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Household air pollution emitted from solid-fuel cookstoves used for domestic cooking is a leading
risk factor for morbidity and premature mortality globally. There have been attempts to design and
distribute lower emission cookstoves, yet it is unclear if they meaningfully improve health. Using a
crossover design, we assessed differences in central aortic hemodynamics and arterial stiffness
following controlled exposures to air pollution emitted from five different cookstove technologies
compared to a filtered air control.

Forty-eight young, healthy participants were assigned to six 2-hour controlled treatments of
pollution from five different cookstoves and a filtered air control. Each treatment had a target
concentration for fine particulate matter: filtered air control = 0 ug/m3, liquefied petroleum gas =
10 pg/m3, gasifier = 35 pg/m3, fan rocket = 100 pg/m3, rocket elbow = 250 ug/m3, three stone fire
=500 pg/m3. Pulse wave velocity (PWV), central augmentation index (Alx), and central pulse
pressure (CPP) were measured before and at three time points after each treatment (0, 3, and 24
hours). Linear mixed models were used to assess differences in the outcomes for each cookstove
treatment compared to control.

PWV and CPP were marginally higher 24 hours after all cookstove treatments compared to
control. For example, PWV was 0.15 m/s higher (95% confidence interval: —0.02, 0.31) and CPP
was 0.6 mmHg higher (95% confidence interval: —0.8, 2.1) 24 hours after the three stone fire
treatment compared to control. The magnitude of the differences compared to control was similar
across all cookstove treatments. PWV and CPP had no consistent trends at the other post-treatment
time points (0 and 3 hours). No consistent trends were observed for Alx at any post-treatment time
point.

Our findings suggest higher levels of PWV and CPP within 24 hours after 2-hour controlled
treatments of pollution from five different cookstove technologies. The similar magnitude of the
differences following each cookstove treatment compared to control may indicate that acute
exposures from even the cleanest cookstove technologies can adversely impact these subclinical
markers of cardiovascular health, although differences were small and may not be clinically
meaningful.

Keywords

air pollution; biomass burning; central hemodynamics; arterial stiffness; epidemiology

Introduction

Household air pollution resulting from combustion of solid fuels for domestic cooking is a
leading environmental risk factor for global morbidity and mortality. Fine particulate matter
(PMy 5; airborne particles less than 2.5 pum in aerodynamic diameter) exposures from solid
cooking fuels resulted in an estimated 60 million disability adjusted life-years in 2017,
including 1.6 million premature deaths (Stanaway et al. 2018). Improved, cleaner-burning
cookstove technologies have been developed and distributed in an attempt to lower
exposures to household air pollution, but it is still unclear if these new cookstoves are
resulting in improved health outcomes (Bruce et al. 2015; Quansah et al. 2017). Further
research is necessary to understand if currently available improved cookstove technologies
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are capable of reducing exposures enough to result in improved health outcomes compared
to traditional cookstoves.

It is estimated that 40% of the 1.6 million premature deaths that resulted from household air
pollution exposure in 2017 occurred due to cardiovascular outcomes such as ischemic heart
disease and stroke (Stanaway et al. 2018). Current research suggests that household air
pollution from cookstove use can adversely impact blood pressure, endothelial function, and
heart rate variability, as well as alter circulating biomarkers related to inflammation,
coagulation, and oxidative stress (Fatmi and Coggon 2016; McCracken et al. 2012).
However, conclusive epidemiologic evidence is still lacking due to limitations in study
designs (e.g. limited internal validity in observational studies and lack of quantitative
exposure assessment in many field studies) and a narrow scope of the outcomes assessed;
further research is needed to understand how household air pollution impacts cardiovascular
health (McCracken et al. 2012).

