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BACKGROUND: Household air pollution (HAP) from solid fuel use for cooking affects 2.5 billion individuals globally and may contribute substantially 
to disease burden. However, few prospective studies have assessed the impact of HAP on mortality and cardiorespiratory disease. 

OBJECTIVES: Our goal was to evaluate associations between HAP and mortality, cardiovascular disease (CVD), and respiratory disease in the prospec-
tive urban and rural epidemiology (PURE) study. 

METHODS: We studied 91,350 adults 35–70 y of age from 467 urban and rural communities in 11 countries (Bangladesh, Brazil, Chile, China, 
Colombia, India, Pakistan, Philippines, South Africa, Tanzania, and Zimbabwe). After a median follow-up period of 9.1 y, we recorded 6,595 deaths, 
5,472 incident cases of CVD (CVD death or nonfatal myocardial infarction, stroke, or heart failure), and 2,436 incident cases of respiratory disease 
(respiratory death or nonfatal chronic obstructive pulmonary disease, pulmonary tuberculosis, pneumonia, or lung cancer). We used Cox proportional 
hazards models adjusted for individual, household, and community-level characteristics to compare events for individuals living in households that 
used solid fuels for cooking to those using electricity or gas. 
RESULTS: We found that 41.8% of participants lived in households using solid fuels as their primary cooking fuel. Compared with electricity or gas, 
solid fuel use was associated with fully adjusted hazard ratios of 1.12 (95% CI: 1.04, 1.21) for all-cause mortality, 1.08 (95% CI: 0.99, 1.17) for fatal 
or nonfatal CVD, 1.14 (95% CI: 1.00, 1.30) for fatal or nonfatal respiratory disease, and 1.12 (95% CI: 1.06, 1.19) for mortality from any cause or the 
first incidence of a nonfatal cardiorespiratory outcome. Associations persisted in extensive sensitivity analyses, but small differences were observed 
across study regions and across individual and household characteristics. 

DISCUSSION: Use of solid fuels for cooking is a risk factor for mortality and cardiorespiratory disease. Continued efforts to replace solid fuels with 
cleaner alternatives are needed to reduce premature mortality and morbidity in developing countries. https://doi.org/10.1289/EHP3915 

Introduction matter [PM ≤ 2:5 lm in aerodynamic diameter ðPM2:5)], can be 
Approximately 2.5 billion individuals globally are exposed to several orders of magnitude higher in homes cooking with solid 
household air pollution (HAP) from cooking with solid fuels fuels compared with those using clean fuels such as electricity 
such as coal, wood, dung, or crop residues (Smith et al. 2014). or liquefied petroleum gas (LPG) (Clark et al. 2013; Shupler 
Concentrations of air pollutants, especially fine particulate et al. 2018). PM2:5 in outdoor air has been linked to mortality, 
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ischemic heart disease (IHD), stroke, and respiratory diseases 
(Kim et al. 2015). 

Despite the large population exposed and the potential for 
adverse health effects, few prospective cohort studies have exam-
ined the health effects of HAP. Only four studies have examined 
HAP and mortality and reached contradictory conclusions (Alam 
et al. 2012; Kim et al. 2016; Mitter et al. 2016; Yu et al. 2018). 
Further, studies have not examined HAP and fatal as well as non-
fatal cardiovascular disease (CVD) events. There is growing evi-
dence of the adverse effects of HAP on respiratory diseases and 
lung cancer; however, most studies are cross sectional or case– 
control in design, with relatively small sample sizes and limited 
geographic coverage (Gordon et al. 2014). To date, few prospec-
tive studies have examined HAP exposures and respiratory events 
in adults, and the existing studies have reported contradictory 
findings (Chan et al. 2019; Ezzati and Kammen 2001; Mitter et al. 
2016). 

Given the absence of direct epidemiological data, the Global 
Burden of Disease (GBD) study estimated the potential impact of 
HAP on health using exposure–response relationships that pooled 
data from studies on outdoor air pollution, secondhand smoke, 
and active smoking (Burnett et al. 2014). These predictions indi-
cated that 1.6 million deaths were attributable to HAP exposure 
in 2017, of which 39% were from IHD and stroke and 55% from 
respiratory outcomes [>90% from chronic obstructive pulmonary 
disease (COPD) and acute lower respiratory infections (ALRI)] 
(GBD 2017 Risk Factor Collaborators 2018). Given the lack of 
direct epidemiological evidence and this large predicted burden, 
there is an urgent need to directly characterize the health effects 
associated with HAP. 

Within the Prospective Urban and Rural Epidemiology (PURE) 
study, we conducted an analysis of 91,350 adults from 467 urban 
and rural communities in 11 low- to middle-income countries 
(LMICs) where solid fuels are commonly used for cooking. We 
examined associations between cooking with solid fuels—as a 
proxy indicator of HAP exposure—and cause-specific mortality, 
incident cases of CVD [CVD death and incidence of nonfatal myo-
cardial infarction (MI), stroke, and heart failure (HF)] and incident 
cases of respiratory disease [respiratory death, nonfatal COPD, 
pulmonary tuberculosis (TB), pneumonia, or lung cancer]. We esti-
mated associations between solid fuel use for cooking and these 
outcomes, controlling for extensive individual, household, and 
community covariates. 

Methods 

The PURE Cohort and Household Air Pollution Substudy 

The PURE study is a large multinational cohort study of individ-
uals 35–70 y of age enrolled from 21 countries in five continents. 
The methodology of the PURE study has been described in detail 
elsewhere (Dehghan et al. 2017; Teo et al. 2009; Yusuf et al. 
2014). Briefly, PURE countries were selected to cover a wide 
range of socioeconomic and environmental settings, especially in 
LMICs, where health-related data are sparse. The primary sam-
pling unit was the “community” in urban areas, selected based on 
known information of the geographical area such as a set of con-
tiguous postal codes or groups of streets corresponding roughly 
to a neighborhood. Rural communities were small villages at 
least 50 km from cities. Many of these communities were remote 
with few health facilities. Communities were clustered into cen-
ters (representing regions) within countries. Households with at 
least one member 35–70 y of age with no plans to move in the 
next 5 y were approached for recruitment. This HAP analysis 
was restricted to the subset of individuals living in centers where 
at least 10% of the participants primarily used solid fuels for 

cooking. This resulted in a study population of 91,350 adults from 
467 urban and rural communities in 11 countries (Bangladesh, 
Brazil, Chile, China, Colombia, India, Pakistan, Philippines, South 
Africa, Tanzania, and Zimbabwe). 

