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Abstract

Background: Exposure to household air pollution generated as a result of cooking and heating is 

a leading contributor to global disease. The effects of cookstove-generated air pollution on adult 

lung function, however, remain uncertain.

Objectives: We investigated acute responses in lung function following controlled exposures to 

cookstove-generated air pollution.

Methods: We recruited 48 healthy adult volunteers to undergo six 2-hour treatments: a filtered-

air control and emissions from five different stoves with fine particulate matter (PM2.5) targets 

from 10 to 500 µg/m3. Spirometry was conducted prior to exposure and immediately, 3 hours, and 
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24 hours post-exposure. Mixed-effect models were used to estimate differences in post-exposure 

lung function for stove treatments versus control.

Results: Immediately post-exposure, lung function was lower compared to the control for the 

three highest PM2.5-level stoves. The largest differences were for the fan rocket stove (target 250 

µg/m3; forced vital capacity [FVC]: −60 mL, 95% CI −135, 15; forced expiratory volume [FEV1]: 

−51 mL, 95% CI −117, 16; mid-expiratory flow [FEF25–75]: −116 mL/s, 95% CI −239, 8). At 3 

hours post-exposure, lung function was lower compared to the control for all stove treatments; 

effects were of similar magnitude for all stoves. At 24 hours post-exposure, results were consistent 

with a null association for FVC and FEV1; FEF25–75 was lower relative to the control for the 

gasifier, fan rocket, and three stone fire.

Conclusions: Patterns suggesting short-term decreases in lung function follow from exposure to 

cookstove air pollution even for stove exposures with low PM2.5 levels.
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Introduction

Nearly 40% of the world’s population cooks over open fires or with rudimentary stoves that 

burn solid fuels, which generates high levels of household air pollution (Bonjour et al. 

2013). Exposures to this pollution were estimated to contribute to approximately 59 million 

disability-adjusted life-years in 2017, including over 1.6 million premature deaths - 

primarily in the form of respiratory and cardiovascular diseases (Stanaway et al. 2018). 

Approaches to reduce disease burden from household air pollution have included switching 

to cookstoves designed to emit lower levels of fine particulate matter mass (PM2.5) and/or 

carbon monoxide (CO). Cookstove emissions can vary substantially across different stoves 

and fuels however (Bilsback et al. 2018), and it is unclear how these differences in exposures 

across stoves contribute to different health responses. Although some research has 

demonstrated the potential for improved stoves to reduce human exposures (Thomas et al. 

2015) and associated pulmonary effects (Fullerton et al. 2011; da Silva et al. 2012), other 

studies have not demonstrated the expected health benefits following dissemination of 

improved stoves (Romieu et al. 2009; Smith-Sivertsen et al. 2009; Smith et al. 2011; 

Mortimer et al. 2017).

Controlled human exposure studies conducted in laboratory settings may have increased 

internal validity compared to observational based field studies, primarily due to reduction of 

confounding and other biases. This allows for generation of data that can support 

mechanistic understanding of the relationships between exposure and health effects. 

Controlled exposure studies can also provide information about between-stove differences in 

health endpoints (e.g., exposure-response data) that is not feasible to collect in the field. 

Using crossover designs in a controlled exposure setting allows for comparison of multiple 

treatments within the same participant, which provides statistical efficiency and eliminates 

time-invariant (i.e., population-level) confounders. However, it is not feasible to evaluate 

long-term exposures or clinically-significant endpoints or mortality in a controlled exposure 
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study. Instead, exposures and measured health outcomes must be acute, transient, and 

subclinical. Measurement of translatable risk markers can provide connection between 

laboratory studies and field studies.

Lung function metrics measured through spirometry can provide insight on pulmonary 

inflammation following air pollution exposures. The deposition of air pollutants, particularly 

PM2.5, throughout the respiratory tract can cause acute pulmonary irritation and tissue 

damage, provoking a cascade of cellular injury and inflammation that can lead to 

development and exacerbation of obstructive lung diseases like COPD and asthma (U.S. 

