.e., the Northern
Territory, had the highest rate of high temperature-
attributable BoKD in both the baseline and future periods
(2030s and 2050s).

Implications of all the available evidence
This study provides a comprehensive picture of the BoKD
attributable to high temperature in all jurisdictions across
Australia, which will help extend our understanding of the
health impacts of high temperature and aid in policy-making
to reduce the future BoKD caused by the warming climate.
The disparate geographical patterns of attributable BoKD
found in our study suggest that geographically specific
adaptation actions need to be strengthened to maximize the
effectiveness of reducing future BoKD in the context of
warming climates.
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of other disease such as cardiovascular diseases, hy-
pertension, and COVID-19, thereby impacting world-
wide mortality and morbidity.3 In Australia, the burden
of kidney disease (BoKD) accounted for 1.5% of Aus-
tralia’s total disease burden in 2022.4

High ambient temperature is a known risk factor for
kidney disease and can worsen its occurrence.5 Recur-
rent dehydration due to sweating is reported as a cause
of chronic kidney disease (CKD) in people exposed to
high temperature, and the decreased extracellular fluid
and blood flow to the kidneys may lead to renal failure.6

CKD contributed to 11% of Australia’s deaths in 2020.7

Acute renal failure can also occur due to high
temperature-associated dehydration.6

Australia is vulnerable to climate change, with an
increase in frequency, magnitude, and duration of
heatwaves and extreme high temperature.8 With an ag-
ing population and rising temperatures, heat-induced
kidney diseases are expected to increase, posing a sig-
nificant threat to population health and a cause for
concern from health experts.9 Despite established evi-
dence linking high temperature with kidney disease-
related mortality and morbidity,5,6 no previous research
has estimated the high temperature-attributable fatal
and non-fatal BoKD,10,11 nor projected future BoKD in
the context of climatic and population changes, and
adaptation.

Accordingly, this study estimates the observed and
projected BoKD attributable to high temperature in
Australia, using the national burden of disease data-
base,4 as measured in DALYs, incorporating years of life
lost (YLL) and years lived with disability (YLD) in
www.thelancet.com Vol 41 December, 2023
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different regions. In addition, we assessed the future
high temperature-attributable BoKD, considering a
range of climatic, population, and adaptation scenarios.
Results from this study will help to guide region-specific
climate adaptation strategies and healthcare resource
allocation for kidney disease.
Methods
Study overview
We conducted this analysis across the whole of
Australia, comprising six states (New South Wales,
Queensland, Victoria, Western Australia, South
Australia, Tasmania) and two territories (Australian
Capital Territory, Northern Territory). We used Austra-
lian Statistical Areas Level 2 (SA2, n = 2310) as spatial
areas, which were defined based on the 2016 census and
cover the entire country. SA2s represent communities
of 3000–25,000 people.12

The BoKD attributed to high temperature was
calculated for 2003–2018 (baseline, hereafter referred to
simply as “2010s”) and compared to future periods
centred around 2030s (2016–2045) and 2050s
(2036–2065) in each Australian jurisdiction. In our pro-
jections, we used a 30-year period based on the latest
climate projections by the Commonwealth Scientific and
Industrial Research Organization (CSIRO).13 This allows
for a better estimation of long-term trends in tempera-
ture and attributable fractions, as recommended by the
World Meteorological Organization.14,15 We projected
these trends for every combination of (1) two scenarios
of change in population size and age structure; (2) two
climate change scenarios; and (3) three levels of adap-
tation to high temperature exposure (no, partial and full),
as described below. More details on the analytical
framework is provided in our recent publication.16

Data sources
We acquired the age-specific annual Australian BoKD
(YLL and YLD) data from the Australian Institute of
Health and Welfare (AIHW) for four reference years
(2003, 2011, 2015, 2018),4 and estimated missing values
between years using ordinary least-squares regression
for linear interpolation based on the trend of BoKD.17

Mean temperature distributions for each SA2 during
the baseline period was obtained as the average of
maximum and minimum temperatures from daily high-
resolution (0.05◦) gridded temperature observations.18

We obtained gridded climate projections (approxi-
mately 5 km × 5 km) data using eight climate models, as
detailed in the Couples Model Inter-comparison Proj-
ect,13 under two greenhouse gas emissions scenarios
(Representative Concentration Pathway, RCP4.5 and
8.5),19 and averaged the projections of future daily mean
temperature in each SA2 area.

