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Abstract
The known Australian studies have identiﬁed adverse
respiratory effects in children of indoor environmental
exposures, but their contribution to the national asthma
burden has not been quantiﬁed.

Objective: To determine the proportion of the national
childhood asthma burden associated with exposure to
dampness and gas stoves in Australian homes.

The new Exposure of Australian children to damp housing and
gas stove emissions is common, and is respectively associated
with 7.9% and 12.3% of the total asthma burden in children
aged 14 years or under.

Setting, participants: Australian children aged 14 years or
less, 2011.

The implications A coordinated national strategy is needed to
increase awareness of indoor environmental exposures in the
context of asthma prevention, and of interventions for reducing
exposure to gas stove emissions and dampness.

T

he prevalence of asthma in Australia is among the highest
in the world; 10% of the population has current asthma,1
and it is the leading contributor to disease burden
in Australian children aged 14 years or less.1 Children spend
60e75% of their time indoors at home, which can expose them to
several risk factors for asthma,2 including damp housing and gas
stove emissions. Although several Australian studies have
reported negative associations between indoor exposures and
respiratory health in children,3-5 there have been no systematic
attempts to quantify their contribution to the national childhood
asthma burden.
In this study, we sought to estimate this contribution, with the aims
of informing clinicians about the magnitude of the burden and
equipping policy makers with recommendations for improving
population health.

Design: Comparative risk assessment modelling study.

Main outcome measures: The population attributable fractions
(PAFs) and number of disability-adjusted life years (DALYs) for
childhood asthma associated with exposure to damp housing
and gas stoves.
Results: 26.1% of Australian homes have dampness problems
and 38.2% have natural gas as the main energy source for
cooktop stoves. The PAF for childhood asthma attributable to
damp housing was 7.9% (95% CI, 3.2e12.6%), causing 1760
disability-adjusted life years (DALYs; 95% CI, 416e3104 DALYs),
or 42 DALYs/100 000 children. The PAF associated with gas
stoves was 12.3% (95% CI, 8.9e15.8%), corresponding to 2756
DALYs (95% CI, 1271e4242), or 67 DALYs/100 000 children. If all
homes with gas stoves were ﬁtted with high efﬁciency range
hoods to vent gas combustion products outdoors, the PAF and
burden estimates were reduced to 3.4% (95% CI, 2.2e4.6%)
and 761 DALYs (95% CI, 322e1199).
Conclusions: Exposure to damp housing and gas stoves is
common in Australia, and is associated with a considerable
proportion of the childhood asthma burden. Strategies for
reducing exposure to indoor dampness and gas combustion
products should be communicated to parents of children with
or at risk of asthma.
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Gas stove deﬁnition and exposure estimation
We deﬁned gas stove exposure as the presence of a gas stove in the
home. To estimate the proportion of children exposed to gas stoves,
we used data from the 2011 Energy Use and Conservation Survey
of the Australian Bureau of Statistics, which collected information
on the main energy source used for stoves, including piped natural
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We applied a comparative risk assessment approach,10 which
requires data on the proportion of the population exposed,
effect estimates for asthma among those exposed, and the total
asthma burden in children aged 14 years or under expressed as
disability-adjusted life years (DALYs). We selected 2011 as our
reference year because it was the year with the greatest overlap
of input data.

Methods
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We selected damp housing and gas stoves as the two indoor
residential exposures to investigate because exposure to gas
stoves has been associated with childhood asthma, and damp
housing has been causally linked with childhood asthma. Both
are common in Australia, and are amenable to interventions
for reducing exposure.6,7 Although gas heaters are also common in many parts of Australia and have been associated
with respiratory irritation and asthma symptoms,8,9 we did not
include them in our analysis because our preliminary search
found no recent meta-analyses of their association with
childhood asthma.

