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Abstract
Objective To assess the effect of reductions in air pollution from biomass
smoke on daily mortality.

Design Age stratified time series analysis of daily mortality with Poisson
regression models adjusted for the effects of temperature, humidity, day
of week, respiratory epidemics, and secular mortality trends, applied to
an intervention and control community.

Setting Central Launceston, Australia, a town in which coordinated
strategies were implemented to reduce pollution from wood smoke and
central Hobart, a comparable city in which there were no specific air
quality interventions.

Participants 67 000 residents of central Launceston and 148 000
residents of central Hobart (at 2001 census).

Interventions Community education campaigns, enforcement of
environmental regulations, and a wood heater replacement programme
to reduce ambient pollution from residential wood stoves started in the
winter of 2001.

Main outcome measures Changes in daily all cause, cardiovascular,
and respiratory mortality during the 6.5 year periods before and after
June 2001 in Launceston and Hobart.

ResultsMean daily wintertime concentration of PM10 (particulate matter
with particle size <10 µm diameter) fell from 44 µg/m3 during 1994-2000
to 27 µg/m3 during 2001-07 in Launceston. The period of improved air
quality was associated with small non-significant reductions in annual
mortality. In males the observed reductions in annual mortality were
larger and significant for all cause (−11.4%, 95% confidence interval

−19.2% to −2.9%; P=0.01), cardiovascular (−17.9%, −30.6% to −2.8%;
P=0.02), and respiratory (−22.8%, −40.6% to 0.3%; P=0.05) mortality.
In wintertime reductions in cardiovascular (−19.6%, −36.3% to 1.5%;
P=0.06) and respiratory (−27.9%, −49.5% to 3.1%; P=0.07) mortality
were of borderline significance (males and females combined). There
were no significant changes in mortality in the control city of Hobart.

ConclusionsDecreased air pollution from ambient biomass smoke was
associated with reduced annual mortality in males and with reduced
cardiovascular and respiratory mortality during winter months.

Introduction
Despite a vast amount of literature on the health effects of air
pollution, few studies have investigated shifts in outcomes with
public health interventions to improve ambient air quality.
Previous examples of such studies include reduced smoke
pollution in winter from biomass in a small community in
Montana,1 the temporary closure of a steel mill in Utah,2-5 the
reduction of the sulphur content of petrol in Hong Kong,6 the
cessation of coal sales in Dublin,7 and the evaluation of more
gradual improvements in urban air quality in Germany,8
Switzerland,9 and the United States.10 These studies have
reported decreases in a wide range of health outcomes associated
with reductions in exposure to air pollution, including respiratory
symptoms, mortality, and premature birth, and they have helped
to quantify the health benefits of improved air quality. We
assessed changes in mortality associated with an intervention
to reduce ambient biomass smoke from domestic wood heaters.
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Biomass smoke is produced by the combustion of organic matter
and includes emissions from domestic solid fuel use and
landscape fires, with both indoor and outdoor sources
contributing to the global burden of mortality.11 12 While most
research on the health effects of biomass smoke has concentrated
on fine particulate matter (with particle size <2.5 µm diameter;
PM2.5) as the primary pollutant of concern, the complex smoke
mixture contains numerous toxic co-pollutants, including volatile
organic compounds and gases.13 The toxicology and
epidemiology of biomass smoke have been less well
characterised than that of particulate emissions from industry
and transportation.14 Exposure to ambient biomass smoke,
however, has been clearly associated with adverse respiratory
outcomes and mortality,14 and evidence is emerging for
associations with adverse cardiovascular outcomes.15 16

Intervention studies in Central America have replaced open
cooking fires in dwellings with vented stoves to reduce indoor
pollution from biomass smoke. Reported health improvements
in the intervention groups include fewer respiratory symptoms,17
lower blood pressure,18 and babies with higher birth weights.19
In Canada, an intervention using air filters to reduce indoor
particulate matter from wood heaters found that biological
markers of inflammation and endothelial dysfunction were
reduced,20 while in the US a 5 µg/m3 reduction in outdoor fine
particulate matter from biomass smoke was associated with
reduced wheeze and respiratory infections in children.1

We assess the mortality changes associated with improvements
to air quality after coordinated government interventions to
reduce ambient air pollution from indoor wood stoves in the
Tasmanian city of Launceston. We also use the same methods
on a comparable population in the Tasmanian city of Hobart,
which did not have any air quality interventions. We compared
daily annual and wintertime all cause, cardiovascular, and
respiratory mortality rates during a 6.5 year period of
documented poor air quality in Launceston, with a 6.5 year
period of improved air quality that followed the government
funded interventions.

