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Abstract 

Background:  Exposure to cold indoor temperature (< 18 degrees Celsius) increases cardiovascular disease (CVD) 
risk and has been identified by the WHO as a source of unhealthy housing. While warming homes has the potential 
to reduce CVD risk, the reduction in disease burden is not known. We simulated the population health gains from 
reduced CVD burden if the temperature in all Australian cold homes was permanently raised from their assumed aver-
age temperature of 16 degrees Celsius to 20 degrees Celsius.

Methods:  The health effect of eradicating cold housing through reductions in CVD was simulated using proportional 
multistate lifetable model. The model sourced CVD burden and epidemiological data from Australian and Global 
Burden of Disease studies. The prevalence of cold housing in Australia was estimated from the Australian Housing 
Conditions Survey. The effect of cold indoor temperature on blood pressure (and in turn stroke and coronary heart 
disease) was estimated from published research.

Results:  Eradication of exposure to indoor cold could achieve a gain of undiscounted one and a half weeks of 
additional health life per person alive in 2016 (base-year) in cold housing through CVD alone. This equates to 0.447 
(uncertainty interval: 0.064, 1.34; 3% discount rate) HALYs per 1,000 persons over remainder of their lives through CVD 
reduction. Eight percent of the total health gains are achievable between 2016 and 2035. Although seemingly mod-
est, the gains outperform currently recommended CVD interventions including persistent dietary advice for adults 
5–9% 5 yr CVD risk (0.017 per 1000 people, UI: 0.01, 0.027) and persistent lifestyle program for adults 5–9% 5 yr CVD 
risk (0.024, UI: 0.01, 0.027).

Conclusion:  Cardiovascular health gains alone achievable through eradication of cold housing are comparable with 
real-life lifestyle and dietary interventions. The potential health gains are even greater given cold housing eradication 
will also improve respiratory and mental health in addition to cardiovascular disease.
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Introduction
The World Health Organisation (WHO) Housing and 
Health guidelines make a strong recommendation that 
indoor temperatures should be above 18 degrees Celsius 

to protect residents from the harmful health effects of 
cold indoor environments [1]. Recent work suggests that 
many homes, even in the relatively mild or temperate cli-
mates of Australia, do not meet this standard [2, 3]. Cold 
indoor temperature is associated with elevated blood 
pressure and randomised controlled trials (RCTs) have 
shown that interventions increasing indoor temperatures 
reduce systolic blood pressure [4]. Observational studies, 
from the UK and 16 middle to high income countries also 
report consistent findings and confirm an association 
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between low temperature and increased systolic blood 
pressure [5–7]. This means that intervening to improve 
the indoor temperature control should reduce cardiovas-
cular disease incidence and prevalence.

Reducing exposure to unhealthy indoor temperature 
is achievable through interventions such as insulation, 
weatherization (draft-sealing), efficient heating/cooling 
appliances, cheaper fuel alternatives (solar panels), and 
subsidies and market-based initiatives [1]. Generating 
standardised estimates of the health gains from housing-
focussed interventions such as these allows for direct 
comparison of their utility with other more commonly 
used public health interventions (e.g. tobacco control, 
pharmaceuticals). This paper aims to estimate the total 
potential cardiovascular health gains from a hypothetical 
‘magic wand’ intervention that lifts all cold housing from 
an average indoor temperature during waking hours of 
16 to 20 degrees Celsius in the six coldest months of the 
year.

Health gains from prevention occur many years into 
the future, requiring simulation modelling that quanti-
fies health gain using summary measures such as health 
adjusted life years (HALYs). By using a measure such as a 
HALY, one can also compare the health impacts of other-
wise disparate interventions [8, 9].

We used simulation modelling to quantify the health 
gain through a reduction in cardiovascular disease that 
could be achieved if exposure to indoor cold was hypo-
thetically eliminated in three states of Australia [10]. 
Using an existing league table of preventive interventions 
for Australia and New Zealand [11], we examine the rela-
tive population health gains of hypothetical eradication 
of indoor cold with other actual prevention interven-
tions. There has been limited simulation of future health 
benefits of reducing cold housing. For example, a NZ cost 
benefit analyses examined retrofitting insulation, but did 
not look at cold housing as its own entity, the total con-
tribution (or ‘envelope’) of health gain from eradicating 
cold housing and did not use a structured disease/con-
dition approach such as that used in burden of disease 
studies. Our paper applies a disease or condition-based 
approach, focusing on cardiovascular disease for which 
the evidence base is strongest (through changes in blood 
pressure) [12].

Methods.

