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BACKGROUND: Globally, household air pollution (HAP) is a major environmental hazard that affects respiratory health. However, few studies have
examined associations between HAP and lung function decline and respiratory disease and mortality.

METHODS: We used data from the Prospective Urban and Rural Epidemiology study and examined adults residing in 240 rural communities in 11
low- and middle-income countries where HAP from cooking with solid fuels is common. Spirometry was conducted for 28,574 individuals at
baseline and 12,489 individuals during follow-up (mean of 8 y between spirometry measures). In cross-sectional analyses, we compared lung
function measurements [forced expiratory volume in 1 s (FEV)), forced vital capacity (FVC), and FEV/FVC ratio] in those who used solid fuels
for cooking in comparison with clean fuels. Using repeated measurements of lung function, we examined the percent change in lung function
measures per year, comparing individuals by baseline fuel type and individuals who used solid fuels at baseline but switched to clean fuels during
follow-up. We also examined associations with prospective health events (any respiratory diseases, respiratory disease hospitalizations, and all-
cause mortality).

REsuLTS: In adjusted cross-sectional models, use of solid fuel in comparison with clean fuels was associated with lower FEV, of —17.5 mL (95% CI:
—32.7, =2.3) and FVC of —14.4 mL (95% CI: —32.0, 3.2), but not FEV/FVC. In longitudinal analyses, individuals who switched from solid fuels to
clean cooking fuels during follow-up (n=3,901, 46% of those using solid fuel at baseline), showed no differences in the annual rate of change in
FEV, or FVC, but had small improvements in FEV,/FVC change (0.2% per year, 95% CI: 0.03, 0.3). Individuals who switched from solid to clean
fuels had a decreased hazard ratio for respiratory events of 0.76 (95% CI: 0.57, 1.00) in comparison with persistent solid fuel users, which was not
attenuated by lung function measures.

CoNcLUsION: We observed modest associations between HAP exposure and lung function, lung function change, and respiratory disease and mortal-
ity. https://doi.org/10.1289/EHP11179

Introduction

Approximately 3 billion people worldwide are exposed to house-
hold air pollution (HAP) from cooking or heating with solid
fuels, such as wood, coal, dung, and crop residues, with most
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living in low- and middle-income countries (LMICs).! Current
evidence suggests that HAP is associated with acute respiratory
infection, chronic obstructive pulmonary disease (COPD), lung
cancer, tuberculosis, cerebrovascular disease, ischemic heart dis-
ease, respiratory and cardiovascular mortality.?

Lung function is an important predictors of overall health and
longevity, with indices such as forced expiratory volume in 1 s
(FEV)) and forced vital capacity (FVC) being strongly associated
with adverse cardiopulmonary outcomes, and overall mortality.>*
Although evidence suggests that HAP is associated with lower
lung function in children,>® the findings in adults have not been
consistent. For example, the Burden of Obstructive Lung Disease
(BOLD) study examined 18,554 adults from 23 countries with
postbronchodilator spirometry measurements and did not observe
strong associations between solid fuels use for cooking or heating
with airflow obstruction.” On the other hand, a study of 12,396
adults in 13 low-income countries observed an elevated odds
ratio (OR) of 1.41 (95% CI: 1.18, 1.68) for airflow obstruction in
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individuals using solid fuels in comparison with clean fuels for
cooking.® Other cross-sectional studies with smaller sample sizes
have also reported inconsistent results.”~!2

The impact of switching from solid to clean fuels, and whether
this leads to improved lung function outcomes (e.g., slowing of
adult lung function decline), is unknown but key to informing pol-
icy considerations. To our knowledge, no observational study has
examined natural household fuel switching and associated impacts
on lung function change or respiratory disease. Although it is chal-
lenging to conduct interventions or randomized controlled trials
(RCT) to examine the long-term impact of HAP exposure, a few
studies have reported changes in HAP exposures and lung func-
tion. An intervention study of 996 individuals in China observed
that transitioning to clean fuels or improved ventilation was asso-
ciated with reduced lung function decline and COPD risk.!® A
RCT in Guatemala among 504 women age 15-50 y, comparing
traditional open fires to improved chimney woodstoves for 18
months, observed reductions in respiratory symptoms but not lung
function decline.'* Another RCT among 552 Mexican women
found that individuals using improved stoves had lower FEV,
decline (31 mL) in comparison with traditional open-fire stove use
(62 mL) over a 1-y follow-up.'> The follow-up in these RCT studies
were relatively short, and data incorporating the complex mecha-
nisms linking HAP to lung function and respiratory events over
longer-term follow-up are needed.

The Prospective Urban and Rural Epidemiology (PURE)
study is an ongoing international multicenter study that has en-
rolled adults from rural and urban communities across 31 high-,
middle-, and low-income countries. The study has collected com-
prehensive baseline data at the individual and household levels,
as well as follow-up data, including repeated lung function meas-
urements and respiratory events. The aim of this study is to
examine the associations between adult lung function, follow-up
lung function change, and respiratory events and mortality with
long-term HAP exposure, and the effect of switching from solid
to clean fuels during follow-up.