EPA 2009; Brook et al. 2010; Perez-Padilla et al. 2010; Gordon et al. 2014). Pulmonary 

inflammation can trigger activation of the autonomic nervous system and contribute to 

development of systemic inflammation, which can lead to a number of non-respiratory 

impacts such as cardiovascular disease (U.S. EPA 2009). Small, transient changes in lung 

function following air pollution exposures in controlled settings may have minimal clinical 

relevance on an individual level or for healthy populations. They are, however, relevant 

indicators that can inform our understanding of biological pathways which contribute to the 

exposure-response when extrapolated to real-world settings where diverse populations are 

exposed over their lifetime. Further, implications for public health could be considerable if 

the effects scale with chronic exposures, given the large number of individuals exposed 

globally.

The objective of this work was to investigate markers of acute change in lung function 

following 2-hour controlled exposures to cookstove-generated air pollution from five 

different cookstoves (with PM2.5 levels from 10 to 500 µg/m3) compared to a filtered-air 

control. We chose cookstoves that represent a range of technologies available in the real 

world, to allow for comparisons of effects across stoves that represent real choices for 

cookstove users world-wide. Stoves included a woodburning three-stone fire (a “lack of 

technology”), and three different types of improved efficiency woodburning stove designs, 

and a liquified petroleum gas stove (an improved fuel option). We used a 2-hour exposure 

window to mimic exposures of a typical cooking event while balancing logistical and ethical 

considerations of a controlled exposure study. Spirometry, a measurement that can be 

conducted in both laboratory and field settings and has implications towards long-term 

pulmonary health, was used as a marker of acute health response.

Materials and Methods

Detailed study methods are reported in a previous publication (Fedak et al. 2019) and in the 

online supplemental material; brief methods are provided herein. All protocols were 

approved by the Colorado State University Institutional Review Board.

Participants

We recruited 48 young, healthy, never-smoker adults from the Fort Collins, Colorado, USA 

area to participate between October 2016 and January 2018. Eligibility criteria included age 

(18 to 35 years), weight/body mass index (BMI) within an average healthy range, normal 

spirometry (defined as spirometry values greater than 70% of the predicted value for the age/

gender at a pre-study screening exam), no medication/drug use, no history of inflammatory 
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or chronic diseases, no regular pollution exposures (including no use of wood stoves for 

home heating/cooking or occupation within the food industry), and ability to complete the 

study protocols (see online supplemental material). All participants provided written 

informed consent.

Study Design

Participants were exposed to six 2-hour treatments (one per study session). Treatments were 

a filtered air control (PM2.5 target: 0 µg/m3) and five cookstoves: liquefied petroleum gas 

(LPG; 10 µg/m3), gasifier (35 µg/m3), forced-draft fan rocket elbow (fan rocket; 100 µg/m3), 

natural-draft rocket elbow (250 µg/m3), and three stone fire (500 µg/m3). Participants were 

scheduled for treatments in groups of four per study session. Sessions were scheduled with a 

minimum 2-week period between treatments; missed sessions were made up at the end of 

the sequence. Treatment order was determined using a Williams square design - a Latin 

square crossover that is balanced for treatment orders and carry-over effects and therefore 

robust to confounding by personal-level and external factors (e.g., sex, ambient conditions) 

(Williams 1949; Jones B and Kenward 2014; Kenward 2015). Participants were asked to 

abstain from alcohol, caffeine, smoke exposures, strenuous exercise, and medications 24 to 

72 hours before and during study sessions.

Each study session, participants arrived at the facility in the morning for baseline health 

measurements. Participants then underwent a 2-hour whole-body exposure within a 

controlled-environment chamber (participants were not informed of treatment type). 

Additional health measurements were conducted immediately post-exposure and at 3 and 24 

hours post-exposure.

