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Abstract

The objective of this thesis was to investigate firefighters’ exposures to carcinogens
and mutagens. This thesis aimed to (1) characterize firefighters’ exposures during
emergency fire suppression, (2) examine the use of silicone wristbands as passive
samplers to assess firefighters’ exposures, and (3) assess the ability of post-fire
decontamination protocols to reduce firefighters’ exposures. Chapter 1 provides a general
introduction and background information on the concepts covered in this thesis. In
Chapter 2, | examined air and surface contamination with polycyclic aromatic
hydrocarbons (PAHSs) and metals, both at fire stations and following emergency fire
suppression activities. | also investigated the ability of current laundering methods to
remove surficial PAHs and metals from firefighters’ personal protective equipment. In
Chapter 3, | assessed the ability of silicone wristband passive samplers to measure
firefighters’ exposures to PAHs during live fire training. In Chapter 4, I assessed the
ability of three post-fire dermal decontamination methods to remove surface
contamination and reduce internal dose. In Chapter 5, conclusions and implications for
each chapter are summarized. Future directions for the field are described. The overall
conclusions for this thesis were: i. firefighters experience significant occupational
exposures to carcinogens during emergency fire suppression and live fire training; ii. the
ability of silicone wristbands to properly sample PAHs is altered in a fire environment
and correction factors must be determined to improve their utility for exposure
assessment; iii. current post-fire dermal decontamination methods, which are intended to

reduce firefighters’ exposures, do not reduce their internal dose of PAHS.
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Chapter 1 Introduction

Firefighters’ health risks

It is often thought that the main risks firefighters face while on the job are immediate
hazards such as heat or building collapse. However, the leading cause of on-duty death
for firefighters, comprising 45% of on-duty fatalities, is cardiovascular disease, and the
overall leading cause of death for firefighters is cancer (Centers for Disease Control and
Prevention 2006). In an analysis of data from 2009-2018, 89.7% of firefighter fatality
claims in Canada were reportedly related to cancer, versus just 4.9% for traumatic injury
(Thomas, Garis, and Biantoro 2020). A large-scale study out of the United States of
nearly 30,000 firefighters found that firefighters have a 9% higher risk of developing
cancer and 14% higher risk of dying of cancer compared to the general population
(Daniels et al. 2014). A more recent study of 100,000 career Florida firefighters,
including over 5,000 female firefighters, calculated gender-specific age and calendar
year-adjusted odds ratios (aOR) and 95% confidence intervals for firefighters versus non-
firefighters. Female firefighters had significantly elevated risk of brain (aOR=2.54; 1.19-
5.42) and thyroid (2.42; 1.56-3.74) cancers. Male firefighters were found to be at an
increased risk of melanoma (1.56; 1.39-1.76), prostate (1.36; 1.27-1.46), testicular (1.66;
1.34-2.06), thyroid (2.17; 1.78-2.66) and late-stage colon cancer (1.19;1.00-1.41) (Lee et
al. 2020). More locally, Sritharan et al. (2022) identified a cohort of 13,642 Ontario
firefighters who had cancer between 1983 and 2020; they found that compared with other
workers, firefighters had increased risk of prostate cancer (HR=1.43, 95% CI 1.31 to
1.57), colon cancer (HR=1.39, 95% CI 1.19 to 1.63) and skin melanoma (HR=2.38, 95%

Cl 1.99 to 2.84); police also had increased risks for these cancers (Sritharan et al. 2022).



In addition, firefighters also had increased risk of cancer of the pancreas, testis, and
kidney, and non-Hodgkin’s lymphoma and leukaemia. On an international scale, the
International Agency for Research on Cancer (IARC) recently re-evaluated the
carcinogenicity of occupational exposure as a firefighter and reclassified firefighting as a

Group 1 known human carcinogen (Demers et al. 2022).

There are a variety of cancer risk factors that firefighters may experience including
stress, disruptions in circadian rhythm, obesity, smokeless tobacco use, and alcohol abuse
(Gulliver et al. 2019; Jitnarin et al. 2015; Lim et al. 2020; Reinberg et al. 2017). Exposure
to carcinogenic and mutagenic combustion by-products may also contribute to
firefighters’ cancer risk. In fact, a variety of toxic chemicals have been measured in
combustion emissions at firefighting events including metals (e.g., cadmium, antimony,
lead), particles and fibers (e.g., asbestos, silica dust) (Austin et al. 2010; Guidotti 2016),
and a wide range of organic substances. The latter includes numerous carcinogenic and
mutagenic substances such as benzo[a]pyrene, benzene, styrene, acrolein, formaldehyde,
1,3-butadiene, phenols, dioxins (Kirk and Logan 2015; Lonnermark and Blomqvist 2006;
Naeher et al. 2007; De Vos et al. 2009). When discussing firefighters’ higher rates of
cancer and illness compared to the general population, it is important to consider

exposures to toxic substances.

Metals

Several metals, such as cadmium, antimony, and lead, have been detected from
firefighter activities, both in environmental air during fire suppression and on firefighter
surfaces afterwards (e.g., gloves) (Bolstad-Johnson et al., 2000; Guidotti, 2015).

Cadmium has been classified by IARC as a Group 1 carcinogen; antimony trioxide and



lead have both been classified as Group 2B, i.e., possibly carcinogenic to humans (IARC,
1989, 1993, 2006). Exposures to these compounds can occur via dermal, oral, or
respiratory routes. In the context of firefighters’ exposures, the main routes of exposure
are thought to be respiratory and dermal Past studies have shown all three metals present
in air and on surfaces of firefighters’ equipment (Fabian et al., 2014); they have been
shown to be dermally absorbed in animal and/or human studies (Wang et al., 2021, Collin
etal., 2022, Tylenda et al., 2022). Metabolism and excretion of metals are generally slow,
with cadmium having a biological half life of 10 to 30 years, followed by lead at 30 days,
and antimony at ~4 days (Wang et al., 2021, Collin et al., 2022, Tylenda et al., 2022).
Current literature is limited on information on metals in firefighters’ occupational

environmentswhile on-shift at the fire station and during emergency fire suppression.

Polycyclic Aromatic Hydrocarbons (PAHS)

Hundreds of chemicals are produced during combustion, and combustion of both
natural and anthropogenic materials can release hazardous chemicals into the
environment. PAHs were the focus of this thesis, as they are noteworthy carcinogens and

may influence firefighters’ cancer risks.

PAHSs are a group of organic compounds formed during combustion of organic
matter; they are commonly found in barbequed or smoked foods, wildland fire emissions,
bonfire emissions, and tobacco smoke. They are ubiquitous and some have carcinogenic,
mutagenic, and teratogenic properties. Of the hundreds of PAHSs, 16 were selected in
1976 by the US Environmental Protection Agency (US EPA) as priorities for concern and
control (Keith and Telliard 1979). Their structures are illustrated in Figure 1-1.

Importantly, the International Agency for Research on Cancer (IARC) has classified



certain PAHSs as either known, probable, or possible carcinogens. Specifically,
benzo[a]pyrene (BaP) is currently classified as a known human carcinogen (Group 1).
Dibenz[a,h]anthracene and dibenzo[a,l]pyrene are classified as probable human
carcinogens (Group 2A), and benz[j]Jaceanthrylene, benz[a]anthracene,
benzo[b]fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene,
benzo[c]phenanthrene, chrysene, dibenzo[a,h]pyrene, dibenzo[a,i]pyrene, indeno[1,2,3-
cd]pyrene and 5-methylchrysene are classified as possible human carcinogens (Group
2B) (IARC 2010). As such, release into the environment, and human exposure to these

and other PAHS, requires attention.
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Figure 1-1 Structures of the 16 priority PAHSs.



PAHSs span a variety of physical and chemical properties. Table 1-1 lists some of the
physical properties of the 16 priority PAHs. Although PAHSs are grouped together, they
can differ significantly in their origin and physical-chemical characteristics. In general,
low molecular weight (MW) PAHSs are more abundant in environmental samples and tend
to be more volatile, with naphthalene being notoriously difficult to measure due to its
volatility. In contrast, high molecular weight (HMW) PAHs tend to be found on particles.
The formation of various PAHSs is dependant on both temperature and fuel. For example,
Banks et al. (2021) found the concentrations of all measured PAHSs to be significantly
higher from particleboard fires compared to diesel pan fires (p < 0.05). Han et al. (2020)
found that the formation of high MW PAHSs during wood combustion increased with

increasing temperature; formation decreased during coal combustion.



