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Inefficient cooking and heating with solid fuels in poorly
ventilated homes are a major source of exposure to indoor air
pollution in developing countries. Household air pollution from
cooking and heating with solid fuels also is an important
contributor to outdoor air pollution. The combustion of
organically derived solid fuel is qualitatively similar to the
burning of tobacco in terms of emissions of particulate matter
and gases, and the mechanisms by which solid fuel smoke causes
adverse health effects in human subjects are likely similar. The
public health effect of domestic cooking and heating with solid
fuels is great. The World Health Organization estimates that
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there are 3.8 million deaths globally per year attributable to
household air pollution. This estimate is based on the strength of
the evidence, primarily meta-analyses of epidemiologic studies of
acceptable scientific quality, although for cardiovascular disease,
the evidence is more inferential. The greatest burden of
household air pollution-related premature deaths is in children
with pneumonia exposed to biomass smoke. The greatest
estimated burden in adults is cardiovascular disease, but chronic
obstructive pulmonary disease and lung cancer are important
causes of disability and premature death in women, who are the
primary cooks and tend not to smoke tobacco in developing
countries. Research gaps and opportunities for interventions to
reduce effects of solid fuel smoke on public health are identified.
(J Allergy Clin Immunol 2019;143:1979-87.)
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Inefficient combustion of solid fuels in poorly ventilated homes
is a major source of exposure to indoor air pollution in the
developing world, and such exposures also continue to occur in
the developed world. Levels of exposure to particulate matter
(PM) from smoke in such homes are often at least an order of
magnitude greater than the greatest concentrations that occur in

1979


http://www.jacionline.org
http://www.jacionline.org
mailto:john.balmes@ucsf.edu
https://doi.org/10.1016/j.jaci.2019.04.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaci.2019.04.016&domain=pdf

1980 BALMES

Abbreviations used
ALRI: Acute lower respiratory tract infection
COPD: Chronic obstructive pulmonary disease
DALY: Disability-adjusted life year
GBD: Global Burden of Disease
ITT: Intention-to-treat
LMIC: Low- and middle-income country
OR: Odds ratio
PM: Particulate matter
PM,; 5: Fine particulate matter less than or equal to 2.5 wm in mass
median aerodynamic diameter
RCT: Randomized controlled trial
WHO: World Health Organization

ambient air of the developed world."* Household air pollution
from cooking and heating with biomass fuels also is an important
contributor to outdoor air pollution, accounting for an estimated
10% of ambient fine particulate matter of less than or equal to
2.5 pm in mass median aerodynamic diameter (PM, 5).’

Biomass fuel refers to any recently living plant- and/or animal-
based material that is deliberately burned by human subjects as
fuel, including wood, crop residues, and animal dung.' The term
solid fuel includes charcoal and coal in addition to biomass. The
number of persons cooking with solid fuels is approximately 3
billion."” Most of these persons are poor and live in rural areas
of low- and middle-income countries (LMICs).*

Cooking with biomass fuels is generally done on unvented
stoves typically consisting of such simple arrangements as 3
rocks, a U-shaped hole in a block of clay, or a pit in the ground
(Fig n.? Cooking and heating with coal or charcoal is also usually
done indoors with inefficient stoves. Incomplete combustion oc-
curs under such conditions because the supply of oxygen is rela-
tively poor, causing carbon monoxide, black carbon, and complex
organic carbon compounds to be produced. This typically leads to
extremely high pollutant concentrations in the vicinity of the
stove. Pollutant concentrations are further exacerbated by the
lack of ventilation that characterizes many of the kitchens in rural
areas of developing countries.

High levels of smoke from cooking indoors with solid fuels
commonly contain up to 1000 pg/m® PM, and much greater
values have been reported.”® These concentrations are orders of
magnitude greater than either the US Environmental Protection
Agency national ambient air quality standard for PM or the World
Health Organization (WHO) guidelines. In addition to PM, car-
bon monoxide, nitrogen oxides, formaldehyde, and a number of
toxic organic compounds (eg, benzene; 1,3 butadiene; benzo[a]
pyrene; and other polycyclic aromatic hydrocarbons) are present
in biomass smoke, depending on the type of fuel that is burned.’
Combustion of wood and other biomass is qualitatively similar to
the burning of tobacco in terms of emissions of PM and gases,
although without the nicotine.

