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Abstract

Use of wood for residential heating is regaining popularity in developed countries. Currently, over
11 million US homes are heated with a wood stove. Although wood stoves reduce heating costs,
wood smoke may adversely impact child health through the emission of gaseous and particulate
air pollutants. Our purpose is to raise awareness of this environmental health issue among
pediatricians.

To summarize the state of the science, we performed a narrative review of articles published in
PubMed and Web of Science. We identified 36 studies in developed countries that reported
associations of household wood stove use and/or community wood smoke exposure with pediatric
health outcomes. Studies primarily investigated respiratory outcomes, with no evaluation of
cardiometabolic or neurocognitive health. Studies found community wood smoke exposure to be
consistently associated with adverse pediatric respiratory health. Household wood stove use was
less consistently associated with respiratory outcomes. However, studies of household wood stoves
always relied on participant self-report of wood stove use, while studies of community wood
smoke generally assessed air pollution exposure directly and more precisely in larger study
populations. In most studies, important potential confounders, such as markers of socioeconomic
status, were unaccounted for and may have biased results. We conclude that studies with improved
exposure assessment, that measure and account for confounding, and that consider non-respiratory
outcomes are needed.

While awaiting additional data, pediatricians can refer patients to precautionary measures
recommended by the US Environmental Protection Agency (EPA) to mitigate exposure. These
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include replacing old appliances with EPA-certified stoves, properly maintaining the stove, and
using only dry, well-seasoned wood. In addition, several studies have shown mechanical air filters
to effectively reduce wood stove pollution exposure in affected homes and communities.

Introduction

Aiir pollution exposure is associated with respiratory disease, and children are particularly
vulnerable. As compared to adults, children’s lungs are still developing, and children inhale
a larger relative amount of air pollutants because of their smaller body size, higher
respiratory minute volume per unit body weight, and higher activity level.

In the US and other developed countries, air pollutants are primarily generated from sources
outside the home, such as traffic emissions and industrial processes. However, worldwide,
indoor cooking and heating appliances that burn solid fuels, such as wood, are a major
source of air pollution. Indoor air pollution is estimated to have caused 2.9 million deaths
globally in 2015.2 As people in the US currently spend the majority of their time indoors,3
sources of indoor air pollution are becoming a greater concern.

Wood was a common US home heating fuel before and through the first half of the 20th
century, but as fossil fuel infrastructure expanded following World War 11, utility gas and oil
gained popularity, and by 1970, wood was only used as a primary source of heat in 1% of
homes.# However, over the past 2 decades, given increasing energy prices and emphasis on
renewable fuel, a rising number of households have returned to wood heating.

Over 3 million children in the US are estimated to live in homes with lower air quality from
wood smoke.® Use of wood stoves is particularly prevalent in colder, largely rural, and
forested states (Fig 1). In Maine, for example, use of wood as a primary heat source
increased from 7% of households in 2005 to 13% in 2015 (Fig 2).6 In 2009, over 2 million
US households used wood as a primary heat fuel, and 8.8 million more as a supplemental
fuel.’

In 1988, the US Environmental Protection Agency (EPA) issued New Source Performance
Standards for residential wood heaters that established particulate emission limits for wood
stoves on the market; these standards were updated in 2015. However, 65% of wood stoves
in US homes are old, inefficient, and unregulated pre-1988 New Source Performance
Standards stoves.?

In the sections that follow, we discuss the type and magnitude of air pollutants emitted from
wood stoves commonly used in the US and other developed countries. We perform a
narrative review of the literature on household and community wood smoke exposure and
pediatric health. We describe EPA-recommended strategies to lower wood stove pollution
and present data on the efficacy of interventions to lower wood smoke exposure. Our
purpose is not to conduct a systematic review of epidemiologic studies of wood smoke
exposure and pediatric health, but rather to provide a perspective of the topic that will
increase awareness among pediatricians.

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2018 June 02.
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Wood Stoves as a Source of Air Pollution

When wood stoves burn fire-wood, combustion is incomplete, and stoves emit a mixture of
gaseous and particulate air pollutants. These gases include carbon monoxide, nitrogen
oxides, benzene, and aldehydes. Particulate matter in wood smoke is heterogeneous,
comprised of inorganic material (e.g., salts), organic carbon, and elemental carbon with
organic compounds, such as polycyclic aromatic hydrocarbons (PAHSs) and acids, condensed
on the surface. Particles are categorized based on size (e.g., PMyg is particulate matter <10
pum and PM 5 is particulate matter <2.5 pm in aerodynamic diameter), and wood smoke is
comprised primarily of the smallest particles, which have the greatest human health effects
because of their ability to reach the alveoli and distal airways.?

The type of wood and type, age, and condition of the wood stove impact the magnitude and
composition of air pollutants. For example, burning wet as compared to dry wood leads to
less complete combustion and thus higher emissions.8 Stoves that burn pellets, a newer fuel
made of compacted sawdust or wood waste, are thought to burn more efficiently and
produce a less toxic emission profile than stoves using raw wood, but the efficiency of these
appliances is dependent on installation and operation.19-12 Also, pre-1988 New Source
Performance Standards wood stoves have higher emissions because of poor combustion
conditions, including low burning temperature, air deficiency, and poor air-to-fuel mixing.10
PM, 5 emissions from pre-1988 New Source Performance Standards stoves are estimated at
15-30 g/h, while PM, 5 emissions from newer stoves are required to be <4.5 g/h.8 Thus,
older traditional wood stoves, particularly those burning wet wood, are likely to produce the
highest levels of air pollutants.

Air Pollution Within Wood-Burning Homes

Quantifying the magnitude of indoor air pollution from wood stoves is difficult because even
in households using similar stove models, pollutant concentrations can vary based on a
number of factors such as outdoor pollution that filters indoors, household size and
ventilation, type of wood, proper operation and maintenance of the stove, indoor
temperature, and duration of wood burning, which need to be considered in these studies.

Limited data suggest higher PAHs, benzene, and PM in tobacco-free homes with versus
without a wood stove.13-17 For example, in wood-burning homes in Sweden, median
concentration of benzo[a]pyrene, a PAH, was four times higher than in reference homes;13
and median weekly indoor benzene concentration was two times higher than the referents.14
Daily indoor PM1q sampling in Quebec City, Canada found that all samples >20 pg/m3 had
been collected in homes with a wood stove.1® Average daily PM, 5 concentration in Vermont
wood-burning homes was 24 pg/m3, while it was 18 pg/m?3 in non-wood burning homes.16
Similarly, average weekly PM, 5 concentration was 19 pg/m? in wood-burning versus 14
pg/m3 in non-wood burning homes in Onondaga County, NY.17 In the US and worldwide,
there are currently no indoor PM,, 5 standards. However, for context, the current EPA
National Ambient Air Quality Standard for outdoor air is <150 pug/m? daily for PM4q and
<35 ug/m3 daily and <12 pg/m3 annually for PM, 5.18 The World Health Organization
suggests a threshold of <50 pg/m?3 daily and <25 ug/m3 annually for PM;q and <25 pg/m3
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daily and <10 pg/m3 annually for PM5 5.1° Residential wood stove use may not only
increase air pollution inside the home, but can also influence wintertime ambient air quality
in wood-burning communities.