Methods

PURE Cohort

The PURE cohort began enrolling adults (age 35-70 y) in 2003
and recruited new participants each subsequent year in 31 low-,
middle-, and high-income countries. Details of the PURE
cohort study are provided elsewhere.!®17 Here, we used a sub-
set of the overall PURE study. To ensure valid comparisons
between individuals who were exposed and not exposed to
HAP, we restricted our analyses to communities where at least
10% of participants used solid fuels primarily for cooking at
baseline (n=77,439), and further restricted to rural commun-
ities (n=32,666) because rural and urban communities have
very different solid fuel use rates as well as differences in socio-
economic status (SES) and environmental factors. Urban/rural
status was determined by local investigators when establishing
the original PURE cohort based on set guidelines (i.e., rural
communities should correspond to small villages at least 50 km
from the closest city). The resulting sample for this analysis
included 240 rural communities from 11 developing countries
according to World Bank criteria at the time of recruitment: 5 low-
income countries (Bangladesh, India, Pakistan, Tanzania, and
Zimbabwe), 3 lower middle-income countries (China, Colombia,
and the Philippines), and 3 upper middle-income countries (Brazil,
Chile, and South Africa). Spirometry was collected using standar-
dized protocols, which were available for these 32,666 individuals
at baseline and 12,489 individuals during follow-up. PURE cohort
follow-up is ongoing, and lung function measurements and event
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data included in these analyses were collected up to the end of
2019. At the time of these analyses, 12,489 individuals (of the
32,666 with baseline measures) had repeated lung function meas-
ures. This number is a function of where the PURE cohort was first
established and the current stage of follow-up. Some individuals
had three repeated lung function measures, and we chose the most
recent follow-up values as the repeated lung function value for
analysis. Among those with follow-up measures, information on
cooking-fuel type change and respiratory events was also recorded
via face-to-face surveys conducted by local study staff. The mean
[standard deviation (SD)] time between baseline and follow-up spi-
rometry was 8.0 (3.6) y, providing a long-term follow-up period to
assess the associations between HAP, changes in lung function,
and respiratory disease.

HAP Exposure

HAP exposure was defined as self-reported primary cooking fuel
in response to the question: “What is the primary fuel used for
cooking at your home?” Eight fuel types were gathered and
recoded into two categories: solid fuels (i.e., coal, wood, charcoal,
agriculture/crop, animal dung, and shrub/grass) and clean fuels
(i.e., electricity and gas). Cooking with kerosene was excluded due
to small numbers (<2%). Secondary exploratory analyses examin-
ing associations between lung function and each specific fuel type.
During follow-up, an additional questionnaire was implemented
that asked the same questions about cooking fuels, which allowed
us to examine changes in cooking-fuel types. Among individuals
with repeated spirometry measures, we focused specifically on
individuals who used solid fuels at baseline but who switched to
clean fuels during follow-up and compared those with individuals
who continued to use solid fuels through follow-up. We believe
this is the most relevant policy scenario, because policies and inter-
ventions seek to transition homes from dirty fuels to clean fuels. In
sensitivity analyses, we also examined the small number of indi-
viduals (<5%) who switched from clean fuels at baseline to solid
fuels during follow-up.

Lung Function Qutcomes

Lung function was measured with portable spirometers (MicroGP;
MicroMedical) at baseline by trained staff following a standardized
protocol that aligns with the 2005 American Thoracic Society
guidelines for standardization of spirometry.'® We did not measure
postbronchodilator lung function in the PURE cohort. Participants
were coached before attempting forced expiratory maneuvers while
standing and wearing a noseclip. Maneuvers were observed to
ensure maximal effort without coughing for >6 s. Participants were
allowed up to eight attempts, participants with two or more FEV
and FVC measurements within 100 mL were included, and the
highest values were selected for analysis. The quality of spirometry
data has previously been validated and showed strong agreement
with FEV| values acquired from hospital-based pulmonary labora-
tories in 531 randomly selected participants,'® as well as with mor-
tality outcomes.> Our main outcomes of interest include the highest
acceptable FEV |, FVC, and the ratio of FEV/FVC.

During follow-up, lung function was measured with a new
portable spirometer (EasyOne Ndd) that has built-in quality
checks, messaging, and spirographs to enable high-quality meas-
urements. This spirometry has been well validated®® and is com-
monly used in large epidemiological studies. We conducted a
study with an extensive comparison between the two spirometers
in 4,603 adults from 628 communities in 18 countries in PURE
and found high correlations and small mean differences between
measurements, demonstrating that the data provide accurate
trends in serial lung function measurements over time.?!
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To examine the long-term effect of HAP on lung function
change, we examined the associations between HAP and the
decline in FEV|, FVC, and FEV,/FVC ratio among individuals
with repeated lung function measures. Yearly percent decline
was calculated as follows:

FEVI % decline over years =
(FEVfollow,, — FEV baseline)
FEV baseline

years between spirometry measures.

x (100%) | /

Changes in lung function between the follow-up and the base-
line spirometry measures were divided by the baseline spirometry
measure to get a percentage change, which was further divided
by the number of years between the baseline and the follow-up
visits (because this time period varied by participant). The final
change metric can therefore be interpreted as the average percent-
age change in lung function per year between baseline and
follow-up measures.

Respiratory Events and Mortality

Detailed documentation of follow-up protocols and event adjudi-
cation in PURE are available.!”-?? Briefly, the follow-up period for
this analysis was conducted using data collected between 2003 and
the end of 2019, with face-to-face or telephone interviews con-
ducted for all individuals every 3 y. The mean (SD) of follow-up
for the event analysis was 11.0 (2.4) y. Lung function measures
occurred at some of these follow-up contacts, but not all. To deter-
mine a probable diagnosis of an event, information was collected
on prior medical illness, hospital records where available, and
medically certified cause of death or verbal autopsies where medi-
cal information was not available.?*> The primary outcomes in this
analysis include: a) composite of all respiratory disease events,
including nonfatal or fatal tuberculosis (TB), COPD, pneumonia,
asthma, or other respiratory diseases; b) hospitalization due to re-
spiratory disease (including TB, COPD, pneumonia, asthma, or
other respiratory diseases); and c¢) all-cause mortality. We did not
separately examine respiratory mortality or specific respiratory
diseases due to power limitations.

