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Abstract

Background: Native Americans living in rural areas often rely upon wood stoves for home 

heating that can lead to elevated indoor concentrations of fine particulate matter (PM2.5). Wood 
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stove use is associated with adverse health outcomes, which can be a particular risk in vulnerable 

populations including older adults.

Objectives: We assessed the impact of portable air filtration units and educational approaches 

that incorporated elements of traditional knowledge on indoor and personal PM2.5 concentrations 

among rural, Native American elder households with wood stoves.

Methods: EldersAIR was a three-arm, pre-post randomized trial among rural households from 

the Navajo Nation and Nez Perce Tribe in the United States. We measured personal and indoor 

PM2.5 concentrations over 2-day sampling periods on up to four occasions across two consecutive 

winter seasons in elder participant homes. We assessed education and air filtration intervention 

efficacy using linear mixed models.

Results: Geometric mean indoor PM2.5 concentrations were 50.5 % lower (95 % confidence 

interval: −66.1, −27.8) in the air filtration arm versus placebo, with similar results for personal 

PM2.5. Indoor PM2.5 concentrations among education arm households were similar to placebo, 

although personal PM2.5 concentrations were 33.3 % lower for the education arm versus placebo 

(95 % confidence interval: −63.2, 21.1).

Significance: The strong partnership between academic and community partners helped 

facilitate a culturally acceptable approach to a clinical trial intervention within the study 

communities. Portable air filtration units can reduce indoor PM2.5 that originates from indoor 

wood stoves, and this finding was supported in this study. The educational intervention component 

was meaningful to the communities, but did not substantially impact indoor PM2.5 relative to 

placebo. However, there is evidence that the educational interventions reduced indoor PM2.5 in 

some subsets of the study households. More study is required to determine ways to optimize 

educational interventions within Native American communities.

Graphical Abstract
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1. Introduction

Wood fuel burning is a common practice for indoor heating in many rural areas of the 

United States (US) and can lead to high levels of indoor air pollution. Approximately 

13 million US homes burn wood fuel, often in old and inefficient wood stove models, 

as a primary or secondary heating source (EPA, 2013; U.S. Energy Information Agency, 

2015). Concentrations of indoor fine particulate matter (PM2.5; airborne particles <2.5 

μm in aerodynamic diameter) of 20 to 50 μg/m3 have previously been measured in 

wood stove households across rural areas of the US (Noonan et al., 2012a; Semmens et 

al., 2015; Singleton et al., 2017; Walker et al., 2021; Ward and Noonan, 2008). Such 

elevated concentrations of indoor air pollution have the potential to adversely impact health, 

particularly in vulnerable populations such as children, older adults, and those with pre-

existing health conditions (Sigsgaard et al., 2015).

Native Americans collectively experience among the most severe health disparities and 

environmental health concerns compared to other populations in the US (Barnes et al., 2010; 

Holm et al., 2010; MacDorman, 2011). In many rural areas of the US (including areas of the 

Nez Perce and Navajo Reservations), there are limited alternatives to burning wood for home 

heating. Many rural areas have no existing natural gas pipelines, and the costs of heating 

oil or other fossil fuels in rural areas make them impractical alternatives. Wood burning 

also has cultural and traditional relevance in many Native and rural areas. Evidence linking 

wood stove-generated PM2.5 with chronic respiratory conditions specifically in American 

Indian/Alaska Native (AI/AN) adults is lacking. However, the use of wood stoves for heating 

is common throughout both the Nez Perce and Navajo Reservations, and we have shown that 

indoor PM2.5 concentrations are elevated in these settings (Semmens et al., 2011; Walker 

et al., 2021; Ward et al., 2011). In addition to elevated indoor PM2.5 exposures, Native 

American communities suffer from higher than average prevalence of asthma (Rhodes et al., 

2004; Washington Department of Health, 2012) and mortality from influenza, pneumonia, 

and diabetes (Indian Health Service, 2013). Importantly, some of these co-morbidities are 

risk factors for chronic obstructive pulmonary disease (COPD) (de Marco et al., 2011) and 

may result in increased susceptibility to the health effects of PM2.5.

Higher-efficiency wood stove upgrade programs (i.e. “wood stove changeouts”) have been 

implemented in an effort to reduce wintertime ambient air pollution in communities with 

high wood stove use; however, wood stove upgrades are costly, difficult to implement on a 

large scale, and may not consistently lead to meaningful improvements in indoor air quality 

(Allen et al., 2009; Noonan et al., 2012a; Noonan et al., 2012b; Ward et al., 2011; Ward 

et al., 2010). In contrast, portable air filtration units and educational programs focused on 

best-burn practices may be more feasible for widespread distribution. Many, although not 

all, previous studies have found that portable air filters reduce indoor PM2.5 in homes heated 

with wood stoves (Allen et al., 2011; Cheek et al., 2020; Hart et al., 2011; Wheeler et al., 

2014). In a pre-post randomized trial our research group previously reported that wood stove 

homes with portable air filters had 66 % lower indoor PM2.5 compared to placebo homes 

with no air filter (McNamara et al., 2017; Ward et al., 2017). However, in a subsequent 

post-only study that assessed air filtration interventions in rural wood stove homes, we did 

not find meaningful differences in indoor PM2.5 in the intervention arm relative to control 
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(Walker et al., 2022). Educational best-burn practices have been recommended by the US 

Environmental Protection Agency (EPA) to reduce emissions from residential wood stoves 

(EPA, 2021). However, development and testing of educational strategies is limited, and 

there is no evidence in the context of randomized trials to indicate that such practices 

effectively reduce indoor PM2.5 in wood stove households (Walker et al., 2022). Further 

assessment of both air filtration and educational interventions in wood stove households is 

needed to inform community-based strategies for reducing indoor exposures to wood smoke.

