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ORIGINAL ARTICLE

Effects of a Liquefied Petroleum Gas Stove 
Intervention on Gestational Blood Pressure: 
Intention-to-Treat and Exposure-Response 
Findings From the HAPIN Trial
Wenlu Ye ,* Kyle Steenland ,* Ashlinn Quinn , Jiawen Liao , Kalpana Balakrishnan , Ghislaine Rosa ,  
Florien Ndagijimana, Jean de Dieu Ntivuguruzwa, Lisa M. Thompson , John P. McCracken, Anaité Díaz-Artiga ,  
Joshua P. Rosenthal, Aris Papageorghiou, Victor G. Davila-Roman , Ajay Pillarisetti , Michael Johnson , Jiantong Wang,  
Laura Nicolaou , William Checkley, Jennifer L. Peel, Thomas F. Clasen ; for the Household Air Pollution Intervention Network 
(HAPIN) trial Investigators

BACKGROUND: Approximately 3 to 4 billion people worldwide are exposed to household air pollution, which has been associated 
with increased blood pressure (BP) in pregnant women in some studies.

METHODS: We recruited 3195 pregnant women in Guatemala, India, Peru, and Rwanda and randomly assigned them to 
intervention or control groups. The intervention group received a gas stove and fuel during pregnancy, while the controls 
continued cooking with solid fuels. We measured BP and personal exposure to PM2.5, black carbon and carbon monoxide 3× 
during gestation. We conducted an intention-to-treat and exposure-response analysis to determine if household air pollution 
exposure was associated with increased gestational BP.

RESULTS: Median 24-hour PM2.5 dropped from 84 to 24 μg/m3 after the intervention; black carbon and carbon monoxide 
decreased similarly. Intention-to-treat analyses showed an increase in systolic BP and diastolic BP in both arms during 
gestation, as expected, but the increase was greater in intervention group for both systolic BP (0.69 mm Hg [0.03–1.35]; 
P=0.04) and diastolic BP (0.62 mm Hg [0.05–1.19]; P=0.03). The exposure-response analyses suggested that higher 
exposures to household air pollution were associated with moderately higher systolic BP and diastolic BP; however, none of 
these associations reached conventional statistical significance.

CONCLUSIONS: In intention-to-treat, we found higher gestational BP in the intervention group compared with controls, contrary 
to expected. In exposure-response analyses, we found a slight increase in BP with higher exposure, but it was not statistically 
significant. Overall, an intervention with gas stoves did not markedly affect gestational BP. (Hypertension. 2022;79:1887–
1898. DOI: 10.1161/HYPERTENSIONAHA.122.19362.) • Supplemental Material
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Globally, ≈3 to 4 billion people rely on solid fuels (wood, 
animal dung, coal, and agricultural residue) for domes-
tic cooking and heating.1,2 These fuels are often 

burned inside homes, using open fires or traditional stoves. 
The resulting household air pollution (HAP) accounts for 
an estimated 2.31 million premature deaths per year and 
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91.5 million disability-adjusted life years.3 This largely pre-
ventable exposure remains a leading risk factor for morbid-
ity and mortality worldwide. Poor populations in low- and 
middle-income countries bear most of this burden.3

Elevated blood pressure (BP), a risk factor for car-
diovascular disease, has been shown to be positively 
associated with particulate matter (PM2.5) exposure in 
studies of ambient air pollution.4 However, studies of BP 
in relation to HAP are relatively sparse. The association 
between BP and HAP exposure from solid fuel combus-
tion has been studied in nonpregnant women in Gua-
temala,5 Honduras,6 Nicaragua,7 Bolivia,8 China,9–11 and 
Peru.12 These studies are reasonably consistent in find-
ing a positive association between HAP and higher sys-
tolic BP (SBP), particularly in older women (≥40 years 
old). A recent systematic review examining HAP and 
hypertension concluded that the use of solid fuels was 
associated with increased risk of hypertension.13 Biologi-
cal mechanisms by which air pollution exposure could 
increase BP include pathways through an imbalance of 

the lung autonomic nerve system, systematic oxidative 
stress and inflammation, and endothelial dysfunction.14–17

The relationship between HAP and gestational BP 
is less well described. BP among pregnant women is 
known to vary throughout pregnancy, rising in the third 
trimester.18,19 Hypertension in pregnancy is associated 
with a variety of disorders, including preeclampsia and 
eclampsia, increasing morbidity and mortality risks for 
both mother and infant.20

There have been 4 studies which have investigated 
the effects of HAP on BP in pregnant women; 3 found 
some evidence that lower exposure to biomass smoke 
is associated with lower BP. In a preintervention cross-
sectional study of 817 pregnant women participating in a 
clean cooking randomized controlled trial (RCT) in Ghana, 
Quinn et al21 reported a positive association between 
personal exposure to carbon monoxide (CO) and dia-
stolic BP (DBP; 0.43 mm Hg [95% CI, 0.01–0.86]), in 
spite of some literature suggesting that CO is an endog-
enous vasodilator with the potential to lower BP.22 In a 
smaller study among the same population, Quinn et al23 
followed 44 pregnant women and found that peak CO 
exposure (>4.1 ppm) in the 2 hours before BP measure-
ment was associated significantly with acute increases 
in both SBP (4.3 mm Hg [95% CI, 1.1–7.2]) and DBP 
(4.5 mm Hg [95% CI, 1.9–7.2]). In an ethanol stove and 
fuel RCT in Nigeria (N=162 intervention, N=162 con-
trols) using repeated measures, Alexander et al24 found 
that an ethanol cookstove intervention resulted in a lower 
post-randomization DBP in the intervention group versus 
controls (P=0.004). However, personal exposure moni-
toring for PM2.5 found no significant exposure reduction 
due to the intervention.25