Measures of arterial stiffness and central hemodynamics provide information on
cardiovascular disease risk beyond that of traditional measures such as peripheral blood
pressure (Vlachopoulos et al. 2010a; Vlachopoulos et al. 2010b). Carotid-femoral pulse
wave velocity (PWV) is the gold standard for assessing aortic arterial stiffness and is
strongly associated with cardiovascular disease risk and mortality (Townsend et al. 2015;
Vlachopoulos et al. 2010b). Central augmentation index (AlX) is a measure of pulse wave
reflection and an indirect measure of peripheral vascular stiffening (Tomiyama and
Yamashina 2010). Alx and central pulse pressure (CPP) are measures of central
hemodynamics and overall cardiovascular performance, and similar to PWV, both are
strongly associated with risk of adverse cardiovascular events and mortality (VIachopoulos
et al. 2010a). For PWV, Alx, and CPP, higher values are associated with increased risk of
adverse cardiovascular outcomes (Vlachopoulos et al. 2010a; Vlachopoulos et al. 2010b).
Studying the associations between household air pollution and these outcomes will give us a
better understanding of the cardiovascular health impacts of cookstove use.

There is evidence that particulate and gaseous air pollution from ambient sources can impact
measures of arterial stiffness and central hemodynamics (Zanoli et al. 2017). Currently only
one study has evaluated the association between these outcomes and household air pollution;
this field study reported associations between increased levels of household air pollution and
higher central blood pressure, CPP, and Alx in a population of 205 women in rural China
(Baumgartner et al. 2018). However, the authors reported that a semi-gasifier cookstove
intervention did not improve hemodynamic outcomes compared to participants who did not
receive the intervention (Clark et al. 2019). In a controlled human exposure study with a
crossover design called the STOVES Study (Subclinical Tests on Volunteers Exposed to
Smoke), we assessed PWV, Alx, and CPP following 2-hour exposures to air pollution
emitted from five cookstove technologies compared to filtered air. Our aim was to
investigate the impact of exposure to different levels of cookstove air pollution on acute
cardiovascular and respiratory health outcomes (other outcomes reported separately).
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2. Methods
2.1. Study design

2.2.

A description of the study design and methods has been published previously (Fedak et al.
2019). The crossover study design consisted of a Latin-square with six 2-hour controlled
treatments of pollution emitted from five cookstove technologies (referred to as “cookstove
treatments”) and a filtered air control (Figure 1). Each treatment had a target level of PM; 5.
The study was divided into three rounds that lasted 3 to 4 months in duration depending on
holidays and academic schedules. The 16 participants in each round were divided into two
groups of eight, primarily based on participant schedules and availability. Each group of
eight participants was assigned to a unique sequence of the treatments with at least 2 weeks
between treatments to minimize a carryover effect of the previous treatment. The 2-week
washout period between treatments was chosen to be consistent with previous studies that
had washout periods of 1 to 3 weeks (Barregard et al. 2008; Bonlokke et al. 2014;
Riddervold et al. 2012; Sehlstedt et al. 2010; Stockfelt et al. 2013). Each group of eight
participants who shared a unique treatment sequence received their assigned treatments
during the same calendar week, with four participating on Monday and four on Wednesday.
Participants were expected to follow their assigned sequence unless an illness or personal
circumstance kept them from participating. After each of the assigned sequences in a round
was completed, participants were allowed to return for out-of-sequence makeup visits in
order to complete each of their six total treatments.

The crossover study design produced high internal validity. Each participant acted as their
own control, which eliminated individual time-invariant factors (e.g. sex, race/ethnicity) as
potential confounders. In addition, participants were divided into six groups with unique
sequences of the treatments, which limited the potential effect that sequence of the
treatments may have had on the outcomes. Some potential confounding factors may have
varied across study days (e.g. ambient temperature and air pollution); however, these factors
were unlikely to be associated with the individual treatments and were therefore unlikely to
confound the associations in our analyses. Further details on statistical analyses and
strengths of the study design are described below.

Participants and recruitment process

Participants (n=48) were recruited from the Fort Collins, Colorado area beginning in
September of 2016. Specific eligibility criteria at the time of recruitment included age less
than 36 years, body mass index (BMI) between 18 and 29 kg/m?2, never-smoker, no regular
exposure to air pollution above ambient levels (including secondhand tobacco smoke and
recreational drugs), no self-reported history of chronic diseases (e.g. cardiopulmonary
disease or diabetes), no recent surgery, no claustrophobia or fear of needles, not pregnant/
breastfeeding or planning on becoming pregnant, ability and willingness to refrain from
prescription and over-the-counter medication use during study sessions unless approved by
the study physician, and willingness to comply with a strict study schedule. If participants
passed eligibility screening they were asked to complete an individual health assessment
conducted by a cardiologist to rule out any current or family history of cardiopulmonary
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disease. Further information on eligibility criteria and the individual health assessment is
included in the Supplemental Materials.