Air Pollution in Wood-Burning Communities

Wood stove use can be an important contributor to outdoor as well as indoor air pollution, in
communities in which wood burning is prevalent.®20 Particles generated during residential
wood burning escape the indoor environment via outside venting (i.e., chimney) and via
open windows and doors, and concentrate in a community’s airshed. The problem is
magnified in valleys prone to wintertime temperature inversions, in which cool, polluted air
is trapped near the ground under warmer air. For example, in rural Montana communities?!
and in Fairbanks, Alaska,?? residential wood smoke has been identified as a major source of
ambient pollution, contributing up to 80% of winter PM> 5. Wood smoke also contributes, to
a lesser degree, to air pollution in urban settings. Estimates from major US cities, such as
San Jose, CA, Atlanta, GA, and Seattle, WA, show that wood burning contributes between
10% and 30% of winter PM 5.20 As wood stove use may worsen the quality of both indoor
and outdoor air, wood smoke exposure is a potential public health threat in developed
countries, particularly for susceptible individuals such as children.

Other Sources of Air Pollution and Child Health

Although wood stoves worsen air quality in affected homes and communities, studies in
developed countries have historically focused on other widespread sources of air pollution in
relation to pediatric health. For example, traffic, which creates an air pollutant profile similar
to wood burning,23 has been consistently associated with greater childhood respiratory
morbidity,! including respiratory infections,24 asthma,2>-26 lower lung function,26:27 and
decreased lung growth.2% Recent literature has additionally linked traffic pollution to
childhood obesity,28 insulin resistance,2® and lower cognitive function.3C Higher in utero
exposure to traffic pollution is associated with lower birth weight.31 Although not specific to
pediatric health, the International Agency for Research on Cancer has classified outdoor PM
as carcinogenic to humans.32 Well-established associations between traffic pollution and
pediatric health risk suggests the importance of investigating health effects related to other
air pollution sources, such as wood stove use.

Wood Stove Pollution and Child Health: A Narrative Review of the Literature

Previous published reviews have examined the impact of wood burning in developed
countries on human health.?-10:33-36 However, these prior reviews, which concluded that
wood burning negatively affects respiratory and possibly cardiovascular outcomes, did not
specifically focus on pediatric health and did not target a clinical audience. Here, we
summarize studies that have investigated wood smoke pollution in developed countries in
relation to child health outcomes. We focus on wood smoke emissions from indoor
residential wood burning, although there is also literature on outdoor wood burning
emissions, for example, from forest fires and agricultural burning, in relation to child
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health.® Our aim is for pediatricians treating patients living in wood burning homes or
communities to be better informed in conversations with patients.

Review Methods

To review the literature on wood smoke exposure and child health in developed countries,
we searched PubMed and Web of Science databases from inception (1966 for PubMed and
1900 for Web of Science) to November 2016, by using the following search terms: ((wood
stove) OR (wood smoke) OR (wood heat) OR (wood burning)) AND ((child) OR (infant))
AND ((health) OR (symptoms)). We identified 333 papers. We examined titles and abstracts
to limit inclusion to English language, peer-reviewed studies assessing the health of children
<19 years of age in relation to household wood stove use and/or community wood smoke
from residential indoor burning. Based on these criteria, 97 papers remained for
consideration. We further excluded 61 studies in developing settings where wood is typically
used in conjunction with other biomass for both cooking and heating. We also excluded 9
studies that examined combined exposures (e.g., wood stove or fireplace, wood stove, or
coal burning) in developed countries, as emission profiles differ between appliances and type
of fuel. 1037 Finally, we excluded one study38 that presented preliminary findings of an
included study3? and another4? that did not specify the study location or the sample size of
the analysis. Thus, we identified 25 papers from the initial search. We identified 11
additional studies that met our review criteria from reference lists of (1) the 27 eligible
papers, (2) the 9 studies that examined combined exposures in developed countries, and (3)
prior reviews of wood smoke and human health.®10:33-36 Thys in total, we included 36
papers in this review.

We categorized the 36 studies as pertaining to household wood stove use (26 studies; Table
1) or community wood smoke (12 studies; Table 2), with 2 studies*142 included in both
categories. For each study, two authors (L.B.R. and A.F.F.) independently extracted data on
study location, design, follow-up duration, and effect estimates for key outcomes, as well as
restrictions, exclusions, and confounding variables. We summarize results below and
describe limitations of this set of studies and future directions for research.

Household Wood Stove Use and Child Health

The 26 studies of household wood stove use and child health39:41-65 (Table 1) were
published in 1984-2015. In that, 24 examined respiratory outcomes and 2 examined
oncologic outcomes. In total, 50% were cross-sectional, 33% cohort, and 17% case—control.

Of 24 studies that examined respiratory health, 9 observed a positive association between
wood stove use and at least one respiratory outcome,39:44-46:48,50,54.58,60 yjth half of these
associations observed in cohorts of infants and young children (ages 2 weeks to 2
years).44:48.54.60 One study examined lung function and showed lower spirometric measures
among children living in wood-heated homes.>® Cough39:4445:48.60 \yas the marker of
respiratory health most frequently associated with wood stove use, although several studies
showed no direct association between household wood stove use and
cough,41:42:52,59,61-63,65 \\heeze was also associated with wood stove use in a few
studies.3945:58 |n contrast, only one® of several studies of lower respiratory tract infections
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(bronchitis, bronchiolitis, and pneumonia),42:52:54.57,61,63,65 one46 of three studies of otitis
media,*246:56 and none that examined asthma,#6:47:51,53,59.61.63,65 ynper respiratory tract
infections,*2:63 or allergies®1:64 showed a link with wood stove use (Table 1). Two studies
observed an inverse association between wood stove use and respiratory outcomes.52:65
Thus, current studies show inconsistent associations of household wood stove use with
cough and wheeze and limited evidence for an association with other markers of respiratory
health.

The two case—control studies of household wood stove use and pediatric oncologic
outcomes#349 found inconsistent associations with prenatal and postnatal wood stove use.
For example, use of a wood stove (versus no use) during pregnancy was associated with
higher risk of acute lymphoblastic leukemia (ALL)*3 and brain tumors*? in childhood.
However, frequency of wood stove use was not associated with ALL or brain tumors, and in
some cases there was a paradoxical higher risk of these outcomes with “low” versus “high”
wood burning frequency. As there is limited literature, replication in larger studies is needed
to draw conclusions on wood stove use and childhood oncologic outcomes.