In rural areas of less developed countries, women often spend
many hours a day cooking, and therefore duration of exposure to
smoke from solid fuel combustion is often considerable. The
potential for exposure to children is further increased by common
cultural practices. Infants and toddlers are often carried on the
mother’s back while she cooks so that from early infancy, children
spend hours breathing smoke from cooking or heating fires. In
temperate climates and highland areas people spend more time
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FIG 1. Traditional open 3-stone fire in a rural village home in the western
highlands of Guatemala, where kitchen 48-hour PM, s levels are in the
range of 600 to 1200 wg/m®.

indoors to protect themselves from the cold, and the cold
temperatures that characterize these areas require fires that burn
over extended periods and tighter house construction (ie, less
ventilation) for space heating.* Thus both pollution levels and
exposure times increase.

The public health effect of the relatively high exposures to PM
in homes where cooking is done with inefficient and poorly
ventilated stoves using solid fuels remains high despite progress
that has been made over the past several decades to reduce this
effect. A recent WHO report estimated that 3.8 million persons a
year die prematurely from illness attributable to household air
pollution caused by the inefficient use of solid fuels and kerosene
for cooking.” Estimates are based on the strength of the evidence,
primarily meta-analyses of observational epidemiologic studies.

The greatest burden of household air pollution—related prema-
ture deaths is in children with pneumonia. The greatest estimated
burden of disability and death in adults is for cardiovascular
disease. However, the estimated burden of premature mortality
caused by cardiovascular diseases is based on inference from
epidemiologic data for outdoor particulate pollution, secondhand
tobacco smoke, and active smoking, as well as the assumption
that particles emitted from domestic cooking and heating with
solid fuels have similar cardiovascular toxicity to particles from
these other sources. For the typically nonsmoking women cook-
ing with solid fuels in rural areas of LMICs, chronic obstructive
pulmonary disease (COPD) is also a major cause of morbidity and
mortality. Household air pollution also contributes to the burden
of cataracts, the leading cause of blindness, and lung cancer,
especially among women. Asthma and tuberculosis have not been
included in the burden of disease estimates for household air
pollution, but there is substantial evidence of associations with
each of these conditions.™’

The Global Burden of Disease (GBD) comparative risk
assessment uses disability-adjusted life years (DALYs) as the
primary metric of health effect. Although the latest version of the
GBD undertaken in 2017 found the percentage of DALYs
attributable to household air pollution from solid fuel use to
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FIG 2. Global map of deaths attributable to household air pollution (HAP)-related PM, s.

have decreased by more than 40% since 1990, in certain parts of
the world, the observed risk related to this exposure is actually
increasing.'’ Ambient PM is the 10th leading risk factor for DA-
LY and the most important environmental factor. Regions where
this risk is greatest are Sub-Saharan Africa and Southeast Asia. In
these regions a considerable percentage of the global burden of
disease attributed to ambient PM pollution comes from household
combustion of solid fuel and falls hardest on the most impover-
ished populations (Fig 2).

The latest WHO and GBD risk estimates did not include
lighting with nonsolid fuels, such as kerosene, because of lack of
data, but combustion of this fuel for lighting is often done with
wick lamps in poor households, which leads to high levels of
emissions. Kerosene is similar to diesel fuel as a petroleum
distillate, and therefore exposures of children and adults crowded
around such lamps at night in a poorly ventilated home can be
quite high."" In particular, there is evidence for increased risk of
tuberculosis with household use of kerosene.'”

MECHANISMS

The mechanisms by which solid fuel smoke causes adverse
health effects in human subjects are likely similar to those
involved in tobacco smoke and combustion-generated PM
pathogenic processes.”® Oxidative stress in the airways and al-
veoli leads to stimulation of alveolar macrophages and injury to
the epithelial lining, which in turn attracts inflammatory cells
from the circulation."* This local lung inflammatory reaction
can spill over into the systemic circulation and contribute to
adverse effects in other organs, such as the cardiovascular system,
and the fetus in pregnant women. Alveolar macrophages laden

with carbon particles from smoke can contribute to increased
risk of respiratory tract infections.'”'® The pathways involved
in solid fuel smoke—induced lung carcinogenesis are probably
identical to those by which tobacco smoke induces lung cancers.