To address these questions, two rural Native American communities were engaged in a 

program that included both a community-wide program and a randomized household-level 

intervention strategy. Each community had an existing wood delivery program primarily for 

elders that used wood stoves for heating. The communities were provided with additional 

resources to augment their ability to acquire, process, store and deliver high-quality, 

seasoned wood to homes. For the randomized, household-level trial, Residential Wood 

Smoke Interventions Improving Health in Native American Populations (EldersAIR), we 

introduced two intervention arms to improve indoor and personal concentrations of PM2.5 

among wood-burning homes. Reported here are the findings from this household-level 

randomized trial of educational and air filtration interventions in communities from the 

Navajo Nation (NN) and Nez Perce Tribe (NPT) in the Western US.

2. Methods

2.1. Study design and setting

EldersAIR was a randomized, placebo-controlled intervention trial among rural Native 

American households that used wood stoves as a primary heating source. The aims of 

the trial were to reduce indoor and personal concentrations of PM2.5 and improve health 

outcomes of blood pressure and pulmonary function tests among elders over 50 years of 

age. The three study treatment arms were assigned at the household level and included 

an educational intervention focused on best-burn practices (Education arm), a portable 

air filtration unit intervention (Filtration arm), and a placebo-controlled group (Placebo 

arm). Participation occurred across two consecutive winter seasons; interventions were 

implemented prior to the second winter of 8observation, following a pre-post design with 

baseline (Winter 1) and post-intervention (Winter 2) periods of observation. Participants 

were recruited over a 5-year study period (2014–2018), with households that began during 

the same winter season considered part of the same study cohort (Table 1).

2.2. Randomization and treatment arms

Treatment arm assignment was stratified on cohort (year of enrollment) nested within 

study area (NN and NPT). Randomization took place within blocks of three households 

in each stratum as households were enrolled. Intervention arms were similar to those used 

in a previous randomized trial of wood stove households (Noonan et al., 2019). Briefly, 

the Education arm households received a community-adapted educational intervention that 

included methods for optimally treating (i.e. drying) and burning wood fuel. Tools were 

provided to participants, including moisture meters to measure fuel moisture, fire starters 

to facilitate the rapid lighting of the fire, and wood stove thermometers to ensure that the 
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wood stoves were burning at optimal temperatures. For the purposes of this paper, the 

Education arm tools are combined and not evaluated separately. Additionally, participants 

watched short, culturally-relevant digital stories that were developed by our team prior to the 

post intervention winter (Winter 2). These short videos stressed the most important factors 

related to best-burn practices, including using low-moisture fuels and burning their wood 

stove at optimal temperatures. Filtration arm households received a portable air filtration 

unit (Filtrete FAP03 and FAP02, 3M Company, USA; Winix 5500 and 5300, Winix America 

Inc., USA) and were instructed to operate the unit continuously on the “high” setting 

in the same room as the wood stove. The Filtrete unit was chosen based on its ideal 

combination of price, availability, clean air delivery rate (CADR), and ratings for larger 

room sizes. However, production of the Filtrete unit was discontinued prior to completion 

of the EldersAIR study, so the Winix models were selected based on comparable price and 

CADR relative to the Filtrete unit (CADR for smoke = 197 and 232, respectively). Placebo 

households used a sham filtration unit (i.e. with no filter inside the unit) in the same room as 

the wood stove and were also instructed to leave the unit running continuously on the high 

setting. Study coordinators assessed the air filtration units during household visits to ensure 

they were turned on, running at the desired setting, and filters were replaced as needed (i.e. 

when the “change filter” light came on).

2.3. Recruitment, eligibility criteria, and informed consent

The EldersAIR study took place in rural parts of the Four Corners region of the US (Navajo 

Nation) and the Nez Perce Reservation in the US state of Idaho. Wood burning is common 

in both of these regions, particularly for heating purposes during winter months. We aimed 

to recruit 63 households per study area, or 21 households per treatment arm within each 

study area, for a total of 126 households. The target sample size was based on a combination 

of previous literature, power calculations, and feasibility following recommendations from 

community partners. Recruitment strategies varied by study area. NPT households were 

recruited from an existing NPT Senior Wood Delivery Program that was administered by 

the NPT Forestry and Fire Management Division with household eligibility determined by 

the Social Services Division. For the NN community, recruitment occurred through chapter 

houses, word of mouth, and through other community event forums. All households with 

a resident 50 years of age or older that used a wood stove as a primary heating source 

were considered for inclusion in the study. Based on community-informed input, households 

were not excluded from participation if a household member smoked tobacco products. 

Participants provided written informed consent prior to participation. Participants were also 

compensated for the time they spent performing study tasks and reimbursed for the cost 

of electricity to use the air filtration units. Following the study, all households received 

the educational tools and the air filtration units used in the Education and Filtration study 

arms. The EldersAIR study was approved by the University of Montana IRB, the Navajo 

Nation Human Research Review Board, and the Nez Perce Tribal Executive Committee. The 

EldersAIR trial is registered at ClinicalTrials.gov under trial number NCT02240069.

2.4. Exposure assessment

We measured continuous, real-time mass concentrations of PM2.5 over 2-day sampling 

periods at 60-second time intervals using light-scattering aerosol monitors (DustTrak 8530, 
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TSI, USA). Up to four of the 2-day sampling sessions were conducted at each household, 

with two sessions taking place during the pre-intervention (Baseline) winter and two 

sessions during the post-intervention winter. The DustTrak instruments were placed 1 to 1.5 

m above ground level in the same room as the wood stove in each household. Instruments 

were cleaned and zero calibrated according to manufacturer standards prior to each sampling 

event. Since the indoor PM2.5 sampling was conducted near the wood stoves in the 

participant households, our assumption was that wood smoke was the primary source of 

indoor PM2.5 during sampling. We used a source-specific wood smoke correction factor of 

1.65 that was developed specifically for DustTrak instruments collocated alongside reference 

monitors during wood smoke events (McNamara et al., 2011). Specifically, DustTrak PM2.5 

concentrations were divided by 1.65 prior to analysis. DustTraks were also collocated with 

a certified BAM 1020 Continuous Particulate Monitor (Met One Instruments, Inc., USA) to 

assess performance prior to field deployment and were factory calibrated as necessary.