In contrast to these three studies with either positive 
or null associations between higher exposure and higher 
BP, a cross-sectional study in India of 1369 pregnant 
women reported that use of biomass cooking fuel was 
associated with both lower SBP (−2.0 mm Hg [95% 
CI, −3.77 to −0.31]) and DBP (−1.96 mm Hg [95% CI, 
−3.60 to −0.30]) compared with gas users. However, no 
exposure data were reported, and BP was measured in 
the 24 hours after delivery of the child.26

List of Nonstandard Abbreviations and 
Acronyms

BC black carbon
BMI body mass index
BP blood pressure
CO carbon monoxide
DBP diastolic BP
HAP household air pollution
HAPIN  Household Air Pollution Intervention 

Network
IRC International Research Center
ITT intention-to-treat
LPG liquified petroleum gas
MAP mean arterial pressure
PM particulate matter
RCT randomized controlled trial
SBP systolic BP

NOVELTY AND RELEVANCE

What Is New?
This is the first randomized controlled trial to assess the 
impact of a liquified petroleum gas intervention on blood 
pressure (BP) among pregnant women throughout their 
pregnancy.
The trial achieved a marked reduction of personal expo-
sure to household air pollution (HAP) in the intervention 
group.

What Is Relevant?
We found no protective effect of lowering exposure on BP.

Clinical/Pathophysiological Implications?
Hypertensive disorders of pregnancy are among the lead-
ing causes of maternal and fetal morbidity in low-middle 
income countries but may not be related to HAP. Our 
population was very healthy; further work might focus on 
women with more risk factors for gestational hypertension.
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Here we present findings from intention-to-treat (ITT) 
analyses of the effects on gestational BP of an liquified 
petroleum gas (LPG) stove and fuel distribution inter-
vention using data from the HAPIN trial (Household Air 
Pollution Intervention Network).27 We also explore the 
association between PM2.5, black carbon (BC), and CO 
exposures and gestational BP in exposure-response 
analyses. This trial is based on a large population in 
which the intervention led to a marked lowering of expo-
sure, and there were three measurements of both BP 
and exposure during gestation. Gestational BP was a 
secondary outcome for this trial.

METHODS
Study Design and Intervention
All data and materials will be made publicly available at the (repos-
itory name) and can be accessed at (persistent URL or DOI).

This study was based on data from pregnant women partici-
pants enrolled in the HAPIN trial.27–29 The HAPIN trial is a multi-
center, individually RCT in 3195 households in 4 International 
Research Centers (IRCs): Guatemala, India, Peru, and Rwanda. 
The trial is registered with clinicaltrials.gov (NCT02944682).

We enrolled ≈800 biomass-using households with pregnant 
women at each IRC and randomly assigned half of the house-
holds to receive the intervention, which consisted of a LPG 
stove, free fuel supply, and behavioral messaging to encourage 
exclusive LPG use. Control households received no intervention 
but were eligible to receive the same stove and fuel or alterna-
tive compensation after the trial completion.30 An assessment 
of intervention adherence showed that 96% of intervention 
households reported LPG stove use in the previous 24 hours 
at both follow-up visits during pregnancy, and temperature-log-
ging stove use monitoring data largely confirmed this.31

Study protocols and procedures were reviewed and approved 
by institutional review boards or Ethics Committees of Emory 
University (00089799), Johns Hopkins University (00007403), 
Sri Ramachandra Institute of Higher Education and Research 
(IEC-N1/16/JUL/54/49) and the Indian Council of Medical 
Research—Health Ministry Screening Committee (5/8/4-
30/(Env)/Indo-US/2016-NCD-I, Universidad del Valle de 
Guatemala (146-08-2016) and Guatemalan Ministry of Health 
National Ethics Committee (11-2016), Asociación Beneficia 
PRISMA (CE2981.17), the London School of Hygiene and 
Tropical Medicine (11664-3), the Rwandan National Ethics 
Committee (No.016/RNEC/2018), and Washington University 
in St. Louis (201611159).

Study Population
To be eligible to participate in the study, women had to be 19 
to 35 years old, nonsmokers, not planning to move, between 
9 and 20 weeks of gestation with a singleton pregnancy (con-
firmed by ultrasound and last menstrual period) and cooking 
predominantly with biomass. Potentially eligible women were 
first identified at local prenatal clinics and then visited within 
2 weeks later. During that follow-up visit, we measured BP 
and personal exposures to PM2.5, BC, and CO over a 24-hour 
period. Participants were then randomized to either receive an 

LPG stove and fuel supply for the remainder of the pregnancy 
and through the child’s first birthday, or to continue use of 
biomass stoves.

Measurement of BP
Following informed consent, gestational BP was assessed at 
enrollment (baseline, <20 weeks’ gestation) and at 2 follow-up 
visits 24 to 28 weeks of gestation (follow-up 1) and 32-36 
weeks of gestation (follow-up 2). At each measurement period, 
resting (sitting) BP was measured in triplicate on the right arm, 
using an automatic digital BP monitor (OMRON, Model HEM-
907XL); and the average of the three readings was used in the 
data analysis. SBP <70 mm Hg and DBP <35 mm Hg were 
excluded as implausible. There were no implausibly high values. 
At baseline, the maximum SBP and DBP were 156 and 95 
mm Hg, respectively.

Trained field workers confirmed that the pregnant women 
participants had not smoked, consumed alcohol/caffeinated 
drinks, or cooked using biomass in the 30-minute period before 
BP measurement. If a participant was found to have a SBP 
≥140 mm Hg and a DBP ≥90 mm Hg, or an SBP <80 mm Hg 
or a DBP <40 mm Hg, as an average of the three measure-
ments taken at one time/visit, she was referred to the nearest 
health center. Women on BP medication during any time of the 
pregnancy were excluded (N=14, <0.3%).

