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Abstract

Background: Household air pollution exposure is a major health risk, but validated interventions remain elusive.

Methods/Design: The Ghana Randomized Air Pollution and Health Study (GRAPHS) is a cluster-randomized trial
that evaluates the efficacy of clean fuels (liquefied petroleum gas, or LPG) and efficient biomass cookstoves in the
Brong-Ahafo region of central Ghana. We recruit pregnant women into LPG, efficient cookstove, and control arms
and track birth weight and physician-assessed severe pneumonia incidence in the first year of life. A woman is
eligible to participate if she is in the first or second trimester of pregnancy and carrying a live singleton fetus, if she
is the primary cook, and if she does not smoke. We hypothesize that babies born to intervention mothers will
weigh more and will have fewer cases of physician-assessed severe pneumonia in the first year of life. Additionally,
an extensive personal air pollution exposure monitoring effort opens the way for exposure-response analyses,
which we will present alongside intention-to-treat analyses. Major funding was provided by the National Institute of
Environmental Health Sciences, The Thrasher Research Fund, and the Global Alliance for Clean Cookstoves.

Discussion: Household air pollution exposure is a major health risk that requires well-tested interventions. GRAPHS
will provide important new evidence on the efficacy of both efficient biomass cookstoves and LPG, and will thus
help inform health and energy policies in developing countries.

Trial registration: The trial was registered with clinicaltrials.gov on 13 April 2011 with the identifier NCT01335490.
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Background

In recent years, global health advocates have come to
see household air pollution (HAP) — exposure to air
pollution in the home, primarily from cooking with solid
fuels — as a prime target for interventions. According to
one recent authoritative estimate, HAP accounts for 3.5
million avoidable deaths per year globally, and ranks
fourth by disability-adjusted life years (DALYs) among
modifiable risk factors [1]. Reliable evidence on the
effectiveness of interventions is, however, sparse. Cleaner
interventions cost more, and public health resources are
scarce. In short, intervention planners need to know:

* Correspondence: dj2183@cumc.columbia.edu
'Mailman School of Public Health, Columbia University, New York, NY, USA
Full list of author information is available at the end of the article

( BioMed Central

how clean is clean enough? And, what household energy
technologies will get us there?

The burden of disease from HAP arises when incom-
plete combustion of solid fuels (primarily wood, animal
dung, and crop residue) in inefficient cookstoves emits
substantial quantities of fine particles (specifically, parti-
cles less than 2.5 microns in diameter, or PM, 5), carbon
monoxide (CO), and a host of other health-damaging
pollutants [2]. Combustion may occur indoors, exposing
all household members to high levels of air pollution, or
it may occur outdoors, mostly exposing cooks and
others who are near the fire. Regardless of the hearth
location, average exposures are high [3, 4].

An extensive epidemiological literature links these ex-
posures to adverse health outcomes. Systematic reviews
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and meta-analyses for child acute lower respiratory
infections (ALRI) [5], chronic obstructive pulmonary
disease [6, 7], lung cancer [6, 8], reduced birth weight
[9], and cataract [6] all show evidence of an associ-
ation with HAP. For cardiovascular disease, evidence
for increased risk from biomass smoke exposure
comes both from numerous observational studies [10]
and from interpolating risks from tobacco smoke and
ambient air pollution [11, 12]. Direct empirical evi-
dence of causality is limited, however. Most studies
have been observational and, therefore, vulnerable to
uncontrolled confounding. In particular, solid fuel use
correlates with poverty, and poverty is both difficult
to measure and itself a driver of disease through myriad
causal channels. Even the rare epidemiological studies that
include plausible measures of poverty are prone to endo-
geneity that can arise from optimizing behavior by house-
hold decision-makers.

