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Abstract

Rationale: Approximately 40% of people worldwide are exposed to
household air pollution (HAP) from the burning of biomass fuels.
Previous efforts to document health benefits of HAP mitigation
have been stymied by an inability to lower emissions to target levels.

Objectives: We sought to determine if a household air pollution
intervention with liquefied petroleum gas (LPG) improved
cardiopulmonary health outcomes in adult women living in a
resource-poor setting in Peru.

Methods: We conducted a randomized controlled field trial in 180
women aged 25–64 years living in rural Puno, Peru. Intervention
women received an LPG stove, continuous fuel delivery for 1 year,
education, and behavioral messaging, whereas control women were
asked to continue their usual cooking practices. We assessed for
stove use adherence using temperature loggers installed in both LPG
and biomass stoves of intervention households.

Measurements and Main Results: We measured blood
pressure, peak expiratory flow (PEF), and respiratory symptoms using

the St. George’s Respiratory Questionnaire at baseline and at 3–4
visits after randomization. Intervention women used their LPG stove
exclusively for 98% of days. We did not find differences in average
postrandomization systolic blood pressure (intervention – control 0.7
mm Hg; 95% confidence interval, 22.1 to 3.4), diastolic blood
pressure (0.3 mm Hg; 21.5 to 2.0), prebronchodilator peak
expiratory flow/height2 (0.14 L/s/m2; 20.02 to 0.29),
postbronchodilator peak expiratory flow/height2 (0.11 L/s/m2; 20.05
to 0.27), or St. George’s Respiratory Questionnaire total score (21.4;
23.9 to 1.2) over 1 year in intention-to-treat analysis. There were no
reported harms related to the intervention.

Conclusions: We did not find evidence of a difference in blood
pressure, lung function, or respiratory symptoms during the
year-long intervention with LPG.

Clinical trial registered with www.clinicaltrials.gov
(NCT02994680).
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At a Glance Commentary

Scientific Knowledge on the
Subject: Household air pollution
(HAP), resulting from the burning
of biomass fuels for cooking, is a
highly prevalent environmental
exposure worldwide. HAP was
estimated to be responsible for 1.6
million premature deaths and 77.2
million disability-adjusted life years
lost in 2017. Previous intervention
trials that have used cleaner-
burning biomass stoves or clean
fuels have failed to consistently
demonstrate reductions in HAP
below World Health Organization
established target concentrations.
Additionally, improvements in
health outcomes are inconsistent or
of unclear clinical significance.
Potential reasons for the lack of
associated improvements in health
outcomes include insufficient
reductions in personal exposures to
HAP, insufficient abandonment of
biomass-burning stoves, or high
ambient air pollution.

What This Study Adds to the
Field: This is the first randomized
controlled trial to document exclusive
liquefied petroleum gas stove use for
98% of follow-up days in intervention
households resulting in average personal
exposures to fine particulatematter
belowWorldHealth Organization
target concentrations when compared
with controls. This trial was done in a
resource-poor population of Peru where
biomass burning is prevalent and
ambient air pollution is low. Data from
180 adult women aged 25–64 years
contributed 2,157 person-months to the
intention-to-treat analysis. Despite high
adherence with liquefied petroleum gas
stove use and low fine particulatematter
exposures during a 12-month period
among intervention women, we did not
find evidence of lower blood pressure,
improved peak expiratory flow, or
decreased respiratory symptomswhen
comparedwith controls.

Household air pollution (HAP) is a
prevalent environmental exposure with an
estimated 40% of the world population
using biomass fuels for cooking (1). HAP
is the result of incomplete combustion
when a biomass fuel such as wood,
charcoal, dung, or agricultural crop waste
is burned inside or around the home for
cooking. HAP exposes 3 billion people to
air pollutants, including particulate matter,
carbon monoxide, and nitrogen oxides (2).
HAP was estimated to be responsible for
1.6 million premature deaths and 77.2
million disability-adjusted life years lost
in 2017 (3).

Despite its ubiquity, HAP received
relatively little attention from the scientific
community until about three decades ago.
Much of the evidence linking HAP exposure
with multiple health outcomes stems from
observational studies conducted in a variety
of geographical settings (4–8). Previous
intervention trials that have used either
cleaner-burning biomass stoves or clean fuels
have failed to consistently demonstrate
reductions in HAP exposures belowWorld
Health Organization established target
concentrations (9, 10).