Dampness deﬁnition and exposure estimation
We deﬁned dampness as the presence of visible mould in a
dwelling (apart from the bathroom) and assumed, as have similar
studies, that visible mould was entirely attributable to excessive
dampness.11 As there are no national estimates of household
dampness in Australia, we searched PubMed, Web of Science,
Scopus, and Google Scholar for peer-reviewed studies reporting
the prevalence of dampness in Australian homes (online
Appendix). The nine studies we identiﬁed, undertaken in four of
six Australian states and published during 1998e2014, included a
total of 7538 homes. We weighted the results from each study by
the number of homes sampled and the 2011 census population of
the greater metropolitan area of the city in which the studies were
performed to estimate the proportion of children exposed to
dampness at home.
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gas (ie, mains gas).12 These data were employed because of the
large sample size of the survey (12 841 households), its national
coverage, and the well documented quality assurance information
on sampling error.12 We focused on piped gas stoves as a proxy
measure of exposure to gas combustion products because they are
more common than piped gas ovens. We did not include homes
using liquid petroleum gas cylinders for stovetop cooking
(fewer than 10% of all homes12) because detailed data were not
available. The Energy Use survey did not collect data on range
hoods, which can reduce exposure to gas combustion products. We
therefore performed an additional analysis that assessed their
effect, based on data from a recent experimental study which found
that about 75% of gas and particle emissions are captured by high
ﬂow range hoods.13
Effect estimates for dampness and gas stoves
We used pooled effect estimates from recent meta-analyses, rather
than individual studies, to quantify associations between the
exposures of interest and asthma to ensure the robustness and
generalisability of associations. We searched PubMed for peerreviewed meta-analyses published in the past 5 years (ie, since
2011) of the association between household dampness or gas stoves
and asthma in children (online Appendix). We sought metaanalyses that reported pooled effect estimates and conﬁdence
intervals from studies identiﬁed by a systematic search, assessed
associations with prevalent or incident asthma, reported ﬁxed
and random effect estimates (odds ratios or relative risks)
adjusted for confounders, and assessed publication bias. While
we were interested in cross-sectional (effects on prevalent
asthma) and longitudinal associations (effects on incident
asthma), we favoured meta-analyses of incident asthma when
available.
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Asthma burden
The 2011 national census counted 4 144 024 children aged 14 years
or under.14 Data from the 2010 Global Burden of Disease (GBD)
study (obtained using the GBD results tool: http://ghdx.
healthdata.org/gbd-results-tool) were used to estimate the
burden of asthma in this age group in Australia, expressed as a
point estimate of DALYs — the sum of years of life lost (YLLs) and
years lived with disability (YLDs) because of asthma — with
95% uncertainty intervals, without discounting or weighting for
age. The data sources and methods for quantifying the burden of
asthma in Australia have been described in detail elsewhere.15 The
GBD data were used because the study applied a well documented,
systematic methodology that exhaustively identiﬁed input data.15
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Estimating the contribution of dampness and
gas stoves to childhood asthma
We estimated the population attributable fraction (PAF) and the
asthma burden (DALYs) associated with each indoor risk factor.
The PAF is the theoretical proportion of asthma burden that
could be averted were the risk factor removed. Because estimating the PAF can introduce uncertainty at each step, particularly if point estimates are used, our approach was to
incorporate all available data on the spread and precision of the
variables used to calculate PAF and the burden for each risk
factor. However, summary statistics rather than raw data for
exposure, effect size, and disease burden variables were available for our analysis; we therefore used these descriptive statistics to generate normal distributions for each variable, from
which we randomly drew 10 000 values. Our calculations began
with a randomly selected value from the distribution of the
proportion of children exposed, which was then combined with

a randomly selected value from the distribution of the effect
estimate to calculate an estimate of the PAF for each risk factor:10
PAF ¼

p  ðRR  1Þ
p  ðRR  1Þ þ 1

where p ¼ proportion of children exposed to the risk factor;
RR ¼ relative risk (or odds ratio) of asthma for children exposed
to the risk factor.16 The PAF estimate was multiplied by a
randomly selected value from the asthma burden distribution to
calculate the estimated disease burden in DALYs:10
BoDINDOOR ¼ PAF  BoDTOTAL

where BoDTOTAL ¼ the total burden of asthma among children,
and BoDINDOOR ¼ burden attributable to the risk factor. This
calculation was repeated 10 000 times, generating PAF and
disease burden distributions with 10 000 values each, from which
we derived the mean values and 95% conﬁdence intervals (CIs).
We explored alternative distribution shapes and the sensitivity to
the number of iterations before settling on these parameters. All
analyses were conducted in R 3.2.2 (R Foundation for Statistical
Computing).
Sensitivity analyses
We undertook additional analyses to assess the sensitivity of our
PAF results to plausible changes in input parameters: the proportion of children exposed (including and excluding certain studies
used to estimate dampness; assessing the effects of range hoods on
gas stove exposure), effects (using different effect estimates
reported by the meta-analyses), and changing the age range for
childhood to include those aged 19 years or under when calculating
asthma-associated DALYs.
Ethics approval
Our modelling study was based on exposure prevalence and effect
estimates identiﬁed in literature searches and publicly available,
aggregated estimates of national asthma burden. Further, national
data were drawn from Australian Bureau of Statistics surveys
collected under the Census and Statistics Act 1905 (Cwlth). Formal
ethics approval for our investigation was therefore not required.

Results
We estimated that the population-weighted prevalence of
dampness in Australian homes is 26.1% (standard deviation, 9.4%),
based on data in the identiﬁed studies for a total of 7538 dwellings
(online Appendix). There was substantial variation between states
in the proportions of households using natural gas for stovetop
cooking, ranging from 2% in Tasmania to 56% in Western Australia
and 67% in Victoria.12 Overall, 38.2% of Australian households
used piped natural gas for stovetop cooking.12
Three meta-analyses that examined the association between
exposure to dampness and asthma met our inclusion criteria.7,17,18
We selected the analysis by Quansah and colleagues7 for our study
because it was the most recent (2012), included studies from a wide
geographic range of locations, and focused on new asthma
diagnoses in cohort and incident caseecontrol studies. The single
eligible meta-analysis that examined gas stove exposure and
asthma6 was based primarily on cross-sectional studies and crosssectional analyses within cohort studies (38 of 41 included studies).
We estimated that the PAF for childhood asthma associated with
damp housing was 7.9% (95% CI, 3.2e12.6%; Box, A), causing 1760
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Population attributable fractions (PAFs) of asthma in children aged
14 years or under and disability-adjusted life years (DALYs) associated
with exposure to dampness (A, B) and gas cooktop stoves (C, D) at
home, with 95% conﬁdence intervals

CI ¼ conﬁdence interval. u

DALYs (95% CI, 416e3104 DALYs; Box, B), or 42 DALYs per
100 000 children aged 14 years or younger. The results were
robust to changing values of the input parameters (online
Appendix, table 1).

