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ABSTRACT: The 18th International Congress on Combustion Forest

Byproducts and Human Health Effects (PIC2024) was held in Menagement &

Durham, North Carolina on May 20th—22nd, 2024. The overall goal
of this conference, typically organized biannually, is to bring together
scholars and researchers from diverse fields including chemistry,
toxicology, engineering, epidemiology, and occupational and public
health, and from various sectors (academia, government, and industry)
to engage on new and emerging issues related to combustion processes,
human exposure, and potential health risks. The theme of the 18th
International Congress was “Fire Emissions & Community Impacts at
the Wildland Urban Interface and Disaster Sites.” Specific focus and ‘—
emphasis was placed on new research concerning wildland fires, climate —}

change, firefighter exposures, and data collected following the East

Palestine train derailment in Ohio. Plenary speakers included Drs. Toddi Steelman (Duke University), Daniel Jaffe (University of
Washington), Miriam Calkins (NIOSH), Mark Durno (U.S. EPA), and Linda S. Birnbaum (NIEHS, retired). This report
summarizes the primary research highlighted during the conference, major discussion points raised, and areas recommended for
future research.

KEYWORDS: combustion byproducts, health, wildfire, climate, firefighter, PFAS, smoke, disaster response

Hl HISTORY OF PIC CONFERENCE chemistry, toxicology, engineering, epidemiology, and occupa-
tional and public health, and from various sectors (academia,
government, and industry) to discuss a variety of issues related
to combustion and thermal processes. For this Congress,
combustion was used in the broadest sense of the word and
included all forms of thermal reactions, even those used to
produce energy or remediate wastes. Thus, it also included
discussions on the generation and health effects of toxic
byproducts from other thermal reactions including energy
recovery, materials recovery, and climate change aspects as it
pertains to combustion emissions and environmental health. A
goal of this Congress was to develop practical, scientific
solutions to protect health, the environment, and communities
by fostering interdisciplinary interactions that also help train
and develop the next generation of scientists.

The theme of the 18th Congress was “Fire Emissions &
Community Impacts at the Wildland Urban Interface and

Combustion-derived pollutants have long been recognized as
one of the primary sources of environmental exposures with
adverse impacts on human health. A recent article in the Lancet
Commission on Pollution and Health estimated that 9 million
premature deaths occurred in 2018 related to pollution, with
air pollution identified as the leading culprit." Combustion
byproducts are a significant component of air pollution
associated with many of these disease outcomes and affect
both outdoor and indoor air. Climate conditions and at-risk
infrastructure as potential ignition sources (e.g, power
transmission, train tracks) are both contributing to increased
risk of major fires and combustion emissions. The Interna-
tional Congress on Combustion Byproducts and Their Health
Effects has provided a unique platform for discussion of the
most pressing issues related to these combustion and
combustion-associated health impacts for nearly 25 years.
Starting in 1990, the first Congress was held at the National
Institutes of Health facility in Bethesda, MD, USA. Commonly Received:  June 27, 2025
referred to as the “PIC Congress” (Products of Incomplete Revised: ~ November 4, 2025
Combustion), this meeting has typically been held in a biennial Accepted: November 9, 2025
format alternating venues between North America, Europe, Published: November 24, 2025
and Asia. The overall goal of the conference is to bring
together scholars and researchers from diverse fields including
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Figure 1. An overview of the common themes discussed at the 18th International Congress on Combustion Byproducts and Human Health held in

2024, also known as PIC2024.

Disaster Sites.” The Congress was grounded in five plenary
presentations over 2.5 days that focused on the following
topics: wildland fires and their impacts on air quality and
health, chemical exposures in both wildland and structural
firefighters, community health assessments following the East
Palestine train derailment event, and new and emerging issues
related to combustion byproducts and health (Figure 1). A
copy of the presentations and titles associated with the
conference can be found in the Supporting Information. Here,
we dive further into the new information presented at this
Congress and some of the discussion points that were raised.

B WILDLAND FIRES

Plenary lectures presented by Toddi Steelman (Duke
University) and Dan Jaffe (University of Washington)
discussed the increasing impact of wildland fires across the
U.S. and globally, the factors that have contributed to this
observed increase, along with solutions that can mitigate risks
posed to communities by wildland fires. Wildland fires and the
long-range, downwind smoke they produce do not obey
beureacratic borders, creating scenarios where a future
inevitably plagued by additional fire will also pose additional
geopolitical challenges as air quality and health are impacted by
long-range, downwind smoke plumes. Smoke plume chemistry
is highly complex and variable where fuel composition,
temporal factors, and spatial factors play fundamental roles.
Factors influencing emitted plume chemistries were discussed
in detail in this session, along with growing impacts of wildfire
events occurring at the wildland urban interface (WUI).
Further discussions also highlighted public outreach, aware-
ness, and community preparedness, as detailed below.
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Preliminary data discussed at the workshop indicated total
particulate matter (PM) mass is largely conserved during
downwind transport; however, during this type of transport,
there are often significant changes in PM species composition.
Once in the atmosphere, PM can undergo various chemical
and physical transformation processes, including oxidation.”
For example, as PM transports downwind of smoke sources, its
chemical properties often shift toward a more oxidized state
dominated by secondary organic aerosol species due to
photochemical aging.” One distinguishing feature of wildland
fire PM is the presence of incomplete combustion materials
and thermal degradation products of cellulose and other
biomass-relevant materials, which are commonly abscent other
PM emission sources (e.g., automobile exhaust).” Similar to
smoke PM, gaseous phase components can also be photo-
chemically converted during downwind transport, especially
when the plume moves toward more urban environments
where air has higher levels of oxidative species like ozone and
nitrogen oxides (NOx) as compared to wildland source air.”
These downwind plumes, also referred to as “aged” smoke,
may potentially pose differential risk to downwind commun-
ities despite dilution given that the secondary organic aerosols
formed during aging are associated with worse human health
outcomes compared to primary pollutants like PM, 5. In the
past few decades, we have witnessed greater impacts on and
consequences for humans when it comes to wildfire.*” We
have observed increasing extreme wildfire weather which in
turn is associated with extreme wildfire events'®'' and, in
some places, increased wildfire intensity, severity and
frequency'>"” along with human and ecological losses. These
trends produce larger amounts of smoke, thereby potentially
increasing the likelihood that said smoke will travel longer

https://doi.org/10.1021/envhealth.5c00246
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distances, depending on complex atmospheric conditions and
phenomena, and increase the likelihood of exposure to
hazardous pollutants for downwind communities.'”"> Alto-
gether, this may represent higher risk of exposure to downwind
communities with aged smoke, countering reduced concen-
trations due to dilution.

Wildland fires require fuel, an ignition event, and oxygen.
Climate change is creating fire-favorable conditions that alter
these required factors and increase the likelihood of a fire
igniting and burning more readily. Warming and drought from
climate change are creating conditions that dry out vegetative
fuel, making it more prone to ignition and faster burning rate.
As a result, fires are more likely to start and spread over larger
areas. Warming due to climate change is contributing to the
lengthening of fire weather season, creating longer periods of
weather conditions favorable to the ignition and spread of
wildland fires. Regional trends in some boreal and midlatitude
forests point to a lon§er wildfire season now'"'? and increasing
over time globally.'® Extended periods of warming also put
excess stress on trees and vegetation, which increases their
susceptibility to pathogens, water loss, and other factors that
ultimately render them more likely to burn.'” Warmer
temperatures increase evapotranspiration and decrease fuel
moisture and these together increase risk; 18 decreasing relative
humidity and increasing temperatures are linked to more
extreme weather, which in turn drive regional extreme fire
activity and risk;'”'® warmer temperatures will also lead to
more lightning-based ignitions.'”*° Wildland fires are primarily
ignited by lightning and human activities. Human activities
accounted for 84% of wildland fire ignitions across the U.S. in
an analysis of government wildfire records spanning 1992 to
2012.*' However, spatial distributions of lightning- versus
human-caused ignitions demonstrated that wildland fires are
somewhat more likely to be ignited by lightning in the western
U.S. and more commonly by human activities in the eastern
U.S.”" Human-ignited fires also tend to burn faster compared
to lightning-ignited fires in the days immediately following
ignition, leading to more devastating ecosystem effects.”” The
overall number of human ignitions has increased, largely driven
by increased populations living at the WUL>’

Given that rates and severity of wildland fires are increasing,
it is imperative that communities understand how to protect
themselves. Official U.S. and state public health advice during
heavy smoke days typically directs people to stay indoors, keep
doors and windows closed, and avoid outdoor exercise.”**
School and community events may even be canceled to
conform with these public health advisories.”* It is generally
advised to wear a well-fitting mask or respirator, such as a
NIOSH-certified N95 respirator, if activities must be
performed outside for an extended period of time.”**® If an
NOS respirator is unavailable, surgical masks can provide some
protection from exposure; however, degree of protection from
any mask is largely based on mask fit and duration of wear.””**
Additionally, masks and respirators protect the wearer from
primarily particulate emissions as their filtration efficiencies for
gaseous components of air pollution are much lower.”’
Notably, there are no N9S respirators certified in sizes suitable
for children, leaving caretakers (e.g, parents, schools, daycares)
to rely on other methods of exposure reduction.”*** Masks or
respirators, additionally, may not be suitable for those living
with preexisting conditions that reduce their ability to
breathe.”® Ultimately, sheltering inside has been the most
common advisory to protect against smoke exposure.24
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However, preliminary data presented at the 18th International
Congress suggested that indoor environments may not be as
inherently protective as previously assumed. During peak
wildfire season on the western U.S. coast, air quality monitors
stationed inside various buildings throughout Seattle measured
PM, ; (particles of aerodynamic diameter 2.5 pm) levels only
marginally lower than readings that came from outside. These
data suggest that not all buildings are created equal, and
building age and infrastructure (e.g., seals on doors, windows,
air vents, etc.) must be considered when determining risk of
exposure. Data from these studies also supported the use of air
purifiers to reduce indoor smoke exposure. For example, using
a low-cost air filter (box fan with attached MERV 14 filter)
dramatically reduced indoor PM, measurements.’”” These
data indicate that even low-cost air purifiers, which may be
more accessible to socioeconomically disadvantaged popula-
tions, are effective at reducing indoor smoke exposure to levels
that are more protective of human health.