Although the toxicological literature for biomass smoke is
much less rich than for tobacco smoke and ambient PM, a number
of animal and in vitro studies have been reported. Pulmonary out-
comes have been best studied in animal models, including airway
responsiveness, lung function, effects on surfactant, epithelial
damage, inflammation, edema, and antibacterial activ-
ity.'?"*119 Extrapulmonary outcomes have included effects on
the cardiovascular system, adjuvant activity, p450 enzyme activ-
ity, glutathione depletion, and tumor/cancer growth.'® '’

A growing number of reports of controlled human exposure
studies of wood smoke have been published. These studies are
limited to acute effects and are specific to the fuels and burn
conditions used, but evidence of systemic oxidative stress and
inflammation, airway inflammation, and arterial stiffness has
been observed after short-term exposure to wood smoke.”" >
However, not all studies have found adverse effects.”*>°

ACUTE LOWER RESPIRATORY TRACT INFECTION
(CHILDHOOD PNEUMONIA)

Acute lower respiratory tract infection (ALRI) is a leading
contributor to the global burden of disease.'” Pneumonia is also
the primary cause of death in children younger than 5 years,
and the incidence and mortality are generally greatest in those
countries and regions where solid fuel use is greatest.27 The rela-
tive risk of ALRIs for children exposed to household solid fuel
smoke has been quantified in a number of studies, the majority
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FIG 3. Adjusted relative risks (95% Cls) of cardiovascular and cardiopulmonary mortality and estimated
dose of PM, 5 across studies of outdoor air pollution, environmental tobacco smoke (ETS), and active ciga-
rette smoking (adapted with permission from Pope et al).®® Exposure was measured as daily inhaled dose of
PM, s (plotted on a log scale), which was calculated assuming an 18 m®/d breathing rate. Active cigarette
smoking was quantified as 3 or less, 4to 7,8to 12, 13to 17, 18 to 22, and 23 or more cigarettes per day (rela-
tive to never smokers). Also shown is the equivalent dose for the WHO (2006) Air Quality Guidelines for

PM, 5 (10 ng/m? annual average).®®

from developing countries, but also from the United States.”®
Most of these studies have used a case-control design, although
several cohort studies have also been conducted. Taken together,
these observational epidemiologic studies show a consistent asso-
ciation between solid fuel use and an increase in the risk of ALRIs
in exposed children. The overall estimate of the risk of ALRIs
from a meta-analysis of 24 studies published before 2008 con-
ducted in preparation for the 2010 GBD comparative risk assess-
ment was a pooled odds ratio (OR) of 1.79 (95% CI, 1.26-2.21) for
children younger than 5 years.” The OR for children younger than
2 years was 1.96 (95% CI, 1.36-2.82). A problem with most of the
studies was lack of direct measurement of exposure, with use of
fuel type as the usual proxy. Outcome definitions varied from
parental recall of WHO signs of ALRIs to chest x-ray confirma-
tion and included severe and fatal outcomes; some evidence of
an increased risk for more severe pneumonia was found. Impaired
respiratory tract defense mechanisms, such as decreased muco-
ciliary clearance and alveolar macrophage function, provide bio-
logical plausibility for the observed association between biomass
smoke exposure and ALRI risk in children.'**

Only 2 randomized controlled trials (RCTs) of an intervention
to reduce exposure to biomass smoke to prevent childhood ALRIs
have been completed,m one involving slightly more than 500 in-
fant rural Guatemalan children and a chimney wood stove inter-
vention and the other involving more than 10,000 rural
Malawian children and cleaner-burning gasifier stoves. In the
Guatemala trial, where cooking was primarily indoors, child
exposure was reduced by 50%, and the intention-to-treat (ITT)
analysis showed a relative risk of 0.67 (95% CI, 0.45-0.98) for se-
vere (defined by low oxygen saturation) physician-diagnosed
pneumonia. Adjusted exposure-response analysis found signifi-
cant relationships for both all and severe pneumonia (Fig 3). In
the Malawi trial, where cooking was primarily outdoors, the
ITT analysis showed no protective effect, but exposures might
not have been substantially reduced by the intervention.”’