Public education with the aim of reducing the burden of asthma
should include information about how indoor exposures can
affect health and how to recognise problem areas, as well as
offering a range of suggestions for reducing exposure, from the
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We estimated that damp housing and gas stoves respectively
account for 7.9% and 12.3% of the childhood asthma burden in
Australia. Although the risks at the level of the individual are
relatively small, the proportion of the population exposed is relatively large, so that the contribution to the population asthma
burden is considerable.

The prevalence of gas cooking in Australia was relatively low
compared with that of many western European countries (mean,
63%).23 While our results suggest that 12.3% of the childhood
asthma burden could be averted were gas replaced by a different
energy source for cooking, this assumes that the new energy source
would not produce indoor emissions; this is unlikely, as cooking
itself can be a major source of emissions.13 More important is our
ﬁnding that the burden of asthma associated with gas stoves could
be reduced from 12.3% to 3.4% were all homes with gas stoves
ﬁtted with high efﬁciency range hoods that vented outdoors. Particles and gases can be captured with greater than 75% efﬁciency by
such hoods, while lower ﬂow rates and recirculating range hoods
offer less protection.13 Range hoods also remove cooking-related
water vapour, reducing indoor dampness. However, 44% of people in Melbourne with range hoods reported that they did not use
them regularly,24 indicating that their potential health beneﬁts
should be communicated to the Australian public. We acknowledge that ﬁtting all homes with range hoods would be impractical,
but improving natural ventilation in all homes should be recommended to reduce exposure to gas combustion products.
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Discussion

We estimated that 26.1% of Australian homes have
dampness problems, consistent with ﬁndings by
studies in the United States, Canada and Europe,
where at least 20% of homes had indications of
dampness.20 Eliminating dampness in dwellings
would avert almost 8% of the childhood asthma
burden, but the extent to which this is practicable is
unclear. Indoor dampness occurs when moisturesensitive materials, such as plasterboard, are not
adequately protected from water, or indoor humidity is excessive.20,21 Parts of most homes are transiently damp, but problems arise when dampness is
persistent and supports continuous microbial
growth in and near living areas. Controlling dampness requires a multifaceted approach that includes
minimising the exposure of interior walls to water
and nutrients, as well as using mould-resistant
building products and installing vapour barriers in
new buildings.20,21 Dampness in existing building
stock is more challenging, but all homes can
beneﬁt from increasing natural ventilation (eg, open
windows), avoiding drying laundry in living areas,
and using dehumidiﬁers.21 Heavily contaminated
dwellings may require professional remediation
and repair.20
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Our PAF estimate for childhood asthma associated with gas stoves
was 12.3% (95% CI, 8.9e15.8%; Box, C), corresponding to 2756
DALYs (95% CI, 1271e4242; Box, D), or 67 DALYs per 100 000
children aged 14 years or less. These estimates did not change
markedly when then input parameters changed (online Appendix,
table 2). Our most conservative scenario for the effects of
range hoods assumed that all gas stoves were vented outdoors
with 75% efﬁciency (ie, reduced exposure to combustion products
by 75%). Our PAF and burden estimates for exposure to gas
stoves in this scenario were 3.4% (95% CI, 2.2e4.6%) and 761
DALYs (95% CI, 322e1199).

Exposure of Australian children aged 15 years or
younger to indoor second-hand smoke declined from
31.3% in 1995 to 3.7% in 2013.19 This improvement is
impressive, but our results suggest that the respiratory health of children is still affected by common
but less easily recognised indoor risk factors.
Dampness in housing promotes the proliferation of
fungi, bacteria and dust mites, and their metabolites
and spores have inﬂammatory, cytotoxic, and
immunosuppressive effects.20,21 Gas combustion
causes the emission of nitrogen dioxide, formaldehyde, nitrous acid, and ultraﬁne particles (under
100 nm diameter), and is associated with airway
inﬂammation.22
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simple and inexpensive to more complex and expensive but
more effective options. Relevant information is disseminated by
the New South Wales Ministry of Health25 and other state
health departments as general factsheets; these should be
reviewed to ensure that they are up to date and easily accessible. Given the degree of exposure to dampness and gas stoves
in Australia, a national approach in the context of asthma
prevention is required.
Like most modelling studies, the main limitation of our investigation is the validity of the input data. We used standard
methods, were selective in what we included, and performed
sensitivity analyses, but we may have under- or overestimated
the burden of asthma attributable to each risk factor. Further,
we assessed children to 14 years of age as a single group with
respect to the effects of indoor exposures on asthma. Asthma in
younger children, however, may be exacerbated to a greater
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