Measurement of HAP Exposure
Exposure measurement procedures have been described 
previously.29,32 While there is no gold standard for measuring 
HAP, gravimetric measures—of the type we performed—are 
considered high quality, especially when performed with strin-
gent QA-QC procedures.32 Personal exposure monitoring was 
conducted during the 24 hours before the BP measurements. 
We measured personal exposures to PM2.5, BC, and CO at 
baseline and at the 2 follow-up visits. PM2.5 exposures were 
monitored using the Enhanced Children’s MicroPEM (ECM, RTI 
International, Research Triangle Park) worn on clothing. The 
ECM measures continuous PM2.5 concentrations using a neph-
elometer and collects integrated gravimetric samples on 15 
mm polytetrafluoroethylene filters (Measurement Technology 
Laboratories). All filters were preweighed and postweighed 
using 1-μg resolution microbalances in a controlled laboratory. 
Four field blanks were collected per 100 sample filters, and the 
limit of detection was calculated separately for each IRC as 
3× the SD of the blank mass depositions. Samples below the 
limit of detection were replaced with limit of detection/(20.5). 
If a gravimetric sample was considered invalid due to a missing 
or damaged filter or flow faults, instrument-specific nephelo-
metric concentrations were used instead, normalized to field-
based filter samples.32 Personal exposure to BC was estimated 
from PM2.5 filter samples with SootScan Model OT21 Optical 
Transmissometers (Magee Scientific). CO concentrations were 
measured using the Lascar EL-USB-300 (Lascar Electronics) 
at 1-minute intervals with range between 0 and 300 ppm.

Statistical Analysis
We conducted an ITT analysis using a linear model in which the 
difference between final SBP (or DBP) and baseline SBP (or 
DBP), that is, the change score, was regressed on treatment 
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arm, with indicator variables for the geographic strata within 
which randomization took place (1 in Guatemala, 2 in India, 6 in 
Peru, and 1 in Rwanda). The model for this analysis is:

Y X X Xi
changescore

i i i i= + + +…+ +β β β β ε0 1 1 2 2 11 10  (1)

where for individual i, Yi
changescore  is the difference between 

baseline and final (follow-up 2) BP (either SBP or DBP), X1i 
is an indicator variable (0 for control and 1 for intervention), X2i 
through X11i are indicator variables for 10 randomization strata, 
and ε τi iN~ ( , )0 2  represents independent normal error. The 
parameter of interest β1 captures differences in the change of 
BP from baseline to follow-up 2 due to the intervention. The 
use of change score as the outcome was prompted by a sig-
nificant difference in baseline SBP between arms, unexpected 
given the randomization. Given the baseline difference in SBP, 
the change score method may be preferable than modeling the 
final BP while including the baseline level as a covariate.33 The 
above ITT model assesses the effects of study arm on ges-
tational BP over the gestational period under observation. In 
supplemental analyses, we also conduced ITT analyses using 
(1) a mixed model with two repeated post-randomization BP 
measures, controlling for baseline BP and (2) a linear regres-
sion model with no repeated measures comparing the aver-
age of 2 postrandomization BP measures between arms, again 
controlling for baseline BP.

We also conducted exposure-response analyses, using 
2 different models. The first model, which we call the long-
term model because it estimates the effect of exposure over 
the entire gestational period, mimics the ITT model described 
above. We used linear regression to model the difference 
between the first and the final BP measurement (ie, change 
score) during pregnancy in relation to average HAP exposure 
during pregnancy, controlling for gestational age (measured via 
ultrasound) at the final BP measurement, and other covariates. 
In this model, the average HAP personal exposure level during 
pregnancy was calculated as (1) a simple average of all avail-
able measurements for controls and (2) the weighted average 
of baseline exposure level and the average of postbaseline 
measurements for the intervention group, with the weight for 
the baseline measurement being the gestational age before 
intervention, and the weight after baseline exposure measure-
ment being the duration of gestation during the intervention. 
The motivation here was to give more weight to the baseline 
measurement for those in the intervention arm when the inter-
vention occurred later. The model for the long-term exposure-
response analysis is:

Y Pollutant Zi
changescore

i i i= + + +∑β β β ε0 1  (2)

where Yi
changescore  is the change score (difference between the 

first and final gestational BP level) for participant i, β0 is the 
population intercept, β1 is the exposure coefficient of interest, 
Pollutant is the average PM2.5/BC,/CO exposure over gesta-
tion (log transformed, as these fit better than untransformed), 
Zi are time-independent covariates, and εi is the model residual, 
assumed to be normally distributed. The change score model 
avoids inclusion of baseline BP in the model, which potentially 
can be biased in some situations.33,34

The second exposure-response model, which we call the 
short-term model because it estimates the effect of expo-
sure just before the BP measurement, was a mixed-effects 
analysis of repeated measures, where we regressed the 3 

measurements of BP on the three measurements of exposure 
(exposure and BP were measured at the same visit, across all 
three visits). In this analysis, we included a random intercept 
for each individual, time-varying gestational age and gestational 
age squared at each BP measurement, and other time invariant 
covariates. The short-term exposure-response model is:

Y Pollutant Z Zij ij ij i i ij= + + + + +∑ ∑β β β β δ ε0 1  (3)

Where Yij is the BP level for participant i at observation j; β0 
is the population intercept; β1 is the exposure coefficient of 
interest; Pollutantij is either PM2.5, BC, or CO for participant i 
at observation j; Zij are time-dependent covariates; Zi are time-
independent covariates; δi is the individual random intercept; 
and εij is the model residual, both of which are assumed to be 
normally distributed. In an additional analysis, we also included 
an interaction term between gestational age and HAP exposure 
to determine whether the effect of HAP exposure increased 
over time.