All study procedures were approved by the Institutional Review Board at Colorado State
University. Participants provided written consent for all study procedures.

2.3. Study sessions

Study sessions consisted of four health assessments and the assigned treatment (Figure 2).
Start times for the four participants in a session were staggered by 30 minutes beginning at
7:30am. Participants kept the same study day (i.e. Monday vs Wednesday) and start time
throughout each of their sessions. In addition, participants kept the same daily schedule for
each session they completed (i.e. the treatment and health assessments were completed at the
same time during the day for each study session a participant completed). After arriving for
a study session, participants were assessed by a cardiologist to ensure they were not
currently or recently sick or suffering an inflammatory or allergic reaction. Once the
cardiologist authorized participation, the study session began with a baseline health
assessment and was followed immediately by the assigned 2-hour treatment. Another health
assessment took place immediately after the treatment. Participants then had a lunch break
during which they remained in the testing facility building. A third health assessment took
place 3 hours after each participant finished their treatment. Participants then left the testing
facility overnight before returning the next day for the fourth health assessment 24 hours
after each participant finished their treatment.

Participants were asked to eat a consistent, low-fat diet and to refrain from alcohol and
smoke exposure starting 24 hours prior to each study session and ending after the 24-hour
follow-up health assessment. Unless approved by the study physician, participants were also
asked to refrain from medication use starting 72 hours prior to each study session and ending
after the 24-hour follow-up.

2.4. Health assessments and study outcomes

Each health assessment lasted approximately 1 hour and consisted of a 10-minute rest period
(supine position) followed by a series of health measurements (full list of health
measurements in Supplemental Materials). PWV, Alx, and CPP were measured using a non-
invasive pressure waveform device (SphygmoCor XCEL, Atcor Medical, Australia)
immediately following the 10-minute rest period. Study personnel were trained by a
SphygmoCaor representative and adhered to the manufacturer’s protocols (see Supplemental
Materials). Quality control measures are integrated into the SphygmoCaor software; only
measurements that passed the instrument quality control guidelines were used for analysis.
Heart rate was also measured during the Alx assessment and used as a covariate in some
supplemental analyses. Height and weight were measured once at enrollment and used to
calculate BMI (kg/m?).

2.5. Controlled treatments

Controlled treatments were administered in a specially designed facility on the Colorado
State University campus called the Simulated Environmental Testing (SET) facility. The
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SET facility was large enough to house four participants simultaneously; participants
remained seated throughout the 2-hour treatments. Participants were monitored for the entire
duration of the controlled treatments by a registered nurse; the nurse also remotely (i.e.
without entering the SET) measured blood pressure, heart rate, and oxygen saturation every
15 minutes while participants were in the SET facility. Participants were able to
communicate with study staff if necessary via text message or intercom while inside the SET
facility.

The six treatments included filtered air control (PM; 5 target level of 0 pg/m?3), liquefied
petroleum gas (LPG; 10 pg/m3), gasifier (35 ug/m3; fuel of pine wood chips), forced-draft
fan rocket elbow (100 pg/m3; fuel of pine wood sticks), natural-draft rocket elbow (250
pg/m3; fuel of pine wood sticks), and three stone fire (500 pg/m3; fuel of pine wood sticks).
Emissions for each of the treatments were extracted from a total-capture fume hood where
the cookstove was operated by study personnel, and mixed with HEPA (high efficiency
particulate air) filtered air to reach the target concentration for each respective treatment. A
nephelometer (DustTrak DRX 8533, TSI Incorporated, USA) with a PM 5 size-selective
cyclone inlet and a gas analyzer (Siemens Ultramat 6E, Siemens AG, Germany) were used
to monitor PM, 5, carbon monoxide (CO), and oxygen levels in the SET facility in real time.
The DustTrak was calibrated to the wood and LPG stoves separately, based on gravimetric
analysis of PM,, s filter data collected within the SET facility prior to the study. Gravimetric
filters were also collected on each sample day to ensure DustTrak accuracy and to detect any
potential calibration drift. Humidity and temperature in the SET facility were also monitored
(Omega HX94BC transmitter and Type K thermocouple, OMEGA Engineering, USA). A
real-time control system (LabVIEW™, v15.0 32-bit, National Instruments, USA) was used
to automate the flows of both dilution and pollution air based on real-time PM 5 data
received from the DustTrak to maintain target concentrations.