Methods
Setting
The Australian state of Tasmania (population 472 000 in 2001)
is an island to the south of the continent, characterised by a
colder and wetter climate than the rest of the Australia.
Launceston (population 67 000 in 2001) is the second largest
city in Tasmania and serves as the regional capital and tertiary
medical referral centre for the northern part of the state. Hobart
(population 148 000 in 2001) is the capital of Tasmania and the
tertiary medical referral centre for the southern part of the state
(fig 1⇓).
During the late 1980s and early 1990s, wood stoves became
increasing popular for home heating throughout Tasmania. The
impact on air quality was particularly severe in Launceston,
which is in a river valley where both topographical and
meteorological conditions limit atmospheric dispersion of air
pollution (fig 2⇓).21 During the 1990s, 66% of Launceston
households used domestic wood stoves as the main source of
heating,22 and emissions from these accounted for an estimated
85% of particulate air pollution in winter.23 The absolute number
of wood heaters was estimated to be 17 500 in the year 2000.24

Pollution monitoring
In response to the perceived worsening of air quality in
Launceston, a comprehensive monitoring campaign was started
in 1991 to describe the spatial pattern of air pollution and to

select the most appropriate site for long term monitoring of air
quality. Simultaneous daily monitoring of concentrations of
particulate matter less than 10 µm in diameter (PM10) was
conducted at five sites in 1991-93 with gravimetric sampling
methods.25 Measurements were found to be highly correlated
with each other, except at one site to the east of the city where
lower concentrations of particulate matter were generally
recorded.25After these studies a representative site was selected
for ongoing monitoring of the air quality of central Launceston
and the 24 hour PM10 concentration was measured on a one in
six day cycle from 1994 to 1997. Starting in May 1997
measurements were taken daily during winter, and starting in
June 2001 measurements were taken daily all year. The study
population was drawn from four statistical local areas (SLAs)
within the city of Launceston for which the long termmonitoring
site was known to be representative.25 We report PM10 because
this was the only size fraction that was measured throughout
the study period. Since 2001, however, concentrations of PM2.5

have also been measured and these data show that the mean
daily concentrations of PM2.5 are highly correlated with the
concentrations of PM10, accounting for 50% of the annual
average and 65% of the wintertime average.26

Interventions
The history of use of wood heaters, air pollution, and public
health interventions in Launceston (fig 3⇓) has been fully
documented elsewhere.22 24 Local governments started
responding to concerns about air quality in 1994 after a detailed
air quality study conducted by an expert working group from
1991 to 1993.25 These responses included the distribution of
educational leaflets and the start of forecasts of wintertime air
quality by the Bureau of Meteorology. They coincided with a
state-wide marketing campaign by the local electricity supplier,
promoting electricity as an affordable and non-polluting
alternative (as most power in Tasmania is generated from
hydroelectric power stations). During the 1990s there was a
gradual decline in the proportion of homes heated primarily by
wood throughout Tasmania and a gradual increase in the
proportion heated by electricity.27 While air pollution slowly
began to improve during this time period,22 substantive
improvements in air quality did not occur until the start of
coordinated government interventions in 2001. These included
the LauncestonWoodHeater Replacement Program, a $A2.05m
(£1.34m, €1.66m) intervention funded through the Australian
Natural Heritage Trust in July 2001 to June 2004.22 This scheme
greatly accelerated the general trend for home owners to replace
wood with electricity as their primary source of domestic
heating. By the end of the programme, the prevalence of wood
stoves in Launceston had fallen from 66% to 30% of all
households.22 Follow-up surveys indicated that many wood
heaters were decommissioned during this time without support
from the government programme.22 In addition to facilitating
an overall reduction in the prevalence of wood heaters, the
interventions also contributed to reducing pollution through
improved operation of existing wood heaters by media
advertising by the local council, school based education
campaigns, and employment of environmental officers through
the local council to monitor chimneys and provide targeted
education, and, if necessary, infringement notices to home
owners whose chimneys continued to emit excessive amounts
of smoke after initial educational contact. A marked
improvement in wintertime air quality coincided with the start
of these interventions as illustrated by the photos in figure 2
and the PM10 data in figure 3.
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Meteorological data
We obtained data on daily weather from the Bureau of
Meteorology for three weather stations in central Launceston
and five weather stations in central Hobart.28 For each city we
calculated the average of the daily mean temperature and
humidity inversely weighted by the distance of each weather
station from the population weighted centre of the city.29