Although there are abundant observational epidemiologic data
that support an association between early childhood exposure to
household air pollution and pneumonia, the 2 published RCTs
report conflicting results regarding whether reduction of exposure
is linked to the outcome. Given the burden of childhood
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pneumonia, better exposure-response data are needed to assess
the potential benefit of stove and/or clean fuel interventions. An
important gap in knowledge is how much emissions need to be
reduced to have substantial benefit in reduction of early childhood
pneumonia.” A large multicountry intervention trial of liquefied
petroleum gas stoves has been funded by the National Institutes of
Health and the Gates Foundation to assess the efficacy of this
cleaner fuel intervention on pneumonia in children.*

Insufficient data exist to support a clear association between
household air pollution and adult pneumonia. However, one small
study from Kenya showed a significant exposure-response
relationship.”* Another mechanistic study using primary human
alveolar macrophages harvested from healthy Malawian adults
reported that in vitro exposure to wood smoke decreased
phagocytosis.”” The strong evidence of a biomass smoke effect
in children and the known effects of other sources of
combustion-sourced particle exposure (eg, smoking and ambient
air pollution) together suggest that exposure to solid fuel smoke
increases the risk of adult ALRIs. Further research is required
to confirm and quantify this risk.

COPD

COPD is a leading cause of morbidity and mortality (approx-
imately 3.2 million deaths per year) worldwide and results in an
economic and social burden that is both substantial and increasing,
especially among women.” In less developed countries a substan-
tial proportion of COPD occurs in persons who have never smoked
tobacco products, especially among women cooking with stoves
that emit high levels of a wide variety of pollutants similar to those
present in tobacco smoke. Multiple case-control and cross-
sectional studies have found an association between cooking
with biomass fuel and chronic bronchitis or COPD when compared
with lower exposure/cleaner fuels. Exposure was often assessed as
present or absent or by daily hours spent by the stove. Like the
studies of childhood ALRIs, most studies did not include direct
measurements of specific pollutants. Studies that have measured
kitchen particulate levels from solid fuel use have confirmed
very high concentrations,”®”” but until recently, personal measure-
ments of exposure have not been used. Only a few cross-sectional
studies measured lung function, and these studies showed an asso-
ciation between solid fuel use and chronic airflow obstruction.’”*"

Several systematic reviews and meta-analyses of the studies
reported before 2010 have been published.33 4! The pooled ORs
from these meta-analyses were similar, ranging from 1.94 to 2.80,
which should be no surprise because the same set of studies, give
or take a few, were included. Stratified analysis by sex in all of the
meta-analyses showed a stronger association between exposure to
solid fuel smoke and COPD in women. The stronger association
in women might be due to their greater exposure from doing most
of the cooking.

A major weakness of the published literature on household air
pollution and COPD reviewed above is the lack of an objective
definition of the outcome, especially the lack of postbronchodi-
lator spirometry. Recently, 2 large-scale meta-analyses of studies
from multiple countries with high-quality spirometry, including
postbronchodilator testing, were published.*”"* Unfortunately,
like the conflicting RCTs for childhood pneumonia, these 2
studies produced conflicting results.**

Longitudinal studies of the effect of biomass smoke exposure
on the development of COPD are lacking, but one study did
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follow women with COPD associated with biomass smoke
exposure in terms of mortality risk.*> Survival analysis over a
7-year follow-up period showed that women with COPD associ-
ated with biomass smoke exposure had mortality rates similar to
those of men with COPD caused by tobacco smoking. One inter-
esting autopsy study from Mexico found that women with
biomass smoke—induced COPD had more peribronchial fibrosis
and less emphysema than a matched group of women with to-
bacco smoke—induced COPD.*° Another study from China found
greater dyspnea and more allergic rhinitis in women with biomass
smoke—induced COPD than in those with tobacco smoke—
induced COPD."’