Data Collection 

Baseline data included in this analysis were collected from 2002 
to 2015. Standardized interview-based questionnaires were used 
to collect individual and household information on demographics, 
socioeconomic status (SES), risk factors, and medical histories 
(Corsi et al. 2013; Teo et al. 2009; Yusuf et al. 2014). 

Face-to-face or telephone interviews were conducted with 
participants at least every 3 y during follow-up to document 
events. Up to three attempts were made to interview all house-
holds. The PURE study includes LMICs where there is unreli-
able or no death or clinical event registries. To determine a 
probable cause of death, hospitalization, or event, we obtained 
information from interviews of participants or their relatives, 
additional details from hospital records, medically certified 
cause of death, and verbal autopsies where medical information 
was not available (Gajalakshmi et al. 2002). Additional infor-
mation on CVD (MI, stroke, and HF) were collected and used 
for event adjudication, conducted centrally in each county by 
trained physicians using standardized definitions. To ensure a 
consistent approach and high accuracy for event classification 
across all countries and over time, the first 100 CVD events per 
year for China and India, and 50 events per year for other coun-
tries, were adjudicated both locally and centrally by an adjudi-
cation chair (Dehghan et al. 2017; Teo et al. 2009; Yusuf et al. 
2014). 

We examined a range of outcomes hypothesized to be related 
to HAP. Mortality outcomes included all-cause mortality, cause-
specific mortality due to any CVD, any respiratory condition, any 
cancer, all other causes combined (excluding CVD, respiratory, 
and cancer mortality), and accidental mortality (deaths due to 
accident or trauma in the absence of other causes) as well as 
deaths due to unspecified causes (not classified). We estimated 
associations with fatal and nonfatal CVD (MI, stroke, HF), and 
hospitalization (defined as any medical procedure occurring in a 
hospital environment or a length of stay for at least 12 h in a hos-
pital, clinic, or emergency room or other similar location) for 
CVD (MI, stroke, HF), as well as fatal and nonfatal major respi-
ratory diseases (COPD, TB, pneumonia, lung cancer), and hospi-
talization for major respiratory diseases (COPD, TB, pneumonia, 
lung cancer). In addition, we examined a composite outcome that 
included deaths from any cause and the first incidence of any 
major nonfatal CVD (MI, stroke, HF) or major respiratory out-
come (COPD, TB, pneumonia, lung cancer), hereafter referred to 
as “incident cardiorespiratory disease and all-cause mortality.” 
We estimated associations with asthma diagnoses as a separate 
outcome because there is little evidence of an association 
between HAP and asthma in adults (Po et al. 2011) and asthma 
may be underdiagnosed in LMICs. We also estimated associa-
tions with fatal and nonfatal injuries and injury hospitalizations, 
which we assumed would not be associated with household use 
of solid fuels for cooking. Detailed criteria for each outcome are 
provided in the section, “PURE Event Definitions,” in the 
Supplemental Material. 

HAP exposure was derived from the baseline household ques-
tionnaire, which asked, “What is the primary fuel used for cook-
ing?” We compared primary use of solid fuels for cooking 
(charcoal, coal, wood, agriculture/crop, animal dung, shrub/grass) 
with primary use of clean fuels (electricity/gas). We excluded 
kerosene from our analysis (n = 2,170) because this fuel was used 
by only a small number of communities and its use results in 
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different air pollution emissions compared with solid fuels 
(Smith et al. 2014). We have a separate paper examining cooking 
with kerosene currently under review. We also explored the influ-
ence of a chimney inside the cooking area, other ventilation in 
the cooking area (windows, exhaust, or partially open to the out-
side), and solid fuel use for heating. 

Statistical Analysis 
We assessed the associations between solid fuels for cooking at 
baseline, compared with clean fuels, for each outcome separately 
using Cox proportional hazards models with SAS (version 9.4; 
SAS Institute Inc.). For each outcome examined, participants 
were censored at the time of the event (death or incident CVD 
and respiratory disease), at the time of loss to follow-up (if a par-
ticipant could not be contacted or requested to be removed from 
the study), or the date of last follow-up (given that PURE event 
surveillance is ongoing, the date of last follow-up can vary 
between centers). Interaction terms between solid fuel use and 
time (p-interaction = 0.88, 0.72, 0.87, and 0.56 for all-cause mor-
tality, CVD, respiratory disease, and the composite outcome, 
respectively) did not improve model fit; therefore, we concluded 
that the proportion hazards assumption was met. 

The base model (Model 1) included age (continuous), sex, 
baseline year, and strata variables for center and urban/rural sta-
tus. Strata variables can be viewed as a robust form of control 
where individuals are only compared with other individuals in 
the same strata. Center refers to a unique geographical region of 
PURE participants, for which 28 regions are included in this anal-
ysis (Figure 1). All centers had urban and rural communities, 
which were also included as strata. 

Model 2 adjusted for additional individual risk factors, includ-
ing smoking (current, former, never); alcohol use (current, former, 
never); physical activity (low, moderate, high) assessed using the 
International Physical Activity Questionnaire (IPAQ) (Craig et al. 
2003); body mass index (BMI) (<20=20–30=≥30 kg=m3); an al-
ternative healthy eating index (quintiles) developed from dietary 
intake information collected with a validated food frequency ques-
tionnaire (Iqbal et al. 2009); baseline chronic conditions (yes/no; 
including baseline CVD, diabetes, respiratory disease, and HIV/ 
AIDS); current CVD medication use (yes/no); hypertension (yes/ 
no); the INTERHEART risk score (continuous), a composite index 
of individual risk measures (Yusuf et al. 2004); and the outdoor 
average PM2:5 concentrations (continuous) at baseline [based on 
geographically weighted regression of satellite-based estimates 
and ground-based PM2:5 measurements at a 1 × 1 km resolution 
(van Donkelaar et al. 2016)]. Missing data indicator terms were 

Figure 1. Map of PURE communities included in the analysis of HAP. 
Communities were included if they were located in centers with ≥10% of 
PURE participants reporting primary use of solid fuels for cooking at 
baseline. 

modeled for all categorical variables with missing data. Details 
regarding the derivation of the physical activity, INTERHEART 
risk score, and alternative healthy eating index variables are pro-
vided in the section, “Calculation Details for Covariate Measures,” 
in the Supplemental Material. 