For both long-term and short-term exposure-response 
models, we first ran separate models for each IRC (see 
Tables), and then combined estimates using a default ran-
dom-effects combined measure, except when heterogeneity 
across the four IRCs was so minimal that a random effects 
analysis was not possible, in which case we calculated a fixed 
effects combined measure.35

Covariate selection for both long-term and short-term 
exposure-response models was based on (1) a minimal set 
of potential confounders identified in a systematic review 
and found to be related to BP (ie, gestational age, nullipar-
ity, body mass index [BMI] at baseline19), and (2) factors that 
have been previously used in the literature when evaluating 
gestational BP in relation to HAP (ie, maternal age, mother’s 
highest education level, socioeconomic status, physical activity, 
time [morning/afternoon] and day [weekday/weekend] of BP 
measurement, household food insecurity, and mother’s mini-
mum diet diversity).21,24 The minimal set of confounders were 
included in all models. Other variables described above were 
retained in the model if their inclusion altered the exposure-
response meaningfully, for example, by 10% of more (while 
also excluding possible adjustment for an intermediate vari-
able).36,37 Final long-term models included gestational age at 
final BP measurement, BMI at baseline, nulliparity, maternal 
age, mother’s highest education level, and time-of-day of the 
final BP measurement (AM versus PM). Final short-term mod-
els used the same set of covariates, but gestational age and 
time-of-day of the final BP measurement were replaced by 
gestational age and time-of-day at each BP measurement, 
and gestational age at the BP measurement was modeled 
with both linear and quadratic terms based on an improved 
Akaike Information Criterion.

For both ITT and exposure-response analyses, we also 
assessed potential effect modification by IRC (only for ITT), 
gestational age at baseline, mother’s age, and baseline BMI, by 
testing interaction terms between exposure and these variables 
in the model. When these terms were statistically significant at 
the 0.05 level, we divided the population into 2 strata (or four 
for IRC) by their median for further interaction assessment.

In secondary ITT and exposure-response analyses, we also 
analyzed 2 other end points: mean arterial pressure (MAP), 
defined as DBP + (SBP–DBP)/3, and pulse pressure (PP), 
defined as SBP–DBP, following the same procedure as SBP/
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DBP analyses. There is some evidence that higher levels of 
these end points are associated with preeclampsia.38,39

We conducted a complete-case analysis as only about 5% 
of BP measurements were missing across all visits. Exposure 
data was missing for ≈10% of the population. We did not 
attempt to impute exposure data for exposure-response anal-
yses, which may be the subject of a future analysis. Among 
subjects with nonmissing BP and nonmissing exposure, miss-
ing confounder data were rare. For the categorical confounder 
BMI, which had 0.5% missing, we created an indicator vari-
able for the missing confounder, while for other confounders 
with <0.5% missing (nulliparity 0.1%, gestational age at BP 
measurement 0.3%), we used only observations with com-
plete data. All primary, secondary, and sensitivity analyses were 
conducted independently by 2 investigators using SAS (SAS, 
2020) and R (version 4.0.3), respectively.

RESULTS
Participant Characteristics
Between April 2018, and February 2020, 6447 preg-
nant women were identified for screening and recruit-
ment. Among those, 3200 pregnant women were eligible 
for participation and 3195 had complete baseline data 
(Figure S1). Excluded were 14 participants because they 
took BP medication at some point during the pregnancy. 
Another 14 who had no baseline BP measurement, and 
165 who had no BP measurement at either of the 2 
postintervention visits were also excluded. This left 3002 
pregnant women (intervention: 1500 versus control: 
1502) and 8845 total observations in our analysis.

Baseline characteristics of the households and partic-
ipants were largely similar by study arm (Table 1). Women 
in the intervention group had a slightly higher nulliparity 
and education level, and less food insecurity. Age, gesta-
tional age, prior stillbirth/miscarriage, and prior diabetes/
hypertension did not differ by arm. We did not observe 
consistent differences in baseline household and mater-
nal characteristics between the excluded participants 
and the overall sample.

Personal Exposure Measurements
In Table 2, we show levels of PM2.5, BC, and CO at 
baseline and follow-up visits, by intervention arm. Table 
S1 provides a summary of missing and invalid expo-
sure samples by visit. While the intervention and con-
trol groups had similar PM2.5, BC, and CO exposure at 
baseline, those in the LPG stove and fuel intervention 
group had consistently reduced personal exposures to 
all three pollutants compared controls post random-
ization. Approximately 70% and 96% of the exposure 
measurements in the intervention group were below 
the 2021 World Health Organization Interim Tar-
get 1 of 35 μg/m3 and 4 mg/m3 (3.5 ppm) for PM2.5 
and CO, respectively. Detailed exposure results for 
these women are described elsewhere.32 Boxplots of 

personal exposure to PM2.5, BC, and CO by intervention 
groups and visit are shown in Figure S2. We observed 
high correlations between PM2.5 and BC (Spearman 
ρ=0.86) and moderate correlation between PM2.5 and 
CO (Spearman’s ρ=0.50) and BC and CO (Spearman 
ρ=0.48), across all visits, which were similar in the 
intervention and control groups.

BP Measurements
In Figure, we show the mean (SD) of SBP and DBP by 
each visit in the 2 study arms. The line plots indicate the 
overall trends of BP over time in the 2 groups. The curves 
reasonably follow the known pattern of an increase in 
BP during the pregnancy, although the pattern is more 
marked for DBP. Table 3 presents the mean (SD) of SBP, 
DBP, and gestational age by treatment arm at each visit. 
The control arm had significantly higher SBP at baseline, 
although the absolute difference was slight (0.8 mm Hg). 
IRC-specific SBP/DBP trends are presented in Figures 
S3 through S6.

ITT Analysis
Among the 3002 women composing the analytical popu-
lation, 90% (2689) had both BP measurements at base-
line and follow-up 2 visit. The 10% who did not have 
both measurements did not differ by age or DBP from 
those with both measurements but had significant dif-
ferences (α=0.05) in other factors, including lower SBP 
at baseline (103.6 versus 105.0), higher BMI at baseline 
(23.7 versus 23.1), shorter gestational age at baseline 
(14.8 versus 15.5 weeks), more years of education (9.2 
versus 7.9), and were less likely to be nulliparous (6.9 % 
versus 8.5%).

