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Abstract

A third of the world’s population uses solid fuel derived from plant material (biomass) or coal for 

cooking, heating, or lighting. These fuels are smoky, often used in an open fire or simple stove 

with incomplete combustion, and result in a large amount of household air pollution when smoke 

is poorly vented. Air pollution is the biggest environmental cause of death worldwide, with 

household air pollution accounting for about 3·5–4 million deaths every year. Women and children 

living in severe poverty have the greatest exposures to household air pollution. In this 

Commission, we review evidence for the association between household air pollution and 

respiratory infections, respiratory tract cancers, and chronic lung diseases. Respiratory infections 

(comprising both upper and lower respiratory tract infections with viruses, bacteria, and 

mycobacteria) have all been associated with exposure to household air pollution. Respiratory tract 

cancers, including both nasopharyngeal cancer and lung cancer, are strongly associated with 

pollution from coal burning and further data are needed about other solid fuels. Chronic lung 

diseases, including chronic obstructive pulmonary disease and bronchiectasis in women, are 

associated with solid fuel use for cooking, and the damaging effects of exposure to household air 

pollution in early life on lung development are yet to be fully described. We also review 

appropriate ways to measure exposure to household air pollution, as well as study design issues 

and potential effective interventions to prevent these disease burdens. Measurement of household 

air pollution needs individual, rather than fixed in place, monitoring because exposure varies by 

age, gender, location, and household role. Women and children are particularly susceptible to the 

toxic effects of pollution and are exposed to the highest concentrations. Interventions should target 

these high-risk groups and be of sufficient quality to make the air clean. To make clean energy 

available to all people is the long-term goal, with an intermediate solution being to make available 

energy that is clean enough to have a health impact.
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Introduction

Definition of household air pollution

Household air pollution (HAP) is usually measured indoors, and arises from domestic 

activities of cooking, heating, and lighting, particularly in low and middle income countries 

(LMICs). 3 billion people worldwide are exposed to toxic amounts of HAP every day 

because they use solid fuels, a term that includes biomass fuels (derived from plant sources) 

or coal for combustion resulting in the release of products of incomplete combustion such as 

carbon monoxide and particulate matter (PM). Furthermore, solid fuel is commonly used in 

homes with poor or absent chimney ventilation of smoke.

Cooking is the energy requirement that consumes most solid fuel worldwide. The sources of 

fuel vary considerably, with coal use being predominant in China, described in the later 

section on lung cancer, but wood and charcoal being more common in Africa and India. 

Animal dung is used among pastoralist communities, particularly those at high altitude (eg, 

Nepal, Afghanistan) or in savannahs where wood is rare (eg, Kenya, Ethiopia). Fuel-

deprived communities often burn domestic rubbish and plant residues (eg, straw, maize 

husks); whereas urban communities commonly burn kerosene or charcoal. The toxic content 

of smoke from all of these fuels differs widely and has overlap with the known toxicity of 

traffic, industrial, and tobacco smoke. Lighting can also result in substantial HAP. Smoky 

unvented wicks in simple lamps that burn kerosene and in candles can result in substantial 

black carbon smoke. The increasing availability of light emitting diode (LED) lamps has 

reduced this form of pollution, but it remains a major problem. Heating needs are highly 

variable by latitude, altitude, and season. In extreme climates (eg, Nepal, north India), 

ventilation is deliberately minimised to conserve energy, resulting in extremely toxic 

amounts of HAP for a substantial proportion of the year. Urban poor people in Africa often 

bring a simple cooking stove indoors to keep their sleeping area warm at night.

The behavioural context of HAP

Household behaviour for cooking, lighting, and heating varies by culture, gender, age, and 

socioeconomic status. These behavioural norms determine both exposure and resulting 

health risks for women, children, and men. Cultural differences define a fascinating range of 

cooking methods, from roasting over flame or in an open earthen oven, to boiling, broiling, 

steaming, and stewing, found almost everywhere. In most cultures, women have a leading 

role in domestic cooking, with men cooking when at work or away from home. In the typical 

domestic context, therefore, women have several periods of intense cooking smoke exposure 

per day. Young children and infants, typically carried on the back or placed near their mother 

to sleep, are also exposed to these short, very high level, exposures to smoke (figure 1). 

There is particular concern when young children are exposed to smoke because data suggest 

that smoke exposure during the window of developmental susceptibility in early life is 

particularly detrimental. Men in most cultures have greater exposure to occupational, 

industrial, or agricultural smoke, and higher consumption of tobacco, which is outside the 

scope of our Commission; however, we note the confounding effect of these exposures on 

studies of HAP.
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Socioeconomic status is a major predictor of exposure to HAP in most cultures. The less 

expensive fuel options in any context are generally less efficient fuels, produce more smoke, 

and are used by people with the most poorly designed homes. For example, propane, liquid 

petroleum gas (LPG), or ethanol often burn very cleanly, but remain too expensive for many 

households. Electricity is the least polluting form of domestic energy (assuming that 

households are geographically separated from power stations), but is not affordable to most 

people. As we descend the energy ladder1 to cheaper forms of fuel (such as charcoal, wood 

and dung or crop residues), there are polluting fuels with both poor combustibility and 

highly toxic emissions. Simple homes built with mud, thatch, and animal skins rarely have a 

chimney and, when present, the chimney is usually a simple vent with no air-drawing flue. 

In addition, correctly installed flues must be maintained with regular inspections and 

cleanings, an activity that, when not done, can result in marked increases in HAP.

The global burden of disease attributed to HAP

Poverty, disease, and the use of solid fuel are inextricably linked because poverty is a risk 

factor for disease in all communities (figure 2). The attribution of disease burden to HAP 

exposure or other risk factors is complex and needs systemic analysis from multiple 

perspectives. The 2012 report of the comparative risk assessment2 for the Global Burden of 

Disease study (GBD) 2010 is the gold standard for such analysis, and its findings attributed 

nearly 3·5 million deaths to direct exposure to HAP. HAP is also an important contributor to 

ambient air pollution (estimated to contribute 16% of the global disease burden from 

ambient air pollution), as detailed in the methods of the report.2 Deaths from air pollution, 

including from HAP and ambient air pollution, far exceed deaths attributed to other 

environmental factors (table 1). The great increase in the disease attribution between 

previous comparative risk assessments and the GBD in 2010 resulted partly from inclusion 

of cardiovascular and cerebrovascular deaths associated with HAP exposure. The WHO 

Global Health Observatory report3 updated the estimates and noted that HAP caused 4·3 

million deaths worldwide in 2012, and ambient air pollution caused a further 3·7 million 

deaths.

HAP is associated with many health effects, including both acute and chronic disorders, 

pulmonary and systemic. Respiratory risks are the focus of this review and so we devote full 

sections to respiratory infections, chronic lung diseases, and cancers. It is important, 

however, not to neglect the cardiovascular risks associated with HAP, which have been 

reviewed elsewhere.4 Data support a role for HAP in the pathogenesis of both myocardial 

infarction and hypertension-related stroke.5 There are other factors that are also beyond the 

scope of our Commission. For example, the burning of solid fuel in either open fires or 

simple stoves results in frequent burns to adults and particularly to children. Burns in 

children are often severe. There are also indirect health risks to women and children 

gathering fuel including trauma, assault, and injury.

Interventions to reduce respiratory and other health risks from HAP

HAP is now recognised to be a modifiable exposure against which specific interventions 

such as the use of improved fuels, cookstoves, or heaters, and improved ventilation using 

improved cooking technology, can improve human health. In practice, culturally acceptable 

Gordon et al. Page 5

Lancet Respir Med. Author manuscript; available in PMC 2016 October 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



and context-specific solutions involve consideration of many factors including combinations 

of interventions. In 2011, RESPIRE6 showed, for the first time using a randomised 

controlled trial (RCT), that a reduction in disease is possible—in this case a reduction in 

severe pneumonia in children after a chimney stove intervention to reduce HAP. Similar 

RCTs are continuing elsewhere in the world, from Nepal to Ghana to Malawi, that use 

different technologies, both to reduce exposure to HAP and to determine the exposure–

response. Such data provide the evidence base to understand how much exposure levels need 

to be reduced to improve health worldwide. Now that such information is becoming 

available, it will drive commitments by governments, industries, and non-governmental 

organisations (NGOs) to find culturally sensitive, affordable, and sustainable technologies 

that households can use to reduce the burden of preventable death.

Of many fuels used worldwide, the most popular are electricity and gas; indeed most people 

living in high-income countries use a combination of electricity for oven use and gas for pot 

cooking. Both are clean fuels and, although electricity is easily and safely delivered 

throughout cities and rural areas, the greater immediate control when cooking with gas 

makes it an attractive option. There are, however, alternative fuel solutions with intermediate 

cost that have widespread applicability in middle-income regions that retain some of the 

features of gas cooking. Pellets made of wood or crop residues offer much better burning, 

particularly in combination with an advanced cookstove, than does wood. Clean liquid fuels 

such as propane, LPG, and biofuels such as ethanol are all increasingly available, but are not 

often used because of costs, for cooking needs such as boiling water for tea or similar items. 

Biogas for villages is another clean fuel possibility that could be an inexpensive and clean 

energy source for a household, but needs a substantial initial investment, which might well 

prove cost-effective in time. Ultimately, ideal clean fuels could be made available throughout 

the world, but they are not presently realistic for most households in LMICs.

Improved cookstove technology for households living in poverty in LMICs has been 

available for 40 years, initially driven by the need to reduce fuel use that caused 

deforestation and, more recently, by health risks from HAP. This historical imperative to 

reduce wood use by improved cooking efficiency led to the invention of many stoves that 

burn less fuel (usually wood), but, in the absence of known health effects, less consideration 

has been given to the concentration and toxicity of emissions. Improvements in cookstove 

design often come as a result of controlling entrainment of air during combustion or with 

assisted ventilation such as a fan that might use a battery, thermoelectric generator, or 

another source of electric assistance. Insulated heat direction, correct use of a pot 

appropriate for the stove, and careful fuel selection (at least dry wood) are other important 

improvements in design. There are a wide variety of cookstoves available worldwide (figure 

3), with equally variable levels of efficiencies that can reduce fuel use or emissions.7 The 

kitchen performance test that is used to compare alternative technologies typically measures 

weight of fuel used to heat a defined volume of water to boiling point; improved stoves can 

improve the percentage of energy transferred from fuel to water from less than 20% (three-

stone fire) to more than 80% (advanced cookstoves; figure 4). Unfortunately, available 

kitchen performance tests do not include a measure of toxicity. Certain innovative and 

attractive solutions involving renewable energy (eg, solar cookers) can be very effective at 

reducing cooking-related exposures to zero. However solar cookers have limited use because 
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the cooking is not easily controlled, the time and location of cooking needs access to the 

sun, and it is often viewed as not being culturally suitable (eg, when staples need to be 

cooked at night, etc). Many new technologies are being developed that will enhance the 

efficiencies of various cooking and heating solutions, with particular attention to products 

that effectively reduce exposures to HAP, improve safety to avoid burns and scalds, and 

enhance multiple household uses of energy from solid and liquid fuel combustion. Such 

progress is needed to increase market demand for such improved cooking and heating 

solutions.

House design is shaped by people developing pragmatic solutions to deal with climate and 

security with use of materials available locally. Chimneys are far from being universally 

available and, even when built, chimneys must be correctly designed and installed and have 

regular maintenance to be effective. In many cultures, the solution to not having smoke from 

open fires or non-ventilated stoves is cooking outdoors or on simple verandas. This seems 

like a simple and direct solution, but the exposure to the smoke might remain unacceptably 

high, even outdoors, and it is dependent on weather and season. Simple ventilation solutions, 

including air bricks and holes in the roof or eaves, can greatly reduce levels of HAP. 

Adapted ovens such as the plancha stove in Guatemala or Afghanistan that pipes smoke 

from a central oven out of the house are also effective interventions to reduce HAP. These 

interventions need behavioural changes in activities that are held very precious in life, and so 

there can be immediate resistance to implementation of ventilation.

Even the most effcient technology fails if adoption is only for a brief period after 

introduction, or if the new technology is used concurrently with traditional methods. This 

latter behaviour, known as stacking, is common in western kitchens, in which use of an 

oven, cooker, toaster, and microwave is now usual. Combined use of new and old 

technologies in households in LMICs at risk from HAP negates any reduction in health risks 

by new efficient cooking or heating technologies. To reduce HAP, households and 

communities must share a substantial will to change behaviour at both the household and the 

community level. This effort involves not only an affordable effective technology but also an 

appreciation of the benefits of change. In fact, it is unusual for communities to change 

behaviour to achieve a health-related benefit. More attractive benefits include the 

convenience in cooking, economy of fuel use, time savings for gathering fuel and cooking, 

and the value of it being more modern. Modern co-benefits include stoves that also charge a 

mobile phone or battery light with use of thermoelectric coupling.

Global efforts to reduce HAP

Climate change and the increasing demand for energy, along with an increasing awareness 

of pollution having an adverse health effect on women and children, have driven a global 

interest to reduce HAP. Starting with the US Environmental Protection Agency’s Partnership 

for Clean Indoor Air (PCIA), hundreds of motivated NGOs have joined with government 

and international organisations to design innovative and regionally specific solutions. In 

2010, the US Government, together with the UN Foundation, created a public–private 

partnership that incorporated the PCIA into the Global Alliance for Clean Cookstoves, 

enhancing development and implementation of clean cooking solutions for millions of 
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households, to reduce the effect of deforestation and climate change, and to empower 

women. In addition, the UN launched the Initiative for Sustainable Energy for All in 2011 as 

a set of plans to provide clean cooking energy for people at the bottom of the world’s energy 

ladder through the advancement of cleaner technologies, such as LPG by the year 2030. 

Such efforts offer interdisciplinary platforms to promote global change in energy use for 

poor people that can result in major economic and social improvement, and ultimately, 

reduce the global burden of disease, especially diseases related to HAP.

Summary

Air pollution is the number one environmental cause of death in the world, with HAP being 

a major contributor to this burden. In this Commission, we discuss evidence to link HAP 

with respiratory infections, chronic lung diseases, and respiratory tract cancers. We then 

review issues with quantifying the exposure. Finally, we discuss available interventions and 

those in development to reduce HAP.

Respiratory infections

Introduction

Respiratory infections are a leading cause of morbidity and mortality across all ages, 

particularly in children younger than 5 years.8 Most of this burden occurs in countries where 

solid fuels are the primary source of household energy. In this section, we discuss what is 

known about the contribution of HAP to respiratory infection. We assess the biological 

plausibility of a causal role of HAP on respiratory infections, partly drawing from evidence 

about the role of cigarette smoking (direct exposure in adults and second-hand exposure in 

children) in infections of the lower respiratory tract.9–12 In addition, we examine the 

relation of HAP exposure to other risk factors for respiratory infection in LMICs, 

particularly HIV infection and malnutrition. The burden of respiratory infection will be 

relieved only when all risk factors are addressed (figure 5).

Is HAP a risk factor for respiratory tract infections in infants and children?

