
Household air pollution exposure and associations with 
household characteristics among biomass cookstove users in 
Puno, Peru

Magdalena Fandiño-Del-Rio(a,b), Josiah L Kephart(a,b), Kendra N Williams(b,c), Lawrence H 
Moulton(d), Kyle Steenland(e), William Checkley*,(b,c,d), Kirsten Koehler*,(a), 
Cardiopulmonary outcomes and Household Air Pollution trial (CHAP) Trial Investigators**

a)Department of Environmental Health and Engineering, Bloomberg School of Public Health, 
Johns Hopkins University, Baltimore, MD, 21205, USA.

b)Center for Global Non-Communicable Disease Research and Training, Johns Hopkins 
University, Baltimore, MD, 21205, USA.

c)Division of Pulmonary and Critical Care, School of Medicine, Johns Hopkins University, 
Baltimore, MD, 21205, USA.

d)Program in Global Disease Epidemiology and Control, Department of International Health, 
Bloomberg School of Public Health, Johns Hopkins University, Baltimore, MD, 21205, USA.

Corresponding author: Kirsten Koehler, PhD, Department of Environmental Health and Engineering, Johns Hopkins Bloomberg 
School of Public Health, 615 N Wolfe St, Room E6632, Baltimore, MD, 21205, USA, kkoehle1@jhu.edu.
Author Contributors: Magdalena Fandiño-Del-Rio: Conceptualization, Supervision, Investigation, Data curation, Visualization, 
Software, Formal analysis, Methodology, Writing - original draft. Josiah L Kephart: Investigation, Data curation, Software, Project 
administration, Writing - review & editing. Kendra N Williams: Project administration, Investigation, Writing - review & editing. 
Lawrence H Moulton: Supervision, Formal analysis, Writing - review & editing. Kyle Steenland: Supervision, Funding acquisition, 
Writing - review & editing. William Checkley: Funding acquisition, Supervision, Resources, Writing - review & editing. Kirsten 
Koehler: Funding acquisition, Supervision, Resources, Conceptualization, Writing - review & editing
**Cardiopulmonary outcomes and Household Air Pollution (CHAP) trial Investigators Steering Committee: William Checkley 
MD PhD (Johns Hopkins University, Baltimore, MD, USA), Gustavo F Gonzales MD (Universidad Peruana Cayetano Heredia, Lima, 
Peru), Luke Naeher PhD (University of Georgia, Athens, GA, USA), Joshua Rosenthal PhD (National Institutes of Health, Bethesda, 
MD, USA), N Kyle Steenland PhD (Emory University, Atlanta, Georgia, USA). Johns Hopkins University Investigators: Theresa 
Aguilar, Vanessa Burrowes PhD, Magdalena Fandiño-Del-Rio PhD, Elizabeth C Fung MSPH, Dina Goodman MSPH, Steven A 
Harvey PhD, Phabiola Herrera MD, Josiah L Kephart PhD, Kirsten Koehler PhD, Alexander Lee, Kathryn A Lee MPH, Catherine H 
Miele MD MPH, Mitra Moazzami MSPH, Lawrence Moulton PhD, Saachi Nangia, Laura Nicolaou PhD, Carolyn O’Brien MSPH, 
Suzanne Simkovich MD MS, Timothy Shade, Lena Stashko MSPH, Ariadne Villegas-Gomez MSPH, Kendra N Williams PhD, 
Abigail Winiker MSPH. Asociación Benéfica PRISMA Investigators: Marilu Chiang MD MPH, Gary Malpartida, Carla Tarazona-
Meza MPH. Washington University Investigators: Victor Davila-Roman MD, Lisa de las Fuentes MD. Emory University 
Investigators: Dana Barr Boyd PhD, Maria Jolly MSPH, Angela Rozo. RTI International: Ryan Chartier, PhD.
*Joint last authors

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Ethical approval and consent
The trial received approval by Johns Hopkins School of Public Health Institutional Review Board (IRB00007128), A.B. PRISMA 
Ethical Institutional Committee (CE2402.16), and Universidad Peruana Cayetano Heredia Institutional Review Board (SIDISI 66780). 
We requested verbal consent to participate from all participants at time of enrollment.

HHS Public Access
Author manuscript
Environ Res. Author manuscript; available in PMC 2021 December 01.

Published in final edited form as:
Environ Res. 2020 December ; 191: 110028. doi:10.1016/j.envres.2020.110028.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



e)Department of Environmental Health, Rollins School of Public Health, Emory University, Atlanta, 
GA, 30322, USA.

Abstract

Background: Household air pollution (HAP) from combustion of biomass fuel, such as wood 

and animal dung, is among the leading environmental risk factors for preventable disease. Close to 

half of the world’s population relies on biomass cookstoves for their daily cooking needs. 

Understanding factors that affect HAP can inform measures to maximize the effectiveness of 

cookstove interventions in a cost-effective manner. However, the impact of kitchen and household 

characteristics, as well as the presence of secondary stoves, on HAP concentrations is poorly 

understood in Puno, Peru.

Objective: To explore how household characteristics explain variability of kitchen area 

concentrations and personal exposures to CO, PM2.5 and BC from biomass cookstoves among 

women in rural Peru.

Methods: Household characteristics (including kitchen materials and layout, wealth, and cooking 

behaviors) and HAP measurements were collected from 180 households in Puno, Peru, from 

baseline measurements of a randomized trial. Kitchen area concentrations and personal exposures 

to carbon monoxide (CO), fine particulate matter (PM2.5) and black carbon (BC) were sampled for 

48 hours. We implemented simple and multivariable linear regression models to determine the 

associations between household characteristics and both kitchen area concentration and personal 

exposure to each pollutant.