Population and outcome data
Population estimates were derived from the estimated resident
population datasets available from the Australian Bureau of
Statistics.30 These were linearly interpolated by day between
the estimated populations on 30 June of each census year (1991,
1996, 2001, and 2006) for the 14 year period from 1994 to 2007.
Estimates were derived for Launceston, Hobart, and the rest of
Tasmania.
Mortality data were obtained from Australian Bureau of
Statistics. These data undergo considerable auditing for quality
before being released for publication.31 32 Causes of death were
categorised according to the international classification of
diseases (ICD) coding33 into all cause (non-trauma),
cardiovascular, and respiratory deaths (table 1⇓). Mortality data
from January 1994 to November 2007 were included in the
analysis. ICD coding changed from version 9 to version 10
during the study period, and we followed the mapping of the
Australian National Casemix and Classification Centre to ensure
that extracted codes included the same causes of death before
and after the change in coding.33Hospital admissions data were
provided by the Tasmania Department of Health and Human
Services and were used to identify epidemics of respiratory
infections by extracting the daily counts for admissions for
pneumonia and flu (ICD9-9 480-487 or 507; ICD-10 J10-18
and J69-70).

Statistical analyses
We calculated annual concentrations of PM10 with one in six
day sampling for the 1994-2000 period and daily monitoring
data for the 2001-07 period. Winter (June, July, and August)
PM10 concentrations were calculated from daily monitoring data
from 1997. We used t tests to compare mean annual and
wintertime concentrations from before and after the intervention
periods.
Daily direct age standardised mortality rates for all of Tasmania,
Launceston, and Hobart, were calculated and aggregated to
describe the annual and wintertimemortality rates in the periods
before and after the intervention (table 2⇓).
The effect of the intervention on all cause, cardiovascular, and
respiratory mortality was assessed with age stratified time series
Poisson regression models. The periods before and after the
intervention were included as an indicator variable, and the
interpolated age specific populations were used as an offset.34
All models controlled for the effects of meteorology, epidemics
of respiratory infections, and secular trends in daily mortality
in Tasmania with the following equation:
log(Oij) = period + agej + Ti + Ti-2 + Hi + Hi-2 + DOWi + flui +
SecularTrend + offset(log(Popij))
where: Oij = observed number of cases on dayi in agej; period
= indicator variable for periods before and after the intervention;
age = age groups by 15 year intervals to age 74, then 5 year
intervals to 84, and ages ≥85; Ti = daily mean temperature (°C);
Ti-2 = average of three day lagged temperature dayi (°C); Hi =
daily mean dew point (°C); Hi-2 = average of three day lagged
dew point (°C); flu = indicator variable for days when the 14

day moving average of hospital admissions for flu and
pneumonia in Tasmania exceeded the 95th centile; SecularTrend
= the 150 day moving average of the daily directly standardised
cause specific mortality rates for Tasmania (excluding the
intervention population of Launceston); and Popij = interpolated
population on dayi in agej.
We conducted an identical statistical analysis for the control
city of Hobart, after excluding its population from the data used
to calculate secular mortality trends in Tasmania. We also
conducted a subgroup analysis by sex.
We tested the sensitivity of our results to the use of different
smoothing windows to calculate the state-wide secular trends
in mortality; the definition of epidemics of respiratory infections
(based on deaths from respiratory infections rather than hospital
admissions for pneumonia or influenza); the use of indirect and
direct age standardised mortality rates in the Poisson regression
models (instead of age stratified regression); the inclusion of
the winter of 2001 in the period before the intervention rather
than the period after the intervention; and the use of the
population of Northern Tasmania (where Launceston is situated)
rather than all of Tasmania as the reference population for
secular mortality trends.