We conducted further testing to characterize additional pollutant levels inside the SET
facility for each of the treatments, including the filtered air treatment. For each treatment, at
least two 2-hour tests were conducted under the same conditions as a typical study session.
No human participants were present in the SET facility during this additional testing. The
pollutants characterized included PM, 5 mass, particle number size distributions (10 nm to
500 nm), PM> 5 elemental and organic carbon, nitrogen oxide, nitrogen dioxide, volatile
organic compounds (VOCs), and carbonyls. Additional methods for the SET
characterization have been previously published (Fedak et al. 2019).

2.6. Questionnaires and potential confounders

A questionnaire was administered during the initial study session to collect information on
participant demographic characteristics. Additional questionnaires were administered prior
to the baseline and 24-hour follow-up health assessments during each study session to
collect information on potential confounding variables. Participants self-reported frequency
of alcohol and caffeine consumption, exposures to smoke and ambient air pollution,
medication use, physical activity, and sleep quality during the 24 hours leading up to the
study session and for the period between the 3-hour post and 24-hour post health
assessments when participants were away from the testing facility. Participants also self-
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reported mode of travel to the study facility. Hourly ambient temperature and PM> 5
concentrations were assessed as potential confounding factors in the analyses. PM, 5 data
were downloaded from the U.S. EPA’s Air Quality Data APl monitor in Fort Collins,
Colorado (U.S. Environmental Protection Agency 2018), and ambient temperature data were
downloaded from Colorado State University Atmospheric Science Department’s Christman
Field Weather Station (Colorado State University 2018).

2.7. Statistical analysis

Data cleaning, descriptive statistics, and data visualization were performed in R version
3.5.0 (The R Project for Statistical Computing). We used the R package Ime4 (Bates et al.
2015) to run linear mixed models.

Summary statistics (mean, standard deviation [sd], median, minimum, maximum) of
participant baseline characteristics were calculated for the total population and by sex. For
each treatment level, we estimated mean PM, 5 and CO exposures for each participant by
averaging the PM5 5 and CO levels over the 2-hour periods they were inside the SET facility.
We then averaged across all participants for each treatment level to produce the summary
statistics. Paired t-tests were run to compare mean pre-treatment values of PWV, Alx, and
CPP prior to control with mean pre-treatment values prior to the cookstove treatments.

We used linear mixed models to assess differences in outcomes for each cookstove treatment
compared to control at the three post-treatment time points (0, 3, and 24 hours). Models
included a fixed categorical term for treatment level, a fixed continuous term for baseline
outcome measurement, a random term for participant, and a random term for date of the
treatment. We included the baseline term to account for variations in the outcomes between
treatments levels at the beginning of each study session (i.e. variations unrelated to the
treatments), the term for participant to account for repeated measures within each
participant, and the term for date to account for correlation that may have occurred between
participants who were part of the same study session. Terms for sequence and visit were not
used in the statistical models for the primary analyses because we included out-of-sequence
makeup visits in the primary dataset. Sensitivity analyses were performed on a subset of the
data which participants completed in sequence; models in these analyses included terms for
sequence and visit number. In addition, we conducted sensitivity analyses to assess for
potential confounding by including questionnaire variables and ambient temperature and
PM,, 5 concentrations during the 24 hours prior to each health assessment as covariates in the
statistical models (see Supplemental Materials for further details).

Diagnostic plots (i.e. QQ plots and residuals vs fitted values plots) were evaluated and met
assumptions for linear models.

3. Results

3.1

Participants

Baseline characteristics for the study population are presented in Table 1. The 48
participants (26 males and 22 females) had a mean age at baseline of 28 years (sd = 4) and a
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mean BMI at baseline of 23 kg/m? (sd = 2). The study population largely identified as non-
Hispanic white (42/48 participants).