About 700 000 of the 3 million neonatal deaths that occur every year in low-resource regions 

are due to serious infection.13 Most serious neonatal infections are bacterial,14 half of 

which are due to neonatal pneumonia. Signs of sepsis and pneumonia in young babies are 

notoriously subtle and difficult to recognise,15 and so many studies of HAP exposure in 

neonates have focused on mortality rather than infection. With use of results from two 

studies, Bruce and colleagues16 calculated a pooled odds ratio (OR) of 1·14 (95% CI 0·87–

1·48) for neonatal mortality in households using solid fuels;17,18 both studies included 

kerosene in the reference (clean fuel) group. Since then, Epstein and colleagues19 reported 

that neonatal death in India was strongly associated with household use of coal (18·54, 6·31–

54·45) and might be associated with kerosene, but the OR for kerosene crosses the null, so 

the risk is not clear (2·30, 0·95–5·55). Solid fuel use was associated with increased risk of 

neonatal death in infants born to women with no further than primary school education 

(7·56, 2·40–23·80). Although a relationship is plausible, the evidence for whether HAP has a 

role in neonatal sepsis and pneumonia, as well as death, is weak and additional studies are 

needed to clarify.
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Acute lower respiratory infections (ALRIs) such as pneumonia or bronchiolitis are the 

leading cause of mortality in children aged 2 months to 5 years worldwide, and infections 

occur mostly in LMICs. In 2010, about 1·3 million children aged younger than 5 years died 

of pneumonia.20 Several meta-analyses and systematic reviews have summarised the 

relationship between HAP from solid fuels and risk of acute respiratory infection (upper and 

lower respiratory infections) in children. Diagnosis of acute respiratory infection is based 

mostly on parent-reported symptoms and lacks diagnostic and aetiological specificity. In a 

meta-analysis of 27 studies for morbidity endpoints in children from households using solid 

fuel, Dherani and colleagues21 reported a summary OR of HAP and pneumonia (ALRI) of 

1·78 (95% CI 1·45–2·18), whereas a meta-analysis of eight studies from Po and 

colleagues22 produced a summary risk ratio for acute respiratory infections of 3·53 (1·93–

6·43). The differing effect size estimates might be due to heterogeneous definitions of 

exposure (HAP) and outcome (pneumonia, acute respiratory infection). Both meta-analyses 

included studies in which kerosene was classed as a clean fuel, possibly resulting in a bias 

towards a lesser effect. A 2013 case-control study of clinically diagnosed ALRI in children 

younger than 36 months in Nepal compared use of kerosene or solid fuel for cooking to 

electric stoves.23 Compared with electric stoves, kerosene (OR 1·87, 95% CI 1·24–2·83) and 

solid fuel use (1·93, 1·24–2·98) were both significantly associated with ALRI. A recent 

estimate of the global disease burden of HAP suggests that every year, household solid fuel 

use causes 455 000 ALRI deaths, the loss of 39 100 000 disability-adjusted life-years, and 

an ALRI population attributable fraction of 52%.24

Recurrent acute otitis media can lead to chronic suppurative otitis media. Chronic 

suppurative otitis media is a frequent childhood infectious disease and the most common 

cause of hearing impairment in children, occurring mostly in resource-poor populations. It 

results in speech delay and educational difficulties, with subsequent reduction in long-term 

societal economic productivity.25 Second-hand smoke exposure, particularly from 

household tobacco smoke, is an established risk factor for acute otitis media.26 HAP might 

also be a risk factor for acute otitis media and chronic suppurative otitis media, but only two 

studies, both from Nigeria, investigated this possibility. One study showed that compared 

with controls, children with chronic suppurative otitis media were more likely to be exposed 

to indoor rather than outdoor cooking (adjusted OR 2·34, 95% CI 1·18–4·66), but stove and 

fuel type were not reported.27 A cross-sectional study of 600 children aged 0–12 years 

showed an association (p<0·05) between chronic suppurative otitis media and exposure to 

wood smoke from household cooking, but few details were reported.26 So far, there is 

inadequate evidence for a causal role of HAP in otitis media.

Few studies have examined the association between tuberculosis in children and combustion 

of solid fuel, probably because of the challenges of tuberculosis diagnosis in children. We 

identified two studies from India, a country with one of the highest tuberculosis burdens. 

One study showed no association between tuberculosis and use of solid fuel relative to LPG 

use in children aged 0–14 years (crude OR 1·32, 95% CI 0·86–2·01);28 the other reported an 

adjusted OR of 2·67 (1·02–6·97) for tuberculosis and exposure to HAP in children younger 

than 5 years.29 The reason for the discrepancy is not clear, but the first study included both 

pulmonary and extrapulmonary tuberculosis, whereas the second focused on pulmonary 
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tuberculosis. With these sparse and conflicting results, the role of HAP in pulmonary and 

extrapulmonary tuberculosis in children remains unclear.

Is HAP a risk factor for respiratory tract infections in older children and adults?

Most published studies have focused on ALRI in children or acute respiratory infections in 

women because of their risk of exposure to HAP during cooking. Acute respiratory infection 

includes upper respiratory tract infection and lower respiratory tract infection (ALRI), with 

ALRI being the more serious. Unfortunately, the literature is not always clear about whether 

the acute respiratory infection is upper respiratory tract infection or ALRI. As with children, 

acute respiratory infection is usually diagnosed on the basis of self-reported symptoms 

(cough and difficult or rapid breathing) and is likely to be predominantly upper (less 

invasive) respiratory infections, not ALRI. We identified four reports on associations 

between HAP and acute respiratory infections in adults. Two of these studies reported a risk 

of association between HAP exposure and acute respiratory infections but did not take into 

account possible confounders.30,31 Taylor and Nakai32 examined acute respiratory 

infections in 520 women aged 15–45 years in Sierra Leone who used wood or charcoal for 

cooking. The OR of acute respiratory infections for cooking with wood compared with 

charcoal was 1·14 (95% CI 0·71–1·82), but since charcoal is not a clean-burning fuel, the 

results of this study are difficult to interpret. Use of charcoal has itself been associated with 

paediatric respiratory infections.33 The fourth study7 reported acute respiratory infections 

and ALRI and measured PM10 (PM up to 10 μm in size) in village huts in a rural Kenyan 

population. For both acute respiratory infections and ALRI, there was an increasing 

exposure–response relationship between measured exposure to PM in the 229 participants, 

both men and women, aged 5–49 years. This study presents the most convincing available 

evidence that HAP is associated with acute respiratory infections and ALRI in adults, but 

overall, the evidence is weak.

Since exposure to tobacco smoking is a risk factor for pulmonary tuberculosis,11,12 HAP 

might also increase the risk of pulmonary tuberculosis. Slama and colleagues34 reviewed six 

epidemiological studies on the possible relationship between use of polluting fuels and 

pulmonary tuberculosis, mostly in women. They concluded that there was insufficient 

evidence for an association between pulmonary tuberculosis and HAP. Consequently, the 

GBD 2010 study did not include a potential role of HAP in pulmonary tuberculosis. After 

the Slama review, Sumpter and Chandramohan35 re-examined the relationship between 

tuberculosis and HAP in a meta-analysis of seven studies.36–42 They reported a summary 

OR for all participants of 1·30 (95% CI 1·04–1·62) and 1·70 for women (1·10–8·20), 

although there was heterogeneity among study results. A study by Woldesemayat and 

colleagues,43 published after the meta-analysis, showed no association between tuberculosis 

and use of solid fuels for cooking, but nearly all participants used solid fuels, so there was 

insufficient exposure variation for useful analysis.43

A case-control study from Nepal showed an OR of 3·45 (95% CI 1·44–8·27) for risk of 

tuberculosis with use of solid fuel for heating, but use of solid fuel for cooking had an OR of 

1·21 (0·48–3·05).36 The authors suggested the difference might be attributable to higher 

exposures from the reduced ventilation and proximity to the fire during heating of the house. 
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The same study reported associations between tuberculosis and use of a kerosene cooking 

stove (3·36, 1·01–11·22) and kerosene lamps for lighting (9·43, 1·45–61·32). The high 

relative risk estimate associated with lighting could have been due to prolonged proximity to 

the lamps. One limitation of this study was selection of tuberculosis cases from a regional 

tuberculosis centre, whereas controls were recruited from a nearby hospital. By contrast, 

Lakshmi and colleagues42 reported no association between tuberculosis and kerosene stove 

use in a study in India, and Woldesemayat and colleagues43 also showed no association 

between tuberculosis and kerosene lamp use in Ethiopia. In summary, the relationship 

between HAP and tuberculosis in adults is not established. Additional studies that measure 

emissions and document the diagnosis of tuberculosis are needed.

Effects of HAP on mechanisms of defence against respiratory tract infection

Before consideration of cofactors that change the interaction of HAP and infection 

epidemiology, or of mitigating strategies to reduce the adverse effect of HAP on pulmonary 

infection, we briefly review the effect of HAP on pulmonary defence against infection. HAP 

includes both PM and pollutants that induce specific responses at multiple levels of the 

respiratory tract.44 Deposition of constituents of HAP begins in the nasopharynx and 

continues throughout the respiratory pathway to the alveolus, with each level filtering and 

protecting the lower airways. Particles of 2·5 μm or less (PM2·5) can reach the alveolus, and 

ultrafine particles (<100 nm) might translocate to the systemic circulation.45

HAP-induced epithelial inflammation46 might change the integrity of the epithelial barrier 

and increase the risk of bacterial invasion.47 Wood smoke has adverse effects on 

surfactant48 and cilial function.49 To offset particle oxidative effects, epithelial lining fluid 

contains high levels of the antioxidant glutathione,50 which is up-regulated after exposure to 

wood smoke.51 Although incompletely studied, such redox changes will probably alter host 

response to infection52,53 through effects on inflammatory signalling54 and recognition of 

apoptotic cells.55 Streptococcus pneumoniae relies on extracellular glutathione to survive 

oxidative insults,56 and changes in the epithelial lining fluid might also alter the bacterial 

responses.

HAP induces acute effects on lung cells, chronic adaptive responses in lung biochemistry, 

and altered resolution of infection responses in the lung. Different fuels result in many 

different particle sizes and also very different toxicities, with HAP from burned animal dung 

being particularly toxic.57,58 Pro-inflammatory responses are seen in firefighters acutely 

exposed to wood smoke, with increased oxidative stress resulting in systemic interleukin-8 

rises and neutrophilia.59,60 Experimental acute exposure of human beings to wood smoke 

also causes pulmonary inflammation and oxidative stress, as measured by increases in 

exhaled nitric oxide and malondialdehyde.61 Inflammatory responses depend on particle 

source, size, composition, and adsorbed molecules,62 particularly the organic fractions.63 

However, there are some potential differences between smoke from wild fires and HAP,57 

which limits the generalisability of data from firefighters. Specifically, smoke from wild 

fires is more potent than conventionally collected ambient particles,64 and whereas ultrafine 

particles (<100 nm) have greater oxidative and inflammatory potential due to their large 
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surface areas, in HAP, larger particle effects (PM2·5–10) might be more important because of 

adsorbed endotoxin,66 which is particularly prominent in sources of HAP.67

Non-opsonised particles that reach the alveolus might interact with macrophage scavenger 

receptors, such as the scavenger receptor A group of surface proteins, including MARCO,68 

allowing their phagocytic clearance. The same receptors define the inflammatory state of 

alveolar macrophages,69 and participate in uptake of bacteria,70 providing a potential for 

interaction between infective and inert inhaled particles, although the relevance of this 

finding has not been fully explored. Indeed, exposure to inhaled ultrafine carbon in mice 

enhances survival from subsequent pneumococcal infection.71 This counterintuitive finding 

is associated with increased early neutrophil influx and suggests that the timing of 

inflammation is important—ie, early and focused responses are advantageous.

The little evidence available for subacute and chronic HAP exposure (in vivo) suggests that 

compensatory changes limit inflammatory responses in mice, with lower interferon-γ 
response in T-cell co-culture 7 days after exposure to wood smoke.72 In rats, the lung shows 

minor pulmonary inflammation and reduced interleukin-1β after 70 days of in-vivo HAP 

exposure.73 Similar findings of reduced release of interleukin-8 by ex-vivo alveolar 

macrophages at baseline, and after further challenge with wood smoke particles, have been 

seen in human beings exposed to HAP.72,74 Adequate cytokine and chemokine responses 

are important for neutrophil recruitment.75 A dampened inflammatory response mediated by 

both altered glutathione metabolism and regulatory T cells could explain why HAP-exposed 

individuals show increased susceptibility to respiratory infections and pneumonia.76

HAP exposure might also affect the clinical course of respiratory infections. During 

established infection, alveolar macrophages act to contain pathogens and limit the 

inflammatory milieu. This response improves bacterial clearance77 and reduces mortality78 

in mice with pneu-mococcal pneumonia. Alveolar macrophages exposed to urban and 

ultrafine carbon particles have diminished capacity for phagocytosis of S pneumoniae, and 

show evidence of oxidative stress,79,80 which might adversely affect the inflammatory 

balance and bacterial containment.80 Later, phagocytosis of apoptotic neutrophils 

(efferocytosis)81 and timely alveolar macrophage apoptosis82 seem key for survival. 

Cigarette smoke is known to reduce alveolar macrophage efferocytosis,83 but data for HAP, 

particularly for the containment of respiratory pathogens including pneumococcus and 

Mycobacterium tuberculosis, are not available.

The lung microbiome

Recent studies indicate that the lung is not sterile.84 HAP changes mechanisms of defence 

against infection, and so it is plausible (but not yet proven) that HAP modifies bacterial 

populations throughout the respiratory tract; these changes in the native flora might alter the 

risk of respiratory infection. Receptor-dependent adhesion to respiratory epithelium of S 
pneumoniae increases in cigarette smoke exposure,85 and there is increased ribosomal RNA 

from Streptococcus genus in the bronchoalveolar lavage fluid of individuals who are highly 

exposed to particulates (Rylance J; unpublished).
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HAP and other important risk factors for respiratory infection

Risk of ALRI from HAP must be considered in the context of other important risk factors 

that enhance susceptibility to respiratory infection such as under-nutrition and HIV 

infection. These risk factors might relate to shared underlying mechanisms of disease as 

noted above, or might be crucial to develop an integrated approach to reduce the global 

burden of disease from pneumonia and other life-threatening respiratory infections. Briefly, 

we review these other risks and the opportunities to seek a more integrated approach to 

global ALRI prevention.

Undernutrition includes a range of diseases, from severe protein energy malnutrition 

including stunting and severe wasting, to micronutrient deficiencies, to suboptimal 

breastfeeding. Undernutrition is reported to be causative in a third of deaths of children 

younger than 5 years, of which many are due to ALRI.86 Severe protein energy 

malnutrition, particularly severe wasting (low weight for height: weight-for-height Z score 

<–3), is an important cause of secondary immunodeficiency worldwide, resulting in 

diminished cell-mediated (T-cell) immunity, immunoglobulin A in secretions, complement 

concentrations, and phagocytosis.87 Children with severe protein energy malnutrition are at 

increased risk of infection, including ALRI, and of mortality from ALRI.88–90 Severe 

protein energy malnutrition also includes severe stunting (low height for age) and reflects 

chronic malnutrition. Stunting affects 162 million children worldwide, 92% of whom live in 

Asia or Africa.91 Risk factors for stunting include lack of appropriate breastfeeding, chronic 

infection, or inflammation, and recurrent diarrhoea, and exposure to HAP. Bruce and 

colleagues16 reported that HAP exposure was associated with both moderate stunting 

(pooled OR 1·27, 95% CI 1·12–1·43) and severe stunting (1·55, 1·04–2·30). Although it has 

not been specifically studied, the combined insults to the immune system in malnourished 

children exposed to HAP probably work synergistically to increase the risk of ALRI and 

adverse outcomes.

Exposure to HAP is associated with a depletion of antioxidants and an altered balance 

between oxidant and antioxidant compounds,92 and a similar association has been reported 

in children exposed to second-hand smoke.93,94 Although there is no direct evidence that 

nutritional factors modify the effects of HAP on risk of respiratory tract infection, several 

studies raise the possibility that good nutrition could mitigate the harmful proinflammatory 

effects of HAP.95 Pregnant women exposed to PM2·5 who consumed higher amounts of fish 

had a lower risk of having a low birthweight baby,96 and in mice models investigating the 

combined effects of malnutrition and air pollution, zinc and vitamin E supplementation 

mitigated the harmful effects of air pollution.97,98 Conversely, an in-vitro study showed that 

high fructose and LDL increased the oxidative damage caused by ultrafine carbon particles.

99 Trials of micronutrient supplementation for the prevention or treatment of ALRI have had 

mixed results.100–103 Although zinc,104,105 vitamin D,106,107 and multivitamins108,109 

seem to be the most promising, the effect of giving micronutrients to women and children 

exposed to HAP has not been studied directly. Thus, animal and human studies indicate that 

nutrition might modulate the immune response to respiratory infection, and might be an 

effect modifier for the relationship between HAP and its harmful effects. Although the 

benefits of improved nutrition are self-evident by themselves, the primary approach to 
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mitigation of the effect of environmental exposures such as HAP or tobacco use should not 

be through nutrition or other modifiers, but through reduction of exposures.