We sought to evaluate the effect of a
cleaner energy intervention on
cardiovascular and pulmonary health in
adult women living in a resource-limited
setting of Peru. Our chosen intervention
combined the use of liquefied petroleum
gas (LPG) stoves, continuous fuel
distribution, education, and behavioral
messaging to maximize adherence with
stove use and achieve the best possible
reductions in HAP.We hypothesized that
adult women who received the intervention
would have a lower blood pressure,
better lung function, and fewer
respiratory symptoms throughout the
year-long intervention.

Methods

Study Setting
The CHAP (Cardiopulmonary outcomes
and Household Air Pollution) trial took
place in eight rural communities in the
Department of Puno, Peru, located near the
shores of Lake Titicaca, at an elevation of
3,825 m above sea level (see STUDY SETTING in

theMethods section of the online
supplement).

Study Design
The trial was registered (ClinicalTrials.gov
NCT02994680), and the protocol was
published before the study began (11) (see
MAIN STUDY PROTOCOL in the online
supplement). We followed CONSORT
guidelines (MAIN STUDY Protocol: CONSORT
CHECKLIST in the online supplement). Briefly,
we conducted an individually randomized,
open-label controlled trial (RCT) in 180
adult women. Here, we report on three of the
eight primary outcomes. We drew a simple
random sample of 569 households from a
census of the study area to screen for eligible
women (seeMETHODS: ELIGIBILITY CRITERIA in
the online supplement). Enrollment was
staggered in groups of 14–16 women each
month between January 19, 2017, and
January 20, 2018. Randomization followed
baseline assessments betweenMarch 1, 2017,
and February 15, 2018. Participants were
assigned to intervention or control with a 1:1
ratio using randomly permuted block sizes of
two, four, and six. A computerized
randomization schedule was created by an
investigator not involved in screening or
enrollment. Assignment was concealed in
sealed envelopes until baseline
measurements were completed and the
envelope was opened (seeMETHODS:
RANDOMIZATION in the online supplement).

Intervention
The intervention was complex and
multifaceted, consisting of an LPG stove, a
waist-high table (see Figure E1A in the online
supplement), continuous fuel delivery and
installation by study staff, education, and
behavioral messaging. Formative work
conducted before the trial (12) established
that most women preferred having a three-
burner LPG stove. We contracted a local
manufacturer (Industrias Surges) to build
them because three-burner stoves were not
commercially available at the time of our
study.We invited intervention participants
to join one cooking demonstration session
with local ingredients and hands-on practice
to teach participants how to safely use the
LPG stove (seeCOOKING DEMONSTRATION AND

EDUCATION in the online supplement).
Cooking demonstrations took place at
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randomization, which was staggered
monthly over 1 year. During these
demonstrations, we also reviewed the
benefits of LPG stoves and disadvantages of
biomass stoves (seeMAIN STUDY PROTOCOL:
GUIDE TO EDUCATION AND BEHAVIORAL

MESSAGING in the online supplement).
Demonstrations followed a standard script
and used the same educational banners.
Following the demonstration, study staff
delivered and installed the LPG stove, a table,
a full LPG tank, and calendars that contained
the messages from the demonstration
(Figure E1B) to each participant’s home.
Behavioral messages were developed as part
of formative work (12).

Study staff delivered LPG fuel refills to
intervention homes approximately every 2
weeks depending on rate of fuel
consumption, checked for gas leaks or
problems with the stoves, and reinforced
behavioral messages from the calendars and
demonstrations to encourage exclusive LPG
use. Wemonitored for adverse events in
intervention (death, burns from LPG stove,
and tank explosions) and control participants
(death and burns from a traditional biomass-
burning cookstove).