Overall, the studies of household wood stove use had limitations that impeded our ability to
draw definitive conclusions. For example, wood stove use was always assessed by self-
report, and in most studies was represented only as a binary exposure (i.e., presence or
absence of a wood stove in the home). A binary variable is unable to capture the spectrum of
pollution as compared to continuous measurements. This raises the possibility of non-
differential exposure misclassification in these studies, which may have biased results
toward the null. Also, the sample size of these studies ranged from 59 to 30,593 participants,
so power to detect an association was variable. Furthermore, analyses often did not account
for frequency of wood stove use, stove type, or household ventilation, factors that alter
indoor wood smoke exposure, and analyses did not always account for socioeconomic
status, a potential confounding variable. Finally, many studies were limited by their cross-
sectional design, as cross-sectional studies are less adept at showing a temporal relationship
compared to longitudinal cohort studies.56

Community Wood Smoke and Child Health

The 12 studies of community wood smoke and child health#1:42.67-76 (Table 2) were
published 1990-2014. Ten studies examined respiratory health and 2 examined birth size.
Further, 33% were cohort studies, 25% time-series, 25% cross-sectional, and 17% case—
control. All studies examined ambient air pollution in communities with significant wood
stove use (i.e., studies did not describe prevalent forest fires or other outdoor burning). Wood
smoke was typically measured using air monitoring data (e.g., average ambient winter
PM, 5) or model-estimated number of wood burning days (e.g., over participant lifetime).

Of the 10 studies that examined respiratory health, 8 identified an association between
community wood smoke and at least one respiratory outcome,#2:67.69.71,72,74-76 Thg
associations were observed in cohorts of children of all ages. When wood smoke was higher,
children had more upper respiratory tract infections,*2 bronchitis,2 bronchiolitis,’? otitis
media,*2:74 and hospital admissions for respiratory illness.”>7® Children with asthma had
worse lung function when community wood smoke was higher,67:69.72 byt asthma
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prevalence was not related to wood smoke.#1:68 Cough and wheeze were associated with
community wood smoke in some studies#2:69 but not others.4142 The literature generally
shows consistent associations between higher community wood smoke and poor respiratory
health in childhood.

Both studies of birth size observed an association between higher community wood smoke
and lower birth size.”%73 In a cohort of more than 700,000 births in Los Angeles, higher
ambient air pollution from wood burning was associated with lower birth weight.”3
Additionally, in a cohort of more than 68,000 births in Vancouver, British Columbia, more
wood burning days /n utero was similarly associated with higher odds of small-for-
gestational age, but paradoxically associated with lower odds of preterm birth <30 weeks
gestation.”0 We need further data to draw conclusions regarding prenatal exposure to
community wood smoke and birth outcomes.

As compared to the self-report methods used in studies of household wood stove use,
community wood smoke was typically measured more objectively using ambient air
monitoring. Also, many of the studies that observed associations between increased
community wood smoke exposure and poor respiratory health used data from thousands or
all children in a respective area and thus had more power to detect associations as compared
to the studies of household wood stove use. However, as in the analyses of household wood
stove use, studies of community wood smoke did not always account for socioeconomic
variables, raising the possibility that observed associations may be due to residual
confounding.

Literature Review Summary

Upon our review of the literature, several studies showed an association between wood
smoke and childhood respiratory health. There was a paucity of studies that investigated
other health outcomes. We found more consistent associations between high community
wood smoke as compared to household wood stove use and adverse pediatric respiratory
health. This may be due to higher quality exposure assessment and greater power in
community wood smoke studies. Alternatively, families who have children with asthma or
other respiratory issues may be less likely to own a wood stove or may use their wood stove
less often to avoid respiratory exacerbations, diminishing the ability to observe an
association between household wood stove use and respiratory health.

It is also possible that ambient wood smoke exposure may truly have a greater influence on
child health as compared to household wood stove use. This idea is supported by the fact
that properly installed, newer wood stoves vent air pollutants outside the home.8 Thus,
pollution emitted from a wood stove may affect community air quality more than household
air quality. Also, in communities with prevalent wood stove use, outdoor air pollutants
infiltrate indoors,’” and this may also explain more consistent associations between
community wood smoke and health. To better elucidate the role of household versus
community wood smoke on child health, carefully designed future studies are needed.

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2018 June 02.
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Recommendations for Future Studies

Future studies of household wood stove use would benefit from a more detailed exposure
assessment. Specifically, frequency of wood stove use should be asked on questionnaires,
and cohorts should directly measure PMs 5, PAHs, or wood smoke markers like potassium or
levoglucosan,57-76 in at least a subset of homes. Biomarkers such as urinary levoglucosan,
the PAH metabolite 1-hydroxypyrene, and methoxyphenols have been tested as potential
measures of wood smoke exposure, but there is not yet evidence that these can be used
routinely as an exposure assessment tool. Some of these wood smoke biomarkers appear to
only be a strong measure of exposure at very high exposure levels that are uncommon in the
developed world.”® Other wood smoke biomarkers that future studies may consider
measuring are urinary PAH metabolites other than 1-hydroxyprene such as 1-, 2-naphthol;
2-, 3-, 9-hydroxyfluorene; and 1-, 2-, 3-hydroxyphenanthrene. A recent study found that
urinary concentrations of these metabolites in adult volunteers experimentally exposed to a
wood fire had moderate to strong correlations with ambient PM,, 5, levoglucosan, and
PAHs.”® Future studies would benefit from more extensive exposure assessment, including
measurement of one or several of these biomarkers.

Future studies should also include more objective methods of outcome classification, as
much of the current literature relies on self-report of symptoms. More objective respiratory
outcomes would include physician-diagnosed illness and measurements of lung function
obtained by breath test or spirometry such as fraction of exhaled nitric oxide, forced
expiratory volume, or forced vital capacity. Understanding the effects of wood smoke
exposure on lung function is particularly important, as failure to attain “normal” expected
lung function in childhood is a risk factor for future chronic obstructive pulmonary disease
in adulthood.8%81 Improved wood smoke exposure measurement paired with objective
assessment of lung function may provide further insight into specific physiologic targets of
wood smoke pollution.

In addition, many of the published studies of wood smoke exposure and pediatric health
present unadjusted analyses that may be prone to bias from confounding. Factors that
influence indoor wood smoke exposure, such as stove type, burning practices, stove
operation conditions, indoor temperature, and household ventilation, should be assessed and
controlled for in analyses, particularly if exposure is not objectively measured. Also, because
wood heating may be a surrogate for poverty in some communities, participant
socioeconomic status as measured, for example, by household income or parental education,
must be accounted for in all analyses. Future studies should also consider whether
households use wood stoves for primary versus supplemental heating because in addition to
producing higher emissions, use of a wood stove as a primary heat source has been
associated with lower socioeconomic status. The US Census Bureau estimates that 21% of
US households who use a wood stove for primary heating have a household income below
the poverty line versus 7% who use a wood stove for supplemental heating and 15%
overall.” Failing to adjust for socioeconomic indicators could lead to observing and
reporting an association that is not causal.