During each exposure period, PM2.5 mass concentration, CO and oxygen levels, 

temperature, and relative humidity in the chamber were monitored continuously. Separate 

tests were conducted to characterize additional pollutants present in the emissions for each 

treatment (PM2.5 mass, particle number size distributions [10 to 500 nm], elemental and 

organic carbon concentrations [EC, OC], nitrogen oxides [NOx], carbonyls, and select 

volatile organic compounds [benzene, toluene, ethylbenzene, and xylenes]) (see online 

supplemental material).

Health and Additional Measurements

Participants performed spirometry at each health measurement time using an ultrasonic 

device (Easy on-PC, ndd Medizintechnik AG, Zurich, Switzerland) according to American 

Thoracic Society/European Respiratory Society (ATS/ERS) guidelines (Miller et al. 2005). 

The lung function metrics used for analysis were FVC, FEV1, FEV1/FVC, and FEF25–75. 

For all tests that met the ATS/ERS quality criteria (Miller et al. 2005), we used the largest 

FVC and FEF25–75 values from the acceptable trials within that test and the FEV1 and 

FEV1/FVC value from the trial with the largest FVC. For tests that did not meet the 

ATS/ERS quality criteria, a board-certified pulmonologist (JB) reviewed the spirographs to 

determine which values, if any, could be used in analyses.
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We administered surveys to assess potential confounders such as alcohol and caffeine 

consumption, sleep quantity, and mode of commute to the facility. Ambient meteorological 

and pollutant data were obtained via local monitors.

Data Analysis

Mixed-effect regression models were used to estimate the effect of the stove exposures on 

each lung function metric at each post-exposure time point, presented as difference relative 

to the control (Bates et al. 2015). Models included a baseline lung function term to account 

for differences in pre-exposure lung function across the six sessions (Vickers and Altman 

2001), a random person intercept to account for repeated measures among participants, and a 

random day intercept to account for non-independence of data for participants who 

experienced treatments together (e.g., the four participants scheduled on the same study 

day). Inclusion of individual-level or external confounders is theoretically not necessary due 

to the study design, which eliminates the potential for confounding by time-invariant 

individual-level factors, and analysis model, which incorporates terms (e.g., the baseline and 

random effects) that encompass and control for differences due to time-varying factors (e.g., 

day-to-day differences in participant diet/activities, weather, ambient exposures) (Jones B 

and Kenward 2014; Kenward 2015). However, we examined descriptive statistics and 

conducted sensitivity analyses to confirm there were no associations between potential 

confounders and treatment type occurring by chance and model results were not sensitive to 

the potential confounders. We also evaluated alternative models that contained additional 

design structure variables and/or were run using limited datasets (e.g., excluding data from 

make-up sessions, only including tests that met ATS/ERS quality criteria) as additional 

sensitivity analyses (see online supplemental material).

Data processing and statistical analyses were performed in R (version 3.3.1, The R 

Foundation for Statistical Computing).

Results

Participants, Exposures, and Health Measurement Times

A total of 269 treatments were administered across 47 participants (39 participants 

completed all six treatments; missing data rate 8%; see online supplemental material). 

Participants were young (average age 27 years, range 21 to 36) with normal BMI (average 

23.4 kg/m2, range 19.4 to 28.7) and normal baseline lung function (average FVC: 4.9 L 

[range 3.1 to 8.1], FEV1: 3.9 L [2.9 to 6.1], FEF25–75: 3.9 L/s [2.2 to 6.3]) (see Table 1). As 

anticipated based on the population from which we recruited, participants predominately 

self-identified as non-Hispanic white (42/47 participants; 89%).