Outcomes
This paper presents data for three of the eight
primary outcomes in this trial (11): blood
pressure, peak expiratory flow (PEF), and
respiratory symptoms as measured by the St.
George’s Respiratory Questionnaire (SGRQ).
Systolic blood pressure (SBP) and diastolic
blood pressure (DBP) were measured in
triplicate at 5-minute intervals and in the
sitting position using an automatic blood

pressure monitor (HEM-7231T-ZModel
BP786N; Omron). Participants were asked to
rest for 5 minutes before the first
measurement (seeMANUAL OF PROCEDURES:
BLOOD PRESSURE AND PULSE OXIMETRY). SBP and
DBP (in mmHg) were calculated as the
mean of the second and third measurements.
Wemeasured PEF with a handheld
spirometer (EasyOn PC; ndd), which has an
ultrasonic flow reader that is not affected by
air density and is suitable for use at high
altitudes. Spirometry assessment followed
standard guidelines (13) (seeMETHODS:
SPIROMETRY in the online supplement). We
used the maximum PEF (in L/s) and divided
it by height2 (in meters) for analysis. We
measured respiratory symptoms using a
Spanish-validated version of the SGRQ (14)
(seeMETHODS: ST. GEORGE’S RESPIRATORY

QUESTIONNAIRE in the online supplement).
Blood pressure, spirometry, and SGRQ

were measured at baseline and at 3, 6, 9
(blood pressure and SGRQ only), and 12
months after randomization. Assessments
were done at a central location in each of the
communities or outside of the participant’s
home to keep field staff who performed
clinical assessments and surveys blinded to
assignment. Data were collected on tablets
using the Research Electronic Data Capture
software (REDCap; Vanderbilt University
Medical Centre).

Assessment of Household Air
Pollution and Stove Use Adherence
Wemeasured 48-hour particulate matter
that is< 2.5 lm in aerodynamic diameter
(PM2.5) with the Enhanced ChildMicroPEM
(RTI International, Research Triangle Park);

cumulative black carbon as the optical
attenuation of infrared light (OT21 Sootscan
transmissometer; Magee Scientific) in
postsampled PM2.5 filters; and carbon
monoxide (CO) concentrations with the
EasyLog CarbonMonoxide data logger (EL-
USB-CO; Lascar Electronics) at baseline and
at 1 (in a subset of 90 participants), 3, 6, and
12 months after randomization. We collected
concurrent gravimetric (filter-based) and
ambient temperature and relative
humidity–corrected nephelometric (direct-
reading) samples with the Enhanced Child
MicroPEM.

We also measured 24-hour kitchen area
concentrations of nitrogen dioxide (NO2) at
baseline, and at 3, 6, and 12 months after
randomization in a subset of 100 households
using portable direct-reading monitors with
NO2 sensor heads (Aeroqual Series 500;
Aeroqual Limited). Kitchen area
concentrations were measured by placing the
monitors inside a bird cage hung 1 m from
the stoves, 1.5 m above the floor and at least
1 m from doors and windows, when possible
(Appendix, Supplemental Methods: Figure
E1C). Personal exposures were measured
concurrently. Participants wore monitors in
a custom-made apron (Figure E1D) during
awake hours and colocated them near their
beds when sleeping or bathing. Details
regarding exposure assessment are found
elsewhere (seeMETHODS: ASSESSMENT OF

HOUSEHOLD AIR POLLUTION in the online
supplement). To calculate 24-hour
concentrations from the 48-hour
measurements for PM2.5 and CO, we either
averaged concentrations obtained over the
first and second 24 hours if at least 20 hours
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of exposure assessment were collected on
both days or used the concentrations
obtained on the first 24 hours if at least 20
hours of exposure assessment were collected
on Day 1 but not on Day 2. If fewer than 20
hours of exposure assessment were collected
on both days, we did not calculate an average
and the 24-hour concentration for that 48-
hour measurement was considered missing.

We placed temperature loggers (Digit-
TL; LabJack Corporation) near both LPG and
biomass stoves of intervention homes to
monitor adherence, and near biomass stoves
in all control homes to monitor use. In a
subset of 24 control homes, we also placed a
Digit-TL on previously owned LPG stoves to
monitor use (i.e., LPG stoves that were not
provided by our trial). Digit-TLs were hung
under the middle burner of LPG stoves and
at 1 m or less above biomass stoves in the
smoke stream (Figures E1E and E1F).

Intervention adherence was calculated as the
number of days with exclusive LPG use
divided by the number of days when any
cooking events were registered. Biomass stove
use in control households was calculated as
the number of days with exclusive biomass
stove use divided by the number of days
when any cooking events were registered.