Tobacco-smoking patients with HIV often have severe emphysema, but this presentation is 

uncommon in LMICs. Individuals with HIV in LMICs are at higher risk of infection from 

many respiratory pathogens, therefore, they might be disproportionately affected by HAP. 

Although there is little direct evidence for the interaction between HIV infection and HAP, a 

2013 meta-analysis of 14 observational studies showed that tobacco smoking increases the 

risk of bacterial pneumonia in patients with HIV, and that smoking cessation is effective to 

decrease that risk.110 Two studies of the effects of outdoor air pollution on pneumocystis 

pneumonia showed that exposure to higher temperatures and sulphur dioxide were 

associated with increased risk of hospital admissions due to pneumocystis pneumonia,111 

and that the serological immune response to pneumocystis pneumonia was attenuated by 

both ambient PM (PM10) and cigarette smoking.112

HAP reduction and vaccination as related strategies to reduce respiratory infections

Pneumonia vaccines are very important for ALRI prevention. Pneumococcal conjugate 

vaccines have resulted in dramatic and sustained reductions in invasive pneumococcal 

disease in resource-rich and resource-poor countries; however, their effect on radiologically 

confirmed pneumonia has been slight and effects on incidence of clinical pneumonia are 

poor, both in RCTs113–118 and observational studies.119–123 The small effect is 

predictable because pneumonia might be caused by a wide range of pathogens, including 

vaccine-type pneumococci, and pneumococcal serotypes not included in current conjugate 

vaccines (ten-valent and 13-valent pneumococcal conjugate vaccines).124–127 Although 

pneumococcus is a major cause of pneumonia, reductions in clinical pneumonia will need 

approaches that work broadly across a range of respiratory infections, including mixed 

infection, with many different causative pathogens.

Despite their small direct effectiveness, programmes for pneumococcal conjugate vaccine 

have resulted in large absolute reductions in pneumonia hospitalisation in wealthy countries,

119 although this outcome was not observed in all settings,120 and evidence from LMICs is 

sparse.128,129 The longevity of population level benefits might be shortened by serotype 

replacement occurring rapidly after vaccine introduction (as seen with seven-valent 

pneumococcal conjugate vaccines),130–132 and by subsequent increases in non-vaccine-

serotype pneumonia. H influenzae type b vaccines reduce pneumonia burden in low-income 

countries,133 and some evidence also supports a herd effect.134 However, vaccination will 

not affect the burden of colonisation with non-typable (not type b) H influenzae, which is 

substantially more common in developing countries than is H influenzae type b135 and has 

long been recognised as an important cause of pneumonia.127,136 Vaccines are very 

important weapons in the battle against pneumonia, but will only ever be partially effective. 

Complementary strategies to reduce the burden of pneumonia-associated morbidity and 

mortality remain necessary.

Effectiveness of vaccine against pneumonia might be further impaired by HAP exposure 

through two potential mechanisms: first, directly reduced vaccine immuno-genicity; or 

second, an increase in bacterial colonisation of the nasopharynx—a necessary prerequisite 
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for subsequent pneumonia (table 2). The little evidence available argues against directly 

reduced vaccine immunogenicity. In a study of seven-valent pneumococcal conjugate 

vaccines in adults, people who smoked had lower immune responses to vaccination with 

seven-valent pneumococcal conjugate vaccines for two reported serotypes (6B and 23F) than 

did people who did not smoke.137 But another study in adults showed no association 

between pneumococcal disease serotype and being a current tobacco smoker.138 A study of 

the effectiveness of H influenzae type b vaccine against radiological pneumonia in children 

showed no evidence of effect modification by smoke exposure.139 Studies of pneumococcal 

polysaccharide vaccines140,141 and influenza vaccines142 in adults also adjusted for 

smoking status, but none reported whether smoking was a significant predictor of vaccine 

response.

The evidence that smoke exposure increases bacterial colonisation arises from studies of 

tobacco smoke. Maternal tobacco smoking was associated with earlier acquisition of 

pneumococcal colonisation in infants in a study from the Thai–Myanmar (Burma) border,

143 whereas a study in Perth reported no such association.144 Neither study addressed 

exposure to cooking smoke or household use of open fires. A study in Kenya showed that 

there was earlier pneumococcal carriage in infants exposed to tobacco smoke and to cooking 

smoke.145 A cross-sectional study from Taiwan reported an association between tobacco 

smoke exposure and pneumococcal colonisation only in unvaccinated children (and not in 

vaccinated children).146

For adults with HIV who were vaccinated with the pneumococcal conjugate vaccine, 

smoking tobacco remained a significant risk factor for subsequent pneumococcal 

colonisation.147 Investigators did a prevalence survey of pneumococcal carriage in a high-

burden indigenous population in the Northern Territory of Australia after widespread uptake 

of seven-valent pneumococcal conjugate vaccine and polysaccharide vaccine booster.148 

Pneumococcal carriage was associated with exposure to open fires in adults, but surprisingly, 

they reported no association with pneumococcal carriage in children. The absence of data for 

HAP and colonisation in children is a knowledge gap that needs to be addressed by future 

studies.

Long-term view of HAP reduction and vaccination interaction

Vaccination against respiratory pathogens reduces the burden of ALRI, and widespread 

implementation programmes are in place. The longevity of population benefits from 

vaccination will be limited by replacement disease due to pathogens not covered by 

vaccines. Additionally, there is a significant burden of ALRI in the first 6 months of life, 

during the time that immunisations are being given and before fully protective immunity is 

achieved; and so complementary strategies to reduce ALRIs are important even in the era of 

new-generation conjugate vaccines.

Summary

Despite many reports on HAP and respiratory infections, there are numerous knowledge 

gaps and concern about the quality of available data. Considerable progress could be made 

by adding household and personal measures of exposure to HAP and tobacco smoke and 
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improved diagnosis of respiratory infections to epidemiological studies, particularly if useful 

biomarkers or surrogate markers were also available.149 Future vaccine trials or 

effectiveness studies should include measures of exposure to HAP and tobacco smoke and 

effects on bacterial and viral carriage in the nasopharynx.

Since HAP affects mainly children and adults living in poverty, the additional risk factors of 

undernutrition, co-infection, and poor growth (all highly prevalent in low-resource settings) 

augment the effects of HAP. In populations for which HAP cannot readily be eliminated by 

provision of reliable electricity, combating its effects will need a multipronged approach that 

addresses each contributor to the causal pathway of HAP-related respiratory infection. 

Reduction of ALRI or pneumonia is a global priority,150 and will need the study of 

multimodal and environmental interventions and investment of appropriate resources. 

Furthermore, respiratory infections and HAP exposure both contribute to risk for 

development and exacerbation of chronic lung diseases. Thus, reductions in the risk of 

respiratory infections from HAP might also positively impact on efforts to reduce the risk of 

death and disability from chronic lung disorders.

Obstructive lung disease

Chronic obstructive pulmonary disease and asthma

Chronic obstructive pulmonary disease (COPD) and asthma are two of the most common 

chronic diseases worldwide;151 about 80 million people have COPD and 235 million people 

have asthma.152 In 2005, 3 million people died from COPD, making it the fifth leading 

cause of mortality. According to GBD 2012, COPD is now the third leading cause of death 

worldwide, something that WHO had not predicted to occur until 2030.153 COPD and 

asthma are major causes of morbidity due to persistent symptoms, reduced lung function, 

and intermittent exacerbations that adversely affect functional status and quality of life.

Although most (90%) people with COPD and asthma live and die in lower-income regions 

much of the research for these diseases has been done in high-income countries. 

International research programmes such as the Burden of Obstructive Lung Disease 

Initiative and the International Study of Asthma and Allergies in Childhood have made 

important steps towards addressing this knowledge gap, but some areas of the world, notably 

sub-Saharan Africa, have been substantially under-represented. Both disorders benefit from 

simple technologies such as spirometry for diagnosis, but these methods are frequently 

unavailable, unaffordable, or unreliable, forcing pragmatic, but probably, inaccurate 

diagnostic and management decision making.154

Good evidence is available that exposure to HAP is associated with an increased risk of 

developing COPD.155–158 Since tobacco is biomass and inhalation of the smoke from the 

combustion of tobacco is an established driver of COPD development, this association is 

unsurprising. Tobacco and biomass smoke are both generated from the combustion of plant 

material, which generates complex carbon-based particles coated with organic compounds 

such as polycyclic hydrocarbons and irritant gases such as formaldehyde and acrolein. 

Mechanistically, biomass smoke increases the expression of some of the same matrix 

metalloproteinases that are increased by tobacco smoke.159,160 The question is more 
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whether there are differences in COPD phenotype and treatment responsiveness depending 

on the type of biomass exposure (tobacco vs other types) causing the disease rather than 

whether or not there is an association. The risk of individuals developing COPD from 

exposure to HAP seems to be about double that of those with no exposure and probably is 

between the risks of passive and active tobacco smoking. In communities who are heavily 

exposed to solid fuel smoke and have low rates of tobacco smoking, exposure to solid fuel 

smoke is probably the leading cause of COPD. Confirmation of this from high-quality 

studies that include exposure measurements of HAP is continuing. The health risks 

associated with COPD, whether due to tobacco smoking or solid fuel exposure, do not differ 

much, although there seem to be more prominent airway disease manifestations and less 

emphysema with COPD associated with solid fuel smoke versus that associated with 

tobacco smoke exposure.161–163 Whether this difference is due to the magnitude of 

exposure, to differential smoke components, or to genetic background is unknown. In terms 

of survival, a 7 year follow-up study showed that women with biomass-induced COPD have 

similar survival to men with tobacco-related COPD.164

Unlike the very strong evidence that smoking cessation has beneficial health effects and can 

reduce the rate of decline in forced expiratory volume in 1 s (FEV1) in patients with COPD, 

there is little evidence that cessation of HAP exposure does the same. Romieu and 

colleagues165 did a trial in Mexico to evaluate the effect of a chimney wood stove (patsari) 

intervention versus the traditional open fire stove on respiratory symptoms and lung function 

in 552 women. Although adherence to the intervention was poor (50%), use of the chimney 

stoves reduced respiratory symptoms (rate ratio 0·29, 95% CI 0·11–0·77; for wheeze) and 

declines in lung function (31 mL vs 62 mL over 1 year, p=0·01) over a 12 month period 

compared with those using the open fire. Smith-Sivertsen and colleagues166 did a study in 

Guatemala to explore the effect of another chimney wood stove (plancha) on pneumonia in 

young children and, as a secondary outcome, assessed the effects on respiratory symptoms 

and lung function in the mothers of the included children. Although they noted a reduction 

in respiratory symptoms (OR 0·7, 95% CI 0·50–0·97), there was no effect on lung function 

over 12–18 months of follow-up.166 Both of these studies were done in the context of an 

RCT, but have limitations of a relatively young cohort and short follow-up time. 

Investigators from China that followed participants for up to 9 years reported that using 

biogas instead of biomass for cooking reduced the annual decline of FEV1 by 12 mL per 

year and improved kitchen ventilation reduced the decline by 13 mL per year, compared 

with those who took up neither intervention.155 Although this study addresses the 

limitations of the Romieu and colleagues and Smith-Sivertsen and colleagues studies,

165,166 patients were not randomly allocated to intervention groups and the prevalence of 

tobacco smoke exposure was high. Taken together, these studies give evidence that 

reductions in exposure to HAP will reduce chronic respiratory symptoms and likely the risk 

of COPD development and progression, but more robust evidence is needed from studies of 

appropriate patient groups (ideally middle-aged and older men and women with minimal 

exposure to tobacco smoke) over sufficiently long periods of follow-up.

Irritant smoke from solid fuel combustion is a potential trigger for asthma exacerbations, but 

not much evidence exists that the risk of asthma or exacerbations of pre-existing asthma is 

associated with exposure to HAP. For the association between solid fuel exposure and 

Gordon et al. Page 17

Lancet Respir Med. Author manuscript; available in PMC 2016 October 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



asthma, a 2011 systematic review and meta-analysis reported a pooled OR of 0·50 (95% CI 

0·12–1·98) in children and 1·34 (0·93–1·93) in women.22 This review was limited by a small 

number of studies of sufficient quality and size to be included. The most robust evidence 

supporting an increased risk of asthma due to cooking with solid fuels was reported by the 

International Study of Asthma and Allergies in Childhood, which surveyed almost 513 000 

children in 1999–2004.167 The sole use of an open fire for cooking (assessed by the 

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 in older children (ages 

13–14 years; 1·35, 1·11–1·64).

Bronchiectasis

Some cylindrical bronchiectasis has been described in individuals with COPD due to 

tobacco smoke or smoke exposure from solid fuels.161 Severe cystic bronchiectasis is 

uncommon in women exposed to solid fuel smoke and no evidence is available either to link 

its presence to HAP exposure or that would indicate whether these exposures affect the 

development or clinical course of the disorder. Nevertheless, chronic cough is a common 

problem in populations in LMICs in which HAP exposures are high and the underlying 

causative factors and pathology of chronic cough in these settings have not been 

characterised because CT scanning and epidemiological studies are not available. 

Bronchiectasis, or a syndrome that could perhaps more pragmatically be described as 

complex airways disease, which overlaps with other diagnoses such as chronic bronchitis, is 

a probable contributor to this burden of chronic cough, as has been shown in indigenous 

children in developed countries.168,169 This disorder is likely to be the result of many 

respiratory insults across the lifespan including in-utero and early life malnutrition, 

predisposition to and repeated episodes of acute lower respiratory tract infections, poor 

access to prompt effective treatment for ALRI, HIV infection, and complications after 

pulmonary tuberculosis. Many of these insults are linked to poverty in the same way that 

exposure to HAP is and so teasing out the relative contributions of these different factors 

will be challenging. It seems most likely that these other factors will dominate the picture, 

with HAP acting as a cofactor that increases the risk of ALRI.

Diagnosis and management of HAP-induced obstructive lung disease

Diagnostic facilities for obstructive lung disease in LMICs are poor154 and so diagnoses are 

often made on the basis of clinical features alone, which is a distinct limitation for a set of 

diseases that is so dependent on the quantifiable assessment of airways obstruction. Use of 

peak flow meters (Burden of Obstructive Lung Disease Initiative, PLATINO study) or 

simplified spirometers could improve screening for COPD because their low cost would 

allow rollout in developing countries. Interventions to reduce HAP exposure are discussed in 

the section on interventions, although these might have an insufficient effect on exposures to 

reduce health effects of HAP-induced lung disease. There is a small evidence base overall, 

particularly in relation to the effect of HAP reduction on decline in lung function.156

Poor access to basic effective treatments for obstructive lung diseases in settings where 

exposure to HAP (and therefore poverty) is common is the major factor that limits the 

management of HAP-induced obstructive lung disease. The lack of data for the efficacy of 
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these treatments (particularly for non-smoking related COPD) is another limitation, although 

it is probably reasonable to extrapolate largely from the studies published in tobacco (ie, 

nicotine-containing biomass). Improved diagnosis, appropriate treatment, and the prevention 

of underlying causes will all be needed to control HAP-related obstructive lung diseases, but 

these have not yet been identified as priorities in most LMICs.

Research recommendations

Accurate burden of disease estimates for asthma, COPD, and bronchiectasis in populations 

exposed to HAP are needed, with careful characterisation of exposures, disease outcomes, 

and an evaluation of the contribution of HAP to disease development and progression. 

Intervention studies to assess the efficacy and effectiveness of improved stove and 

ventilation interventions are also needed because they are able to separate exposure from 

poverty—a severe limitation of many observational studies on health effects of indoor 

pollution. To achieve these research objectives, there needs to be investment in research 

capacity building and development of clinical and health systems capacity. The American 

Thoracic Society and Pan African Thoracic Society Methods in Epidemiologic, Clinical and 

Operations Research (MECOR) has been leading the way in this regard.