Intervention conceptualisation
We based our estimate of the effect of cold housing on 
cardiovascular disease burden on two sources of evi-
dence. First, the negative effect of cold indoor tem-
perature on blood pressure [4, 13]. Second, the effect of 
heightened blood pressure on cardiovascular disease risk 

(specifically ischemic heart disease and ischemic and 
haemorrhagic stroke) [14] (see supplementary file 1). We 
assume no time lag in response to temperature change.

Model overview
We used a proportional multistate lifetable (pMSLT) 
simulation model to estimate health gains achievable 
through interventions on exposure to cold indoor tem-
perature within a specified population [10]. We simulated 
the 2016 Australian population through to 2126 (maxi-
mum potential lifetime of the living cohort in 2016 being 
set to 110 year of age) in annual time steps with transi-
tion probabilities for all-cause mortality, and incidence 
and case fatality rates of cardiovascular diseases in sub-
sidiary lifetables. This model was applied once for Busi-
ness as Usual (BAU), based on the current prevalence 
of cold housing (prevalence assumed unchanging into 
the future), and then for the intervention (hypothetical 
elimination of cold housing) by altering the CVD inci-
dence rates given the shift in population average blood 
pressure. The two components of the model are linked by 
population impact fractions (PIFs), that summarise the 
proportion reduction in diseases associated with change 
in indoor temperature exposure for cohorts defined by 
age and sex.

We modelled relevant cardiovascular diseases (heart 
disease and stroke) as independent of each other in paral-
lel lifetables. Estimated changes in disease-specific mor-
bidity and mortality rates were summed together in an 
overall lifetable at each annual cycle. The ‘health adjust-
ment’ to convert life years gained to HALYs gained was 
achieved by subtracting off each life year gained the pro-
portion ‘lost’ due to morbidity, using years of life lived 
with disability (YLDs) from burden of disease studies 
divided by the population in each sex by age-group as a 
measure of proportionate morbidity.

Input parameters
We have presented data inputs with their sources in 
Table 1.

Base year and BAU parameters
Estimates of the number of people exposed to inadequate 
indoor temperature by age and sex was obtained from the 
Australian Housing Conditions Dataset  (AHCD) survey 
[15, 16] and assumed to be constant into the future The 
AHCD survey asked participants ‘Are you able to warm 
your house during winters’? This question was derived 
from the English Housing Survey [17]. Those respond-
ing ‘No’ were considered as exposed to cold housing. We 
stratified the prevalence of exposure by age.

Data on the age and sex distribution of the Australian 
population was obtained from the Australian Population 
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Census 2016. Disease-specific incidence, prevalence and 
case fatality rates were obtained from IHME Global Bur-
den of Disease for Australia. We checked for coherence 
between epidemiological parameters derived from this 
array of data sources (i.e., incidence, case fatality and 
prevalence) for each disease by examining plotted trends 
and further processed them through epidemiological tool 
DISMOD II to use as data inputs [18].

Intervention specification
Our intervention was to increase the average tempera-
ture in cold homes from 16 to 20 degrees Celsius. The rel-
ative risk of high blood pressure from exposure to indoor 
cold was estimated from a randomised controlled trial 
[4]. This study reported a difference of 5.8  mmHg (95% 
CI (-9.3, -2.4)) between an intervention group, who occu-
pied a room heated to 22 °C, and the control group who 
occupied a room kept stable at 12 degrees Celsius. Both 
groups were given sufficient clothing and bedclothes to 
be warm. Both groups were exposed to the respective 
interventions for 11 h during the night and blood pres-
sure was measured in 15 min intervals at night time and 
in the morning after rising. The 5.8  mmHg difference 
was estimated when awake (as there was no difference 
when asleep due to compensation using more bedding 
in the experimentally colder group). This effect estimate 
was converted into an absolute change achievable in sys-
tolic blood pressure per 1 degree Celsius temperature 
increase for the simulation model.

Data on the prevalence of people experiencing indoor 
cold was obtained from the AHCD that representa-
tively sampled housing from 4,500 households’ condi-
tion across three Australian States (Victoria, New South 
Wales and South Australia) [15]. The measure com-
prised a self-reported assessment of ability to keep warm 
indoors at home during cold winter weather. The aver-
age outdoor temperature for Victoria in 2016 was 15.0 
degrees Celsius, for New South Wales was 18.4 degrees 
Celsius and for South Australia was 20.2 degrees Cel-
sius [19]. To account for seasonal variations in tempera-
ture and time spent outside homes we assumed that our 
simulated population is exposed to indoor cold ranging 
from half (the awake 2/3rds of the day for the colder half 
of the year for those people at home most of the day and 
accounting for inadequate bedding) to one-sixth (same 
logic, but for people working or out of the home for 
approximately half of waking hours) of the time. A beta 
distribution for uncertainty in the intervention effect 
estimate was applied to account for variability in this 
exposure time (beta distribution Alpha 1: 10.5, Alpha 
2: 22, median 31.9%, 2.5th percentile 17.6%, 97.5th per-
centile 49.0%). To simulate the effect of indoor cold on 
blood pressure we estimated the difference between 