Statistical Analysis
Sample size calculations and the statistical
analysis plan were reported elsewhere (11)
(seeMAIN STUDY PROTOCOL: SAMPLE SIZE AND

STATISTICAL ANALYSIS PLAN in the online
supplement). To detect an effect size of one-
half SD in the three primary outcomes listed
above, 85 evaluable women were required in
each arm to achieve 90% power with 5%
type I error. Effect sizes were smaller or
similar in magnitude to those in previous
observational studies or RCTs (8, 15). For

one of the eight primary outcomes to be
considered statistically significant between
intervention and control arms at a
familywise error of 5%, the P value would
have to be less than 0.00625.

The primary analysis was based on
intention-to-treat. We used linear random
effects models (16) to examine the effects of
the intervention (i.e., intervention – control)
on subject-specific levels of SBP, DBP, pre-
and postbronchodilator PEF/height2 and
SGRQ total, and symptoms scores collected
at postrandomization visits (seeMETHODS:
INTENTION-TO-TREAT ANALYSIS in the online
supplement). The difference between the
intervention and control arms was estimated
as the coefficient corresponding to the
parameter identifying the intervention
group, which represents the between-arm
differences (intervention – control) averaged
over the 3-, 6-, 9-, and 12-month visits. As a

1 withdrew after
9 months

181 enrolled

181 randomized

397 screened

569 identified for screening

74 refused to be screened
98 not met

192 ineligible
24 refused to participate

90 assigned to intervention 91 assigned to control

90 available for analysis 90 available for analysis

1 withdrew before
3 months

Figure 1. Screening, randomization, and follow-up (Consolidated Standards of Reporting Trials [CONSORT] flow diagram).
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sensitivity analysis, we added the baseline
clinical outcomes as covariates (seeMAIN

STUDY PROTOCOL: STATISTICAL ANALYSIS PLAN
in the online supplement). We conducted
subgroup analysis by age (>50 yr or,50
yr), LPG ownership at baseline, previous or
current Fondo de Inclusi�on Social
Energ�etico program participation
(governmental LPG subsidization program),
and ownership of pigs and dogs (given the
common practice of cooking for these
animals in our setting). We also conducted
exposure–response analyses by ignoring
allocation and visit (seeMETHODS: EXPOSURE–
RESPONSE ANALYSIS in the online supplement).

We used the Kolmogorov-Smirnov test
to compare postrandomization average

kitchen area concentrations and personal
exposures to HAP by arm; Chi-square or
Fisher exact tests to compare the
proportions of HAP exposures below target
concentrations by arm; Chi-square test to
compare proportions between groups; and t
tests to compare differences in continuous
measurements between groups. We used
R version 3.6.2 (Dark and Stormy Night)
and the packages lme, mgcv,
ggplot2,itsadug for statistical analyses and
visualizations (www.r-project.org).

Ethics Review
The trial was approved by the Institutional
Review Boards of A.B. PRISMA
(CE2402.16) and Universidad Peruana

Cayetano Heredia (66780) in Lima, Peru,
and by the Johns Hopkins Bloomberg
School of Public Health (7128) in Baltimore.
All participants provided informed consent
with a waiver of documentation.

Results

Participant Characteristics
Between January 19, 2017, and January 20,
2018, we identified 569 households for
screening and approached 397 participants
(Figure 1). Of these, 192 did not meet
eligibility criteria and 24 refused to
participate. The main reasons for ineligibility
(not mutually exclusive) were as follows: 131

Table 1. Sociodemographic Features, HAP Exposure, and Primary Outcomes of Participants at Baseline

Characteristic
Control Arm

(n590)
Intervention Arm

(n590)

Demographics
Age, yr, mean (SD) 47.9 (11.1) 48.7 (9.1)
Married, n (%) 63 (70) 66 (73.3)
Literate, n (%) 73 (81.1) 75 (83.3)
Years of education, mean (SD) 6.4 (3.3) 6.1 (3.4)
Spouse’s years of education, mean (SD) 9.1 (2.9) 9.0 (3.4)

Socioeconomics
Income >250 soles/mo (75 USD/mo), n (%) 27 (30) 36 (40)
Owns LPG stove, n (%) 68 (75.6) 64 (71.1)
Previous or current Fondo de Inclusi�on Social Energ�etico program participation, n (%) 46 (51.1) 42 (46.7)
Wealth quintile, mean (SD) 1.5 (0.6) 1.5 (0.6)
Number of people who sleep in house, mean (SD) 3.6 (1.5) 3.8 (1.7)
Number of rooms, mean (SD) 2.6 (0.9) 2.6 (0.9)
Piped water inside home, in patio, or public standpipe, n (%) 32 (35.6) 32 (34.4)
Piped sewage or improved pit latrine, n (%) 68 (75.6) 64 (70)
Owns dogs, n (%) 57 (63.3) 66 (73.3)
Owns pigs, n (%) 54 (60) 52 (57.8)