In addition to indoor PM2.5 concentrations using the DustTrak, we measured personal 

PM2.5 concentrations for each study participant using a continuous personal PM2.5 monitor 

(MicroPEM v3.2, RTI International, USA). Personal PM2.5 sampling occurred for 48-hour 

periods during up to four household visits simultaneous to the indoor PM2.5 sampling. 

If there were multiple participants in a household, personal PM2.5 was sampled for each 

participant. Participants were instructed to wear the MicroPEM instruments near their 

breathing zone throughout the sampling period. An accelerometer (Zip, Fitbit, Inc., USA) 

was attached to each MicroPEM during sampling to track minutes of participant activity, 

steps, and distance walked per day while wearing the monitor.

DustTrak and MicroPEM PM2.5 data were assessed for quality by checking descriptive 

statistics (n, minimum [min], mean, standard deviation [sd], median, maximum [max]), gaps 

in sampling or missing observations, and by visually inspecting a time-series plot of the 

PM2.5 concentrations following each sampling session. Data from 45 DustTrak sampling 

sessions (9.6 %) were excluded from analysis due to apparent instrument malfunction that 

resulted in extremely high minimum values (n = 4), a large proportion of negative values (n 

= 4), or sampling sessions <80 % of the expected duration (n = 37). MicroPEM data from 

the NN study area were excluded from the analysis entirely due to consistent instrument 

malfunctions and missing data issues. For the NPT study area, MicroPEM data from 16 

sampling sessions (6.4 %) were excluded from analysis due to a large proportion of negative 

values (n = 7) or sampling sessions <80 % of the expected duration (n = 9).

2.5. Covariates

Study coordinators administered questionnaires to participants at the beginning of each 

winter season to collect information on demographic and household characteristics. 

Demographic characteristics included participant age, sex, race, ethnicity, education level, 

and household income. Household characteristics included number of levels in the home, 

size of the home (square meters), number of pets in the home, age of the home, and whether 

or not any residents smoked inside or outside the home. We used Kill A Watt devices 

(P3 International Corporation, USA) in each household to measure kilowatt use by the 
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air filtration units; measures of compliance were based on percent expected kilowatt use 

compared to laboratory tests for each filter unit/setting.

The overall quality of the wood stoves was assessed by participant-reported age of the 

stoves and whether or not the stove was an EPA certified model. We also implemented a 

wood stove quality grading method that has previously been utilized during wood stove 

studies in our group (Walker et al., 2021). An expert, independent wood stove consultant 

who was blinded to study site and intervention assignment assessed photos of a given 

household’s wood stove, stovepipe, chimney, and wood storage. Each stove was assigned 

a grade of high-, medium-, or low-quality based on the wood supply, the stove and 

chimney system, and the operation and maintenance of the stove. In addition, participants 

self-reported wood stove practices during a typical winter season, including primary wood 

collection method (i.e. purchase, harvest, or a local wood delivery program), the length 

of time they allowed the wood to dry prior to burning, and time since the chimney 

was last cleaned. Participants self-reported stove use during the PM2.5 sampling periods 

compared to a typical winter season (i.e. no burning, light burning, average burning, heavy 

burning). We also assessed stove use by placing temperature logging devices (iButton 

DS1921G, Thermochron, Australia or LogTag UTRIX-16, OnSolution, Australia) near the 

wood stoves to record temperature at 20-minute intervals during each winter of observation. 

We measured wood moisture content during household visits using a pin-type moisture 

meter (MMD4E, General Tools & Instruments LLC, USA).

2.6. Statistical analysis

Analysis was conducted using R version 4.0.4 (The R Foundation for Statistical Computing, 

Austria). We calculated descriptive statistics for continuous variables (n, mean, sd, min, 

median, max) and categorical variables (n, percentage of total) across all study households 

and separately for each treatment arm and study area. We averaged indoor concentrations of 

PM2.5 over the 2-day sampling periods, which were then used to calculate mean PM2.5 for 

each household per winter of observation.

We conducted the primary analysis with linear mixed models using the lme4 package (Bates 

et al., 2015). In the intent-to-treat (ITT) framework with indoor PM2.5 as the outcome 

of interest, we included a 3-level fixed term for treatment as the primary independent 

variable (levels = Placebo arm, Education arm, Filtration arm), a continuous fixed term 

for mean baseline (Winter 1) indoor PM2.5, and a nested random term to account for 

repeated measures (i.e. home:cohort:area). We used a similar model to assess differences 

in personal PM2.5 across treatment arms. The nested random term in the personal PM2.5 

model included participant ID to account for repeated measures within participant. In 

addition, since personal PM2.5 was only used from the NPT study area, the random nested 

term did not include study area (i.e. random term = participant:home:cohort). The ITT 

models utilized the study’s randomization and were not adjusted for potential confounding 

variables in the primary analyses. Sensitivity analyses were conducted that added potential 

confounding variables into the ITT models to assess the effectiveness of the randomization 

in controlling for confounding.
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We evaluated potential modification of the effect of treatment by participant and household 

characteristics by including interaction terms in the primary model. We assessed significance 

of the interaction terms using Type II Wald Chi-square tests. Model assumptions were 

evaluated in all analysis frameworks. Indoor and personal PM2.5 concentrations were 

natural-log transformed, and estimates are presented as percent difference in geometric mean 

PM2.5.

3. Results

A total of 144 households and 149 participants were enrolled in the EldersAIR study and 

completed a baseline household visit during Winter 1 of observation (Fig. 1). During Winter 

2 (post-intervention) 127 households and 131 participants remained enrolled in the study. 