Model 3 included all Model 2 covariates plus education 
(≤primary, secondary, trade or college/university); percent of 
household income spent on food (quintiles); and a strata variable 
for household wealth index (categorized into country-specific ter-
tiles), which was created from a combination of household assets 
(Gupta et al. 2017), as described in Supplemental Material. 

Exploratory stratified analyses were conducted to examine 
associations by key characteristics identified as potential modifiers 
of HAP exposure or health effects. These were identified a priori  
from the literature and included the following: region (China, 
South Asia, other countries), urban versus rural communities, sex 
(male/female), age (≥60, <60 y), education (≤primary education= 
>primary education), household wealth index (tertiles), occupation 
(professional or skilled/unskilled/homemaker), smoking status 
(ever/never smoker), CVD medication use (yes/no), hypertension 
(yes/no), chronic condition (yes/no) at baseline, BMI (<20= 
20–30=≥30 kg=m3), INTERHEART risk score (<5, 5–11, ≥11), 
presence of a chimney in the kitchen (yes/no), any kitchen ventila-
tion (yes/no), solid fuel use for heating (yes/no), and outdoor 
PM2:5 concentration (<50=≥50 lg=m3 annual average). 

We evaluated the robustness of our findings using several sen-
sitivity analyses. First, to examine consistency in associations 
across different regions and solid fuel types, we explored models 
for biomass and coal use separately for China, South Asia (India, 
Pakistan, Bangladesh) and other countries (Brazil, Chile, 
Colombia, Philippines, South Africa, Tanzania, Zimbabwe) com-
bined into a single group due to smaller sample size. Second, we 
conducted all analyses for urban and rural communities sepa-
rately because most households with solid fuel use were in rural 
communities and there could be important unmeasured context-
specific differences between urban and rural areas. Third, we 
evaluated the sensitivity of our fully adjusted model results to 
removing or adding specific variables. These included removing 
covariates that may lie on the causal pathway between HAP and 
CVD/respiratory events and mortality (baseline chronic condi-
tions, hypertension, CVD medication); removing the household 
wealth index (which is highly related to solid fuel use); removing 
outdoor PM2:5 concentrations because emissions from cooking 
with solid fuels contributes about one-third of ambient air pollu-
tion levels in South and South East Asia (Chafe et al. 2014); add-
ing secondhand smoke exposure, occupational class, additional 
diet variables and lipids (these were not included in the main 
model due to large amounts of missing data); and adding a com-
munity random effect variable (n= 467 communities) in order to 
evaluate clustering of individuals and unmeasured community 
characteristics. Finally, to examine potential residual confound-
ing and heterogeneity in the effect of HAP by regions and coun-
tries, we estimated the effect by center and pooled the estimates 
using a random effects meta-regression model. 

Results 
Figure 1 illustrates the location of study communities included in 
this analysis, and Table 1 presents descriptive statistics. Partici-
pants from China and India contributed to 47.4% and 26.4% of the 
total study population, respectively. In urban areas, 8.2% of partici-
pants used solid fuel for cooking compared with 71.7% in rural 
communities. Solid fuel users had lower INTERHEART risk 
scores  (urban= 9:3, rural =8:2) compared with individuals using 
clean fuels (urban = 9:8, rural = 9:8), indicating a higher overall 
risk for CVD in individuals using clean fuels for cooking. 
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Table 1. Characteristics of 91,350 individuals living in centers with >10% solid fuel use for cooking, stratified by urban/rural status and solid fuel use for 
cooking versus electricity or gas. 

Urban (n = 43,001) Rural (n = 48,349) 