Table 1-1 Summary of physical-chemical properties of the 16 priority PAHs at 298 K
(25°C). (data from Hansch, Leo, and Hoekman 1995; Haynes 2015; Ma et al. 2010)

Molecular 4 of Melting
Weight (g . Point Log Kow Log Koa
mol) rings (K)

Naphthalene 128.17 2 353.1 3.4 5.19
Acenaphthylene 152.19 3 365.1 3.85 6.46
Acenaphthene 154.21 3 366.3 3.95 6.44
Fluorene 166.22 3 387.7 411 6.85
Phenanthrene 178.23 3 372 4.47 7.64
Anthracene 178.23 3 489.8 4.57 7.7
Pyrene 202.25 4 423.4 5.01 8.86
Fluoranthene 202.25 4 382 4.97 8.81
Chrysene 228.29 4 530 5.67 10.3
Benzo[a]anthracene 228.29 4 431.8 5.83 10.28
Benzo[b]fluoranthene 252.31 5 441.2 5.86 11.3
Benzo[K]fluoranthene 252.31 5 485.4 5.86 11.36
Benzo[a]pyrene 252.31 5 452 6.05 11.48
Benzo[g,h,i]perylene 276.33 6 547.7 6.63 12.55
Indenol[1,2,3-cd]pyrene 276.33 6 436 6.57 12.43
Dibenz[a,h]anthracene 278.35 5 516.2 6.5 NA

NA= not available



PAH exposures

PAHs may enter the body via dermal, respiratory, or oral routes. For a typical non-
smoking, non-occupationally exposed individual, ingestion of PAHs is thought to be the
main route of exposure (Ramesh et al. 2004). For firefighters, however, their exposures
are unique because of the extreme environments they are exposed to and their personal
protective equipment. Dermal contact and inhalation are thought to be the main routes of

firefighters” PAH exposures.

Dermal PAH exposures

The skin is the largest organ of the human body, composed of the epidermis, dermis
and hypodermis (Figure 1-2). The epidermis is the outermost layer, made of mainly
keratinocytes; it is the primary barrier against loss of salt and water, and entry of foreign
materials (e.g., chemicals, pathogens). The epidermis can be further divided into four
layers according to the differentiation of keratinocytes into horny cells, including the
outermost horny cell layer (stratum corneum), followed by the granular cell layer
(statrum granulosum), squamous cell layer (stratum spinosum), and the basal cell layer
(stratum germinativum) (Kolarsick, Kolarsick, and Goodwin 2011). Beneath the
epidermis is the dermis, containing hair follicles and sweat glands, and comprised of
fibroblasts that synthesize collagen and elastin fibres. Below the dermis is the
hypodermis, and an area comprised mainly of fatty acids. The hypodermis connects the
dermis layer to muscles and bones, and provides thermoregulation, insulation, stores
nutrition, and protects deeper tissues from injury. The hypodermis contains veins and
arteries that branch into arterioles and venules, and ultimately capillaries, in the dermis

layer (Kanitakis 2002; Venus, Waterman, and McNab 2010). Environmental



contaminants deposited on the skin are dissolved in the skin-surface film liquid (SSFL)

on the epidermis (Pawar et al. 2016).
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Figure 1-2 Layers of human skin, adapted from Pawar et al. (2016)
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There are several steps involved in dermal absorption of PAHSs. First, for larger
molecular weight PAHSs that are attached to particulate matter (PM), the PM undergoes
dissolution, releasing the PAH from the particle. PAHSs partition out of the vehicle and
into the stratum corneum (SC) of the epidermis. Substances are thought to enter the SC
via passive diffusion through the intercellular spaces (Hadgraft 2004). After the SC, the
remaining layers of the epidermis and dermis, which contain circulatory system
components, become barriers controlling the flux of substances into systemic circulation

(Yamaguchi et al. 2008).

The absorption of PAHSs into the SC is dependent on physicochemical
characteristics including lipophilicity, molecular size, and vehicle type (Alalaiwe et al.
2020). Because of the lipophilic environment of the SC, PAHSs of higher lipophilicity
have higher partitioning rates into the SC and can even form a reservoir (Bourgart et al.
2019). In fact, one study found that 80% of BaP applied to a skin model remained in the
SC and only the remaining 20% penetrated into the other epidermal layers and the
receptor fluid of the model (Bartsch et al. 2016). Whereas high lipophilicity aided in
penetration of the SC, the remaining layers of skin have hydrophilic properties making it
difficult for lipophilic compounds to diffuse into to the lower layers (Alalaiwe et al.
2020; Roy et al. 2006). Yamaguchi et al. (2008) also found skin thickness to influence
permeation of highly lipophilic compounds into lower skin layers, with thicker skin
having slower penetration rates. Molecular weight has also been shown to have an
inverse relationship with the dermal diffusion rates of PAHs (Alalaiwe et al. 2020;

Vanrooij et al. 1995; Yamaguchi et al. 2008). Relatedly, structure-activity relationship
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(SAR) models have found that PAH log octanol/water partition coefficient (log P) is the
most important factor determining skin absorption, with an inverse relationship between
log P and the skin penetration properties (Roy et al. 2006). Vehicle can also affect the
absorption of PAHs (Bartsch et al. 2016; Sartorelli et al. 1999, 2001). For example,
several studies have found little percutaneous penetration of PAHs from solids (e.g., coal
dust) compared to solutions (e.g., artificial sweat, acetone solutions) (Foa et al. 1998;
Sartorelli et al. 2001). All of these factors contribute to the dermal absorption rates of
PAHSs, which have been studied using a variety of vehicles (e.g., dust, simulated sweat,
solvents) (Bartsch et al. 2016; Luo et al. 2020; Payan et al. 2008; Sartorelli et al. 1999).
For example, Sartorelli et al. (1999) reported steady state fluxes of 1.0 nmol cm? h*! for
naphthalene to 0.0014 for nmol cm? h'! for benzo[a]pyrene. In a firefighter context, high
temperatures and volume of sweat may influence penetration behaviour, and ultimately,

bioavailability of dermally deposited PAHSs.

Metabolism of dermally exposed PAHSs can occur both in the skin and elsewhere
following systemic circulation. Epidermal keratinocytes have shown metabolism
capabilities, resulting in BaP derived genotoxicity (Brinkmann et al. 2013; Theall,
Eisinger, and Grunberger 1981; Toshio Kuroki et al. 1982). However, the expression and
activity of enzymes involved in PAH metabolism (i.e., CYPs or cytochrome P450
isozymes) are much higher in the liver (Kazem, Linssen, and Gibbs 2019). Thus, PAHs
that reach systemic circulation are more likely to be fully metabolised and manifest their

toxic effects.
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Respiratory PAH exposure

PAHSs can also enter the body via the respiratory tract. Upon entering the lungs, either
airborne or adsorbed to particles, PAHs can be metabolised by Phase | and Il enzymes or
be transported to systemic circulation where they are later metabolized (Gerde et al.
2001; Ifegwu and Anyakora 2015; Moorthy, Chu, and Carlin 2015). PAHSs are absorbed
through the lungs by transport across the mucus layer lining the bronchi and through
passive diffusion in the alveoli, partitioning into lipids and aqueous layers of cells (Bevan
and Ulman 1991; Gerde, Medinsky, and Bond 1991). Absorption rate of PAHs from the
lungs, and entry into systemic circulation, is dependent on the location within the
respiratory tract, with slow airway clearance from slower diffusion through the thicker
air/blood barrier of the conducting airways compared to fast diffusion through the thinner
alveolar epithelium (Gerde et al. 2001; Gerde, Muggenburg, and Henderson 1993).
Studies have shown that adsorption of PAHSs onto particles affects their retention time in
the lung (Sun et al. 1984). Exposure to PAH-containing mixtures has been linked to lung
cancer in tobacco smokers and from occupational exposures in coke ovens, gasworks,
aluminum production, asphalt, and chimney sweeps (Armstrong et al. 2004; Grimmer et
al. 1988), likely as a result of the lung’s ability to metabolise PAHS, and consequently

generate DNA reactive metabolites.

Air concentrations of PAHS in an individual’s environment are often measured using
personal air samplers. These samplers generally consist of a pump that draws air through
a sample cartridge that includes a filter to collect particle-bound PAHs and a
polyurethane foam (PUF) plug to collect volatile compounds. The volume of air collected

is recorded by the sampling pump so that concentrations can be reported as mass per
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sampled volume of air. Personal air sampling for PAHs has been used in a variety of
scenarios such as seafarers (Strandberg et al., 2022), pregnant women living in urban,
industrial areas (Nethery et al., 2012), and firefighters during live fire training (Banks et
al. 2020; Caban-Martinez et al. 2020; Oliveira et al. 2017). Although personal air
samplers are useful for measuring overall airborne concentrations of compounds like
PAHSs, they only provide time-averaged concentrations. Thus they lack the ability to

provide insight regarding dynamic changes in concentration over time.