Few randomized trials linking cookstove interventions
to health outcomes have been reported to date. In a pio-
neering study in Guatemala, Smith et al. reported signifi-
cant associations between an intervention cookstove and
severe pneumonia [13]. One other unpublished trial
from India found that rudimentary mud stoves did not
deliver expected sustained exposure reduction or health
benefits [14]. As of late 2014, four additional trials were
currently underway [15], but results were not vyet
available.

A number of studies have evaluated the effect of clean
cookstove interventions on pollution concentrations or
exposures [4]. While most have found statistically sig-
nificant reductions in pollution, none have reported
post-intervention concentrations that meet or exceed
World Health Organization (WHO) air quality guide-
lines for PM, 5. Three factors push up post-intervention
concentrations. Intervention cookstoves may not be par-
ticularly efficient, households may continue to use trad-
itional cookstoves alongside the intervention stove, and
emissions from sources outside the home may attenuate
the benefits of the intervention.

The goal of the present paper is to describe the
study design of the Ghana Randomized Air Pollution
and Health Study (GRAPHS), a new study designed
to provide experimental evidence both on the health
effects of HAP and on the effectiveness of specific,
policy-relevant clean cookstove interventions. GRAPHS is
a cluster-randomized trial that tests the efficacy of both
relatively low-cost efficient biomass cookstoves and lique-
fied petroleum gas (LPG). We deliver these interventions
to pregnant women before their third trimester. Our study
outcomes are birth weight and physician-assessed severe
pneumonia incidence within the first year of life. Demon-
stration of these benefits could result in a governmental
policy to include improved stoves as part of the standard
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prenatal care package for women of childbearing age in
developing countries.

Methods/Design
We hypothesize that

1. Use of clean cookstoves introduced before the third
trimester of pregnancy will lead to a significant
increase in average birth weight.

2. Use of clean cookstoves starting before the third
trimester of pregnancy will lead to a significant
reduction in the risk of physician-assessed severe
pneumonia within the first year of life.

We are testing these hypotheses in a cluster-randomized
intervention trial involving 1225 maternal-infant pairs
in the Kintampo North and South districts of Ghana,
West Africa. Thirty-five rural communities were
randomly assigned to one of two intervention arms,
or to a control arm. Community-based fieldworkers
identify pregnant women and enroll them into the
study. Gestational age is determined via ultrasound
(SonoSite Inc., Bothel, WA, USA) at the enrollment clinic
visit [16].

In intervention communities, we distribute interven-
tion cookstoves to pregnant women after enrollment,
along with health insurance and an insecticide-treated
bed net. The control group receives insurance and an
insecticide-treated bed net at enrollment, and an effi-
cient biomass cookstove at the completion of the post-
natal follow-up period in the matched intervention
communities. We assess real-time personal exposure to
CO among all studied participants during pregnancy
(four times each) and among the infants during the first
year of life (three times each). We monitor subsets of
mothers during pregnancy (once) and of the infants
(once) for real-time and PM,s during one of the CO
monitoring sessions.

We measure birth weight to the nearest gram using a
Tanita BD 585 digital baby scale (Tokyo, Japan). We
record the time elapsed between delivery and birth
weight measurement, and only birth weights collected
within 24 hours of delivery are considered valid. Birth
length and head circumference are also measured, and
a placental sample is collected for malaria assessment
and archiving. Birth measures are obtained for both
health facility and home births.

Fieldworkers check for respiratory symptoms at weekly
intervals in the home for the first year of the child’s life.
They assess symptomatic children for pneumonia using
the Integrated Management of Childhood Illness guide-
lines [17]. Regardless of fieldworker assessment, the study
refers all children with symptoms of respiratory infection
or who are otherwise unwell to Kintampo Municipal
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Hospital for clinical evaluation by a study physician. The
study provides transportation and assists with follow-up
care as needed. The primary case definition for the out-
come of severe pneumonia is physician-assessed history of
cough or difficulty in breathing and tachypnea and lower
chest in-drawing. Table 1 gives our full set of pneumonia
outcomes.