Tables 1 and 2 highlight participant, household, and wood stove characteristics during 

Winter 1. A majority of the participants identified as female (70 %), AI/AN (97 %), and 

not Hispanic (97 %). Participants were 70 years of age on average and the majority reported 

having at least a high school education (Table 1). Study homes were generally single-level 

(89 %), and 61 % of participants reported a household income of less than $20,000 per year 

(Table 2). One third of the households had a resident who smoked tobacco products, and 8 

% said the resident(s) smoked while indoors (Table 2). In general, participant and household 

characteristics were balanced across treatment arms (Tables 1 and 2).

Concentrations of indoor and personal PM2.5 from pre- and post-intervention winters are 

presented in Table 3. Mean indoor PM2.5 during Winter 1 was 41.6 μg/m3 (sd = 59.9, min 

= 3.6, median = 23.6, max = 507.0), with small variations across treatment arms (Table 3). 

Baseline personal PM2.5 concentrations (from NPT participants only) were lower than the 

indoor PM2.5 concentrations, with a mean of 29.8 μg/m3 (sd = 48.7, min = 2.9, median 

= 15.7, max = 320.0). Personal PM2.5 also had some imbalance across treatment arms 

at baseline, with higher median concentrations measured among Placebo arm participants 

relative to measurements collected among Filtration and Education arm participants (Table 

3). Participants reported that over half of the wood stoves (56 %) were over 16 years old 

when the study began (Table 2). Using the wood stove grading system, 10 % of the stoves 

were graded as high-quality, with the majority being graded as either medium-quality (47 

%) or low-quality (32 %) (Table 2). In addition, 44 % of the households had cleaned the 

chimney within the past 6 months and 80 % of participants reported average or heavy 

burning in their wood stove during PM2.5 sampling relative to a typical winter period (Table 

2). Table S4 reports the number of households that had indoor PM2.5 concentrations higher 

than EPA National Ambient Air Quality Standards (NAAQS). At baseline (Winter 1), 36 % 

of households had mean indoor PM2.5 concentrations higher than the 24-hour standard of 35 

μg/m3. Percentages were similar during the post-intervention winter, as 32 % of households 

had mean indoor PM2.5 concentrations higher than 35 μg/m3.

Results from the primary analysis (Table 4) are presented as percent differences and 95 % 

confidence intervals (95%CI) in geometric mean PM2.5 compared to the Placebo treatment 

arm. Indoor PM2.5 concentrations were 50.5 % lower (95%CI: −66.1, −27.8) in Filtration 

arm households relative to Placebo arm households. Overall, there was no difference in 

indoor PM2.5 among Education arm households compared to Placebo arm households (−2.9 
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%; 95%CI: −33.6, 42.0). Results from sensitivity analyses were generally the same as those 

reported in the primary analysis framework (Fig. 2). Personal PM2.5 concentrations among 

NPT participants were 44.7 % lower (95%CI: −69.0, −1.2) in the Filtration arm and 33.3 % 

lower (95%CI: −63.2, 21.1) in the education arm compared to Placebo.

In Table 5, we present results from analyses that assessed effect modification. Intervention 

efficacy varied significantly by study area (p-value for interaction = 0.05). Specifically, 

relative to placebo, Filtration and Education arm households in the NPT study area had 

substantially lower indoor PM2.5; we did not observe similar improvements among treatment 

arm households in the NN study area. The effect of the treatments on indoor PM2.5 was 

also stronger among households that dried their wood fuel for 6+ months (vs <6 months; 

p-value for interaction = 0.11) and among households that utilized a wood delivery program 

as the primary collection method (vs purchasing or self-harvesting wood fuel; p-value for 

interaction = 0.02). For personal PM2.5, participants in a household with no reported tobacco 

smoking had substantially lower PM2.5 exposures in both the Education and Filtration arms 

(relative to Placebo) compared to participants in a household with a tobacco user (p-value 

for interaction = 0.08).

4. Discussion

We found that a portable air filtration intervention led to substantially lower indoor PM2.5 

concentrations (−50.5 %, 95%CI: −66.1, −27.8) relative to placebo in a randomized field 

trial among rural, Native American elder households in the US that used wood stoves for 

heating. The educational intervention of best-burn practices did not substantially reduce 

PM2.5 concentrations relative to placebo among all study households. However, there is 

evidence that the educational strategies were more effective among households from the 

NPT study area than the NN study area. While these interventions show promise in their 

ability to lower indoor air pollution exposures in wood stove households, several homes 

post-intervention continued to show PM2.5 concentrations above the daily NAAQS standard 

(13 % and 40 % of homes in the filter and education arms, respectively).

A review of studies that have implemented portable air filters found that indoor PM2.5 was 

reduced by 23 % to 92 % across a variety of indoor settings and study designs (Cheek et 

al., 2020). While many of these studies were attempting to lower indoor PM2.5 from ambient 

sources, air filtration units have also been effective in lowering indoor PM2.5 from indoor 

sources such as wood stoves. Although the designs of previous studies have varied from 

randomized crossover studies (Allen et al., 2011; Hart et al., 2011; Wheeler et al., 2014) to 

randomized controlled trials (Ward et al., 2017), air filtration interventions in most studies 

have reduced indoor PM2.5 concentrations in wood stove homes by 50 % or more. Similar 

to the EldersAIR study, the ARTIS study was a pre-post household-level randomized trial in 

wood stove homes and showed 66 % lower geometric mean PM2.5 concentrations (95%CI: 

−77, −50) among homes in the air filtration arm relative to placebo (Ward et al., 2017). 

However, a study (KidsAIR) recently completed by our research group found that air filters 

did not meaningfully reduce indoor PM2.5 concentrations among rural US households with 

wood stoves used as a primary heating source (Walker et al., 2022). Unlike EldersAIR, the 

KidsAIR study was a post-only randomized trial (i.e. no baseline/pre-intervention PM2.5 
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samples) due to the primary study outcome of childhood lower respiratory tract infection 

(LRTI) that decreases as children age. This post-only study design was appropriate when 

tracking LRTI over time (Mortimer et al., 2017; Smith et al., 2011), but baseline imbalance 

in PM2.5 concentrations across treatment arms – even with randomized treatment group 

assignment – may have impacted the KidsAIR results. Particularly in randomized studies 

with small sample sizes, it may be beneficial to collect baseline exposure measurements that 

can be incorporated into the analytical approach.