Statistical Analyses

Baseline lung function analysis. We examined cross-sectional
associations between solid fuel for cooking, in comparison with
clean fuels, and FEV,, FVC, and ratio of FEV/FVC using linear
mixed effect models. Covariates included in models were selected
a priori. The base model (Model 1) included age (continuous), sex
(male, female), height (continuous), and geographic center to account
for unmeasured differences by geographic location. Community was
treated as a random intercept to account for the hierarchical study
design in PURE and clustering of individuals within communities.
The term “center” represents a large geographic area, such as a small
country or state in a large country (e.g., China has 10 centers to cap-
ture distinct geographic regions). Community corresponds to a small
village in rural areas. The inclusion of geographic centers as a fixed
effect and community as a random intercept controls for unmeas-
ured factors at these levels that may confound the relationship
between HAP and respiratory disease. Model 2 (adjusted model)
includes additional covariates: body mass index (BMI; continu-
ous, kilograms per square meter), smoking status (former, current,
or never smoker), baseline respiratory conditions (including
asthma, COPD, or TB), SES factors including education (less than
or equal to primary, secondary, higher than trade/college) and
household wealth index (poor, middle-class, or rich; index created
from household assets and categorized into country-specific
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tertiles),>* elevation, and ambient particulate matter (PM) with
aerodynamic diameter <2.5 pum (PM;s), defined by community
annual average PM; s concentrations derived using a Bayesian
model that integrates PM; s ground monitor measurements, satel-
lite retrievals of aerosol optical depth, and chemical transport
models at ~ 11 km resolution.>> We conducted full case analyses
for all models and removed individuals with missing data.

Change in Lung Function Analysis

We examined lung function change (average percentage change
in lung function per year between baseline and follow-up meas-
ures) using two exposure measures. The first is the baseline fuel
type (solid vs. clean fuels) used for cooking. The second is indi-
viduals who used solid fuels at baseline but switched to clean
fuels during follow-up, in comparison with individuals who con-
tinued to use solid fuels. We used the same linear mixed effect
models and covariates as in the cross-sectional analysis.

Prospective Analyses of Respiratory Events

We used Cox-proportional hazards models to examine the associa-
tions between HAP and the first documented respiratory event, re-
spiratory hospitalization and all-cause mortality adjusting for the
same variables in the baseline HAP and lung function models
above. Person-years of follow-up were calculated from study
enrollment to the date of the first respiratory event, hospitalization,
or death, or the most recent follow-up date. The proportional haz-
ards assumption was assessed visually and with interaction terms
for time and HAP exposure metrics, with no substantial departures
from the proportional hazards assumption observed. We first
examined associations between HAP and each outcome in the base
(Model 1) and adjusted (Model 2) models. We then included lung
function measures (FEV, and the percent change in FEV, during
follow-up) as covariates in a third Cox-proportional hazards model
(Model 2 plus lung function measures) and compared model esti-
mates for our HAP exposures and respiratory disease, hospitaliza-
tions, and all-cause mortality. As with the lung function change
analyses, we examined baseline solid fuel use for cooking as well
as compared individuals who consistently used solid fuels during
follow-up to individuals who used solid fuel at baseline but
switched to clean fuels during follow-up.

Sensitivity Analyses

We conducted a number of sensitivity analyses to explore the
robustness of our models. We conducted exploratory analyses of
models stratified by age group (=55, <55), sex (female, male),
household wealth index (tertiles), smoking status (ever, never
smokers), respiratory condition (asthma, COPD, or TB) at base-
line (yes, no), solid fuel use with chimney (yes, no), and country/
region (China; India/Pakistan/Bangladesh/Philippines; South
Africa/Tanzania/Zimbabwe; and Brazil/Chile/Colombia). We did
not have sufficient sample size to examine models for all countries
or centers separately. Next, we examined different model specifica-
tions. First, we examined the influence of excluding ambient PM; 5
in our models; this approach may capture a component of HAP
exposures because HAP emissions contribute to ambient PM s.
Second, we included a variable representing heating with solid fuels,
because heating can contribute substantially to HAP. We did not
include a heating variable in our main models because most PURE
locations do not require routine home heating and locations that did
require heating had similar heating fuel types. Third, we included a
variable for secondhand smoke exposure and occupational class.
We did not include these variables in our main model because of a
high level of missingness. Fourth, we examined model results when
the household wealth index was removed because this variable is
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Table 1. Characteristics of adults with baseline (n=28,574) and repeated (n = 12,489) spirometry measurements stratified by solid or clean fuels used for cook-

ing at baseline in 11 countries during 2003-2019 from the PURE study.

Baseline lung function

Repeated lung function”

All participants Solid fuel Clean fuel All participants Solid fuel Clean fuel

n (%) 28,574 (100) 19,595 (68.6) 8,979 (31.4) 12,489 (100) 8,421 (67.4) 4,068 (32.6)
Age [X (SD)] 49.6+9.5 49.7+9.6 49.4+94 49.4+09.1 49.5+9.2 49.1+89
Height [cm (X, SD)] 159.3+84 159.0+8.4 159.8 +8.5 159.0+8.3 158.7+8.2 159.8+8.3
BMI [ (SD)] kg/m? 243+4.5 23.8+4.2 254+4.7 244+44 24.0+4.3 254+4.6
Sex

Female 16,731 (58.6) 11,500 (58.7) 5,231 (58.3) 7,757 (61.3) 5,173 (61.4) 2,482 (61.0)