Results
Air quality changed significantly over the study period (fig 3⇓).
The annual mean concentration of PM10 before the intervention
was 23.7 µg/m3, based on the one in six day measurement cycle
in 1997-2000 (n=237). This was higher (P<0.001) than the
annual mean of 18.4 µg/m3 after the intervention, based on the
average of daily measurements in 2001-07 (n=2039). There was
also a significant (P<0.001) decrease in the wintertime mean
concentration of PM10 from 43.6 µg/m3 before the intervention
period to 27.0 µg/m3 after the intervention (fig 3).⇓
The mean annual number of all cause deaths in Launceston was
577, 42% (243) of which were cardiovascular and 9% (54) of
which were respiratory (table 1).⇓
There was a general trend towards reduced all cause,
cardiovascular, and respiratory mortality throughout Tasmania
during the study period, with the greatest magnitude observed
for cardiovascular mortality (table 2). The reduction in
respiratory mortality rates during winter months was larger in
Launceston than in Hobart and the rest of Tasmania (table 2).⇓
We assessed the changes in mortality associated with the period
of improved air quality (1 July 2001 to 30 December 2007) for
the entire year and for winter months only after adjusting for
the influence of daily meteorology, respiratory epidemics,
population age structure, and secular mortality trends (table 3⇓).
In the intervention community of Launceston, the period of
improved air quality was associated with non-significant
reductions in cardiovascular and respiratory mortality, which
were not generally observed in the non-intervention community
city of Hobart. In males, however the reductions in mortality
in Launceston were large and significant for all cause (−11.4%,
95% confidence interval −19.2% to −2.9%; P=0.01),
cardiovascular (−17.9%, −30.6% to −2.8%; P=0.02), and
respiratory (−22.8%, −40.6% to 0.3%; P=0.05) mortality.
Whenwe restricted analyses to the winter months, the reductions
in cardiovascular (−19.6%, −36.3% to 1.5%; P=0.06) and
respiratory (27.9%, −49.5% to 3.1%; P=0.07) mortality (males
and females combined) were of borderline significance (table
3⇓). There were no significant mortality changes in the
non-intervention community of Hobart (table 3).
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Sensitivity analyses
Our results were sensitive to the window of smoothing that we
used to calculate the secular trends in mortality in the rest of
Tasmania. We tested a range of smoothing intervals from a 30
day moving average increasing in units of 30 days to a 300 day
moving average. When we applied moving average intervals of
120 days or fewer, the point estimates for the effect of the
intervention corresponded to greater reductions in mortality (see
appendix 1). At smoothing intervals of 120 days or longer, the
point estimates were more stable but the width of the confidence
intervals gradually increased. For this reason we have taken a
conservative approach and report results from analyses using a
moving average interval of 150 days.
These results were robust to different methods of demographic
adjustment and the different definitions of respiratory epidemics.
We found similar results when we repeated the analysis with
the winter of 2001 included in the period before rather than in
the period after the intervention. When we used data from
Northern Tasmania instead of all of Tasmania to determine
secular mortality trends, there was a slightly greater reduction
in mortality associated with the period after the intervention in
Launceston.

Discussion
Summary of main findings
Improved air quality after coordinated interventions in the study
community of Launceston, Tasmania, was associated with
reductions in all cause, cardiovascular, and respiratory mortality.
This trend was greatest for wintertime cardiovascular and
respiratory mortality. In sex specific analyses of annual
mortality, associations were stronger and of greater magnitude
in males.

Strengths and limitations of the study
Examples of population level environmental interventions are
rare. The major strength of this study was our ability to
investigate whether an intervention to reduce outdoor biomass
smoke from domestic wood heaters was associated with a
measurable reduction in mortality. Another strength was our
ability to compare effects between the intervention population
(Launceston) and a control population (Hobart). We report the
results of independent statistical models for each city because
this fulfilled our objective of assessing whether the intervention
was associated withmortality changes in Launceston. Combined
models using pooled data from both cities with an interaction
term indicated that the differences between the two populations
were significant for the reduction in annual cardiovascular
mortality (males and females combined) and for annual all cause
mortality in men (see appendix 2). An important limitation was
the relatively small study population, which reduced the
statistical power of our study. Although the magnitude of most
associations was relatively large, confidence intervals were
wide. This was especially the case for respiratory outcomes
which comprised just 10% of all deaths.