Characteristic All participants Solid fuel Clean fuel Solid fuel Clean fuel 

Individuals (n) 91,350 3,513 39,488 34,674 13,675 
Households (n) 62,056 2,618 27,009 23,377 9,052 
Communities (n) 467 137 210 254 199 
Age (mean ± SD) 50:2± 10:0  50:5±  10:4  51:2± 10:0  49:3± 10:0  49:4± 9:7 
Sex 
Female 53,758 (58.9) 2,266 (64.5) 23,493 (59.5) 20,038 (57.8) 7,961 (58.2) 
Male 37,592 (41.2) 1,247 (35.3) 15,995 (40.5) 14,636 (42.2) 5,714 (41.8) 
INTERHEART risk score (mean ± SD) 9:2± 5:3 9:3± 5:3 9:8± 5:4 8:2± 5:0 9:8± 5:5 
Education 
≤Primary school 40,865 (44.70) 1,809 (51.5) 9,782 (24.8) 22,313 (64.4) 6,961 (50.9) 
Secondary school 37,785 (41.4) 1,390 (39.6) 19,120 (48.4) 11,364 (32.8) 5,911 (43.2) 
Trade, college/university 12,378 (13.6) 307 (8.7) 10,475 (26.5) 834 (2.4) 762 (5.6) 
Missing 322 (0.4) 7 (0.2) 111 (0.3) 163 (2.4) 41 (0.3) 
Income spent on food (%) 
<30 19,960 (21.9) 540 (15.4) 9,499 (24.1) 6,241 (18) 3,680 (26.9) 
30–50 22,854 (25.0) 845 (24.1) 11,997 (30.4) 6,944 (20.0) 3,068 (22.4) 
50–66 20,475 (22.4) 823 (23.4) 9,573 (24.2) 7,445 (21.5) 2,634 (19.3) 
>66 24,334 (26.6) 1,222 (34.8) 7,067 (17.9) 12,784 (36.9) 3,261 (19.3) 
Missing 3,727 (4.1) 83 (2.4) 1,352 (3.4) 1,260 (3.6) 1,032 (7.6) 
Household wealth index (tertile) 
T1 (lowest) 31,211 (34.2) 767 (21.8) 3,327 (8.4) 22,177 (64.0) 4,940 (36.1) 
T2 29,518 (32.3) 1,663 (47.3) 12,672 (32.1) 9,793 (28.2) 5,390 (39.4) 
T3 (highest) 30,550 (33.4) 1,081 (30.8) 23,452 (59.4) 2,673 (7.7) 3,344 (24.5) 
Missing 71 (0.1) 2 (0.1) 37 (0.1) 31 (0.1) 1 (0.0) 
Smoking status 
Former 6,077 (6.7) 245 (7.0) 2,958 (7.5) 1,836 (5.3) 1,038 (7.6) 
Current 20,248 (22.2) 640 (18.2) 7,227 (18.3) 9,325 (26.9) 3,056 (22.4) 
Never 63,822 (69.9) 2,599 (74.0) 28,902 (73.2) 22,927 (66.1) 9,394 (68.7) 
Missing 1,203 (1.3) 29 (0.8) 401 (1.0) 586 (1.7) 187 (1.4) 
Alcohol use 
Former 4,088 (4.5) 152 (4.3) 1,819 (4.6) 1,371 (4.0) 746 (5.5) 
Current 17,899 (19.6) 691 (19.7) 7,349 (18.6) 6,578 (19.0) 3,281 (24.0) 
Never 68,531 (75.0) 2,660 (75.7) 30,065 (76.1) 26,301 (75.9) 9,505 (69.5) 
Missing 832 (0.9) 10 (0.3) 255 (0.7) 424 (1.2) 143 (1.1) 
BMI (kg=m3) 
<20 13,326 (14.6) 524 (14.9) 2,830 (7.2) 8,569 (24.7) 1,403 (10.3) 
20–30 63,920 (70.0) 2,227 (63.4) 29,690 (75.2) 22,073 (63.7) 9,930 (72.6) 
>30 9,592 (10.5) 582 (16.6) 5,361 (13.6) 1,980 (5.7) 1,669 (12.2) 
Missing 4,512 (4.9) 180 (5.1) 1,607 (4.1) 2,052 (5.9) 673 (4.9) 
Physical activity 
Low 14,896 (16.3) 568 (16.2) 7,234 (18.3) 4,978 (14.4) 2,116 (15.5) 
Moderate 32,316 (35.4) 1,111 (31.6) 15,949 (40.4) 10,894 (31.4) 4,362 (31.9) 
High 38,178 (41.8) 1,636 (46.6) 14,847 (37.6) 15,955 (46.0) 5,740 (42.0) 
Missing 5,960 (6.5) 198 (5.6) 1,458 (3.7) 2,847 (8.2) 1,457 (10.7) 
Alternative Healthy Eating Index (quartile) 
Q1 21,752 (23.8) 1,040 (29.6) 7,668 (19.4) 9,516 (27.4) 3,528 (25.8) 
Q2 21,241 (23.3) 905 (25.8) 8,794 (22.3) 8,304 (24.0) 3,238 (23.7) 
Q3 21,848 (23.9) 768 (21.9) 9,904 (25.1) 8,083 (23.3) 3,093 (22.6) 
Q4 22,288 (24.4) 299 (17.1) 11,115 (28.2) 7,361 (21.2) 3,213 (23.5) 
Missing 4,221 (4.6) 201 (5.7) 2,007 (5.1) 1,410 (4.1) 603 (4.4) 
Chronic conditiona 

Yes 14,597 (16.0) 633 (18.0) 7,617 (19.3) 4,359 (12.6) 1,988 (14.5) 
No 76,753 (84.0) 2,880 (82.0) 31,871 (80.7) 30,315 (87.4) 11,687 (85.5) 
Hypertension 
Yes 34,414 (37.7) 1,338 (38.1) 16,191 (41.0) 11,345 (32.7) 5,540 (40.5) 
No 52,464 (57.4) 1,989 (56.6) 21,722 (55.0) 21,218 (61.2) 7,535 (55.1) 
Missing 4,472 (4.9) 186 (5.3) 1,575 (4.0) 2,111 (6.1) 600 (4.4) 
CVD medication use 
Yes 11,526 (12.6) 392 (11.2) 6,594 (16.7) 2,592 (7.5) 1,948 (14.2) 
No 79,824 (87.4) 3,121 (88.8) 32,894 (83.3) 32,082 (92.5) 11,727 (85.8) 
Outdoor PM2:5 (lg=m3; mean ± SD) 42:9± 24:9  37:9±  24:8  50:7± 25:9  37:3± 21:3  35:7±  23:6 
Region/country (%) 
China 43,278 (47.4%) 762 (21.7%) 19,331 (49.0%) 16,884 (48.7%) 6,301 (46.1%) 
South Asiab 28,406 (31.1%) 1,599 (45.5%) 11,396 (28.9%) 12,473 (36.0%) 2,938 (21.5%) 
Otherc 19,666 (21.5%) 1,152 (32.8%) 8,761 (22.2%) 5,317 (15.3%) 4,436 (32.4%) 

aChronic conditions include baseline CVD, diabetes, respiratory disease, and HIV/AIDS.
bPakistan, India, Bangladesh. 
cBrazil, Chile, Colombia, Philippines, South Africa, Tanzania, Zimbabwe. 
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Conversely, indicators of SES (education, percentage of household 
income spent on food, and household wealth index) were lower for 
solid fuel users. This complex relationship between solid fuel use 
and traditional CVD risk factors (e.g., diet, smoking, physical ac-
tivity) and SES is illustrated in Figure S1. 