While there are multiple studies evaluating portable air filter interventions for lowering 

indoor PM2.5 concentrations within wood stove homes, there are limited studies of 

educational interventions of best burn practices. As mentioned, it is important to note that 

differences in PM2.5 in the EldersAIR education arm occurred among subgroups of the study 

households. The education intervention (relative to placebo) was more effective in reducing 

indoor PM2.5 among NPT households (34 % lower, 95%CI: −66, 28) than NN households 

(37 % higher, 95%CI: −26, 156). Similarly, personal PM2.5, which was only from the NPT 

study area, was 33 % lower (95%CI: −63, 21) in the education arm relative to placebo. Our 

team documented education delivery as part of our quality control procedures. However, 

given that education delivery was conducted by different study personnel, it is possible 

that the intervention did not have equal fidelity between the two study sites. The education 

programs also were adapted for specific communities. Such culturally-relevant adaptations 

included use of local language and, in particular, stories and experiences related to wood 

burning and health that were relevant to a given community (Walters et al., 2020). For 

example, in the NPT community a cultural leader shared the story of how fire came to the 

tribe in their oral histories of creation. The research team and NPT EldersAIR Community 

Advisory Board worked together to incorporate the fire creation story and the related symbol 

of the abalone shell into the videos that were part of the education intervention (Walters et 

al., 2020). Whether or not such community-specific adaptations accounted for the observed 

interaction effect between intervention and study site is unclear, but remains a possibility 

that would require further exploration in other communities.

The education intervention was also more effective among households that dried the wood 

fuel for >6 months prior to burning and among households that relied on the community 

wood delivery program as their primary wood collection method (Table 5), both practices 

which were more likely to be utilized in the NPT study area than the NN study area (Tables 

S1 and S2). This finding would be consistent with the hypothesis that dry wood fuel is one 

of the most important drivers of improved indoor air quality. If a home has dry wood fuel 

the education intervention has added value for improving indoor air quality, whereas the 

smoke generated from the use of wet wood may overwhelm any potential benefit from the 

education intervention. While the PM2.5 reductions in the NPT education arm were smaller 

than the reductions observed in the filtration arm, they may give an indication of potentially 

effective practices for further studies. Educational practices may also help augment other 

interventions (e.g. air filters or wood stove changeouts) when implemented together, which 

has been observed previously among NPT households that received supplemental education 

following a wood stove changeout intervention (Ward et al., 2011).
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We cannot rule out the possible impact of measurement error, confounding, and missing 

data/loss to follow-up on the results we have reported. The 2-day measurements of PM2.5 

may not accurately represent typical PM2.5 concentrations within the study homes. However, 

PM2.5 was sampled up to four times in each home over the course of the study (two times 

per winter), which gives us a better representation of typical indoor PM2.5 concentrations 

compared to many other studies which rely on proxies of exposure or a single sampling 

visit (Clark et al., 2013). Missing or lost data is also a potential issue with the PM2.5 

measurements, particularly with the personal PM2.5 data from the NN study area. While 

equal numbers of PM2.5 samples were collected across treatment arms (Fig. 1), there were 

some differences in indoor PM2.5 concentrations among those who missed Winter 2 versus 

those who did not (Table S3). Specifically, participants who missed Winter 2 (n = 18) had 

median baseline indoor PM2.5 of 18 μg/m3 compared to a median baseline indoor PM2.5 of 

24 μg/m3 for those who did not miss a study visit (n = 74). However, of the 18 participants 

who missed Winter 2, six were lost to follow-up prior to randomization to a treatment arm, 

two were in the Placebo arm, and five each were in the Education and Filtration arms; with 

such small sample sizes, it is difficult to make claims about missing data being related to 

treatment arm and potentially biasing results. Further, participants who missed any study 

visit (n = 72) had similar median indoor baseline PM2.5 compared to those who did not miss 

a visit (24 vs 23 μg/m3, respectively; Table S3). Overall, our retention of participants was 

excellent across the two winters of observation and missing PM2.5 data likely had minimal 

impact on our final results.

Confounding is a concern even in studies with randomized designs, although household 

and demographic characteristics were distributed relatively evenly across intervention arms 

(Tables 1 and 2), giving us reassurance that the randomization process accounted for both 

measured and unmeasured sources of confounding reasonably well. Further, results from 

sensitivity analyses that included potential confounders as covariates in the statistical models 

changed very little compared to the primary analysis results. Lastly, a potential weakness 

in our study is the relatively small geographic area where the research took place. Our 

results may not be generalizable to other wood stove users with different demographic, 

household, and wood stove use characteristics. However, our results are important for 

AI/AN communities that rely heavily on wood fuels and may be applicable to other similar 

populations across the US.

An important consideration in the discussion of our findings is the potential impact of 

ambient or outdoor air pollution on our results. It is unlikely that ambient air pollution 

was a confounding factor in our analysis due to the randomized nature of the study. Since 

households were randomized to treatment, ambient air pollution exposures were likely to 

be non-differential across treatment arms and have minimal impact on our results. However, 

there are other considerations related to the potential impact of ambient air pollution on our 

results. Some of the measured indoor PM2.5 concentrations we have reported were likely 

from ambient sources due to indoor/outdoor air exchange and ambient particle infiltration 

to the indoor environment. Similarly, some of the personal exposure measurements may be 

from ambient sources when the participants were outside their home. While air filtration 

units are known to effectively reduce indoor air pollution concentrations from various 

sources (Cheek et al., 2020), the educational intervention in EldersAIR was designed to 
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target wood stove exposures specifically. The educational intervention may have been 

less effective than the air filter intervention if ambient air pollution commonly infiltrated 

study households. This hypothesis is purely speculative without the ability to calculate 

air exchange or particle infiltration in the study households. In similar settings we have 

previously shown that infiltration efficiency was relatively low (0.27 [sd = 0.20]) (Semmens 

et al., 2015). Nevertheless, indoor air pollution exposures are complex and dynamic, 

and indoor and ambient sources of air pollution are difficult to disentangle. Intervention 

strategies that can reduce exposures to both sources, such as portable air filtration units, may 

be most beneficial at reducing indoor air pollution exposures. This application is particularly 

important given the increasing PM2.5 exposures experienced throughout the Western US due 

to wildfires (Burke et al., 2021).