Toddi Steelman urged in her plenary lecture to look toward
the future with a “narrative of hope and possibility, not despair
and apocalypse” combined with a focus on solutions. Fire
suppression policies, land management practices, and climate
change have all contributed to worsening trends in wildland
fire incidence and size. Given this, Steelman commented that,
in her opinion, changes in fire suppression strategies and
climate change mitigation are imperative to change the
trajectory of wildland fire incidence and severity in the future.
Increasing the use of prescribed burning will help reduce fuel
loads in wildfire-prone areas, and starve wildland fires of the
fuel they need to become large, destructive mega-fires that
threaten both people and infrastructure.’’ However, prescribed
burning may temporarily increase the exposure to smoke in
rural and WUI communities located near and within these
wildfire-prone areas, representing a trade-off with the risk of
significant wildfires. Questions still persist regarding the public
health costs of more chronic, low level exposure to biomass
burning emissions due to prescribed burning compared to
those of more acute, high level exposure characteristic of
wildland fire events.”> Over 148 recommendations to address
wildfire mitigation, management, and postfire rehabilitation
and recovery were made by the Wildland Fire Mitigation and
Management Commission in their 2023 report, some of which
include the expansion of beneficial prescribed fire.”* Additional
recommendation themes include changes to governance and
organizational response to wildfire, supporting collaboration
across the wide range of entities involved in wildfire response,
shifting from reactive to proactive approaches to wildfire
response, supporting and expanding the wildfire response
workforce, modernizing tools for informed decision-making,
and investing in community resilience.” Ultimately, strategies
to reduce fuel loads and greenhouse gas concentrations have
been suggested as means to offset climate effects on wildland
fire trends and are imperative to reduce the impacts of rising
temperature and cascading consequences on drying vegetation
in addition to increases in lightning-based ignitions both
observed over recent decades in the U.S. and predicted over

future decades globally.

B FIREFIGHTER EXPOSURES AND HEALTH
CONCERNS

Firefighters are among the populations most frequently
exposed to elevated levels of combustion byproducts due to
the nature of their work. Firefighting is also inherently

https://doi.org/10.1021/envhealth.5c00246
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dangerous, requiring intense physical exertion, altered sleep
schedules, and episodic exposure to hazardous chemicals, soot,
and smoke. As such, firefighters may also experience mental
health issues from combinations of these stressors; however,
research in this area is under-studied.

During the Congress, several sessions highlighted new
research assessing firefighters’ exposures in wildland and
WUI settings. The plenary speaker, Dr. Miriam Calkins from
National Institute for Occupational Safety and Health
(NIOSH), provided an overview on the state of the science.
Clearly, firefighters face higher levels of exposure to
combustion-derived pollutants found in the soot and smoke
(e.g, hydrogen cyanide, polycyclic aromatic hydrocarbons
(PAHs)) as well as synthetic chemicals released from the fuel
source during fire events.””*> For example, structural fire-
fighters are often exposed to synthetic chemicals released from
burning buildings and household materials, which can include
plastic additives (e.g., phthalates), chemicals that provide flame
resistance (e.g., polybrominated diphenyl ethers (PBDEs)),
and chemicals used as water and grease repellents such as per-
and polyfluoroalkyl substances (PFAS), among others.’® In
contrast, wildland firefighters are more likely to encounter
organic fuel sources like wood, grass, and vegetation, resulting
in exposure to different chemicals (e.g., PAHs, volatile organic
compounds (VOCs), and aldehydes).””**

Several researchers presented new data on chemical
exposures among firefighters in different scenarios and in
different regions. These studies suggest that firefighters
encounter coexposures to a variety of carcinogenic and
noncarcinogenic contaminants, including volatile chemicals
(e.g, benzene, formaldehyde), PAHs, flame retardants, and
PFAS. In addition, they face unique challenges and exposures
due to changes in building materials over time (resulting from
changes in manufacturing), increasing transition to electric
motors (e.g, vehicles, bikes, etc.), phase-out of some
hazardous chemicals (e.g, PBDEs) and introduction of new
chemicals in building materials.

Monitoring firefighters’ exposure presents significant chal-
lenges due to the unpredictable and episodic nature of fire
events, as well as the logistical difficulties of accessing
firefighters in remote or hazardous locations. A variety of
approaches have been used to assess exposure including air
monitoring, wearable exposure technology and tools, and
biological sampling. Data collected to date demonstrate that
exposures among firefighters can also vary widely depending
on their job tasks, even after a fire is over. For example,
proximity to “hot” and “cold” areas during fire-clean up and
investigations was highlighted as an important predictor of
differences in exposure to particulate matter, acetaldehyde, and
formaclehyde.39 Similarly, PAH exposures monitored during
wildland and prescribed fires were found to vary significantly
based on the job task.”® Several additional presentations at the
conference highlighted exposure assessments in firefighters
responding to wildland and WUI fires. For example, a
presentation by Andrew Stafford (University of Arizona)
summarized a new study that examined PAH exposures in
firefighters responding to WUI, wildland, and prescribed fires.
They found that while PAH exposures overall were elevated in
postfire urine, the magnitude of exposure varied and appeared
higher in WUI firefighters relative to firefighters responding to
wildland or prescribed fires. This may be related to enhanced
combustion and emissions from building materials.
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To address some of the challenges encountered in assessing
episodic exposures that occur during firefighting, silicone
wristbands have been proposed as a novel tool for monitoring
occupational exposure among firefighters.”” Wristbands
capture data on a wide range of exposures and offer several
advantages over traditional exposure assessment tools. Notably,
they are easy to deploy, even in remote areas, and do not
interfere with firefighter effectiveness or safety. Wristbands can
uniquely capture chemical information that can be useful in
determining how different job tasks and fire conditions impact
an individuals” exposure.

During the conference, Taylor Hoxie (Duke University)
presented new data indicating that exposure to some PFAS, a
group of chemicals present in both firefighting foam and in
firefighter personal protective equipment (PPE), is prevalent
among structural firefighters and may be related to the work
duties performed. For example, Hoxie found that firefighters
on active fire calls had higher exposure to some PFAS
compounds, suggesting firefighting activities or the materials
they use while working to suppress the fire are a potential
source of exposure. Importantly, concentrations of certain
PFAS detected on silicone wristbands have been shown to
correlate with internal dose, suggesting they capture a
significant exposure pathway.'' In addition to monitoring
specific chemicals, wristbands can also support applications
using nontargeted analyses, allowing for a more comprehensive
evaluation of firefighters’ overall exposure. A second
presentation by Nicholas Herkert (Duke University) high-
lighted data from a nontargeted analysis of wristband samples
which found that firefighters on active fire calls had exposure to
a greater number of chemicals at greater magnitudes than
those not responding to active fire calls. More research is
needed to understand the complexities of these exposures and
how they vary based on demographics and behaviors; however,
the use of wristbands may help address this data gap.

Exposure variability is not restricted to the type of fire being
fought, as it is also impacted by the type of PPE that is worn.
Wildland firefighters often work in rural areas and face longer
duration fire events and higher temperatures, with less access
to advanced PPE. Limited access to advanced PPE is especially
true for volunteer firefighters, who may need to respond to
fires in a wildland environment. In addition, fire investigators
and other fire professionals are also potentially exposed as they
frequently enter fire scenes after suppression, where they
encounter numerous environmental contaminants. Previous
research has demonstrated that even different types of hoods
worn by firefighters can impact penetration of combustion
byproducts.”> Of particular note was a PIC2024 Congress
presentation by Melissa Armstead (North Carolina State
University) comparing different types of respiratory protection
that could be available to wildland firefighters. Currently there
is no requirement for wildland firefighters to wear respiratory
protection, and many wear bandanas to provide protection
from soot and smoke. Armstead’s presentation demonstrated
that there is a wide range in filtration efliciency for various
respirators and protective devices. Advanced air purifying
respirators performed much better than standard bandanas or
face masks in removing chemical hazards; however, they also
created more resistance to inhalation and potentially put more
strain on a firefighter’s ability to breathe. Consequently there
are apparent trade-offs in selecting the appropriate respiratory
protection in wildland firefighting.

https://doi.org/10.1021/envhealth.5c00246
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Firefighting is associated with both short-term health issues,
such as acute respiratory problems and skin irritation, and
long-term diseases, including chronic respiratory conditions
like chronic obstructive pulmonary disease, cardiovascular
disease, and various cancers. Cancer mortality is 14% higher in
firefighters than in the general U.S. population, with significant
increases in Iung, gastrointestinal, and kidney cancers as well as
mesothelioma.”™ Due to these elevated risks, the International
Agency for Research on Cancer (IARC) has classified
firefighting as a Group 1 carcinogenic occupation.