The mean PM2.5 concentrations for the 2-hour treatments were close to the targets for each 

treatment (see Table 2; average difference from target: filtered air control, +1 µg/m3; LPG: 

−2 µg/m3; gasifier: +11 µg/m3; fan rocket: −5 µg/m3; rocket elbow: +4 µg/m3; three stone 

fire: −36 µg/m3). Carbon monoxide levels, which did not have a target, generally increased 

with PM2.5 from a mean of 2 ppm for the control to 9 ppm for the three stone fire. Results 

from additional pollutant characterization tests indicated that other pollutants generally 
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increased with increasing PM2.5 concentration; however there were some exceptions. The 

rocket elbow stove produced high elemental carbon concentrations (and higher ratio of 

elemental carbon to total PM2.5) as well as high nitrogen oxide compared to other stoves; 

nitrogen oxide levels were also high for the fan rocket stove. Ultrafine particle (<100nm) 

number fraction was considerably higher for the LPG stove than all others, driven primarily 

by a high count of particles 10 to 30 nm in size. Carbonyl concentrations were also higher 

for the LPG stove than the gasifier and fan rocket, at a similar concentration as the rocket 

elbow stove. More detail is reported previously (Fedak et al. 2019) and in the online 

supplemental material.

Due to our study protocols that involved several other health measurements, post-exposure 

spirometry occurred on average 30 minutes after the nominally reported measurement series 

start time of immediately, 3 hours, and 24 hours post-exposure (see online supplemental 

material).

Model Results

The effect estimates and 95% confidence intervals (CIs) for the mean difference in post-

exposure lung function for each stove type compared to the filtered-air control are presented 

in Table 3 and Figure 1. No confounding variables were included in the analysis as there was 

no evidence of any meaningful associations between observed potential confounders and the 

treatments (see online supplemental material). Sensitivity analyses were consistent with the 

primary model (see online supplemental material).

No statistically significant differences in FVC were observed for any stove or measurement 

type point. Immediately post-exposure, FVC values were lower than the control (by 40 to 60 

mL) for the three higher PM2.5-level treatments (fan rocket, rocket elbow, three stone fire) 

but not the two lower PM2.5-level treatments (LPG, gasifier); results were nonsignificant for 

all stoves though suggestive for the fan rocket. Three hours after exposure, FVC was non-

significantly lower for all stoves relative to the control, though effect estimates were small in 

magnitude (8 to 39 mL) with no discernible exposure-response pattern across stove types. At 

24 hours post exposure, differences in FVC compared to the control were consistent with a 

null hypothesis for all stoves; effect estimates suggested higher FVC for the treatments than 

the control (by 1 to 26 mL).

FEV1 values immediately post-exposure were lower (not significant) than the control for the 

three higher PM2.5-level treatments (by 24 to 51 mL; suggestive for the fan rocket stove) but 

not the two lower PM2.5-level treatments. At 3 hours post exposure, the differences were 

more pronounced: all stove treatments had lower FEV1 values than the control, by 39 to 68 

mL. The difference in FEV1 at 3 hours was largest for the three lower PM2.5-level treatments 

and statistically significant for the LPG and fan rocket stove and suggestive for the gasifier. 

At 24 hours post exposure, differences in FEV1 compared to the control were consistent 

with a null hypothesis for all stoves.

No statistically significant differences in FEF25–75 were observed for any stove or 

measurement type point, though patterns were consistent with those for FEV1. Immediately 

post-exposure, FEF25–75 was lower for stove treatments compared to the control (by 68 to 
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116 mL/s) for the three higher PM2.5-level treatments. At 3 hours post exposure, FEF25–75 

was lower for all stove treatments compared to the control (by 31 to 122 mL/s), with the 

largest effects for the three lower PM2.5-level treatments. At 24 hours post-exposure, for the 

gasifier, fan rocket, and three stone fire treatments, but not the LPG or rocket elbow, a lower 

FEF25–75 was observed compared to the control.

No clear patterns of differences were seen in the FEV1/FVC ratio across stoves at the 

immediate or 24-hour post exposure measurements. At 3 hours post-exposure, effect 

estimates indicate small, nonsignificant differences in ratio (<1% lower) compared to the 

control for all treatments other than the three stone fire.