Summary

Obstructive lung diseases are major global health problems that cause substantial morbidity 

and mortality. Strong evidence links HAP to the risk of COPD, but less conclusive evidence 

exists in relation to the risk of asthma and bronchiectasis. On the basis of the published work 

about tobacco, HAP probably has a role in asthma development and increases the likelihood 

of exacerbations of COPD and asthma. There are important gaps in the evidence base that 

links exposures, their health effects, and which interventions will make a clinically relevant 

impact. WHO have identified reductions in these exposures as a priority, but poverty 

impedes the use of cleaner fuels and clean-burning cookstoves and there remains uncertainty 

about how clean the air in the cooking environment needs to be for health risks to be 

reduced. Research and health system capacity building is needed to fill these gaps and for 

effective health care to be offered to those with chronic respiratory symptoms in LMICs.

Lung cancer and upper airway cancers

Introduction

Cancer is a major and growing global public health problem that is not only present in high-

income countries. Although estimates suggest that overall death rates from cancer are higher 

in the high-income countries,153 with their decline in infant and child mortality and the 

spread of tobacco use, the cancer burden in LMICs will increase. It is projected that by 

2030, there will be an 81–100% increase in cancer incidence in LMICs compared with 

2008.170 Apart from tobacco use (active or passive), HAP poses a related major threat to 

health in LMICs.171 The total proportion of households using solid fuels is decreasing 

continuously from 62% in 1980, to 53% in 1990, to 46% in 2005, and to the latest estimate 

of 41% in 2010, but the absolute number of people at risk has remained stable for the past 3 

decades at about 2·8 billion people.171 Solid fuels are usually burnt in stoves with very low 

energy conversion efficiency because partial combustion often takes place, leading to the 
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production of carbon (the particulate fraction of smoke) and a range of toxic inorganic and 

organic compounds such as carbon monoxide, polycyclic aromatic hydrocarbons, aldehydes, 

and free radicals. Long-term exposure to HAP has been associated with increased risks of 

lung cancer and other cancers (table 3).12,21,156,172–174 In this section, we focus on 

cancers of the respiratory system.

Indoor burning of coal and wood as important carcinogens

The International Agency for Research in Cancer has classified emissions from burning coal 

as known (group 1) carcinogens and those from solid fuels as probable (group 2A) 

carcinogens.175 WHO’s Global Comparative Risk Assessment Project estimated that, in 

2000, about 200 million people used coal for household cooking in east Asia (most from 

China)176 and about 25 million from south Asia.177 The proportion of people using solid 

fuel in China has decreased significantly from 64% in 1990, to 46% in 2010.171 However, 

in rural China, about two-thirds of people still use solid fuels, particularly coal, as their main 

source of energy for cooking and heating.172,178 In China, people use mainly two types of 

coal, predominantly smoky coal (bituminous coal), but also non-smoky or smokeless coal 

(anthracite). Anthracite is low in sulphur but high in carbon compared with bituminous coal.

172 Use of solid fuel, particularly wood, is more common in south Asian countries 

(particularly India, Pakistan, Bangladesh, and Nepal) and sub-Saharan African countries. 

India uses about 30% of the total solid fuel worldwide with huge differences among states–

eg, 85% of households in Odisha rely on solid fuel compared with 40% in Punjab.179 It is 

plausible that people who are exposed to higher doses of smoke exposure from coal or wood 

burning for prolonged duration are at greater risk of developing cancer than are those using 

other fuels.178

Carcinogenic constituents of coal and wood smoke

About 8–10% of solid fuels undergo partial combustion during cooking depending on the 

type of cooking stoves and supply of oxygen.180 Incomplete combustion of wood and coal 

releases large amounts of inorganic compounds and inorganic and organic hydrocarbons into 

the air, along with metals and non-metals. The individual components of emissions released 

in the atmosphere after combustion depend on several factors such as types and subtypes of 

fuels (coal vs types of solid fuel; types of wood, etc), types of stoves used for burning the 

fuels (improved stoves or traditional stoves), and the burn rate (smouldering will produce 

more emission products compared with a hot fire). There is a major overlap of emission 

products from incomplete combustion of coal and wood.175 Several studies have reported 

differences in types of coal on the basis of their geographical location (where mined) in 

China and also differences in the types of emission products such as the volatility levels of 

benzene and formaldehyde, which vary the carcinogenicity.172,178,181 For example, smoky 

coal is predominantly used in the southern regions of China and tends to have increased 

polycyclic aromatic hydrocarbons, silica, nickel, and arsenic contents and thus has higher 

carcinogenic potential than do different types of coal such as anthracite.172

Exposure of toxicity to coal and wood smoke in animal studies

Most toxicity studies on coal smoke in China are recent but toxicity has been studied in 

experimental animal models for some years.182,183 This toxicity of coal smoke has been 
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studied in animals (predominantly rats and mice) by exposing them in four different ways: 

inhalation and whole-body exposure, intra-tracheal administration, dermal exposure, and 

subcutaneous injection.175 The studies report a higher incidence of adenocarcinoma in mice 

and squamous-cell carcinoma in rats with clear dose–response relationships, irrespective of 

the methods of exposure.182–188 Compared with studies on coal smoke, only a few studies 

have assessed the toxicity of exposure to wood smoke in animals and these studies have 

generally failed to find any positive association,185,187,189–194 except in one study, which 

reported that extracts of smoke from softwood were more tumorigenic than were those of 

smoke from hardwood.195,196

Mechanism of carcinogenesis for coal and wood smoke

The main components released from solid fuel because of incomplete combustion that are 

thought to have a role in the mechanism of carcinogenesis are polycyclic aromatic 

hydrocarbons with inhalable particles, volatile organic compounds, and some metals. 

Insoluble particles deposited in the extra-thoracic or trachea-thoracic regions are cleared, 

either by exhalation or mucociliary clearance; those in alveolar regions can potentially 

undergo a cascade of events leading to tumour formation after uptake of particles by 

phagocytes and other cells. Particles deposited at crucial target cells or tissues of the lung 

might initiate a number of biological processes such as sustained inflammation, cell injury, 

cell proliferation, depletion of antioxidants or impairment of other defence mechanisms, 

production of reactive oxygen species, and gene mutation.175

Most of the evidence for the association between lung cancer and coal comes from studies of 

polycyclic aromatic hydrocarbons, particularly benzo(a)pyrene present in the emission 

products of coal or cigarette smoke. Polycyclic aromatic hydrocarbons absorbed through the 

respiratory tract, gastrointestinal tract, and skin are widely distributed to most organs and 

tissues where they are metabolised rapidly to release several soluble metabolites such as 

epoxides, phenols, dihydrodiols, phenol dihydrodiol epoxides, quinines, and tetrols. A 

working group of the International Agency for Research in Cancer, established to explain the 

carcinogenesis of polycyclic aromatic hydrocarbons, has proposed two major mechanisms—

mono-oxygenation to yield diol-epoxides and one-electron oxidation to form radical cations.

175,197 In the diol-epoxides mechanism, the epoxide reactive intermediate binds with DNA 

to form stable and unstable adducts at adenine and guanine sites, leading to mutations in 

proto-oncogenes (ras genes) and tumour-suppressor genes (TP53), resulting in tumour 

formation. In the radical cation mechanism, the cation acts as a reactive intermediate to bind 

with DNA to generate unstable adducts at adenine and guanine sites, leading to apurinic 

sites and mutations in HRAS gene.198,199 Polycyclic aromatic hydrocarbons such as 5-

methyl-chrysene, and benzo(c)phenanthrene are activated to exclusively diol-epoxides 

intermediates whereas benzo(a)pyrene, dibenzo(a,l)pyrene, 7,12-dimethyl-benz(a)anthracene 

and 3-methylcholanthrene, are activated by formation of diol epoxides and radical cations.

175,197

Lung cancer

Lung cancer causes more deaths worldwide than any other cancer, with 1·8 million new 

cases and 1·5 million deaths in 2012.200 It is the most diagnosed cancer in men and third 
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most common in women after breast and colorectal cancers.200 There is also substantial 

geographical variation in the incidence of lung cancer. Age-standardised incidence is higher 

in high-income countries (30·8 per 100 000 person-years) compared with low-income 

countries (20·0 per 100 000), although individual middle-income countries, such as China 

(36·1 per 100 000), have high incidence rates.200 However, it should be noted that the 

disparity in health-care provisions and quality in LMICs, among many other factors, might 

have contributed to underdiagnosis or misdiagnosis of lung cancer, which could potentially 

lead to substantial underestimation of the cancer burden in LMICs.

Tobacco smoking is a major cause of lung cancer, accounting for most cases of lung cancer 

in high-income countries such as the USA and UK. In many LMICs, where the epidemic in 

tobacco use has only recently begun and use of solid fuels is widespread, the situation is 

quite different. In LMICs, emissions from solid fuel combustion were estimated to account 

for about 17% of all lung cancer deaths in men and 22% in women.24 This might partly 

explain the high proportion of non-smoking women with lung cancer in east and south Asia 

(83% of all cases) compared with 15% in the USA (three times higher lung cancer mortality 

in Chinese non-smoking women than in US non-smoking women).176,201–203

Several studies, mostly case-control studies, have examined the relationship between 

household emissions and lung cancer risk. Most studies on coal burning were done in China 

where coal is commonly used for cooking and heating. A meta-analysis identified 28 case-

control studies (17 from China, three from Taiwan, two from India, and one study each from 

Japan, Mexico, USA, Canada, and Europe) investigating solid fuel use in patients with lung 

cancer.172 Individuals exposed to coal smoke had a greater risk of lung cancer (pooled OR 

1·82, 95% CI 1·60–2·06) compared with those exposed to wood (1·50, 1·17–1·94) and mixed 

solid fuels (1·13, 0·52–2·46).

The effects of exposure to HAP on lung cancer also tended to differ by histological subtype. 

In eight studies in which the lung cancer histological subtype was available, the pooled 

effect size for HAP exposure was greater, although not statistically significantly, for 

squamous-cell carcinoma (OR 3·58, 95% CI 1·58–8·12) compared with for adenocarcinoma 

(2·33, 1·72–3·17). However, findings of the recent European Study of Cohorts for Air 

Pollution Effects (ESCAPE) study204 have shown adenocarcinoma (HR 1·51, 1·10–2·08), 

but not squamous-cell carcinoma (0·84, 0·50–1·40), to be significantly associated with 

ambient particulate air pollution, particularly PM10. Although most studies on HAP adjusted 

for tobacco use or used a non-smoking sample, only half of the studies included in the meta-

analysis collected information on passive smoking exposure, and of those with such data, 

only 25% of the studies presented data with adjustment for passive smoking. The pooled 

effect estimate for exposure to HAP with adjustment for passive smoking (OR 1·47, 95% CI 

1·13–1·91) was lower than the effect without any adjustment (1·74, 1·60–1·89), suggesting 

residual confounding was probably present in most of the studies. The quality of exposure 

assessment was not without concern. Most studies relied on questionnaires that were often 

based on surrogates (such as frequency of cooking or whether kitchen was ventilated) or the 

use of a specific type of fuel (such as whether an individual has ever used coal or solid fuel) 

rather than on direct exposure measurement. The duration of exposure in most of the studies 

was also not clearly defined. As a result, it is difficult to derive exposure–response risk for 
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lung cancer caused by solid fuel use. When this meta-analysis was updated recently,173 the 

new pooled effect estimate (figure 6) increased to 2·31 (1·94–2·76) with significant 

heterogeneity in effect sizes (I2=87·7%) across different studies and major publication bias 

(coefficient=1·91, p<0·001). Very few cohort studies have assessed the effects of exposure to 

HAP on lung cancer. A large retrospective cohort study followed up more than 20 000 

residents from Xuanwei county in south-western China for 20 years (1976–96) and 

compared lung cancer mortality between lifelong users of either bituminous coal and 

anthracite.205 The study showed that bituminous coal increased lung cancer mortality by 

36-fold in men and 99-fold in women compared with anthracite coal users. This suggests 

that the carcinogenicity of different types of coal could vary significantly. Together with the 

findings from other studies, there is now sufficient evidence to suggest an association 

between HAP from household fuel combustion and lung cancer.173

Upper airway cancers

Upper airway cancers are less common than lung cancer, but the burden is significantly 

higher in LMICs, where about 70% of all cases are diagnosed worldwide.200 Worldwide, 

the International Agency for Research on Cancer estimated 386 000 new cases of, and 230 

000 deaths from, upper airway cancers in 2012.200 Tumours of the larynx and nasopharynx 

were the most common types, accounting for 63% of all incident cases and 58% of deaths. 

According to the GBD 2010, between 1990 and 2010, the incidence of larynx cancer 

increased by 20% and nasopharynx cancer increased by 44%.153 The use of tobacco and 

alcohol are reported as the main risk factors for upper airway cancers.206,207 Genetic 

susceptibility208 and infections209 have also been implicated, perhaps explaining the 

remarkable geographical variation of upper airway cancers, particularly nasopharyngeal 

carcinoma. Other relevant factors include diet and nutrition,210 and exposure to certain 

chemicals in the workplace (eg, asbestos211 and wood dust212).

Nasopharyngeal cancer has poor survival because it is usually not detected until at an 

advanced stage.213 Most cases are squamous-cell carcinoma arising in the epithelial lining 

of the nasopharynx. Tobacco use, diet, and Epstein– Barr virus infection are the purported 

risk factors of nasopharyngeal cancer,213 but only a few studies (mainly done in China in 

the 1990s or earlier) have examined the possible link with the burning of coal or wood for 

domestic purposes. A 2005 meta-analysis by Han and colleagues214 based on published 

Chinese studies reported six risk factors: family history of nasopharyngeal cancer, 

consumption of pickled or cured food, smoky household or HAP, lack of consumption of 

fresh fruit and vegetables, previous diseases of the nasopharynx, and tobacco smoking. For 

exposure to HAP, which included seven case-control studies, the pooled OR estimate was 

1·27 (95% CI 1·11–1·46).214 A 2014 systematic review24 of HAP and nasopharyngeal 

cancer included case-control studies done in China and elsewhere in Asia (India, Hong 

Kong, Singapore, and Malaysia). We did a meta-analysis by combining studies from the two 

previous reports,24,214 plus three additional studies215–217 that we retrieved through 

cross-referencing. Most of the studies were hospital-based with small sample sizes (roughly 

100 cases). The level of heterogeneity in the exposure measure was high—all studies relied 

on self-reported ever (or the number of years of) use of solid fuel or the presence (or 

intensity) of smoke during cooking or heating. The pooled random effects OR derived from 
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studies that had adjusted for smoking (n=6; OR 3·18; 95% CI 2·36–4·30) was much greater 

than for those without adjustment for smoking (n=5; 1·12; 1·02–1·23; figure 7). When all 11 

studies were combined, the overall OR was 1·70 (1·45–2·00), which was greater than either 

previous meta-analysis.24,214 However, caution must be taken when interpreting the pooled 

estimates. Most of the included Chinese studies tended to show a statistically significant 

association, with an OR greater than 2, whereas a non-significant association with an OR 

closer to 1 was noted in two studies (one from India218 and the other from north Africa219). 

In summary, although there is some evidence to suggest household solid fuel use might be 

associated with increased risk of nasopharyngeal cancer, future research should include 

better measures of exposure and of confounding factors.

Interaction with tobacco smoking

Benzo(a)pyrene and polycyclic aromatic hydrocarbons are two of the major genotoxic 

components of tobacco smoke and smoke from burning biomass and solid fuels. Given the 

similarity of the route of entry to the lungs (ie, via inhalation), and the similarities in the 

associated pathophysiological changes, it is impossible to distinguish between lung and 

upper airway cancers caused by emissions from burning solid fuels and those due to 

smoking in people exposed to both risks. The carcinogenic effects of household indoor 

emissions are relatively weak compared with those of tobacco smoking and so the signal 

from HAP might be masked in populations with a high prevalence of smokers.2 In many 

LMICs, where smoking rates are only now starting to rise and where a substantial proportion 

of women do not smoke,219 the risk assessment for cancer due to household indoor 

emissions can be made in many cases without the confounding effect of tobacco use. For 

this reason, a number of studies have restricted or stratified their study populations to either 

non-smoking women or women in LMICs.173

There are some epidemiological data to suggest a different pattern of lung cancer risk in 

users of solid fuels in relation to tobacco smoking compared with nonsolid-fuel users. 