Study setting

The research builds on an established collaboration be-
tween Columbia University in the City of New York and
the Kintampo Health Research Center (KHRC) in
Ghana. KHRC provides substantial surveillance and
research infrastructure to support GRAPHS [18, 19]. In
particular, GRAPHS draws heavily on the Kintampo
Health and Demographic Surveillance System (KHDSS),
which provides the opportunity to identify pregnant
women and follow them up using the KHDSS address
system [19].

The study area comprises rural communities in the
forest-savannah transition zone in the middle part of
Ghana. Households in the study region typically cook on
traditional three- stone fires. Wood is by far the domin-
ant fuel, though some households use charcoal as a
secondary fuel [20]. Outdoor cooking is prevalent during
the dry season, but nearly all households also have
enclosed or covered kitchen areas for wet season cook-
ing. In pilot studies leading up to the current work, we
found 24 h average PM, 5 exposure to be approximately
130 pg/m® [20]. Per the KHDSS database, prevalence of

Table 1 Definitions of pneumonia outcomes
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smoking is about 10 % in all households in the study
area. Cigarette smoking is very rare among women, as
most smokers are men. We assess cigarette use among
study participants and other household members via
questionnaire.

A cluster was defined as a community or group of
communities that:

e Islocated in Kintampo North or South Districts
(the core study area for KHRC)

e Is primarily rural (in practice, this excluded the 2
district capital communities that are made up of
approximately 40,000 people);

A woman is eligible to participate in the study if she:

Is in the first or second trimester of pregnancy
(gestational age < 24 weeks; this is to ensure that the
intervention is actually delivered and in use by

28 weeks)

Is carrying a live singleton fetus (twins and higher
order multiples are excluded)

Is the primary cook in her household; and

Is a non-smoker.

Interventions

The trial includes a control arm and two intervention
arms: an efficient biomass cookstove arm and a LPG
arm. Fig. 1 depicts the intervention cookstoves, and Fig. 2
provides an overview of study procedures by arm.

Classification

Signs and symptoms

Primary definition of physician-assessed
severe pneumonia

Secondary definition of physician- assessed

severe Pneumonia 1

Secondary definition of physician- assessed
severe Pneumonia 2

Tertiary definition of severe pneumonia
assessed by community based fieldworkers

Primary definition of pneumonia
(physician-assessed)

Secondary definition of Pneumonia 1

Secondary definition of Pneumonia 2

History of cough or difficulty in breathing and tachypnea (fast breathing = 60 breaths/minute in a child
aged < 2 months

250 breaths/minute in a child aged 2-11 months) and lower chest in-drawing

History of cough or difficulty in breathing and tachypnea (fast breathing 2 60 breaths/minute in a child
aged < 2 months

250 breaths/minute in a child aged 2-11 months) and lower chest in-drawing and chest X-ray
consolidation or pleural effusion or other infiltrates as defined in a chest x-ray taken within
72 hours of admission

History of cough or difficulty in breathing and tachypnea (fast breathing 2 60 breaths/minute in a child
aged < 2 months

250 breaths/minute in a child aged 2-11 months) and lower chest in-drawing and an oxygen
saturation less than 90 %

History of cough or difficulty in breathing and tachypnea (fast breathing = 60 breaths/minute in a child
aged < 2 months

250 breaths/minute in a child aged 2-11 months)

History of cough or difficulty in breathing and tachypnea (fast breathing 2 60 breaths/minute in a child
aged < 2 months

250 breaths/minute in a child aged 2-11 months) and lower chest in-drawing

Primary definition and chest X-ray consolidation or pleural effusion or other infiltrates as defined in a
chest x-ray taken within 72 hours of admission

Primary definition and an oxygen saturation less than 90 %
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(right) cookstoves

Fig. 1 BioLite (left) and liquified petroleum gas (LPG)