5. Conclusions

Overall, it is encouraging that the tribal-academic partnership allowed for a successful 

multi-site randomized trial and that air filtration interventions reduced indoor PM2.5 by 50 % 

relative to placebo homes. However, it is important to note that indoor PM2.5 concentrations 

remained high even following the interventions (Table 3). These results, along with the 

potential impact of educational practices, particularly in the presence of a reliable source of 

dry wood fuel, show some promising direction for future studies to focus on multifaceted 

intervention strategies in indigenous homes with wood stoves. Our results provide further 

evidence that portable air filtration units can reduce indoor PM2.5 that originates from indoor 

sources such as wood stoves. Further investigation of education-based interventions adapted 

to different communities will be required to determine if such strategies could provide added 

benefit to filter-based interventions.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Intervention study facilitated strong academic/Native American community 

partnerships.

• Portable air filters reduced indoor fine particulate matter in wood stove 

homes.

• Educational strategies reduced indoor fine particulate matter in subsets of 

homes.

• More study is needed to optimize wood stove interventions in Native 

American homes.
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Fig. 1. 
Participant recruitment, enrollment, and retention.

n = number of homes or observations; NN = Navajo Nation study region; NPT = Nez Perce 

Tribe study region.
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Fig. 2. 
Primary model results with sensitivity analyses for outcome of indoor fine particulate matter. 

PM2.5 = fine particulate matter.

Figure is showing model estimates and 95 % confidence intervals reported as percent 

differences in geometric mean PM2.5.

Model descriptions:

Primary (n = 211): Outcome variable of indoor PM2.5; exposure variable of assigned 

treatment (Placebo, Education, Filter); model adjusted for baseline (Winter 1) outcome; 

model includes nested random term (home:cohort:area).

Filter Type (n = 209): Same as Primary model, but Filter treatment is divided into 2 filtration 

unit types (Large Filtrete [n = 7], Winix [n = 64]). At-home PM2.5 (n = 216): Same as 

Primary model, but outcome is indoor PM2.5 during self-reported period when participant 

was home; model includes nested random term (participant:home:cohort:area). Adjusted (n 

= 180): Primary model, plus covariates for education, smoking status, home square meters, 

wood stove burn-level, gender, chimney cleaning timeline, wood stove grade, participant 

age, and wood moisture content.
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Table 1

Participant characteristics at baseline (Winter 1).

All participants
(Total n = 149)

Placebo
(Total n = 47)

Filtration
(Total n = 47)

Education
(Total n = 49)

Participant sex

 Female, n (%) 105 (70) 31 (66) 33 (70) 36 (73)

 Male, n (%) 44 (30) 16 (34) 14 (30) 13 (27)

Participant race

 AI/AN, n (%) 144 (97) 47 (100) 43 (91) 48 (98)

 Asian, n (%) 1 (1) 0 (0) 1 (2) 0 (0)

 >1 race, n (%) 4 (3) 0 (0) 3 (6) 1 (2)

Participant ethnicity

 Hispanic, n (%) 5 (3) 1 (2) 1 (2) 3 (6)

 Not Hispanic, n (%) 144 (97) 46 (98) 46 (98) 46 (94)

Participant education

 <High school, n (%) 27 (18) 11 (23) 5 (11) 11 (22)

 High school, n (%) 46 (31) 13 (28) 16 (34) 13 (27)

 Some college, n (%) 52 (35) 17 (36) 18 (38) 15 (31)

 College degree, n (%) 24 (16) 6 (13) 8 (17) 10 (20)

Participant age (years)

 n 148 46 47 49

 mean (sd) 69.6 (9.2) 68.9 (8.7) 69.8 (9.5) 69.8 (9.3)

 min, median, max 51, 69, 98 52, 66, 93 55, 70, 98 51, 69, 89

Participant cohort (1st winter of participation)

 2014–2015, n (%) 12 (8) 4 (9) 4 (9) 4 (8)

 2015–2016, n (%) 25 (17) 8 (17) 8 (17) 9 (18)

 2016–2017, n (%) 38 (26) 11 (23) 13 (28) 13 (27)

 2017–2018, n (%) 43 (29) 14 (30) 13 (28) 13 (27)

 2018–2019, n (%) 31 (21) 10 (21) 9 (19) 10 (20)

n = number of homes or observations; sd = standard deviation; min = minimum; max = maximum; AI/AN = American Indian/Alaska Native.
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Table 2

Household and wood stove characteristics at baseline (Winter 1).