Potential confounding factors
Wewere able to measure and adjust for known and measurable
confounders such as age, temperature, humidity, and respiratory
epidemics. It is challenging, however, to separate the influence
of secular trends in mortality. We included smooth daily
mortality data from all of Tasmania to adjust for secular trends
because the entire state has similar distributions of health
outcomes, socioeconomic status, and demographic structure.35

The changing prevalence of population risk factors through
time, such as smoking and diabetes, is likely to have been
similar.35

Comparison with other studies
We found three similar intervention studies. In a comparable
intervention in the community of Libby, Montana, older wood
heaters were exchanged with new, less polluting models during
in the winter of 2006-07. Concentrations of fine particulate
matter (PM2.5) fell from a mean of 27.2 µg/m3 in the two winters
before the intervention to 19.7 µg/m3 for two winters after. The
respiratory heath of children was assessed by repeated annual
surveys of their parents. A reduction of 5 µg/m3 in PM2.5 was
associated with a 27% (95% confidence interval 3% to 45%)
reduction in wheeze and even larger reductions in respiratory
infections, including flu (52%, 43% to 61%) and throat
infections (45%, 29% to 58%).1

Other studies have evaluated changes in mortality after
interventions to reduce the sulphur content of petrol in Hong
Kong and after the ban of coal sales for domestic heating in
Dublin. In Hong Kong there was a documented 45% decline in
mean ambient concentration of sulphur dioxide over five years,
with no significant change in the ambient concentration of
particulate matter after the intervention.6 The reported outcomes
were a 2.1% (0.9% to 3.3%) decrease in all cause mortality, a
3.9% (6.2% to 1.6%) decrease in respiratory mortality, and a
2.0% (3.7% to 0.3%) decrease in cardiovascular mortality. These
effects are small compared with our reported decrease in
cardiovascular mortality, but they are more precise given the
much larger population of Hong Kong compared with
Launceston. As with our study, the observed decreases were
higher during the colder months of the year. The Hong Kong
study, however, did not include a non-intervention population
to help disentangle any influence of long term trends in
mortality. A second study evaluated the cessation of coal sales
in Dublin, which resulted in 16% and 64% declines in
wintertime concentrations of sulphur dioxide and black smoke,
respectively. While associated declines in both respiratory and
cardiovascular mortality were reported,7 these data are currently
being reanalysed.36

Further research
Our results contribute to the emerging evidence for an
association between exposure to biomass smoke and
cardiovascular mortality. One time series study reported
association between daily cardiovascular mortality and ambient
biomass smoke pollution from wood heaters15 and another
reported an association between biomass smoke from bushfires
and out of hospital cardiac arrests.37 Other studies, however,
have had inconclusive results, and further research is needed.38-40

Conclusions and implications for policy
Observational studies are often the only practical option for
evaluating the efficacy of population scale interventions.
Adjustment for known and unknown confounding variables in
observational studies is challenging. Given the clear and
consistent difference in results between the intervention and the
non-intervention populations, our findings suggest that the
improved air quality in Launceston was associated with
reductions in mortality. Furthermore, these results are consistent
with the available literature concerning particulate air pollution.41
Our findings highlight the potential for important public health
gains from interventions to reduce ambient pollution from
biomass smoke.
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What is already known on this topic

Though much research has shown the adverse effects of air pollution on health, few studies have investigated shifts in health outcomes
associated with public health interventions to improve ambient air quality
A previous intervention study found that reduced outdoor wood smoke was associated with improvements in children’s respiratory health

What this study adds

Coordinated interventions, including community education, law enforcement, and incentives to reduce pollution from domestic wood
heaters, substantially improved winter air quality in Launceston, Tasmania
The period of improved air quality was associated with an overall trend towards reduced cardiovascular and respiratory mortality
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Tables

Table 1| Mean number of deaths for all cause, cardiovascular, and respiratory mortality in Launceston, Tasmania, 1994-2007

WinterAnnualICD codes*Mortality

158577ICD-9 <800; ICD-10 A00-R99All cause

68243ICD-9 390-459; ICD-10 I00-I99 (excl I67.3, I68, I88, I97.8,
I97.9, I98), G45 (excl G45.3), G46, M30, M31, R58