Anthropometry
Height, cm, mean (SD) 152.0 (4.7) 150.8 (5.3)
BMI, kg/m2, mean (SD) 26.9 (4.1) 26.8 (4.2)

Kitchen area concentrations of HAP, mean (SD)
PM2.5, lg/m

3 1,223 (1,007) 1,187 (876)
BC, lg/m3 182 (120) 206 (152)
CO, ppm 53.4 (48.5) 50.2 (40.8)
NO2, ppb 150.7 (115.9) 108.1 (73.9)

Personal exposures to HAP, mean (SD)
PM2.5, lg/m

3 126 (214) 104 (100)
BC, lg/m3 19 (17) 21 (22)
CO, ppm 6.6 (8.2) 7.1 (8.4)
NO2, ppb 20.4 (13.9) 23 (18.9)

Primary outcomes, mean (SD)
Systolic blood pressure, mm Hg 102.3 (11) 100.4 (11.9)
Diastolic blood pressure, mm Hg 68.1 (8.3) 67.7 (8.7)
Prebronchodilator peak expiratory flow/height2, L/s/m2 2.91 (0.67) 2.95 (0.64)
Postbronchodilator peak expiratory flow/height2, L/s/m2 3.09 (0.62) 3.16 (0.61)
SGRQ total score 10.3 (15.2) 8.5 (10.2)
SGRQ clinical symptoms score 14.7 (16.4) 13.7 (13.7)
SGRQ activity score 12.2 (20.7) 9.3 (15.4)
SGRQ impact score 7.9 (15.3) 6.5 (9.4)

Definition of abbreviations: BC5black carbon; BMI5body mass index; CO5 carbon monoxide; HAP5household air pollution; LPG5 liquefied
petroleum gas; NO25nitrogen dioxide; PM2.55particulate matter that is < 2.5 lm in aerodynamic diameter; SGRQ5St. George’s Respiratory
Questionnaire.
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did not use an indoor biomass stove daily
and 46 did not have a kitchen separate from
sleeping areas. We subsequently enrolled and
randomized 181 participants through
February 15, 2018. One control participant
withdrew from the study before completing
the 3-month evaluations, which left an
intention-to-treat sample of 180 participants.
These participants were followed
longitudinally for 2,157 person-months (one
intervention participant withdrew at 9 mo
after randomization). The last participant’s
year-long follow-up was conducted on
February 15, 2019. Overall, there were no or
fewmissing data for primary outcomes
(Figure E2), kitchen area concentrations and
personal exposures to PM2.5 or black carbon
(Figure E3), and potential confounders used
in the exposure–response analysis (Figure
E4). Trial arms had similar averages or
proportions of demographic and

socioeconomic characteristics, HAP
exposures, and primary outcomes at baseline
(Table 1). Although the intervention arm had
a higher proportion of households with
higher income (Chi-square P5 0.21), a
lower average NO2 (t test of log-transformed
values P5 0.11), a higher average SBP (t test
P5 0.26), and a lower average SGRQ
(t test P5 0.35) than the control arm at
baseline, none of these differences were
statistically significant.

Adherence with the Intervention
We obtained stove use surveillance on 97%
of days in intervention households. We
plotted stove use data for intervention
households as a graphical matrix (Figure E5).
Women in the intervention arm used their
LPG stove exclusively for 98% of days when
cooking events were registered and either
used their biomass stove exclusively for 0.1%

of days or stacked use with the LPG stove for
1.9% of days. They also used their biomass
stoves or stacked use with the LPG stove for
an average of 2.7% of days in the first 3
months compared with an average of 1.7% of
days in the subsequent 9 months of the
intervention (P5 0.05). We obtained
biomass stove use surveillance in 95.4% of
days in control households. Control women
used their biomass stoves for 72.4% of
monitored days. The subset of 24 control
households with previously owned LPG
stoves that we monitored used them at least
once in 92.5% of days when they did not
use their biomass stove.