To protect firefighters, there is a need to identify key
biomarkers of toxicity that may be detectable before clinical
disease develops. Early effect biomarkers could be especially
valuable for detecting long-term health consequences from
high-risk events (e.g, extreme wildfires, floods, explosions)
that, although rare, can result in significant exposure. For
example, on February 3, 2023, a train carrying various
chemicals (e.g., vinyl chloride, butyl acrylate, and benzene)
derailed and caught fire in East Palestine, Ohio. Preliminary
data presented by Jackie Goodrich (University of Michigan)
found that first responders in East Palestine had altered levels
of multiple microRNAs in their blood, which have been linked
to certain cancers and cardiovascular health outcomes in other
studies. Identifying novel biomarkers for early disease
detection in firefighters thus offers an opportunity for
intervention to improve health outcomes.

B PFAS RESULTING FROM COMBUSTION
PROCESSES

PFAS have gained scientific attention over the last two
decades; however, information is still lacking regarding the
reaction mechanisms and breakdown pathways of their
combustion byproducts. Jonathan Krug (U.S. EPA) described
the EPA’s efforts to characterize chemical breakdown
components of PFAS known as products of incomplete
combustions (PICs) and provided insights into mechanistic
details of PFAS degradation. This work was mainly focused on
measuring volatile, semivolatile, polar, and nonpolar PICs
derived from the treatment of perfluorooactanoic acid (PFOA)
and perfluorooctanesulfonic acid (PFOS) at combustion
temperatures ranging from 810 to 1180 °C. This was
accomplished using a U.S. EPA research combustor named
the Rainbow Furnace.**® Results show that destruction
efficiencies (DEs) for measured PFAS in aqueous film forming
foam (e.g., firefighting foam) that was atomized through the
combustor were 99.99% at temperatures above 1100 °C.
However, high DE levels (99.99%) were also observed for
some PFAS, e.g,, PFOS, below 900 °C, yet these conditions
resulted in significant PIC formation of nonpolar volatiles (e.g.,
fluoroalkanes and alkenes), polar volatiles (e.g., short-chain
perfluoroalkyl carboxylic acids), and polar semivolatiles (e.g.,
long-chain perfluoroalkyl carboxylic acids) that are linked to a
wide range of potential health impacts and environmental
effects. This suggests that DE alone is not an adequate metric
for determining effectiveness of treatment for PFAS. Thus,
chemical analysis of combustion byproducts is critical to
identify the complete breakdown of PFAS.

Breaking down PFAS into less harmful chemicals is
challenging because breaking their C—F bonds can almost
instantly form hydrogen fluoride (HF), which is a highly
corrosive and extremely toxic gas. Brian Gullett, Johanna
Aurell, and Ariel Wallace (U.S. EPA) investigated PFAS and
HF emission from military ordnance detonations. Because
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PFAS are used as binders in plastic-bonded explosives (PBX)
and various military munitions,"” there are growing concerns
surrounding exposures to PFAS and their combustion
byproducts (e.g, HF and tetrafluoromethane (CF,)). Aerial
emission sampling of combustion plumes from PBX
detonation and magnesium-Teflon-Viton (MTV) flares was
conducted using an uncrewed aircraft system (UAS, also
known as a “drone”) equipped with a lightweight sensor-
sampling system (“Kolibri”) for PFAS (sorbent tube and
evacuated canister) and HF (tunable diode laser and cassette).
Results demonstrated that HF in the plume from the MTV
flares was correlated with CO, and CO levels and were higher
than that from the PBX detonation. CF, was detected in the
plume from the PBX detonation but not from the MTV flares.
Six organofluorine compounds were detected in both the MTV
flares and PBX samples. This is believed to be the first study
that used a drone-based sampling system to measure PFAS in
air emissions. These results are important in understanding the
fate of fluorinated components (PFAS byproducts) with
military ordnance during use or disposal.

While combustion can degrade PFAS under certain
conditions, it still poses significant challenges to human health
because combustion byproducts from PFAS degradation often
include short-chain PFAS (chemicals with fewer than 8
carbons). These short-chain PFAS are generally harder to
breakdown and more mobile in the environment (e.g., water,
soil and air), leading to increased risks of exposure and
potential for health problems to develop.*® Thus, it is critical to
measure these combustion byproducts accurately, precisely,
and consistently in various environmental media. The U.S.
EPA has developed, validated, and released analytical methods
to do that.* In terms of sample media, Methods 533/537.1/
1633/1621 are intended to measure a variety of PFAS
compounds from water and soils.”™>* Selected PFAS in air
emissions are measured by Other Test Methods (OTM); for
example, polar semivolatile PFAS compounds (OTM-45),>*
nonpolar volatile fluorocarbons,® and nonpolar semivolatile
fluorocarbons (Methods 0010/3542/8270)°°"°% can be
detected from incomplete combustion or destruction of
PFAS. A key element of these analytical methods is not just
to identify PFAS compounds but to also quantify their
concentrations and evaluate exposure levels for the human
population. Thus, more robust and accurate analytical
techniques are needed to (1) understand comprehensive
source characterizations in the environment, (2) evaluate
PFAS removal and destruction efficiencies, and (3) identify
exposure pathways that may present potential risks to human
health.

B EMERGING HEALTH CONCERNS AND EFFECTS
RELATED TO COMBUSTION BYPRODUCTS

Linda Birnbaum’s (NIEHS, retired) plenary lecture explored
emerging health concerns and effects related to combustion
byproducts. Though there are well-documented associations
between these exposures and adverse health outcomes across
nearly all organs in the body, the nature of these specific health
effects relies heavily upon the source of air pollution and
subsequent chemical compositions of exposure. The life stage
at which a person is exposed further impacts the type of
resulting health effects and at what point these effects manifest
across a person’s life. Various windows of susceptibility to
combustion byproduct exposure are noted in the literature,
including preconception, pregnancy (effects on mother and/or
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child), early childhood, and late adulthood; notably, though
findings across many studies find positive associations between
adverse outcomes and exposure to air pollution and,
specifically, wildfire smoke, outcome-specific findings are
sometimes mixed.”**"~%!

Understanding the relationships between combustion by-
products and the health effects that result from these different
exposure scenarios is especially imperative given climate
change factors are amplifying the frequency and severity of
wildfire events across the world. As posited in the plenary,
exposure to wildfire smoke may, in fact, be one of the largest
public health consequences of climate change. An April 2024
working report by the U.S. National Bureau of Economic
Research estimated that by 2050, economic costs due to lives
lost from wildfire smoke will exceed $240 billion.®” This cost is
comparable to the sum of estimated economic costs from all
other damages in the U.S.°> Compounding this increased risk
of exposure, multiple talks (see Supporting Information)
throughout the PIC2024 highlighted data that suggest indoor
environments may not be as inherently protective from wildfire
smoke as previously thought.

Combustion byproducts are grouped into primary air
pollutants (e.g., gases, VOCs, hydrocarbons, etc.) and
particulate matter (PM). PM, ¢, also considered a secondary
pollutant due to downwind formation, represents particles of
aerodynamic diameter 2.5 pm or less in size and can penetrate
the lung epithelium.®*** Studies have shown that mortality
incidence increases across all age groups with increasing PM, 5
exposure, and PM, specifically has been identified as the
primary environmental risk factor for cardiovascular dis-
ease.””%° Studies have found a monotonic relationship between
PM, 5 exposure and risk of cardiovascular disease, suggestin:
that no safe threshold exists for cardiovascular health.®>°
Thus, even minute increases in PM exposure can result in
deleterious cardiovascular effects.*>®° Additionally, naphtha-
lene, the simplest of the polyaromatic hydrocarbons, is a
ubiquitous environmental contaminant identified across
ambient urban air, wildfire smoke, military burn pit model
emissions, food products, groundwater, well water, and human
breast milk.””~"" In vitro and ex vivo models had previously
identified naphthalene’s ability to adduct DNA;"""* Sarrah
Hannon (University of Arizona) and Morgan Domanico
(University of California Davis) presented complementary
data that identified naphthalene-induced DNA adducts in
cigarette smokers, occupationally exposed firefighters, and mice
exposed across multiple routes to naphthalene. These data
importantly represent the first reported observations of
naphthalene adducts occurring in vivo, and provide supporting
mechanistic evidence underlying epidemiological findings that
previously connected naphthalene exposure to cancer.

Mixtures of combustion byproducts pose unique risks
because different components often synergize to magnify the
toxicity of exposure compared to that of any single parent
component. For example, combustion-derived PM has higher
toxicity on and after high ozl days due to ozone-mediated
oxidation processes that change the particles’ physiochemical
characteristics.””’* Additionally, though flame retardants used
in household furniture delay the onset and slow the rate of
foam burning during a house fire, they increase the toxicity of
the resulting combustion byproducts when the flame retardant-
foam mixture does eventually burn.”® This increased toxicity is
largely due to higher amounts of soot, smoke, carbon
monoxide, hydrogen cyanide, dioxins, and furans that are
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produced under these slower burn conditions.”” Under-
standing mixture effects on combustion byproduct toxicity is
especially imperative given that real-world exposure scenarios
(e.g., air pollution, wildfires, house fires, etc.) never comprise
single chemical components, and instead, predominantly
include complex mixtures of various combustion byproduct
components.