PAH metabolism

PAHs must first enter the body and become metabolized before their toxicity is
manifested. Parent PAHs are not carcinogenic or mutagenic, but their metabolites can
react with DNA and induce the formation of mutations that can initiate cancer (IARC
2010). PAHSs are non-polar and hydrophobic, thus to be eliminated by the body, they
must first be transformed into more polar, water-soluble compounds. Figure 1-3
illustrates the various pathways the carcinogenic PAH, benzo[a]pyrene (BaP), can be
metabolised. Phase | and Il detoxification enzymes transform PAHSs into hydroxy-PAHs
via a variety of pathways; subsequently, they can be conjugated to an endogenous
metabolite and eliminated from the body via the urine or faeces. However, Phase |
metabolism produces several potent electrophilic intermediates, including epoxides,
phenols, quinones, hydroguinones, dihydrodiols, phenol dihydrodiols, dihydrodiol
epoxides, and tetrols. These electrophiles can readily react with DNA to form bulky
lesions known as adducts, which if unrepaired, can lead to mutations that can contribute
to cancer initiation. Figure 1-4 presents an example of a pathway, and resulting

structures, of metabolism of BaP leading to a guanine adduct. Due to the metabolism-
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induced toxicity associated with DNA-reactive intermediates generated prior to excretion,

PAHs are sometimes referred to as procarcinogens.
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Figure 1-3 Metabolic pathway scheme for benzo[a]pyrene. Adapted from IARC
monograph 92 (IARC 2010) and Hecht (1999). GSH is glutathione.
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Figure 1-4 A benzo[a]pyrene metabolism pathway leading to a guanine adduct.
Adapted from Perera et al. (2015).
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There are three main routes of formation of DNA damaging PAH metabolites: diol-
epoxide, radical cation, and quinone-semi-quinones. Diol-epoxides are thought of as the
most prominent pathway of production of DNA damage, with the diol-epoxide derivative
of BaP (i.e.,BPDE) being most harmful metabolite (IARC 2010). DNA adducts of other
PAHSs have also been identified; however, they are less efficiently produced (Hecht et al.
2010; Jeffrey et al. 1977; Kim et al. 1998; Lodovici et al. 1998). The diol-epoxide
pathway is more commonly used in PAHSs with sterically hindered regions (i.e., three or
four angularly fused benzo rings creating a sterically-hindered region called a bay or
fjord region, respectively) such as in BaP or dibenzo[a,l]pyrene. Due to steric hinderance,
the electrophilic dihydrodiol epoxide intermediates, which are formed from PAHs with
bay or fjord regions, are highly reactive and relatively resistant to phase Il conjugation
that contributes to elimination from the body, (IARC 2010; Jerina et al. 2012). Radical
cations can also be formed when P450 enzymes remove a © electron from a double bond
in a PAH. The third route generates PAH-ortho-quinones, formed from the
dehydrogenation of PAH dihydrodiols by aldo-keto reductases (AKRs) (Benigni 2003).
The electrophilic compounds formed during PAH metabolism are DNA-reactive,
resulting in the formation of bulky adducts. PAH-DNA adducts can often be removed via
nucleotide excision repair, but unsuccessful repair or errors during DNA synthesis can
ultimately lead to mutations (Braithwaite, Wu, and Wang 1999; Ewa and Danuta 2017).
PAH-induced mutations can initiate important tumor formation events including
activation of proto-oncogenes or inactivation of tumor suppressor genes (Melendez-

Colon et al. 1999). These mechanisms are thought to contribute to the carcinogenicity of
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PAHs such as BaP, dibenzo[a,l]pyrene, 7,12-dimethylbenz[a]-anthracene and 3-

methylcholanthrene (IARC 2010).

DNA adducts are not the only way PAHs can cause DNA damage. Reactive oxygen
species (ROS) can also induce DNA damage via oxidative stress. For example, BaP
derivatives can enter redox cycles, with ortho-quinones generating ROS that contributes
to the oxidation of purines (Baulig et al. 2003; Briedé et al. 2009; Park et al. 2005).
Oxidative DNA damage can contribute to carcinogenicity via modulation of gene
expression and induction of mutations (Valavanidis et al. 2013). Another PAH-related
pathophysiological pathway involves activation of estrogen receptors (ER). Several
PAHs have been shown to be inducers of ER-mediated activity, and both BaP and
benz[a]anthracene have been shown to stimulate cell proliferation through ER activation

(Pliskova et al. 2005; Vondracek, Kozubik, and Machala 2002).

Genetic polymorphisms have been investigated for their involvement in conferring
susceptibility or resistance to the genotoxic effects of PAHs. Cytochrome P450 1A1
(CYP1Al) is an important enzyme in PAH metabolism; several alleles have been
identified for the CYP1AL gene, resulting in differences in frequency and expression, and
ultimately, cancer risk. For example, allele frequencies of CYP1A1*2A and *2B have
been reported as 6.6% and 2.2% in a Polish population, 18.1% and 8.9% in a Turkish
population, and 33% and 19.8% in Japanese (Aynacioglu et al. 1998; Mrozikiewicz et al.
1997; Nakachi et al. 1991). Relatedly, epidemiological data have shown cancer
susceptibilities for certain allele carriers, e.g., for lung cancer for carriers of
CYP1A1*2A and *2B alleles, and endometrial cancer for carriers of the CYP1A1*4 allele

(Esteller et al. 1997; Kawajiri et al. 1993; Nakachi et al. 1991). Polymorphisms of the
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Phase Il detoxification enzyme sulfotransferase 1Al have also been associated with
increased breast cancer risk (Tang et al. 2003). In addition to metabolism enzymes,
polymorphisms in DNA repair genes (i.e., nucleotide excision repair) have also been
shown in increase cancer risk associated with PAH exposure (Binkova et al. 2007; Terry

et al. 2004).

In addition to mutagenicity and carcinogenicity, PAHs can elicit other toxicological
effects. PAHSs have also been shown to be teratogenic, immunotoxic, reprotoxic,
neurotoxic, and to cause endocrine-disrupting effects (Sun et al. 2021). For example, a
recent review by Lee and Choi (2022) reported PAHs to have been associated with lower
1Q, impaired cognitive development, decreased pulmonary function, hypertension,
preterm birth, and delayed fetal growth. Other health effects, including respiratory
diseases (e.g., bronchitis, allergic reactions), cardiovascular disease (e.g., myocardial
infarction, ischemic heart disease, atherosclerosis, peripheral arterial disease, heart rate
variation, cardiac autonomic dysfunction), obesity, and infertility have also been
associated with PAH exposure. However, there is limited information about these effects,

warranting further investigation (Lee and Choi 2022).

Biomonitoring of PAH exposures

There are several ways to assess an individual’s PAH exposure. Human
biomonitoring of PAHSs can involve the measurement of the parent PAH, measurement of
PAH-derived DNA or protein adduct, or measurement of a PAH metabolite; all have
been measured in a variety of sample types. Unmetabolized PAHs have been measured in
saliva, exhaled breath, peripheral blood, umbilical cord blood, human placentas, breast
milk, hair, and urine (Fent et al. 2014; Lin et al. 2020; Madhavan and Naidu 2016; Martin
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Santos et al. 2020; Motorykin et al. 2015; Pulkrabova et al. 2016; Sobus et al. 2009).
PAH adducts have been measured in blood, (e.g., hemoglobin and albumin from
peripheral blood and umbilical cord blood) (Bocskay et al. 2005; Kang et al. 1995;
Scherer et al. 2000), urothelial cells (Peters et al. 2008; Vineis et al. 1996), and tissue
samples such as breast (Tang et al. 2003), esophagus, prostate, cervix, vulva, and
placenta (Pratt et al. 2011). Most metabolised PAHs end up in excrement, thus
measurement of urinary metabolites are most often used for PAH biomonitoring; it is a
convenient, non-invasive biomonitoring approach. Indeed, urinary PAH metabolite
monitoring has been used to assess exposures resulting from a variety of activities,
including firefighting and building construction (Fent et al. 2020; Hoppe-Jones et al.
2021; Sobus et al. 2009; Wingfors et al. 2018); levels are affected by numerous
demographic and lifestyle factors such as smoking status, age of home, and air pollution
(Keir et al. 2020; Levine et al. 2015; Strickland and Kang 1999; Wei et al. 2016).
However, it should be noted that urinary metabolites are primarily derived from low MW
PAHSs; the higher MW PAHSs, which are often the more carcinogenic and mutagenic, are
primarily excreted via feces. For example, *C-BaP orally administered in lactating goats
resulted in 88.2% of the compound in the feces and only 6.3% in urine (Grova et al.
2002). Human fecal sample collection can be socially awkward for both participant and

researcher, thus urinary sampling is most commonly used for PAH biomonitoring.

Silicone Wristbands
O’Connell et al. (2014) described the use of silicone wristbands (SWBs) as
personal, passive samplers that efficiently and conveniently assess exposures to a variety

of toxicants (e.g., PAHSs, pesticides). SWs can be used to collect environmental organic
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molecules through passive diffusion, and provide time-weighted averages of
environmental chemical concentrations. Studies have employed SWs to monitor
exposures to numerous substances, such as pesticides in farmers (Donald et al. 2016),
polybrominated diphenyl ethers (PBDEs) and organophosphorus flame retardants
(OPFRs) in children (Hammel et al. 2020; Kile et al. 2016), and PAHs, PBDEs,
brominated FRs, and OPFRs in adults (Wang et al. 2019). SWs, which are used for air
monitoring, are thought to provide information on respiratory exposures. However, they
also provide information on dermal and dietary exposures from surface deposition and
dissolution in sweat (Hamzai et al. 2021). SWBs offer a simple, convenient way to assess
individuals’ PAH exposures.

To date, several studies have used silicone passive sampling devices for occupational
monitoring of airborne toxicants present at the scene of municipal structural fires. Baum
et al. (2020) and Caban-Martinez et al. (2020) employed the SW approach to show that
firefighters are exposed to PAHSs. Bakali et al. (2021) used stationary passive silicone
samplers to assess the distribution of PAHs emitted by live fire training with different
fuels. Using a modified approach, Poutasse et al., (2022, 2020) used military style “dog-
tags” to show that firefighters are exposed to PAHs and endocrine disrupting chemicals.
Most recently, Levasseur et al. (2022) measured 134 compounds, including PAHS,
OPFRs, PBDEs, and PFAS, in SW worn by firefighters while on-shift. Baum et al.,
(2020) also used SW to measure off-gassing PAHSs from firefighter bunker gear by
placing the gear and SW in an airtight case for 24h; measurable PAHs were found to off-
gas with significantly more off-gassing after a recent fire exposure. To date the SWB

approach has not been used to survey toxicants, including PAHs, specifically encountered
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during live firefighting activities nor with matching air and biological samples.