cold houses (average temperature of 16 degrees Celsius) 
and adequately warmed houses (average temperature 
of 20 degrees Celsius). Assuming a short latency of cold 
to blood pressure, the change in average blood pressure 
across the year was calculated within each iteration of the 
simulation as: this proportion of the year exposed rang-
ing from 1/6 to 1/2; multiplied by the difference in tem-
perature (4 degrees, by lifting average cold housing from 
16 to 20 degrees); multiplied by the RCT-based estimate 
of change in systolic blood pressure per 1 degree Celsius.

Relative risks for the causal relationship between sys-
tolic blood pressure and ischemic heart disease, ischemic 
stroke and haemorrhagic stroke were obtained from the 
Global Burden of Disease (GBD) study [20] (see supple-
mentary Table 5). The intervention was simulated on the 
2016 population for the same jurisdictions covered by the 
Australian Housing Conditions datasets (i.e., Victoria, 
New South Wales and South Australia). The intervention 
(eradication of cold housing) was modelled as lifelong. 
BAU exposure to cold housing in the future was based on 
exposures in 2016 for cohorts defined by age-group and 
sex.

Analyses
Probabilistic uncertainty analyses using a Monte Carlo 
simulation method was conducted on input parameters 
(see Table 1) [10]. More generous uncertainty was applied 
where we were less confident on input parameters (for 
example the subjective measurement of indoor cold in 
Australia). Simulations were run using the ERSATZ add 
in to Excel with 2000 iterations used to generate 95% 
uncertainty intervals (UI) for the HALY estimates.

Our outputs included HALYs gained by indoor cold 
eradication within a life-time and ten- and -twenty-year 
time horizons. Outcomes were reported both with 0% 
and 3% discount rates and also per 1000 persons alive in 
2016.

We compared the estimated HALYs gained from cold 
housing eradication with other CVD-related interven-
tions described in interactive league tables [11].

Results
Nearly 6% of the population were estimated to experi-
ence cold housing. Younger people reported a higher 
prevalence of indoor cold exposure (9% under the age of 
30  years) compared to older ages (3.4% over the age of 
75 years) (Table 2).

We estimated that cold eradication generated an addi-
tional 1.64 (95% uncertainty interval (UI): 0.232, 4.90) 
undiscounted HALYs per 1000 persons compared with 
BAU across the lifespan and 0.447 (95% UI: 0.064, 1.34) 
with a 3 per cent discount applied (Table  3). From the 
perspective of the ‘target population’ (i.e. the 5.74% in 
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cold housing) this equates to 29 undiscounted HALYs 
per 1000 people (i.e. 1.64/0.0574), or an average (across 
ages) of one and a half weeks of additional health life per 
person in cold housing through CVD alone. Eight per 
cent of this gain is achieved within the first 20 years: we 
estimated 0.135 (UI: 0.019, 0.442) undiscounted HALYs 
per 1000 persons between 2016 and 2036. We note that 
at this point, most cohort members have not reached the 
ages of high CVD risk.

In Fig. 1 we have compared the quantified discounted 
HALYs gained per 1000 persons with actual CVD inter-
ventions in the Australia New Zealand Health Interven-
tion League Table. The hypothetical eradication of indoor 
cold (HALYs gained during lifetime: 0.447 (UI: 0.064, 
1.34) outperformed many CVD interventions with a life-
time horizon for accrual of health gains. For example, a 
persistent dietary advice intervention for adults with 
5–9% 5 yr CVD risk (0.017, UI: 0.01, 0.027), a persistent 
lifestyle program taken up by adults with 5–9% 5 yr CVD 
risk (0.024, UI: 0.01, 0.027) and persistent Community 
Heart Health Program (0.141, UI: 0.071, 0.221).