People who smoke tobacco might be more susceptible than are non-smokers to lung cancer 

when exposed to smoke from burning solid fuels. For example, a large pooled analysis of 

seven studies from the Lung Cancer Consortium (5105 cases and 6535 controls) reported a 

larger lung cancer risk for those who use wood as fuel and who have smoked (OR 1·22, 95% 

CI 1·05–1·42) than for people who have never smoked (1·01, 0·74–1·37).220 A case-control 

study221 in Singapore examined the risk of lung cancer in Chinese women (703 cases and 

1578 controls) who used wood-burning or charcoal-burning stoves.221 Although the authors 

reported an increased lung cancer risk in current or ex-smokers who cooked every day 

compared with those who cooked less than daily (1·61, 1·01–2·56), no excess risk was found 

in non-smokers (0·89, 0·68–1·16). A similar pattern was seen in people who used charcoal or 

wood stoves every day, although unlike many previous studies, the relationship was not 

statistically significant in either smokers (1·25, 0·74–2·12) or non-smokers (0·81, 0·56–

1·17). Tang and colleagues221 did not show evidence of interaction between tobacco 

smoking and daily use of either charcoal or wood stoves. These mixed results suggest a 

possible synergism between tobacco smoke and household indoor emissions and more 

research is needed.

Gordon et al. Page 24

Lancet Respir Med. Author manuscript; available in PMC 2016 October 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Such synergism has not always been noted in other health effects of HAP. A study in China 

investigated the risk of cardiovascular disease in residents in Shanghai and reported that the 

association between household solid fuel use and hypertension (OR 1·84, 95% CI 1·45–

2·33) and coronary heart disease (3·65, 1·85–7·22) was stronger for never smokers (1·39, 

0·99–1·94) than for previous or current smokers (1·10, 0·49–2·47).222 The authors 

postulated a pressure effect, in which a stronger environmental-pollutants–cardiovascular 

association is seen among never smokers compared with current smokers,223 although it is 

possible that smokers exposed to HAP might have had a higher mortality, leading to non-

recruitment and a failure of the cross-sectional study design.

Other than tobacco smoking, studies from Taiwan and Hong Kong have suggested that 

cooking emissions from oils, particularly in wok cooking, might also increase the risk of 

lung cancer in women.224–226 The stir frying process of cooking can aerosolise toxic and 

carcinogenic products from hot oils and food ingredients, resulting in emissions of PM,227 

volatile organic compounds,228 and other organic compounds, including polycyclic 

aromatic hydrocarbons229 and heterocyclic amines.230 Thus, the process of cooking in 

south Asia might also increase cancer risk, in addition to the emissions from solid fuels. The 

interaction between emissions from solid fuel burning and cooking methods should be 

investigated further in future studies of cancer risk.

Summary

There is strong evidence for a causal relationship between exposure to coal smoke and lung 

cancer, but the association between different types of solid fuel smoke and lung cancer 

shows probable but not conclusive association. Most studies on solid fuels are based only on 

exposure to wood smoke and there should be other studies using other types of solid fuel 

smoke to assess their association with lung cancer risk.

Exposure and biomarkers

Introduction

The previous sections provide some evidence to link HAP exposure and risks of acute and 

chronic respiratory diseases. However, reduction of these risks and, ultimately, prevention of 

respiratory diseases, needs a clear understanding of exposure assessment to inform the most 

effective intervention strategies (see section on interventions). HAP, although mostly the 

result of domestic cooking, heating, and lighting, both indoors and outdoors, also includes a 

contribution from ambient outdoor air pollution and smoke from tobacco or other habitual 

smoking. Exposed individuals vary in their behaviour, respiratory volumes, and vulnerability 

to inhaled pollutants. Therefore, measurement of exposure and biomarkers is complex, both 

for sample acquisition and data interpretation.

Complexity of exposure

The movement of pollutants between indoors and outdoors is governed by house air 

exchange rates. In high-income countries, most concern is focused on the movement of 

pollutants from outdoors, where pollution concentrations are typically higher, to indoors 

(infiltration) to apportion exposures between indoor and outdoor sources.231–235 However, 
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in LMICs, burning of solid fuel creates extremely high concentrations of indoor pollutants 

such that exfiltration can result in homes being a large contributor to outdoor air pollution. 

This contribution is especially problematic in larger cities where a substantial fraction of 

homes might use solid fuels for heating or cooking. As a result, homes that do not burn solid 

fuels might still have high burdens of indoor pollution due to infiltration of pollution from 

neighbouring solid-fuel-burning homes.

Salje and colleagues236 documented high indoor PM pollution in non-solid-fuel burning 

homes in Dhaka, Bangladesh. By examining long-term and short-term temporal patterns of 

indoor PM pollution, the investigators noted that non-solid-fuel burning homes had indoor 

pollution concentrations well above WHO guidelines and that pollution peaked during 

cooking times. These findings strongly suggest that PM exfiltration from solid-fuel-burning 

homes created high ambient PM concentrations that substantially affected non-solid-fuel-

burning homes. These results have large implications for the design of intervention efforts. 

Intervention projects to promote improved cookstoves that target individual households 

might not observe expected reductions in PM exposures due to the pollution from 

neighbours who continue to burn solid fuels. Conversely, interventions that target all the 

solid-fuel-burning homes in the community can potentially affect both individual targeted 

households and households using clean fuels. Furthermore, stove interventions that include a 

chimney to vent the combustion products outside directly can exacerbate ambient air 

pollution, resulting in an increased exposure risk to the wider population. The authors of the 

RESPIRE interventional trial6 noted this point and concluded that their observed small 

reduction in exposure might have been due to the fact that chimney stoves vent smoke to the 

outdoors, some of which re-enters the homes and generally contaminates both outdoor and 

indoor environments where children spend their time.

Second-hand tobacco smoke continues to be a source of HAP and, subsequent health risk in 

LMICs. Although tobacco use is declining in high-income countries, it is increasing in 

LMICs, which contain nearly 80% of the more than 1 billion people who smoke worldwide.

207 The Global Adult Tobacco Survey237 data showed that smoking rates were high in most 

LMICs and were highest in Asian countries (54·9% in Bangladesh, 67·3% in China, 40·0% 

in India, 54·4% in the Philippines, 33·2% in Thailand, and 73·1% in Vietnam). Smoking in 

the home and other indoor environments is an established source of HAP, including PM, 

nicotine, carbon monoxide, benzene, tobacco-specific nitrosamines, and many other toxic 

compounds.238 Established methods to assess exposure to second-hand smoke have been 

developed239 and have been used extensively to assess exposure in public places in LMICs, 

but few studies have included the home environment. Wipfli and colleagues240 did a 2008 

in-home exposure study in 31 countries, including some in Asia and Latin America, and 

showed that smoking at home remains a major source of second-hand smoke exposure in 

non-smoking adults and children worldwide. Analysis of nicotine in hair identified non-

smoking women and children in LMICs as being at the greatest risk of in-home health 

effects related to second-hand smoke.241 Although there are few data for in-home second-

hand smoke exposure from LMICs, smoking has been identified as an important source of 

indoor PM in high-income countries, where homes of people who smoke have been found to 

have a two-to-three-fold increase in PM compared with homes without a smoker.242,243

Gordon et al. Page 26

Lancet Respir Med. Author manuscript; available in PMC 2016 October 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Exposure assessment

Most research on air pollution has focused on the health effects linked to exposure to air 

pollution outdoors in high-income countries, with much effort placed on measuring of 

concentrations of pollutants at fixed sites for regulatory purposes. Although ambient levels 

of pollution clearly affect the exposure of an individual over the course of the day as they 

move from one microenvironment to another,244 evidence suggests that, in LMICs, 

exposure to emissions from indoor sources such as stoves and lamps probably dominates the 

total daily intake for many pollutant types.245 It is probably unhelpful and unrealistic to 

consider exposure within defined silos of the community, the home, and the workplace, but 

instead investigators should take a broader approach exemplified by the exposome in which 

the totality of exposure is considered.246 For this reason, personal exposure assessment is 

likely to be key to make the link between air pollution and respiratory ill health. Incomplete 

combustion of carbon-based fuel material produces two main pollutants that are likely to 

contribute most to mortality and morbidity. These are fine PM and carbon monoxide. Use of 

plastics, diesel, and other materials to assist with lighting stoves is common and these 

materials might produce many other copollutants including endocrine-disrupting chemicals, 

heavy metals, polyaromatic hydrocarbons, and endotoxin, depending on the accelerant used 

and fuel storage or contamination.67,247,248

Epidemiological evidence for cardiopulmonary health effects suggests that increase in 

exposure to fine PM produces an increase in risk for many adverse outcomes.156,249–251 

There are four main issues that present particular problems for investigators trying to 

generate comparable exposure data for indoor PM and health in LMICs. These can be 

broadly defined as equipment size or noise, battery life, air sample averaging times (eg, 24 

h), and differences in exposure metric. The first three of these are interlinked, with short 

averaging times being a result of using pump-based methods with equipment designed for 

shift-work (8 h) use or with a mains-electricity supply (typically unreliable in LMICs). Data 

for household PM concentrations measured from 0800 h to 1600 h might markedly 

underestimate daily exposure by not capturing cooking events that take place in the early 

morning or evening, with broader questions about the comparability of similar-duration 

samples collected at differing times of the day or night. The size and noise generated from 

these devices also makes them difficult to use as personal samplers within home settings. 

Given the heterogeneity of pollutant concentrations in homes, fixed-site monitoring can lead 

to exposure misclassification depending on the placement of the device in relation to the 

person under study. A device placed on a living room shelf can underestimate exposure for a 

woman who spends a lot of time tending a stove, while a device placed in the kitchen near 

the stove will generally overestimate the women’s exposure in this setting. The fourth 

problem refers to the metric used to quantify exposure to PM. Methods to measure PM 

concentrations have developed either from occupational health (which uses size-selective 

techniques to sample respirable or inhalable PM of workers involved in extractive 

industries)252 or from environmental sciences (which use PM2·5 and PM10 as markers of 

ambient air pollution levels to compare to national and international standards75,253). 

Research on exposure to solid fuel smoke in LMICs has used a mixture of these differing 

methods with data often being difficult to compare because of poor calibration or placement 

of instruments.254 This problem goes further in that studies tend to report an exposure 
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averaged over the sampling time, yet the health effect of interest might be linked to peaks of 

exposure or the amount of time that people are exposed to concentrations higher than a 

certain biological threshold. For example, Gurley and colleagues254 identified a health risk 

associated with amount of time exposed to PM2·5 concentrations higher than 100 μg/m3.

Carbon monoxide is simpler to measure and avoids many of the size-selection and battery-

life issues and problems with averaging time.255 New low-cost devices have the added 

advantage of being lightweight, noiseless, and are much more amenable to being worn by 

study participants, and can therefore provide personal exposure data. Although carbon 

monoxide concentrations might be of interest to avoid acute effects of exposure to solid fuel 

smoke, relating this carbon monoxide exposure to respiratory effects, which are most likely 

to be produced by PM, is difficult (figure 8). To use carbon monoxide as a marker for PM 

exposure is difficult and depends on investigators establishing a valid relationship between 

the two measures—something that might differ between populations, fuel types, stove and 

fire-lighting behaviours, and many other variables.257 Portable measurement of 

carboxyhaemoglobin using finger-clip devices and other biomarkers offers another way to 

triangulate these data.

Biomarkers of exposure

Personal monitors for PM are expensive and their bulk and need for recharging means that 

they can be used only for short-term exposures. Furthermore, external monitoring does not 

capture differences in lung deposition. A putative direct biomarker of the dose of chronic 

particulate inhalation can be the capacity of lower airway macrophages to phagocytose and 

retain PM in a dose-dependent manner. Airway macrophages are obtained either non-

invasively with use of sputum induction or by bronchoalveolar lavage, and the area of black 

material in airway macrophages (showing inhaled carbonaceous PM) is determined by 

image analysis. Most studies have assessed airway macrophage carbon in individuals 

exposed to fossil-fuel emissions.258–260 However, three studies have recruited individuals 

exposed to PM from HAP. First, Kulkarni and colleagues261 reported higher airway 

macrophage carbon in Ethiopian children and women exposed to solid fuel smoke PM 

compared with individuals in the UK exposed only to traffic smoke. Second, Fullerton and 

colleagues262 reported that, in healthy people in Malawi who attended for research 

bronchoscopy, those exposed to smoke from wood or wood and charcoal during cooking had 

a significantly higher airway macrophage carbon than had those with homes using electric 

cookers. Third, Kalappanavar and colleagues263 reported that a higher proportion of Indian 

children living in areas polluted by smoke from puffed rice units (which burn rice husks, 

wood, and agricultural residues) had airway macrophages that were heavily laden with 

carbon compared with children living in areas away from this industry (8·3% of children vs 
0·7% of children), but fuels used in the home were not recorded in this study. The questions 

that remain to be addressed include the intraindividual variability of airway macrophage 

carbon, the contribution of PM peaks to airway macrophage carbon, and the association 

between airway macrophage carbon and health outcomes. Airway macrophage carbon is 

probably not a valid marker of internal dose in individuals with reduced airway macrophage 

phagocytic function associated with severe asthma259 and COPD.264 Since assessment of 

airway macrophage carbon is time consuming and therefore limited to relatively few 
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patients, it will probably be most useful to determine the association between internal (by 

airway macrophage carbon) and external dose (by monitoring). When combined with 

personal monitoring, airway macrophage carbon might also validate findings from 

experimental inhalation and modelling data suggesting increased inhaled dose in children 

and women.

Some biomarkers have been measured in urine, and these can so far be classed into three 

main groups: hydroxylated polycyclic aromatic hydrocarbons (OH-PAHs), methoxyphenols, 

and levoglucosan. OH-PAHs are the most used and seem to show good responses in 

exposure settings relevant to residential combustion of biomass fuel in developing countries. 

However, confounding exposures might bias results since biomass smoke is not the only 

source of the parent compounds of these biomarkers. The other classes of biomarkers, 

methoxyphenols, and levoglucosan, are also not unique to biomass smoke and might be 

consumed in foods. Nevertheless, they might be more unique to biomass smoke, particularly 

that of wood, than are OH-PAHs.265–268 Migliaccio and colleagues269 reported that mean 

urinary levoglucosan, a major organic component of PM emitted from solid fuel combustion, 

was increased in children living in homes with woodstoves. However, the difference was not 

significant and further studies are needed to validate this biomarker in wood-smoke-exposed 

populations. Beyond OH-PAHs, methoxyphenols, and levoglucosan, there are a few other 

biomarkers that warrant mention. Since tobacco smoke is an important confounding 

variable, urinary cotinine is a useful marker of active and passive exposure. Urinary and 

salivary cotinine are non-invasive and validated markers of acute exposure.270 

Disadvantages of urinary biomarkers including cotinine, OH-PAHs, methoxyphenols, and 

levoglucosan include the need for privacy during collection, difficulty in coordinating 

collection and storage in population-based or child studies, and a need to adjust for 

creatinine clearance.270 Variability in cotinine conversion factor is a disadvantage of urinary 

biomarkers specific to cotinine. Hair nicotine has been used as a biomarker of long-term 

smoking exposure.241 Carboxyhaemoglobin gives a stable measure of carbon monoxide 

exposure—HAP contains a variable carbon monoxide to PM ratio depending on fuel and 

combustion method. There is still a need to research and develop new biomarkers for 

exposure to biomass smoke. Ideally, these new biomarkers would be unique to biomass 

smoke and be relatively easy to measure. The development of such a biomarker faces many 

challenges, not least the fact that composition of biomass fuels varies and so the composition 

of biomass smoke is not consistent, even within the same fuel type such as wood.