Discussion

We observed weak evidence of lower FVC, FEV1, FEF25–75, and FEV1/FVC following 

controlled exposure to cookstove air pollution immediately and 3 hours post-exposure (but 

not at 24 hours), compared to a filtered-air control. Lower lung function immediately post-

exposure may be indicative of a pulmonary irritant mode of action; more delayed (e.g., 3-

hour) responses may suggest a secondary inflammatory mode of action. While we observed 

some small differences in response among lower PM2.5-emitting stoves versus higher PM2.5-

level emitting stoves, our results do not suggest an acute exposure-response relationship 

exists between cookstove exposure defined by PM2.5 mass and lung function. However, our 

generally null results are difficult to interpret in light of previous studies.

Several controlled exposure studies evaluating different pulmonary-health relevant markers 

(e.g., airway inflammatory markers, exhaled NO, clinical irritation symptoms) have 

indicated potential for wood smoke air pollution to elicit acute respiratory tract inflammation 

and irritation (Barregard et al. 2008; Riddervold et al. 2012; Stockfelt et al. 2012), 

demonstrating plausibility for a lung function response. Yet, in the three other studies that 

have evaluated lung function impacts following controlled wood smoke exposures, authors 

report no differences between smoke exposures and clean-air control (Sehlstedt et al. 2010; 

Ghio et al. 2012; Riddervold et al. 2012). In light of these studies, our results add to 

consistency in null results for acute lung function responses post-exposure. However, 

compared to these studies, our work evaluated different post-exposure follow-up times 

(capturing different points of the mechanistic pathway, which may have different expected 

effect magnitudes), had a larger sample size (which gives more power to detect small 

changes), and tested multiple exposure treatment levels, including ones at higher PM2.5 

levels (which allows for consideration of a trend across exposure levels and contributes to 

more statistical power, presuming a larger effect at higher exposure). This lack of 

consistency makes interpretation across studies challenging.

Observational field studies generally support an association between exposure to cookstove-

generated air pollution and reduced lung function. Cross-sectional studies in Malawi, Brazil, 

India, Nigeria, and Mexico have found decreased FVC and FEV1 among biomass/wood 

users compared to other fuel types (e.g., kerosene, charcoal, LPG) (Regalado et al. 2006; 

Desalu et al. 2010; Fullerton et al. 2011; da Silva et al. 2012; Revathi et al. 2012; Ibhafidon 

et al. 2014). Conversely, similar studies in Ecuador, Honduras, and Guatemala have found no 
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associations or inverse associations between lung function (FVC and FEV1) and cookstove 

exposures (Rinne et al. 2006; Diaz et al. 2007; Clark et al. 2009). Studies that have 

considered acute changes following short duration biomass cooking exposures in Nigeria 

and Bangladesh have not found any changes in FEV1 or FVC (Oluwole et al. 2013; 

Medgyesi et al. 2017). Longer-term intervention studies in China, Mexico, and Guatemala 

have been more consistent in demonstrating improved lung function (or lessened decline in 

lung function) following use of lower PM2.5-emitting stoves (Romieu et al. 2009; Smith-

Sivertsen et al. 2009; Zhou et al. 2014). In the RESPIRE trial in Guatemala, no associations 

were found between assignment of a plancha stove intervention and FEV1, FVC, or 

FEV1/FVC at follow-up through 18 months (Smith-Sivertsen et al. 2009). However, when 

exposure was defined as exhaled CO in breath measured concurrently with spirometry, 

investigators observed a 35 mL decrease in FEV1 (95% CI −61, −9 mL) and a 26 mL 

decrease in FVC (95% CI −57, 6 mL) – yet no change in FEV1/FVC – for each one unit 

increase in natural log transformed CO (Pope et al. 2015).