Intervention studies to prevent COPD from biomass smoke
exposure have been limited. A retrospective Chinese study found
significant reductions in COPD incidence in homes where coal
was used in improved stoves with chimneys, the effect increasing
with time since adoption.*® Another prospective Chinese study
showed that replacing solid fuel with biogas for cooking and
improving kitchen ventilation are associated with a reduced
decrease in FEV, and risk of COPD.* Two recently published
studies of the efficacy of reducing wood smoke exposure with
the use of an improved chimney stove were limited by short
follow-up time (12-18 months).”"?

Thus although studies suggest lower solid fuel smoke exposure
can be associated with lower COPD risk, several key questions
remain, including whether the development or progression of
COPD can be prevented by reducing smoke exposure in these
settings and the nature of the exposure-response relationship
between smoke and the rate of decrease in lung function? Similar
to childhood pneumonia, an important gap in knowledge is how
much emissions need to be reduced to have a substantial
benefit regarding adult COPD.* It also might be that the
exposure-response relationships are different for an acute
effect (pneumonia) compared with a chronic effect (COPD).
Prospective cohort studies that have adequate statistical power,
follow participants for a sufficient duration to accurately measure
the rate of decrease in lung function, and actually measure
exposures are needed to answer these questions. Ideally,
intervention studies with clean stoves will be conducted.

ASTHMA

Given the airway-irritating effects of solid fuel smoke, it is
reasonable to suspect that exposure might increase the risk for
asthma, especially because exposure to secondhand tobacco
smoke has been associated with development of asthma in
children.”® On the other hand, there is a rural-urban gradient for
asthma. The disease is generally much more prevalent in urban
areas than in largely rural areas, where exposure to solid fuel
smoke is more common.” The protective effect of living on a
farm, especially with livestock, has been well documented.”’
Because the evidence for an effect of solid fuel smoke on
COPD is strong and both asthma and COPD involve airway
inflammation, the relationship between exposure to solid fuel
smoke and risk of asthma remains a topic of considerable research
interest.

A systematic review and meta-analysis of the association
between exposure to biomass smoke and asthma in children and
women by Po et al’! was published in 2011. Nine studies were
selected for the meta-analysis, 4 involving children, and 5
involving women. The pooled OR for the 4 studies on asthma
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and active smoking.”°

in children exposed to biomass smoke was 0.50 (95% CI, 0.12-
1.98). For the 5 studies of women, the pooled OR was 1.34
(95% CI, 0.93-1.93).

Since the Po et al*! review was published, the results of several
new studies have been reported. A survey of 508 adults in south-
eastern Kentucky found a significant association with asthma
when wood and coal were burned for cooking.”® A much larger
population survey from India found that adult women living in
households using biomass and solid fuels had a significantly
greater risk of asthma than those living in households using
cleaner fuels, even after controlling for the effects of a number
of potentially confounding factors.”’” A study from China of expo-
sures to ambient PM, s and doctor-diagnosed asthma found a
stronger association in rural populations with greater exposure
to household air pollution than in urban populations,” and a study
from Brazil found that exposure to household air pollution was
associated with poorer asthma control, greater proportion of se-
vere asthma, and lower lung function compared with those
without such exposure.’’

Additional evidence supporting an increased risk of asthma
from cooking with solid fuels was reported by the International
Study of Asthma and Allergy in Children, which surveyed almost
513,000 children from 1999-2004.” The sole use of an open fire
for cooking (assessed by questionnaire) was associated with an
increased risk of wheeze in the past year in both young children
(ages 6-7 years; OR, 2.17; 95% CI, 1.64-2.87) and older children
(ages 13-14 years; OR, 1.35;95% CI, 1.11-1.64). ORs for wheeze
in the past year and use of an open fire in combination with other
fuels for cooking were slightly lower but still significant for both
age groups.