The study of life stages susceptible to combustion byproduct
exposure has primarily focused on maternal exposures both
before and during pregnancy in addition to childhood
exposures. However, a window of susceptibility becoming
increasingly appreciated is the period of paternal sperm
maturation immediately preceding conception. Colette Miller
(U.S. EPA) used a rat model to investigate the effects of
paternal biomass smoke exposure during sperm maturation.
These exposure designs were found to alter pubertal timing
and later life estrous cyclicity via endocrine disruption in
female F1 offspring, affect sperm motility and endocrine
disruption in male F1 offspring, and increase levels of
circulating pro-inflammatory markers in F1 offspring of both
sexes. These data support the need to further investigate
preconception paternal exposures to combustion byproducts
and how they relate to subsequent changes in fertility and
offspring development. These studies are particularly relevant
for firefighters, an occupational group highlighted during
PIC2024, given that 91% and 70% of U.S. firefighters in 2020
were male and of reproductive age (20—49 years old),
respectively.”®

Collectively, there has been immense growth in health
research applicable to combustion byproducts in recent years,
particularly surrounding the identification of vulnerable
populations and the diversity in target organs that can be
influenced by these complex atmospheric exposures. Based
upon presentations and discussions at PIC2024, it is evident
that windows of susceptibility will continue to be explored,
including trans-generational impacts, and further elucidation of
substances and groups of substances within these mixtures that
quantifiably impact health risks is needed. As an example,
recent research has identified nitrogen dioxide, a gaseous
combustion byproduct, as a contaminant that may pose greater
health risks than previously known.”” Gas and propane
combustion as well as traffic-related pollution can be a source
of nitrogen dioxide exposure.”” Employing multiomic study
designs to identify exposure-related dysregulation patterns at
multiple levels will further inform which mechanistic pathways
are at play. There is also a push within the field to better define
the economic costs of health effects due to combustion
byproduct exposure, especially losses like emotional pain,
distress, and discomfort that are inherently difficult to quantify.

B RESPONDING TO EMERGENCY EVENTS AND
HEALTH CONSIDERATIONS: EAST PALESTINE

A major focus of PIC2024 was combustion emissions, soil
contaminants, and health concerns from accidents, wildfires,
and thermal treatment processes. This was highlighted by a
plenary presentation on the train railcar accident in East
Palestine, Ohio. Mark Durno (U.S. EPA) was one of the on-
scene coordinators in East Palestine, and gave insights into
U.S. EPA’s response. Durno felt that the most important take
home message from what became a major socio-political issue
is to establish early communication with the public, engage
with the community early and often, deal promptly with
misinformation, and to have a well-trained, continuous staff
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on-site and available to respond. Durno indicated that this
accident had enormous public pressure that resulted in
significant federal participation beyond typical responses. The
decision by the train company to vent and burn the vinyl
chloride from five railcars has been questioned by public
groups, news outlets, and the National Transportation Safety
Board (NTSB).”® Durno indicated that the public and elected
officials expressed concerns regarding resulting chemical
emissions, including semivolatiles and chlorinated dioxins
and furans, and the lack of assets in place to appropriately
anticipate and monitor the combustion byproducts.

Assessments of soil samples and the presence of toxicity
markers were conducted to gain a retrospective sense of the
environmental releases from the East Palestine fire and smoke
plume. Over 20 soil samples from the East Palestine area were
collected and analyzed for environmentally persistent free
radicals (EPFRs) by presenter Myron Lard (Louisiana State
University). Preliminary results indicated a correlation with
levels of chlorinated dibenzodioxins and dibenzofurans (CDD/
CDF). A study of toxicity markers in firefighters by presenter
Jackie Goodrich, was expanded to include roughly 1/3rd of the
firefighters from East Palestine. Goodrich’s study is examining
exposures and persistent epigenetic markers—heritable
changes in gene function without changes in the genes (e.g,
noncoding RNA) and somatic markers themselves. A follow-up
study is planned for 18—24 months. A similar study of
community exposure to potential toxics, this from open
burning and open detonation of hazardous waste, was
conducted by presenter Jennifer Richmond-Bryant (North
Carolina State University). Richmond-Bryant conducted open
area sampling of PM,;, EPFRs, metals, and CDD/CDF to
assess potential health effects of nearby community members.

Plumes from open burning incidents were discussed by
Hendryk Czech (University of Rostock). Czech examined
smoke samples from Nadym City, Russia coupled with
photochemical aging chamber experiments to assess the type
and level of pollutants from fires and how they disperse in the
environment. Photochemical chamber studies were also
conducted by Khushboo Fnu (University of South Carolina)
to study the formation of EPFRs from VOCs. This effort
examined the mechanisms of EPFR formation and their rate
controlling factors in an effort to understand the role precursor
VOC structures play in formation. Similarly, Lavrent
Khachatryan (Louisiana State University) examined the role
of biomass constituents (lignin, cellulose, and hemicellulose)
to form EPFRs in an effort to understand formation
mechanisms from wildland fires. Khachatryan was able to
form stabilized radicals from hydrolytic lignin in a metal-free
environment in his reactor, informing potential pollutant
formation regimes during wildfires. Biomass combustion
regimes and pollutant formation studies were also accom-
plished by Timothy Nurkiewicz (West Virginia University)
and colleagues with their pellet combustor and an attached
exposure chamber, allowing for versatile testing of fuel types
and combustion conditions.

Sources of open, uncontrolled combustion can expose
civilian populations and emergency responders to a variety of
pollutants whose composition and concentration, by the nature
of the event, are relatively unknown. Characterizing these
pollutants is challenging due to the often impromptu nature of
the source and the inability to bring appropriate sampling
instruments to bear in a timely manner. The atmospheric
reactions, chemical transformations, and environmental fate of
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these pollutants require creative study to further understand
the health and environmental consequences of these sources.

B CONCLUDING REMARKS AND RESEARCH GAPS

The complex interactions among climate change, urbanization,
and higher chemical burdens in our environment have all led
to a significant increase in the type and amount of chemicals
present during combustion events, thereby heightening
exposure risks and potential health consequences. Wildfires
in particular represent an important and growing challenge in
terms of air quality, exposure, and health risks. The expansion
of the WUI has positioned wildfires as a critical and growing
source of pollutant exposure for a larger population. The
permeability of wildfire smoke into indoor environments has
challenged earlier assumptions of indoor protection, under-
scoring the need for improved indoor air filtration and
treatment technologies. Understanding the health trade-offs
associated with purposeful prescribed fires is urgent; while they
can lead to short-term increases in the concentrations of some
hazardous air pollutants, and particularly PM, g, they also offer
a potential strategy to mitigate more intense wildfires that
result in severe health impacts and billions of dollars in damage
over larger regions.

On top of concerns related to the combustion byproducts
themselves, additional chemical contaminants may co-occur
and lead to complex exposures in impacted communities. For
example, PFAS may be present in burning materials (e.g,
lithium batteries, building components), contributing to
additional combustion byproducts. In other cases, PFAS may
be introduced during fire suppression activities, such as
through the use of aqueous film-forming foam (AFFF). This
is further complicated by the influence of atmospheric
transformations on pollutant fate and transport, which can
affect their toxicity. Firefighters, both structural and wildland,
face significant occupational exposure risks, highlighting the
need for targeted policies and protections for these high-risk
groups. Emerging health concerns related to combustion
byproducts, particularly the varied heat effects and complex
biological responses, could benefit from further multiomic
investigations to fully understand underlying mechanisms. And
last, accurately assessing exposure risk from combustion,
especially during unpredictable and highly variable events
like wildfires, or emergency responses to disasters that include
fires (e.g., the East Palestine trail derailment), may be hindered
by limitations in our ability to adequately and quickly respond
to these events, and/or have data available that describes
concentration levels before the event (e.g, baseline data). In
particular, it can be challenging to deploy fully resourced
response teams into an affected area in a timely manner as well
as establish a clear and open line of communication with the
local community and local and regional first responders.

Discussions from this conference stress the importance of
multifaceted and more holistic approaches to help address
health risks associated with combustion. Importantly, every fire
and fuel source may contain different materials and chemicals
that produce distinctive emissions and, thus, approaches are
needed that fully characterize chemical emissions and exposure
and subsequent risk for different fire scenarios (e.g., PFAS
emissions from lithium ion batteries). The increasing use of
-omics and nontargeted chemical analytical approaches may
help address these shortcomings. More research to improve
performance, and in some cases availability, of PPE may also
help firefighters reduce their exposures associated with
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combustion byproducts and reduce health risks. We also
recognize that some populations may be more vulnerable than
others, and thereby recommend further research on regional
differences in health effects from wildfire smoke. And finally,
climate change links to increased wildfires suggest that more
prescribed burns may be called for to mitigate impacts at the
residential and community levels, and to reduce the damages
and loss of life associated with wildfires. To repeat plenary
speaker Toddi Steelman’s take-home message, our actions can
create a “narrative of hope and possibility, not despair and
apocalypse” as we move forward to address these challenges.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/envhealth.5c00246.