Results: Mean daily kitchen area concentrations and personal exposures to HAP were, on 

average, 48 times above World Health Organization indoor guidelines for PM2.5. We found that 

roof type explained the most variability in HAP and was strongly associated with both kitchen area 

concentrations and personal exposures for all pollutants after adjusting for other household 

variables. Personal exposures were 27% to 36% lower for PM2.5, CO and BC, in households with 

corrugated metal roofs, compared to roofs made of natural materials (straw, totora or reed) after 

adjusting for other factors. Higher kitchen area concentrations were also associated with less 

wealth, owning more animals, or sampling during the dry season in multivariable models. Having 

a liquefied petroleum gas (LPG) stove and having a chimney were associated with lower personal 

exposures, but were not associated with kitchen area concentrations. Personal exposures were 

lower by 21% for PM2.5 and 28% for CO and BC concentrations among participants who had both 

LPG and biomass stoves compared to those with only biomass cookstoves adjusting for other 

household factors.

Conclusions: Characterizing HAP within different settings can help identify effective and 

culturally-relevant solutions to reduce HAP exposures. We found that housing roof type is strongly 

related to kitchen area concentrations and personal exposures to HAP, perhaps because of greater 

ventilation in kitchens with metal roofs compared to those with thatch roofs. Although HAP 

concentrations remained above guidelines for all households, promoting use of metal roof 

materials and LPG stoves may be actionable interventions that can help reduce exposures to HAP 

in high-altitude rural Peru and similar settings.
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1. Introduction

Household air pollution (HAP) from the combustion of biomass fuels (typically wood, 

animal dung, and agricultural crop waste) is among the leading environmental risk factors 

for preventable disease (Bruce et al., 2000; Cohen et al., 2017; Smith et al., 2014; World 

Health Organization, 2009). Close to half of the world’s population, mostly from low- and 

middle-income countries (LMICs), rely on biomass cookstoves for their daily cooking needs 

(Bonjour et al., 2013; Yadama, 2013). Exposure to HAP was estimated to be responsible for 

1.6 million deaths in 2017 (Stanaway et al., 2018). HAP is known to contribute to lower 

respiratory infections, chronic respiratory disease, cardiovascular disease, and cancer, and is 

a leading risk factor for childhood pneumonia and low birthweight (Fullerton et al., 2008; 

Gordon et al., 2014; Miller et al., 2007; Sana et al., 2018).

The incomplete combustion of biomass fuels produces a wide range of gas and particulate 

pollutants. The most commonly measured pollutants from HAP are carbon monoxide (CO) 

and particulate matter (PM) (Pope et al., 2017; Quansah et al., 2017; Thomas et al., 2015). 

Fine PM consists of particles smaller than 2.5 micrometers in aerodynamic diameter 

(PM2.5), which are small enough to penetrate deep in the respiratory tract and reach the 

alveoli (Kulkarni et al., 2005; Xing et al., 2016). CO and PM2.5 from ambient air pollution 

have been strongly associated with increased risk of cardiopulmonary-related morbidity and 

mortality in adults and children (Beelen et al., 2014; Brook et al., 2010, 2004, 2002; Chan et 

al., 2015; Gold and Samet, 2013; Krewski et al., 2009; Miller et al., 2007; Mustafic et al., 

2012; Newby et al., 2015; O’Neill et al., 2005; Pope et al., 2009, 2004; Rundell et al., 2007; 

World Health Organization, 2010). Black carbon (BC), one of the main constituents of 

combustion generated PM2.5, has been identified to play an important role in cardiovascular 

disease development (Kelly and Fussell, 2012; World Health Organization, 2012).

Understanding how different household characteristics impact indoor concentrations can 

inform measures to maximize the effectiveness of cookstove interventions in a cost-effective 

manner. Kitchen design and structure can affect ventilation, while different biomass fuels 

produce varying relative concentrations of specific pollutants. According to recent reviews 

and a WHO database, kitchen area 24-hr average PM2.5 concentrations range from 200 to 

3,000 μg/m3 in households that use biomass in LMICs (Balakrishnan et al., 2014; Pope et 

al., 2017; Shupler et al., 2018). Households that use animal dung as the primary biomass 

fuel tend to have higher concentrations than households that use wood (Shupler et al., 2018). 

However, the relationship between household characteristics and HAP concentrations can 

also vary widely across different settings (Balakrishnan et al., 2013; Clark et al., 2010; 

Klasen et al., 2015). For example, a study that looked at improved and traditional biomass 

cookstoves in Honduras found that the presence of windows was most strongly associated 

with lower kitchen area HAP (Clark et al., 2010). In contrast, a previous study in Puno, Peru 

found that the number of windows, presence of chimney, or outdoor concentrations had no 
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influence on indoor HAP concentrations in rural households (Pollard et al., 2014). 

Additionally, the authors acknowledged that chimney designs varied considerably across 

households, suggesting the need to include an additional category for chimney type.

Little is known about the impact of household characteristics on personal exposure, which 

may be more relevant when identifying relationships with health outcomes than area 

concentrations, particularly in regions where stoves are often left unattended (Clark et al., 

2013; Northcross et al., 2015). Furthermore, recent governmental programs have contributed 

to an increase in co-ownership of liquefied petroleum gas (LPG) stoves among biomass 

users (Pollard et al., 2018) in the Puno region. Understanding household characteristics 

associated with HAP exposures among biomass users, as well as the impact of owning an 

LPG stove on HAP concentrations, is essential to develop and maximize the effectiveness of 

interventions to reduce HAP.