Effects of the Intervention on
Environmental Exposures
The intervention consistently reduced
postrandomization 48-hour kitchen area
concentrations (Figure 2) and personal
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Figure 2. Boxplots of kitchen area concentrations of particulate matter <2.5 lm in aerodynamic diameter (PM2.5), black carbon (BC), carbon
monoxide (CO), and nitrogen dioxide (NO2) by trial arm and visit. In each panel, control households are represented by red-colored boxplots
and intervention households by blue-colored boxplots. The width of the barplots in each panel is proportional with sample size. The sample size
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exposures to HAP (Figure 3) in intervention
participants compared with controls
during the year-long intervention.
When we averaged all postrandomization
measurements of 48-hour time-weighted
means by trial arm, we found lower
kitchen area concentrations of PM2.5 (58 vs.
1,246 lg/m3; Kolmogorov-Smirnov
P, 0.001) and lower personal
exposures to PM2.5 (30 vs. 98 lg/m

3;
Kolmogorov-Smirnov P, 0.001) in
intervention participants when compared
with controls. Postrandomization kitchen
area concentrations of PM2.5 were less than
35 lg/m3 in 23% of intervention households
and 0% of control households (Fisher exact
test P, 0.001), and postrandomization
personal exposures to PM2.5 were less than
35 lg/m3 in 78% of intervention and 13% of
control participants (Chi-square P, 0.001).
Additional pollutant difference is presented

elsewhere (see RESULTS: EFFECTS OF THE

INTERVENTION ON ENVIRONMENTAL EXPOSURES in
the online supplement).

Intention-to-Treat Analyses for
Primary Outcomes
We plotted mean values and corresponding
95% confidence intervals (95% CIs) for SBP,
DBP, pre- and postbronchodilator PEF/
height2, and SGRQ total and symptoms
scores by arm and visit and summarized
estimated postrandomization between-arm
differences (intervention – control) for each
primary outcome in Figure 4. PEF/height2

values were on average slightly higher in
intervention participants when compared
with control participants at any
postrandomization visit; however, we did not
find statistically significant between-arm
differences in any of the primary outcomes.
Our findings were unchanged when adjusted

for baseline outcomes (see RESULTS:
SENSITIVITY ANALYSIS in the online
supplement). We did not identify any
subgroups with clinically significant
differences favoring the intervention for any
of the primary outcomes (Figures E6–E8).

Exposure–Response Analyses for
Primary Outcomes
We did not observe any consistent
relationships inmost exposure–response
analyses between primary outcomes and either
personal exposures toHAP (Figure 5) or
kitchen area concentrations (Figure E9).When
we estimated the difference in primary
outcomes between the 90th percentile (174 lg/
m3) and the 10th percentile (13 lg/m3) of
personal exposures to PM2.5, we found that
SBP was 0.1mmHg lower (95% CI,21.1 to
0.8) at higher exposures when compared with
lower exposures, DBPwas 0.0mmHg lower
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Figure 3. Boxplots of personal exposure to particulate matter <2.5 lm in aerodynamic diameter (PM2.5), black carbon (BC), carbon monoxide
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(95% CI,20.7 to 0.8), prebronchodilator PEF/
height2 was 0.05 L/s/m2 lower (95% CI,20.09
to20.02), postbronchodilator PEF/height2

was 0.01 L/s/m2 lower (95% CI,20.04 to
0.02), SGRQ total score was 1.1 points lower
(95% CI,22.4 to 0.3), and SGRQ symptoms
score was 1.0 points higher (95% CI,21.2 to
3.2). The exposure–response curve for
prebronchodilator PEF/height2 was
significantly different between the 90th and
10th percentiles of personal exposures to
PM2.5, which corresponds to a 6.8-L/min
increase in prebronchodilator PEF in a lesser

exposed womanwho is 1.51m tall compared
with one of the same height who ismore
exposed.

Adverse Events
There were no tank explosions during the
year-long intervention. One intervention
participant’s pressure cooker exploded while
cooking with the LPG stove. No people were
harmed but the LPG stove and table were
destroyed and had to be replaced. Another
intervention participant had a fire start in her
kitchen after using her biomass stove. No

people were harmed, but the LPG stove and
table were burnt and had to be replaced. Both
episodes were reported as adverse events.