We obtained baseline and projected population data
(population size and age structures) from the Australian
www.thelancet.com Vol 41 December, 2023
Bureau of Statistics (ABS) for each jurisdiction.20,21 We
chose ‘series B’ for the main analysis, which reflects
current trends in migration, fertility and life expectancy.
Sensitivity analysis was conducted using ‘Series A’
(increased migration, fertility and life expectancy) and
‘Series C’ (decreased migration, fertility and life expec-
tancy) projections (Supplementary Table S1).22

Estimation of exposure-response curves and
thresholds
Following our recent methodological framework publi-
cation,16 we first published a global systematic review to
obtain the relative risks (RR) between high (mean)
temperature and kidney disease.5 We calculated the RR
associated with each 1 ◦C increment in mean temper-
ature, and collected location-specific predictors (Köp-
pen–Geiger climate classification,23 continent, latitude,
longitude, GDP per capita, annual mean temperature,
and annual mean relative humidity)5 that may explain
the heterogeneity in the associations across locations.11,24

Next, we built a meta-regression model using the
relevant RR and the aforementioned location-specific
meta-predictors. The model regression and compari-
son results are summarized in Supplementary Table S2.
Based on the fitted model and the predictors, we pre-
dicted the RR for each Australian SA2 per 1 ◦C increase
in mean temperature.5,11

As per previous research,25 the most frequent tem-
perature (MFT) and the minimum mortality tempera-
ture (MMT) are similar, and the MFT-MMT association
remains constant after controlling for predictors
including GDP per capita, annual mean temperature
and latitude. Given this, the MFT was selected as a
surrogate for the theoretical minimum risk exposure
distribution (TMRED) in our analyses i.e., temperature
at which the risk of kidney disease would be the lowest,
for each Australian SA2. Accordingly, we calculated the
annual MFT during the baseline (2003–2018) within the
54th–92nd percentile temperature range in each SA2.
While this range may not cover all exposures, it has
been reported to cover 95% of the minimum mortality
percentile in an international study covering 30 coun-
tries in six continents across the world.25 Given the heat-
dominant J-shaped relationship between temperature
and health in most parts of Australia,26 we assumed a
log-linear monotonic increase of RR for kidney disease
per 1 ◦C increase in average temperature beyond the
threshold in each SA2.5 We conservatively assumed that
the exposure-response relationship estimated on the
current temperature range would not increase in the
future for the projection.19 In addition, we conducted
sensitively analysis using nonlinear functional forms
(quadratic and cubic) to examine the exposure-response
relationship.

Additionally, we explored three assumptions of hu-
man adaptation to increasing high temperature: no
adaptation, full adaptation, and partial adaptation.27,28
3
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The no adaptation scenario used the baseline TMREDs
(the annual MFT calculated using the baseline climate
data), while the full adaptation scenario (100%) used
TMREDs calculated from future projected climate data,
assuming the threshold for minimum risk exposure
rises as people adapt to higher temperatures.27,28 The
partial adaptation scenario assumed 50% adaptation,
using the mean of the no and full adaptation TMREDs.
Supplementary Fig. S1 shows the differences in
TMREDs assumed in each climatic and adaptation sce-
nario over time, compared to the baseline TMREDs per
SA2. Sensitivity analysis was conducted to assess the
assumptions made in the modelling and calculation.

Population attributable fraction and attributable
burden
We calculated the annual high temperature-related
BoKD for each SA2 by determining the population
exposure to daily mean temperatures exceeding the
TMRED value.16 Specifically, by using location-specific
exposure-response relationships along with observed
and projected mean temperatures, we computed the
population fraction of BoKD attributable to high tem-
perature in baseline, and future periods (2030s and
2050s), respectively.16

Using population data from each SA2 for each time
period, we calculated the location-specific DALYs (YLLs
and YLDs) according to their proportion of the state/
territory and national population. Particularly, we
considered the expected changes in the population size,
age structure and the associated BoKD, and scenario
where the population remains constant. Next, we
multiplied the annual location-specific population
attributable fraction (PAF) by its corresponding YLDs
and YLLs to obtain the annual high temperature-
attributable BoKD in each SA2 area in 2010s, 2030s
and 2050s. Finally, we estimated the attributable BoKD
for the future periods compared to baseline, and eval-
uated the fraction of additional BoKD under different
combinations of climatic, population and adaptation
scenarios.29

Uncertainty and sensitivity analysis
We considered various factors that may contribute to
uncertainties in the estimation of PAFs and the high
temperature attributable BoKD during each step of our
analysis. These factors included (1) the use of different
models to estimate the effect sizes, (2) alternative
TMREDs, (3) eight climate change models under two
RCPs, and (4) effects of aging populations and human
adaptation under different population projections.