To address these gaps, we performed a detailed exposure assessment of PM2.5, CO, and BC 

to evaluate the influence of household characteristics on HAP exposures in Puno, Peru. We 

explored how household characteristics explain variability of kitchen area concentrations 

and personal exposures to CO, PM2.5 and BC from cookstoves in rural Peruvian households. 

We attempted to identify kitchen and participant characteristics that are common, culturally 

relevant, and could be targeted to reduce HAP.

2. Materials and Methods

2.1. Study settings and design

The data in this paper were collected as part of the baseline measurements for an ongoing 

biomass-to-LPG individually randomized, open-label controlled field trial (Fandiño-Del-Rio 

et al., 2017). HAP measurements were collected in rural communities surrounding the city 

of Puno, located around Lake Titicaca at 3,825 meters above sea level. Enrolled participants 

used traditional biomass-burning cookstoves for cooking daily. We enrolled 181 women 

aged 25–64 years. One participant withdrew from the study before completing follow-up 

evaluations of the main trial, which left a sample of 180 participants included in this study. 

Inclusion criteria included: being the primary cook of the household, using biomass fuels 

daily for cooking, and having the cooking area separate from the sleeping area (which is 

typical in the region). Each enrolled participant received a set of baseline, pre-intervention 

assessments that included one visit to measure 48-hour HAP measurements. Baseline 

assessments spanned 12 months, from February 2017 to February 2018, visiting 

approximately 15 participants each month. With approximately one third of samples taken 

during the rainy season (December, January, February, March). When we experienced issues 

with equipment and the sample was missing, we repeated sample collection when possible 

(limiting repetition for a household to no more than 2 attempts per household). During 

baseline visits we also collected basic socio-demographic information and observed 

household and kitchen characteristics. Additional information on enrollment and procedures 

has been previously published (Fandiño-Del-Rio et al., 2017).

We collected information on household characteristics relevant to HAP concentrations 

including number of permanently open windows, number of doors left permanently open, 
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kitchen roof and wall materials, number of people living in the household, trash burning 

activities, typical cooking durations, and number of dogs and pigs (based on formative 

research we identified that participants often cook for their pigs and dogs). We collected 

information regarding potential additional exposures, including the use of candles, smoking, 

and sweeping. We also asked if participants owned an LPG stove as a secondary stove and if 

they participated in the national government LPG subsidy program. The program, called the 

Fondo de Inclusion Social Energetico (FISE), aims to reduce use of solid fuels by 

subsidizing LPG fuel for low income Peruvian households (Pollard et al., 2018). We also 

collected information about stove ventilation and type of chimney. We incorporated basic 

socioeconomic status indicators including income, education level and a wealth indicator 

wherein participants are placed in a wealth quintile relative to a representative sample of the 

Peruvian population. Participants in our study were assigned a score based on asset 

ownership and were grouped into one of the five national wealth quintiles depending on their 

total score. Additional information on the estimation of wealth quintiles has been previously 

published (Kephart et al., 2020).

2.2. Household air pollution measurements

We assessed HAP exposure by measuring kitchen concentrations and personal exposures 

over a 48-hour period. Kitchen concentrations were measured using PM2.5 and CO monitors 

located approximately one meter from the combustion zone of the traditional stove, 1.5 

meters from the floor (representing the breathing zone), and at least one meter from doors 

and windows (when possible). Personal exposure was measured by placing a PM2.5 and CO 

monitor near each participant’s breathing zone in an adapted apron (commonly used by 

women in the study site) provided to the participants (Figure 1). Women were encouraged to 

wear the aprons throughout the duration of the sampling period and to keep the apron close 

by when sleeping or bathing. Direct-reading measures of both PM2.5 and CO were logged at 

1-minute intervals. BC concentrations were later measured from the gravimetric samples 

collected on PM2.5 filters.

We collected gravimetric and nephelometric PM2.5 mass concentration using the ECM, an 

active, direct-reading aerosol monitor (RTI Inc., Research Triangle Park, NC, USA). The 

ECM has a light-scattering laser for continuous-time nephelometric assessment of PM2.5, a 

pump operating at 0.3 L/minute that collects PM2.5 on a filter for gravimetric analysis, and 

an accelerometer to detect movement. We calibrated the ECM pumps daily and measured 

flow rate after sample collection with a TSI 4100 flowmeter (TSI Incorporated 500 Cardigan 

Road Shoreview, MN, USA). The nephelometric concentrations were calibrated using the 

concurrently sampled gravimetric time-weighted average filter sample. Gravimetric PM2.5 

samples were collected on 15-mm Teflon filters with a 2-μm pore size (Measurement 

Technology Laboratories LLC, Minneapolis, MN, USA). Filters were pre-weighed and post-

weighed at the Johns Hopkins Bloomberg School of Public Health in a humidity and 

temperature-controlled laboratory using a MT5 microbalance (Mettler Toledo, Columbus, 

OH, USA). To estimate the total volume of air sampled we used the flow rate logged by the 

ECMs, however, if the logged inlet pressure of the ECM was greater than 15 cm H2O for 

≥10% of the time and the logged flow rate varied by more than ±3.5%, we used the average 

of the before and after sampling flow rates. We operated ECMs using duty cycles in order to 
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avoid overloading the filters due to the high PM2.5 concentrations observed. These duty 

cycles operate the ECM pump at regular intervals. ECMs used for personal exposure 

samples operated for 30 consecutive seconds out of every 1-minute and devices for kitchen 

samples operated for 20 consecutive seconds out of every 3-minute period.