As environmental tobacco smoke is another source of indoor air pollution exposure and is
known to influence respiratory health in children,82 future studies may also benefit from
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considering the extent to which environmental tobacco smoke and wood smoke may interact
to lead to poor respiratory health. One study found no interaction between air pollution
exposure and environmental tobacco smoke on child wheeze,%® but additional studies are
needed to further elucidate whether children in homes with both exposures are more
vulnerable.

Furthermore, future studies should be designed to identify ages during which children are
most susceptible to wood stove pollution. Specifically, prospective birth cohorts with follow-
up through late childhood will facilitate identification of vulnerable windows of exposure
(i.e., prenatal versus infancy versus early childhood) in relation to health. Also, examination
of multiple exposures (i.e., household wood stove use, community wood smoke, and other
sources of ambient pollution) in a single cohort will help differentiate the impact of each of
these exposures. Lastly, future studies should consider examining cardiometabolic health,
neurocognition, and other outcomes, in addition to respiratory health, based on emerging
evidence that traffic pollution is associated with these health endpoints.28-30

Studies with a larger sample size and direct measures of community wood smoke may more
accurately reflect health effects than smaller studies that rely on self-reported household
wood stove use. However, the field will benefit from additional prospective cohort studies
with improved exposure and outcome assessment and careful consideration of potential
confounding factors. As wood smoke is known to contain health-damaging components,
while awaiting additional data, we recommend several precautionary measures to reduce
wood stove emissions.

Recommendations to Lower Wood Smoke Exposure

Limiting avoidable air pollution exposures in homes with wood stoves will lower indoor and
community wood smoke pollution and has potential to improve community health. In the
sections that follow, we review EPA recommendations related to purchasing a lower-
emitting wood stove and reducing air pollution exposures from an existing wood stove. We
also present data on the efficacy of two interventions, community wood stove changeout
programs, and household air filter installation, that have been studied to reduce air pollution
exposure from wood stoves.

Wood Stove Certifications

The US EPA provides recommendations related to purchasing a new wood stove. A white
certification label on the back of the wood stove denotes that it is EPA-certified (i.e., meets
2015 New Source Performance Standards of <4.5 g of PM> 5 mass per hour). A burn wise
hang tag indicates that the stove meets the stricter 2020 EPA clean air standards of <2.5 g of
PM, 5 mass per hour.8 Although particle emission rates for EPA-certified wood and pellet
stoves have been measured and are listed at http://www.epa.gov/compliance/list-epa-
certified-wood-stoves (Table 3),83 we are unaware of evidence showing that certified wood
stove use is associated with lower levels of household wood smoke pollution. However, data
from wood stove changeout programs (described later) suggest that community-level
adoption of EPA-certified stoves may improve ambient air quality,42:84.85
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Best Burn Practices and Proper Stove Operation

The EPA also recommends several best burn practices to further reduce wood stove
emissions. As dry wood results in the most complete combustion and lowest pollution, the
EPA suggests drying wood for at least 6 months and storing outside, covered, and off the
ground with a goal of less than 20% water content as measured by a moisture reader. In
addition, burning household wastes, such as plastics, trash, cardboard, or treated wood,
should be avoided, as this may produce additional smoke pollution.®

In addition to providing information on best burn practices, the EPA provides suggestions
for proper stove installation, operation, and maintenance. For example, in addition to
following the manufacturer’s instructions and procedures when operating a wood stove,
cleaning the ashes from a wood stove improves burning efficiency by preventing ashes from
clogging the air intake vents. The EPA also recommends that a chimney sweep or similar
certified professional install any indoor wood burning appliance and inspect and clean the
home’s chimney once in a year. Efficient and cleaner wood burning depends on proper
functioning of the chimney’s venting system. The EPA recommends lists of installation and
maintenance professionals from Chimney Safety Institute of America, found at http://
www.csia.org/, and the National Fireplace Institute, found at https://www.nficertified.org/
(Table 3).

The extent to which best burn practices and proper stove operation lowers indoor air
pollution was evaluated in a small study on the Nez Perce Reservation in which old wood
stoves were replaced with EPA-certified stoves in a small group of homes. This program
provided targeted education on best burn practices and proper stove operation techniques to
individuals living in 4 households that did not obtain an indoor PM 5 reduction with the
EPA-certified stove. The PM, 5 concentration was lower in all of the homes following the
additional training.88 Similarly, an intervention in New South Wales, Australia found that
providing an education pack to households changed participants” wood stove operation
practices and reduced wood smoke emissions.8’ These studies emphasize the importance of
best burn practices and proper wood stove operation and maintenance, even in homes with
an EPA-certified stove.

Wood Stove Changeout Interventions

Additional interventions to reduce wood stove pollution have been evaluated and published
in the peer-reviewed literature. Wood stove changeout programs, for instance, provide
rebates or low-interest loans to replace pre-1988 New Source Performance Standards stoves
with EPA-certified stoves. The extent to which large-scale wood stove changeout programs
improve ambient and indoor air quality has been tested in some communities.

For example, from 1989 to 1990, after 48% of old stoves in Crested Butte, CO were replaced
by new stoves and an additional 33% removed entirely, ambient PM was reduced by 60%.84

More recently, in Libby, MT, post-changeout ambient PM, 5 concentration was 27% lower42
and PAH concentration was 64% lower8> compared to pre-changeout winters, which brought
the community within the EPA annual PM 5 standard. Thus, in communities in which wood
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smoke contributes significantly to outdoor air pollution, wood stove changeout programs
have been shown to improve ambient air quality.

The effect of wood stove changeout programs on indoor air quality is less conclusive. In the
small-scale wood stove changeout within 16 homes on the Nez Perce Reservation, discussed
above, there was a 36% mean reduction in indoor PM5 5 concentration, although PM5 5 was
reduced in only 10 of the 16 homes.8¢ Similarly, following a wood stove changeout in 17
homes in northern British Columbia, only half of the homes had a reduction in indoor PM; 5
concentration.®8 In Libby, MT, after more than 1100 pre-1988 New Source Performance
Standards wood stoves were replaced with newer stoves, average daily PM, 5 decreased
from 45 to 21 pg/m3 in a sample of 21 homes.82 However, similarly to the Nez Perce
Reservation and British Columbia changeouts, there was not a measureable indoor PM5 5
reduction for all of the Libby, MT homes following the installation of a new wood stove. As
not all of these programs provided education on best burn practices and proper stove
operation, the extent to which these factors may have diminished the effect of the
changeouts is unclear.

Notably, in addition to formal wood stove changeout programs, several states provide
financial incentives to individuals, often low-income first-time buyers, to purchase a lower-
emission, EPA-certified wood stove (Fig 1).%9 Although EPA-certified stoves emit less
pollution than pre-1988 New Source Performance Standards wood stoves and wood stove
changeouts tend to lower levels of ambient air pollution in wood smoke-impacted
communities, a changeout does not definitively improve household air quality. Alternative
interventions may be more effective for indoor settings.