Male 11,843 (41.5) 8,095 (41.3) 3,748 (41.7) 4,889 (38.7) 3,248 (38.6) 1,586 (39.0)
Education [n (%)]

<Primary 16,128 (56.4) 11,627 (59.3) 4,501 (50.1) 7,412 (58.6) 5,259 (62.5) 2,050 (50.4)

Secondary 11,505 (40.3) 7,473 (38.1) 4,032 (44.9) 4,923 (38.9) 3,019 (35.8) 1,856 (45.6)

>Trade/college 941 (3.3) 495 (2.5) 446 (5.0) 311 (2.5) 143 (1.7) 162 (4.0)
Home wealth index [1 (%)]

T1 (low) 14,601 (51.1) 11,502 (58.7) 3,099 (34.5) 6,708 (53.0) 5,094 (60.5) 1,560 (38.3)

T2 (moderate) 9,889 (34.6) 6,285 (32.1) 3,604 (40.1) 4,258 (33.7) 2,623 (31.1) 1,569 (38.6)

T3 (high) 4,084 (14.3) 1,808 (9.2) 2,276 (25.4) 1,680 (13.3) 704 (8.4) 939 (23.1)
Smoking [n (%)]

Former 1,820 (6.4) 1,103 (5.6) 717 (8.0) 719 (5.7) 452 (5.4) 257 (6.3)

Current 7,059 (24.7) 4,933 (25.2) 2,126 (23.7) 2,865 (22.7) 1,880 (22.3) 946 (23.3)

Never 19,695 (68.9) 13,559 (69.2) 6,136 (68.3) 9,062 (71.6) 6,089 (72.3) 2,865 (70.4)
Respiratory conditions [n (%)]“

Yes 1,254 (4.4) 952 (4.9) 302 (3.4) 504 (4.0) 375 (4.5) 119 (2.9)

No 27,320 (95.6) 18,643 (95.1) 8,677 (96.6) 12,142 (96.0) 8,046 (95.5) 3,949 (97.1)
Ambient PMy 5 (X + SD) pg/m? 54.0+23.7 56.4+22.0 48.7+26.2 55.5+24.2 57.2+224 52.5+27.1
FEV, (X +SD) ml 2,260.3 +704.6 2,251.1+705.8 2,280.5+701.6 2,026.3 +676.7 2,021.0+677.9 2,036.9+674.2
FVC (x + SD) ml 2,671.1+865.0 2,654.9 +854.2 2,706.3 +887.1 2,561.4+837.7 2,556.7 +845.4 2,571.6 +821.6
FEV,/FVC (X +SD) % 85.6+11.2 85.8+11.2 85.5+11.2 80.0+12.9 79.83+12.8 80.1 +13.3

Note: BMI, body mass index; COPD, chronic obstructive pulmonary disease; FEV |, forced expiratory volume in 1 second; FVC, forced vital capacity; PURE, Prospective Urban and

Rural Epidemiology; Ref, reference; SD, standard deviation; TB, tuberculosis.
“Respiratory conditions at baseline, including asthma, COPD, or TB.
PRepeated spirometry measures taken a mean of 8.0 y apart.

correlated with the use of solid fuels for cooking. Fifth, we exam-
ined how model results changed when the variable for baseline re-
spiratory disease was removed, because baseline disease may be
related to HAP exposures. Sixth, we examined how model results
changed when we removed the center variable, allowing compari-
sons across centers, and when including community as a fixed effect,
rather than a random effect, which tested how sensitive our models
are to potential unmeasured geographic confounding. Finally, we
examined associations between individuals (n=690) switching
from clean to solid fuels during follow-up and lung function change.

Results

Population Characteristics

Within the PURE cohort, there were 32,666 individuals living in
rural communities where >10% of participants used solid fuel for
cooking at baseline. We excluded 4,092 (12.5%) individuals with
missing or low-quality lung function data or missing covariates.
Our final sample included 28,574 individuals from 240 rural com-
munities across 25 centers (regions) in 11 developing countries en-
rolled from 2003 to 2015. Table 1 summarizes characteristics of
the 28,574 participants according to self-reported solid fuel and clean
fuel use at baseline. Approximately 69% of individuals primarily
used solid fuels for cooking. Of those using solid fuels, 62% were
from China, 16% from South Asia (Bangladesh, India, and Pakistan),
and 22% from other countries (Brazil, Chile, Colombia, the
Philippines, South Africa, Tanzania, and Zimbabwe). Population
characteristics were similar between solid or clean fuel users in
mean age (49.7 vs. 49.4 y), height (159.0 vs. 159.8 cm), sex
(58.7% vs. 58.3% female), and current smoking status (25.2% vs.
23.7%). Solid fuel users had slightly lower BMI (23.8 vs.
25.4kg/m?), higher ambient PM, 5 (56.4 vs. 48.7 ug/m?), and
higher prevalence of low education (59.3% vs. 50.1%), low
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household wealth index (58.7% vs. 34.5%), and chronic respira-
tory conditions (4.9% vs. 3.4%), in comparison with clean fuel
users. The overall mean (SD) lung function values at baseline
were 2,260 (704.6) mL for FEV, 2,671 (865.0) mL for FVC, and
85.6% (11.2) for the FEV/FVC ratio.