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report.
Results
Summary statistics
Supplementary Table S3 shows the estimates of annual
average DALYs across jurisdictions in the baseline
period (2003–2018). The national annual average years
of healthy life lost for kidney diseases was 52,654 (age-
standardized DALY rates of 219 DALYs per 100,000
population), the fatal burden (YLLs) representing 74.6%
of the total BoKD, and the non-fatal burden 25.4%. The
Northern Territory (NT) had the highest total burden
rate due to kidney disease (age-standardized DALY rates
of 810.4 per 100,000 population) which was approxi-
mately four times as high as the national average during
the baseline period.

Fig. 1 shows the rates (per 100,000 population) and
the proportion (%) of fatal and non-fatal BoKD by age
group for each state and territory (see Supplementary
Fig. S2 for the DALY rates). A similar trend is
observed across all jurisdictions, where the rates of fatal
and non-fatal BoKD exhibit an upward trajectory
alongside increasing age (Fig. 1a and b). Notably,
compared to other jurisdiction, rates were higher in the
NT from age >15 years, with the gap increasing from the
age of 25 onwards. Furthermore, the NT had a higher
proportion of total BoKD occurring in the younger age
group than in the older population (Fig. 1c), with 76%
among individuals aged 0–64 years and 24% in those
aged 65 years and over, unlike other jurisdictions
(Supplementary Fig. S6).

Estimated high temperature attributable burden of
kidney disease during baseline
The geographic distribution of RR per unit (1 ◦C) in-
crease in high temperature for kidney disease at the
SA2 level is shown in Fig. 2, along with the corre-
sponding TMREDs defining high temperature expo-
sure and PAFs (which demonstrate the proportion of
the BoKD per SA2 area that can be attributed to
exposure to high temperature, compared to an alter-
native ideal exposure scenario). It can be seen that the
risk of kidney disease increases with high tempera-
tures in most regions, with the estimated location-
specific TMREDs ranging from 7.8 to 31.7 ◦C.
Higher RRs, TMREDs and PAFs are observed in
warmer regions closer to the equator.

Nationally, high temperature was responsible for
2.7% of the BoKD, with the attributable DALYs totalling
1,447, comprising 1070 YLLs and 377 YLDs from 2003
to 2018 (Table 1). While NT (9.0%) and Australian
Capital Territory (ACT) (5.3%) had the highest attrib-
utable BoKD, the NT had by far the highest rate (56.1
DALYs per 100,000 population), which was over nine
times the national average (6.4 DALYs per 100,000
population). Supplementary Fig. S3 displays the
geographical variation in the rate of high temperature-
attributable BoKD in Australia.
www.thelancet.com Vol 41 December, 2023
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Fig. 1: Comparison of fatal and non-fatal burden of kidney disease by age groups and jurisdictions. a) fatal rates between age groups, b) non-
fatal rates between age groups, and c) relative proportion of the total burden (%).
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Fig. 2: Spatial distribution of a) the relative risk per 1 ◦C increment in mean temperature, b) the theoretical minimum risk exposure distri-
butions, TMREDs (◦C), and c) population attributable fraction (PAF) of kidney disease due to high temperatures exposure, by the statistical areas
level 2 (SA2) within each state and territory in Australia, averaged across the baseline period (2003–2018).
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Estimated projection of future high temperature
attributable burden of kidney disease
Mean temperatures are projected to increase across
Australia by 2050s relative to 2010s, with greater in-
creases under the higher greenhouse gas emissions
RCP8.5 scenario, compared to the RCP4.5 scenario. In
2050s, this difference is more pronounced than in 2030s
(see Supplementary data, Supplementary Table S3). The
geographical representation of the mean temperature
anomalies over each future period is provided in
Supplementary Fig. S3. Supplementary Table S3 shows
the estimated population size for each state and territory
under the series B projection, with Supplementary
Fig. S4 illustrating the trends for all three population
projection series. Additionally, in accordance with an
ageing population, the proportion of the population
aged 65 and over in each jurisdiction is projected to
increase from 7.5–19.7% in 2018 to 11.2–27.0% by 2065
under series B (Supplementary Fig. S5).

Fig. 3 shows the mean across SA2s of the projected
population attributable fractions (PAFs) of high tem-
perature attributable BoKD during 2030s and 2050s for
three adaptation scenarios under RCP4.5 and RCP8.5.
As expected, we observed a gradually increasing trend of
PAFs over time across climate scenarios, with higher
PAFs for each centred period under RCP8.5 than the
RCP4.5 scenario, when assuming no human adaptation.
The annual average PAFs were reduced when human
adaptation (from 0% to 100% adaptation) was consid-
ered, ranging from 1.4% lower under RCP4.5 and 2.3%
lower under RCP8.5 by 2050s. The differences in esti-
mated PAFs per each State and Territory are displayed
in Supplementary Fig. S7.