Twenty-two of 48 participants completed all six treatments in their assigned sequence;
missed sessions were typically due to illness or unforeseen scheduling conflicts. Including
out-of-sequence makeup sessions, 45 of 48 participants completed at least five of the
treatments and 39 of 48 participants completed all six treatments. Three participants dropped
out of the study for personal reasons after two sessions (one participant) and three sessions
(two participants); the sessions they completed were included in primary analyses. Including
additional missing observations due to technical reasons or scheduling conflicts, total
missing data was 6.3% for PWV and 6.9% for Alx and CPP.

3.2. Controlled treatments

PM,, 5 exposure concentrations experienced by the participants were generally close to the
targets (Table 2). The mean percent differences from the target PM> 5 level for the fan
rocket, rocket elbow, and three stone fire cookstove treatments were all less than 9%. The
mean percent differences from the target PM, 5 level for the gasifier and LPG cookstove
treatments were 31% and 18%, respectively, which equate to concentrations that were 11
pg/m?3 higher than the target value of 35 pg/m?3 for the gasifier treatment and 2 ug/m3 lower
than the target value of 10 pg/m3 for the LPG treatment (Table 2). The mean PM, 5
concentration for the control treatment was less than 1 pug/m3 (target concentration of 0 pg/
m3). Mean CO mixing ratios within the SET facility were less than 10 ppm for all treatments
and generally increased as target PMs 5 concentrations increased (Table 2).

Concentrations of additional pollutants measured in the SET characterization analysis
generally increased as treatment PM, 5 target concentrations increased. Further results from
the SET characterization have been previously published (Fedak et al. 2019).

3.3. Health outcomes

Mean baseline (i.e. pre-treatment) values for the health outcomes are presented in Table 1:
mean PWV was 6.0 m/s (sd = 0.6), mean Alx was 7% (sd = 13), and mean CPP was 31
mmHg (sd = 5). There were small differences in baseline PWV and CPP between the
treatments (Table S1). Alx also varied at baseline across the six treatments and had standard
deviations as large as or larger in magnitude than the mean values. Based on paired t-tests
between each cookstove treatment and control, only the baseline value of CPP for female
participants prior to the rocket elbow cookstove treatment was significantly different (p-
value < 0.05) from the baseline value prior to control (Table S1).

Linear mixed model estimates and 95% confidence intervals (Cl) for the difference between
each cookstove treatment compared to control at three post-treatment time points are
presented in Table 3. At the immediate post-treatment and 3-hour post-treatment time points,
differences for all cookstove treatments compared to control were generally consistent with
a null association for all outcomes (Table 3; Figures 3-5). There were some exceptions to
this trend, including higher PWV following the gasifier cookstove treatment at the 3-hour
post-treatment time point (0.18 m/s; 95% CI: 0.01, 0.36). Alx was higher at the 3-hour post-
treatment time point following the three stone fire cookstove treatment (2.9%; 95% CI: -0.4,
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6.1), and lower at the immediate post-treatment time point following the gasifier cookstove
treatment (—2.5%; 95% CI: -5.5, 0.6). CPP was between 0.1 and 1.1 mmHg lower at the
immediate-post treatment time point for the four highest cookstove treatments compared to
control (Table 3; Figure 5).

PWYV and CPP were higher 24 hours after all cookstove treatments compared to control
(Table 3, Figures 3 and 5). The magnitude of the differences compared to control was similar
across all cookstove treatments. Differences compared to control for PWV were between
0.08 and 0.16 m/s and differences compared to control for CPP were between 0.6 and 1.6
mmHg. Highlighting results following the treatments with the lowest and highest target
PM, 5 concentrations (LPG and three stone fire), PWV was 0.15 m/s higher (95% CI: —0.02,
0.31) 24 hours after the three stone fire cookstove treatment and 0.15 m/s higher (95% ClI:
-0.02, 0.32) 24 hours after the LPG cookstove treatment compared to control. CPP was 0.6
mmHg higher (95% CI: 0.8, 2.1) 24 hours after the three stone fire cookstove treatment and
1.3 mmHg higher (95% CI: -0.2, 2.7) 24 hours after the LPG cookstove treatment compared
to control. Differences compared to control for Alx at the 24-hour post-treatment time point
were consistent with a null association for all cookstove treatment levels (Table 3; Figure 4).

Results from sensitivity analyses are presented in the Supplemental Materials. None of the
sensitivity analyses or inclusion of potential confounders resulted in meaningfully different
model estimates compared to the primary model estimates presented in Table 3 and Figures
3-5.