When restricted to individuals with repeated lung function meas-
ures (n=12,489), we observed similar patterns in baseline char-
acteristics between solid and clean fuel users. During follow-up,
3,901 individuals (46% of individuals using solid fuel at base-
line) switched from cooking with solid fuels to clean fuels. A
small number of individuals (n=690) reported shifting from
clean to solid fuel during follow-up. The mean (SD) time
between baseline and follow-up spirometry was 8.0 (3.6) y. The
mean change in FEV;| was —30.2 (89.6) mL/y (—0.95%/y), FVC
—24.9 (120) mL/y (—0.40 %/y), and the FEV/FVC ratio —0.45
(2.7) %ly in our repeated lung function analyses. Among individ-
uals with repeated lung function measures, the overall mean val-
ues at baseline were 2,255 (670) mL for FEV, 2,698 (842) mL
for FVC, and 84.8 (11.6) % for the FEV/FVC ratio.

Cross-Sectional Associations between Baseline Cooking
Fuels and Lung Function

In baseline models, solid fuel users had lower FEV, (—23.8 mL;
95% CI. —-38.7, —8.9), FVC (—13.1 mL; 95% CI: —30.4, 4.1), and
FEV,/FVC ratio (—0.4; 95% CI. —0.6, —0.1), in comparison with
clean fuel users (Table 2). When adjusting for additional individual,
household, and community covariates, the associations were attenu-
ated for FEV| to —17.5 mL (95% CI: —32.7, —2.3), FVC —14.4 mL
(95% CI. —32.0, 3.2) and FEV/FVC ratio —0.10% (95% CI: —0.0,
0.2). We also examined associations across specific solid fuel types
and observed larger associations between lung function measures
with charcoal and shrub/grass, in comparison with electricity or gas,
but with wide confidence intervals for all estimates.
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Table 2. Cross-sectional associations between solid fuels used for cooking, in comparison with clean fuels, and lung function for 28,574 individuals at baseline

in the PURE study (2003-2019).

n (%) FEV,B (95% CI)

FVC mL B (95% CI) FEV,/FVC % B (95% CI)

Base model”

Clean cooking fuels 8,979 (31.4) Ref

Ref Ref

Solid cooking fuels 19,595 (68.6) —23.8 (—38.7, —=8.9) —13.1(-304,4.1) —-0.4 (-0.6, —0.1)
Coal 5,995 —17.3 (-45.3,10.7) —22.8 (=55.3,9.7) 0.1(=0.4,0.6)
Charcoal 589 —43.0 (—109.9, 23.9) —43.8 (—-120.3, 32.7) -02(-14,1.1)
Wood 6,768 —22.1(-43.8, -0.4) —4.6 (=29.2,19.9) —0.5(=0.9, —0.04)
Agriculture 4,332 —20.4 (—45.6,4.9) —5.2(-34.5,24.2) -0.5 (-1.0, =0.02)
Animal dung 684 —10.7 (-67.7, 46.2) —-5.7(=71.3,59.9) 0.3(=0.8,1.4)
Shrub 1,227 —47.3 (=90.5, —4.1) —50.7 (=100.1, —1.2) —-0.4(-1.2,0.4)
Adjusted model”
Clean cooking fuels 8,979 (31.4) Ref Ref Ref
Solid cooking fuels 19,595 (68.6) —-17.5(-32.7, =2.3) —14.4 (-32.0,3.2) —0.1(-0.4,0.2)
Coal 5,995 —17.4 (—45.3, 10.5) —28.0 (—60.6, 4.5) 0.2(=0.3,0.8)
Charcoal 589 —44.7 (-110.9,21.4) —54.1(-130.2, 22.0) 02(-1.1,14)
Wood 6,768 —-8.9(-31.3,13.4) —-1.5(-27.0,23.9) —0.1(-0.5,0.4)
Agriculture 4,332 —15.8(—40.9,9.4) —4.6 (—34.0, 24.8) —-0.4(-0.8,0.1)
Animal dung 684 —3.5(-59.6, 52.6) —6.7 (=71.7, 58.3) 0.6 (-0.5,1.7)
Shrub 1,227 -39.0 (-81.7,3.7) —45.8 (-95.1,3.5) —-0.3(-1.1,0.6)

Note: Independent models for all fuels combined as well as for each specific fuel type used for cooking. BMI, body mass index; CI, confidence interval; FEV, forced expiratory vol-
ume in 1 second; FVC, forced vital capacity; PURE, Prospective Urban and Rural Epidemiology; Ref, reference.

“Base model: age, sex, height, geographic center, random intercept for community.

hAdjusted model: age, sex, height, geographic center, random intercept for community, BMI, smoking status, baseline respiratory conditions, education, household wealth index, eleva-

tion, and outdoor PM; 5.

Longitudinal Analysis of Cooking Fuels and Change in
Lung Function

We compared the annual lung function change between individu-
als with solid fuel use (n=8,421) vs. clean fuel use (n =4,068) at
baseline and among those individuals who switched from solid to
clean cooking fuels during follow-up (n=3,901) in comparison
with individuals who persistently used solid fuels (n=4,520)
(Table 3). We observed no differences in the rate of annual lung
function change in FEV, FVC, or FEV/FVC between solid fuel
users vs. clean fuel users at baseline. For the 3,901 individuals
who switched to clean fuels during follow-up, in comparison
with individuals persistently using solid fuels (n=4,520), we
observed no differences in the rate of change in the FEV; or
FVC, but a small reduction in the decline rate of FEV{/FVC ratio
by 0.2% per year (95% CI: 0.03, 0.3).