Table 2 provides a summary of the estimated
BoKD attributed to high temperatures, along with the
projected increase in the proportion of high
temperature-related BoKD during the 2030s and
2050s, compared to the baseline. These estimates are
provided for each state and territory under RCP4.5
and RCP8.5, and three adaptation scenarios. The
proportion of the total BoKD attributable to high
temperature and the share of this additional attrib-
utable BoKD are provided in Supplementary
Tables S4 and S5, respectively.

Climate change
Given the mean temperature is expected to increase
over time across Australia (Supplementary Fig. S4), we
observed a gradual increase in the high temperature
attributable BoKD from the 2030s to the 2050s, as ex-
pected. Additionally, under the assumption of no hu-
man adaptation, we found higher estimates of
attributable BoKD under RCP8.5 compared to those
under RCP4.5, with an increase ranging between 7.2%
(1712.6 DALYs versus 1836.6 DALYs in 2030s) and
19.1% (4759.1 DALYs versus 5660.4 DALYs in 2050s),
www.thelancet.com Vol 41 December, 2023
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State/
Territory

Tmean (range) Attributable
YLLs (SD)

Attributable
YLDs (SD)

Attributable
DALYs (SD)

% of attributable
DALYs (SD)

Attributable DALYs rate,
per 100,000 personsa (SD)

NSW 17.6 (6.5–33.2) 106.3 (29.7) 35.5 (11.7) 141.9 (40.9) 0.8 (0.2) 1.9 (0.5)

Qld 21.5 (10.0–33.5) 308.9 (116.7) 119.6 (42.7) 428.6 (158.4) 4.2 (0.9) 9.6 (2.9)

Vic 15.0 (4.4–34.5) 422.0 (116.3) 151.5 (33.5) 573.4 (148.8) 4.4 (0.7) 10.2 (2.0)

WA 18.9 (7.8–34.3) 68.5 (23.6) 21.7 (4.8) 90.2 (28.2) 1.8 (0.2) 3.8 (0.9)

SA 16.7 (6.0–36.8) 13.4 (2.4) 3.9 (0.8) 17.3 (3.1) 0.4 (0.05) 1.1 (0.2)

Tas 12.1 (2.3–28.9) 29.9 (8.3) 6.6 (2.0) 36.6 (10.3) 2.9 (0.5) 7.2 (1.9)

ACT 13.8 (0.6–30.4) 22.7 (5.8) 6.5 (2.0) 29.2 (7.6) 5.3 (1.0) 7.9 (1.7)

NT 26.8 (15.7–33.6) 98.4 (40.5) 31.4 (13.4) 129.8 (83.8) 9.0 (2.2) 56.1 (20.3)

Australia 17.9 (6.7–33.6) 1070.1 (313.7) 376.7 (96.4) 1446.8 (408.3) 2.7 (0.4) 6.4 (1.4)

Tmean, mean temperature. NSW, New South Wales. Qld, Queensland. Vic, Victoria. WA, Western Australia. SA, South Australia. Tas, Tasmania. ACT, Australian Capital
Territory. NT, Northern Territory. aAveraged total across periods, and standard deviation (SD).

Table 1: Annual mean temperature (range) and burden of kidney disease (BoKD) attributable to high temperatures, by state and territory in Australia,
2003–2018.

Articles
depending on the scenario of changes in population
(Table 2). In addition, variations were observed between
different jurisdictions in Australia. Jurisdictions with
relatively higher proportions of BoKD attributable to
high temperature (NT and ACT) also exhibited greater
Fig. 3: Comparisons of population attributable fractions (PAF) of high t
period centred on 2030 and 2050 (mean and 95% confidence interval), un
and scenarios of human adaptation to climate change (none, partial, ful

www.thelancet.com Vol 41 December, 2023
proportions of increased attributable burden in future
projections compared to the national average (Table 1
and Supplementary Table S4), with the NT had the
highest attributable BoKD rate (Supplementary
Table S6).
emperature attributable burden of kidney disease (BoKD) for future
der two representative concentration pathways (RCP4.5 and RCP8.5),
l).
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RCPs State/
territory

Projected burden of kidney disease attributable to high temperature, DALYs (%)a

Constant population Medium population growth (Series B projection)