In Table 4, we summarize the results of the ITT analysis, 
in which we compare the change in BP over gestation by 
treatment group. While SBP and DBP increased in both 
groups over gestation, SBP and DBP in the intervention 
group increased 0.69 mm Hg (P=0.04) and 0.62 mm Hg 
(P=0.03) more than in the control group, respectively. We 
found no significant interaction between arm and gesta-
tional age at baseline, BMI at baseline, or maternal age 
at baseline in these analyses, for either SBP or DBP end 
points. Detailed effect modification assessment results 
can be found in Table S13. In our ITT analyses of PP and 
MAP, using the change of PP and MAP from baseline to 
final follow-up visit as outcomes, we found no difference 
between groups for PP but a statistically significant dif-
ference for MAP; while both groups showed increased 
MAP over pregnancy, the intervention group increased 
more. IRC-specific ITT analysis results for SBP and DBP 
are in Table S2. It should be noted that the strongest 
increases in BP from the intervention arm were in India, 
which was also the location of a prior study of HAP and 
BP showing an increase in gestational BP with higher 
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exposure.26 We conducted additional ITT analyses for 
SBP and DBP using (1) a mixed model with 2 repeated 
measures after randomization and (2) a linear regres-
sion model with the average of the 2 postrandomization 
BP measures (both controlling for baseline BP). These 

results (Tables S18 and S19) do not differ markedly from 
results in Table 4, in that the intervention arm had higher 
BP measures, although the positive association with 
SBP is less strong and not statistically significant at the 
0.05 level.

Table 1. Baseline Household and Maternal Characteristics, by Study Arm, for Women Included in Analysis

Variable Control (N=1502) Intervention (N=1500) 

Household characteristrics

Household size, mean (SD) [range] 4.3 (2.0) [1–18] 4.3 (2.1) [1–17]

Someone in the household smokes, N (%)

 Yes 176 (12%) 143 (10%)

 No 1325 (88%) 1356 (90%)

 Missing 1 (<1%) 1 (<1%)

Maternal characteristics

Age at baseline, y, mean (SD) [range] 25.4 (4.5) [18–35] 25.3 (4.4) [18–35]

BMI, kg/m2, mean (SD) [range] 23.0 (3.9) [13.7–44.2] 23.3 (4.1) [13.3–42.3]

Mother’s highest level of education completed, N (%)*

 No formal education or primary school incomplete 542 (36%) 465 (31%)

 Primary school complete or secondary school incomplete 501 (33%) 529 (35%)

 Secondary school complete or vocational or some college or university 459 (31%) 505 (34%)

 Missing 0 1 (<1%)

Gastational age at baseline, wk, mean (SD) [range] 15.4 (3.2) [9–25] 15.6 (3.1) [9–25)

Gestational age at birth, wk, mean (SD) [range] 39.3 (1.6) [25–44] 39.3 (1.7) [25–44]

Previous history of high BP, N (%)

 Yes 7 (1%) 7 (1%)

 No 1494 (99%) 1492 (99%)

 Missing 1 (<1%) 1 (<1%)

Physical activity (MET-minutes/d), mean (SD) [range]

 Quartile 1 74.7 (54.3) [0–200] 72.1 (55.1) [0–200]

 Quartile 2 470 (180) [206–754] 464 (184) [206–756]

 Quartile 3 1080 (168) [771–1434] 1074 (174) [760–1423]

 Quartile 4 2361 (782) [1440–5829] 2378 (734) [1440–6000]

Nulliparous, N (%)*

 Yes 549 (37%) 602 (40%)

 No 952 (63%) 895 (60%)

 Missing 1 (<1%) 3 (<1%)

Household food insecurity score, n (%)†

 Severe/moderate 257 (17%) 208 (14%)

 Mild 423 (28%) 393 (26%)

 None 801 (53%) 877 (58%)

 Missing 21 (1%) 22 (1%)

Mother’s minimum diet diversity, n (%)

 High 149 (10%) 181 (12%)

 Medium 478 (32%) 460 (31%)

 Low 874 (58%) 858 (57%)

 Missing 1 (<1%) 1 (<1%)

Summary based on the 3002 women (Guatemala: 776; India: 774; Peru: 676; Rwanda: 776) comprising the analytical population. BMI indi-
cates body mass index; and MET, metabolic equivalent of task.

*0.05, based on results of t test (continuous variables) or χ2 test (categorical variables) for the difference between intervention and 
control groups.

†0.01, based on results of t test (continuous variables) or χ2 test (categorical variables) for the difference between intervention and 
control groups.
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Exposure-Response Analysis

In long-term exposure-response analyses (Table 5), 
generally, both SBP and DBP were somewhat higher 
with increased time-weighted exposures to PM2.5 (ug/
m3), BC (ug/m3), and CO (ppm), although no association 
reached conventional statistical significance (α=0.05). 
IRC-specific long-term analyses are presented in the 
supplementary information (Tables S5 through S8). In 
general, they reflect the overall findings in Table 5. We 
did not find statistically significant effect modification 
in these long-term analyses for mother’s baseline BMI, 
baseline gestational age or maternal age (Tables S13 
through S17).

In short-term exposure-response analyses (Table 5) 
for SBP, with 3 repeated measures in a mixed model, 
there were no marked trends with log-transformed 
PM2.5/BC/CO exposure, although in general, higher 
exposure was associated with higher SBP, consistent 

with long-term exposure-response results. For DBP, 
exposure-response analyses showed an inverse asso-
ciation with log-transformed exposures. However, again, 
none of these associations were significant at α=0.05 
level, except for the negative association between BC 
and DBP in the highest quartile.

IRC-specific short-term analyses are presented in the 
supplementary information (Table S9 through S12). We 
did not find statistically significant effect modification by 
baseline gestational age in these short-term analyses, as 
judged by an interaction term between gestational age 
(time) and exposure level. We also found no effect modi-
fication by maternal age and baseline BMI.