Household Air Cleaner Interventions

Air cleaners remove air pollutants, and several studies have shown that use of air cleaners in
households with a wood stove or in a wood smoke-impacted community effectively reduces
indoor PM> 5. Air cleaners can be installed in the ductwork of a home’s central heating,
ventilating, and air-conditioning system to clean the air in the whole house or can be used as
a portable system to clean the air in a single room or area. Mechanical air filters, such as flat
filters or extended surface filters [e.g., high efficiency particulate air (HEPA) filters], are
most common. Mechanical air filters remove particles by either capturing them in the fibers
of the filter or by trapping them on electrostatically charged filter material.9

For cost and convenience, household air cleaner intervention studies to improve indoor air
quality in wood smoke-impacted homes and communities typically use portable mechanical
air filters, which tend to be placed in the main activity room, room with the wood stove, or
bedroom. For example, portable HEPA filter units, one in the main activity room and another
in the bedroom, reduced indoor PM> 5 concentrations by 60% in both wood- and non-wood
burning homes in Smithers, British Columbia, a region with frequent residential wood
burning. This HEPA filter intervention reduced indoor PM, 5 concentrations in 24 of 25
tobacco-free homes in the study.92 A study in Vancouver, British Columbia observed a 48%
reduction in indoor PM, 5 concentrations among non-wood burning homes in wood smoke-
impacted regions, after a HEPA filtration intervention in which one filter unit was placed in
the living room and another in the bedroom.%3
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Additionally, some studies have tested portable units with a flat filter made of
electrostatically charged material rather than HEPA filters. In a study of wood-burning
homes in rural areas of Idaho, Montana, and Alaska, those with portable air filter units
placed in the same room as the wood stove and in the bedroom had an overall PM5 5
reduction of 63% relative to homes with a sham filter.%4 Another study of 29 wood-burning
homes in Nova Scotia observed a 52% reduction in median indoor PM>, 5 with use of a
portable air filter versus sham filter typically placed in the living room.%

In addition to having strong efficacy data, air filters are a fairly cost-effective mechanism to
reduce wood stove pollution. A portable mechanical air filter typically costs about $200 with
an annual fee of $100 for filter replacement and energy fees of $100-$200 per year.%* Even
considering these potential extra costs, the use of a wood stove may still be a less expensive
option than other residential heating systems because wood fuel tends to be more cost
effective than oil, propane, and electric heat. Holding efficiency of the heating systems
constant, the Maine Governor’s Energy Office estimated that wood fuel costs $11 per
million British thermal unit (MMBTU) and wood pellet fuel costs $16 per MMBTU, while
oil is $17 per MMBTU, propane is $28 per MMBTU, and electricity costs up to $53 per
MMBTU.

The EPA provides further basic information on residential air filters (https://www.epa.gov/
indoor-air-quality-iag/guide-air-cleaners-home)®! and recommends the Association of Home
Appliance Manufacturers’ clean air delivery rating (http://ahamverifide.org/search-for-
products/room-air-cleaners/)% as a tool to compare the efficacy of several air cleaning
device options. Pediatricians may recommend these resources, along with others referenced
in this section (Table 3), to patients and their families residing in wood burning
communities.

Conclusions

An increasing number of US households, particularly in northern, rural areas, use wood
stoves for residential heating, which lowers air quality. Children living in wood-burning
communities, regardless of whether there is a wood stove in the home may be at higher risk
for adverse respiratory health. Additional prospective epidemiologic studies with improved
characterization of exposure and outcome and careful consideration of potential confounding
variables are needed to fully elucidate this relationship and to investigate associations
between wood smoke and other child health outcomes. While awaiting additional data,
pediatricians may refer families using a wood stove to EPA recommendations regarding
certified, lower-emitting stoves, and best burn practices. In addition, mechanical air filters
have been shown to improve indoor air quality in wood-burning and non-wood burning
homes located in communities with a high wood smoke burden.
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EPA Environmental Protection Agency
HEPA high efficiency particulate air

References
1.

10

11.

12.

13.

14.

MMBTU  million British thermal units
PAH polycyclic aromatic hydrocarbon

PM particulate matter

Bateson TF, Schwartz J. Children’s response to air pollutants. J Toxicol Environ Health A. 2008;
71(3):238-43. [PubMed: 18097949]

. Forouzanfar MH, Alexander L, Anderson HR, et al. Global, regional, and national comparative risk

assessment of 79 behavioural, environmental and occupational, and metabolic risks or clusters of
risks in 188 countries, 1990-2013: a systematic analysis for the Global Burden of Disease Study
2013. Lancet. 2015; 386(10010):2287-323. [PubMed: 26364544]

. Klepeis NE, Nelson WC, Ott WR, et al. The National Human Activity Pattern Survey (NHAPS): a

resource for assessing exposure to environmental pollutants. J Expo Anal Environ Epidemiol. 2001,
11(3):231-52. [PubMed: 11477521]

. U.S. Census Bureau, Housing and Household Economic Statistics Division. [Accessed 5.10.16]

Historical Census of Housing Tables-House Heating Fuel. https://www.census.gov/hhes/www/
housing/census/historic/fuels.html; Updated 31.10.11

. Noonan CW, Ward TJ, Semmens EO. Estimating the number of vulnerable people in the United

States exposed to residential wood smoke. Environ Health Perspect. 2015; 123(2):A30.

. U.S. Census Bureau/American Fact Finder. [Accessed 5.10.16] B25040: House heating fuel. https://

factfinder.census.gov/faces/nav/jsf/pages/index.xhtml

. U.S. Energy Information Administration. Table HC6.7 Space Heating in U.S. Homes by Census

Region. 2009. Residential Energy Consumption Survey (RECS). [Published April 2013]

. U.S. Environmental Protection Agency. Strategies for reducing residential wood smoke. Office of

Air Quality Planning and Standards; Research Triangle Park, NC: 2013.

. Naeher LP, Brauer M, Lipsett M, et al. Woodsmoke health effects: a review. Inhal Toxicol. 2007;

19(1):67-106.
. Kochach Bolling A, Pagels J, Yttri KE, et al. Health effects of residential wood smoke particles:

the importance of combustion conditions and physicochemical particle properties. Part Fibre
Toxicol. 2009; 6:29. [PubMed: 19891791]

Heringa MF, DeCarlo PF, Chirico R, et al. Time-resolved characterization of primary emissions
from residential wood combustion appliances. Environ Sci Technol. 2012; 46(20):11418-25.
[PubMed: 22970884]

Miljevic B, Heringa MF, Keller A, et al. Oxidative potential of logwood and pellet burning
particles assessed by a novel profluorescent nitroxide probe. Environ Sci Technol. 2010; 44(17):
6601-7. [PubMed: 20684503]

Gustafson P, Ostman C, Sallsten G. Indoor levels of polycyclic aromatic hydrocarbons in homes
with or without wood burning for heating. Environ Sci Technol. 2008; 42(14):5074-80. [PubMed:
18754350]

Gustafson P, Barregard L, Strandberg B, Sallsten G. The impact of domestic wood burning on
personal, indoor and outdoor levels of 1,3-butadiene, benzene, formaldehyde and acetaldehyde. J
Environ Monit. 2007; 9(1):23-32. [PubMed: 17213939]

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2018 June 02.


https://www.census.gov/hhes/www/housing/census/historic/fuels.html
https://www.census.gov/hhes/www/housing/census/historic/fuels.html
https://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml
https://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rokoff et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 14

Levesque B, Allaire S, Gauvin D, et al. Wood-burning appliances and indoor air quality. Sci Total
Environ. 2001; 281(1-3):47-62. [PubMed: 11778959]

Sexton K, Spengler JD, Treitman RD. Effects of residential wood combustion on indoor air quality
—a case-study in Waterbury, Vermont. Atmos Environ. 1984; 18(7):1371-83.