No adaptation Partial adaptation Full adaptation No adaptation Partial adaptation Full adaptation

2030 2050 2030 2050 2030 2050 2030 2050 2030 2050 2030 2050

4.5 NSW 165.7 (16.8%) 192.5 (35.7%) 155.6 (9.7%) 168.2 (18.5%) 147.2 (3.8%) 146.1 (2.9%) 257.2 (81.3%) 397.4 (180.1%) 242.0 (70.6%) 347.8 (145.2%) 229.1 (61.5%) 302.2 (113.0%)

Qld 552.2 (28.9%) 682.3 (59.2%) 474.2 (10.6%) 537.9 (25.5%) 404.8 (−5.5%) 407.8 (−4.8%) 978.0 (128.2%) 1671.2 (290.0%) 839.6 (95.9%) 1319.3 (207.8%) 717.7 (67.5%) 1000.9 (133.6%)

Vic 584.2 (1.9%) 651.8 (13.7%) 584.9 (2.0%) 621.7 (8.4%) 588.1 (2.6%) 590.7 (3.0%) 1010.0 (76.1%) 1610.0 (180.8%) 1011.2 (76.3%) 1537.1 (168.0%) 1017.8 (77.5%) 1460.4 (154.7%)

WA 102.9 (14.2%) 114.9 (27.5%) 93.6 (3.8%) 99.0 (9.8%) 87.7 (−2.7%) 86.4 (−4.2%) 178.0 (97.4%) 283.9 (214.8%) 161.4 (79.0%) 244.3 (171.0%) 151.5 (68.0%) 213.0 (136.3%)

SA 17.9 (3.4%) 19.3 (11.7%) 17.5 (1.7%) 18.2 (5.6%) 17.2 (−0.4%) 17.3 (−0.04%) 25.4 (47.2%) 33.0 (91.0%) 25.0 (44.8%) 31.2 (80.6%) 24.5 (42.0%) 29.5 (71.1%)

Tas 37.7 (3.1%) 44.6 (22.0%) 34.9 (−4.4%) 38.3 (4.7%) 33.0 (−9.8%) 33.5 (−8.3%) 57.6 (57.6%) 78.2 (114.0%) 53.4 (46.2%) 67.2 (83.8%) 50.5 (38.1%) 58.9 (61.0%)

ACT 31.0 (6.0%) 35.0 (19.9%) 31.2 (7.0%) 33.5 (14.7%) 31.0 (6.1%) 32.3 (10.7%) 61.0 (108.6%) 98.9 (238.7%) 61.3 (110.1%) 94.6 (224.0%) 60.7 (108.0%) 91.1 (212.0%)

NT 221.1 (70.4% 292.7 (125.5%) 174.9 (34.8%) 200.4 (54.4%) 127.6 (−1.7%) 128.0 (−1.3%) 329.0 (153.5%) 586.4 (351.9%) 259.8 (100.2%) 399.1 (207.5%) 188.5 (45.2%) 253.8 (95.6%)

National 1712.6 (18.4%) 2033.1 (40.5%) 1566.9 (8.3%) 1717.2 (18.7%) 1436.6 (−0.7%) 1422.0 (−0.3%) 2896.1 (100.2%) 4759.1 (228.9%) 2653.7 (83.4%) 4040.7 (179.3%) 2440.2 (68.7%) 3409.9 (135.7%)

8.5 NSW 175.5 (23.7%) 230.3 (62.3%) 155.9 (9.9%) 184.7 (30.2%) 146.6 (3.3%) 145.5 (2.6%) 272.4 (92.0%) 475.2 (234.9%) 242.4 (70.9%) 381.6 (168.9%) 228.2 (60.8%) 301.3 (112.4%)

Qld 618.9 (44.4%) 852.5 (98.9%) 466.7 (8.9%) 612.5 (42.9%) 402.6 (−6.1%) 405.7 (−5.3%) 1094.9 (155.5%) 2085.4 (386.6%) 826.6 (92.9%) 1500.5 (250.1%) 714.2 (66.6%) 995.8 (132.3%)

Vic 605.0 (5.5%) 729.7 (27.2%) 597.4 (4.2%) 653.3 (13.9%) 585.8 (2.1%) 580.6 (1.2%) 1046.3 (82.5%) 1801.6 (214.2%) 1034.1 (80.3%) 1615.1 (181.7%) 1014.5 (76.9%) 1435.7 (150.4%)

WA 104.5 (15.9%) 135.4 (50.2%) 90.6 (0.5%) 108.4 (20.2%) 86.6 (−4.0%) 86.4 (−4.2%) 180.5 (100.2%) 333.2 (269.5%) 156.3 (73.3%) 267.1 (196.3%) 149.2 (65.5%) 213.3 (136.5%)