Not all recent studies have reported positive associations
between exposure to biomass smoke and asthma outcomes. For
example, a recent study of 299 children from rural villages in
Nigeria reported smoke exposure was not associated with an
increased risk of asthma symptoms or airway obstruction.®” An
RCT of an air-filter intervention that improved indoor air quality
did not affect asthma quality of life, although ITT analysis did
show an improvement in the secondary measure of diurnal peak
flow variability.®’ A recent GBD risk assessment was not able
to quantify the risk of asthma caused by exposure to household
air pollution because the published evidence is mixed.® Further
research is needed to better understand the nature of the relation-
ship between exposure to solid fuel smoke and asthma in both
children and adults and for both new-onset disease and disease ex-
acerbations. Studies that actually measure exposure and are thus
able to develop an exposure-response relationship would be
particularly helpful.

LUNG CANCER

Emissions generated by combustion of the main solid fuels
used for cooking and space heating, biomass and coal, can be
associated with differential cancer risk because of differences in
chemical composition. The International Agency for Research on
Cancer has concluded household use of coal is a group 1
carcinogen, whereas biomass is classified as a group 2(a) or
probable carcinogen because of more limited epidemiologic
evidence.®’

Several recent systematic reviews and meta-analyses of
household use of coal and lung cancer risk have been
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conducted.”** Few studies were conducted in countries other
than mainland China and Taiwan. Household coal use for cooking
and heating was associated with a pooled OR for lung cancer of
approximately 2. In both reviews the risk for women was some-
what greater than the risk for men.

Because the great majority of the approximately 3 billion solid
fuel users globally are exposed to biomass rather than coal smoke,
the issue of the carcinogenic risk associated with the former is an
important one. A systematic review and meta-analysis of studies
primarily conducted in Asia, although some from Europe and
North America, of cooking and/or heating with biomass found a
pooled OR of 1.17 (95% CI, 1.01-1.37).°° A case-control study
from Nepal published after this review found a somewhat greater
OR of 1.77 (95% CI, 1.00-3.14).°” Most studies find that women
have a somewhat greater risk than men.

CARDIOVASCULAR DISEASE

In contrast to the other health outcomes discussed above, the
epidemiologic evidence for an association between exposure to
solid fuel smoke and cardiovascular disease is quite limited. That
said, a remarkably consistent nonlinear relationship between
estimated inhaled dose of combustion-sourced particles measured
as PM, 5 and cardiovascular disease mortality was first demon-
strated by Pope et al.°® This dose-response relationship was
remarkable for a noncancer outcome in that it covered at least 3
orders of magnitude of dose from lowest to highest (exposure to
ambient air pollution, exposure to secondhand tobacco smoke
exposure, and active cigarette smoking). Exposures to PM, s
from solid fuel cooking lie in the range between those from
secondhand smoke and active smoking, and given that tobacco
is a kind of biomass, Smith and Peel postulated that the relative
risk for CVD from biomass fuel smoke exposure would be on
the order of 1.3 to 1.6 (Fig 3).%’

The GBD estimates for the burden of cardiovascular disease
DALYs attributable to household air pollution use interpolation
on what are now called integrated exposure-response curves (Fig
4).”° The curve derived for risk of ischemic heart disease in rela-
tion to combustion-sourced fine particles generates a relative risk
of 1.5 for high household air pollution exposure.”’° The inte-
grated exposure-response curve for stroke is similar but appears
to flatten off at levels well within the household air pollution range
at a maximum relative risk of just over 2.0. The population attrib-
utable risk for ischemic heart disease associated with household
air pollution exposure estimated by the integrated exposure-
response curve method generally goes down with economic
development as the attributable risk for ambient PM, 5 from other
mobile and power-generation sources goes up.

Although direct epidemiologic evidence remains relatively
sparse, several recent studies have provided more support for
increased risk of cardiovascular outcomes with exposure to
household air pollution. A cross-sectional Chinese study
involving more than 14,000 men and women aged 18 years or
older showed that solid fuel use (biomass and coal) for heating
and/or cooking as assessed by questionnaire showed increased
adjusted ORs (2.6) for self-report of physician-diagnosed
ischemic heart disease for ever versus never use of solid fuels
and significant trends across duration of use for stroke, hyper-
tension, and diabetes.”' Sex-stratified analysis found stronger ef-
fect estimates for women, which is consistent with their greater
exposure, as well as among nonsmokers. Other studies from
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China, Honduras, and Peru have also reported associations be-
tween household air pollution and blood pressure.”*’* A meta-
analysis of data from 12 demographic and health surveys from
10 countries showed that women who primarily cooked with solid
fuel had greater systolic blood pressure compared with those who
primarily used clean fuel.”> One study measured exposures to
household air pollution in China and provided some evidence
that clean stove and fuel interventions might reduce the burden
of cardiovascular disease.’®