In the efficient biomass cookstove arm - hereafter
called the “BioLite arm” — households receive two Bio-
Lite HomeStove cookstoves (BioLite Inc., Brooklyn, NY,
USA). These stoves burn freely available biomass fuels,
but do so in a constrained L-shaped combustion cham-
ber that increases heat transfer efficiency relative to

traditional three-stone fires (more energy to the pot per
unit of wood). In addition, a fan blows air into the com-
bustion chamber, which improves the combustion effi-
ciency of the system. A thermoelectric generator powers
the fan, enabling use without a connection to an elec-
trical grid. While some versions of the BioLite provide

—_—
Control: 13 clusters,
enroll n = 525
BioLite: 13 clusters,
enroll n = 525
LPG: 9 clusters,
enroll n = 365

=>

Pregnancy surveillance

v

Women who think they are pregnant
visit ultrasound clinic for dating scan

v

Enroliment (treatment status based
on cluster of residence)

Inclusion criteria:
1. primary cook

2. non-smoker

3. gest. age < 24 wks
4. live singleton fetus

Weekly home visit to assess
ITN use

Weekly home visit to assess
compliance to Biolite

Weekly home visit to assess
compliance to LPG

Birth weight captured within 24 hrs (plus placenta sample, etc)

[ Suspected pneumonia cases referred to Kintampo Municipal Hospital for physician assessment |

Y v ] |

Exit study when child reaches 1 year of age

Weekly pneumonia surveillance by active case finding at home visits

y
Analysis

Fig. 2 Flow chart
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power via a Universal S Bus (USB) port, we opted for a
version that optimizes combustion efficiency at the ex-
pense of USB power.

Study participants in the LPG arm receive a two-
burner LPG stove manufactured in Ghana by the Ghana
Cylinder Manufacturing Co. (Accra, Ghana). We chose
that particular stove because it is readily available in
Ghana, both for the current study and for potential fu-
ture distribution. Enrolled households also receive timely
deliveries of LPG gas at no cost to the participants.
GRAPHS leased a 5000-kg LPG tank to ensure continu-
ous supply. If households run low on LPG prior to a
scheduled delivery, they can contact their fieldworker
and the study will make a special delivery. Control arm
participants use their own three-stone traditional stoves
for the duration of the trial and will receive one BioLite
stove at the end of the study period. All participants
receive an insecticide-treated net (ITN).

Community-based fieldworkers visit households every
week to check up on the intervention stoves and address
any problems. In the control areas the community-based
fieldworker visits take place as in the intervention arms,
and are framed as checkups on the ITNs.

Power calculations

We performed power calculations based on a model for
two-level cluster randomized trials. All calculations were
performed using Optimal Design software (OD; [21]),
and assume a binary treatment variable. We do not ad-
just for multiple comparisons because we conceptualize
each comparison as testing a distinct hypothesis.

For the birth weight outcome, we calculated the intra-
class correlation coefficient to be 0.07 from KHRC birth
weight data [22], and used an effect size of 0.32 for the
BioLite arm and 0.40 for the LPG arm (derived from
[9, 23]). Based on these inputs we calculate a power
of 0.84 for the LPG arm and 0.82 for the BioLite arm
(with alpha=0.05) for n=455 for the BioLite and
control arms and # =315 for the LPG arm.

For the pneumonia outcome, our power calculations
were hindered by the fact that we lacked prior data on
acute lower respiratory illness (ALRI) incidence in
Ghana. We used data generated by Enwere and col-
leagues in the Gambia, as part of a vaccine trial [24].
One advantage of the Gambia data is that it includes es-
timates for a pneumococcal conjugate vaccinated popu-
lation, as exists in our study area. Physicians carried out
all assessments in clinical settings, as will be the case in
our study. We also draw on the exposure-response curve
relating average PM,s exposures to relative risks (RR)
for ALRI that was developed as part of the 2012 global
burden of disease/comparative risk assessment [1, 12].