Firefighters’ exposures to combustion emissions
Monitoring firefighters’ exposures to chemicals of concerns is essential for
quantifying exposure levels; moreover, for planning appropriate follow up studies, and

ultimately, determining courses of action to effectively reduce exposure.

Firefighters” PAH exposures

Firefighters’ occupational PAH exposures have been measured via dermal surface
sampling and/or sampling of bodily fluids such as blood and urine. Using active air
samplers, passive SW and silicone dog tags, elevated environmental concentrations of
PAHs have been measured at fire suppression events, inside fire trucks, in fire station air
and settled dust (Banks et al. 2020; Caban-Martinez et al. 2020; Keir et al. 2020; Oliveira
et al. 2017; Poutasse et al. 2020). For example, PAH levels in air have been observed to
be as high as 22,000 pug m™ at controlled structural burns and 28,600 pug m= at
emergency structural fires (Fent et al. 2014; Keir et al. 2020). With respect to surfaces,
several studies have found significantly higher PAH levels on firefighters’ skin and
personal protective equipment (PPE) after a fire suppression event as compared to before
(Fent et al. 2014, 2017; Keir et al. 2020; Wingfors et al. 2018). Internally, urinary PAH
metabolite concentrations are most often used to assess internal dose since the sample
collection procedure is non-invasive and more convenient compared to blood, biopsy
sampling, etc. Many studies have found significantly elevated urinary PAH metabolites
concentrations for firefighters at controlled/training fires, emergency fires, and wildland

fires, using paired pre- and post-fire samples (Ekpe et al. 2021; Fent et al. 2017, 2020;
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Hoppe-Jones et al. 2021; Keir, et al. 2017; Oliveira et al. 2016; Wingfors et al. 2018).
Interestingly, Keir et al. (2017) found that even before a fire, firefighters had elevated
concentrations of some urinary PAH metabolites compared to the general population.
Firefighters’ exposures to PAHs are evident, but the best courses of action to reduce such

exposures are not as clear.

Since use of a self-contained breathing apparatus (SCBA) prevents respiratory
exposure when worn properly (i.e., protection factor of 10,000), the main route of
firefighters” PAH exposure is thought to be via dermal contact (Bollinger and Schutz
1987). Indeed, previous work has found significant increases in PAHSs on skin after
firefighting, and relationships between dermal contamination and urinary PAH
metabolites (Fent et al. 2014, 2017; Fernando et al. 2016; Keir, et al. 2017; Wingfors et
al. 2018). Interestingly, dermal exposure to combustion by-products is thought to be
involved in first reported case of occupational cancer by Percivall Pott in 1775; that study
empirically connected scrotum cancer and soot exposure in young chimney sweeps (Pott
1775). More contemporary investigations have shown that many of the PAHSs classified
by IARC as probably or possibly carcinogenic to humans (i.e., IARC Group 2A or 2B)
have been shown to cause skin cancer and/or be initiators of skin cancer in rodents

(IARC 1983, 2010).

Given the weight of evidence above supporting the notion that firefighters are
dermally exposed to PAHSs, the use of skin cleaning wipes after fire suppression activities
has become more prevalent, in an effort to reduce overall exposure and internal dose. The
intention is to reduce post-exposure dermal absorption of carcinogens by removal of

contaminants deposited on skin as soon as possible, rather than waiting to shower upon
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return to the fire station. However, only one study to date has investigated the efficacy of
dermal cleaning procedures for reduction of PAH exposures. Fent et al. (2017) found that
baby wipes were able to significantly reduce post-exposure PAH levels on firefighters’
necks by a median of 54%. That being said, the authors only considered external PAH
contamination levels and did not consider PAH absorption and internal dose (e.g., urinary
metabolite concentrations). Moreover, skin-cleaning wipes can contain a range of
ingredients, and it is not clear whether the specific types of wipes and/or wiping

procedures can alter the ability to remove PAHs deposited on skin.

Despite the aforementioned importance of dermal contact, it is evident that
firefighters are exposed to PAHSs via multiple routes. Although the self-contained
breathing apparatus (SCBA) that firefighters wear protects them from respiratory
exposure to contaminated air, SCBA are heavy and cumbersome thus aren’t always worn;
they are often removed as soon as knockdown (i.e., extinction of flames) is complete.
Thus, firefighters’ respiratory exposure to substances such as PAHs cannot be ignored. In
fact, Andersen et al. (2017) found that firefighters’ highest exposures to particulate matter
was during situations where they removed their SCBA while in “safe zones™.
Furthermore, Fent et al. (2015) found a significant relationship between the levels of
organic compounds in firefighters’ post-burn exhaled breath and airborne concentrations

of compounds off-gassing from firefighters’ used PPE (K. Fent et al., 2015).

Summary

This thesis aimed to assess firefighters’ exposures to PAHS; moreover, ways to
reduce exposures to harmful combustion products via dermal decontamination. A
multifaceted approach was taken, using several methodologies to assess PAH exposures
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using active air sampling, skin and PPE surface sampling at different time points, and
urinary biomonitoring for metabolites and mutagenic potency. The thesis is written as
manuscripts and divided into three data chapters. Chapter two contains the results of a
study that investigated surface and air contamination with PAHs and metals at fire
stations and emergency fire events. Chapter three is comprised of a study that uses
silicone wristbands as passive samplers to assess PAH exposure of firefighters at live fire
training. Chapter four presents an intervention study that assesses the effectiveness of
post-fire dermal surface decontamination to reduce the internal dose of PAHs after live

fire training. Chapter five provides concluding remarks.

Two cohorts of firefighting participants were recruited, and details of the recruitment
process can be found in their respective chapters. Data for Chapter 2 was collected as part
of a companion study published by Keir et al. (2017). Chapters 3 and 4 involve the same
cohort; data from the silicone wristbands worn by the firefighters are presented in
Chapter 3, and the results from the dermal decontamination interventions are presented in

Chapter 4.
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Abstract

This study examined occupational exposures of Ottawa firefighters to combustion by-
products and selected metals. We measured exposures to polycyclic aromatic hydrocarbons
(PAHS), antimony, cadmium, and lead using (1) personal air samplers worn by firefighters
during emergency fire suppression; (2) wipe samples from skin, personal clothing, and
personal protective equipment (PPE) collected before and after emergency firefighting
(n=29), and (3) air samples collected in three fire stations, truck cabs, and one administration
office. We assessed OFS PPE decontamination procedures using wipe samples collected
before and after laundering (n=12). Air concentrations exceeded occupational exposure limits
at two fire events for lead and nine for PAHSs. After fire suppression, PAH concentrations
were significantly higher on skin and PPE (p<0.001), antimony on skin, clothing, and PPE
(p<0.001, 0.01, and 0.05, respectively), and lead on skin and PPE (p<0.001). Air
concentrations of PAHs and antimony were significantly higher in vehicle bays compared to
the office (p<0.05), but significantly lower compared to fire truck cabs (p<0.05). Washing
PPE was effective in removing, on average, 61% of PAHs, 55% of antimony, 97% of lead,
and 90% of cadmium. These results indicate that firefighters are significantly exposed, via

multiple routes, to combustion by-products during on-shift fire suppression.
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Introduction

Firefighters experience elevated risk of injury, and of developing cancer and other serious
diseases (Guidotti, 1993; LeMasters et al., 2006; Pukkala et al., 2014; Tsai et al., 2015). For
example, a meta-analysis of 32 studies reported excess cancer risks in firefighters, relative to the
general population, of 2.02 (testicular), 1.53 (myeloma), 1.51 (non-Hodgkin’s lymphoma), 1.39
(skin) and 1.28 (prostate) (LeMasters et al., 2006). In 2010 the International Agency for Research
on Cancer (IARC) conducted a second meta-analysis that prompted the classification of
“occupational exposure as a firefighter” as possibly carcinogenic to humans (i.e., Group 2B)
(IARC, 2010a). Since the IARC classification, Daniels et al. (2014) investigated cancer rates in a
pooled cohort of 29,993 US career firefighters employed between 1950-2009, and found excess
cancer mortality (SMR=1.14) and incidence (SIR=1.09) mainly for digestive tract (SMR=1.26,
SIR=1.17) and respiratory (SMR=1.10, SIR=1.16) cancers (Daniels et al., 2014). Investigating the
causes underlying these empirical results is essential for effective reduction of firefighters’
elevated risk of chronic diseases.