Leaderer BP, Koutrakis P, Briggs SLK, Rizzuto J. The mass concentration and elemental
composition of indoor aerosols in Suffolk and Onondaga Counties, New York. Indoor Air. 1994;
4(1):23-34.

U.S. Environmental Protection Agency. [Accessed 5.1.17] NAAQS Table. https://www.epa.gov/
criteria-air-pollutants/naaqgs-table. Updated Dec 20, 2016

World Health Organization. Air Quality Guidelines, Global Update 2005, particulate matter, ozone,
nitrogen dioxide and sulfur dioxide. Copenhagen, Denmark: WHO Regional Office for Europe;
2006.

Chafe, Z., Brauer, M., Héroux, M., et al. Residential heating with wood and coal: health impacts
and policy options in Europe and North America. Copenhagen, Denmark: 2015.

Ward T, Lange T. The impact of wood smoke on ambient PM2. 5 in northern Rocky Mountain
valley communities. Environ Pollut. 2010; 158(3):723-9. [PubMed: 19897293]

Ward T, Trost B, Conner J, Flanagan J, Jayanty RKM. Source apportionment of PM2. 5in a
subarctic airshed—Fairbanks, Alaska. Aerosol Air Qual Res. 2012; 12(4):536-43.

Wu CF, Larson TV, Wu SY, Williamson J, Westberg HH, Liu LJS. Source apportionment of PM2.
5 and selected hazardous air pollutants in Seattle. Sci Total Environ. 2007; 386(1-3):42-52.
[PubMed: 17716709]

Rice MB, Rifas-Shiman SL, Oken E, et al. Exposure to traffic and early life respiratory infection: a
cohort study. Pediatr Pulmonol. 2015; 50:252-9.

Bowatte G, Lodge C, Lowe AJ, et al. The influence of childhood traffic-related air pollution
exposure on asthma, allergy and sensitization: a systematic review and a meta-analysis of birth
cohort studies. Allergy. 2015; 70(3):245-56. [PubMed: 25495759]

Chen Z, Salam MT, Eckel SP, Breton CV, Gilliland FD. Chronic effects of air pollution on
respiratory health in Southern California children: findings from the Southern California
Children’s Health Study. J Thorac Dis. 2015; 7(1):46-58. [PubMed: 25694817]

Rice MB, Rifas-Shiman SL, Litonjua AA, et al. Lifetime exposure to ambient pollution and lung
function in children. Am J Respir Crit Care Med. 2016; 193(8):881-8. [PubMed: 26575800]
Jerrett M, McConnell R, Wolch J, et al. Traffic-related air pollution and obesity formation in
children: a longitudinal, multilevel analysis. Environ Health. 2014; 13:49. [PubMed: 24913018]
Thiering E, Cyrys J, Kratzsch J, et al. Long-term exposure to traffic-related air pollution and
insulin resistance in children: results from the GINIplus and LISAplus birth cohorts. Diabetologia.
2013; 56(8):1696-704. [PubMed: 23666166]

Clifford A, Lang L, Chen R, Anstey KJ, Seaton A. Exposure to air pollution and cognitive
functioning across the life course—a systematic literature review. Environ Res. 2016; 147:383-98.
[PubMed: 26945620]

Stieb DM, Chen L, Eshoul M, Judek S. Ambient air pollution, birth weight and preterm birth: a
systematic review and meta-analysis. Environ Res. 2012; 117:100-11. [PubMed: 22726801]
Loomis D, Grosse Y, Lauby-Secretan B, et al. The carcinogenicity of outdoor air pollution. Lancet
Oncol. 2013; 14(13):1262-3. [PubMed: 25035875]

Sigsgaard T, Forsberg B, Annesi-Maesano I, et al. Health impacts of anthropogenic biomass
burning in the developed world. Eur Respir J. 2015; 46(6):1577-88. [PubMed: 26405285]

Boman BC, Forsberg AB, Jarvholm BG. Adverse health effects from ambient air pollution in
relation to residential wood combustion in modern society. Scand J Work Environ Health. 2003;
29(4):251-60. [PubMed: 12934718]

Larson TV, Koenig JQ. Wood smoke: emissions and non-cancer respiratory effects. Annu Rev
Public Health. 1994; 15:133-56. [PubMed: 8054078]

Zelikoff JT, Chen LC, Cohen MD, Schlesinger RB. The toxicology of inhaled woodsmoke. J
Toxicol Environ Health B Crit Rev. 2002; 5(3):269-82. [PubMed: 12162869]

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2018 June 02.


https://www.epa.gov/criteria-air-pollutants/naaqs-table
https://www.epa.gov/criteria-air-pollutants/naaqs-table

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rokoff et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 15

Alves C, Goncalves C, Fernandes AP, Tarelho L, Pio C. Fireplace and woodstove fine particle
emissions from combustion of western Mediterranean wood types. Atmos Res. 2011; 101(3):692—
700.

Honicky RE, Osborne JS 3rd, Akpom CA. Symptoms of respiratory illness in young children and
the use of wood-burning stoves for indoor heating. Pediatrics. 1985; 75(3):587-93. [PubMed:
3975129]

Honicky RE, Osborne JS 3rd. Respiratory effects of wood heat: clinical observations and
epidemiologic assessment. Environ Health Perspect. 1991; 95:105-9. [PubMed: 1821363]

Ogershok PR, Warner DJ, Hogan MB, Wilson NW. Prevalence of pollen sensitization in younger
children who have asthma. Allergy Asthma Proc. 2007; 28(6):654-8. [PubMed: 18201429]

Browning KG, Koenig JQ, Checkoway H, Larson TV, Pierson WE. A questionnaire study of
respiratory health in areas of high and low ambient wood smoke pollution. Pediatr Asthma Allergy
Immunol. 1990; 4(3):183-92.