After a median follow-up period of 9.1 y, we recorded 6,595 
deaths, 5,472 incident cases of CVD, and 2,436 incident cases of 
major respiratory disease. Table 2 summarizes the associations 
between solid fuels use, relative to clean fuels, for each outcome. 
Model 1 showed large associations for mortality and respiratory 
disease and relatively weaker associations with CVD. Model 2 
included risk factor adjustments, which resulted in the overall 
association with mortality and respiratory disease being largely 
unchanged from Model 1 but also increased the estimates of 
effect for CVD mortality [hazard ratio (HR) 1.18; 95% confidence 
interval (CI): 1.04, 1.34] and incident cases of fatal and nonfatal 
CVD (1.14; 95% CI: 1.05, 1.23). Model 3 included further adjust-
ment for SES measures, which resulted in attenuation of all asso-
ciations. Here, solid fuel use was associated with an HR of 1.12 
(95% CI: 1.04, 1.21) for all-cause mortality, 1.08 (95% CI: 0.99, 
1.17) for CVD, and 1.14 (95% CI: 1.00, 1.30) for respiratory dis-
ease. The fully adjusted HRs were slightly larger for CVD (95% 
CI: 1.10, 1.00, 1.22) and respiratory (95% CI: 1.17, 0.98, 1.38) 
disease that had documented hospitalization. The HR for the 
composite outcome of incident cardiorespiratory disease and all-
cause mortality was 1.12 (95% CI: 1.06, 1.91) in the fully 
adjusted model. No associations were observed in fully adjusted 
models between injury events or hospitalizations, although a pos-
itive association was observed for injury deaths. 

Stratified analyses are illustrated in Figure 2, and model 
estimates provided in Table S1. There was general consistency 
in the associations observed across individual, household, and 
geographic variables. Greater variation was seen for CVD and 
respiratory events, but this is partially due to smaller sample 
sizes. For all-cause mortality, we observed larger associations 
in China (HR = 1:20; 95% CI: 1.04, 1.38) compared with South 
Asia (HR =1:06; 95% CI: 0.95, 1.20) and other countries 
(HR = 1:15; 95% CI: 0.98, 1.34); for men (HR = 1:15; 95% CI: 
1.03, 1.28) compared with women (HR = 1:08; 95% CI: 1.00, 
1.22); for ever-smokers (HR = 1:19; 95% CI: 1.06, 1.34) com-
pared with never smokers (HR = 1:07; 95% CI: 0.96, 1.19); and 
for individuals with no chimney in their kitchen (HR = 1:16; 
95% CI: 1.05, 1.29) compared with homes with chimneys 
(HR = 1:04; 95% CI: 0.80, 1.34). 

Sensitivity Analyses 
Findings for biomass and coal use for cooking are presented in 
Table S2. Coal use for cooking was almost exclusively used in 
China (n = 8,850 individuals), whereas only 133 homes in South 
Asia and 378 homes in other countries reported primary use of 
coal for cooking. Overall, we observed larger fully adjusted asso-
ciations with mortality for biomass use (HR = 1:14; 95% CI: 
1.05, 1.24) than for coal use (HR = 1:05; 95% CI: 0.88, 1.24) 
compared with electricity or gas. When restricted to China, we 
observed elevated associations for mortality only for biomass use 
(HR = 1:35; 95% CI: 1.13, 1.61) and not for coal use (HR = 0:99; 
95% CI: 0.81, 1.20), as well as larger associations for the 

Table 2. Associations (hazard ratios [95% confidence intervals]) between individuals living in households using solid fuels for cooking, compared with clean 
fuels, and cause-specific mortality, CVD, and respiratory disease during a median of 9.1-y follow-up. 

Model 1 Model 2 Model 3 
Health outcome Events (base model) ( + risk factors) ( + SES) 

All-cause mortality 6,595 1.24 (1.15, 1.33) 1.24 (1.16, 1.34) 1.12 (1.04, 1.21) 
Cause-specific mortalitya 

CVD 2,104 1.08 (0.95, 1.22) 1.18 (1.04, 1.34) 1.04 (0.91, 1.19) 
Respiratory 356 1.82 (1.32, 2.51) 1.54 (1.11, 2.12) 1.34 (0.95, 1.89) 
Cancer 1,126 1.26 (1.06, 1.49) 1.22 (1.03, 1.45) 1.15 (0.96, 1.38) 
Other causes 1,034 1.50 (1.22, 1.84) 1.49 (1.21, 1.84) 1.25 (1.00, 1.55) 
Injury 393 1.39 (1.03, 1.87) 1.31 (0.97, 1.77) 1.24 (0.89, 1.72) 
Not classified 1,544 1.21 (1.05, 1.40) 1.17 (1.01, 1.35) 1.07 (0.91, 1.25) 
CVD (fatal + nonfatal)b 5,472 1.06 (0.98, 1.14) 1.14 (1.05, 1.23) 1.08 (0.99, 1.17) 
MI 2,363 1.01 (0.90, 1.13) 1.12 (1.00, 1.26) 1.07 (0.94, 1.22) 
Stroke 2,685 1.12 (1.00, 1.26) 1.16 (1.03, 1.30) 1.12 (0.99, 1.27) 
Heart failure 476 1.10 (0.84, 1.43) 1.20 (0.92, 1.56) 1.13 (0.85, 1.50) 
CVD hospitalizationc 4,407 1.05 (0.96, 1.15) 1.14 (1.04, 1.25) 1.10 (1.00, 1.22) 
Respiratory disease (fatal + nonfatal)d 2,436 1.29 (1.14, 1.46) 1.24 (1.10, 1.41) 1.14 (1.00, 1.30) 
TB 530 1.68 (1.26, 2.23) 1.48 (1.11, 1.96) 1.29 (0.95, 1.74) 
COPD 708 1.31 (1.05, 1.63) 1.28 (1.02, 1.59) 1.15 (0.91, 1.44) 
Pneumonia 893 1.17 (0.95, 1.44) 1.20 (0.98, 1.48) 1.17 (0.94, 1.46) 
Lung cancer 239 0.84 (0.58, 1.24) 0.83 (0.57, 1.22) 0.79 (0.53, 1.18) 
Respiratory hospitalizatione 1,517 1.30 (1.11, 1.52) 1.29 (1.10, 1.51) 1.17 (0.98, 1.38) 
Incident cardiorespiratory disease + all-cause mortalityf 11,111 1.18 (1.12, 1.25) 1.20 (1.14, 1.27) 1.12 (1.06, 1.19) 
Asthmag 693 1.15 (0.93, 1.43) 1.05 (0.84, 1.31) 0.88 (0.69, 1.11) 
Injuryh 3,461 1.05 (0.94, 1.16) 1.05 (0.94, 1.17) 1.01 (0.90, 1.14) 
Injury hospitalization 1,213 1.16 (0.98, 1.37) 1.15 (0.97, 1.36) 1.02 (0.85, 1.22) 