Exposure to ambient PM, 5 has been shown to be associated
with metabolic dysfunction.”” Given the epidemiologic transition
from morbidity/mortality caused by infectious diseases to non-
communicable chronic conditions, such as metabolic syndrome
and diabetes, which are occurring with economic development
in many LMICs, the effect of exposure to solid fuel smoke on
these conditions remains of public health concern because
lifestyle and diet can change before cleaner fuels are available.

RESEARCH GAPS

Although RCTs of the efficacy of improved biomass stoves
compared with an open fire for the prevention of early childhood
pneumonia have been published,”’' and related studies have
suggested benefit regarding low birth weight, cognitive develop-
ment, and respiratory symptoms in adult women, more studies of
stove interventions are needed. In particular, the exposure-
response data from the Guatemala trial provide evidence that
stoves which are cleaner than the chimney stove studied would
provide greater reduction in childhood pneumonia. The ongoing
multicountry RCT of a liquified petroleum gas should contribute
data to fill the gap in our knowledge about the added benefit of
cleaner-burning stoves beyond those with chimneys.

Another gap is the lack of a well-designed longitudinal study of
the effect of improved stoves on the development of COPD in
adults exposed to biomass smoke from cooking and heating.
Although the study from Guatemala conducted in the context of
the RCT designed to prevent childhood pneumonia found no
protective effect of the chimney stove on rate of decrease in lung
function in the ITT analysis, in an exposure-response analysis
there was a protective effect.’” This finding highlights the need to
actually measure exposure to PM,s and not just use a
questionnaire-based surrogate.

Perhaps the greatest research gap involves the lack of
epidemiologic evidence to support the concept that biomass
smoke exposure leads to increased risk of cardiovascular disease
consistent with other combustion-sourced particle exposures,
outdoor PM, s, secondhand tobacco smoke, and active smoking.
The National Institutes of Health— and Gates Foundation—
funded RCT is studying blood pressure in adults as one of its pri-
mary outcomes.” The exposure-response relationship might be
different for cardiovascular compared with respiratory outcomes
and acute compared with chronic cardiovascular outcomes.

More research is needed with regard to the associations
between solid fuel smoke exposure and adult pneumonia, asthma,
and tuberculosis, either because of a paucity of data (adult
pneumonia) or conflicting results. Another unresolved issue is the
toxicity of kerosene as an alternative fuel, especially given the
recently published evidence that it substantially increases the risk
of tuberculosis.”®

Because adoption of new stoves can be a difficult transition for
households in the developing world because of both financial and
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cultural factors, more research is needed to improve our under-
standing of these potential barriers to the effectiveness of
intervention programs.

Toxicological studies (in vitro, animal, and controlled human
exposure) are needed to improve our mechanistic understanding
of the pathways by which biomass smoke causes or contributes
to disease pathogenesis. Such studies can also assist in the devel-
opment of biomarkers of both exposure and effects.”’

CONCLUSION

Cleaner cooking solutions are needed to improve the health
of the roughly 40% of the world’s population that still cooks
with solid fuel because even the most efficient stoves that burn
solid fuels emit more PM, 5 than the gas and electric stoves that
are used by developed world households. This has led some ex-
perts to suggest that electrification of developing countries,
perhaps through local solar power generation and the use of
relatively inexpensive induction cookers, might be the most
effective way to reduce exposure to household air pollution in
LMICs.

A final policy note is that black carbon generated from biomass
combustion is an important short-lived climate-forcing agent."
Interventions to improve the efficiency of combustion of solid
fuels or better, which eliminate combustion of solid fuels alto-
gether, would provide a major climate change mitigation cobene-
fit in addition to the public health benefits described above.
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