Firefighters can be exposed to a variety of carcinogens during firefighting activities. Two
groups of chemicals, metals (i.e., antimony, cadmium, and lead) and polycyclic aromatic
hydrocarbons (PAHS), are most often studied because of their known toxicities and presence in
the air during a fire (Bolstad-Johnson et al., 2000; Lonnermark and Blomqvist, 2006; Guidotti,
2015; Britz-McKibbin et al., 2016). Cadmium has been classified as a Group 1 carcinogen by
IARC, and antimony trioxide and lead are classified as possibly carcinogenic to humans (IARC,
1989, 1993, 2006). Several PAHSs exhibit carcinogenic activity; benzo[a]pyrene is carcinogenic

to humans (Group 1), naphthalene, cyclopenta[c,d]pyrene, dibenz[a,h]anthracene and
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dibenzo[a,l]pyrene are probably carcinogenic (Group 2A), benz[j]aceanthrylene,
benz[a]anthracene, benzo[b]fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene,
benzo[c]phenanthrene, chrysene, dibenzo[a,h]pyrene, dibenzo[a,i]-pyrene, indeno[1,2,3-
cd]pyrene and 5-methylchrysene are possibly carcinogenic (Group 2B) (IARC, 2002, 2010b).
PAH:s are also known to be mutagenic and teratogenic (IARC, 2010b). In 1976, sixteen PAHs
were selected by the US Environmental Protection Agency as priorities for concern and control
(Table S2-1) (Keith and Telliard, 1979). With well-defined toxic properties and presence at fires,
priority PAHs and selected metals are of utmost concern when it comes to firefighters’ chemical

exposures during fire suppression.

In general, occupational exposure assessments of municipal firefighters are limited (Caux et
al., 2002; Edelman et al., 2003; Baxter et al., 2014). Most previous studies focused on municipal
firefighters exposed during training exercises (NIOSH, 2013; Fent et al., 2014; Britz-McKibbin et
al., 2016). The relevance of these studies for evaluating exposures during emergency suppression
of municipal structural fires is questionable. Emergency fire suppression scenarios are known to
be markedly different than training scenarios, particularly in terms of fuel and firefighter behavior.
Emergency fires can involve a wide range of fuels (e.g., flooring, upholstery, paints and coatings,
bedding, draperies, etc.). Although training fires sometimes include furniture, they are generally
restricted with respect to acceptable fuels. In fact, the National Fire Protection Association 1403
Standard for Live Fire Training Evolutions recommends that fuels should only include wood
products (National Fire Protection Agency, 2012; Fent et al., 2014). Training scenarios may also
differ with respect to PPE use and suppression strategies, since the situations are well-controlled

and PPE use is uniform and ubiquitous.
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In our earlier study, we employed urinary metabolite analyses to investigate firefighters’
exposure to PAHSs and other organic mutagens. More specifically, we quantified PAH metabolites
and mutagenic activity in urine collected before and after emergency, on-shift fire suppression.
The results revealed, on average, a significant 2.9- to 5.3-fold increase in urinary PAH metabolite
levels, and a 4.3-fold increase in urinary mutagenicity (p<0.0001). Moreover, the results showed
that urinary PAH metabolite concentration is empirically related to air and skin PAH
contamination. In fact, 54% of the variation in total urinary PAH concentrations can be accounted
for by air and skin PAH levels (Keir et al., 2017). This companion paper presents detailed results
on the levels and types of PAHs and metals in air and on surfaces (i.e., PPE, clothing, and skin).
In addition, we present data regarding the efficacy of PPE decontamination procedures for the

removal of PAHs and selected metals.

Materials and Methods

This study was a collaboration between the Ottawa Fire Services (OFS), the University of
Ottawa, the University of Toronto, and Health Canada. Before initiation, the study was reviewed
and approved by the Research Ethics Boards of the University of Ottawa (i.e., HO7-14-01B) and
Health Canada (i.e., REB 2014-0035).

Firefighters (n=28) were recruited from four fire stations selected based on their call
volume, i.e., to maximize the likelihood of capturing firefighting events. A brochure was circulated
to inform potential participants about the study, its rationale, and its objectives. Firefighters
interested in participating were enrolled if they met the eligibility criteria: (i) non-smokers, (ii) do
not live with smokers, and (iii) agreed to avoid charbroiled (i.e., barbequed) foods and exposures

to open fires for the duration of their enroliment. Participants signed a consent form and completed
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a general questionnaire to assess their work history, health status, and lifestyle. Each volunteer

subject participated in one or more study block of five consecutive 24-hour shifts.

Samples from emergency fire responses

Details of sample collection and handling procedures can be found in Keir et al. (2017).
Briefly, each firefighter was provided with a sample collection “toolbox™ containing all sample
collection gear, and an instruction manual outlining the sample collection, handling, and storage
procedures. To ensure proper and uniform sample collection and handling, all participants received
personalised training from a member of the research team. At the beginning of each shift,
participants collected wipe samples, affixed the personal air sampler to their PPE collar, and placed
the air sampling pump in the inside left pocket of their PPE coat (Figure S2-1). Polypropylene
Tygon tubing running under the PPE coat was used to connect the sampling collection cartridge,
containing the glass fiber filter and polyurethane foam (PUF), to the sampling pump. In the event
of an emergency fire call, participants removed the cap of the air sampling cartridge and turned on
the pump to initiate the collection of personal air. After exiting the scene of the fire, participants
stopped the pump, and upon return to their fire station, removed the sample collection cartridge,
placed it in a ziplock bag, and stored it in the secure -20°C freezer. All samples were stored in this
freezer until collection by university research staff.

The personal air sampler consisted of a GilAir® Plus Personal Air Sampling Pump (Levitt
Safety, Ottawa, ON), operated at a 2.5 L/min flow rate, connected to a sampling cartridge
consisting of a PUF (URG Corporation, Chapel Hill, NC) and a 25 mm Quartz filter (Whatman,
Maidstone, UK) (Figure S2-1). Pumps were calibrated before and after sampling using a Gilian
Gilibrator-2 Calibrator (Levitt Safety, Ottawa, ON). All PUFs were cleaned prior to use with 2

static cycles of pressurized fluid extraction at 2000 psi for 5 minutes at 75°C with a 1:1 v/v mixture
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of Optima grade acetone and hexane; the filters were baked at 400°C for 5 hrs. Respective field
blanks were also collected on each day of sample collection. The PUFs and half of the filters were
processed for PAHSs analyses. The other halves of the filters were processed for metal analyses.

Wipe samples were collected at the beginning of a shift to indicate background
contamination, and immediately upon return to the station after the fire suppression event. The
following wipe samples were collected: skin (i.e., forehead, neck and wrist), personal clothing
worn under PPE (i.e., typically t-shirt and underwear), and PPE (i.e., jacket, pants, belt of self-
contained breathing apparatus (SCBA)) (Figure S2-1). Firefighters wore clean, nitrile gloves
during sample collection. For PAH analyses, each participant collected wipe samples in the same
fashion for PPE, clothing, and skin on their right side using a 30 cm? template and AlphaWipes®
pre-wetted with 70% isopropyl alcohol (Texwipe Inc., Kernersville, NC, USA).

Left-side samples for metal analyses were collected using Ghost Wipes® moistened with
deionized water (SKC Inc., EightyFour, PA, USA). To maximize collection efficiency and
consistency, firefighters received detailed wipe sample collection instructions (i.e., all corners of
the square template, up and down, side to side and diagonal, and folding before inserting into
collection tube). Due to time and logistical constraints, individual wipes were combined by surface
type prior to metal and PAH analysis (i.e., forehead neck and wrist for skin, t-shirt and underwear
for clothing, and jacket, pants, and SCBA belt for PPE). Firefighters also collected wipe field
blanks by exposing a wipe to the ambient environment, and placing it into a labelled sample
container. Participants also completed a fire event questionnaire containing questions about the
nature of the event, fire intensity and duration of participation in suppression, distance from the

fire during suppression, the level of smoke, role in fire suppression, and PPE use.
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PPE decontamination samples

This part of the study did not analyze wipes from PPE worn at the studied fire suppression
events. Instead, wipe samples were collected from 12 PPE sets used during other fire
suppression events in Ottawa (i.e., pre-wash), and then sent to the OFS cleaning facility for
decontamination via laundering. Details of the wash cycle can be found in the SI. Matching
wipe samples were collected after cleaning (i.e., post-wash) near where the pre-wash samples
were collected. Wipe procedures were identical to those used for on-shift PPE wipe sample
collection (i.e., 30 cm? template with AlphaWipes® and Ghost Wipes®), with the exclusion
of a sample from the SCBA belt. Again, samples were pooled (e.g., wipes of PPE jacket and

pants were pooled into single pre- and post-washing samples).

Air sampling at fire stations

Air monitoring was conducted at three fire stations (i.e., Fire Stations 1, 2, and 3), and at
an OFS administrative office (i.e., reference location). Fire Station 1 is in an urban area next to a
busy urban street. Fire Station 2 is near a highway (i.e., < 300 m). Fire Station 3 is in an urban
residential area. At each fire station, one sample from the vehicle bay and one within a truck cab
were collected for a one hour period on three separate days (i.e., N=3). Three one-hour air samples
were also collected at the reference location. We also collected field blanks at each location on
each day of sample collection. We collected samples inside the vehicle bays using a modified high-
volume air sampler (480 L/min). This sampler contained a polyurethane foam filter (PUF)
(Supelco, Pennsylvania, PA) and a Quartz filter (101.6 mm) (Whatman, Maidstone, UK). The
personal air sampling devices worn by firefighters (GilAir® Plus Personal Air Sampling Pumps)
were also used to collect air samples from fire truck cabs. The PUFs and filters for each sample

were cut in half and processed for PAHs and metal analyses separately.
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PAH analyses

Detailed information on the PAH analytical method is available from U.S. E.P.A
(1994). Briefly, PUFs and filters were extracted using Accelerated Solvent Extraction (ASE
350 and ASE 200, Dionex Corporation, Sunnyvale, CA, USA). All samples were spiked with
13C-labeled standards of the 16 US EPA priority PAHs (Table S2-1) (Cambridge Isotope
Laboratories Inc., Andover, MA, USA) prior to extraction. PAHs were separated from
interfering compounds by solid-phase extraction (SPE) on SPE cartridges (i.e., 3 mL of
alumina (Supelco, Bellefonte, PA) followed by 1 g of silica (Supelco, Bellefonte, PA). To
remove water, Alpha wipe extracts underwent liquid-liquid hexane extraction prior to SPE.
Extracts were then spiked with an internal standard, p-terphenyl-d14 (Cambridge Isotope
Laboratories, Tewksbury, MA 01876), prior to analysis using an HP 6890 gas chromatograph
coupled to an HP 5973 mass selective detector (MSD) (Agilent Technologies, Santa Clara,
CA, USA). Concentrations of compounds of interest were calculated using isotopic dilution,
which accounts for recoveries in each sample by determining PAH-specific recoveries with
isotopically labeled standards. Extraction efficiency was determined using linear, equal-
weighted standard curves. Analytical method recoveries were determined by spiking the
sampling media with a standard mixture of 16 *C-labeled PAHs (Cambridge Isotope
Laboratories Inc., Andover, MA, USA). All samples were method and field blank batch
corrected; method detection limit and percent non-detect results are reported in Tables S1 and

S2.