The conference program with the agenda and list of
speakers and titles (PDF)

B AUTHOR INFORMATION
Corresponding Author

Heather M. Stapleton — Nicholas School of the Environment,
Duke University, Durham, North Carolina 27708, United
States; ® orcid.org/0000-0002-9995-6517; Phone: (919)
613-8717; Email: heather.stapleton@duke.edu

Authors

Julia E. Rager — Department of Environmental Sciences and
Engineering, Gillings School of Global Public Health,
University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599, United States

Sarah L. Miller — Curriculum in Toxicology and
Environmental Medicine, School of Medicine, University of
North Carolina at Chapel Hill, Chapel Hill, North Carolina
27599, United States; ® orcid.org/0000-0002-1441-4015

Kate Hoffman — Nicholas School of the Environment, Duke
University, Durham, North Carolina 27708, United States;

orcid.org/0000-0001-8029-7710

Yong Ho Kim — Center for Public Health and Environmental
Assessment, Office of Research and Development, U.S.
Environmental Protection Agency, Research Triangle Park,
North Carolina 27711, United States; © orcid.org/0000-
0001-7527-0134

Brian Gullett — Center for Environmental Measurements and
Modeling, Office of Research and Development, U.S.
Environmental Protection Agency, Research Triangle Park,
North Carolina 27711, United States; © orcid.org/0000-
0003-4547-4026

Toddi Steelman — Nicholas School of the Environment, Duke
University, Durham, North Carolina 27708, United States;

orcid.org/0000-0001-7492-8635

Daniel Jaffe — School of Science, Technology, Engineering and
Mathematics, University of Washington Bothell, Bothell,
Washington 98011, United States; Department of
Atmospheric Sciences, University of Washington Seattle,
Seattle, Washington 98195, United States; © orcid.org/
0000-0003-1965-9051

Linda S. Birnbaum — Retired, National Institute of
Environmental Health Sciences, Research Triangle Park,
North Carolina 27709, United States; © orcid.org/0000-
0001-5429-5658

348

Miriam M. Calkins — National Institute for Occupational
Safety and Health, Centers for Disease Control and
Prevention, Cincinnati, Ohio 45226, United States

Marc Durno — U.S. Environmental Protection Agency Region
S, Emergency Response Branch, Westlake, Ohio 4414S,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/envhealth.5c00246

Funding

This symposium and support for this article was provided in
part by a grant from the National Institute of Environmental
Health Sciences (NIEHS) (R13 ES036448). Additional
support was provided through NIEHS grants
(IRO1ES035878 [PI Rager]; P42 ES010356; T32
ES007126). Financial support was also provided by Entech
Instruments, Eurofins, the U.S. Environmental Protection
Agency, and the Duke University Superfund Research Center.

Notes

The views expressed in this article are those of the author(s)
and do not necessarily represent the views or the policies of the
U.S. Environmental Protection Agency. Any mention of trade
names, manufacturers or products does not imply an
endorsement by the United States Government or the U.S.
Environmental Protection Agency. EPA and its employees do
not endorse any commercial products, services, or enterprises.
The findings and conclusions in this paper are those of the
authors and do not necessarily represent the official position of
the National Institute for Occupational Safety and Health
(NIOSH), Centers for Disease Control and Prevention.

The authors declare no competing financial interest.

Biography

Heather M. Stapleton, Ronie-Richelle Garcia-Johnson Distinguished
Professor, Nicholas School of the Environment, Duke University,
Durham, NC USA. Professor Heather Stapleton is an environmental
chemist and exposure scientist in the Nicholas School of the
Environment at Duke University. Her research interests focus on
identification of halogenated and organophosphate chemicals in
building materials, furnishings and consumer products, and estimation
of human exposure, particularly in vulnerable populations such as
pregnant women, children and firefighters. She currently serves as the
Director for the Duke Superfund Research Center, and Director of
the North Carolina Firefighter Cancer Cohort Study.

B ACKNOWLEDGMENTS

The authors would like to acknowledge and thank all the
participants of this symposium for their participation and

https://doi.org/10.1021/envhealth.5c00246
Environ. Health 2026, 4, 341-351


https://pubs.acs.org/doi/10.1021/envhealth.5c00246?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/envhealth.5c00246/suppl_file/eh5c00246_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heather+M.+Stapleton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9995-6517
mailto:heather.stapleton@duke.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julia+E.+Rager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+L.+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1441-4015
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kate+Hoffman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8029-7710
https://orcid.org/0000-0001-8029-7710
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong+Ho+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7527-0134
https://orcid.org/0000-0001-7527-0134
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brian+Gullett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4547-4026
https://orcid.org/0000-0003-4547-4026
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Toddi+Steelman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7492-8635
https://orcid.org/0000-0001-7492-8635
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Jaffe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1965-9051
https://orcid.org/0000-0003-1965-9051
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linda+S.+Birnbaum"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5429-5658
https://orcid.org/0000-0001-5429-5658
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miriam+M.+Calkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Durno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.5c00246?ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.5c00246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

important contributions to the discussions. We also thank
Amelia Kane and Jessica Strachle for their administrative
support. Lastly, we are grateful to the following organizations
for their support and sponsorship of PIC2024: Entech
Instruments, Eurofins Inc., the U.S. Environmental Protection
Agency, and the Duke University Superfund Research Center.

B REFERENCES

(1) Landrigan, P. J.; Fuller, R.;; Acosta, N. J. R.;; Adeyi, O.; Arnold,
R; Basu, N. N,; Balde, A. B,; Bertollini, R; Bose-O'Reilly, S,;
Boufford, J. I; et al. The Lancet Commission on pollution and health.
Lancet 2018, 391 (10119), 462—512.

(2) National Academies of Sciences, Engineering, and Medicine.
Chapter 4: Atmospheric Transport and Chemical Transformations. In
Consensus Study Report: The Chemistry of Fires at the Wildland-Urban
Interface; The National Academies Collection: Reports funded by
National Institutes of Health, National Academies Press, 2022.

(3) Zhou, S.; Collier, S.; Jaffe, D. A.; Briggs, N. L.; Hee, J.; Sedlacek
111, A. J.; Kleinman, L.; Onasch, T. B.; Zhang, Q. Regional influence of
wildfires on aerosol chemistry in the western US and insights into
atmospheric aging of biomass burning organic aerosol. Atmos. Chem.
Phys. 2017, 17 (3), 2477—2493.

(4) Farley, R.; Zhou, S.; Collier, S.; Jiang, W.; Onasch, T. B.; Shilling,
J. E; Kleinman, L.; Sedlacek Iii, A. J.; Zhang, Q. Chemical Evolution
of Biomass Burning Aerosols across Wildfire Plumes in the Western
U.S.: From Near-Source to Regional Scales. ACS ES&T Air 2025, 2
(4), 677—691.

(5) Xu, L,; Crounse, J. D.; Vasquez, K. T.; Allen, H.; Wennberg, P.
O.; Bourgeois, I; Brown, S. S.; Campuzano-Jost, P.; Coggon, M. M.;
Crawford, J. H.; et al. Ozone chemistry in western U.S. wildfire
plumes. Sci. Adv. 2021, 7 (50), No. eabl3648.

(6) Pye, H. O. T.; Ward-Caviness, C. K.; Murphy, B. N.; Appel, K.
W.; Seltzer, K. M. Secondary organic aerosol association with
cardiorespiratory disease mortality in the United States. Nat.
Commun. 2021, 12 (1), No. 7215.

(7) Rager, J. E.; Lichtveld, K; Ebersviller, S.; Smeester, L.; Jaspers, L;
Sexton, K. G.; Fry, R. C. A toxicogenomic comparison of primary and
photochemically altered air pollutant mixtures. Environ. Health
Perspect. 2011, 119 (11), 1583—1589.

(8) Bowman, D. M. J. S; Williamson, G. J.; Abatzoglou, J. T.;
Kolden, C. A.; Cochrane, M. A,; Smith, A. M. S. Human exposure and
sensitivity to globally extreme wildfire events. Nat. Ecol. Evol. 2017, 1
(3), No. 0058.

(9) Boer, M. M.; Resco de Dios, V.; Bradstock, R. A. Unprecedented
burn area of Australian mega forest fires. Nat. Clim. Change 2020, 10
(3), 171-172.

(10) Jain, P.; Castellanos-Acuna, D.; Coogan, S. C. P.; Abatzoglou, J.
T.; Flannigan, M. D. Observed increases in extreme fire weather
driven by atmospheric humidity and temperature. Nat. Clim. Change
2022, 12 (1), 63-70.

(11) Liu, Y.; Stanturf, J.; Goodrick, S. Trends in global wildfire
potential in a changing climate. For. Ecol. Manage. 2010, 259 (4),
685—697.

(12) Abatzoglou, J. T.; Williams, A. P. Impact of anthropogenic
climate change on wildfire across western US forests. Proc. Natl. Acad.
Sci. US.A. 2016, 113 (42), 11770—11775.

(13) Jolly, W. M.; Cochrane, M. A.; Freeborn, P. H,; Holden, Z. A;
Brown, T. J.; Williamson, G. J.; Bowman, D. M. J. S. Climate-induced
variations in global wildfire danger from 1979 to 2013. Nat. Commun.
20185, 6 (1), No. 7537.

(14) Wilmot, T. Y.,; Mallia, D. V.; Hallar, A. G.; Lin, J. C. Wildfire
plumes in the Western US are reaching greater heights and injecting
more aerosols aloft as wildfire activity intensifies. Sci. Rep. 2022, 12
(1), No. 12400.