Risks across the lifecycle

For the fetus, developmental processes are most vulnerable to air pollutants inhaled by the 

mother. The mechanisms whereby pollutants deposited in the maternal lung affect the fetus 

remain unclear, but strong epidemiological evidence from smoking271 and fossil fuel 

emissions272 supports associations between inhalation of indoor pollutants by the mother 

and changes in fetal development. In-utero exposure to PM increases the risk of preterm 

birth and can perhaps lead to low birthweight.273–275

Children are at increased risk from HAP owing to impaired lung growth and changed 

pulmonary physiology, particularly because children inhale more pollutants for the same 
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external dose. Sturm276 recently modelled the complex interactions between deposition and 

breathing patterns (eg, infants have low tidal volumes and shallow breathing); compared 

with adults, an increased number of particles smaller than 10 μm in aerodynamic diameter 

were deposited in the larger airways of children and were therefore cleared more rapidly 

than are particles reaching more distal airways. However, particle dose per area of lung 

tissue reaches much higher concentrations in young children.276 There is epidemiological 

evidence of differing associations between air pollution and respiratory health for women 

and men, but meta-analysis of the effect of sex on the association between air pollution and 

respiratory health has been difficult. For example, in a systematic review, Clougherty277 

concluded that the broad difference in exposure mixes, outcome, and analytical techniques 

precluded meta-analysis of findings. Despite differences between studies of cooking and 

housing conditions, type of fuel, ventilation, and the time taken for kitchen work, evidence 

suggests stronger effects in women.277 Major determinants of vulnerability of women to 

HAP are the social, economic, and political structures within society that lead to women 

being nearer to sources of HAP than are men. Indeed in LMICs, cooking is done mainly by 

women, who can spend up to 7 h per day by the fire. Thus, exposure to toxic components 

such as PM in some women is much higher than for many industrial workers in extremely 

polluted environments. Vulnerability to HAP is also determined by existing health disorders, 

which might differentially affect women. For example, anaemia interacts with air pollution 

to increase vulnerability to infection,278 and worldwide, anaemia affects 42% of pregnant 

women (it only affects 13% of men).279 Although the biological mechanisms for 

differential responses between men and women remain unclear, hormonal status might be 

important since Zeka and colleagues280 reported that premenopausal and postmenopausal 

women in the USA had a different level of association between PM and heart disease 

mortality. Other putative biological mechanisms include differences in PM deposition due to 

higher inspiratory flow rates in women281 and differences in epithelial responses. For 

example, in occupational settings, women report more skin disease than do men.282

Summary

Exposure measurements to determine the health risks associated with HAP are complex and 

related to age, gender and sex, role in the household and at work, and surrounding 

environment. Technology developed for occupational and environmental monitoring is being 

developed to measure individual exposures. Further work is needed to identify useful 

biomarkers of exposure, particularly for young children and women.

Interventions and proposed experimental approaches

Introduction

A wide range of interventions have the potential to reduce HAP and hence risk of respiratory 

and other disease (panel 1). Households generally use many devices and fuels to meet 

energy needs, and it is helpful to see interventions in terms of those technologies (stoves, 

lamps, etc), fuels, and policies, which can allow a transition towards more exclusive use of 

cleaner and more efficient energy. The concept of the energy ladder (figure 9) shows this 

transition, although it is important to keep in mind that multiple use is very common (if not 

the norm), and that households can move up or down the ladder depending on economic and 
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other circumstances.1 In practice, a combination of all of the interventions listed in panel 1 

is likely to be needed, together with supportive policy, which is discussed below.

The goal for household energy interventions must be to deliver clean air that meets WHO air 

quality guidelines,283,284 by reducing emissions of health-damaging pollutants to low 

levels. There has been much debate about how low exposure needs to be to deliver 

substantive health benefits, given that the transition from the use of open fires in households 

that collect all or most of their fuel to near exclusive use of clean technologies and fuels 

incurring higher costs will be neither quick nor straightforward, particularly for low-income 

and rural homes.285 This issue is one of three key questions that should be considered 

during development of an intervention strategy, along with the performance of currently 

available interventions and the factors that can help to ensure adoption and sustained use 

(panel 2). We review available evidence that addresses these questions, including from 

recent work to model exposure and risk functions and from several systematic reviews. 

These considerations have been central to WHO’s development of new indoor air quality 

guidelines for household fuel combustion, due to be published later in 2014 (expected in 

October).286 An assessment of the evidence relating to these questions can also identify 

important gaps that new research will need to fill, and the methods that can provide the best 

interventions to reduce HAP exposure.

Integrated exposure–response relationships for health effects of HAP

Development—As reported in earlier sections of this Commission, most epidemiological 

studies of risks associated with solid fuel use do not have adequate data for exposure. 

Exposure–response findings have only been reported by Ezzati and Kammen7 for child and 

adult ALRI, and Smith and colleagues6 for child ALRI. Recent work carried out for the 

GBD 2010 study,2 which built on work by Pope and others,287–289 developed integrated 

exposure–response functions for five disease outcomes (panel 3) by modelling risk estimates 

for four sources of combustion-derived PM2·5, namely outdoor air pollution, second-hand 

smoking, HAP, and active smoking.290 These integrated exposure–response functions, or 

indeed other exposure-response evidence, are not currently available for all important 

respiratory health outcomes, including asthma, tuberculosis, or other cancers. But the 

integrated exposure–response relationship can provide important insights into the 

relationships between exposure and risk, which allow conclusions to be drawn on the 

expected effects of various interventions. Here, we consider these relationships for the three 

respiratory disorders for which integrated exposure–response data are available—child 

ALRI, lung cancer, and COPD. Burnett and colleagues290 provide full details of the 

methods, assumptions, and findings of this work.

Child ALRI—Because young children do not smoke, data for integrated exposure–response 

relationships rely on studies of outdoor (ambient) air pollution, second-hand smoke, and 

HAP. This is the only exposure–response with datapoints based on direct HAP exposure 

measurement, although carbon monoxide was used as a proxy for PM2·5, with PM2·5 and 

CO in the kitchen in some studies being calculated using colocated measurements,291,292 

and only available from one study (figure 10A).The shape of the integrated exposure–

response model for child ALRI is relatively steep at lower levels of exposure and tends to 
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flatten off around 300 μg/m3 of PM2·5.290 Thus, for example, a solid fuel (or any) 

intervention that reduces exposure in a child by 50% from 300 μg/m3 to 150 μg/m3 would 

result in only a small reduction in relative risk from around 2·9 (95% CI 2·0–3·8) to about 

2·4(1·7–3·2). At lower levels of exposure, a similar percentage reduction would have a larger 

effect on risk, but it is not until exposure reaches a level at or below the WHO Intermediate 

Target One (IT-1) level of 35 μg/m3 of PM2·5 that risk is substantially reduced to a predicted 

relative risk of 1·3 (1·2–1·4).

Lung cancer—None of the epidemiological studies of solid fuel use and lung cancer 

included direct exposure measurement, and therefore these studies did not contribute 

datapoints directly to the integrated exposure–response model, which was based on studies 

of outdoor air pollution, second-hand smoke, and active smoking (figure 10B). The function 

shows a more or less linear relationship between log exposure and log risk, at least for levels 

higher than 50–100 μg/m3. For HAP, in the epidemiological studies contributing to the 

systematic reviews and meta-analyses used for the GBD 2010, the PM2·5 values for exposed 

and non-exposed groups were estimated to be 300 versus 70 μg/m3 for women, and 200 

versus 45 μg/m3 for men, with pooled ORs of 1·81 (95% CI 1·07–3·06) for women and 1·26 

(95% CI 1·04–1·52) for men.24,290 These values were consistent with the integrated 

exposure–response function based on the other sources of PM2·5. By contrast with the 

findings for child ALRI, the linear function for lung cancer implies a more proportionate 

relationship between the effect of an intervention on exposure and the resulting reduction in 

risk. A time lag of 10–20 years can be expected before such benefits are seen because of the 

long latent period for lung cancer.

COPD—As with lung cancer, epidemiological studies of solid fuel use and COPD do not 

have much exposure data, and the integrated exposure–response model is also based on 

outdoor atmospheric pollution, second-hand smoking, and active smoking risk estimates 

(figure 10C). For HAP, the systematic reviews and meta-analyses provided ORs of 2·70 

(1·95–3·75) for women with exposure contrasts of 300 versus 100 μg/m3 and 1·90 (1·56–

2·32) for men with exposure contrasts of 200 versus 65 μg/m3 PM2·5.290 Unlike for lung 

cancer, however, these risk estimates do not fit the integrated exposure–response model, 

being somewhat higher than would be predicted. The shape of the function is therefore 

uncertain across the range of exposure concentrations associated with HAP exposure. But 

the curve (based on outdoor air pollution, second-hand smoking, and active smoking) 

suggests a steadily rising function, from which similar conclusions can be drawn about the 

effect of interventions on risk, as for lung cancer. However, if the relative risks from the 

systematic review and meta-analysis could be incorporated into the model (and assuming the 

estimated exposure levels were confirmed empirically), then the shape of the curve would be 

closer to that seen for child ALRI.

HAP-reducing intervention performance and performance testing

Although a range of actions can reduce exposure to HAP (panel 1), reduction of emissions at 

source is the most effective intervention. An important consideration is that, although 

ventilation (eg, chimneys) can remove some of the smoke from the kitchen, the pollution 

still enters the ambient environment—eg, there is evidence that, in Indian villages, average 
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levels of ambient PM2·5 can exceed 100 μg/m3, most of which arises from exfiltration of 

household smoke (London street air has an average value of 30 μg/m3).293 This pollution 

not only exposes people when outside, but also re-enters the home. The effects of different 

technologies and fuels on levels of emission and the resulting air quality in the home is also 

the intervention most extensively studied, and is the main focus of our discussion.

Two main sources of evidence are available for the effects of interventions on HAP—

laboratory and inhome (field) studies. Most laboratory studies report emission rates for PM, 

carbon monoxide, and some other pollutants, whereas there are relatively fewer field studies 

and most report concentrations of PM and carbon monoxide in the kitchen, with few 

providing data for concentrations in other areas and outside of the home. Some field studies 

also provide data for personal exposure to PM and carbon monoxide.

The most comprehensive and standardised set of laboratory emissions data have been 

compiled by the US Environmental Protection Agency and reported by Jetter and colleagues.

294 These data provide comparisons between the traditional three-stone fire and a wide 

range of improved solid fuel stoves, including some advanced stoves that use fan-assisted 

combustion or gasification. These studies show that stoves using conventional (unassisted) 

combustion typically reduce emission rates (often expressed as concentration per unit of 

energy delivered to the cooking pot) by 40–50%, and the more advanced technologies can 

reduce emissions by 80% or more. It must be appreciated, however, that these tests are 

carried out in ideal circumstances, and although very important to show the potential of the 

technology, there is growing evidence that these emission reductions might not be achieved 

in everyday use in homes. These studies have not included liquid and gaseous fuels (eg, 

LPG, ethanol) for comparison.

An increasing number of studies, many using experimental (mainly before-and-after) 

designs, have reported levels of PM2·5 (or PM4·0) in kitchens (and some personal exposure) 

associated with several solid fuel improved stoves. A number of studies are included in a 

recent review on exposure to HAP by Clark and colleagues.295 This review, together with 

three studies on liquid and gaseous fuels,296–298 and one on electricity,299 provide some 

important insights into the effects of solid and clean fuel interventions in everyday use. 

Although these studies might not be entirely representative of use at scale because of the 

project-based nature of many, they do provide a more realistic assessment of performance 

than that implied by findings from laboratory testing.

In summary, these studies report very high baseline average kitchen levels of PM2·5, ranging 

from several hundred to several thousand μg per m3, and substantial relative (50% or more) 

and absolute reductions in PM2·5 of several hundred μg per m3. These findings were seen for 

all intervention types, although with larger reductions for the chimney compared with non-

chimney stoves, and for clean fuels. Of concern, however, was the finding that despite large 

reductions, average postintervention PM2·5 concentrations remained very high, at levels of 

up to several hundred μg per m3 for the solid fuel stoves. Vented stoves achieved lower 

postintervention levels than did non-chimney stoves, and some examples of vented stoves 

tested in Central America (chimneys) and Nepal (hood venting to exterior) achieved average 

24 h kitchen PM2·5 concentrations in the range of 50 μg/m3 to 60 μg/m3.300,301 The lowest 
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group average postintervention concentrations were seen for clean fuels (ethanol, gas, 

electricity), although studies were few in number and levels were still well above the WHO 

IT-1 of 35 μg/m3—eg, 100 μg/m3 or higher for ethanol (eg, Practical Action Consulting 

2011297) and 80 μg/m3 for the one study of electrification.299 Very few studies were 

available for advanced solid fuel stoves using fans and gasification, and to our knowledge, 

none have been reported for biogas stoves or solar cookers. The reasons why 

postintervention concentrations of PM2·5 remain high, particularly for users of clean fuels, 

are discussed further below.

Kerosene remains a widely used fuel, particularly for lighting and cooking in LMICs. Lam 

and colleagues’302 systematic review provided a comprehensive overview of pollutants and 

emission levels from kerosene and the health risks in epidemiological studies. Although fuel 

grade and contaminants (eg, sulphur), combustion source and type (eg, lamp or stove), and 

operator conditions all affect emissions, there is ample evidence that use of household 

kerosene devices can lead to PM concentrations that exceed WHO guidelines, substantially 

so in homes in LMICs. Levels of carbon monoxide, polycyclic aromatic hydrocarbons, 

nitrogen dioxide, and sulphur dioxide might also exceed guideline levels. More than 20 

epidemiological studies have reported on risks of a range of cancer and non-malignant 

respiratory, allergic, and ocular outcomes, but Lam and colleagues302 concluded that these 

studies do not yet allow strong conclusions nor reliably quantified risk estimates. Available 

data for the role of HAP on respiratory infections are often from studies comparing self-

reported infections in households using solid fuel for cooking with those in households using 

cleaner-burning fuels. Recently, evidence has implicated kerosene use as a risk factor for 

tuberculosis and respiratory infections, with relative risk estimates comparable to those for 

solid fuels.19,23,36 Many older studies included kerosene as a clean cooking fuel in a 

reference category with LPG, biogas, and electricity and so the emissions from kerosene 

stoves and lamps used widely for lighting in LMICs have been ignored. Potentially, this 

grouping has resulted in underestimation of the health effects from HAP. However, the 

combination of widespread use, high levels of exposure to PM and other health damaging 

pollutants, and tentative epidemiological evidence, suggests that there should be strong 

concern about the possible or probable health effects of kerosene combustion.

Gas is one of the most widely used household fuels, and is one of the most important clean 

fuel options for replacement of solid fuels. A systematic review by Lin and colleagues303 

noted that there is good evidence that use of gas for cooking and heating can result in levels 

of pollutants including nitrogen dioxide, carbon monoxide, and PM2·5 that exceed WHO 

indoor air quality guidelines, but these emissions seem to mainly be the result of equipment 

that is poorly fitted or maintained and with inadequate ventilation. A previous review 

reported an increased risk of lower respiratory illness in children exposed to increased levels 

of nitrogen dioxide.304 The review by Lin and colleagues303 provides evidence of 

increased risks of asthma with gas cooking compared with cooking by electricity and 

wheeze with increased levels of nitrogen dioxide, although residual confounding might be 

playing some part.305 We cannot determine from these studies the extent to which the 

observed risks are the result of technical issues (poor equipment, maintenance, and 

ventilation) or other sources of pollution, but related evidence does suggest that these 

technical factors are likely to be important. Although, as a source of energy in the home, gas 
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might not be as clean as electricity (at the point of use), it seems to have a very low excess 

risk of adverse health outcomes when used optimally. When promoting gas as a household 

fuel, efforts should be made so that gas cookers and heaters function correctly and are 

adequately ventilated.

The focus of our discussion is stoves and fuels because these are seen as the most crucial 

factor to achieve low emissions. Several other structural and behavioural interventions have 

been proposed to contribute to reductions in HAP and personal exposure.306 Although most 

programmes introducing new stoves and fuels include some measure of behavioural change 

(eg, education about the risks of smoke exposure, suggestions for how to reduce exposure by 

changing the location of cooking or where small babies sleep, and particularly the use of dry 

fuel) through user training and advice, identification of the contribution of these components 

to changes in air quality is rarely possible. A few studies have investigated the potential of 

behavioural change, including those by Barnes and colleagues307 in South Africa, but these 

did not include data for HAP or exposure. A study carried out in China investigated a 

behavioural intervention (health education programme to promote smoke avoidance) in 

conjunction with an improved stove,308 but interpretation was made difficult by large 

discrepancies between numbers at baseline and follow-up, including for the comparisons 

between behavioural interventions and the improved cooking stoves.