Metal analyses
Filters and ghost wipes were digested using a hot nitric acid solution following a

modified version of US EPA method 3050B (US EPA, 1996). Samples were dissolved in 10
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mL of 1:1 70% HNO3 and Milli-Q water, and heated on a graphite block (DigiPREP MS block
digestion system, SCP Science, QB, Canada) for 30 minutes at 95°C. Once cooled to room
temperature, 30% H.O> was added and the samples heated at 95°C for 3 hours. Samples were
then diluted to 50 mL with ultra-pure Milli-Q water. All samples were filtered to remove any
particulates. In the same manner, a standard reference material (Urban Particulate Matter SRM
1648a from the National Institute of Standards and Technology (NIST, USA)), and blanks (i.e.,
HNO3 and Milli-Q H>0) were prepared to ensure the quality of the analysis. Total metals in
the digested extracts were determined using an Agilent ICP-MS 7700 series, with a reactive
gas used for removal of known interferences in a complex unknown mixture without loss of

sensitivity.

Adjusted occupational exposure limits

Occupational exposure limits (OELS) are usually expressed as a time-weighted average
(TWA) based on lifetime exposure during an 8-hour work shift of a 40-hour work-week.
Because Ottawa firefighters do not work a typical 8-hour shift, but rather seven to eight 24-
hour shifts per 28-day shift cycle, use of the TWA exposure standard may not be appropriate.
To compensate for extended work shifts, the Brief and Scala method was applied to calculate
adjusted OELSs for total PAHs, antimony, cadmium, and lead (i.e., 187.5, 46.8, 9.4, 46.9 pug/m?®,
respectively) (Brief and Scala, 1975; OSHA, 2012; Ontario Ministry of Labour, 2016).
Excursion limits (i.e., the concentration to which a worker should not be exposed for more than
a total of 30 minutes during a workday, no more than four times per work day, and occurring
at least one hour apart) were calculated as 3 times the 8-hour TWA for total PAHSs, antimony,
cadmium, and lead (i.e., 600, 1500, 30, 150 pg/m?3, respectively) (ACGIH, 2012; OSHA, 2012;

Ontario Ministry of Labour, 2016). TWA values for antimony, cadmium, and lead were
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obtained from the Ontario Ministry of Labour (Ontario Ministry of Labour, 2016). Due to the
lack of PAH OEL values, what is most often used, and what was used herein, is the OEL for
coal tar pitch volatiles containing detectable amounts of one or more of benz[a]anthracene,
benzo[b]fluoranthene, chrysene, anthracene, benzo[a]pyrene, phenanthrene, acridine, and

pyrene (OSHA, 2012).

Data analyses
All samples were field and method blank corrected. If less than 20% of the blank-
corrected values for a particular set of samples (e.g., antimony in pre-fire PPE wipes) were
below the detection limit, non-detects were assigned a value equal to the detection limit divided
by the square root of 2. If more than 20% of the values for a particular sample set were below
the detection limit, Robust ROS (regression on order statistics), an approach presented in
Helsel (2009), was used to replace non-detect entries. Values were calculated using NDEXxpo

Version 1.0 (http://expostats.ca/site/app-local/NDExpo/) (Helsel, 2009). This method was

applied for concentrations of PAHs and metals in personal air, PAHSs in fire station air, and
cadmium or lead in pre- and post-fire wipe samples of skin and/or PPE. Dibenz[a,h]anthracene
and benzo[k]fluoranthene were not detected in over 80% of air samples collected in OFS
offices and fire stations, and were thus omitted from total PAH determinations. The data were
log-transformed where appropriate based on visual inspection of box- and Q—Q plots, and
results of a Bartlett test for variance homogeneity. Paired (i.e., dependent) t-test was used to
evaluate the effect of fire suppression (i.e., pre- versus post-exposure) on surface
contamination of skin, clothing, and PPE, and the effectiveness of PPE decontamination.
Analysis of variance (ANOVA) with post-hoc multiple range testing (i.e., Duncan method)

was employed to examine differences in the mean concentrations of PAHs and metals in air
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samples from OFS fire stations and reference locations. Data were analyzed using SAS v9.2
for Windows (SAS Institute, Cary, NC, USA). Differences were considered statistically

significant when p <0.05.

Results & Discussion

Samples were collected between January and October 2015. Detailed information about
the participants is available in Keir et al. (2017). During the study period, 29 air samples with
paired wipe samples (i.e., pre- and post-fire) were collected from 16 participants across 18
separate fire suppression events, with several instances of multiple participants present at the
same fire. One PPE wipe sample for PAH analyses was not collected due to compliance issues,
and three PPE wipe samples for metal analyses (i.e., one pre- and two post-fire) were omitted
from the analyses due to a likely participant error. All fires were structural (i.e., involved
structural components of residential or commercial buildings), except for one container fire

(i.e., garbage or recycling bin).

Air samples

The air quality during on-shift fire suppression was investigated using personal air
samplers worn by firefighters at the scene (Table 2-1, Figure S2-2). Personal air sample
collection time averaged 67 minutes, but ranged from 10 to 420 minutes. The geometric
mean total PAH concentration (z standard error of the geometric mean) was 253.1 (1.48)
ng/m?3, but ranged from 8.3 to 28,600 pg/m?® (Table 2-1). Total PAH concentrations during
fires exceeded the adjusted OEL and excursion limit 45% and 31% of the time, respectively.
The predominant PAHSs in personal air samples were naphthalene, acenaphthylene,
phenanthrene, fluoranthene, and fluorene (Table 2-1). Naphthalene was the most abundant
PAH, comprising, on average, 73% of the total. However, the concentration of naphthalene
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never exceeded the OEL value of 52,000 pg/m? (Ontario Ministry of Labour, 2016).
Benzo[a]pyrene, a known human carcinogen, comprised, on average, 1.0% of total PAHs,
whereas probable and possibly carcinogenic PAHs accounted for, on average, 77% (Table

$2-3).

It is interesting to compare the air PAH concentrations recorded herein with those
presented in earlier studies. PAH concentrations in air from the present study contained less
benzo[a]pyrene, but more possible and probable carcinogens (including naphthalene),
compared to previously-published values for air samples collected during overhaul (i.e.,
activities to ensure that a fire is extinguished) (Bolstad-Johnson et al., 2000). More than half
of the samples collected during the present study (i.e., from emergency fires) had higher
benzo[a]pyrene concentrations in air compared with averages for training fires fueled with
untreated wood and straw (Britz-McKibbin et al., 2016). Air samples collected during
wildland, controlled burns had notably lower PAH concentrations than the on-shift air
samples reported here (Robinson et al., 2008). Interestingly, Kirk & Logan (2015) noted
higher average PAH concentrations in trainers’ personal air samples collected during live-fire
training that used particleboard, relative to the personal air samples collected in this study.
However, nearly a quarter of the event-specific results reported herein exceeded those
averages (Fent et al., 2017). These results show that PAH concentrations in air at emergency
fires can be higher than those measured at training fires. Nevertheless, it is important to note
that a study by Fent et al. (2018), which looked at PAHs in personal air samples collected at
training fires fueled with household furnishings (i.e., carpeting, bed, chair, TV, etc.), showed
that, depending on one’s role in fire suppression, trainees experienced lower or higher

personal air PAH levels compared with those presented here. More specifically, personal air
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PAH concentrations for trainees assigned to command/pump roles or outside ventilation were
lower than those observed here, whereas firefighters assigned to overhaul, search, and attack
were drastically higher (i.e., trainees assigned to attack had median concentrations over 200-
fold higher than those of this study). This comparative reduction in emergency fire PAH
concentrations may be attributable to dilution by air running through the collection system
while firefighters were on their way to and from a fire suppression event (i.e., compared to
sample collections at training fires wherein pumps could be stopped immediately following
fire suppression). Differences in PAH concentration may also be related to the duration of
exposure, assignment/role, fuel, firefighter behaviors (e.g., more personnel and assignment
changes at emergency fires). Overall, comparisons with previously-published values indicate
that training fire studies may over-estimate (i.e., overhaul, search and attack) or under-
estimate (i.e., command/pump) the PAH exposures associated with emergency fire

suppression.