4. Discussion

In the first study to assess the health impacts of air pollution emitted from multiple
cookstove technologies using a crossover design, our results suggest that PWV and CPP
were marginally higher 24 hours after the cookstove treatments compared to a filtered air
control. PWV was between 0.08 and 0.16 m/s higher for each cookstove treatment compared
to control at the 24-hour post-treatment time point; CPP was between 0.6 and 1.6 mmHg
higher for each cookstove treatment compared to control at the same time point. There were
no trends of higher or lower values across the cookstove treatment levels for Alx at any post-
treatment time point. Our study design had strong internal validity that limited the impact of
potential confounders, as confirmed by multiple sensitivity analyses.

Our results add to the small body of evidence that household air pollution can adversely
impact central hemodynamics and arterial stiffness. Our study is the first to assess outcomes
of central hemodynamics and arterial stiffness following controlled exposures to cookstove-
generated air pollution; a study in China is the only study to date to evaluate this association
in a field setting (Baumgartner et al. 2018). Among 205 women in the study in China,
increased PM 5 exposures (1-In pg/m3) were associated with 1.1 percentage points higher
Alx (95% CI: -0.2, 2.4) (Baumgartner et al. 2018). Among 102 women aged 50 years or
more, increased PM, 5 exposures were associated with 2.9 mmHg higher CPP (95% CI: 0.8,
5.1) (Baumgartner et al. 2018). After 1.5 years of follow-up, however, the authors reported
that a government sponsored semi-gasifier cookstove intervention did not improve
hemodynamic outcomes compared to control participants, likely due to other improved
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cookstove adoption in the control group (Clark et al. 2019). Other studies have found
associations between PWYV and Alx and particulate and gaseous air pollution from ambient
sources (Zanoli et al. 2017). Our results add further consistency that air pollution in general,
and specifically household air pollution, can adversely impact markers of central
hemodynamics and arterial stiffness.

Central hemodynamic indices and measures of arterial stiffness are strongly associated with
future cardiovascular events and all-cause mortality (Vlachopoulos et al. 20104a;
Vlachopoulos et al. 2010b). Measures of central hemodynamics are pathophysiologically
more relevant than peripheral indices because central pressures are a better indicator of
cardiac workload and overall cardiovascular health (Vlachopoulos et al. 2010a). In a meta-
analysis of longitudinal studies, Vlachopoulos et al. found that Alx predicts clinical events
independently of peripheral blood pressure, and that CPP predicts clinical events better than
peripheral pulse pressure (Vlachopoulos et al. 2010a). Numerous studies have shown the
importance of PWYV as an indicator of arterial stiffness and a predictor of future
cardiovascular events and all-cause mortality (Townsend et al. 2015; Vlachopoulos et al.
2010b).

Potential biological pathways initiated by PM, 5 exposure could help explain the higher
values of PWV and CPP we observed 24 hours after each cookstove treatment.
Inflammatory and oxidative stress pathways can be initiated within 24 hours after exposure
to PM> 5 (Brook et al. 2010). Inflammatory cytokines and reactive oxygen species can cause
an increase in vascular smooth muscle tone through endothelial dysfunction and reduced
nitric oxide bioavailability (Huang and Vita 2006; Sprague and Khalil 2009). Higher
vascular smooth muscle tone can lead to increased arterial stiffness and higher PWV and
CPP (Avolio et al. 2011; Townsend et al. 2015). These same pathways could also influence
Alx; however, changes in PWV and Alx can occur independently depending on which
region of the arterial tree is most impacted by the exposure or stimulus of interest (Kelly et
al. 2001). It is possible that the cookstove air pollution in our study impacted the vascular
smooth muscle tone of the larger arteries more than the smaller, distal arterioles. It is also
possible that Alx was impacted on a different timeframe than PWV and CPP so that changes
in Alx were not captured at any of the three post-treatment time points in our study. In
addition, Alx is a more complex measurement than PWV and can be influenced by a variety
of factors within the arterial tree (Tomiyama and Yamashina 2010). This complexity may be
expressed in our results in the large standard deviations that indicate high variability in the
Alx measurements (Table 1 and Table S1). Since our study was powered based on other
outcomes not reported here, it is possible that the high variability of Alx resulted in limited
ability to detect changes in our statistical models.