Model 1: Age, sex, baseline year, strata for center and urban/rural status. 
Model 2: Model 1 + INTERHEART risk score, smoking, physical activity, alcohol use, alternative healthy eating index, BMI, baseline chronic condition, baseline CVD medication 
use, baseline hypertensive status, outdoor PM2:5. 
Model 3: Model 2 + education, percentage income spent on food, and strata for household wealth index tertile. 
aCause-specific death. 
bFatal and nonfatal myocardial infarction, stroke, and heart failure. 
cDocumented hospitalization for myocardial infarction, stroke, or heart failure.
dFatal and nonfatal COPD, pneumonia, tuberculosis, and lung cancer. 
eDocumented hospitalization for COPD, pneumonia, tuberculosis, and lung cancer. 
fComposite outcome: mortality from any cause or the first incidence of any major nonfatal CVD (MI, stroke, HF) or respiratory outcome (tuberculosis, COPD, pneumonia, or lung can-
cer, but not asthma) as an indicator of all health outcomes likely related to HAP. 
gPhysician diagnosis of asthma. Not included as a major respiratory disease outcome due to lack of evidence for association with HAP.
hFatal or nonfatal injury. Hospitalizations refer to injuries with a documented hospital admission. 
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Figure 2. Fully adjusted hazard ratios and 95% confidence intervals for all-cause mortality, CVD events (fatal and nonfatal MI, stroke, and HF), respiratory 
disease (fatal and nonfatal COPD, pneumonia, tuberculosis, and lung cancer), and incident cardiorespiratory disease and all-cause mortality, stratified by indi-
vidual, household and community characteristics, comparing solid fuel use for cooking to electricity/gas. The shaded regions represent 95% CI of the overall 
fully adjusted model. Full model estimates are provided in Table S1. 

combined incident cardiorespiratory disease and all-cause mortal-
ity outcome for biomass (HR = 1:15; 95% CI: 1.02, 1.30) com-
pared with coal use (HR = 1:07; 95% CI: 0.94, 1.21). 

Effect estimates from models restricted to urban or rural com-
munities are provided in Table S3. In rural communities, solid fuel 
use for cooking, compared with clean fuel use, was associated with 
a fully adjusted HR of 1.13 (95% CI: 1.03, 1.23) for all-cause mor-
tality, 1.03 (95% CI: 0.94, 1.14) for CVD, 1.18 (95% CI: 1.00, 
1.38) for respiratory disease, and 1.11 (95% CI: 1.04, 1.19) for the 
combined incident cardiorespiratory disease and all-cause mortality 
outcome. Stroke (HR = 1:12; 95% CI: 0.97, 1.28) and CVD hospi-
talizations (HR = 1:10; 95% CI: 0.98, 1.24) were the only CVD 

outcomes increased with solid fuel use in rural communities. In 
urban communities, solid fuel use was associated with a fully 
adjusted HR of 1.12 (95% CI: 0.95, 1.31) for all-cause mortality, 
1.23 (95% CI: 1.04, 1.44) for CVD, 1.07 (95% CI: 0.85, 1.34) for 
respiratory disease, and 1.17 (95% CI: 1.04, 1.32) for the combined 
incident cardiorespiratory disease and all-cause mortality. 

Effect estimates from sensitivity analyses are provided in 
Table S4. Results from our fully adjusted model did not change 
appreciably when we removed baseline chronic conditions, 
hypertension, and CVD medication use; removed outdoor PM2:5; 
added secondhand smoke exposure, occupational class, additional 
diet and lipid variables; and added a community random effect 
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variable. The largest change occurred when we removed the 
household wealth index from the model (highly correlated with 
solid fuel use), which increased all associations. Here, solid fuel 
use compared with clean fuel use was associated with a fully 
adjusted HR of 1.17 (95% CI: 1.09, 1.26) for all-cause mortality, 
1.09 (95% CI: 1.01, 1.18) for CVD, 1.19 (95% CI: 1.05, 1.35) for 
respiratory disease, and 1.15 (95% CI: 1.09, 1.22) for the com-
bined incident cardiorespiratory disease and all-cause mortality. 

Finally, to examine potential residual confounding and heter-
ogeneity in the effect of HAP by centers, regions, and countries, 

we estimated fully adjusted models by center and pooled the esti-
mates using random effects meta-regression. Figure 3 illustrates 
the center-specific results for all-cause mortality and the com-
bined incident cardiorespiratory disease and all-cause mortality. 
For all-cause mortality, the overall pooled HR was 1.10 (95% CI: 
0.99, 1.23) with an I2 =18:8, p =0:19. For the combined out-
comes, the overall pooled HR was 1.11 (1.02, 1.20) with an 
I2 =23:9, p =0:13. Region-specific HR estimates and I2 statistics 
are provided in Table S5. Due to sample size limitations, we did 
not run center-specific models for CVD or respiratory events. 

Figure 3. Center-specific fully adjusted hazard ratios and 95% confidence intervals comparing solid fuel use for cooking with electricity/gas. The pooled HR 
for all-cause mortality is 1.10 (95% CI: 0.99, 1.23) with an I2 statistic = 18:9%, p =0:19 and for the incident cardiorespiratory disease and all-cause mortality 
composite the HR is 1.11 (95% CI: 1.02, 1.20) with an I2 statistic = 23:9%, p =0:13. 
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Discussion 
Findings from our diverse cohort of 91,350 adults living in 467 
urban and rural communities in 11 countries suggest that the resi-
dents of households that used solid fuels for cooking had higher 
all-cause mortality, fatal and nonfatal CVD, and fatal and nonfa-
tal major respiratory conditions compared with residents of 
households that used clean fuels for cooking. 