Discussion

In this RCT involving adult women who
reported using biomass fuels daily for
cooking in Puno, Peru, we found that the
intervention resulted in 98% adherence
with exclusive LPG stove use and in
consistently lower kitchen area
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concentrations and personal exposures to
HAP compared with controls during the
year-long intervention. However, despite
important reductions in HAP, we did not
find differences in the primary outcomes
during the year-long intervention in either
intention-to-treat or exposure–response
analyses.

To our knowledge, this is the first
RCT of an HAP intervention to document
reductions in personal exposures to PM2.5

belowWorld Health Organization
recommended interim air quality
guidelines in most participants. Two
systematic reviews that evaluated previous
cookstove interventions with either

cleaner-burning biomass stoves or clean
fuel stoves also found that these
interventions were effective at reducing
kitchen area concentrations of PM2.5

anywhere between 18% (9) and 40–85%
(10), and at reducing personal exposures
to PM2.5 by 24% (9). However,
postintervention concentrations of PM2.5
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Figure 5. Exposure–response relationships between personal exposures to particulate matter that is < 2.5 lm in aerodynamic diameter (PM2.5)
and primary cardiopulmonary outcomes. The 180 participants contributed 713 pairs of blood pressure or St. George’s Respiratory Questionnaire
(SGRQ) and personal exposure to PM2.5, and 711 pairs of peak expiratory flow (PEF) and personal exposure to PM2.5 data to these analyses. The six
panels correspond to the association between personal exposures to PM2.5 and either blood pressure (SBP and DBP), PEF (pre- and
postbronchodilator PEF/height2), and SGRQ (total and symptoms scores). In each of the six panels, we plot the estimated thin plate regression splines
that describe the adjusted association between PM2.5 and each cardiopulmonary outcome (mean5 solid line, 95% confidence interval5broken lines).
We visually restricted the plots to show up to the 95th percentile of personal exposures to PM2.5 (230 lg/m3). We show a rug plot of the distribution of
personal exposures to PM2.5. DBP5diastolic blood pressure; SBP5 systolic blood pressure.
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remained well above recommended air
quality guidelines in most of the reviewed
studies (10). Interventions in recent RCTs
in Malawi (17, 18), Nigeria (19), and Nepal
(20) that were not included in these
systematic reviews also failed to achieve a
sufficiently large exposure contrast
between intervention and control arms.

There are a couple of reasons why we
believe our intervention was successful at
reducing HAP exposures. First, we combined
continuous delivery and installation of fuel
tanks by our staff with behavioral messaging
to ensure adherence with LPG stove use.
When fuel was free and available,
participants used the LPG stove with low to
no biomass stove stacking, achieving.98%
adherence with exclusive LPG stove use.
Second, there are few other sources of air
pollution in our study setting; ambient air
pollution in Puno city is between 18 and 29
lg/m3 (21). Moreover, the distance between
households in the rural area is approximately
100 m, so our study participants are less
likely to be affected by HAP from biomass-
burning neighbors than in settings with
higher population density. Althoughmany
households owned LPG stoves at the start of
the study, none used LPG exclusively. We
also found that ownership of an LPG stove
alone was not sufficient for sustained use in
formative work (12). Our complex
intervention established high adherence and
thus efficacy of the intervention. Third,
poverty is a major reason why people use
biomass fuels. Indeed, adherence to the
intervention was high because costly items
such as the LPG stove and gas were
provided for free.

Air pollution has been linked to worse
cardiovascular and pulmonary health
(22–24). Our achieved reductions in kitchen
area concentrations and personal exposures
to HAP should therefore have reduced local
and systemic inflammation and resulted in
less oxidative stress (24), as suggested by
previous studies (25, 26). Given the degree in
reduction of HAP exposure, we would have
expected a measurable difference in blood
pressure, PEF, or respiratory symptoms;
however, instead we found no significant
evidence of an effect. One potential concern
may be that our sample size (90 intervention
and 90 control participants) was too small.
Although we were correctly powered to
measure effects of one-half SD (11), it is
possible that the effects of HAP exposure on
blood pressure and PEF are smaller;
however, the effect size is similar to or

smaller than those reported in previous
observational studies in Puno or RCTs in
other locations (8, 15). The modest
differences seen at the extreme ends of our
exposure–response analysis may lend
support to that hypothesis. Another potential
concern is that a 1-year intervention may not
provide sufficient time to reverse chronic
inflammation fromHAP exposure or
measure meaningful changes in health
outcomes. However, other HAP
interventions targeting blood pressure or
lung function have been able to effectively
demonstrate reductions during similar short
study periods (15, 27). It is also possible that
our eligibility criteria selected too healthy a
population. Average SBP and
prebronchodilator PEF in our study sample
were 101 mmHg and 403 L/min,
respectively. Moreover, we excluded women
with hypertension and chronic obstructive
pulmonary disease whomay be most
affected by HAP exposures and who
could benefit the most from the
intervention (28, 29).