Assessing short-term exposures and acute health outcomes in a group of young, healthy, and
largely non-Hispanic white participants means that our results are not directly applicable to
real-world cookstove users who are exposed repeatedly over the course of a lifetime. While
generalizability is a weakness, the study setting allowed us to assess complex health
outcomes resulting from exposures to pollution from multiple cookstove technologies in a
controlled environment. This gives us a better understanding of the underlying acute
differences in health resulting from household air pollution exposure. The strength of the
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crossover design also gave our study results high internal validity. For example, some
potential confounding factors may have varied across study days (e.g. ambient air pollution);
however, these factors were unlikely to be associated with the individual treatments and
were, therefore, unlikely to confound the observed associations. Regardless, we performed
numerous sensitivity analyses that included potential confounders as covariates, yet no
meaningful differences from the primary analyses were observed (see Supplemental
Materials). In addition, inclusion of the baseline health outcome values and the date of the
study sessions in the analyses helped account for potential confounders that may have varied
at random between study days. Further, assessing differences within person in the mixed
models helped control for potential time-invariant confounding variables such as participant
sex.

Logistically, all 48 study participants could not experience each treatment simultaneously
and exposures could not be held perfectly at target levels; this means that groups of
participants experienced different levels of exposure to air pollution for the same cookstove
treatment. However, our data indicate that each participant was exposed to PM, 5 levels that
were near target levels (Table 2), and that there was very little overlap in PM, 5 levels when
assessing each individual’s personal mean exposure for each treatment level (see Figure S1
of Supplemental Materials). Our close control over pollution levels inside the SET facility
should have minimized an impact on our reported results from overlapping treatment levels.

Our results indicate that each cookstove treatment (compared to control) had a similar effect
on PWV and CPP even though the PM 5 target concentrations for the cookstove treatments
ranged from 10 to 500 pg/m3. In an attempt to explain these unexpected findings, we
characterized additional pollutants for each treatment (i.e. PM, 5 mass, particle number size
distributions (10 nm to 500 nm), PM, 5 elemental and organic carbon, nitrogen oxide,
nitrogen dioxide, VOCs, and carbonyls); results from the additional pollutant
characterization have been published previously (Fedak et al. 2019). We found that none of
the pollutants we measured explained the similar effect each treatment had on PWV and
CPP. For example, PM, 5 mass, particle numbers, concentrations of carbonyls, VOC levels,
and concentrations of elemental and organic carbon generally increased as PM 5 target
levels for each treatment increased. An exception to these trends was the LPG treatment,
which had higher concentrations of carbonyls than both the gasifier and fan rocket
treatments and the highest number of particles in the 10 to 30 hm range out of any treatment.
Additionally, while each cookstove treatment had higher levels of nitrogen oxide than
control, levels for the fan rocket and rocket elbow treatments were several times higher than
the other cookstove treatments. Finally, each treatment emitted similar levels of nitrogen
dioxide. These results provide no clear evidence that any single pollutant was associated
with the changes in PWV and CPP we observed in our results. It is possible that the complex
nature of pollutants emitted from the cookstoves resulted in mixtures of pollution that
impacted the health outcomes in a similar magnitude, or that the range of exposures
experienced during the 2-hour treatments was not large enough to lead to detectable
differences in the magnitude of the changes in PWV and CPP. Multipollutant
characterization of a wider range of exposures in future studies may help provide clarity to
these lingering uncertainties.
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An alternative explanation for our results is that the filtered air control treatment was
beneficial for the health outcomes we measured as opposed to the cookstove treatments
being detrimental. Since the control treatment was the reference level in our analysis, it may
have given the appearance that the cookstove treatments each had a similar adverse impact
on PWV and CPP when, in fact, the control treatment had a beneficial impact. Air filter
intervention studies have reported associations between air filtration and improved
endothelial function and inflammatory markers (Allen et al. 2011), as well as improved
blood pressure and stress hormones (Li et al. 2017). While these previous studies were
designed to assess the impact of air filtration in real-world settings, as compared to our study
in a laboratory setting, they do provide evidence of the potential health benefits of breathing
filtered air.