Factors that affect intervention adoption and use

No matter how clean a stove or fuel is for emissions, if the household does not use it more or 

less exclusively to displace more polluting methods, and maintain these practices over time, 

then health benefits will be suboptimal and might not be realised at all. Two recent 

systematic reviews have reported on factors that affect adoption and sustained use of solid 

fuel improved stoves,309,310 and on four types of clean fuel (LPG, biogas, alcohol fuels, 

and solar cookers).311 These reviews show that a wide range of factors affect whether a 

household will adopt the new technology or fuel, the extent to which it displaces the existing 

arrangements, and whether use is maintained and equipment replaced when required. The 

authors of one of the reviews, Puzzolo and colleagues,311 describe seven key domains that 

affect this process, each incorporating a range of factors identified through their review of 

more than 100 qualitative, quantitative, and case studies, covering characteristics of the 

technology and fuel, household and community factors, and a set of programmatic and 

societal factors (figure 11). An important finding from this and other work, as previously 

discussed, is that multiple device and fuel use within the home is more or less the norm, and 

that complete transition from one type to another should not be expected, at least not in the 

short term.

Experimental and other research priorities

This section has identified several specific research priorities that complement those 

identified through a workshop by thr National Institutes of Health and reported by Martin 

and colleagues (panel 4).285 As noted by the investigators, these research gaps need a mix 

of experimental and other study designs and approaches that are discussed below. 

Intervention-based studies, whether using RCTs or other designs, have a very important part 

to play in strengthening evidence for respiratory disease outcomes and in the evaluation of 

Gordon et al. Page 35

Lancet Respir Med. Author manuscript; available in PMC 2016 October 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



intervention effect. We identify four types of intervention study, each with different 

contributions and methodological aspects and challenges.

Laboratory testing, which seeks to compare the emissions and efficiency of alternative 

intervention technologies and fuels during standard cooking tasks with use of consistent 

protocols, can provide valuable information about potential device and fuel performance. In 

future, it will be important to include cleaner liquid and gaseous fuels and electricity in these 

comparisons along with the associated devices for which efficiency could be improved.

Only two RCTs have been completed in this field,6,165 although four are currently 

underway (table 4). Depending on the results of these studies, further RCTs could be useful 

to strengthen evidence on the effect of HAP reduction on key respiratory outcomes, although 

RCT design is most suited to short-term, acute outcomes such as child ALRI (including 

severe pneumonia). Since an RCT requires the deliberate allocation of interventions, even 

with a cluster design, this type of study will tend to provide evidence on efficacy (in trials) 

rather than effectiveness in the real world. As has been emphasised by Martin and 

colleagues,285 it is vital to establish the acceptability and effect of the planned intervention 

on HAP and exposure before starting the trial, and it is recommended that clean fuels be 

included to ensure low exposures. Trials should also include thorough exposure assessment 

since effectiveness in any given situation cannot be assumed based on laboratory 

performance.

Quasi-experimental studies, including before-and-after studies, with and without control 

groups, can have an important role in initial field evaluation of the acceptance and effects of 

interventions on HAP and exposure, and have been widely used for this purpose. The use of 

a house as its own control helps to limit confounding, but attention should be paid to factors 

that can change over time (eg, seasonal practices, numbers of people cooked for, etc), 

especially for studies with longer periods of follow-up. The use of parallel control groups 

adds strength to this type of study design.296

Finally, the evaluation of the effects of intervention at scale (including on health outcomes) 

is important to understand effectiveness. This type of assessment presents the greatest design 

challenges since (by contrast with the RCT) adoption at scale will probably involve a major 

component of market-based approaches, and patterns of adoption over time and across 

settings will complicate comparisons because earlier adopters will differ in many respects 

from later or non-adopters. This type of programmatic-effect evidence has been lacking, and 

where confidence about intervention efficacy, acceptability, and affordability is established, 

such studies should be a priority. Some opportunities might already be available—eg, the 

national kerosene to LPG conversion programme in Indonesia, which has involved more 

than 40 million homes.312

Cohort and case-control studies can make an important contribution to the evaluation of 

interventions, particularly for chronic diseases with long latent periods and when these can 

be done retrospectively, as for lung cancer and COPD in China.313,314 Reliable assessment 

of exposure, including historical, is a challenge for all studies of chronic disease, and is one 

aspect of such studies that needs more attention. Observational study designs also have an 
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important role to strengthen evidence for important respiratory disease outcomes such as 

tuberculosis, for which the current body of evidence is still inconsistent and of low quality.

315 Opportunities should be taken to build HAP assessment into existing or planned large-

scale observational studies.

Qualitative research methods, particularly when combined with quantitative assessment of 

HAP, efficiency, and other aspects of intervention use and performance, have a very 

important role in finding out the reasons for which households use interventions in the way 

they do, including fuel and stove stacking, maintenance and replacement, and other aspects 

of adoption that ultimately determine whether or not exposure is reduced sufficiently and 

whether respiratory and other health benefits are obtained. Such investigations should not be 

limited to the household and should include factors contributing to all of the domains 

presented in figure 11.

Summary

The evidence we present can make an important contribution to understanding what types of 

intervention have the potential to deliver substantive benefits to respiratory health, and how 

policy can help to ensure these benefits are realised in practice and at scale. Much of this 

evidence is new, and we provide further interpretation below, and approaches and a summary 

of the findings. In view of the paucity of empirical data on exposure and risk in 

epidemiological studies of HAP, recently developed integrated exposure–response functions 

have been used to assess the expected health effects of differing levels of HAP exposure. 

These functions are innovative, and involve a number of assumptions as discussed by 

Burnett and colleagues.290 Only one of the functions (child ALRI) has direct exposure 

assessment, and this is from only one study. Given the potential value of these exposure–

response functions in disease burden calculation and other applications,24 research to 

strengthen the HAP component through standardised exposure assessment should be a 

priority.

For lung cancer, the well-established evidence from smoking helps to define a more linear 

function with greater confidence, and consequently, risk reduction can be expected to be 

more proportionate to exposure reduction, albeit with a 10–20 year time-lag consistent with 

the latent period for this disease. A cohort study from the coal-using area of Xuanwei, 

China,313 which showed statistically significant reductions in risk of lung cancer of 41% in 

men and 46% in women with long-term use of chimney stoves, lends empirical support to 

the conclusion from the exposure–response model, because exposure reductions with these 

stoves are likely to be moderate rather than large.316,317

The integrated exposure–response for COPD is less certain because of the poorer fit between 

the epidemiological evidence and the model based on outdoor air pollution, second-hand 

smoking, and active smoking. The reasons for this finding are unclear, but might be because 

HAP exposure begins very much earlier in life (in utero and from the neonatal period) than 

does active smoking (typically in the teenage years), thereby increasing the risk for COPD in 

relative terms. At this stage, it is perhaps safest to assume that the integrated exposure–

response relationship is intermediate in shape between that for ALRI (steep at low exposures 

and then flattening off) and that for lung cancer (more or less linear, rising to high levels of 
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risk at very high exposure). A second cohort study from Xuanwei studied the effect of long-

term use of chimney stoves on risk of COPD and reported statistically significant reductions 

of 42% in men and 25% in women,314 consistent at least with the conclusion above.

Although we acknowledge the limitations of the work on integrated exposure–responses, 

this evidence points towards the conclusion that concentrations of PM2·5 exposure at or 

below the WHO IT-1 of 35 μg/m3 are needed to prevent most cases of child ALRI 

attributable to HAP, and such benefits should be realised quickly. More proportionate risk 

reductions are expected for lung cancer after 10–20 years, whereas a pattern of risk 

reduction intermediate between that for ALRI and lung cancer might be seen for new cases 

of COPD, also with a lag of 10–20 years. Reductions in exacerbations of COPD might be 

seen more quickly.

For laboratory-based emissions studies, the availability of standardised comparative testing 

raises confidence in the relative performance of different solid fuel stoves. These studies 

have not so far included clean fuels. For in-home assessments, a growing number of studies 

have used standard (comparable) pollution assessment methods, which contribute to the 

overall quality of the available information, although more rigorous study designs with a 

control group have rarely been used. However, very few studies were available for some 

intervention categories, notably advanced solid fuels stoves and all of the clean fuels. There 

were also relatively few studies for personal exposure, especially for PM2·5, showing the 

historical lack of convenient and lightweight technology to measure personal PM exposure.

295 Many of the studies also had short follow-up periods, some of only a few weeks, so they 

might not reflect true longer-term performance. Nevertheless, the postintervention averages 

for PM2·5 make clear that most solid fuel stove interventions are not delivering results that 

are even close to the levels needed. Results for advanced solid fuel stoves and clean fuels 

can be expected to be less reliable due to the paucity of studies.

The explanations for these high postintervention levels, particularly for clean fuels that have 

very low emissions, are important for policy decisions, and are due to a combination of 

factors. One important reason is continued use of the traditional stove.309 Other 

contributing sources of pollution within homes include kerosene lamps, which emit high 

levels of PM.302 Outside of homes under study, emissions from solid fuel stoves in 

neighbouring houses, along with other sources of outdoor air pollution, can be expected to 

contribute to increased levels in all but the most sparsely populated areas. For example, in 

Indian villages with average ambient levels of PM2·5 of 100 μg/m3 or higher,293 even in the 

absence of any household combustion source, it would not be possible to achieve a level 

lower than 100 μg/m3 within homes. This influence from ambient pollution is expected to be 

less in more sparsely populated rural areas. The two main implications of these findings are 

that improved stoves that burn solid fuel alone are not able to deliver the required level of air 

quality, and near exclusive use of clean fuels across communities with policy to control other 

ambient pollution sources, is needed. Future research priorities include comparative 

laboratory studies of clean and solid fuels, more field-based assessments of advanced solid 

fuel combustion stoves and clean fuels, and more comprehensive characterisation of multiple 

use of devices and fuels, and other sources in and around the home.
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Several limitations exist in the evidence used in reviews of factors that affect adoption, 

which constrained inferring a causal relationship between any given factor and the adoption 

outcome, and also limited prioritisation of factors. Although some factors, such as meeting a 

household’s needs or affordability (albeit taking account of financial assistance options), can 

be considered necessary, on their own they are not sufficient to ensure substantive and 

longer-term use. Only a few studies included sufficiently long periods of time to study 

factors that affect sustained use, as opposed to initial adoption. Puzzolo and colleagues311 

conclude that all factors can be important, but these are also setting, technology, and fuel 

dependent, and require assessment in the relevant context. More work is needed on the 

development of policy for effective and equitable adoption and more exclusive use of 

interventions that would deliver low emission rates, including clean fuels. This work should 

include research on sustained use, and use mixed methods combining quantitative and 

qualitative studies that have considerable value to quantify and explain the outcomes 

observed.

We have identified a number of priority areas for research, including to strengthen the HAP 

component of exposure–response functions, additional field-based evaluation of more 

advanced solid fuel stoves and clean fuels, and evaluation of policy to ensure adoption and 

sustained use of the most effective interventions. A mix of study designs and research 

situations are needed, including intervention-based studies that include laboratory testing, 

RCTs and other experimental designs, and programme-level evaluation.

Conclusion

Worldwide, respiratory health effects account for nearly a half of the overall deaths and 

disabilities from HAP. In each section of this Commission, we have focused on how the 

available published research can inform on specific respiratory disease risk and the 

complexities that underpin this risk. As is clear from this Commission, severe poverty and 

fuel use at the bottom of the world’s energy ladder are the main risk factors for HAP-related 

respiratory disease. But this is not simply a story about poverty and energy access. Risks of 

death and disability from HAP-related respiratory disease are not shared equally in the 

household. As noted in each section of this Commission, complex social and cultural factors 

affect the origins of disease and all proposed solutions. HAP is by definition a domestic 

exposure, and due to their domestic roles and activities, women and children have especially 

high HAP exposures. As for all environmental exposures, the initial primary effort to protect 

a household or a population from adverse health effects is primary prevention—ie, removal 

of the risk as early in life as possible, before there is any evidence of respiratory disease or 

start of disease mechanisms that predispose to eventual expression of respiratory disease.

The solution to death and disability from HAP is a classic example of a global health 

problem that needs public health prevention strategies that include many stakeholders such 

as households, communities, NGOs, businesses, health systems, governments, and global 

agencies. The challenge of changing how the world cooks is enormous, with about 600–800 

million households at risk from HAP worldwide. Because cooking is by far the greatest 

source of polluting emissions to HAP, interventions with cleaner cooking solutions have 

been the primary prevention strategy. However, the solutions will need to be sustainable and 
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so stoves should be durable and capable of lasting several years not several months. Most 

importantly, there must be a market demand for such stoves based on them being affordable, 

having improved cooking functionalities for the family, and being culturally suitable. There 

is an even larger issue at stake which is the means by which clean fuel can be provided at an 

affordable cost and in a manner that is both ecologically and economically sustainable for 

the poorest 1 billion of the world’s population. Successful businesses rely on responding to 

the voice of the customer and understanding how to address these needs and to create the 

supply chains needed to bring the solutions to a global scale. NGOs familiar with the 

traditions and cultures of communities will be essential partners with businesses and 

governments when large-scale implementation programmes are planned. NGOs working 

within local communities are invaluable as a means to build both trust in the community and 

the appropriate solutions for local needs. Only in this context can outside organisations 

contribute to improved, sustainable, household energy solutions that are acceptable to 

communities.

But where do health-care providers and scientists fit with this overarching prevention 

strategy? To begin with, most physicians and other health-care providers become aware of 

respiratory symptoms or diseases as individuals seek care. Individuals from LMICs who 

now reside in high-income countries might seek care and be diagnosed with respiratory 

diseases, which need careful assessment of a past medical history for environmental 

exposures such as HAP. This Commission will hopefully inform health-care providers of 

this risk and to be vigilant for its relevance when appropriate. For physicians and healthcare 

providers in LMICs, early-life and lifelong exposures to HAP should always be noted as part 

of a medical evaluation for the many associated disease risks.

Scientists and public health leaders at universities within LMICs can be instrumental to 

inform and move this discussion from the clinical setting to the community to the country 

level, provided that governmental priorities are made clear to the scientific community. 

Clearly, this is a dialogue that must occur to develop effective policies. There is an 

opportunity and perhaps a responsibility for health-care providers and scientists to work with 

governments and other stakeholders to develop policies and approaches that could reduce 

adverse health effects from HAP.

Solutions to HAP must use multiple and integrated strategies that include improvement of 

economic conditions for poor people worldwide, increased access to cleaner and more 

affordable household energy, improved access to health care, and advancement of 

technologies that are appropriate and adaptable to many different cultures and settings. 

Governments, societies, NGOs, businesses, and health systems are needed to develop such 

integrated strategies that can be sustained, evaluated, and improved over decades. Such 

efforts are underway with the recent establishment of the Global Alliance for Clean 

Cookstoves. But its success and that of other organisations who share this mission needs 

continuing involvement and commitment from health-care providers, scientists, and public 

health leaders, a group that has been under-represented. Hillary Rodham Clinton who, as US 

Secretary of State, promoted global awareness of the urgent need to reduce the global burden 

of HAP and its effects on women and children, once famously said that to solve complex 

problems “it takes a village”. We hope that this Commission begins a journey for readers, 
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which engages themselves, their colleagues, and their scientific and professional societies in 

a global discussion to consider elimination of this major, preventable, cause of death in the 

world.318,319
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Panel 1

Interventions to reduce exposure to household airway pollution

Technologies

Improved solid fuel stoves, including conventional and advanced combustion designs 

using fans or gasification technology.

Fuels

These can be unprocessed or processed, including pellets for biomass, briquettes for coal, 

etc. Cleaner fuels include liquid petroleum gas, natural gas, biogas, electricity, solar 

lamps, and stoves. Kerosene, although a liquid fuel, might have large health risks, 

especially when used in simple stove and lamp devices.

Ventilation

Most importantly flues and chimneys, but other methods, including larger eaves spaces, 

can contribute.