Direct-reading concentrations of CO were measured with the EL-USB-CO data logger 

(Lascar Electronics, Erie, PA, USA). BC concentrations were determined measuring optical 

attenuation on the PM2.5 gravimetric samples collected on filters (a cumulative measure per 

sample), using a Magee OT21 Sootscan transmissometer (Magee Scientific, Berkeley, CA). 

Attenuation units were converted to mass using the calibration algorithm provided by the 

Sootscan manufacturer for Teflon filters using standard equations (Chow et al., 2010). To 

estimate concentration, we used the volume sampled from the ECM monitor, as described 

above.

Kitchen samples of PM2.5 and CO included 10% duplicates. In addition, all PM2.5 samples 

included 10% blanks and all reported concentrations were blank-corrected. High correlations 

were observed for duplicate samples for the baseline measurements (0.94 for CO and 0.95 

for BC and PM2.5, after excluding one outlier duplicate sample). The limits of detection 

(LOD) for BC and PM2.5 samples were estimated as three times the standard deviation of 

estimated mass from field blanks. All PM2.5 and BC samples with mass below the LOD 

were replaced by the LOD divided by the square root of two (Hornung and Reed, 1990). 

During the initial 6 months of the study the pre-weighed filters were loaded into the 

cassettes of the ECMs in the field site laboratory. For the remainder of the study, the filters 

were pre-loaded into individual ECM cassettes at the Johns Hopkins Bloomberg School of 

Public Health laboratory before being sent to the field site. Initially, the PM2.5 LOD was 

estimated to be 20 μg; after filter handling in the field laboratory was reduced, the LOD 

decreased to 9.8 μg. The LOD for BC was 1.4 μg throughout the study.

CO measurements were calibrated using correction factors derived by co-locating all CO 

monitors every 3–4 months in a sealed chamber. The monitors were exposed to clean air 

(nitrogen gas) and a known gas CO concentration of 100 ppm. Individual slopes and 

intercepts were estimated for each device and for each co-location timepoint to correct any 

existing drift on the devices. The LOD for the CO direct-reading instrument was estimated 

as three times the standard deviation of concentrations logged during the regular clean air 

calibration checks in the field; our estimate for CO LOD was 1 ppm. All direct-reading 

concentrations below the LOD were replaced by the LOD divided by the square root of two.

To provide context, we compared concentrations to WHO indoor guidelines (World Health 

Organization, 2010, 2006). The guideline used for CO in ppm (9.4 ppm) is based on 

temperature and pressure conditions representative of Puno (WHO guideline of 7 mg/m3 

was converted to ppm assuming 10°C and 0.62 atm). We us ed the 24-hour guideline for 

PM2.5 of 25 μg/m3. The WHO does not have a BC guideline.

2.3. Statistical methods

To ensure that each 24-hour period was representative (i.e. capturing a typical number of 

cooking events), we excluded samples for which the sample day had a duration less than 20 
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hours (4% of CO samples and 1% of PM2.5 samples) for each pollutant. We estimated 48-

hour mean concentrations as the mean of the two consecutive daily means for PM2.5 and CO 

when both sampling days had at least 20 hours of measurements. If the sample duration on 

the second day was less than 20 hours (total sample <44 hours), we used the initial 24-hours 

only. For BC, we estimated the integrated time-weighted average concentration from the 

time-integrated filter-based PM2.5 samples. We did not observe important differences in 

percent of awake time wearing the ECM monitors (differences<5%) comparing the first day 

to the second day of each sample. Most missing and short duration samples were due to 

battery issues with the CO and PM2.5 devices or technical issues with the device or the data 

download process (6% of CO samples and 1% of PM2.5 samples).

We fit single variable (univariate) and multivariable linear regression models to determine 

the association between household characteristics (explanatory variables) and each pollutant 

(CO, PM2.5, and BC; outcome variables) from both types of measurements (kitchen area 

concentrations and personal exposures). We used the log-transformed 48-hour average 

pollutant concentrations, which were highly skewed, to help meet linear regression 

assumptions. Our final exponentiated regression model coefficients represent the ratio of the 

geometric mean of the pollutant concentration in the specified category to that of the 

reference category. For example, a ratio of 1.1 translates to a 10% higher concentration and a 

value of 0.9 translates to a 10% lower concentration in pollutant concentration compared to 

the reference category.

Exploratory data analysis and single variable linear regression models were developed to 

make an initial selection of variables that might explain HAP variability. When evaluating 

single variable linear regression models, variables with a p-value less than 0.2 and partial 

correlation coefficients greater than 0.01 were included in the analysis. Among the variables 

selected we included rainy season (December, January, February, March) as a binary 

variable given its potential influence on availability of dry fuel. We included a binary 

indicator variable to account for whether the sample was for a 24-hour vs. 48-hour sample 

duration, as described above. This allowed us to adjust for potential differences between 24-

hour and 48-hour samples. We assessed collinearity among all selected variables using 

variance inflation factors (Dupont, 2009). We excluded education level since it showed 

collinearity with the other variables selected, with variance inflation factors between 15 and 

30. Variance inflation factors were approximately 1 for all other variables incorporated. 

Categorical variables were also examined for their potential relationship with other variables 

(see list of variables excluded in Table 1 footnote).

We developed multivariable linear regression models for each pollutant (CO, PM2.5, BC) 

and sample type (kitchen area, personal exposures) using a variable selection method. For 

each model (pollutant and sample type), we selected the group of variables (household 

characteristics) that were consistently chosen by backwards and forward variable selection 

methods (Dupont, 2009), using a p-value of 0.1 as a criterion for variable inclusion and 

removal. This process was repeated for each pollutant to select the set of variables that best 

described the variability in the data; each model was allowed to have a different set of 

household characteristics as explanatory variables. In addition, as a sensitivity analysis, we 

estimated the Akaike information criterion using a forward and backward variable selection 
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method (AIC; using it as a criterion to compare models) (Wagenmakers and Farrell, 2004). 