We define P(ALRI) as the probability that a child de-
velop at least one episode of physician-assessed severe
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pneumonia during the year of surveillance. Multiple oc-
currences will be analyzed separately. The test statistic,
which approximately follows the non-central ¢ distribu-
tion, was calculated from the parameters in Table 2. The
expression for the statistic is complex and is omitted
here in the interest of brevity; see [21] for a full presen-
tation (page 141). Using the inputs listed, we calculate
that the power of the LPG arm to be 0.98 and the power
of the BioLite arm to be 0.89 with an alpha of 0.05.

Based on prior research projects undertaken by KHRC,
we anticipate an attrition rate of approximately 15 %.
Thus, to achieve our goal of n=1225 study partici-
pants, we will enroll n=1415. Frequent interactions
and strong community support have kept attrition to a
minimum to date.

Randomization

An independent epidemiologist performed final rando
mization of the clusters, and allocation to control and
intervention arms was revealed only after all study
personnel were recruited and assigned to their respective
clusters, and after initial community sensitization had
occurred. Randomization codes will be broken only once
the birth weight outcome data collection has finished.

Exposure assessment

Our exposure assessment strategy is based on the mix-
ture of our pilot experiences in Ghana, which indicated
that area sampling was not predictive of personal expo-
sures, the available funds, and the publication record at
the time of writing the proposal, which indicated that
personal CO can be a good predictor of personal PM, 5
exposure [25-27] and that at least 48 hours of sampling
was necessary [28, 29]. Furthermore, McCracken et al.
[28] have shown that the predictive power of CO for
personal PM, 5 can be greatly enhanced by taking into
account questionnaire data that gather data on other
predictors of exposure. As such, our exposure design
focuses only on collection of personal samples and ques-
tionnaire data.

We use small, lightweight Lascar CO monitors for per-
sonal sampling of all women and infants in the proposed
study (Lascar Electronics, London, UK). Monitoring ses-
sions last 72 hours each, and occur 7 times (at baseline
prior to intervention, 3 additional times during preg-
nancy, and 3 times after the birth of the baby). The
exposure team checks CO monitors using certified span
gas every 6 weeks, and instrument-specific readings are
adjusted to reflect any drift from accuracy. In addition,
we carry out co-located PM,5 sampling in a subset of
approximately half of study mothers (1 pre-natal and 1
infant monitoring sessions) to calibrate CO against
PM, 5. These sampling sessions are also 72 hours long
and use the RTI microPEM (RTI International, Research
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Table 2 Inputs used for acute lower respiratory tract infection (ALRI) power calculation

Parameter Value Source Comment
P(ALRI) for controls — all clinical 030 Enwere 2007 (Table 2, column 6, No ALRI incidence data is available for Ghana; the Enwere data,
ALRI rows 1 and 2) from Gambia, is the best available analogue.
Per the CRA ER, the RR of this exposure level is 2.43
P(ALRI) for BioLite intervention arm  0.20 CRA ER curve Assuming the CRA ER and an exposure reduction of 60 %
(130 pg/m® — 78 ug/m?), which gives an RR of 1.65
P(ALRI) for LPG intervention arm 0.15 CRA ER curve Assuming the CRA ER and a residual exposure of 20 ug/m3,

95 % plausible interval for P(ALRI) 0.26 — Enwere 2007
for controls 0.35
Level (a) 0.05 n/a

which gives an RR of 1.22

Estimated from Enwere et al. 2007

n/a

CRA ER comparative risk assessment exposure response, LPG liquefied petroleum gas, P(ALRI) probability of a child developing at least one episode of

physician-assessed pneumonia during surveillance year, RR relative risk

Triangle Park, NC, USA), which provides both gravimet-
ric and nephelometer measurements.

Data collection and management

We collect questionnaire data via paper forms that are
completed in the field by trained field staff. Question-
naires serve to collect data on covariates to include in
final analyses and also to track study procedures. Super-
visors collect forms from the community-based fieldwor-
kers every week and manually check for completeness
and consistency. All data entry is done in KHRC’s com-
puter center, and is completed in duplicate. The trial
management team resolves all queries.