Prospective Analyses of Respiratory Events

During a mean (SD) of 11.0 (2.4) y of follow-up, 541 respiratory
events, including 263 respiratory hospitalizations, were recorded.
Respiratory events comprised nonfatal and fatal cases of TB (80),
COPD (146), pneumonia (203), asthma (108), and other respiratory
diseases (4). There were only 22 respiratory deaths out of the 406
total deaths recorded. Associations between HAP exposure with clini-
cal events are summarized in Table 4. In the adjusted models, solid
fuel use at baseline, in comparison with clean fuels, was associated
with a hazard ratio (HR) of 1.19 (95% CI: 0.92, 1.54) for all respira-
tory events, 1.17 (95% CI: 0.81, 1.68) for respiratory hospitalizations,
and 1.22 (95% CI: 0.93, 1.60) for all-cause mortality. Individuals
who switched from solid to clean fuels, in comparison with individu-
als who persistently used solid fuels, had an adjusted HR of 0.76
(95% CI: 0.57, 1.00) for all respiratory events, 0.71 (95% CI: 0.48,
1.06) for respiratory hospitalizations, and 0.85 (95% CI: 0.62, 1.17)
for all-cause mortality. When lung function was added to the adjusted
models of baseline solid fuel use and fuel switching, the estimates for
HAP exposures remained largely unchanged.

Sensitivity Analyses

We conducted stratified analyses by key individual, house-
hold, and geographic variables (see Tables S1 and S2). For
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cross-sectional associations of solid fuel use for cooking and lung
function measured at baseline, we observed the largest differences
for FVC and country/region. Models stratified by region demon-
strated consistent results, except for South America (Brazil, Chile,
Colombia). Here, we observed inverse associations between solid
fuel use for cooking and FEV; and FVC. In our analyses using
repeated measurements of lung function and the percent change in
lung function per year, we observed the largest differences for the
percent decline of the FEV/FVC ratio by year for age and educa-
tion level. Individuals >55 y of age who switched from solid to
clean cooking fuels during follow-up, in comparison with individ-
uals who persistently used solid fuels, had a FEV,/FVC % per
year decline of 0.3 (95% CIL: 0.04, 0.6) in comparison with 0.1
(95% CI: —0.1, 0.3) for individuals <55 y of age. Individuals with
no or primary-level education had a FEV/FVC % per year decline
of 0.3 (95% CI: 0.04, 0.65) in comparison with 0.1 (95% CI: —0.1,
0.3) for individuals who had a secondary level or higher level of
education. We also examined associations for individuals who
changed from clean to solid cooking fuels during follow-up
(n=691), in comparison with individuals who persistently used
clean fuels during follow-up (n=3,377), with lung function
change (Table S3) and did not observe any associations. Our
model results were robust to several other model parameterizations
and sensitivity analyses, including: removing ambient PM; s5; add-
ing covariates for heating with solid fuels, secondhand smoking
exposure, and occupational classification; removing the household
wealth index, baseline respiratory symptoms, and the center cova-
riates; and adding in a community covariate in place of the com-
munity random intercept (Table S4 and S5).

Discussion

In this large study of HAP across 11 LMIC countries, we
observed lower levels of lung function in cross-sectional analyses
among individuals who used solid fuels for cooking at baseline in
comparison with clean fuels. In longitudinal analyses, we
observed that individuals who switched from solid to clean fuels,
in comparison with individuals who continued to use solid fuels
during follow-up, had small attenuation in the rate of decline of
the FEV/FVC ratio. In addition, solid fuel use at baseline, in
comparison with clean fuels, was associated with increased risk
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Table 3. Associations of solid fuel use at baseline and change from solid to clean cooking fuels during follow-up, with lung function change in the PURE study

(2003-2019).

n AFEV,| %/y B (95% CI)

AFVC %y B (95% CI) AFEV,/FVC %/y B (95% CI)

Household fuel use at baseline and change in lung function
Base model”

Clean cooking fuels 4,068 Ref

Solid cooking fuels 8,421 1.3(-2.8,54)
Adjusted model”

Clean cooking fuels 4,068 Ref

Solid cooking fuels 8,421 1.5(-2.8,5.8)

Households switching from solid to clean fuels and change in lung function
Base model”

Persistent solid fuels 4,520 Ref

Switched to clean fuels 3,901 0.01 (-=0.3,0.3)
Adjusted model”

Persistent solid fuels 4,520 Ref

Switched to clean fuels 3,901 —-0.05(-0.4,0.3)

Ref Ref
2.9 (-2.6,8.5) —0.1(-0.2,0.1)
Ref Ref
2.9(-2.8,8.7) —0.00 (-0.5,0.4)
Ref Ref
—-0.3(-0.6,0.1) 0.2 (0.03,0.3)
Ref Ref
-0.3 (-0.7,0.1) 0.2 (0.03,0.3)

Note: BMI, body mass index; CI, confidence interval; FEV, forced expiratory volume in 1 second; FVC, forced vital capacity; PURE, Prospective Urban and Rural Epidemiology;

Ref, reference.
“Base model: age, sex, height, geographic center, random intercept for community.

hAdjusted model: age, sex, height, geographic center, random intercept for community, BMI, smoking status, baseline respiratory conditions, education, household wealth index, eleva-

tion, and outdoor PM; 5.

of respiratory events, hospitalizations, and all-cause mortality
and in comparison with persistent solid fuel users, individuals
who switched from solid to clean fuels during follow-up had
reduced risk of respiratory events, hospitalizations, and all-cause
mortality, which were not mediated through lung function. These
results provide new information on how HAP may influence lung
function, respiratory disease and mortality.