All data analyses were conducted with MATLAB (The MathWorks, Inc., Natick, MA) and 

STATA (StataCorp., College Station, TX). Forest plots are used to summarize multivariable 

linear regression results (Clark and Djulbegovic, 2001).

3. Results

3.1. Household air pollutant kitchen area concentrations and personal exposures

We collected HAP samples in 180 households. Mean kitchen area 48-hour CO 

concentrations were 52 ppm (inter quartile range, IQR: 45–59 ppm), five times greater than 

the WHO indoor 24-hour guideline (9.4 ppm). Average daily kitchen area PM2.5 

concentrations were 1,205 μg/m3 (422–1,824 μg/m3), approximately 50 times the WHO 

indoor daily guideline (25 μg/m3) and more than 15 times the most flexible interim WHO 

target of 75 μg/m3. Mean kitchen area BC concentration were 171 μg/m3 (84–282 μg/m3), 

which represents 16% of the estimated PM2.5 mass, on average (Figure 2).

Mean 48-hour personal exposures to CO were 6.9 ppm (IQR: 5.6 −8.2 ppm). Daily average 

personal exposures to PM2.5 were 115 μg/m3 (40–130 μg/m3), which is 5 times the WHO 

daily guideline. BC personal exposures were estimated to be, on average, 16 μg/m3 (6–29 

μg/m3), which represents 17% of the estimated PM2.5 mass for personal exposure.

3.2. Household characteristics

We include variables that were associated with HAP in Table 1. All 180 households reported 

dung as their primary fuel and 42% of homes reported additionally using wood. Most 

households (73%) reported owning an LPG stove as a secondary stove for cooking (Figure 3 

shows examples of different types of LPG stoves observed). We identified that for those 

households without a chimney, participants frequently positioned the stoves in a recessed 

area in the kitchen, which has an opening for the smoke to escape but does not directly 

funnel smoke from the stove (Figure 4A–B). This recessed structure was previously 

observed although not included in previous analyses within this setting (Pollard et al., 2014). 

Eleven percent of participants (19 households) had chimneys (Figure 4C–D includes 

examples of the types of chimneys observed) over their traditional stove and half of 

participants (91) had the stove in a recessed area with a simple opening in the roof (Figure 

4A–B). Most of the households reported having electricity in their homes and using it as the 

primary method used for lighting the home (97%). All households had only one door and 

17% reported leaving it permanently open. Most participants (82%) burn trash at home and 

only 3% reported sleeping in the kitchen.

3.3. Household characteristics associated with concentrations and exposures

We found strong associations between kitchen area HAP concentrations and the following 

characteristics: roof type, rainy season and wealth quintile in multivariable models. Variables 

that were associated with HAP personal exposure, after controlling for other household 

variables, included: having an LPG stove in addition to the traditional biomass stove, 

number of bedrooms, roof type, stove ventilation, and sample duration (24-hours versus 48-

hours). The final multivariable models explained 14% of PM2.5, 24% of CO and 27% of BC 
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kitchen concentration variability (21%, 6%, and 17% variability of personal exposures, 

respectively).

The kitchen characteristic that was consistently and significantly associated with HAP in the 

kitchen area and personal exposures was roof type. The associations were robust when 

controlling for other variables in the multivariable models for all pollutants. The effect of 

roof type was much larger than the effect of wealth quintile, which incorporates roof type in 

addition to the possession of other household materials related to higher wealth. The type of 

roof explained the most variability among univariate models for kitchen area PM2.5 (12%; 

Table S1) and CO (16%). We found that corrugated metal roof kitchens were significantly 

associated with lower kitchen concentrations and personal exposures for all pollutants 

compared to having roof of natural materials (straw, totora or reed). Concentrations in the 

kitchen were 50%, 58% and 37% lower for PM2.5, CO and BC, respectively, for corrugated 

metal roof kitchens compared to natural fiber roofs after adjusting for other household 

variables (Figure 5). Personal exposures were 27%, 27% and 36% lower for PM2.5, CO and 

BC, respectively, in households with corrugated metal roofs compared to natural roof 

material after adjusting for other household variables (Figure 6).

The relationship of wealth to kitchen area concentrations was strong (showing concentration 

reductions for PM2.5 and CO of 45%, for the third quintile compared to the lowest quintile, 

and reductions of approximately 30% for the second quintile compared to the lowest quintile 

after adjusting for other household variables; Figure 5). Wealth was only associated with 

personal exposures for CO in multivariable models, having a similar impact to that of the 

kitchen area model for CO (reduction of 22% and 51% among those in the 2nd and 3rd 

quintiles, respectively, compared to the first quintile, indicating the least wealth; Figure 6) 

but not showing significance for particulate pollutants.

Owning an LPG stove in addition to a biomass cookstove did not impact kitchen area 

concentrations, but it did have an impact on personal exposures. Concentrations were lower 

by 21% for PM2.5 and 28% for CO and BC concentrations when participants reported 

having an LPG stove in multivariable models (Figure 6). In the kitchen area, the use of wood 

(in addition to dung used by all participants) was generally associated with reduced 

concentrations in univariate models of all pollutants and was a robust variable explaining 

variability in the multivariate model for BC.