Noonan CW, Ward TJ, Navidi W, Sheppard L. A rural community intervention targeting biomass
combustion sources: effects on air quality and reporting of children’s respiratory outcomes. Occup
Environ Med. 2012; 69(5):354-60. [PubMed: 22302628]

Bailey HD, de Klerk NH, Fritschi L, et al. Refuelling of vehicles, the use of wood burners and the
risk of acute lymphoblastic leukaemia in childhood. Paediatr Perinat Epidemiol. 2011; 25(6):528—
39. [PubMed: 21980942]

Belanger K, Beckett W, Triche E, et al. Symptoms of wheeze and persistent cough in the first year
of life: associations with indoor allergens, air contaminants, and maternal history of asthma. Am J
Epidemiol. 2003; 158(3):195-202. [PubMed: 12882940]

Butterfield P, Lacava G, Edmundson E, Penner J. Woodstoves and indoor air—the effects on
preschoolers upper respiratory systems. J Environ Health. 1989; 52(3):172-3.

Daigler GE, Markello SJ, Cummings KM. The effect of indoor air pollutants on otitis media and
asthma in children. Laryngoscope. 1991; 101(3):293-6. [PubMed: 2000018]

Dekker C, Dales R, Bartlett S, Brunekreef B, Zwanenburg H. Childhood asthma and the indoor
environment. Chest. 1991; 100(4):922—6. [PubMed: 1914606]

Etiler N, Velipasaoglu S, Aktekin M. Incidence of acute respiratory infections and the relationship
with some factors in infancy in Antalya, Turkey. Pediatr Int. 2002; 44(1):64-9. [PubMed:
11982874]

Greenop KR, Hinwood AL, Fritschi L, et al. \ehicle refuelling, use of domestic wood heaters and
the risk of childhood brain tumours: results from an Australian case-control study. Pediatr Blood
Cancer. 2015; 62(2):229-34. [PubMed: 25283072]

Guneser S, Atici A, Alparslan N, Cinaz P. Effects of indoor environmental factors on respiratory
systems of children. J Trop Pediatr. 1994; 40(2):114-6. [PubMed: 8015025]

Infante-Rivard C. Childhood asthma and indoor environmental risk factors. Am J Epidemiol. 1993;
137(8):834-44. [PubMed: 8484375]

Li R, Weller E, Dockery DW, Neas LM, Spiegelman D. Association of indoor nitrogen dioxide
with respiratory symptoms in children: application of measurement error correction techniques to
utilize data from multiple surrogates. J Expo Sci Environ Epidemiol. 2006; 16(4):342-50.
[PubMed: 16519415]

Maier WC, Arrighi HM, Morray B, Llewellyn C, Redding GJ. Indoor risk factors for asthma and
wheezing among Seattle school children. Environ Health Perspect. 1997; 105(2):208-14.
[PubMed: 9105796]

Morris K, Morgenlander M, Coulehan JL, Gahagen S, Arena VC. Wood-burning stoves and lower
respiratory tract infection in American Indian children. Am J Dis Child. 1990; 144(1):105-8.
[PubMed: 2294707]

Noonan CW, Ward TJ. Environmental tobacco smoke, wood-stove heating and risk of asthma
symptoms. J Asthma. 2007; 44(9):735-8. [PubMed: 17994403]

Pettigrew MM, Gent JF, Triche EW, Belanger KD, Bracken MB, Leaderer BP. Infant otitis media
and the use of secondary heating sources. Epidemiology. 2004; 15(1):13-20. [PubMed: 14712142]
Robin LF, Less PS, Winget M, et al. Wood-burning stoves and lower respiratory illnesses in Navajo
children. Pediatr Infect Dis J. 1996; 15(10):859-65. [PubMed: 8895916]

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2018 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rokoff et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 16

Sotir M, Yeatts K, Shy C. Presence of asthma risk factors and environmental exposures related to
upper respiratory infection-triggered wheezing in middle school-age children. Environ Health
Perspect. 2003; 111(4):657-62. [PubMed: 12676631]

Spengler J, Neas L, Nakai S, et al. Respiratory symptoms and housing characteristics. Indoor Air.
1994; 4(2):72-82.

Triche EW, Belanger K, Beckett W, et al. Infant respiratory symptoms associated with indoor
heating sources. Am J Respir Crit Care Med. 2002; 166(8):1105-11. [PubMed: 12379555]

Tuthill RW. Woodstoves, formaldehyde, and respiratory disease. Am J Epidemiol. 1984; 120(6):
952-5. [PubMed: 6507432]

Volkmer RE, Ruffin RE, Wigg NR, Davies N. The prevalence of respiratory symptoms in South
Auwstralian preschool children. Il. Factors associated with indoor air quality. J Paediatr Child
Health. 1995; 31(2):116-20. [PubMed: 7794611]

Ware DN, Lewis J, Hopkins S, et al. Household reporting of childhood respiratory health and air
pollution in rural Alaska native communities. Int J Circumpolar Health. 2014; 73:1-10.

Zacharasiewicz A, Zidek T, Haidinger G, et al. Symptoms suggestive of atopic rhinitis in children
aged 6-9 years and the indoor environment. Allergy. 2000; 55(10):945-50. [PubMed: 11030375]

Zhou CL, Baiz N, Zhang TH, Banerjee S, Annesi-Maesano |. EDEN Mother-Child Cohort Study
Group. Modifiable exposures to air pollutants related to asthma phenotypes in the first year of life
in children of the EDEN maother-child cohort study. BMC Public Health. 2013; 13:506. [PubMed:
23705590]

Mann CJ. Observational research methods. Research design Il: cohort, cross sectional, and case-
control studies. Emerg Med J. 2003; 20(1):54-60. [PubMed: 12533370]

Allen RW, Mar T, Koenig J, et al. Changes in lung function and airway inflammation among
asthmatic children residing in a woodsmoke-impacted urban area. Inhal Toxicol. 2008; 20(4):423—
33. [PubMed: 18302050]

Clark NA, Demers PA, Karr CJ, et al. Effect of early life exposure to air pollution on development
of childhood asthma. Environ Health Perspect. 2010; 118(2):284-90. [PubMed: 20123607]

Epton MJ, Dawson RD, Brooks WM, et al. The effect of ambient air pollution on respiratory health
of school children: a panel study. Environ Health. 2008; 7:16. [PubMed: 18479529]

Gehring U, Tamburic L, Shihi H, Davies HW, Brauer M. Impact of noise and air pollution on
pregnancy outcomes. Epidemiology. 2014; 25(3):351-8. [PubMed: 24595395]

Karr CJ, Demers PA, Koehoorn MW, Lencar CC, Tamburic L, Brauer M. Influence of ambient air
pollutant sources on clinical encounters for infant bronchiolitis. Am J Respir Crit Care Med. 2009;
180(10):995-1001. [PubMed: 19713450]

Koenig JQ, Larson TV, Hanley QS, et al. Pulmonary function changes in children associated with
fine particulate matter. Environ Res. 1993; 63(1):26-38. [PubMed: 8404772]

Laurent O, Hu J, Li L, et al. Sources and contents of air pollution affecting term low birth weight in
Los Angeles County, California, 2001-2008. Environ Res. 2014; 134:488-95. [PubMed:
25085846]

Maclintyre EA, Karr CJ, Koehoorn M, et al. Residential air pollution and otitis media during the
first two years of life. Epidemiology. 2011; 22(1):81-9. [PubMed: 21030866]