The literature linking HAP to lung function impairment has
reported mixed findings.”"'? Our cross-sectional findings of lower
FEV, with solid fuels in comparison with clean fuels aligns with
some of the existing research, although we generally observed
smaller associations.!%2%-27 For example, a cross-sectional study in
Nepal found that adults using biomass fuels had lower FEV; by
—103 mL (95% CI: —167, —39), FVC by —45 mL (95% CI: —118,

28), and FEV/FVC by —2.9% (95% CI: —4.1, —1.6), in compari-
son with gas users.?® These estimates are much larger than our cur-
rent findings of lower FEV; of —17.5 mL (95% CI: —32.7, —2.3)
in solid fuel vs. clean fuel users. In terms of multicountry studies,
two large cross-sectional studies have examined the association
between HAP with COPD across multiple country data using spi-
rometry measurements. The first study included 12,396 adults from
13 low-income countries and reported an increased OR of 1.41
(95% CI: 1.18, 1.68) for airflow obstruction (FEV{/FVC <70%)
with solid fuels in comparison with clean fuels for cooking.® In the
same study, the authors also reported on lower prebronchodilator
FEV for all ages with solid fuel use in comparison with clean fuels,
which is consistent with our findings. The second study examined
18,554 adults from 23 countries and observed an OR of 1.20 (95%

Table 4. Associations between solid fuel use at baseline and change from solid to clean cooking fuels during follow-up, and respiratory events, hospitalizations,

and all-cause mortality in the PURE study (2003-2019).

All respiratory events

Respiratory hospitalizations All-cause mortality

n Events HR (95% CI) Events HR (95% CI) Events HR (95% CI)
Household fuel use at baseline and respiratory events

Base model”

Clean cooking fuels 4,068 141 Ref 71 Ref 107 Ref

Solid cooking fuels 8,421 400 1.27 (0.99, 1.63) 192 1.24 (0.87, 1.78) 299 1.27 (0.98, 1.65)
Adjusted model”

Clean cooking fuels 4,068 141 Ref 71 Ref 107 Ref

Solid cooking fuels 8,421 400 1.19(0.92, 1.54) 192 1.17 (0.81, 1.68) 299 1.22 (0.93, 1.60)
Adjusted model+lung function®

Clean cooking fuels 4,068 141 Ref 71 Ref 107 Ref

Solid cooking fuels 8,421 400 1.18 (0.91, 1.53) 192 1.16 (0.81, 1.67) 299 1.23 (0.94, 1.62)

Households switching from solid to clean fuels and respiratory events

Base model”

Persistent solid fuels 4,520 271 Ref 130 Ref 162 Ref

Switched to clean fuels 3,901 129 0.74 (0.56, 0.97) 62 0.74 (0.56, 0.97) 137 0.83 (0.60, 1.14)
Adjusted model”

Persistent solid fuels 4,520 271 Ref 130 Ref 162 Ref

Switched to clean fuels 3,901 129 0.76 (0.57, 1.00) 62 0.71 (0.48, 1.06) 137 0.85(0.62, 1.17)
Adjusted model+lung function®

Persistent solid fuels 4,520 271 Ref 130 Ref 162 Ref

Switched to clean fuels 3,901 129 0.78 (0.60, 1.04) 62 0.71 (0.48, 1.05) 137 0.85(0.62, 1.17)

Note: BMI, body mass index; CI, confidence interval; FEV, forced expiratory volume in 1 second; HR, hazard ratio; PURE, Prospective Urban and Rural Epidemiology; Ref,

reference.
“Base model: age, sex, height, geographic center, random intercept for community.

b Adjusted model: age, sex, height, geographic center, random intercept for community, BMI, smoking status, baseline respiratory conditions, education, household wealth index, eleva-

tion and outdoor PM, 5.
“Adjusted model plus baseline FEV, and change in FEV; during follow-up.
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CI: 0.94, 1.53) in men and 0.88 (95% CI: 0.67, 1.5) in women for
airflow obstruction with solid fuels vs. clean fuels use for cooking.”
Although this study reported on the pattern of spirometric impair-
ment (i.e., airflow obstruction or restriction), the authors did not
report on FEV; or FVC specifically. In our cross-sectional analy-
ses, we observed neither any clear association between solid fuel
use with the FEV/FVC ratio nor large differences by sex.

There is a paucity of data on the types of cooking fuels that may
be more harmful to health,”7 despite the fact that there are quanti-
tative and qualitative differences in the air pollutants arising from
the different cooking-fuel types. For example, our previous work
in a subsample of 2,541 households in PURE using direct house-
hold air quality measurements in kitchens quantified a clear gradi-
ent of PM, 5 concentration across different fuel types.?® Although
this work supports our use of primary fuel type for cooking as a
HAP exposure indicator, the differences in reported findings across
studies may in part be related to the differences in air pollution
exposures associated with different fuel types, cooking practices,
and housing characteristics. These differences may explain the
inverse association we observed in South America. Here, cooking
with wood is mostly done in enclosed wood stoves with good venti-
lation, which has much lower associated air pollution exposures
than cooking with open-fire stoves. We have documented this in
the PURE household monitoring study, where mean 48-h kitchen
PM, 5 levels were 41 pg/ m? in South American PURE commun-
ities, in comparison with 318 ug/m? in Africa, 383 ug/m? in Asia,
and 140 pg/m? in India.?® We accounted for these regional differ-
ences in the present analyses by including center as a fixed effect
variable in our models, which restricted the comparison to the
same geographical area and thus minimized HAP exposure mis-
classification and residual confounding. Although we explored
associations by specific fuel types and ventilation status, we had
limited power because of small numbers and clustering of fuel
types by country and region of the PURE study. Further research
that examines measured household and personal air pollution ex-
posure concentrations associated with lung function and respira-
tory disease is needed.