Better stove ventilation was associated with a reduction of personal exposures, particularly 

for PM2.5 and BC in multivariable models (Figure 6). Concentrations in households with a 

chimney were 35% and 40% lower for PM2.5 and BC, respectively, compared to households 

with no stove ventilation. Having the stove in a recessed area did not significantly impact 

any of the pollutants measured (p-values>0.1). The physical structure of the home also 

influenced personal exposures. Having additional bedrooms reduced personal exposures of 

PM2.5 (−20% for every additional bedroom) in multivariable models. The number of open 

widows was associated with a slightly higher kitchen area concentrations (20% for PM2.5 

and BC for each additional window) after controlling for other household variables.
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Samples taken during the rainy season (December, January, February, March) had lower 

kitchen area concentrations compared to samples not taken during that season (Figure 6). 

Number of open windows and having pigs and dogs was associated with a slight increase in 

kitchen area concentrations (Table S1) although these variables contributed very little (< 3%) 

to explaining kitchen area concentration variability. Results of the single variable linear 

regression models along with the multivariable linear regression models are shown in Table 

S1 (kitchen area concentrations) and Table S2 (personal exposures).

4. Discussion

We found that the kitchen area concentrations of HAP were twice as high in households with 

natural roof material as opposed to households with corrugated metal roofs. When visiting 

participant homes, we observed that the natural straw or totora roof materials leave less 

space between the walls and the roof for smoke to leak out of the home compared to 

corrugated metal roofs, likely resulting in reduced ventilation for natural materials roofs 

(Figure S1). In addition, we observed more soot accumulation in the natural roof materials 

compared to corrugated metal roofs, possibly further reducing ventilation. In households 

with a corrugated metal roof type, participants had on average between 30% to 40% lower 

personal exposures compared to other households, after controlling for other household 

characteristics (including wealth, for CO). These reductions are comparable to what has 

been achieved for some improved stove interventions such as stoves with chimneys (Pope et 

al., 2017), although such concentrations are substantially above WHO guidelines (Clark et 

al., 2013; Pope et al., 2017; Thomas et al., 2015).

It is possible that the type of thatch roofs and the way they are built in this region are 

particularly good at insulating the kitchens. Several kitchen roofs are made of a type of reed 

called totora that grows in the Titicaca lake and that local communities often use to build 

boats and floating islands. This material has been shown to have unique insulating and water 

proof properties making it comparable to industrial materials (Aza et al., 2017; Fernando 

Hidalgo-Cordero and García-Navarro, 2017).

Although we did not find that having an LPG stove as a secondary stove impacted kitchen 

area concentrations, it did have an impact on personal exposures. We observed reductions of 

almost 30% in personal exposures among households with an LPG stove compared to no 

LPG stove. These reductions were consistent for all pollutants (PM2.5, CO and BC) after 

adjusting for other household variables. A previous paper describing the successes and 

challenges of the government program to promote the use of LPG stoves in Puno (Pollard et 

al., 2018) concluded that less than 5% of beneficiaries reported exclusively using LPG 

stoves, likely because the quantity of fuel provided by the program is insufficient to meet 

cooking needs. That study also used data from a subset of 95 of our CHAP households and 

found a slight reduction in PM2.5 personal exposures among households participating in the 

program (Pollard et al., 2018). Rural communities in Puno that have an LPG stove do not 

show the reductions in HAP concentrations that may be expected from switching from 

biomass cookstoves to exclusive LPG stove use (Balakrishnan et al., 2014). Kitchen area 

HAP might not be impacted because the main cooking events are probably still being done 

with biomass cookstoves and were not replaced with LPG stoves. It is possible that the 
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reductions of personal exposures are detected because women move between the traditional 

and LPG stoves when cooking with both simultaneously. It is also possible that participants 

transition some cooking tasks to the LPG stove, though not enough to significantly impact 

HAP in the kitchen area. Interventions that impact personal exposures may have more 

meaningful impacts on health and should be prioritized.

Having more bedrooms was associated with lower PM2.5 personal exposures (approximately 

20% lower for each additional bedroom). This could be because the participants spend more 

time in those bedrooms when available and less time in the kitchen. Having more open 

windows in the kitchen was associated with a slight increase in kitchen area BC 

concentrations. We would have expected open windows would be associated with lower 

concentrations due to increased ventilation. However, it is possible that participants open the 

windows more often when more highly visible smoke is generated. Given the distance 

between households (Fandiño-Del-Rio et al., 2017) and the lack of other outdoor air 

pollution sources in the region (Pollard et al., 2014), we don’t expect that increased 

infiltration of ambient pollution explains this association. The number of windows was not 

associated with HAP in previous studies in this area (Pollard et al., 2014), however, in other 

locations, studies have found that windows were important in explaining concentration 

variability (Clark et al., 2010). Households in rural Puno are at high altitude and in a cold 

climate, therefore windows may not be a major source of ventilation.

Compared with previous measurements in rural households in the same area by Pollard et 

al., the PM2.5 concentrations measured in this study were much higher (Pollard et al., 2014). 

This difference might be explained by the differences in sampling methods. Pollard et al. 

selected a smaller sample of households and collected passive nephelometric measurements 

on most households. That study used a calibration curve developed with a mixture of urban 

and rural households to adjust the nephelometric measurements. In contrast, we were able to 

calibrate every individual sample using simultaneous nephelometric and gravimetric data for 

all of our samples since our monitors used active sampling (air is sampled using a pump). 

Passive sampling has been shown to underestimate concentrations and to have different 

biases for different types of aerosol mixtures (Thorpe and Walsh, 2007).

Contrary to our results, Pollard et al. found that hours spent cooking was related to HAP in 

Puno. However, Pollard et al. also included urban participants that use cleaner fuels more 

often compared to rural participants. Rural households in Puno showed little variability in 

hours spent cooking (as opposed to urban households in the area) limiting our ability to see 

an effect. Most of our participants reported cooking for about 3 to 4 hours each day; 

compared to urban households that reported a wider range in time spent cooking (from 1 to 

6 hours) (Pollard et al., 2014).