Differences in smoke composition may contribute to different pulmonary responses 

observed across various field and controlled exposure studies, as characteristics beyond 

PM2.5 concentration (for example, CO, NOx, or ultrafine particle fraction) can elicit health 

responses (Abolhassani et al. 2009; Traboulsi et al. 2017). Our characterization tests 

(conducted independent from the controlled exposures) showed that some co-emitted 

pollutants did not scale with increasing PM2.5 concentrations across the different treatments 

(Fedak et al. 2019). The multipollutant nature of our treatments may be a contributing factor 

to our lack of observed exposure-response across stove types, which might otherwise be 

expected due to the increasing PM2.5 levels. We chose cookstoves that represent a range of 

technology available in the field as feasible alternatives to three-stone fires, and set target 

PM2.5 levels based on what is reasonably expected for the stove under real operating 

conditions (Fedak et al. 2019). While the choice to use different stove types as the exposure 

sources and administering a multipollutant exposure precludes the ability to make exposure-

response conclusions from our data, it allows us to address a realistic research question of 

how different stoves, with different multipollutant exposures, impact health. Future work - 

both observational field studies and controlled exposure studies - would benefit from 

including characterization of multiple health-relevant particle and gas phase pollutants in the 

studied cookstove exposures, to aid in comparison across studies and stove/fuel types and 

establishment of an exposure-response relationship across stove designs.

There are several limitations to our study design that may suggest alternative explanations 

for our generally null results beyond a true lack of association between cookstove-generated 

air pollution and respiratory effects. First, the post-exposure times for health measurements 

(approximately 30 minutes, 3.5 hours, and 24 hours post-exposure) were chosen based on 

the other health endpoints measured within our study that are not reported here (e.g., 

cardiovascular endpoints) (Langrish et al. 2012; Fedak et al. 2019); for logistical purposes, 

we maintained the same times for measurement of lung function. It is possible that these 

times do not correspond to peak responses within the mechanistic pathway for lung function 

changes and our study was not adequately powered to detect sub-peak responses (CIs 

suggest that our study was not powered to detect differences smaller than 3–4% of the total 

average FVC or FEV1). Our results suggest that lung function decreases within a few hours 
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following exposure and then returns to baseline within 24 hours post-exposure; the largest 

response may occur at a time we did not capture, such as between 3 hours and 24 hours post-

exposure. While previous null-result studies considered times of 4, 6, or 20 hours post-

exposure (Sehlstedt et al. 2010; Ghio et al. 2012; Riddervold et al. 2012), our study may 

have been better powered to detect responses at these times due to the aforementioned 

differences in our study design. Further, the method of measuring lung function using 

spirometry lacks precision and is an insensitive endpoint in healthy individuals. This results 

in measurement error that reduces our statistical power, (increases standard errors and 

widens confidence intervals). Spirometry can also be influenced by the technician 

performing the test, as effective ‘coaching’ might result in a better effort from the 

participant. While technicians were not fully blinded to the treatment type, we do not believe 

that our technicians impacted their administration of the tests based on treatment. All 

technicians were trained to follow a standard procedure for testing, in compliance with the 

ATS guidelines, and we used a spirometry device that contained automatic features to ensure 

quality was met; further, which technician administered the test was independent and 

random with respect to the participants and treatments and often multiple technicians were 

present to provide oversight. Finally, we measured effects from acute exposures in a 

population of young, healthy, predominantly white individuals from a single community 

where air pollution exposures in their everyday life are low (Good et al. 2016). While this 

population was feasible to study from an ethical and logistical standpoint and allowed 

minimization of biases to contribute to strong internal validity, it does lack some 

generalizability towards other populations. The lack of observation of acute responses in this 

population does not preclude the occurrence of responses among different populations (e.g., 

children, elderly, or non-white) or with chronic exposures. Responses to air pollution 

exposures may be different among cookstove users of different racial groups (Jones MR et 

al. 2015; Sack et al. 2017); generalizability to populations of cookstove users of different 

racial backgrounds may be limited.