(15) Rice, R. B,; Boaggio, K; Olson, N. E.; Foley, K. M.; Weaver, C.
P.; Sacks, J. D.; McDow, S. R.; Holder, A. L.; LeDuc, S. D. Wildfires
Increase Concentrations of Hazardous Air Pollutants in Downwind
Communities. Environ. Sci. Technol. 2023, 57 (50), 21235—21248.

349

(16) Flannigan, M.; Cantin, A. S.; de Groot, W. J.; Wotton, M,;
Newbery, A.; Gowman, L. M. Global wildland fire season severity in
the 21st century. For. Ecol. Manage. 2013, 294, 54—61.

(17) Allen, C. D.; Macalady, A. K.; Chenchouni, H.; Bachelet, D.;
McDowell, N.; Vennetier, M.; Kitzberger, T.; Rigling, A.; Breshears,
D. D,; Hogg, E. H; et al. A global overview of drought and heat-
induced tree mortality reveals emerging climate change risks for
forests. For. Ecol. Manage. 2010, 259 (4), 660—684.

(18) Ellis, T. M,; Bowman, D.; Jain, P.; Flannigan, M. D,
Williamson, G. J. Global increase in wildfire risk due to climate-
driven declines in fuel moisture. Global Change Biol. 2022, 28 (4),
1544—1559.

(19) Price, C.; Rind, D. The Impact of a 2 X CO2 Climate on
Lightning-Caused Fires. J. Clim. 1994, 7 (10), 1484—1494.

(20) Chen, Y,; Romps, D. M,; Seeley, J. T.; Veraverbeke, S.; Riley,
W. J.; Mekonnen, Z. A.; Randerson, J. T. Future increases in Arctic
lightning and fire risk for permafrost carbon. Nat. Clim. Change 2021,
11 (5), 404—410.

(21) Balch, J. K; Bradley, B. A.; Abatzoglou, J. T.; Nagy, R. C;
Fusco, E. J.; Mahood, A. L. Human-started wildfires expand the fire
niche across the United States. Proc. Natl. Acad. Sci. U.S.A. 2017, 114
(11), 2946—2951.

(22) Hantson, S.; Andela, N.; Goulden, M. L.; Randerson, J. T.
Human-ignited fires result in more extreme fire behavior and
ecosystem impacts. Nat. Commun. 2022, 13 (1), No. 2717.

(23) Pausas, J. G.; Keeley, J. E. Wildfires and global change. Front.
Ecol. Environ. 2021, 19 (7), 387—395.

(24) US. EPA. Wildfire Smoke: A Guide for Public Health Officials
(Revised 2021); EPA-452/R-21—901; United States Environmental
Protection Agency (U.S. EPA), 2021. https://www.airnow.gov/sites/
default/files/2021-09/wildfire-smoke-guide.pdf.

(25) Coker, E. S.; Stone, S. L.; McTigue, E.; Yao, J. A.; Brigham, E.
P.; Schwandt, M,; Henderson, S. B. Climate change and health:
rethinking public health messaging for wildfire smoke and extreme
heat co-exposures. Front. Public Health 2024, 12, No. 1324662.

(26) National Academies of Sciences, Engineering, and Medicine.
Chapter 6: Human Exposures, Health Impacts, and Mitigation. In
Consensus Study Report: The Chemistry of Fires at the Wildland-Urban
Interface; The National Academies Collection: Reports funded by
National Institutes of Health, National Academies Press, 2022.

(27) Kodros, J. K;; O’Dell, K.; Samet, J. M.; L’Orange, C.; Pierce, J.
R,; Volckens, J. Quantifying the Health Benefits of Face Masks and
Respirators to Mitigate Exposure to Severe Air Pollution. GeoHealth
2021, 5 (9), No. e2021GH000482.

(28) Holm, S. M.; Miller, M. D.; Balmes, J. R. Health effects of
wildfire smoke in children and public health tools: a narrative review.
J. Exp. Sci. Environ. Epidemiol. 2021, 31 (1), 1—20.

(29) Garg, P.; Wang, S.; Oakes, J. M.; Bellini, C.; Gollner, M. J. The
effectiveness of filter material for respiratory protection worn by
wildland firefighters. Fire Saf. J. 2023, 139, No. 103811.

(30) May, N. W.; Dixon, C.; Jaffe, D. A. Impact of Wildfire Smoke
Events on Indoor Air Quality and Evaluation of a Low-cost Filtration
Method. Aerosol Air Qual. Res. 2021, DOI: 10.4209/aaqr.210046.

(31) Jaffe, D. A; O'Neill, S. M,; Larkin, N. K;; Holder, A. L,
Peterson, D. L.; Halofsky, J. E; Rappold, A. G. Wildfire and
prescribed burning impacts on air quality in the United States. J. Air
Waste Manage. Assoc. 2020, 70 (6), S83—615.

(32) Jones, B. A;; McDermott, S.; Champ, P. A; Berrens, R. P. More
smoke today for less smoke tomorrow? We need to better understand
the public health benefits and costs of prescribed fire. Inte. J. Wildland
Fire 2022, 31 (10), 918—926.

(33) U.S. Wildland Fire Mitigation and Management Commission.
ON FIRE: The Report of the Wildland Fire Mitigation and Management
Commission, 2023. https://www.usda.gov/sites/default/files/
documents/wfmmc-final-report-09-2023.pdf.

(34) Barros, B.; Oliveira, M.; Morais, S. Biomonitoring of firefighting
forces: a review on biomarkers of exposure to health-relevant
pollutants released from fires. J. Towicol. Environ. Health, Part B
2023, 26 (3), 127—-171.

https://doi.org/10.1021/envhealth.5c00246
Environ. Health 2026, 4, 341-351


https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.5194/acp-17-2477-2017
https://doi.org/10.5194/acp-17-2477-2017
https://doi.org/10.5194/acp-17-2477-2017
https://doi.org/10.1021/acsestair.5c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestair.5c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestair.5c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abl3648
https://doi.org/10.1126/sciadv.abl3648
https://doi.org/10.1038/s41467-021-27484-1
https://doi.org/10.1038/s41467-021-27484-1
https://doi.org/10.1289/ehp.1003323
https://doi.org/10.1289/ehp.1003323
https://doi.org/10.1038/s41559-016-0058
https://doi.org/10.1038/s41559-016-0058
https://doi.org/10.1038/s41558-020-0716-1
https://doi.org/10.1038/s41558-020-0716-1
https://doi.org/10.1038/s41558-021-01224-1
https://doi.org/10.1038/s41558-021-01224-1
https://doi.org/10.1016/j.foreco.2009.09.002
https://doi.org/10.1016/j.foreco.2009.09.002
https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1038/ncomms8537
https://doi.org/10.1038/ncomms8537
https://doi.org/10.1038/s41598-022-16607-3
https://doi.org/10.1038/s41598-022-16607-3
https://doi.org/10.1038/s41598-022-16607-3
https://doi.org/10.1021/acs.est.3c04153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c04153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c04153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.foreco.2012.10.022
https://doi.org/10.1016/j.foreco.2012.10.022
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1111/gcb.16006
https://doi.org/10.1111/gcb.16006
https://doi.org/10.1175/1520-0442(1994)007<1484:TIOACC>2.0.CO;2
https://doi.org/10.1175/1520-0442(1994)007<1484:TIOACC>2.0.CO;2
https://doi.org/10.1038/s41558-021-01011-y
https://doi.org/10.1038/s41558-021-01011-y
https://doi.org/10.1073/pnas.1617394114
https://doi.org/10.1073/pnas.1617394114
https://doi.org/10.1038/s41467-022-30030-2
https://doi.org/10.1038/s41467-022-30030-2
https://doi.org/10.1002/fee.2359
https://www.airnow.gov/sites/default/files/2021-09/wildfire-smoke-guide.pdf
https://www.airnow.gov/sites/default/files/2021-09/wildfire-smoke-guide.pdf
https://doi.org/10.3389/fpubh.2024.1324662
https://doi.org/10.3389/fpubh.2024.1324662
https://doi.org/10.3389/fpubh.2024.1324662
https://doi.org/10.1029/2021GH000482
https://doi.org/10.1029/2021GH000482
https://doi.org/10.1038/s41370-020-00267-4
https://doi.org/10.1038/s41370-020-00267-4
https://doi.org/10.1016/j.firesaf.2023.103811
https://doi.org/10.1016/j.firesaf.2023.103811
https://doi.org/10.1016/j.firesaf.2023.103811
https://doi.org/10.4209/aaqr.210046
https://doi.org/10.4209/aaqr.210046
https://doi.org/10.4209/aaqr.210046
https://doi.org/10.4209/aaqr.210046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10962247.2020.1749731
https://doi.org/10.1080/10962247.2020.1749731
https://doi.org/10.1071/WF22025
https://doi.org/10.1071/WF22025
https://doi.org/10.1071/WF22025
https://www.usda.gov/sites/default/files/documents/wfmmc-final-report-09-2023.pdf
https://www.usda.gov/sites/default/files/documents/wfmmc-final-report-09-2023.pdf
https://doi.org/10.1080/10937404.2023.2172119
https://doi.org/10.1080/10937404.2023.2172119
https://doi.org/10.1080/10937404.2023.2172119
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.5c00246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

(35) Fent, K. W.; Evans, D. E.; Babik, K; Striley, C.; Bertke, S.;
Kerber, S.; Smith, D.; Horn, G. P. Airborne contaminants during
controlled residential fires. J. Occup. Environ. Hyg. 2018, 15 (5), 399—
412.