Household characteristics that provide ventilation and impact personal exposures can have 

different impacts on gases compared to particles. The presence of a chimney or having the 

stove in a recessed area explained variability of personal exposures for PM2.5 and BC but not 

CO. Households structures and air flow in and out of the kitchen might remove particles in a 

different way compared to gases given the mechanism by which they can interact with 

surfaces after being emitted. Particles have a tendency to impact and adhere to surfaces 
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much more than gases (Hinds, 1999). We observed thick layers of soot accumulation on 

kitchen walls and roofs of participants. Gases such as CO are less influenced by kitchen 

surfaces.

The presence of a chimney reduced personal exposures of PM2.5 and BC but did not impact 

kitchen area concentrations. This result was unexpected. However, we observed that the 

construction of chimneys varied widely between households and that they often had leaks 

and cracks that allowed the smoke to escape back to the kitchen, likely limiting their 

effectiveness.

We also observed some other variables that explained either kitchen or personal exposures 

but not both. For example, rainy season impacted CO and BC kitchen concentrations but not 

personal exposures. During rainy seasons there is less dry fuel available, potentially reducing 

the amount of fuel used for cooking. This, however, might not impact personal exposures 

since the behavior of participants and the amount of time they spend close to the stove 

attending the fire may remain unchanged.

Sample duration, on the other hand, impacted PM2.5 personal exposures but not kitchen area 

concentrations. Most personal samples reached 48-hour duration and only 10 samples were 

only 24-hour duration. These shorter duration samples included an outlier sample with a 

high concentration, in which is it possible the monitor was left in the kitchen for a prolonged 

period of time while not worn. This explains the higher mean concentration for the 24-hour 

samples compared to 48-hour samples. However, our results and overall conclusions do not 

change when we restrict the models to the 48-hour duration samples. We did not observe 

important differences among the 48-hour duration samples in wearing compliance when 

comparing the first and second day of the sample. We also did not observe any consistent 

trends in individual concentrations differences when comparing first and second day 

concentrations among samples with a 48-hour duration. Thus, 48-hour samples likely better 

represent the “typical” personal exposures better than 24-hour duration samples.

This study has many strengths. We collected household characteristics of 180 participants 

and were able to quantify the impact of these household characteristics on HAP. We 

collected 48-hour samples for most of our participants, which allowed us to estimate typical 

exposures in this setting. We were able to collect simultaneous active gravimetric samples 

and direct-reading continuous measurements for PM2.5, which allowed for better precision 

in calibrating each sample. We also identified the impact of different fuel types on HAP 

concentrations and personal exposures for the first time in rural Peru. In particular, we 

quantified the impact of having an LPG stove and the use of wood on HAP concentrations. 

Being able to incorporate personal exposures in our analysis allowed us to identify 

associations that had not been previously identified. We developed models for three different 

pollutants, which was important to identify the consistency of the associations.

This study was also subject to several limitations. The variables included in the analysis 

explained less than 30% of the total variability in HAP concentrations. We did not collect 

other variables that may have an important impact on HAP and emissions such as amount of 

fuel used by household, household dimensions, and detailed fuel characteristics. We 
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observed that participants use a mixture of fuels, therefore, we were not able to estimate the 

individual impact of different fuel types on HAP. We did not collect information regarding 

the size of the kitchens, chimney quality, roof quality, or roof age. The number of kitchens 

with chimneys was limited probably reducing our capacity to identify their potential impact 

on the pollutants measured. Even though samples were evenly spaced through an entire year 

of data collection, we would have been able to better estimate the impact of seasonality if 

each participant had received a baseline sample in both the rainy and dry seasons. However, 

we identified household characteristics that influenced personal exposures, which can be 

used in future studies or interventions to optimize interventions to reduce HAP exposures.

Despite identifying the impact of certain household characteristics on HAP, concentrations 

still remain substantially higher than WHO guidelines. When possible, cleaner fuel 

interventions such as exclusive use of LPG stoves should be prioritized. However, using 

LPG stoves non-exclusively, installing chimneys, and metal roofs types may reduce HAP 

personal exposures and be an actionable intervention in communities where the exclusive 

use of cleaner fuels such as LPG is not feasible. These actionable interventions identified 

could be used in conjunction with clean fuel interventions to promote ventilation in the 

kitchen, further reduce HAP, and reduce personal exposures.

5. Conclusions

Characterizing HAP in different settings can help identify culturally-relevant and effective 

local solutions to reduce HAP exposures. Improving kitchen ventilation, associated with 

having metal roof types and chimneys, and increasing use of LPG stoves could help reduce 

exposures to HAP in high-altitude rural Peru and similar settings where exclusive LPG stove 

use is not yet feasible. However, these measures in the absence of exclusive LPG use are 

unlikely to achieve the WHO guidelines for pollutant concentrations. Thus, efforts should 

continue to focus on promoting clean fuels in tandem with household modifications.
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Highlights:

• Kitchen concentrations in Puno were, on average, 48 times the PM2.5 

recommended levels.

• Kitchens with metal roofs had 50% lower PM2.5 compared to straw and reed 

roofs.

• Women who owned LPG stoves had 21% lower personal exposures to PM2.5.

• Personal exposures to PM2.5 were 35% lower in kitchens with a chimney.