SA 18.4 (6.5%) 21.3 (23.5%) 17.6 (2.2%) 19.1 (10.9%) 17.2 (−0.2%) 17.2 (−0.3%) 26.2 (51.6%) 36.5 (111.2%) 25.2 (45.7%) 32.7 (89.7%) 24.6 (42.3%) 29.5 (70.6%)

Tas 40.1 (9.6%) 49.4 (35.0%) 35.1 (−4.1%) 40.5 (10.7%) 32.8 (−10.1) 33.7 (−7.9%) 61.3 (67.7%) 86.6 (137.0%) 53.7 (46.9%) 71.1 (94.4%) 50.3 (37.7%) 59.1 (61.7%)

ACT 32.3 (10.5%) 41.0 (40.4%) 31.5 (8.0%) 36.0 (23.2%) 30.8 (5.6%) 30.9 (5.9%) 63.6 (117.7%) 115.9 (296.8%) 61.9 (112.1%) 101.5 (247.7%) 60.5 (107.1%) 87.6 (199.9%)

NT 241.9 (86.4%) 362.4 (179.3%) 149.5 (15.2%) 231.2 (78.2%) 122.3 (−5.8%) 124.8 (−3.9%) 360.7 (177.9%) 726.0 (459.4%) 221.2 (70.4%) 460.5 (254.8%) 180.1 (38.7%) 247.6 (90.8%)

National 1836.6 (26.9%) 2422.0 (67.4%) 1544.2 (6.7%) 1885.6 (30.3%) 1424.7 (−1.5%) 1424.8 (−1.5%) 3105.8 (114.7%) 5660.4 (291.2%) 2621.3 (81.3%) 4430.2 (206.2) 2421.4 (67.4%) 3369.8 (132.9%)

The bold numbers indicate over 200% increases of the projected percentage change (%) relative to the baseline value. NSW, New South Wales; Qld, Queensland; Vic, Victoria; WA, Western Australia; SA, South Australia; Tas, Tasmania; ACT, Australian Capital
Territory; NT, Northern Territory. aAnnual average value across periods.

Table 2: Projected high temperature-attributable burden of kidney disease for future periods centred on 2030, and 2050 (annual average number of disability-adjusted life years (DALYs)), and the projected percentage change
(%) compared to the baseline (2003–2018), under scenarios of constant population and medium population growth, adaptation to climate change (none, partial, full), and two representative concentration pathways
(RCP4.5, RCP8.5). Estimates are the mean across eight climate models.
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Changes in population
Our findings indicate that future population growth and
aging have a more substantial impact on the increase in
high temperature-attributable BoKD than the influence
of rising temperature due to climate change. For
example, when comparing scenarios with constant
population against those with future population
changes, we observed that the high temperature attrib-
utable BoKD is projected to increase by 69% (from
1712.6 DALYs to 2896.1 DALYs under RCP4.5, and
from 1836.6 DALYs to 3105.8 DALYs under RCP8.5) in
the 2030s and more than double in the 2050s (Table 2).
In addition, we assessed the contribution of changes in
population size and age structure to the additional high
temperature-related BoKD compared to the baseline,
and found that the changes in population account for an
increase of more than 80% of the projected high tem-
perature attributable BoKD across all scenarios
(Supplementary Table S5).

Human adaptation
The assumption of human adaptation has led to sub-
stantial variations in projections of future exposure of
high temperature. For instance, when accounting for
changes in the future population under the high-
emission RCP8.5 scenario, the projected percentage
increase in high temperature-attributable BoKD more
than halved. It moved from 291.2% (15.1 DALYs per
100,000 population) under no adaptation, to 132.9%
(10.8 DALYs per 100,000) under full adaptation scenario
by the 2050s (Table 2 and Supplementary Table S4). In
additional, we observed different effects in magnitude
between jurisdictions when assuming human adapta-
tions. Specifically, NT was found to be more sensitive to
the assumptions of human adaptation, resulting in a
larger decrease in the estimated high temperature-
related BoKD. Similar patterns were observed in other
jurisdictions, albeit with smaller magnitudes (Table 2
and Supplementary Table S4). Supplementary Fig. S8
depicts the geographical variation in the high
temperature-related DALY rate for kidney disease, with
higher rates and greater magnitudes observed in the
northern and warmer regions of Australia.