In long-term exposure-response analysis for PP and 
MAP, that is, analyses of change in PP and MAP from 
baseline to final measurement, there were no statistically 
significant trends for either outcome judged by log-linear 
models, although the trend for MAP was positive and 
consistent with ITT findings (Table S3). Nor were there 

Table 2. Personal 24-Hour PM2.5 Exposure (µg/m3), BC Exposure (µg/m3), and CO Exposure (ppm) for Mothers by Treatment 
Arm and Visit (Valid Measurements Only)

Visit Arm N PM2.5 mean (SD), median (IQR) N BC mean (SD), median (IQR) N CO mean (SD), median (IQR) 

BL Control 1328 112.0 (107.8), 84.9 (96.0) 1186 12.6 (9.4), 11.0 (8.7) 1354 2.3 (4.0),* 1.2 (2.0)

Intervention 1323 120.4 (134.0), 82.7 (105.8) 1192 12.6 (10.9), 10.6 (9.0) 1355 2.7 (4.5),* 1.3 (2.5)

P1 Control 1236 104.0 (112.3),† 71.7 (87.0) 1174 11.0 (9.3),† 9.7 (9.1) 1298 2.3 (4.1),† 1.1 (2.1)

Intervention 1278 33.9 (33.2),† 24.1 (24.5) 1219 4.0 (5.5),† 2.7 (3.1) 1307 0.7 (1.5),† 0.2 (0.7)

P2 Control 1127 102.3 (107.9),† 69.2 (94.3) 1069 11.0 (10.2),† 9.5 (8.4) 1201 2.2 (4.0),† 1.1 (1.9)

Intervention 1170 35.8 (54.8),† 23.7 (24.6) 1128 4.3 (5.4),† 2.8 (3.1) 1220 0.7 (1.3),† 0.2 (0.7)

Summary based on the 3002 women comprising the analytic population. BL refers to baseline visit; P1 and P2 refer to follow-up visit 1 and 2, respectively. BC indi-
cates black carbon; BL, baseline visit; CO, carbon monoxide; IQR, interquartile range; and PM, particulate matter.

*0.05, based on results of t test for the difference between intervention and control groups.
†0.001, based on results of t test for the difference between intervention and control groups

Figure. Line plot of systolic and diastolic BP by visit and study arm. 
Dots indicate mean and error bars indicate one SD.
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any consistent trends for short-term exposure-response 
models for these end points. For MAP, in contrast to ITT 
and long-term results, there were slight negative trends 
in the short-term results (ie, a decrease of MAP across 
gestation with higher exposure; Table S4).

DISCUSSION
Prior reviews on the association of ambient air pollut-
ants, particularly PM2.5, with BP, indicate that there are 
both long-term and short-term effects.4,40,41 While the 
prior literature on the effect of HAP on gestational BP is 
sparse (4 studies) and inconsistent, there are also find-
ings of positive associations for both long-term (during 
pregnancy),23,24 and short-term effects21,23 of HAP on BP. 
Given this background, our approach here was to look at 
both possible long-term (over 9 months) and short-term 
(within 24 hours) associations of HAP with BP.

We assessed the effect of an LPG stove and fuel 
intervention on BP of healthy pregnant women in 4 low- 
and middle-income countries study populations using 
data collected during the HAPIN trial. While the inter-
vention was effective in reducing HAP exposures among 
members of the intervention arm, the ITT analysis did 

not reveal a protective effect of the intervention on the 
BP across or within study sites (Guatemala, India, Peru, 
Rwanda), for either long-term effects over the course 
of 9 months, or short-term effects using repeated mea-
sures analyses. Indeed, we found a greater increase in 
both SBP and DBP over gestation for the intervention 
compared with the control group. However, the observed 
differences in BP were >1 mm Hg, and the effect, which 
is of unclear but of probably minimal clinical impor-
tance.42 As there was high fidelity and compliance with 
the intervention,31 the result for gestational BP in this 
analysis does not appear to be driven by noncompliance 
with the intervention.

The exposure-response results for SBP and DBP were 
not entirely consistent with the ITT results, although given 
the relatively small effects observed in both, this is not 
entirely surprising. We observed slightly higher increases 
in SBP and DBP over gestation with higher PM2.5, BC, 
and CO exposures when we modeled change of BP from 
baseline to final visit as a function of average exposure 
during gestation (long-term effect), though none of these 
associations reached conventional statistical significance. 
Similarly, in further exposure-response analyses look-
ing at short-term effects at each of the 3 measurement 

Table 3. Summary of SBP, DPB (mm Hg) and Gestational Age at the BP Measurement (Days) by Visit 
and Treatment Arm

Visit Arm N 
Gestational age, d, 
mean (SD) SBP, mean (SD) DBP, mean (SD) 

BL Control 1502 111.8 (21.9) 105.3 (9.6)* 60.8 (7.8)

Intervention 1500 113.1 (21.3) 104.5 (9.7)* 60.6 (7.7)

Missing 0 … … …

Overall 3002 112.4 (21.6) 104.9 (9.6) 60.7 (7.7)

P1 Control 1463 179.1 (9.9) 104.4 (8.7) 59.7 (7.2)*

Intervention 1468 178.7 (9.6) 104.1 (8.8) 60.4 (7.6)*

Missing 35 173.5 (6.4) … …

Overall 2966 178.9 (9.7) 104.3 (8.8) 60.0 (7.4)

P2 Control 1335 234.4 (8.5) 105.8 (8.8) 62.5 (7.5)

Intervention 1355 234.0 (8.5) 105.8 (8.7) 62.9 (8.0)

Missing 187 239.3 (8.3) … …

Overall 2877 234.2 (8.5) 105.8 (8.7) 62.7 (7.8)

Summary based on the 3002 women comprising the analytic population. BL refers to baseline visit; P1 and P2 refer to follow-up visit 1 
and 2, respectively. BL indicates baseline visit; DBP, diastolic blood pressure; and SBP, systolic blood pressure.

*0.05, based on results of t test for the difference between intervention and control groups.