Concentrations of metals in personal air samples are also reported in Table 2-1. Only
10% of the air samples exceeded the adjusted OEL for lead; 7% exceeded the excursion limit.
No samples exceeded the limits for antimony and cadmium. Compared to a previously reported
study of air samples collected by Chicago firefighters, Ottawa firefighters experienced lower
concentrations of antimony in air (i.e., 88 pug/m? versus average of 25.2 pug/m?), but comparable
lead concentrations (Fabian et al., 2014). Overhaul samples collected by Caux et al (2002) also
had similar lead concentrations to those measured here (Caux et al., 2002). Bolstad-Johnson et
al (2000) noted undetectable cadmium in air collected during overhaul activities; we only

detected cadmium in 10% of personal air samples (Bolstad-Johnson et al., 2000).
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Overall, variability in metal concentrations in air is large (see minimum and maximum
values in Table 2-1); some values exceeded the occupational exposure limits. However,
occupational exposure limits reported herein must be interpreted with caution since the
proportion of the shift-time spent on emergency fire suppression will be affected by fire
severity and the number of fires encountered during a shift. More specifically, municipal
firefighters are rarely involved in constant fire suppression during a shift; thus, reported
concentrations may overestimate the hazard. Excursion limits may be a more appropriate
metric for comparison as it is a metric for short term exposures. However, if the duration of
the fire suppression event exceeds the 30-minute time window for an excursion limit, this
metric may underestimate total exposure. To rigorously compare firefighters’ exposures within
the context of occupational exposure limits, future work should carefully consider accurate

recording of exposure duration.

Collectively, these results showed that firefighters were exposed to significant
amounts of airborne PAHs and selected metals during on-shift, emergency fire suppression.
Since the firefighters’ occupational environment is clearly contaminated with PAHs and
metals, adherence to SCBA use protocols is imperative to reduce or eliminate the risk of
respiratory exposure. As noted earlier, our companion study, along with other earlier studies,
revealed that dermal contact is likely a major route of firefighters’ PAH exposure (Fent et al.,
2014; Britz-McKibbin et al., 2016; Keir et al., 2017). This assertion warrants further

investigation.
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Table 2-1 Concentrations of PAHs and metals (i.e., cadmium, antimony, and lead) in 29
personal air samples collected during emergency fire suppression. Results are reported as
geometric mean (GM) and standard error (Std Error), arithmetic mean (AM), minimum
(Min) and maximum (Max), in micrograms per cubic meter (pug/m°).

Std

Compound(s) GM E AM Min. Max.
rror

PAHSs

Total PAHs 253.11 1.48 2725.46 8.27 28604.58
Acenaphthylene 14.57 1.58 270.50 0.09 2839.90
Acenaphthene 1.84 1.49 20.28 0.07 186.85
Anthracene 1.46 1.63 50.91 0.03 746.85
Benz[a]anthracene 0.91 1.48 12.59 0.02 236.05
Benzo[a]pyrene 1.54 1.44 10.44 0.03 133.76
Benzo[b]fluoranthene 1.52 1.55 17.00 0.02 218.59
Benzo[ghi]perylene 0.75 1.54 8.16 0.02 98.65
Benzo[K]fluoranthene 0.69 1.46 6.66 0.03 79.12
Chrysene 131 1.63 58.06 0.03 1062.72
Dibenz[ah]anthracene 0.27 1.29 0.70 0.02 5.58
Fluoranthene 5.95 1.53 102.17 0.11 1441.33
Fluorene 4.02 151 66.69 0.16 747.16
Indeno[1,2,3-cd]pyrene 1.07 1.47 9.34 0.04 146.36
Naphthalene 182.59 1.48 1675.80 3.95 15916.00
Phenanthrene 9.07 1.64 318.20 0.16  4543.59
Pyrene 1.97 1.79 97.94 0.02 1294.32

Metals
Antimony 3.41 1.64 25.15 0.02 169.78
Cadmium 0.04 1.65 0.53 0.00022 6.85

Lead 0.95 1.71 33.73  0.0016 664.81




Wipe samples

We used wipe samples to assess the deposition of PAHs and metals on surfaces (i.e.,
skin, PPE, clothing). Post-event levels of PAHs on skin and PPE (i.e., ng per cm?), compared
to pre-event samples (i.e., collected at the beginning of a shift), increased significantly, on
average by 3.3- and 5.2-fold, respectively (p<0.001, Figure 2-1, Table S2-4). Overall, PAHs
on skin and PPE ranged from no increase (NI) to 190- and 153-fold increases, respectively.
PAH accumulation on clothing increased by an average of 1.4-fold; the increase was not
statistically significant. Although the detection frequency was low, the known human
carcinogen benzo[a]pyrene was detected in all types of wipe samples (i.e., skin, PPE, and
clothing). The total of probable and possible carcinogens accounted for 39%, 40%, and 33%

of the total PAHs measured on skin, clothing, and PPE samples, respectively.

PAH contamination from emergency fire suppression appears to be lower than that
resulting from firefighter training. Specifically, post-fire increases in PAHs on PPE were
lower for the emergency responses presented herein, in comparison with those reported for
PPE from firefighters exposed at training fires fueled by furniture (Fent et al., 2017).
Differences are likely related to fuels and fire intensity. Additionally, reported PAH levels on
instructors’ PPE exposed during live-fire training were also higher, ranging from 69 to 293
ng per cm?. Pre-fire samples were not collected in the aforementioned study, thus it’s
possible that the higher concentrations of PAHs on PPE are confounded by pre-event
contamination (Kirk and Logan, 2015). With respect to PAHs on skin, meaningful
comparisons are difficult due to differences in sample collection methods and locations on
skin. Nevertheless, participants in the present study generally had lower post-event

concentrations compared to those summarized in previous studies at training settings
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(Laitinen et al., 2010; Britz-McKibbin et al., 2016). However, average post-event skin
concentrations reported here are often higher than in training scenarios reported by Fent et al.
(2017). To the best of our knowledge, this study is the first to collect emergency fire
suppression samples from clothing worn under PPE. The results reveal that PAH

accumulation on clothing is low compared with skin and PPE.

Post-event metal contamination on skin, clothing, and PPE was significantly higher than
pre-event contamination. Average antimony on skin increased by 5.5-fold (p<0.001, NI to
106-fold), on clothing by 1.9-fold (p<0.01, NI to 19-fold), and on PPE by 1.3-fold (p<0.05,
NI to 2.9-fold) (Table S2-4). Average lead on skin increased by 9.1-fold (p<0.001, NI to 719-
fold), and on PPE by 3.5-fold (p<0.001, NI-115-fold) (Figure 2-1, Table S2-4). Post-event
cadmium was always higher than pre-event sampling on skin, clothing, and PPE (e.g.,1.7-,
1.7-, 1.1-fold increases, respectively), though the differences between pre- and post-fire
levels were not statistically significant. Only one other study reported PPE metal
contamination (i.e., jacket, hoods, gloves), but the results were reported per g of material,
thus comparisons are not possible (Fabian et al., 2014). To the best of our knowledge, this is
the first study to examine post-event dermal and under-PPE clothing metal contamination in
firefighters. The observed increases in metals on under-PPE clothing, which was statistically
significant for antimony, suggests that these garments should be removed and laundered in a
timely fashion. Moreover, standardized operating procedures should be established to ensure
that all surfaces are decontaminated in order reduce exposure and internal dose. The ability of
post-event surface decontamination (e.g., PPE and skin) to reduce firefighter’s exposure to

metals and/or PAHs remains to be determined.
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Overall, the presence of the monitored chemicals on PPE, personal clothing and skin, and
the significant post-event increases in surface contamination, indicate that firefighters are
significantly exposed to airborne toxicants encountered during emergency fire suppression.
Moreover, significant increases in dermal contamination suggest that dermal absorption is
likely a significant route of firefighters’ exposures to PAHs and metals. This contention is
consistent with our earlier companion study that detected a significant empirical relationship
between total PAHs on skin (and air) and urinary PAH metabolites (i.e., internal dose), but
failed to detect increases in biomarkers indicative of pulmonary injury (Keir et al., 2017).
Nevertheless, it is important to also note that SCBA removal can result in secondary, post-
event respiratory exposures to volatile or semi-volatile compounds (e.g., some PAHs and
metals) (Fent et al., 2015). Indeed, this has been previously noted, i.e., premature removal of
respiratory apparatus contributed to higher PAH exposures (Caux et al., 2002). Additionally,
handling of contaminated clothing and PPE may also lead to elevated exposures to the
monitored chemicals. The opportunities for exposure to PAHs and metals (i.e., via contact
with air and contaminated surfaces), when combined with the current measurements of
dermal contaminations, and our previous measurements of internal dose (e.g., urinary levels
of PAH metabolites), indicate that municipal fire service organizations should actively
develop policies and procedures to minimize dermal contamination, and/or post-event
contact with contaminated surfaces (e.g., proper PPE use, appropriate post-event PPE
handling, and skin decontamination) (Keir et al., 2017). Current research initiatives are
actively evaluating the ability of on-site PPE and/or skin decontamination to reduce
undesirable exposures to toxicants encountered during emergency fire suppression, and by

extension, the risk of adverse health effects.
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It is important to note that although sample collection at emergency firefighting events is
important for real-world results interpretation, there are limitations to the study design
employed in the present study. Unlike training fires, where samples can be collected
immediately after fire suppression, samples for this study were collected after return to the
fire station. Consequently, low molecular weight PAHSs, which are typically more volatile,
likely declined prior to sample collection. As such, the reported values are likely
underestimating the amount of low molecular weight PAHSs actually deposited on surfaces
(i.e., ng per cm?). Furthermore, although sample collection methods employed here collected
67-72% of the contamination, 28-33% remained on the surface (see Supplementary
Information and Table S2-7). Thus, the wipe data presented here underestimate PAH surface

concentrations within a defined confidence interval.
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Figure 2-1 Box-plots summarizing concentrations of (A) PAHSs, (B) Antimony, and (C) Lead
in wipe samples collected before (FF Pre-Fire) and after (FF Post-Fire) a fire-suppression
event. Box limits represent the interquartile range (i.e., 25th to 75th percentile), the diamonds
represent the mean value, the solid line represents the group median, and the whiskers extend
to the 5th and 95th percentiles. Circles represent outliers. * indicates a significant difference
between pre and post-fire levels at p<0.05, ** at p<0.01, and *** at p<0.001. No significant
differences in cadmium concentrations were observed and values are not shown.
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Air samples from fire stations