Discussion
This is the first study that quantifies cardiovascular dis-
ease related health gains from raising the temperature in 
Australian cold housing by 4 degrees Celsius. We esti-
mate these health gains are on par with currently rec-
ommended lifestyle interventions to reduce CVD risk 
including dietary advice and lifestyle and community 
targeted programs. Further, we note that this is only 
part of the intervention’s total health benefit with gains 
from reductions in respiratory and mental ill-health also 
likely to follow interventions that warm the indoor tem-
perature of cold homes. Our study should be viewed as a 
departure point for estimating actual interventions (e.g., 
retrofitting houses) and our findings support and extend 
previous research on the cost effectiveness of installing 
insulation, for example, to improve occupant’s health in 
New Zealand [12].

Our study has several limitations that should be 
acknowledged. First, there is ‘structural’ or mechanis-
tic uncertainty in how changes in indoor temperature 
flow to changes in blood pressure and then onto CVD 
incidence. We have used the effect size of cold housing 
onto blood pressure from a well-conducted randomised 
controlled trial that examined a short-term effect of 
temperature change on blood pressure. However, this is 
essentially the effect of temperature on labile hyperten-
sion (immediate fluctuations in blood pressure) rather 
than longer-term average blood pressure. By using this 
effect size in our simulation models, we are assuming 
that the cumulative impact of labile hypertension has the 
same impact as a constant but lesser increased in blood 

pressure (i.e. a cold housing impact of raising systolic 
blood pressure by 2 mm Hg during waking hours whilst 
in your house in winter is assumed to be similar to a 0.33 
(1/6th) to 1 (1/2) mmHg increase in blood pressure over 
the whole year). There is some literature suggesting poor 
cardiovascular effects of labile hypertension [21, 22]. 
Second, a simulation study forces one to pull together 
all the data inputs necessary to quantify impacts, and 
often discloses data weaknesses. In conducting this study, 
we found that the underlying evidence on the quantita-
tive association of indoor temperature with health out-
comes is lacking (e.g. we could not find robust estimates 
of cold housing impacts on respiratory disease incidence 
or severity, restricting us to a focus on blood pressure as 
a mediating factor to CVD). Third, as highlighted at the 
beginning of this discussion, our estimates for health 
gains are conservative because they only include cardio-
vascular disease related health impacts. Future modelling 
may quantify population health gains achievable through 
reduction of morbidity and mortality across a greater 
range of diseases as well as changes in disease-specific 
incidence rates. Fourth, there is no quality objective data 
(to our knowledge) on the exact proportion of houses in 
Australia that have an indoor air temperature in living 
areas less than the recommended threshold of 18 degrees 
Celsius (and for what duration of the year, and other 
aspects of exposure characterisation). Instead, we had 
to use subjective measures of indoor temperature from 
the AHCD and ‘crosswalk’ this to being equivalent to the 
proportion of houses that are cold. Finally, we assumed 
no time lags between indoor temperature change and 
change in incidence in cardiovascular diseases as blood 
pressure responds immediately to temperature, and CVD 
rates change quickly (within a couple of years) to changes 
in blood pressure.

Inadequate housing is strongly patterned by socio-
economic position [23–26], and provides a domain for 
intervening to both improve health and to reduce ine-
qualities in health. Next steps in research in this field 
include equity-informed estimation of cost effectiveness 
of remedying cold housing through actual interventions, 
from both a health system and a wider societal perspec-
tive given that housing interventions also usually lead 
to other social impacts such as less energy consump-
tion (see Chapman, Howden-Chapman [27] for an early 
example). Specific interventions to evaluate include insu-
lation, weatherization (draft-sealing), efficient heating/
cooling appliances, cheaper fuel alternatives (solar pan-
els), and subsidy and market-based initiatives to achieve 
reduction of indoor cold. From the point of view of CVD-
reduction specifically, we note that existing interventions 
mainly involve behavioural or pharmaceutical treat-
ments. Through this modelling we were able to compare 
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health gains due to the eradication of indoor cold with 
existing cardiovascular interventions and found that the 
benefits are on par, which creates opportunities to com-
pare population health gains from housing interven-
tions to more traditional medicalised or health behaviour 
interventions.

Conclusion
This simulation modelling extends the current knowledge 
on ill health effects of indoor cold [1], but also reveals 
profound limitations in current knowledge of cold hous-
ing’s impact on health. Existing interventional studies 
from New Zealand also point to cost-effectiveness and 
equitable health benefits of retrofitting insulation to 
reduce indoor cold [12]. Our study straddles comparative 
risk assessment and intervention modelling, to create a 
strong policy argument for addressing indoor tempera-
ture. Our finding that substantial prospective popula-
tion health gains are achievable by eliminating indoor 
cold in Australia is an important first step in estimating 
which interventions are the most cost-effective to deliver 
this. Moreover, this may be as effective in preventing and 
treating cardiovascular disease as some more medically 
focussed current approaches.
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