Table 4. Results of ITT Analyses Testing for the Difference Between Intervention and Controls Arms for Change 
Score (Final–Baseline) for SBP, DBP, PP, and MAP, Across All IRCs

 Estimate 95% CI P value  Estimate 95% CI P value 

SBP 0.69 (0.03 to 1.35) 0.04* PP 0.08 (−0.48 to 0.63) 0.79

DBP 0.62 (0.05 to 1.19) 0.03* MAP 0.64 (0.10 to 1.18) 0.02*

Based on 2689 pregnant women with BP measurements at both baseline and follow up visit 2. Controlled for randomization strata (10 categorical 
variables Peru [N=6], India [N=2], Rwanda [N=1], and Guatemala [N=1]). DBP indicates diastolic blood pressure; IRC, International Research Center; 
ITT, intention-to-treat; MAP, mean arterial pressure; PP, pulse pressure; and SBP, systolic blood pressure.

*Statistically significant at the 0.05 level.
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points, higher levels of exposures were associated with 
higher SBP measured at the same time as the exposure, 
although again, no association we significant. However, 
the short-term results found a slight negative association 
between exposures to all pollutants and DBP.

The LPG stove and fuel intervention did lead to large 
reductions in post-randomization personal exposures 
to PM2.5, BC, and CO, and ≈70% of the PM2.5 exposure 
measurements in the intervention group were below the 
2021 World Health Organization Interim Target 1 of 35 
μg/m3.32 Therefore, the question raised by our results of 
is why this intervention showed no protective effect on 
BP in pregnant women from this cohort, given this effect 
has been observed in some other studies.23,24

Several factors may explain our largely null findings. 
First, this cohort of pregnant women was in relatively 

good health and may have been less susceptible to the 
chronic effects of biomass smoke on BP. The average 
maternal age of this cohort is about 25 years; only 6% 
of the pregnant women were classified as obese (BMI 
≥30.0); and none of the analyzed participants smoked 
at the time of study enrollment. For most of the par-
ticipants, both SBP and DBP remained in the normal 
range throughout pregnancy. This could partially explain 
the largely null trial result on gestational BP; possibly 
different results might have been obtained in a popula-
tion with higher initial BP, perhaps via studying those 
with higher BMI.

It is also possible that the observed BP elevation in 
the intervention group, observed in the ITT analysis, was 
attributable to exposures to other unmeasured pollutants 
from using the LPG stove, such as nitrogen dioxide,43 

Table 5. Results of Long-Term and Short-Term Exposure-Response Analyses for the Change of SBP and DBP From Baseline 
to Final Visit (Change in mm Hg) During Pregnancy Across All IRCs

 

PM2.5 BC CO

Estimate 95% CI P value Estimate 95% CI P value Estimate 95% CI P value 

Long-term

Systolic blood pressure

Log linear 0.14 (−0.36 to 0.64) 0.29 0.06 (−0.55 to 0.66) 0.43 0.13 (−0.16 to 0.43) 0.19

Categorical [ref. quartile 1]

 Quartile 2 1.01 (0.10 to 1.92) 0.01 −0.16 (−1.06 to 0.75) 0.63 0.58* (−0.43 to 1.59) 0.13

 Quartile 3 0.27* (−0.81 to 1.35) 0.31 0.15 (−0.79 to 1.09) 0.38 0.27 (−0.65 to 1.19) 0.28

 Quartile 4 0.63 (−0.31 to 1.57) 0.09 −0.05 (−1.00 to 0.89) 0.54 0.47 (−0.45 to 1.39) 0.16

Diastolic blood pressure

Log linear 0.29 (−0.15 to 0.73) 0.10 0.35 (−0.17 to 0.87) 0.09 0.02 (−0.24 to 0.27) 0.45

Categorical [ref. quartile 1]

 Quartile 2 0.76* (−0.11 to 1.62) 0.09 0.25 (−0.54 to 1.04) 0.27 0.33 (−0.47 to 1.13) 0.21

 Quartile 3 0.73* (−0.55 to 2.02) 0.13 0.66 (−0.17 to 1.48) 0.06 0.01 (−0.79 to 0.82) 0.49

 Quartile 4 0.66 (−0.16 to 1.49) 0.06 0.32* (−0.59 to 1.23) 0.25 0.19 (−0.62 to 0.99) 0.32

Short-term

Systolic blood pressure

Log linear 0.12* (−0.01 to 0.34) 0.14 0.24* (−0.23 to 0.71) 0.16 0.03 (−0.05 to 0.11) 0.23

Categorical [ref. quartile 1]

 Quartile 2 0.33* (−0.21 to 0.87) 0.11 0.28* (−0.24 to 0.80) 0.14 0.08 (−0.36 to 0.51) 0.36

 Quartile 3 0.19 (−0.29 to 0.66) 0.22 0.04* (−0.59 to 0.67) 0.45 0.24 (−0.21 to 0.69) 0.15

 Quartile 4 0.30* (−0.46 to 1.05) 0.22 0.34* (−0.91 to 1.59) 0.30 0.08 (−0.38 to 0.55) 0.37

Diastolic blood pressure

Log linear −0.21* (−0.50 to 0.08) 0.92 −0.18* (−0.39 to 0.03) 0.95 −0.03 (−0.10 to 0.04) 0.79

Categorical [ref. quartile 1]

 Quartile 2 −0.19* (−0.92 to 0.54) 0.69 −0.27 (−0.67 to 0.14) 0.90 −0.10* (−0.55 to 0.34) 0.67

 Quartile 3 −0.45* (−0.95 to 0.05) 0.96 −0.35 (−0.79 to 0.08) 0.94 −0.23* (−0.63 to 0.16) 0.87

 Quartile 4 −0.47* (−1.39 to 0.45) 0.84 −0.62 (−1.07 to −0.16) 0.004 −0.08* (−0.50 to 0.34) 0.65

All long-term exposure-response models controlled for nulliparity, mother’s highest education level, baseline BMI, and maternal age. Models also controlled for ges-
tational age at final BP measurement and time (morning/afternoon) of the final BP measurement. All short-term exposure-response models controlled for nulliparity, 
mother’s highest education level, BMI, maternal age, gestational age at BP measurement, gestational age at BP measurement squared and time (morning/afternoon) of 
the BP measurement. Log linear and categorical exposure models are presented as main results given their lower AICs compared with linear models. In log linear models, 
the coefficients indicate the increase in BP (mm Hg) per a one unit increase in the log of exposure. AIC indicates Akaike information criterion; BC, black carbon; BMI, 
body mass index; CO, carbon monoxide; and PM, particulate matter.