Kitchen area concentrations and personal
exposure to PM2.5 became progressively lower
among intervention participants over time
evenwhen comparedwith concentrations
among control participants. There are some
possible explanations for this observation.
Indeed, women in the intervention armused
their biomass stove or stove stackedmore
frequently earlier in the trial and less
frequently the longer they had access to
LPG. Second, there may have been less
accumulation of soot in the ceiling and
walls over time and consequently less
resuspension of soot the longer intervention
participants used their LPG stoves. Although
there was a trend toward lower SBP
between baseline and Month 9
measurements among control participants,
these values were not significantly different
from that among intervention participants at
any point after randomization.

Our trial has several strengths. First,
we successfully monitored both LPG and
biomass stoves for 97% of days in
intervention households. This
completeness in stove monitoring
increases confidence that our intervention
was successful in achieving exclusive LPG
stove use during the year-long
intervention. Second, given this high level
of adherence with exclusive LPG use, most
intervention participants had personal
exposures to HAP that were below
recommended target levels. Indeed, there

was a complete separation of distributions
of kitchen area concentrations and
personal exposures to HAP with lower
concentrations in the intervention
compared with the control arm. Third, the
use of three-burner LPG stoves in our trial
played a role in stimulating supply and
demand for three-burner models, which
are now available in our study setting. Our
trial also has some limitations. First,
women in the control arm did not cook
daily with biomass as reported at baseline.
Instead, control women used their biomass
stove use for 72% of days during the year-
long intervention. Days without biomass
stove use could be because of use of an
unmonitored stove, or failure of the
temperature logger to capture the cooking
event. Differences in cooking practices by
season may explain unmonitored stove use
in control households. Controls may have
cooked daily with biomass at baseline but
increased LPG use during the rainy season
(30). Moreover, control households may
have started using LPG more just by being
in the study. Despite that, we still observed
high kitchen area concentrations of HAP
and personal exposures to HAP in
repeated observations in control
households. We cannot discount the
possibility that control women may have
changed their behavior to cook with the
biomass stove and intervention women to
cook with the LPG stove during the days of
HAP exposure monitoring. Second, a large
proportion of intervention and control
women had LPG stoves at baseline. We
were unable to monitor LPG stoves in all
control households because many
participants did not agree to have their
own LPG stoves monitored. Third,
although our intervention was successful
at reducing PM2.5 and CO concentrations,
kitchen area concentrations of NO2

remained above target levels for most
households. Because exposure to NO2 is
linked to lung inflammation, reduced
lung function, and worsened cough and
wheezing (31), it is possible that failing to
reduce NO2 concentrations below target
levels may have tempered the effect of the
intervention on respiratory outcomes.
Fourth, our population setting is unique
in its sparse population density, high
elevation, low ambient air pollution, and
average distance between households of
greater than 100 m. Therefore, our
findings may not be generalizable to other
higher-population-density, sea-level
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populations with higher levels of ambient
air pollution. Fifth, with the relatively
small size of this proof-of-concept study,
for some outcomes we could only detect
differences of half an SD, so some
clinically important differences might
have been missed. Finally, it is possible
that the study endpoints chosen, although
solid and clearly associated with
morbidity and mortality, may not be
sensitive enough to detect acute
improvements in cardiopulmonary
health. Other measures such as
ambulatory blood pressure and lung
function reversibility should also be
considered.

In conclusion, our HAP intervention
resulted in high adherence with exclusive
LPG stove use, and subsequently reduced
kitchen area concentrations and personal
exposures to HAP among intervention
participants. However, in this proof-of-

concept RCT, we did not find evidence that
these reduced HAP exposures lowered blood
pressure, improved PEF, or decreased
respiratory symptoms during a year-long
intervention. A larger, multicountry RCT
that is evaluating the effect of an LPG stove
and fuel distribution intervention on blood
pressure and respiratory symptoms with
longer follow-up is currently underway and
will either validate or disprove our study
findings (32).�
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