In analyses published separately, we also observed higher brachial systolic blood pressure
following the cookstove treatments compared to control (Fedak et al. 2019), giving a broader
context and adding consistency to the results presented here. While these results may not be
relevant for people exposed to air pollution emitted from indoor cookstoves over a lifetime,
our findings are still informative for a number of reasons. Repeated exposures to air
pollution experienced in real-world settings may result in a chronic, underlying environment
in which cardiovascular disease can manifest (Brook et al. 2010). In addition, individuals
with existing cardiovascular disease may be more susceptible to clinically meaningful
adverse cardiovascular events as a result of acute exposures to air pollution (Brook et al.
2010). Our results may be indicative of such subclinical, underlying changes in health.
Although the differences we observed were small, the similar magnitude of the differences
following each cookstove treatment compared to control may indicate that acute exposures
from even the cleanest cookstove technologies can adversely impact these subclinical
markers of cardiovascular health. Further research is necessary to help us understand if
cookstove technology is capable of reducing exposures enough to improve long term health.

5. Conclusion

Our results from a controlled exposure study with a crossover design are an important
contribution to understanding the cardiovascular health effects resulting from exposure to
household air pollution. Our findings suggest higher levels of PWV and CPP within 24
hours after 2-hour treatments to pollution from five different cookstove technologies. The
similar differences in PWV and CPP we observed following each cookstove treatment
compared to control may indicate that acute exposures from even the cleanest cookstove
technologies can elicit adverse responses in markers of central hemodynamics and arterial
stiffness. We recommend that future analyses also consider biomarkers that may be
indicative of potential biological mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PM, 5 fine particulate matter

PWV carotid-femoral pulse wave velocity

Alx central augmentation index

CPP central pulse pressure

BMI body mass index

sd standard deviation

Cl confidence interval

CO carbon monoxide

LPG liquefied petroleum gas

SET simulated environmental testing

VOC volatile organic compound
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Highlights
Participants were exposed to pollution from five cookstoves and filtered air control
Pulse wave velocity was higher 24 hours after cookstove exposures vs control
Central pulse pressure was higher 24 hours after cookstove exposures vs control
Augmentation index did not change after cookstove exposures vs control

Results did not suggest an increased effect as particulate matter exposures increased
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Figure 2: Study session timeline and sequence of events
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Figure 3: Differences in pulse wave velocity for each cookstove treatment compared to control at
the three post-treatment time points using linear mixed models*

LPG = liquefied petroleum gas
*Model terms include cookstove treatment level (fixed) + baseline health measurement
(fixed) + date (random) + participant (random)
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Figure 4: Differences in augmentation index for each cookstove treatment compared to control at
the three post-treatment time points using linear mixed models*

LPG = liquefied petroleum gas
*Model terms include cookstove treatment level (fixed) + baseline health measurement
(fixed) + date (random) + participant (random)
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Figure 5: Differences in central pulse pressure for each cookstove treatment compared to control
at the three post-treatment time points using linear mixed models*

LPG = liquefied petroleum gas
*Model terms include cookstove treatment level (fixed) + baseline health measurement
(fixed) + date (random) + participant (random)
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Participant characteristics

Table 1:

Variable All participants (n =48) | Females (n =22) Males (n = 26)
mean (sd), min, max
Age at study start, years 27 (4), 21, 36 28 (3),23,34 27 (4), 21, 36
Body mass index at study start, kg/m? 23(2),19,29 23 (3), 20,29 23(2),19, 26

. * .
Baseline ~ pulse wave velocity, m/s

6.0 (0.6), 4.8,7.2

5.9(0.6),4.8,7.1

6.1(0.6), 4.8, 7.2

Participants present for 5 or 6 treatments+

Baseline *augmentation index, % 8(12),-31,34 11(14),-31,34 | 5(10),-12,24
Baseline * central pulse pressure, mmHg 31(5), 19, 46 30 (5), 19, 39 32(6), 22, 46
n (%)
Non-Hispanic white ethnicity/race 42 (88) 18 (82) 24 (92)
Participants present for all 6 treatments” 39.(81) 19 (86) 20(77)
45 (94) 22 (100) 23 (88)

*
Baseline means are the average values across all participants for the pre-treatment measurement of each participant’s first study visit.

+
Participant included if present for baseline health assessment, treatment, and at least one follow-up health assessment.

sd = standard deviation
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