In the present study, we were able to examine the changes in
lung function for 12,489 individuals with repeated spirometry
measures over a long time frame (average of 8.0 y between spirom-
etry measures). Given the natural changes in fuel use switching
over time in the PURE study,?® we were able to compare individu-
als who did and did not switch to clean fuels during follow-up. This
is an important comparison because it informs the potential impli-
cations of HAP interventions on respiratory health that aim to tran-
sition households to cleaner fuel sources. Although we did not
observe any differences in the rate of change in FEV; or FVC, there
was a small attenuation in the decline of the FEV/FVC ratio by
0.2% per year (95% CI: 0.03, 0.3) among individuals who switched
from solid fuels to clean fuels, in comparison with persistent solid
fuel users. This attenuation corresponds to a 2% higher FEV/FVC
ratio over a 10-y period among people who switched from solid to
clean fuels. This association was most robust for individuals over
age 55 y and females (both showing a 3% increase over 10 y).
This finding is in line with intervention and RCT studies that
show evidence of benefits to respiratory health from switching
from solid to clean fuels. A RCT in Mexico found that women
using improved wood stoves most of the time had a lower FEV
decline (31 mL or 1%) in comparison with wood open-fire users
(62 mL or 2%) over a 1-y follow-up period.'> In addition, a pro-
spective intervention study of 996 individuals in China observed
that transitioning to clean fuels or improved ventilation reduced
decline in FEV| of 12 mL/y and 13 mL/y, respectively, in com-
parison with individuals who had no intervention.!? Although the
effect sizes (2% higher FEV|/FVC ratio over 10 y) that we
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observed may be small, they do support policies advocating for
switching from solid to clean fuels.

We hypothesized that lung function is an important mediator
for the association between HAP exposure with respiratory
events, respiratory hospitalizations, and all-cause mortality. We
observed increased adjusted HRs of 1.19 (95% CI: 0.92, 1.54) for
all respiratory events with solid fuel use at baseline, in compari-
son with clean fuels, and a HR of 0.76 (95% CI: 0.57, 1.00) for
individuals who switched to clean fuels during follow-up, in
comparison with individuals continuing to use solid fuels. These
results correspond to previous analyses of HAP and health events
in a broader sample in the PURE study.?® When baseline FEV
and change in FEV,| were added to these models, the HAP esti-
mates remained largely unchanged, suggesting that lung function
may not be the main pathway linking HAP to respiratory events.
Previous studies had shown that biomass fuel exposure was asso-
ciated with a chronic inflammatory response that leads to pulmo-
nary damage,®' and a systematic review concluded that inhaled
substances such as PMj can trigger local and systemic inflam-
matory responses, with downstream adverse health impacts,
including respiratory and cardiovascular effects.>> Our results
show that although there were small associations between HAP
and lung function, these do not explain the overall HAP associa-
tions with respiratory events and mortality.

Although there are a number of strengths to our study, which
include the large sample size, diverse populations, comprehen-
sive adjustment for many covariates, repeated lung function
measures, and longitudinal follow-up of incident events, there are
also some important limitations. First, we used solid fuels as an
indicator of potential air pollution exposure, rather than direct air
pollution measurements, such as PM; s concentrations. In addi-
tion, we lacked detailed information on secondary fuels used for
cooking. Although it is not feasible to conduct measurements for
such a large population, we have conducted 2,541 household
measurements in PURE that demonstrate large differences in
PM, 5 concentrations between homes cooking with clean fuels
(mean=45pg/m* for gas) in comparison with solid fuels
(mean = 68 pig/m? for coal, 109 pg/m? for wood, 224 ug/m? for
animal dung, and 276 ug/m? for shrub/grass).?® Another form of
possible HAP exposure misclassification is that we did not record
information on the date individuals switched fuels during follow-
up or the use of fuel stacking. Individuals who switched to clean
fuel likely previously used solid fuels for a long time, and overall
HAP exposure differences from switching may be minimal for
long-term exposures. However, our results indicate that over this
follow-up duration, switching from solid to clean fuels resulted in
small attenuation of the decline in the FEV;/FVC ratio. Second, the
PURE sample is not representative of specific countries, although
the PURE cohort has been validated against national statistics with
good agreement.>* Although we examined a large sample covering
different countries and socioeconomic and environmental settings,
especially those in developing countries where similar studies have
seldom been completed, our HAP prevalence estimates and results
should not be interpreted as representing regions or countries. We
also limited our population to individuals living in rural commun-
ities, given the potential unmeasured confounding factors that could
exist between urban and rural settings. Third, we cannot rule out
potential unmeasured or residual confounding in our results.
However, our study included a large number of individual, house-
hold, and community covariates collected through standardized
questionnaires and study protocols, which help to better address
potential confounding in comparison with previous studies. We also
included a community random intercept and geographic regional
fixed effect variables to control for potential unmeasured geographic
confounding factors. Fourth, although our spirometry data have
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been extensively validated with clinical and field comparisons, there
is likely random error that may reduce our ability to detect associa-
tions, especially for lung function change, where we had to rely on
the change in FEV, and FVC between two measures. Once addi-
tional follow-up spirometry data are collected in PURE, there will
be sufficient data to examine trajectories, rather than absolute
change measures.

Conculsions

Use of solid fuels for cooking was associated with lower baseline
FEV,. Individuals who switched from solid to clean fuels, in
comparison with individuals who continued to use solid fuels
during follow-up, had small attenuation in the rate of decline of
the FEV/FVC ratio and reduced risk of respiratory events, hospi-
talizations, and all-cause mortality. These findings support the
potential health benefits of households switching to cleaner cook-
ing energy sources. Future research using direct measures of air
pollution exposure, especially in prospective longitudinal studies,
is needed to further examine the associations between HAP expo-
sure levels and lung function, respiratory disease, and mortality.
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