Our findings contribute to the existing evidence suggesting an 
association between HAP and all-cause and CVD mortality. 
Within the China Kadoorie Biobank study (271,217 participants, 
15,468 deaths over a 7.5-y follow-up period), solid fuels use for 
cooking, compared with clean fuel use, was associated with an 
HR of 1.11 (95% CI: 1.03, 1.20) for all-cause mortality and 1.20 
(95% CI: 1.02, 1.41) for CVD mortality (Yu et al. 2018). When 
we restricted our models to China, we estimated an HR of 1.12 
(95% CI: 1.04, 1.38) for all-cause mortality when comparing 
solid to clean fuel users but found no association for CVD mor-
tality. Although our study included 12 diverse regions in China, 
this sample is not representative of the entire Chinese population. 
In another study of 74,941 women in Shanghai, the estimated 
HRs for women reporting ever using coal for cooking, compared 
with never, were 1.12 (95% CI: 1.05, 1.21) for all-cause mortality 
and 1.18 (95% CI: 1.02, 1.37) for CVD mortality (Kim et al. 
2016). In rural Bangladesh, a cohort study of 22,337 individuals 
(1,154 deaths over 10 y) observed incident rate ratios of 1.10 
(95% CI: 0.89, 1.37) for noncommunicable disease mortality and 
1.07 (95% CI: 0.82, 1.41) for CVD mortality, again comparing 
solid fuel use for cooking to gas (Alam et al. 2012). Finally, the 
Iran Golestan Cohort Study examined 50,045 individuals and 
estimated HRs per 10-y use of wood for cooking of 1.01 (95% 
CI: 0.97, 1.05) for all-cause mortality and 1.03 (95% CI: 0.97, 
1.08) for CVD mortality (Mitter et al. 2016). These four cohorts 
demonstrate the variability in results linking HAP to mortality. 
In comparison, we observed HRs for all-cause and CVD mor-
tality for individuals using solid fuels for cooking, compared 
with  clean fuels,  of 1.12 (95% CI:  1.04, 1.21)  and 1.08 (95%  
CI: 0.99, 1.17), respectively. Our all-cause mortality finding 
was robust across study regions, urban/rural status, and individ-
uals’ sociodemographic characteristics, whereas CVD mortality 
was more variable. 

To our knowledge, our study is the first prospective cohort to 
examine household solid fuel use for cooking—a proxy indicator 
of exposure to HAP—as a risk factor for both fatal and nonfatal 
CVD. This is highly relevant given that a large portion of CVD 
events in our study were not fatal (2,104 CVD deaths resulted 
from 5,472 incident cases of CVD) and health care access plays a 
key role in CVD survival rates. The inclusion of individual edu-
cation and a household asset index, which may capture a compo-
nent of health care access, attenuated model results for CVD 
death from an HR of 1.18 (95% CI: 1.04, 1.34) in Model 2 (con-
trolling for all CVD risk factors) to 1.04 (95% CI: 0.91, 1.19) in 
the fully adjusted model. For all CVD events (including fatal and 
nonfatal CVD), this attenuation was less severe, attenuating asso-
ciations from an HR of 1.14 (95% CI: 1.05, 1.23) in Model 2 to 
1.08 (95% CI: 0.99, 1.17) in the fully adjusted model. Overall, 
we also observed a larger association with stroke events (HR: 
1.12; 95% CI: 0.99, 1.27) compared with MI (HR: 1.07; 95% CI: 
0.94, 1.22), which corresponds to the larger association observed 
in the China Kadoorie Biobank study for stroke death compared 
with IHD (Yu et al. 2018). In addition, CVD events with a docu-
mented hospitalization remained elevated (HR: 1.10; 95% CI: 
1.00, 1.22) in fully adjusted models, comparing individuals using 
solid fuels for cooking versus those using clean fuels. Although 
some studies have examined HAP and surrogate markers (e.g., 
inflammation processes, atherosclerosis, blood pressure) that 

correlate with CVD outcomes (Fatmi and Coggon 2016), these 
are not necessarily a reliable basis for public health interventions. 
By contrast, our study is based on a large number of CVD deaths 
and nonfatal events that were accrued during systematic and pro-
spective follow-up, and our results add to the body of evidence 
suggesting that HAP is a risk factor for CVD. 

We also observed associations between HAP and major respi-
ratory disease, which aligns with and strengthens the existing lit-
erature. A longitudinal analysis of 280,000 Chinese nonsmokers 
comparing solid fuels users with clean fuels users estimated an 
HR of 1.36 (95% CI: 1.32, 1.40) for major respiratory diseases, 
including chronic lower respiratory disease, COPD, and ALRI 
(Chan et al. 2019). Here we estimated an overall HR of 1.14 
(95% CI: 1.00, 1.30) for respiratory disease, including TB, 
COPD, pneumonia, and lung cancer, for individuals cooking with 
solid fuels compared with clean fuels. We did not observe an 
association between HAP and asthma, which is consistent with 
prior studies (Po et al. 2011). A systematic review of 24 HAP 
and COPD studies estimated increased odds ratios (ORs) of 2.30 
(95% CI: 1.73, 2.06) for women and 1.90 (95% CI: 1.15, 3.13) 
for men exposed to HAP (Smith et al. 2014). A recent study not 
included in this meta-analysis of 12,396 adults in 13 LMICs esti-
mated an OR of 1.41 (95% CI: 1.18, 1.68) for COPD in homes 
using biomass compared with clean fuels (Siddharthan et al. 
2018). In our study, we estimated an HR of 1.15 (95% CI: 0.91, 
1.44) for COPD for individuals using solid fuels for cooking, 
compared with clean fuels. A systematic review of 12 studies of 
HAP and TB estimated that individuals exposed to HAP had a 
pooled OR of 1.30 (95% CI: 1.04, 1.62) compared with individu-
als who were not exposed (Sumpter and Chandramohan 2013). 
We estimated an HR of 1.29 (95% CI: 0.95, 1.74) for TB in those 
exposed to HAP compared with those using clean fuels. Finally, 
for pneumonia we observed an HR of 1.17 (95% CI: 0.94, 1.46) 
for individuals using solid fuels for cooking. Although there is a 
strong body of evidence for the increased risk of pneumonia in 
children (Smith et al. 2011, 2014), this has not been documented 
for adults (Shen et al. 2009). We did not observe any association 
with lung cancer; however, there were only 239 lung cancer cases 
documented during follow-up. 