(36) Shaw, S. D.; Berger, M. L.; Harris, J. H; Yun, S. H; Wu, Q;
Liao, C,; Blum, A, Stefani, A; Kannan, K. Persistent organic
pollutants including polychlorinated and polybrominated dibenzo-p-
dioxins and dibenzofurans in firefighters from Northern California.
Chemosphere 2013, 91 (10), 1386—1394.

(37) Adetona, O.; Reinhardt, T. E.; Domitrovich, J.; Broyles, G.;
Adetona, A. M.; Kleinman, M. T.; Ottmar, R. D.; Naeher, L. P.
Review of the health effects of wildland fire smoke on wildland
firefighters and the public. Inhalation Toxicol. 2016, 28 (3), 95—139.

(38) Navarro, K. M,; Cisneros, R; Noth, E. M.; Balmes, J. R;;
Hammond, S. K. Occupational Exposure to Polycyclic Aromatic
Hydrocarbon of Wildland Firefighters at Prescribed and Wildland
Fires. Environ. Sci. Technol. 2017, 51 (11), 6461—6469.

(39) Horn, G. P.; Madrzykowski, D.; Neumann, D. L.; Mayer, A. C,;
Fent, K. W. Airborne contamination during post-fire investigations:
Hot, warm and cold scenes. J. Occup. Environ. Hyg. 2022, 19 (1), 35—
49.

(40) Levasseur, J. L.; Hoffman, K.; Herkert, N. J.; Cooper, E.; Hay,
D.; Stapleton, H. M. Characterizing firefighter’s exposure to over 130
SVOC:s using silicone wristbands: A pilot study comparing on-duty
and off-duty exposures. Sci. Total Environ. 2022, 834, No. 155237.

(41) Hoxie, T. Assessing Exposure to Per- and Polyfluoroalkyl
Substances in the Indoor and Ambient Environment Utilizing Silicone
Wristbands. PhD Dissertation, Duke University, 2024. https://
dukespace.lib.duke.edu/items/77fee6f3-ab7c-4alf-97ed-
1fe6844499fe.

(42) Kesler, R. M; Mayer, A.; Fent, K. W.; Chen, I. C.; Deaton, A.
S.; Ormond, R. B.; Smith, D. L.; Wilkinson, A.; Kerber, S.; Horn, G. P.
Effects of firefighting hood design, laundering and doffing on smoke
protection, heat stress and wearability. Ergonomics 2021, 64 (6), 755—
767.

(43) Daniels, R. D.; Kubale, T. L.; Yiin, J. H.; Dahm, M. M.; Hales,
T. R; Baris, D.; Zahm, S. H,; Beaumont, J. J.; Waters, K. M,;
Pinkerton, L. E. Mortality and cancer incidence in a pooled cohort of
US firefighters from San Francisco, Chicago and Philadelphia (1950—
2009). Occup. Environ. Med. 2014, 71 (6), 388—397.

(44) Demers, P. A,; DeMarini, D. M.; Fent, K. W.; Glass, D. C.;
Hansen, J.; Adetona, O.; Andersen, M. H.; Freeman, L. E. B.; Caban-
Martinez, A. J.; Daniels, R. D.; et al. Carcinogenicity of occupational
exposure as a firefighter. Lancet Oncol. 2022, 23 (8), 985—986.

(4S5) Mattila, J. M.; Krug, J. D.; Roberson, W. R.; Burnette, R. P,;
McDonald, S.; Virtaranta, L.; Offenberg, ]J. H. Linak, W. P.
Characterizing Volatile Emissions and Combustion Byproducts from
Aqueous Film-Forming Foams Using Online Chemical Ionization
Mass Spectrometry. Environ. Sci. Technol. 2024, 58 (8), 3942—3952.

(46) Shields, E. P; Krug, J. D.; Roberson, W. R; Jackson, S. R;
Smeltz, M. G.; Allen, M. R.; Preston Burnette, R,; Nash, J. T,;
Virtaranta, L.; Preston, W.; et al. Pilot-Scale Thermal Destruction of
Per- and Polyfluoroalkyl Substances in a Legacy Aqueous Film
Forming Foam. ACS ES&T Eng. 2023, 3 (9), 1308—1317.

(47) Koban, L. A.; Pfluger, A. R. Per- and polyfluoroalkyl substances
(PFAS) exposure through munitions in the Russia-Ukraine conflict.
Integr. Environ. Assess. Manage. 2023, 19 (2), 376—381.

(48) Li, F.; Duan, J.; Tian, S; Ji, H; Zhu, Y.; Wei, Z.; Zhao, D.
Short-chain per- and polyfluoroalkyl substances in aquatic systems:
Occurrence, impacts and treatment. Chem. Eng. ]. 2020, 380,
No. 122506.

(49) Weitz, K.; Kantner, D.; Kessler, A.; Key, H.; Larson, J.; Bodnar,
W.; Parvathikar, S.; Davis, L.; Robey, N.; Taylor, P.; et al. Review of
per- and poly-fluoroalkyl treatment in combustion-based thermal
waste systems in the United States. Sci. Total Environ. 2024, 932,
No. 172658.

(50) U.S. EPA. Determination of Per- and Ployfluoroalkyl
Substances in Drinking Water by Isotope Dilution Anion Exchange
Solid Phase Extraction and Liquid Chromatography/Tandem Mass

350

Spectrometry. United States Environmental Protection Agency (U.S.
EPA). 2019; Vol. 815-B-19—020..

(51) U.S. EPA. Determination of Selected Per- and Polyflourinated
Alkyl Substances in Drinking Water by Solid Phase Extraction and
Liquid Chromatography/Tandem Mass Spectrometry (LC/MS/MS).
United States Environmental Protection Agency (U.S. EPA). 2020;
Vol. EPA/600/R-20/006.

(52) U.S. EPA. Analysis of Per- and Polyfluoroalkyl Substances
(PFAS) in Aqueous, Solid, Biosolids, and Tissue Samples by LC-MS/
MS. United States Environmental Protection Agency (U.S. EPA).
2024; Vol. EPA 821-R-24—001.

(53) U.S. EPA. Determination of Adsorbable Organic Fluorine
(AOF) in Aqueous Matrices by Combustion Ion Chromatography
(CIC). United States Environmental Protection Agency (U.S. EPA).
2024; Vol. EPA 821-R-24—002.

(54) U.S. EPA. Measurement of Selected Per- and Polyfluorinated
Alkyl Substances from Stationary Sources. United States Environ-
mental Protection Agency (U.S. EPA). 2025; Vol. Revision 1.

(55) U.S. EPA.. Sampling and Analysis of Volatile Fluorinated
Compounds from Stationary Sources Using Passivated Stainless-Steel
Canisters. United States Environmental Protection Agency (U.S.
EPA). 2024.

(56) U.S. EPA. Modified Method S Sampling Train. United States
Environmental Protection Agency (U.S. EPA). 1986; Vol. Revision 0.

(57) U.S. EPA. Extraction of Semivolatile Analytes Collected Using
Method 0010 (Modified Method S Sampling Train). United States
Environmental Protection Agency (U.S. EPA). 1998; Vol. Revision 0.

(58) U.S. EPA. Method 8270D: Semivolatile Organic Compounds
by Gas Chromatography/Mass Spectrometry (GC/MS). United
States Environmental Protection Agency (U.S. EPA). 2014; Vol
Revision S.

(59) Reid, C. E.; Brauer, M.; Johnston, F. H.; Jerrett, M.; Balmes, J.
R.; Elliott, C. T. Critical Review of Health Impacts of Wildfire Smoke
Exposure. Environ. Health Perspect. 2016, 124 (9), 1334—1343.

(60) Vega, S. L.; Childs, M. L.; Aggarwal, S.; Nethery, R. C. Wildfire
Smoke Exposure and Cause-Specific Hospitalization in Older Adults.
JAMA Network Open 2025, 8 (4), No. 257956.

(61) Syed, A.; Basu, R. The effect of wildfire smoke on children’s
health: A systematic review. Paediatr. Perinatal Epidemiol. 2025, 39
(1), 110—119.

(62) Qiu, M;; Li, J; Gould, C. F; Jing, R;; Kelp, M.; Childs, M,;
Kiang, M.; Heft-Neal, S.; Diffenbaugh, N.; Burke, M. Mortality
Burden From Wildfire Smoke Under Climate Change. SSRN Electron.
J 2024, No. w32307, DOIL: 10.2139/ssrn.4787398.

(63) Pryor, J. T; Cowley, L. O.; Simonds, S. E. The Physiological
Effects of Air Pollution: Particulate Matter, Physiology and Disease.
Front. Public Health 2022, 10, No. 882569.

(64) Li, D; Li, Y;; Li, G; Zhang, Y.; Li, J; Chen, H. Fluorescent
reconstitution on deposition of PM(2.5) in lung and extrapulmonary
organs. Proc. Natl. Acad. Sci. U.S.A. 2019, 116 (7), 2488—2493.