• LPG stoves and ventilation provided by metal roofs reduce personal 

exposures to HAP.
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Figure 1. 
Personal exposure monitor placement on apron for household participants
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Figure 2. 
Baseline 48-hour mean kitchen area concentrations (K) and personal exposures (P) box plots 

for CO, PM2.5, and BC. Interquartile ranges of the box plots represent the 25th and the 75th 

percentiles of the 48-hr means for each group; the middle line of the box represents the 50th 

percentile; the circle represents the average of the group; the sample size is indicated under 

each box plot. The red lines represent the WHO indoor 24-hour guideline for CO (9.4 ppm) 

and PM2.5 (25 μg/m3). There is no WHO indoor guideline for BC. Acronyms: BC: black 

carbon; PM2.5: fine particulate matter; CO: carbon monoxide, WHO: World Health 

Organization.
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Figure 3. 
Examples of LPG stoves as secondary stoves for cooking used in the study area
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Figure 4. 
Examples of traditional stoves located in recessed areas in the kitchens of study participants 

(A, B) and chimneys used by study participants with traditional stoves (C, D).
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Figure 5. 
Forest plots of multivariable linear regression coefficients (with 95% confidence intervals) of 

the associations between household variables and kitchen area concentrations. Multivariable 

model results are shown in black with numeric coefficients and 95% CI; single variable 

regression coefficients are shown in lighter gray. Multivariable model covariates of each 

kitchen area pollutant: PM2.5 includes roof type, wealth quintile and number of open 

windows; CO covariates include roof type, wealth quintile, rainy season and number of pigs; 

BC covariates include: roof type, rainy season, use of wood, number of open windows, 

having dogs and samples with only the first 24 h. Each of the regression model estimates 

represents the ratio of the geometric mean on the pollutant compared to the reference 

category based on the final multivariable linear regression models. For example, a ratio of 

1.1 translates to 10% higher concentrations and a value of 0.9 translates in a 10% lower 

concentration compared to the reference category. Abbreviations: PM2.5: fine particulate 

matter; CO: carbon monoxide; BC: black carbon.
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Figure 6. 
Personal exposure forest plots of linear regression coefficient results of multivariable linear 

regression models of household variables (with 95% confidence intervals). Multivariable 

model results are shown in black with numeric coefficients and 95% CI; single variable 

regression coefficients are shown in lighter gray. Multivariable model covariates of each 

personal exposure pollutant: PM2.5 includes roof type, number of bedrooms, LPG stove, 

stove ventilation, kitchen with adjacent wall to the main residence, having dogs and samples 

with only the first 24 h; CO covariates include roof type, wealth quintile and LPG stove; BC 

covariates include: roof type, LPG stove, stove ventilation, kitchen with adjacent wall to the 

main residence, number of open windows and samples with only the first 24 h. Each of the 

regression model estimates represents the ratio of the geometric mean on the pollutant 

compared to the reference category based on the final multivariable linear regression models. 

For example, a ratio of 1.1 translates to 10% higher concentrations and a value of 0.9 

translates in a 10% lower concentration compared to the reference category. Abbreviations: 

PM2.5: fine particulate matter; CO: carbon monoxide; BC: black carbon.
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Table 1.

Baseline and household characteristics of study participants

Household characteristics Number (%)

Total number of participants 180 (100%)

Number of bedrooms

1 66 (37%)

2 89 (49%)

3 16 (9%)

4 9 (5%)

Kitchen roof material

 Corrugated metal roof 73 (41%)

 Natural: straw, totora, reed or similar 107 (59%)

Door or entrance in kitchen permanently open 31 (17%)

Windows permanently open

0 72 (40%)

1 26 (14%)

2 7 (4%)

5 2 (1%)

Burn trash at home* 147 (82%)

Ventilation over traditional stove

 Stove with no ventilation 70 (39%)

 Stove with chimney 19 (11%)

 Stove in recessed area 91 (51%)

Most common fuels used for cooking (can chose more than one)

 Cow dung 179 (99%)

 Wood 75 (42%)

Presence of secondary stove in addition to No other 48 (27%)

biomass stove LPG gas 132 (73%)

Electricity in household* 175 (97%)

Previously participated in FISE* 88 (49%)

Used FISE in last 3 months* 76 (42%)

Sleeps in the kitchen* 6 (3%)

Number of dogs

0 57 (32%)

1 92 (51%)

2 30 (17%)

3 1 (1%)

Number of pigs

0 74 (41%)

1 to 2 52 (29%)

3 to 5 49 (27%)

6 to 9 5 (3%)

Kitchen with adjacent walls with main yes adjacent 105 (58%)

residence not adjacent 75 (42%)
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Number of samples during rainy season* 62 (34%)

Participant characteristics Number (%) or Mean (SD)

Age (years) 48.3 (10.1)

BMI (kg/m2) 26.8 (4.2)

Average years of education 6.2 (3.3)

Highest level of education achieved

 Without education or preschool only 7 (4%)

 Primary 106 (59%)

 Secondary 67 (37%)

 Non-university superior or university 0 (0%)

Wealth Quintile

1 (lowest) 101 (56%)

2 69 (38%)

3 10 (6%)

4 and 5 (highest) 0 (0%)

Time cooking weekly (hours)

0 – 20 31 (17%)

20 – 30 137 (76%)

30 – 50 12 (7%)

*
Percentages shown are for “yes” response; the remainder of the percentage not shown are for “no” responses.

**
Other variables considered but not included in this table because they did not explain any of the variability or were not in any of the models 

include: wall material, floor material, number of entrances (permanently open and closed), number of windows (permanently open and closed), 
times cooking outside per week, number of household members, number of nights sleeping in kitchen per month, source of light (includes use of 
candles), years of education, hours cooking daily, and monthly income.
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