We observed mixed findings for individual and household 
characteristics that could modify HAP exposures or susceptibility 
to HAP health effects. We observed reductions in associations 
between solid fuels used for cooking and health events if kitchens 
had a chimney, especially for all-cause mortality and CVD. The 
magnitude of these differences align with other large cohort find-
ings of the impact of ventilation (Yu et al. 2018, 2018). Surpri-
singly, we did not see larger associations for women, who would 
be expected to have higher air pollution exposure levels if they 
are responsible for cooking in the household, although we did 
not have information on whether individuals were responsible 
for cooking. We also did not observe larger associations if 
homes reported using solid fuels for cooking, although most 
households  reporting heating were in China  and used coal.  
Similarly, associations with solid fuels for cooking were not 
stronger in areas with higher outdoor PM2:5 concentrations 
(dichotomized as <50 or ≥50 lg=m3). Although we observed 
some differences in the effects of HAP by smoking status, these 
were small and varied by outcome, which aligns with the 
mixed findings in the literature (Brook et al. 2010). 

We relied on reported history of primary cooking fuels at base-
line as our indicator for long-term HAP exposure, comparing indi-
viduals who lived in households using solid fuel to households 
using gas or electricity. To our knowledge, the use of fuel types as 
a surrogate for HAP is the only approach that has been used to 
date to examine mortality and CVD (e.g., Alam et al. 2012; Kim 
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et al. 2016; Mitter et al. 2016; Yu et al. 2018) due to the difficultly 
of measuring household PM2:5 for large populations over long 
time periods. Recent global estimates suggest a 110–880 lg=m3 

difference between electricity/gas and biomass kitchens (Shupler 
et al. 2018), which supports the use of fuel types as an indicator of 
HAP in our study. Importantly, these measurement studies also 
highlight the exposure misclassification present and potential 
attenuation of our HAP effect estimates when fuel surrogates are 
used to represent air pollution exposures. Ongoing research in the 
PURE cohort will address this limitation by measuring PM2:5 con-
centrations in a subset of ∼4,500 study homes (along with 
∼1,800 personal samples) (Arku et al. 2018). Future analyses will 
implement regression calibration approaches (Weller et al. 2007) 
to integrate this monitoring data to adjust our estimates of solid 
fuel use versus electricity or gas for measurement error. We will 
also develop a predictive household PM2:5 model to apply to the 
entire cohort to examine associations between predicted household 
PM2:5 concentrations and disease events (Arku et al. 2018). 

Our study has several strengths, including the prospective 
design, large sample size, inclusion of multiple countries and 
communities to increase the generalizability of results, collection 
of extensive individual and household information to control for 
confounding, and comprehensive and systematic information on 
outcomes using standardized definitions. However, there are also 
specific limitations. First, we have no information on the use of 
secondary fuels, the time spent cooking with solid fuels, or prior 
cooking fuel types used in childhood or young adulthood. HAP 
exposure may also vary by cultural, gender, age, and household 
characteristics (Balakrishnan et al. 2011). Our assumption of sim-
ilar exposures for any given solid fuel type, although common in 
the HAP literature, likely leads to exposure misclassification that 
would bias our results towards the null. We partially address this 
issue in the center-specific meta-analysis approach, which dem-
onstrated similar findings to our overall model. Second, there 
were 1,544 deaths for which we did not have an assigned cause 
of death (because they occurred at home without any medical 
care). The overall association between these deaths and solid fuel 
use was 1.07 (95% CI: 0.91, 1.25). A proportion of these may be 
CVD deaths, but it is unlikely that this would explain the weaker 
association observed in our study between solid fuel use and 
CVD compared with other causes of death. Currently, 32% of the 
deaths in our study population were from CVD, which concurs 
with existing estimates in LMICs (Roth et al. 2015). Third, differ-
entiating asthma and COPD is a challenge in low resource set-
tings. However, there were clear differences in the direction of 
association between HAP with asthma and COPD in our study, 
which agrees with the underlying pathophysiology of asthma as 
allergic or related to cellular permeability in contrast to COPD 
and the development of fibrosis. Fourth, we did not distinguish 
between ischemic and hemorrhagic stroke given the lack of avail-
able data in many low-income PURE countries. Fifth, we did not 
have sufficient power to examine the effects of specific fuel types 
(e.g., dung, wood, agricultural products) or more specific out-
comes (e.g., cancer types), but these analyses will be possible 
once more events accrue during further follow-up. Sixth, we 
included a missing category for information not reported for sev-
eral covariates, but overall missingness was limited for variables 
included in the main analyses. Finally, an important limitation in-
herent to any study of HAP is separating the HAP effect from 
other poverty-related effects. For all outcomes, education resulted 
in the greatest attenuation of the effects of solid fuel use for cook-
ing but did not explain all SES-related attenuation. The house-
hold wealth index also resulted in attenuation of the HAP model 
estimates. In addition, we examined injury events as a possible 
negative control (although injury events includes burns, which 

may be associated with solid fuel use) and observed no associa-
tions between all documented events (n = 3,461) or hospitaliza-
tions (n = 1,213) but a positive association with deaths (n = 393). 
Overall, we did not observe consistent patterns in our solid fuel 
health estimates across SES variables (education, home wealth 
index, occupation, percentage of income spent on food, and med-
ication use) that would suggest our results are due to residual 
confounding by poverty-related effects. 

Conclusions 
We showed an increase in the risks of all-cause mortality, CVD, 
and respiratory disease among individuals living in households 
using solid fuels for cooking, compared with those using clean 
fuels. The results from this large, diverse population of 91,350 
adults from 467 urban and rural communities in 11 LMICs adds to 
the strength of evidence supporting HAP as an important risk factor 
for chronic disease. Given that approximately 2.5 billion individu-
als live in households still using solid fuels for cooking, replacing 
these with cleaner energy sources may represent an important 
approach to reducing premature mortality and morbidity in LMICs. 
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