(65) Brook, R. D.; Rajagopalan, S.; Pope, C. A, 3rd; Brook, J. R;
Bhatnagar, A.; Diez-Roux, A. V.; Holguin, F.; Hong, Y.; Luepker, R.
V.; Mittleman, M. A,; et al. Particulate matter air pollution and
cardiovascular disease: An update to the scientific statement from the
American Heart Association. Circulation 2010, 121 (21), 2331—2378.

(66) Wei, Y.; Feng, Y.; Danesh Yazdi, M.; Yin, K.; Castro, E.; Shtein,
A.; Qiu, X; Peralta, A. A.; Coull, B. A,; Dominici, F.; Schwartz, J. D.
Exposure-response associations between chronic exposure to fine
particulate matter and risks of hospital admission for major
cardiovascular diseases: population based cohort study. BMJ 2024,
384, No. e076939.

(67) Jia, C; Batterman, S. A critical review of naphthalene sources
and exposures relevant to indoor and outdoor air. Int. J. Environ. Res.
Public Health 2010, 7 (7), 2903—2939.

(68) Kim, Y. H.; Warren, S. H.; Kooter, L; Williams, W. C.; George,
L J; Vance, S. A; Hays, M. D.; Higuchi, M. A,; Gavett, S. H,;
DeMarini, D. M.; et al. Chemistry, lung toxicity and mutagenicity of
burn pit smoke-related particulate matter. Part. Fibre Toxicol. 2021, 18
(1), No. 45.

https://doi.org/10.1021/envhealth.5c00246
Environ. Health 2026, 4, 341-351


https://doi.org/10.1080/15459624.2018.1445260
https://doi.org/10.1080/15459624.2018.1445260
https://doi.org/10.1016/j.chemosphere.2012.12.070
https://doi.org/10.1016/j.chemosphere.2012.12.070
https://doi.org/10.1016/j.chemosphere.2012.12.070
https://doi.org/10.3109/08958378.2016.1145771
https://doi.org/10.3109/08958378.2016.1145771
https://doi.org/10.1021/acs.est.7b00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15459624.2021.2002343
https://doi.org/10.1080/15459624.2021.2002343
https://doi.org/10.1016/j.scitotenv.2022.155237
https://doi.org/10.1016/j.scitotenv.2022.155237
https://doi.org/10.1016/j.scitotenv.2022.155237
https://dukespace.lib.duke.edu/items/77fee6f3-ab7c-4a1f-97ed-1fe6844499fe
https://dukespace.lib.duke.edu/items/77fee6f3-ab7c-4a1f-97ed-1fe6844499fe
https://dukespace.lib.duke.edu/items/77fee6f3-ab7c-4a1f-97ed-1fe6844499fe
https://doi.org/10.1080/00140139.2020.1867241
https://doi.org/10.1080/00140139.2020.1867241
https://doi.org/10.1136/oemed-2013-101662
https://doi.org/10.1136/oemed-2013-101662
https://doi.org/10.1136/oemed-2013-101662
https://doi.org/10.1016/S1470-2045(22)00390-4
https://doi.org/10.1016/S1470-2045(22)00390-4
https://doi.org/10.1021/acs.est.3c09255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c09255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c09255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestengg.3c00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestengg.3c00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestengg.3c00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ieam.4672
https://doi.org/10.1002/ieam.4672
https://doi.org/10.1016/j.cej.2019.122506
https://doi.org/10.1016/j.cej.2019.122506
https://doi.org/10.1016/j.scitotenv.2024.172658
https://doi.org/10.1016/j.scitotenv.2024.172658
https://doi.org/10.1016/j.scitotenv.2024.172658
https://doi.org/10.1289/ehp.1409277
https://doi.org/10.1289/ehp.1409277
https://doi.org/10.1001/jamanetworkopen.2025.7956
https://doi.org/10.1001/jamanetworkopen.2025.7956
https://doi.org/10.1111/ppe.13141
https://doi.org/10.1111/ppe.13141
https://doi.org/10.2139/ssrn.4787398
https://doi.org/10.2139/ssrn.4787398
https://doi.org/10.2139/ssrn.4787398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fpubh.2022.882569
https://doi.org/10.3389/fpubh.2022.882569
https://doi.org/10.1073/pnas.1818134116
https://doi.org/10.1073/pnas.1818134116
https://doi.org/10.1073/pnas.1818134116
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1136/bmj-2023-076939
https://doi.org/10.1136/bmj-2023-076939
https://doi.org/10.1136/bmj-2023-076939
https://doi.org/10.3390/ijerph7072903
https://doi.org/10.3390/ijerph7072903
https://doi.org/10.1186/s12989-021-00435-w
https://doi.org/10.1186/s12989-021-00435-w
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.5c00246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health pubs.acs.org/EnvHealth

(69) U.S. EPA. Ambient Water Quality Criteria for Naphthalene; EPA
440/5—80—059; United States Environmental Protection Agency
(U.S. EPA), 1980. https://www.epa.gov/sites/default/files/2019-03/
documents/ambient-wqc-naphthalene-1980.pdf.

(70) Wheeler, A. J.; Dobbin, N. A.; Heroux, M. E.; Fisher, M.; Sun,
L.; Khoury, C. F.; Hauser, R.; Walker, M.; Ramsay, T.; Bienvenu, J. F.;
et al. Urinary and breast milk biomarkers to assess exposure to
naphthalene in pregnant women: an investigation of personal and
indoor air sources. Environ. Health 2014, 13 (1), No. 30.

(71) Buchholz, B. A,; Carratt, S. A.; Kuhn, E. A.; Collette, N. M;
Ding, X.,; Van Winkle, L. S. Naphthalene DNA Adduct Formation and
Tolerance in the Lung. Nucl Instrum. Methods Phys. Res., Sect. B 2019,
438, 119—123, DOI: 10.1016/j.nimb.2018.07.004.

(72) Carratt, S. A; Hartog, M.; Buchholz, B. A; Kuhn, E. A;
Collette, N. M.; Ding, X.; Van Winkle, L. S. Naphthalene
genotoxicity: DNA adducts in primate and mouse airway explants.
Toxicol. Lett. 2019, 305, 103—109.

(73) Holder, A. L.; Carter, B. J.; Goth—Goldstein, R.; Lucas, D.;
Koshland, C. P. Increased cytotoxicity of oxidized flame soot. Atmos.
Pollut. Res. 2012, 3 (1), 25-31.

(74) Gangwar, R. S; Bevan, G. H,; Palanivel, R; Das, L;
Rajagopalan, S. Oxidative stress pathways of air pollution mediated
toxicity: Recent insights. Redox Biol. 2020, 34, No. 101545.

(75) Page, J.; Whaley, P.; Bellingham, M.; Birnbaum, L. S.; Cavoski,
A.; Fetherston Dilke, D.; Garside, R;; Harrad, S.; Kelly, F;
Kortenkamp, A.; et al. A new consensus on reconciling fire safety
with environmental & health impacts of chemical flame retardants.
Environ. Int. 2023, 173, No. 107782.

(76) Fahy, R; Evarts, B.; Stein, G. P. US Fire Department Profile
2020; National Fire Protection Association, 2022. https://www.nfpa.
org/education-and-research/research/nfpa-research/fire-statistical-
reports/us-fire-department-profile.

(77) Cheng, H.; Narzo, A. D.; Howell, D.; Yevdokimova, K.; Zhang,
J.; Zhang, X,; Pan, Q; Zhang, Z.; Rogers, L.; Hao, K. Ambient Air
Pollutants and Traffic Factors Were Associated with Blood and Urine
Biomarkers and Asthma Risk. Environ. Sci. Technol. 2022, 56 (11),
7298—-7307.

(78) U.S. NTSB. Norfolk Southern Railway Derailment and
Hazardous Materials Release; United States National Transportation
Safety Board (U.S. NTSB), 2024. https://www.ntsb.gov/
investigations/Pages/RRD23MR005.aspx.

351

https://doi.org/10.1021/envhealth.5c00246
Environ. Health 2026, 4, 341-351


https://www.epa.gov/sites/default/files/2019-03/documents/ambient-wqc-naphthalene-1980.pdf
https://www.epa.gov/sites/default/files/2019-03/documents/ambient-wqc-naphthalene-1980.pdf
https://doi.org/10.1186/1476-069X-13-30
https://doi.org/10.1186/1476-069X-13-30
https://doi.org/10.1186/1476-069X-13-30
https://doi.org/10.1016/j.nimb.2018.07.004
https://doi.org/10.1016/j.nimb.2018.07.004
https://doi.org/10.1016/j.nimb.2018.07.004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.toxlet.2019.01.009
https://doi.org/10.1016/j.toxlet.2019.01.009
https://doi.org/10.5094/APR.2012.001
https://doi.org/10.1016/j.redox.2020.101545
https://doi.org/10.1016/j.redox.2020.101545
https://doi.org/10.1016/j.envint.2023.107782
https://doi.org/10.1016/j.envint.2023.107782
https://www.nfpa.org/education-and-research/research/nfpa-research/fire-statistical-reports/us-fire-department-profile
https://www.nfpa.org/education-and-research/research/nfpa-research/fire-statistical-reports/us-fire-department-profile
https://www.nfpa.org/education-and-research/research/nfpa-research/fire-statistical-reports/us-fire-department-profile
https://doi.org/10.1021/acs.est.1c06916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c06916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c06916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.ntsb.gov/investigations/Pages/RRD23MR005.aspx
https://www.ntsb.gov/investigations/Pages/RRD23MR005.aspx
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.5c00246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