Sensitivity analyses
Several sensitivity analyses confirmed the robustness of
our results despite variations in the modelling choices
during the baseline and future periods. These included
alternative TMREDs, exposure periods, predictors, func-
tional forms of exposure-response associations (linear/
non-linear), climate projection models, and population
projection scenarios (Supplementary Tables S7 and S8).
Discussion
The present study quantified the observed and future
BoKD attributable to high temperatures in Australia
www.thelancet.com Vol 41 December, 2023
using a comparative risk assessment and a nationwide
dataset that included YLL and YLD. We used contem-
porary analytical techniques that considered local cli-
mates and exposure-response associations covering over
2000 geographically distinct areas, and accounted for
variations in BoKD due to changes in population size
and ageing. The investigation found that 2.7% of the
BoKD in Australia during the baseline period
(2003–2018) can be attributed to high temperature
(Table 1). A gradually increasing trend is predicted due
to the rising temperature over time (holding all other
factors constant), with the attributable fraction
increasing to 3.8% and 4.6% by 2050 under RCP4.5 and
RCP8.5, respectively (Supplementary Table S4). Our
projection accounting for changes in population size
and age structure underscores the critical role of de-
mographic factors in shaping the future BoKD attrib-
utable to high temperature in a warming climate
(Table 2). In addition, the assumption of human adap-
tation to future climate change resulted in a substantial
reduction in the projected BoKD attributable to high
temperature, but it still remained higher than that of the
baseline period in the majority of scenarios examined.

We observed spatial heterogeneity in the profile of
BoKD and the impacts associated with high temperature.
Regions with warmer climates, particularly the northern
and central regions in Australia, had high temperature-
related risks and PAFs (Fig. 2), and are projected to
experience stronger impacts from future rising temper-
atures (Supplementary Fig. S4). Previous studies have
documented that people living in hotter climates are
more at risk of high temperature-induced kidney dis-
eases.30 In both the baseline and projected periods, the
rate of BoKD attributable to high temperature is signifi-
cantly higher in the Northern Territory (NT) when
compared to the national average (Tables 1 and 2). Within
the NT, the SA2 areas in the northern and warmer region
exhibit the highest rates of attribution (Supplementary
Fig. S3 and S8). Factors contributing to the higher
BoKD rates in the NT include higher baseline rates, heat
vulnerability, living conditions, infrastructure problems,
social and behavioural factors.22,31,32 This highlights the
role that social determinants play in the impacts of
climate change on local area populations.33 Notably, the
high underlying rates of kidney disease in the Indigenous
population, which has a younger age profile due to high
fertility but low life expectancies, may also play a signif-
icant role in the higher proportion of BoKD in the
younger age group in the NT (Fig. 1).32 This result em-
phasizes the disproportionate effects of increasing high
temperature exposure on the lives of minoritized and
Indigenous communities within Australia,33 and suggests
that localized interventions that take regional character-
istics into account may be beneficial in improving resil-
ience to future climate change.

A thorough understanding of the health burden
associated with high temperatures is critical for
9
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monitoring population health, prioritizing resources,
and optimizing planning to prepare for the anticipated
warming climate. While much previous research has
only examined fatal burden (YLLs) to quantify the
attributable burden of disease,10,11,34 our study in-
corporates both fatal and non-fatal burdens, providing a
more comprehensive and precise picture.7,35 When
examining only the fatal burden, our estimation of the
annual average proportion of high temperature-
attributable YLLs for kidney disease is largely compa-
rable to the estimate provided by the Global Burden of
Diseases (GBD) study for Australia. Specifically, during
the baseline period (2003–2018), we found an annual
proportion of 2.7%, compared with the GBD estimate of
2.5%.10 However, given the different purposes of inter-
national and local studies - the former to facilitate in-
ternational comparisons and the latter to match
resources and priorities to regional levels - local studies
using national administrative and linked data are
considered to have higher flexibility to meet local
needs.16,35

Our projections indicate that the high temperature-
induced BoKD is expected to increase in future de-
cades, with hotter regions being the most affected,
particularly under the high emission scenario
(RCP8.5).29,36 Notably, our projections account for future
adaptation, population growth, and aging, indicating
that the projected increase in BoKD due to a warming
climate will not be offset by adaptation. As Australia is
projected to be one of the developed nations most
vulnerable to the effects of climate change,8 our findings
underscore the pressing need for additional mitigation
measures to reduce greenhouse gas emissions, as well
as proactive measures to better prepare Australia for the
challenges ahead.