Other data are gathered in the clinic. At enrollment,
trained midwives perform an ultrasound scan in a clinic
setting and submit images to the study obstetrician for
quality review and gestational age assignment blinded to
trial arm. The exposure team downloads real-time ex-
posure data from the CO and PM, 5 devices in KHRC’s
exposure lab, and exposed pre-weighed filters are
shipped to Columbia University for post-weighing. Real-
time exposure data are inspected for quality at time of
download. We collect urine from study mothers concur-
rent with all exposure assessments, and ship aliquoted
samples to the US Centers for Disease Control and Pre-
vention for analysis of polycyclic aromatic hydrocarbons
(PAHs), with the hope of eventually validating a bio-
marker of cook smoke exposure.

Analysis plan

We plan to evaluate the impact of the interventions on
birth weight and pneumonia using two methods. First,
we will carry out intention-to-treat analyses for both
birth weight (assessed as a continuous variable: grams at
birth) and incidence of physician-assessed severe pneu-
monia (assessed as new cases per weeks of child obser-
vation). Second, we will carry out exposure-response
analysis in which we pool data across arms and model
how our outcome variables are related to exposure
levels. We will use non-linear models that account for

confounders and for clustering. Missing data will be im-
puted using standard multiple imputation techniques
[30]. Both analyses will be carried out with and without
adjustments for covariates. In particular, we will control
for mother, household, and community characteristics.
In the case of birth weight, we will also control for pla-
cental malaria.

In addition to these main analyses, we plan several
subgroup analyses on our primary outcomes, including
comparison of groups defined on residence type (com-
pound versus freestanding households); proximity to
main road; gestational age at recruitment; and density of
other exposure sources. We also plan to carry out sec-
ondary analyses on other birth and health outcomes that
we predict will respond to reduction in air pollution
exposure.

Trial monitoring

GRAPHS has an external advisory committee with five
members who were chosen for their expertise and for
their ability to help disseminate study findings.

A Data and Safety Monitoring Board (DSMB) with
four members with expertise in household air pollution,
in statistics, and in trial management has been convened
to advise regarding any safety issues and review final re-
sults. There are no interim analyses planned. Both com-
mittees meet periodically to review trial developments.
Since the trial does not involve any drugs or medical
procedures, the DSMB is not carrying out any interim
analyses.

Consent and ethical approval

We obtain informed consent from each participant prior
to enrollment. The study has received unconditional ap-
proval by the Institutional Review Board at Columbia Uni-
versity Medical Center, the Ghana Health Service Ethical
Review Committee, the Kintampo Health Research Centre
Institutional Ethics Committee, and the Partners Human
Research Committee. The study is registered with clinical-
trials.gov (NCT01335490).
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Discussion

Household air pollution exposure is a major health risk
that requires well-tested interventions. GRAPHS evalu-
ates the efficacy of both clean fuels (LPG) and efficient
biomass cookstoves vis-a-vis birth weight and physician-
assessed severe pneumonia incidence in the first year of
life. The study is set up to provide relevant health out-
come data for energy policies in developing countries.

GRAPHS is particularly policy-relevant in Ghana, as it
comes at a time when the Ghana government has
increased efforts to promote both clean biomass cook-
stoves and LPG. Spurred in part by the start of domestic
LPG production from offshore oil fields, Ghana has
recently made a major, public commitment to reduce
dependence on uncontrolled combustion for cooking.
These commitments appear to be leading to concrete
steps to promote LPG access throughout the country
and to develop supply chains and subsidies for efficient
biomass cookstoves in rural areas. These activities are
occurring against a backdrop of a very high burden of
disease from HAP. Indeed, the recent Global Burden of
Disease/Comparative Risk Assessment process concluded
that household air pollution is the most impactful of the
modifiable risk factors evaluated for Ghana [31].