We included more treatments and a larger sample size than previous studies of wood smoke, 

ambient air pollution, and diesel exhaust (e.g., Sallsten et al. 2006; Barregard et al. 2008; 

Sehlstedt et al. 2010; Riddervold et al. 2011; Forchhammer et al. 2012; Ghio et al. 2012; 

Riddervold et al. 2012; Stockfelt et al. 2012; Bonlokke et al. 2014), which provided us with 

the ability to compare effects across a wider exposure range within a single study. While our 

research focus was on household air pollution, we included lower PM2.5 levels than many 

previous studies, comparable to ambient air pollution levels in cities throughout the U.S. and 

Europe. The results of this study have strong internal validity, as the balanced Williams 

square crossover design and protocols that restricted participant behavior contributed to a 

lack of confounders and allowed for more efficient analyses.

This study was designed to measure pulmonary responses to cookstove-generated air 

pollution exposures in a way that allows comparison of responses across several different 

cookstove designs with limited interaction, confounding, or other bias. We aimed to 

complement the data that can be ascertained from traditional epidemiologic designs (e.g., 

case-control or cohort studies in populations of cookstove users) by contributing to an 

understanding of the initial, acute pulmonary responses that occur with different real-life 

relevant exposures. Our research explored adverse health responses to stove emissions in 
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healthy individuals whose normal exposure is low (Good et al. 2016). From a public health 

perspective, a more relevant research question is whether reducing or eliminating exposures 

among individuals who have been exposed to higher levels throughout their lifetime – such 

as through changes in cooking practices in communities using traditional cookstoves – can 

result in reduced or eliminated health burden. For the results of this study to translate 

towards this research question, we assume that the health impacts of cookstove-generated air 

pollution are reversible (e.g., removing exposure will result in an inverse response to that 

seen from being exposed) and that responses in those chronically exposed follow a similar 

mechanistic pathway as responses in those without chronic exposure. However, this may not 

be the case. Regardless, our study is not irrelevant to the target population of cookstove 

users. Individuals’ first exposures to cookstove emissions occur when young and generally 

healthy; further, exposures can be intermittent and transient, as they peak with cooking 

events. Information related to the initial, acute responses that occur with single exposures is 

relevant towards understanding the physiological pathways and potential for chronic effects 

with more lasting exposures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effect Estimates and 95% Confidence Intervals for Spirometry Metrics by Stove Type and 

Post-Exposure Time Point. Effect estimate is the difference in lung function value for the 

stove treatment compared to the filtered air control at the given post-exposure measurement 

time, accounting for the baseline (pre-exposure) lung function. Units: FVC = mL, FEV1 = 

mL, FEV1/FVC = %, FEF25–75 = mL/s.
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Table 1.

Description of Study Participants.*

Variable (units) Statistic All
(n=47) Female (n=22) Male

(n=25)

BMI (kg/m2)
Mean [SD]
min, max

23.4 [2.3]
19.4, 28.7

23.5 [2.6]
19.7, 28.7

23.3 [2.0]
19.4, 26.0

Age (years) Mean [SD]
min, max

27.4 [3.6]
20.5, 36.1

27.5 [3.4]
22.8, 34.0

27.4 [3.9]
20.5, 36.1

Number of sessions conducted* Total sessions 269 129 140

Participants with data for all six treatments* Percent 81 86 76

Baseline FVC (liters) Mean
†
 [SD]

min, max
4.9 [1.1]
3.1, 8.1

4.2 [0.5]
3.1, 5.4

5.5 [1.0]
4.0, 8.1

Baseline FEV1 (liters) Mean
†
 [SD]

min, max
3.9 [0.8]
2.9, 6.1

3.4 [0.4]
2.9, 4.4

4.3 [0.7]
3.3, 6.1

Baseline FEV1/FVC (ratio) Mean
†
 [SD]

min, max
0.8 [0.1]
0.6, 1.0

0.8 [0.1]
0.7, 1.0

0.8 [0.1]
0.6, 0.9

Baseline FEF25–75 (liters/s) Mean
†
 [SD]

min, max
3.9 [1.1]
2.2, 6.3

3.5 [0.9]
2.2, 5.4

4.2 [1.1]
2.2, 6.3

*
A participant session was counted if they had data for baseline measurement and at least one post-exposure measurement.