The findings of this study have unique strengths. It is
the first international investigation to quantify both fatal
and non-fatal BoKD that can be attributed to high tem-
perature exposure at a national level. Previous studies
have primarily focused on the fatal burden associated
with all-cause mortality, while mechanisms underlying
temperature-related health outcomes are diverse and
disease-specific, and there have been many chronic kid-
ney disease cases which have not been considered in
such studies.29,36 Our analysis incorporated various sour-
ces of uncertainty, including exposure-response associa-
tions modelling, the projected future temperatures by the
eight climate models, changes in population age struc-
tures and two projection series. This allowed us to
comprehensively capture possible uncertainty. The set of
sensitivity analyses highlights the robustness of our
findings against the assumptions made. Additionally, we
provided a detailed assessment of the baseline and pro-
jected BoKD attributable to high temperature in each of
the jurisdictions, thereby enabling the development of
more instructive heat health planning strategies that are
tailored to the needs and challenges of each jurisdiction.
Limitations of our research must be acknowledged. We
utilized linear interpolation to fill in missing values be-
tween years, assuming a constant rate of change between
observed data points, which may not accurately reflect the
underly trends of BoKD. Nevertheless, this method is
often chosen for its simplicity and compatibility with
historical data, allowing for the continuation of established
methodologies.17,37 Given the lack of health information
and future population projection in each SA2 level, we
utilized the BoKD estimates and population projections
obtained at the state and national levels, and then applied a
downscaling method based on population distribution to
estimate the BoKD and projected population at the SA2
level.36 This may result in overestimation or underesti-
mation of the true values in certain regions, and therefore,
the data should be interpreted with caution. In addition, a
meta-regression model was built to predict the associated
exposure-response relationship, using effect estimates
obtained from international literature and location-specific
meta-predictors (Supplementary Table S2). Although the
predictors were found to explain most of the heterogeneity
in the temperature-health relationship across locations,11

we were not able to account for other possible effect
modifiers (e.g., age, sex and social and behavioural fac-
tors). The assumption involved in our future projections
utilize the current estimates of exposure-response re-
lationships, and as such does not take into unknown
patterns and magnitudes of temperature-health associa-
tions that may occur in the future.19 Therefore, the re-
ported estimates should be interpreted as potential
impacts under well-defined but hypothetical scenarios.38

This study explored the future projection of attributable
BoKD under the assumption of constant economic con-
ditions in Australia, where economic development is
relatively high.39

In order to reflect the attenuation of the adverse
impact of high temperature on health,40 we assumed
that human adaptation would occur as threshold tem-
perature (TMRED) increases. Our approach to adapta-
tion considers that regions experiencing greater shifts in
future temperature distributions will also experience
greater changes in human adaptation. Instead of
assuming that all regions will adapt by a fixed absolute
increase in TMRED (e.g., 0.2 ◦C per decade),41 we
determine the magnitude of the shift on the exposure-
response curve based on the climate and human adap-
tation scenarios we adopted (Supplementary Fig. S1).
This approach allows for a more nuanced representation
of how different regions may adapt to the changing
climate, involving physiological, behavioural, and tech-
nological adaptations.27 However, the extent to which
adaptation to high temperature will continue in
Australia remains uncertain. Future studies are needed
to more comprehensively assess the complex aspects
incorporating measures of both physiological and so-
cioeconomic adaptation, which can be strongly influ-
ence by within-community variation (built environment,
www.thelancet.com Vol 41 December, 2023
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education, and income).33,42 In addition, this study
focused on the impact of high temperature exposure
defined as the annual number of days where the daily
mean temperature exceeded the TMREDs (MFT within
the 54th to 92nd percentile range of mean temperature).
It is worth noting that our assumption of the similarity
in the TMRED and MFT may not hold true in all con-
texts and population, and therefore may introduced bias
in some cases. However, the results of our sensitivity
analysis using alternative TMREDs justified our deci-
sion to use MFTs (Supplementary Tables S7 and S8). In
addition, in some regions of Australia, such as Tasma-
nia, due to its geographic location, the TMRED can be as
low as 7.8 ◦C, and above this temperature may not be
typically perceived as ‘high’. Given these limitations,
future studies are warranted to explore the entire spec-
trum of temperatures to obtain a more comprehensive
understanding of their impact on human health.

In conclusion, our study reveals that future rising
temperature will lead to an increase in high
temperature-related BoKD in Australia, especially under
the RCP8.5 scenario, and this effect will be amplified
with the population growth and aging. These findings
have important implications for public health in-
terventions, emphasizing the need to focus on reducing
attributable BoKD in the Northern Territory. Adaptation
strategies should consider these factors to effectively
reduce future BoKD in a warming climate.
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