Cardiovascular

1754ICD-9 codes 460-519; ICD-10 J00-J99 (excl J95.4-J95.9),
R09.1, R09.8

Respiratory

*ICD (international classification of diseases) coding changed from version 9 to version 10 during study period. We followed mapping of National Casemix and
Classification Centre to ensure that extracted codes included same causes of death before and after change in coding.33
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Table 2| Annual and wintertime age standardised mortality in Tasmania, Launceston, and Hobart during calendar years 1994-2000 and
2001-07, before and after intervention to improve air quality in Launceston

Percent decrease (95% CI)

Deaths per 1000 person years

2001-071994-2000

All Tasmania

All cause mortality:

14.6 (5.2 to 24.0)7.128.33All year

15.5 (6.4 to 24.6)7.889.32Winter

Cardiovascular mortality:

28.9 (5.6 to 42.2)2.653.73All year

31.1 (18.6 to 43.7)2.964.28Winter

Respiratory mortality:

20.5 (8.3 to 32.7)0.620.78All year

22.9 (7.6 to 38.3)0.761.00Winter

Launceston

All cause mortality:

13.4 (2.9 to 24.0)7.428.57All year

16.0 (3.9 to 28.2)8.089.20Winter

Cardiovascular mortality:

29.5 (14.0 to 45.1)2.743.88All year

34.4 (22.5 to 6.4)2.964.52Winter

Respiratory mortality:

24.6 (4.7 to 44.6)0.640.86All year

33.0 (4.6 to 61.4)0.761.16Winter

Hobart

All cause mortality:

12.5 (3.4 to 21.5)7.228.25All year

14.7 (5.1 to 24.2)8.129.52Winter

Cardiovascular mortality:

25.2 (12.6 to 37.7)2.683.58All year

28.6 (14.7 to 42.5)2.964.16Winter

Respiratory mortality:

15.7 (0.5 to 30.9)0.640.76All year

12.3 (−13.4 to 7.9)0.881.00Winter
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Table 3| Percentage change* in all cause, cardiovascular, and respiratory mortality in Launceston and Hobart, Tasmania, from January
1994-May 2001 to June 2001-November 2007. Years 2001-07 correspond with period of improved air quality after series of coordinated
interventions in Launceston

Hobart (control)Launceston (intervention)

P valuePercent change (95% CI)P valuePercent change (95% CI)

All year—males and females combined

0.541.4 (−3.0 to 6.0)0.40−2.7 ( −8.7 to 3.7)All cause mortality

0.830.9 (−7.1 to 9.6)0.40−4.9 ( −15.5 to 7.0)Cardiovascular mortality

0.504.8 (−7.4 to 18.6)0.32−8.5 ( −23.2 to 9.0)Respiratory mortality

All year—males

0.820.7 (−5.4 to 7.2)0.01−11.4 (−19.2 to −2.9)All cause mortality

0.19−7.1 (−16.8 to 3.8)0.02−17.9 (−30.6 to −2.8)Cardiovascular mortality

0.673.4 (−13.1 to 24.4)0.05−22.8 (−40.6 to 0.3)Respiratory mortality

All year—females

0.80−0.7 (−6.3 to 5.2)0.522.7 (−5.3 to 11.4)All cause mortality

0.543.6 (−7.6 to 16.2)0.772.3 (−12.2 to 19.3)Cardiovascular mortality

0.86−1.4 (−15.5 to 15.1)0.961.0 (−18.9 to 24.4)Respiratory mortality

Wintertime—males and females combined

0.64−2.0 (−10.2 to 6.9)0.732.2 (−14.1 to 11.3)All cause mortality

0.38−7.0 (−20.8 to 9.2)0.06−19.6 ( −36.3 to 1.5)Cardiovascular mortality

0.608.0 (−16.9 to 40.4)0.07−27.9 (−49.5 to 3.1)Respiratory mortality

*Adjusted for age structure, meteorological conditions, and secular mortality trends in Tasmania.
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Figures

Fig 1 Map of Tasmania showing location of Launceston (intervention city) and Hobart (control)

Fig 2 Launceston, Tasmania, showing reduced visibility associated with smoke from domestic wood heaters (left) and same
view on clear day (right)
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Fig 3 Air quality interventions, air quality data, and directly aged standardised mortality in Launceston, Tasmania 1991-2007
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