*Estimates with asterisk used a fixed-effects combined measure, while the others used a random-effects combined measure.
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polycyclic aromatic hydrocarbons,44 and volatile organic 
compounds.45 More comprehensive personal HAP expo-
sure characterization is needed to fully understand the 
effect of specific HAP constituents on BP.

Additionally, most of the BP measurements in this 
study were conducted shortly after morning cooking. A 
controlled human-exposure study investigating acute 
responses in BP among young healthy adults imme-
diately following exposures to air pollution emissions 
from different cookstoves showed lower BP levels (−2.3 
mm Hg [95% CI, −4.5 to −0.1]) in participants exposed 
to smoke from the 3-stone fire, compared with the high-
efficiency particulate air-filtered stoves (controls).46 This 
effect was largely maintained 3 hours after exposure. 
However, they found that at 24 hours post-exposure, 
SBP was significantly higher than the clean-stove con-
trols by 2.4 (95% CI, 0.3–4.5) mm Hg for the biomass 
burning group (although SBP also went up for the LPG 
stove users). A similar pattern, but not as strong and not 
statistically significant, was seen for DBP (−0.9 mm Hg 
after right after, 0.8 mm Hg 24 hours later). These data 
indicated that short-term exposure to air pollution from 
traditional biomass or less effective cookstoves can 
elicit a short-term decrease in SBP and DBP, but that 
within 24 hours the opposite is found. Similar results, 
a decrease in BP following acute exposure, have been 
found for nitrogen dioxide.47,48 This might explain some 
of our findings given that most of our BP measure-
ments were within several hours of stove use. For the 
ITT analyses, given the higher exposure of controls at 
time of measurement, this immediate effect might have 
led to higher BP in the intervention group. Similarly, in 
short-term exposure-response analyses with repeated 
measures, an immediate decrease in BP due to higher 
exposure might have affected our result. Use of change 
in BP over gestation as our outcome in long-term expo-
sure-response models (considering exposure during the 
entire period of gestation predicting change in final BP) 
may mitigate this effect because BP at baseline would 
presumably show the same short-term effect of expo-
sure as the final BP, and hence may partly control for the 
short-term BP decrease in those with higher exposure.

This study has many strengths. The HAPIN trial is the 
first multi-center RCT to assess the efficacy of an LPG 
stove and fuel intervention on health. The study has a large 
sample size in 4 low- and middle-income countries selected 
to represent a variety of factors expected to influence the 
intervention effects. The HAPIN trial is also the first RCT 
that measured repeated personal exposures to 3 major 
household air pollutants, PM2.5, BC, and CO, simultane-
ously on all participants, allowing us to undertake both ITT 
and exposure-response analyses. The trial had the high-
est reported intervention adherence among clean-cooking 
studies so far: over 96% of pregnant women reported 
cooking exclusively with LPG at 2 follow-up visits dur-
ing pregnancy. Most importantly, the trial achieved a large 

reduction in HAP exposure in the intervention group—with 
an average level below World Health Organization interim 
targets—allowing us to estimate effects that can reason-
ably be achieved from a scalable clean fuel intervention 
delivered at scale. Other important strengths of the study 
include accurately measured confounders (eg, ultrasound-
determined gestational age), very low missing rates in out-
come and key covariates measurements.

We also acknowledge the limitations of the study. First, 
we may not have been able to include some confounders 
such as salt consumption. Salt intake is known to be asso-
ciated with higher BP.49 Second, we cannot rule out the 
possibility of altered lifestyle and behavior factors intro-
duced by using LPG stove and fuel, such as changes in 
physical activity (no need to collect fuel) and in diet, which 
may have affected BP; the intervention group had a higher 
BMI at the last visit compared with the control group (26.2 
versus 25.8, P=0.03), while the 2 groups differed little at 
baseline (23.3 versus 21.1, P=0.17). As noted above, our 
findings may not be generalizable to medium- or high-risk 
pregnant populations given the fact that the majority of 
the pregnant women in our cohort did not have preexist-
ing medical conditions (eg, hypertension and diabetes) or 
common antenatal risk factors, such as smoking, drinking 
alcohol, and obesity. Additionally, although we conducted 
3 repeated measurements of BP (used the average of a 
triplicate measurement at each visit in analysis) across 
gestation, it is still possible that these repeated measures 
were subject to measurement error.

To conclude, we did not observe a protective effect of 
the LPG stove and fuel intervention on BP in pregnant 
women in this low-risk antenatal profile cohort, despite 
the remarkable reduction of postrandomization expo-
sures to PM2.5, BC, and CO. Most of the observed asso-
ciations were either in the opposite direction for the ITT 
analysis or of small magnitude in the exposure-response 
analysis. It should be borne in mind, however, that there 
are a number of other health benefits associated with 
lower HAP exposure.50

Perspectives
HAP exposure has been linked to increased BP among 
nonpregnant adult women relying on solid fuels in various 
low- and middle-income countries. However, study results 
are limited and inconsistent among pregnant women. With 
a RCT design, we provide new evidence for this associa-
tion among pregnant women in Guatemala, India, Peru, 
and Rwanda, in a study of healthy and low risk pregnant 
women. The intervention (gas stove) resulted in a con-
siderable reduction in exposure compared with biomass 
stoves (controls). We observed a modest but significant 
increase in gestational BP in the intervention group, indi-
cating no protective effect on gestational BP of lowering 
exposure. In contrast, we found positive but insignificant 
associations between HAP exposures and gestational 
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BP in exposure-response analyses. Further studies might 
explore these associations in cohorts of less healthy 
women with higher risk of gestational BP increases.
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