All households
(Total n = 144)

Placebo
(Total n = 45)

Filtration
(Total n = 46)

Education
(Total n = 47)

Levels in home

 1, n (%) 128 (89) 41 (91) 42 (91) 39 (83)

 2+, n (%) 16 (11) 4 (9) 4 (9) 8 (17)

Home square meters

 <111 (median), n (%) 78 (54) 21 (47) 27 (59) 27 (57)

 111+, n (%) 66 (46) 24 (53) 19 (41) 20 (43)

Household income

 Less than $20,000, n (%) 88 (61) 27 (60) 26 (57) 30 (64)

 $20,000–$39,999, n (%) 37 (26) 10 (22) 13 (28) 13 (28)

 $40,000+, n (%) 19 (13) 8 (18) 7 (15) 4 (9)

Year home was built

 <1981 (median), n (%) 75 (52) 25 (56) 22 (48) 26 (55)

 ≥1981, n (%) 69 (48) 20 (44) 24 (52) 21 (45)

Pets in home

 0, n (%) 80 (56) 25 (56) 29 (63) 23 (49)

 1, n (%) 25 (17) 7 (16) 9 (20) 6 (13)

 2+, n (%) 39 (27) 13 (29) 8 (17) 18 (38)

Household resident smokes

 Yes, n (%) 48 (33) 17 (38) 14 (30) 16 (34)

 No, n (%) 95 (66) 28 (62) 32 (70) 30 (64)

Household resident smokes inside

 Yes, n (%) 12 (8) 2 (4) 4 (9) 6 (13)

 No, n (%) 122 (85) 41 (91) 36 (78) 40 (85)

Age of stove

 <6 years, n (%) 26 (18) 10 (22) 7 (15) 7 (15)

 6 to 10 years, n (%) 27 (19) 9 (20) 11 (24) 7 (15)

 11 to 15 years, n (%) 11 (8) 3 (7) 4 (9) 4 (9)

 16+ years, n (%) 80 (56) 23 (51) 24 (52) 29 (62)

EPA certified stove

 Yes, n (%) 18 (13) 7 (16) 5 (11) 6 (13)

 No, n (%) 47 (33) 14 (31) 18 (39) 15 (32)

 Do not know, n (%) 79 (55) 24 (53) 23 (50) 26 (55)

Chimney last cleaned

 <6 months, n (%) 64 (44) 22 (49) 23 (50) 16 (34)

 6 to 12 months, n (%) 27 (19) 10 (22) 5 (11) 11 (23)

 12 to 18 months, n (%) 17 (12) 4 (9) 4 (9) 8 (17)

 18+ months, n (%) 36 (25) 9 (20) 14 (30) 12 (26)

Self-reported relative burn level during PM2.5 sampling
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All households
(Total n = 144)

Placebo
(Total n = 45)

Filtration
(Total n = 46)

Education
(Total n = 47)

 Light burning, n (%) 29 (20) 8 (18) 9 (20) 10 (21)

 Average burning, n (%) 86 (60) 25 (56) 31 (67) 27 (57)

 Heavy burning, n (%) 29 (20) 12 (27) 6 (13) 10 (21)

Primary wood collection method

 Harvest yourself, n (%) 36 (25) 14 (31) 10 (22) 11 (23)

 Purchase, n (%) 41 (28) 11 (24) 15 (33) 14 (30)

 Delivery program, n (%) 65 (45) 19 (42) 21 (46) 21 (45)

 Other, n (%) 2 (1) 1 (2) 0 (0) 1 (2)

Wood collection before burning

 <1 week, n (%) 20 (14) 5 (11) 6 (13) 9 (19)

 1 week to 1 month, n (%) 36 (25) 10 (22) 14 (30) 10 (21)

 1 to 3 months, n (%) 41 (28) 15 (33) 9 (20) 14 (30)

 3 to 6 months, n (%) 21 (15) 5 (11) 7 (15) 8 (17)

 6 months to 1 year, n (%) 14 (10) 8 (18) 4 (9) 2 (4)

 1 year+, n (%) 12 (8) 2 (4) 6 (13) 4 (9)

Wood stove grade

 High-quality, n (%) 14 (10) 3 (7) 4 (9) 6 (13)

 Medium-quality, n (%) 67 (47) 21 (47) 22 (48) 22 (47)

 Low-quality, n (%) 46 (32) 16 (36) 15 (33) 13 (28)

n = number of homes or observations; sd = standard deviation; min = minimum; max = maximum; PM2.5 = fine particulate matter; AI/AN = 

American Indian/Alaska Native; EPA = United States Environmental Protection Agency.
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Table 4

Primary results.

Estimate
b

(95 % CI)

Intent-to-treat framework, indoor PM2.5
a

 Primary model

  Placebo treatment (n = 68) Reference

  Education treatment (n = 70) −2.9 (−33.6, 42.0)

  Filtration treatment (n = 73) −50.5 (−66.1, −27.8)

Intent-to-treat framework, personal PM2.5
c

 Primary model

  Placebo treatment (n = 3s) Reference

  Education treatment (n = 37) −33.3 (−63.2, 21.1)

  Filtration treatment (n = 38) −44.7 (−69.0, −1.2)

PM2.5 = fine particulate matter; CI = confidence interval.

a
Model adjusted for baseline (Winter 1) outcome; model includes nested random term: home:cohort:area.

b
Estimate and 95 % Confidence Intervals reported as percent differences in geometric mean PM2.5.

c
Model only includes data from Nez PerceTribe study area; adjusted for baseline (Winter 1) outcome; model includes nested random term: 

participant:home:cohort.
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Table 5

Results from analyses assessing effect modification.

Estimate
b

(95 % CI)

p-value for interaction

Intent-to-treat framework, indoor PM2.5
a

 Navajo Nation homes 0.05

  Placebo (n = 35) Reference

  Education (n = 38) 37.4 (−26.4, 156.4)

  Filtration (n = 33) −23.7 (−60.3, 46.8)

 Nez Perce Tribe homes

  Placebo (n = 33) Reference

  Education (n = 32) −34.3 (−66.3, 28.3)

  Filtration (n = 40) −67.8 (−82.9, −39.4)

 Home square m < 110 0.90

  Placebo (n = 42) Reference

  Education (n = 34) 6.2 (−43.2, 93.6)

  Filtration (n = 42) −46.8 (−70.7, −3.1)

 Home square m 110+

  Placebo (n = 26) Reference

  Education (n = 36) −8.8 (−54.4, 82.2)

  Filtration (n = 31) −54.9 (−78.0, −7.5)

 Resident smokes (yes) 0.98

  Placebo (n = 21) Reference

  Education (n = 22) −6.2 (−58.5, 111.9)