†
Mean of each individuals’ average baseline health measurement across their completed study sessions. Participants were required to have normal 

spirometry at a pre-study screening exam (results not included here), defined as spirometry values greater than 70% of the predicted value for the 
age/gender.

Definition of abbreviations: BMI = body mass index; FVC = forced vital capacity; FEV1 = forced expiratory volume in 1 second; FEF25–75 = 

mid-expiratory flow rate (average rate at 25th-75th percent of the pulmonary volume); SD = standard deviation
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Table 3.

Mean Differences in Lung Function for Each Stove Treatment Compared to Control at Each Measurement 

Time. Effect estimate is the difference in lung function value for the stove treatment compared to the control, 

accounting for baseline (pre-exposure).

Treatment Baseline value mean (SD)
† Effect Estimate (95% confidence interval) as compared to control*

Immediate post-exposure 3 hours post-exposure 24 hours post-exposure

FVC (ml) Difference in FVC (ml)

LPG 4854 (1024) 5 (−69, 80) −39 (−114, 35) 9 (−74, 91)

gasifier 4867 (1043) 19 (−56, 93) −21 (−95, 54) 12 (−72, 96)

fan rocket 4879 (1148) −60 (−135, 15) −30 (−105, 45) 12 (−72, 95)

rocket elbow 4898 (1064) −40 (−114, 35) −8 (−82, 67) 1 (−83, 84)

three stone fire 4860 (1070) −42 (−116, 32) −21 (−96, 53) 26 (−56, 108)

FEV1 (ml) Difference in FEV1 (ml)

LPG 3860 (750) 3 (−64, 69) −68 (−128, −7) 7 (−62, 76)

gasifier 3873 (803) 7 (−59, 74) −53 (−114, 8) −4 (−74, 66)

fan rocket 3873 (852) −51 (−117, 16) −68 (−129, −7) −15 (−84, 55)

rocket elbow 3895 (816) −24 (−91, 42) −39 (−99, 22) 0 (−69, 69)

three stone fire 3887 (793) −27 (−93, 39) −39 (−99, 21) −14 (−82, 54)

FEF25–75 (ml/s) Difference in FEF25–75 (ml/s)

LPG 3836 (987) −44 (−167, 79) −122 (−255, 11) 39 (−78, 156)

gasifier 3844 (1151) −13 (−137, 110) −74 (−208, 59) −63 (−182, 56)

fan rocket 3823 (1079) −116 (−239, 8) −114 (−249, 21) −81 (−199, 37)

rocket elbow 3862 (1148) −68 (−191, 55) −56 (−190, 77) 35 (−83, 153)

three stone fire 3915 (1126) −103 (−225, 19) −31 (−164, 102) −88 (−204, 27)

FEV1/FVC (%) Difference in FEV1/FVC (%)

LPG 79.8 (6.4) 0.0 (−0.9, 0.8) −0.8 (−1.7, 0.2) 0.0 (−0.9, 0.9)

gasifier 79.4 (5.8) −0.3 (−1.2, 0.6) −0.9 (−1.9, 0.0) 0.0 (−1.0, 0.9)

fan rocket 79.4 (6.7) −0.1 (−1.0, 0.7) −0.5 (−1.4, 0.5) −0.4 (−1.3, 0.5)

rocket elbow 79.4 (6.4) −0.2 (−1.0, 0.7) −0.6 (−1.6, 0.3) 0.2 (−0.8, 1.1)

three stone fire 79.7 (6.8) 0.5 (−0.4, 1.4) 0.2 (−0.8, 1.1) −0.2 (−1.1, 0.7)

*
All estimates are adjusted for baseline (pre-exposure) values.

†
Control value at baseline [mean(SD)]: FVC: 4875 (1081) mL; FEV1: 3864 (787) mL; FEV1/FVC ratio: 79.4 (6.6)%; FEF25–75: 3832 (1101) 

mL/s.
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