Behaviour

User factors that affect how well and exclusively the cleaner technologies and fuels are 

used—eg, dryness of fuel.
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Panel 2

Key questions for intervention strategies

• How much does exposure need to change to substantially reduce risk, 

noting that this might vary by disease outcome?

• What is known about the performance of various interventions, both in 

laboratory testing (ie, emissions testing in ideal circumstances) and in 

everyday use in homes?

• What factors can help to ensure that households get the best 

performance and results from available interventions?
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Panel 3

Disease outcomes with integrated exposure–response relationships

• Child acute lower respiratory infections

• Ischaemic heart disease

• Stroke

• Lung cancer

• Chronic obstructive pulmonary disease
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Panel 4

Major gaps and research needed for health outcomes

Cancer

• Determine the risk from coal-related HAP exposure on cancer of organ 

systems other than the lung.

• Assess the risk from biomass-related HAP exposure for cancer of the 

lung, upper airway, and other organ systems.

• Investigate whether risk is mediated via germline, somatic, or 

epigenetic changes and whether there is a developmental window of 

susceptibility.

Infections

• Carry out population-based studies to determine the impact on 

important infectious diseases, including tuberculosis and malaria (the 

latter via effects of smoke on biting and disease transmission), and the 

impacts of interventions.

• Extend the experience of the RESPIRE study on acute childhood 

pneumonia to other populations and cultures and determine cause 

(pathogens) and exposure–response relationships more precisely.

• Leverage existing epidemiological studies investigating pneumonia and 

the impacts of new vaccines by adding HAP exposure assessment.

Cardiovascular disease

• Use short-term and longer-term observational studies (including those 

leveraging existing cohorts) and intervention studies to determine the 

risk of completed cardiovascular outcomes, indicators of disease 

process (eg, ECG findings), and risk (eg, blood pressure, lipid 

concentrations, inflammatory biomarkers).

• Determine the role of HAP in the developmental origins of 

cardiovascular disease through long-term cohort studies.

Maternal, neonatal, and child health

• Strengthen existing evidence on pregnancy outcomes (pre-term birth, 

intrauterine growth restriction, stillbirth), with assessment of 

gestational age and vulnerable periods of exposure during pregnancy.

• Investigate the risk of severe infection in neonates and young infants.

• Strengthen emerging evidence on child growth and cognitive 

development to age 5–7 years.

• Determine the risk of HAP exposure for the main causes of maternal 

mortality and morbidity.
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• Establish long-term cohorts to study the role of early HAP exposure 

and associated mechanisms (including epigenetic) in the developmental 

origins of later childhood and adult disease.

Respiratory disease

• Use cohort studies and clinical trials to determine roles of HAP in 

causation and exacerbation of asthma in children.

• Assess the impacts of HAP exposure reduction on the rate of lung 

function decline over the medium term (eg, 5 years) in young and 

middle-aged women.

• Describe the risks of HAP exposure in pregnancy and early life for lung 

development, asthma, and COPD.

Burns

• Enhance surveillance and population-based evidence on the causes and 

incidence, and mortality, disability, and longer-term social impacts of 

burn injuries.

• Assess the impact of safety testing of new stoves.

• Determine the value of prevention strategies on morbidity and mortality 

related to burn injuries or accidental poisoning (eg, with kerosene) 

from cooking, heating, and lighting.

Ocular disorders

• Extend the evidence on cataracts in men and in exposed populations 

outside of India.

• Ensure better control of potentially serious confounding in studies of 

cataract (eg, smoking, ultraviolet light exposure, nutrition).

• Strengthen tentative evidence on risk for other important ocular 

disorders, such as trachoma.

• Investigate the motivational potential of reduced eye symptoms 

(tearing, irritation) for intervention programmes.

HAP=household air pollution. Adapted from Martin and colleagues.285
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Figure 1. Exposure of children to household air pollution at home and at school
(A) An infant in Malawi is exposed to very high levels of cooking smoke. Both mother and 

child had evidence of eye irritation. (B) Household air pollution exposure continues at 

school. Used with permission of CAPS/Handstand productions.
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Figure 2. WHO map of household air pollution and mortality
World map of poverty (not shown) shows nearly identical geographical distribution. © WHO 

2005. All rights reserved.
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Figure 3. Cookstove types used around the world
(A) Three-stone, minimally tended, wood fuel. (B) Berkeley–Darfur, wood fuel. (C) 

Envirofit G-3300, wood fuel. (D) Onil, wood fuel. (E) Philips HD4008, wood fuel. (F) 

Philips HD4012, wood fuel. (G) Sampada, wood fuel. (H) StoveTec GreenFire, wood fuel. 

(I) Upesi Portable, wood fuel. (J) GERES, charcoal fuel. (K) Gyapa, charcoal fuel. (L) Jiko, 

ceramic, charcoal fuel. (M) Jiko, metal, charcoal fuel. (N) KCJ Standard, charcoal fuel. (O) 

Kenya Uhai, charcoal fuel. (P) StoveTec prototype, charcoal fuel. (Q) Belonio Rice Husk 

Gasifier, rice hull fuel. (R) Mayon Turbo, rice hull fuel. (S) Oorja, biomass pellet fuel. (T) 

StoveTec TLUD prototype, wood pellet fuel. (U) Jinqilin CKQ-80I, corn cob fuel. (V) 

Protos, plant oil fuel. Photo is courtesy of James Jetter, US Environmental Protection 

Agency, NC, USA.
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Figure 4. Improved cookstoves offer greatly reduced household air pollution exposure
(A) A woman in Malawi using the Philips improved cookstove as part of the Cooking and 

Pneumonia Study (CAPS) funded by the Joint Global Health Trials of the Medical Research 

Council, Wellcome Trust, and Department for International Development. (B) Taken at the 

same location in Malawi, non-invasive monitoring, in this case od carboxyhaemoglobin, can 

be used to objectively assess cookstove effect. Used with permission of CAPS/Handstand 

productions.
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Figure 5. Household air pollution and other risk factors for respiratory infections
ALRI=acute lower respiratory infection.
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Figure 6. Forest plot of studies to assess the link between lung cancer and exposure to household 
air pollution173
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Figure 7. Forest plot of studies to assess the link between nasopharyngeal cancer and exposure to 
household air pollution stratified by adjustment for tobacco smoking status
Al/Mo/Tu=North Africa (Algeria, Morocco, Tunisia).
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Figure 8. Exposure monitoring is essential to properly assess the effect of an intervention
(A) A simple clay stove implemented in community studies to reduce fuel consumption and 

hence improve livelihoods for women. (B) The effect of stacking (use of several different 

energy sources in cooking) on air monitored in four households before (left) and after (right) 

the introduction of a simple clay stove to reduce fuel consumption. Households have used 

both the stove and fire, resulting in increased household air pollution being measured after 

the intervention. Reprinted with permission of the International Union Against Tuberculosis 

and Lung Disease.256
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Figure 9. The energy ladder
Adapted from Rehfuess.1 © WHO. All rights reserved.

Gordon et al. Page 71

Lancet Respir Med. Author manuscript; available in PMC 2016 October 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 10. Integrated exposure–response models for acute lower respiratory infection, lung 
cancer, and COPD
Predicted values of integrated exposure–response model for acute lower respiratory infection 

incidence in infants (A), lung cancer mortality in adults (B), and COPD mortality in adults 

(C). Shaded boxes for COPD mortality and lung cancer mortality represent uncertainty 

(height) and exposure contrast (width) of RR for HAP estimates for men (smaller darker 

boxes) and women (larger lighter boxes). HAP=household air pollution. RR=relative risk. 

PM2·5=particulate matter smaller than 2·5 μm. COPD=chronic obstructive pulmonary 

disease. Adapted from Burnett and colleagues.290
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Figure 11. Seven key domains (D) of factors affecting adoption and sustained use of household 
energy interventions
Adapted from Puzzolo and colleagues.311
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Table 1
Deaths attributable to environmental risks worldwide

Deaths in 2010 (95% CI)

Household air pollution* 3·55 million (2·68 million to 3·62 million)

Ambient pollution 3·22 million (2·82 million to 3·62 million)

Occupational risk factors† 0·85 million (0·66 million to 1·06 million)

Lead exposure 0·67 million (0·58 million to 0·78 million)

Second-hand smoke 0·60 million (0·45 million to 0·52 million)

Unimproved sanitation 0·24 million (0·01 million to 0·48 million)

Unimproved water source 0·12 million (0·01 million to 0·23 million)

Residential radon 0·10 million (0·01 million to 0·22 million)

*
Household air pollution contributes about 16% to the worldwide disease burden of ambient air pollution.2

†
Occupational risks include carcinogens, asthmagens, air pollutants, etc. Adapted from Lim and colleagues.2

Lancet Respir Med. Author manuscript; available in PMC 2016 October 18.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Gordon et al. Page 75

Ta
b

le
 2

C
au

sa
l r

el
at

io
ns

hi
ps

: 
ho

us
eh

ol
d 

ai
r 

po
llu

ti
on

 a
nd

 t
he

 in
tr

od
uc

ti
on

 o
f 

pn
eu

m
oc

oc
ca

l c
on

ju
ga

te
 a

nd
 H

ae
m

op
hi

lu
s 

in
fl

ue
nz

ae
 t

yp
e 

b 
va

cc
in

es

M
ec

ha
ni

sm
A

ff
ec

ts

H
A

P
 a

ff
ec

ti
ng

 v
ac

ci
ne

 e
ff

ec
ti

ve
ne

ss
 o

r 
va

cc
in

e 
pr

og
ra

m
m

e 
im

pa
ct

H
A

P 
in

cr
ea

se
s 

ri
sk

 o
f 

pn
eu

m
on

ia
 in

 a
 v

ac
ci

na
te

d 
ch

ild
 (

eg
, t

hr
ou

gh
 im

pa
ir

ed
 c

ili
ar

y 
cl

ea
ra

nc
e)

C
au

sa
l

V
ac

ci
ne

 e
ff

ec
tiv

en
es

s

H
A

P 
as

so
ci

at
ed

 w
ith

 h
ig

h 
ri

sk
 o

f 
pn

eu
m

on
ia

 in
 a

 v
ac

ci
na

te
d 

ch
ild

 th
ro

ug
h 

co
nf

ou
nd

in
g 

as
so

ci
at

io
ns

 (
eg

, 
po

ve
rt

y,
 o

ve
rc

ro
w

di
ng

)
C

on
fo

un
di

ng
A

pp
ar

en
t v

ac
ci

ne
 e

ff
ec

tiv
en

es
s

H
A

P 
as

so
ci

at
ed

 w
ith

 lo
w

er
 r

at
es

 o
f 

va
cc

in
e 

up
ta

ke
 th

ro
ug

h 
co

nf
ou

nd
in

g 
as

so
ci

at
io

ns
C

on
fo

un
di

ng
Pr

og
ra

m
m

e 
im

pa
ct

H
A

P 
in

cr
ea

se
s 

ri
sk

 o
f 

pn
eu

m
on

ia
 in

 a
n 

un
va

cc
in

at
ed

 c
hi

ld
 w

ho
 is

 in
 c

on
ta

ct
 w

ith
 a

 v
ac

ci
na

te
d 

ch
ild

C
au

sa
l

Pr
og

ra
m

m
e 

im
pa

ct
 th

ro
ug

h 
in

di
re

ct
 e

ff
ec

ts

V
ac

ci
ne

 a
ff

ec
ti

ng
 im

pa
ct

 o
f 

H
A

P

V
ac

ci
ne

 r
ed

uc
es

 th
e 

ef
fe

ct
 o

f 
sm

ok
e 

ex
po

su
re

 o
n 

ca
rr

ia
ge

E
ff

ec
t m

od
if

ic
at

io
n

Pr
og

ra
m

m
e 

im
pa

ct
 th

ro
ug

h 
di

re
ct

 a
nd

 in
di

re
ct

 e
ff

ec
ts

V
ac

ci
ne

 a
nd

 H
A

P
 a

s 
in

de
pe

nd
en

t 
fa

ct
or

s

V
ac

ci
ne

 r
ed

uc
es

 th
e 

ra
te

 o
f 

pn
eu

m
on

ia
 in

de
pe

nd
en

tly
 o

f 
sm

ok
e 

ex
po

su
re

In
de

pe
nd

en
t p

ro
te

ct
iv

e 
ef

fe
ct

V
ac

ci
ne

 e
ff

ec
tiv

en
es

s 
an

d 
pr

og
ra

m
m

e 
im

pa
ct

Lancet Respir Med. Author manuscript; available in PMC 2016 October 18.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Gordon et al. Page 76

Table 3
Compounds present in emissions from combustion of wood or coal

Assessment of carcinogenicity Source of smoke Available evidence for types of wood or coal

Animals Human beings Group*

Polycyclic aromatic hydrocarbons

Benz(a)anthracene Sufficient Inadequate 2B Wood and coal Hardwood, Petocarpus indicus, eucalyptus chip, 
oak, firewood (not specified), coal briquette

Benzo(b)fluoranthene Sufficient Inadequate 2B Coal ··

Benzo(k)fluoranthene Sufficient Inadequate 2B Coal ··

Benzo(a)pyrene Sufficient Inadequate 1 Wood and coal Hardwood, Petocarpus indicus, eucalyptus chip, 
oak, firewood (not specified), coal briquette

Dibenzo(a,h)anthracene Sufficient Inadequate 2A Wood and coal Hardwood, Petocarpus indicus, eucalyptus chip, 
oak, firewood (not specified), coal briquette

Chrysene Sufficient Inadequate 2B Coal ··

Cyclopenta(c,d)pyrene Sufficient Inadequate 2A Coal ··

Indeno(1,2,3-c,d)pyrene Sufficient Inadequate 2B Coal ··

Naphthalene Sufficient Inadequate 2B Wood and coal Hardwood, Petocarpus indicus, eucalyptus chip, 
oak, firewood (not specified), coal briquette

Volatile organic compounds

Acetaldehyde Sufficient Inadequate 2B Wood and coal Hardwood, firewood (not specified), coal (three 
types)

Benzene Sufficient Sufficient 1 Wood and coal Hardwood, firewood (not specified), coal (four 
types)

1,3-Butadiene Sufficient Little 2A Wood and coal Hardwood, firewood (not specified), coal (four 
types)

Formaldehyde Sufficient Sufficient 1 Wood and coal Hardwood, firewood (not specified), coal (three 
types)

Styrene Limited Inadequate 2B Wood and coal Hardwood, firewood (not specified), coal (four 
types)

Metal and metal compounds

Arsenic Sufficient Sufficient 1 Wood and coal ··

Nickel Sufficient Sufficient 1 Wood and coal ··

*
International Agency for Research on Cancer carcinogenicity group: 2A=probably carcinogenic to human beings; 2B=possibly carcinogenic to 

human beings; 1=carcinogenic to human beings. Adapted with permission from Hosgood and colleagues.172
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Table 4
Continuing randomised trials to assess effect of household air pollution exposure by 
location

Institution of principal 
investigator

Main interventions Primary outcomes Trial registration

Ghana Columbia University, New 
York, NY, USA (Pat Kinney 
and Darby Jack)

Biolite fan stove; liquefied 
petroleum gas

Incidence of physician-assessed acute 
lower respiratory infections in children 
younger than 12 months; birthweight (as 
a continuous variable; all livebirths)

NCT01335490

Nepal Johns Hopkins, Baltimore, 
MA, USA (James Tielsch)

Envirofit rocket stove; 
liquefied petroleum gas

Incidence of acute lower respiratory 
infections in children younger than 36 
months; incidence of low birthweight (all 
livebirths)

NCT00786877

Malawi Liverpool School of 
Tropical Medicine, 
Liverpool, UK (Kevin 
Mortimer)

Philips fan stove Incidence of pneumonia in children 
younger than 5 years

ISRCTN59448623

Nigeria University of Chicago, 
Chicago, IL, USA 
(Christopher Olopade)

Ethanol clean cookstove Incidence of adverse pregnancy outcomes GACC RCP 12-1 
award

NCT=National Clinical Trial. ISRCTN=International Standard Randomised Controlled Trial Number. GACC=Global Alliance for Clean 
Cookstoves.
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