McGowan JA, Hider RN, Chacko E, Town GI. Particulate air pollution and hospital admissions in
Christchurch, New Zealand. Aust N Z J Public Health. 2002; 26(1):23-9. [PubMed: 11895020]
Ostro B, Roth L, Malig B, Marty M. The effects of fine particle components on respiratory hospital
admissions in children. Environ Health Perspect. 2009; 117(3):475-80. [PubMed: 19337525]
MacNeill M, Kearney J, Wallace L, et al. Quantifying the contribution of ambient and indoor-
generated fine particles to indoor air in residential environments. Indoor Air. 2014; 24(4):362-75.
[PubMed: 24313879]

Simpson CD, Naeher LP. Biological monitoring of wood-smoke exposure. Inhal Toxicol. 2010;
22(2):99-103. [PubMed: 20055596]

Li Z, Trinidad D, Pittman EN, et al. Urinary polycyclic aromatic hydrocarbon metabolites as
biomarkers to wood-smoke exposure—results from a controlled exposure study. J Expo Sci
Environ Epidemiol. 2016; 26(3):241-8. [PubMed: 25605446]

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2018 June 02.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rokoff et al.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Page 17

Stocks J, Sonnappa S. Early life influences on the development of chronic obstructive pulmonary
disease. Ther Adv Respir Dis. 2013; 7(3):161-73. [PubMed: 23439689]

Bui DS, Burgess JA, Lowe AJ, et al. Childhood lung function predicts adult COPD and asthma-
COPD overlap syndrome (ACOS). Am J Respir Crit Care Med. 2017 [Epub ahead of print].

Cheraghi M, Salvi S. Environmental tobacco smoke (ETS) and respiratory health in children. Eur J
Pediatr. 2009; 168(8):897-905. [PubMed: 19301035]

U.S. Environmental Protection Agency. List of EPA Certified Wood Stoves. Compliance. Updated
28 March, 2017 [Accessed 30.03.17]

Houck JE, Broderick DR, Keithley C. All eyes on Libby. Hearth and Home. 2005:68-86.

Ward TJ, Palmer CP, Houck JE, Navidi WC, Geinitz S, Noonan CW. Community woodstove
changeout and impact on ambient concentrations of polycyclic aromatic hydrocarbons and
phenolics. Environ Sci Technol. 2009; 43(14):5345-50. [PubMed: 19708364]

Ward T, Boulafentis J, Simpson J, et al. Lessons learned from a woodstove changeout on the Nez
Perce Reservation. Sci Total Environ. 2011; 409(4):664—70. [PubMed: 21144555]

Hine DW, Bhullar N, Marks ADG, Kelly P, Scott JG. Comparing the effectiveness of education and
technology in reducing wood smoke pollution: a field experiment. J Environ Psychol. 2011; 31(4):
282-8.

Allen RW, Leckie S, Millar G, Brauer M. The impact of wood stove technology upgrades on
indoor residential air quality. Atmos Environ. 2009; 43(37):5908-15.

Noonan CW, Navidi W, Sheppard L, et al. Residential indoor PM2. 5 in wood stove homes: follow-
up of the Libby change-out program. Indoor Air. 2012; 22(6):492-500. [PubMed: 22607315]

Hearth, Patio & Barbecue Association. [Accessed 28.11.16] Wood stove changeout. http://
www.woodstovechangeout.org/index.php; Updated Nov, 2016

U.S. Environmental Protection Agency. [Accessed 2.5.17] Guide to air cleaners in the home.
https://www.epa.gov/indoor-air-quality-iag/guide-air-cleaners-home. Published May 2008.
Updated Sept 6, 2016

Allen RW, Carlsten C, Karlen B, et al. An air filter intervention study of endothelial function
among healthy adults in a woodsmoke-impacted community. Am J Respir Crit Care Med. 2011,
183(9):1222-30. [PubMed: 21257787]

Kajbafzadeh M, Brauer M, Karlen B, Carlsten C, van Eeden S, Allen RW. The impacts of traffic-
related and woodsmoke particulate matter on measures of cardiovascular health: a HEPA filter
intervention study. Occup Environ Med. 2015; 72(6):394-400. [PubMed: 25896330]

Ward TJ, Semmens EO, Weiler E, Harrar S, Noonan CW. Efficacy of interventions targeting
household air pollution from residential wood stoves. J Expo Sci Environ Epidemiol. 2017; 27(1):
64-71. [PubMed: 26555475]

Wheeler AJ, Gibson MD, MacNeill M, et al. Impacts of air cleaners on indoor air quality in
residences impacted by wood smoke. Environ Sci Technol. 2014; 48(20):12157-63. [PubMed:
25247985]

Association of Home Appliance Manufacturers. [Accessed 5.10.16] Room air cleaners. http://
ahamverifide.org/search-for-products/room-air-cleaners/

Curr Probl Pediatr Adolesc Health Care. Author manuscript; available in PMC 2018 June 02.


http://www.woodstovechangeout.org/index.php
http://www.woodstovechangeout.org/index.php
https://www.epa.gov/indoor-air-quality-iaq/guide-air-cleaners-home
http://ahamverifide.org/search-for-products/room-air-cleaners/
http://ahamverifide.org/search-for-products/room-air-cleaners/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rokoff et al.

Page 18

B 2399%
[ <%

* Wood stove changeout or incentive programs as of November 2016. Refer to the Hearth, Patio & Barbecue Association’s Wood Stove
Changeout website for an updated list of state programs.”

FIG 1.
Prevalence of households estimated to use wood as primary heating fuel in 2015. (Original

figure using data obtained from 2015 American Community Survey 1-Year Estimatesin
Ref.6) (Color version of figure is available online.)
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FIG 2.
From 2005 to 2015, the percent of homes estimated to use wood as a primary heat source

increased in New England. (Original figure using data obtained from Ref.8) (Color version
of figure is available online.)
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Page 30

Publicly available resources available for individuals living in communities with prevalent wood stove use

Resource

Website

Information

US EPA-certified wood heaters
list

US EPA burn wise

Chimney Safety Institute of
America

The National Fireplace Institute

Heath, Patio and Barbecue
Association’s wood stove
changeout

US EPA Guide to air cleaners in
the home

Association of home appliance
manufacturers room air cleaners

https://www.epa.gov/compliance/list-epa-certified-wood-stoves

https://www.epa.gov/burnwise
https://www.epa.gov/sites/production/files/documents/burnwisetips.pdf

http://www.csia.org/

https://www.nficertified.org/

http://www.woodstovechangeout.org/index.php

https://www.epa.gov/indoor-air-quality-iag/guide-air-cleaners-home

http://ahamverifide.org/search-for-products/room-air-cleaners/

EPA-certified wood and pellet
stoves

Best burn practices, wood stove
installation, and maintenance

Wood stove installation, chimney
cleaning, and maintenance

Ongoing wood stove changeout
and incentive programs in the
US and Canada

Air cleaners

Air cleaners
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