We are hopeful that our research will inform these ef-
forts, and similar efforts that are currently underway in
other countries, in three ways. First, GRAPHS will pro-
vide concrete evidence on the health benefits both from
efficient cookstoves and from LPG. These data will pro-
vide valuable inputs for benefit-cost analysis of proposed
rural energy policies that promote clean cooking. In
particular, the direct comparison of LPG to efficient
cookstoves will help policy-makers evaluate whether the
health benefits of LPG justify its higher cost. Second,
our study will help clarify the feasibility and health rami-
fications of interventions that target pregnant women.
Ghana, like most developing countries, has systems in
place to reach pregnant women with specific inter-
ventions. Third, GRAPHS has built capacity in Ghana
for future evaluations of the health implications of
energy policies.

Selecting intervention cookstoves

A central challenge in designing household energy inter-
vention studies is the choice of intervention. To deliver
health benefits, interventions must be clean — though as
noted above we do not yet know how clean is clean
enough — and acceptable to users. Furthermore, if inter-
ventions are to be relevant to public health interventions
beyond the research program, they must be accessible to
the poor. This means that they must be either very inex-
pensive, or they must be aligned with broader public
policy goals and, therefore, plausible targets for subsidies
and other government programs.
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Our original proposal to National Institute of Health
for funding called for the use of locally available rocket
stoves. This approach grew out of our unpublished pilot
work that showed that such stoves could reduce expo-
sures by approximately 50 %; similar estimates for
Ghana have been published by another group [32]. After
receiving the grant and convening our external advisory
committee, we came to believe that this exposure reduc-
tion was unlikely to result in detectible changes in health
outcomes. In particular, preliminary exposure response
data from the RESPIRE trial [13] suggested that a 50 %
exposure reduction would require a sample size approxi-
mately twice that which we were funded to study.

This observation prompted a long search for an alter-
native intervention. We piloted industrially produced
rocket stoves, but found that they performed no better
than the made-in-Ghana variant. We evaluated the
Philips Cookstove (Royal Philips, Amsterdam, The
Netherlands), which can be very clean thanks to forced-
draft combustion [33], but ultimately rejected it because
it requires an external power source to charge its battery
and also because its top-loading design seemed incom-
patible with Ghanaian cooking practices. The BioLite
HomeStove appeared to address both of these issues — its
thermoelectric system provides electricity for forced draft
combustion without a grid connection, and its stable,
side-loading design emulates the rocket stoves that we
had successfully piloted. We initiated discussions with
BioLite in 2010, but at that time they were still developing
their technology.

We also started investigating an LPG intervention. LPG
is very clean [33] and very convenient, but we were uncer-
tain of its public health relevance given its high cost and
limited availability in Ghana. In 2012 we learned, however,
that Ghana had laid plans for a substantial program to in-
crease access to LPG both in rural and urban areas [34]
and that Ghana’s Ministry of Energy had initiated a “Rural
LPG Program” that was delivering free cookstoves and
subsidized gas to rural communities. This support from
the government was sufficient to convince the GRAPHS
team that LPG was indeed a germane alternative.

We remained convinced, however, of the need to
include an efficient biomass arm. While our interactions
with the Government of Ghana had persuaded us that
LPG was worth testing, we remained hopeful that efficient
biomass combustion would provide a substantially less
costly intervention for future large-scale interventions.
Between 2010 and 2012 BioLite developed a production
model of their HomeStove, and we began pilot testing in
spring 2012. Initial units proved unreliable, but after
several iterations we were satisfied that the BioLite was
robust to long-term use. We launched enrollment in fall
2013 when the first shipment of BioLite stoves reached
our study area in Ghana.
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Our intervention entails providing participating house-
holds with clean cookstoves and, in the case of the LPG
intervention, with an adequate supply of fuel. As with
many public health interventions, we cannot ensure pe