  Filtration (n = 15) −47.0 (−78.3, 29.4)

 Resident smokes (no)

  Placebo (n = 47) Reference

  Education (n = 48) −3.2 (−44.1, −67.6)

  Filtration (n = 58) −49.8 (−70.5, −14.4)

 Burn level: none/light 0.44

  Placebo (n = 16) Reference

  Education (n = 17) 13.6 (−47.1, 143.8)

  Filtration (n = 15) −62.9 (−83.2, −17.9)

 Burn level: average

  Placebo (n = 42) Reference

  Education (n = 40) −12.4 (−48.8, 49.8)

  Filtration (n = 42) −47.4 (−69.4, −9.7)

 Burn level: heavy

  Placebo (n = 10) Reference

  Education (n = 12) 16.0 (−53.5, 189.0)

  Filtration (n = 16) −39.5 (−75.4, 48.9)
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Estimate
b

(95 % CI)

p-value for interaction

 Stove age 0 to 10 years 0.99

  Placebo (n = 31) Reference

  Education (n = 16) 1.4 (−55.7, 132.0)

  Filtration (n = 27) −49.9 (−76.0, 4.7)

 Stove 11+ years

  Placebo (n = 37) Reference

  Education (n = 54) −5.8 (−47.4, 68.8)

  Filtration (n = 46) −51.2 (−73.4, −10.8)

 Stove grade high quality 0.33

  Placebo (n = 1) Reference

  Education (n = 12) −51.6 (−96.0, 477.8)

  Filtration (n = 8) −87.2 (−99.0, 57.0)

 Stove grade med quality

  Placebo (n = 33) Reference

  Education (n = 32) 1.5 (−49.0, 102.0)

  Filtration (n = 32) −56.0 (−78.2, −11.2)

 Stove grade low quality

  Placebo (n = 24) Reference

  Education (n = 19) −17.5 (−65.8, 99.0)

  Filtration (n = 24) −30.1 (−69.5, 60.4)

 Wood collection prior to burning: 0.11

  <1 month

   Placebo (n = 25) Reference

   Education (n = 28) 43.4 (−31.8, 201.5)

   Filtration (n = 33) −45.1 (−73.0, 11.7)

  1 to 6 months

   Placebo (n = 28) Reference

   Education (n = 33) 9.2 (−44.0, 112.9)

   Filtration (n = 26) −40.0 (−71.4, 25.8)

  6+ months

   Placebo (n = 15) Reference

   Education (n = 9) −68.0 (−89.7, −0.1)

   Filtration (n = 14) −72.8 (−90.1, −25.5)

 Primary wood collection method: 0.02

  Self-harvested

   Placebo (n = 17) Reference

   Education (n = 20) 44.0 (−39.1, 240.5)

   Filtration (n = 13) −17.8 (−69.0, 117.7)

  Purchase

   Placebo (n = 18) Reference

   Education (n = 16) 40.1 (−43.2, 245.9)
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Estimate
b

(95 % CI)

p-value for interaction

   Filtration (n = 21) −42.7 (−75.1, 31.7)

  Wood delivery program

   Placebo (n = 33) Reference

   Education (n = 30) −35.1 (−66.6, 26.0)

   Filtration (n = 37) −68.6 (−83.3, −40.9)

Intent-to-treat framework, indoor PM2.5
c

 Participant age 50 to 68 0.56

  Placebo (n = 38) Reference

  Education (n = 31) −9.2 (−52.5, 73.8)

  Filtration (n = 36) −58.8 (−78.0, 22.9)

 Participant age 69+

  Placebo (n = 33) Reference

  Education (n = 38) 7.3 (−42.8, 101.3)

  Filtration (n = 39) −38.9 (−67.4, 14.7)

 Female participant 0.57

  Placebo (n = 48) Reference

  Education (n = 51) 12.3 (−35.0, 93.9)

  Filtration (n = 49) −49.9 (−71.2, −12.8)

 Male participant

  Placebo (n = 24) Reference

  Education (n = 20) −23.6 (−65.8, 70.8)

  Filtration (n = 26) −50.6 (−77.2, 7.0)

Intent-to-treat framework, personal 

PM2.5
d

 Home square m < 110 0.35

  Placebo (n = 17) Reference

  Education (n = 12) 4.3 (−66.8, 227.8)

  Filtration (n = 15) −51.8 (−82.9, 35.4)

 Home square m 110+

  Placebo (n = 18) Reference

  Education (n = 25) −41.2 (−76.8, 48.9)

  Filtration (n = 23) −36.2 (−75.3, 64.8)

 Resident smokes (yes) 0.08

  Placebo (n = 21) Reference

  Education (n = 20) −16.5 (−65.9, 104.2)

  Filtration (n = 16) 11.8 (−56.1, 184.9)

 Resident smokes (no)

  Placebo (n = 14) Reference

  Education (n = 17) −54.8 (−84.0, 27.3)

  Filtration (n = 22) −68.4 (−88.1, −15.9)
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Estimate
b

(95 % CI)

p-value for interaction

 Stove age 0 to 10 years 0.09

  Placebo (n = 11) Reference

  Education (n = 8) −21.0 (−80.7, 224.2)

  Filtration (n = 10) −76.6 (−93.8, −12.0)

 Stove 11+ years

  Placebo (n = 24) Reference

  Education (n = 29) −34.3 (−71.8, 53.0)

  Filtration (n = 28) −24.5 (−67.2, 73.9)

PM2.5 = fine particulate matter; CI = confidence interval; m = meter.

a
Model adjusted for baseline (Winter 1) outcome; model includes nested random term: home:cohort:area.

b
Estimate and 95 % Confidence Intervals reported as percent differences in geometric mean PM2.5.

c
Model adjusted for baseline (Winter 1) outcome; model includes nested random term: participant:home:cohort:area.

d
Model only includes data from Nez PerceTribe study area; adjusted for baseline (Winter 1) outcome; model includes nested random term: 

participant:home:cohort.
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