The airborne concentrations of PAHs, antimony, cadmium, and lead were measured in
vehicle bays and fire truck cabs at the three fire stations investigated, as well as at an OFS
office location (i.e., reference site). Vehicle bays had significantly higher PAH concentrations
compared with the office location, with geometric mean (xSE) total PAH concentrations of
95.60+1.21 and 8.20+1.0 ng/m?, respectively (Figure 2-2, Table S2-5, p<0.05). In fact, vehicle
bay contamination was nearly 4-fold higher than Canadian urban air (e.g., Toronto, ON,
calculated annual average of 0.025 pug/m®) (Motelay-Massei et al., 2005). Benzo[a]pyrene was
not present in the office air samples, but was detected in 56% of the vehicle bay samples.
Probable/possible carcinogenic PAHs were also more frequently detected in the vehicle bays
compared to the office location (i.e., 24.8% versus 10.3%, respectively). It should be noted
that the influence of outdoor, ambient air contamination on the indoor (e.g., vehicle bay) air
quality data described herein cannot be overlooked since the station garage door was opened
several times during the sample collection time period. Unfortunately, operational necessity
precluded the ability to collect vehicle bay samples that were not periodically disturbed by
door opening and truck departure/arrival. The geometric mean concentration inside truck cabs
was significantly higher (i.e., 26-fold) compared to vehicle bays (Figure 2-2, p<0.05), and the
contributions of benzo[a]pyrene to the total measured PAHs were higher for truck cabs
compared with vehicle bays (i.e., 1.5% vs 0.02%, respectively). Similarly, the contributions of
probable and possible carcinogens to the total were 65.5% versus 24.8%, respectively. To the
best of our knowledge, this is the first study to note elevated concentrations of PAHs and metals

inside fire truck cabs.
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Metal concentrations in air showed a pattern similar to that observed for PAHSs.
Geometric means of antimony in vehicle bay air was significantly higher compared to the
office location (i.e., Figure 2-2, 3.4-fold, p<0.05). Observed truck cab air concentrations were
significantly higher than the vehicle bay concentrations (i.e., 50.7-fold, p<0.05). Antimony in
air of both office and vehicle bay locations were well below those of ambient air concentrations
in Ottawa for 2015 (<9 ng/m?), and urban areas in the United States (5 to 40 ng/m®) and Europe
(1 to 10 ng/m® (Jensen and Bro-Rasmussen, 1992; National Research Council (US)
Subcommittee on Zinc Cadmium, 1997; Environment and Climate Change Canada, 2015).
However, compared to ambient Ottawa air monitored during the same time period as the
present study, average fire truck cab concentrations of antimony were 117-fold higher (i.e.,
0.45 versus 52.56 ng/m®) (Environment and Climate Change Canada, 2015). Although lead in
the air from vehicle bays and office locations were not significantly different, one of the truck
cabs had significantly higher lead relative to the corresponding vehicle bay (Table S2-4,
p<0.05). Office and vehicle bay air concentrations of lead were similar to those measured in
Ottawa air during that time period (i.e., average of 1.1 ng/m®); levels were higher in fire truck
cabs (i.e., 13.41 ng/m®). Concentrations in cadmium in air from all sampled locations were not
significantly different from each other, and were comparable to those of Ottawa ambient air
(Environment and Climate Change Canada, 2015). Overall, the observed levels of PAHs and
metals in air from office and fire station (i.e., vehicle bay and truck cabs) locations were well
below adjusted OELs and excursion limits. Nevertheless, the consistently elevated values in

fire truck cabs warrant further attention.

Although precise delineation of factors contributing to PAH and metal contamination

in truck cabs would require further study, we suspect that release of contaminants from PPE
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and/or contaminated gear (i.e., particles and/or off-gassed volatiles) are the major sources.
Contamination is a concern because full PPE is not worn in the cab, and contamination of this
area could contribute to continued exposures from earlier fires. Such secondary exposures can
be reduced by cab decontamination, rigorous use of vehicle exhaust extraction systems, and
proper storage of contaminated gear. Future work could investigate the effectiveness of
prophylactic measures to reduce transfer of combustion-derived contaminants in stations and

truck cabs (e.g., gear and PPE decontamination prior to storage and/or reuse).
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Figure 2-2 Box-plots summarizing total PAHSs (left) and antimony (right) concentrations in
air samples collected from control office locations, vehicle bays, and fire truck cabs.
Triplicate samples were collected at each location. The box limits represent the interquartile
range (i.e., 25th to 75th percentile), the diamonds represents the mean value, the solid line
represents the group median, and the whiskers extend to the 5th and 95th percentiles. Circles
represent outliers. The inset shows the results of a one-way ANOVA. * indicates a significant
difference between locations at p<0.05. No significant differences in air concentrations of
cadmium or lead were observed and the data are not shown.
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Effectiveness of PPE decontamination

The current OFS protocol states that, weather permitting, soiled or contaminated PPE
should be brushed and wetted using a fine mist, placed in a plastic bag, and dropped off for
laundering on the way back to the station. Firefighters should be assigned an alternate set of
PPE until laundering has been completed.*! The effectiveness of the current laundering
procedures was investigated by analyzing PPE wipe samples before and after the OFS
procedural wash cycle (Table S2-6). Significant post-wash decreases in PAHs, antimony, lead,
and cadmium were noted (p<0.005, <0.05, <0.0001, <0.01, respectively). Sets of PPE that
showed a net decrease in surface contamination revealed an average laundering removal of
61% for PAHSs, 55% for antimony, 97% for lead, and 90% for cadmium (Table S2-6). An
estimate of PPE total surface area (i.e., pants plus jacket, Figure S2-3) was used to calculate
average total removals for the compounds investigated. Values indicate removals of 166 pg of
PAHs per set of PPE, including 8 pg of the known carcinogen benzo[a]pyrene, 912 pg of
antimony, 721 pg of lead, and 26 pg of cadmium. These results should be interpreted with
caution since the calculations assume uniform distribution of contamination. The efficacy of
the laundering process for removal of antimony, cadmium and lead is likely related to oxidation
state. Oxidized metals would be more water soluble thus, likely more readily removed. This
study did not investigate the oxidation state of the analyzed metals; all results are expressed as
total metal concentration. Ultimately, these results underscore the utility of PPE
decontamination procedures for removing selected combustion-derived contaminants;
effective decontamination should reduce the likelihood of secondary exposures mediated by

contact with contaminated PPE.
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The results presented herein, when interpreted in the context of our companion study
and other earlier studies, indicate that firefighters engaged in emergency fire suppression are
exposed to combustion-derived toxicants such as PAHSs, lead, antimony and cadmium.
Although this result is not surprising, the significant post-event increase in dermal
contamination, and the previously-reported relationship between dermal PAH contamination
and internal dose, highlights the need for further investigations. Moreover, it highlights the
need to evaluate procedures intended to minimize dermal contamination, and develop
intervention strategies for on-scene skin decontamination. More specifically, future work
should critically scrutinize strategies to reduce event-related dermal contamination (e.g.,
proper PPE fitting, uniform use of flash hood, etc.), and approaches for on-scene, post-event
dermal decontamination (e.g., on-scene dermal wiping). Elevated air concentrations in the
truck cab and vehicle bay suggests a need for protocols to minimize cross-contamination from
fire events, and/or more frequent cleaning of these areas. Current PPE decontamination
protocols appear to effectively remove most of the PAHs and metals acquired during fire
suppression; the efficacy highlights the utility and importance of post-event laundering. Since
exposures to some PAHs and metals have been empirically and mechanistically associated
with increased cancer risk, remedial or prophylactic activities designed to minimize event-
related firefighter exposures can be expected to concomitantly reduce occupationally-

associated cancer.
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Supplementary Information

Ottawa Fire Service (OFS) PPE wash cycle
OFS’ wash cycle meets the requirements of NFPA 1851; it consists of six stages, with

draining at the end of each, and a maximum temperature of 40°C. The cycle starts with a ten-
minute hot water soak and slow tumbling, followed by a 30 minute hot water wash with
emulsifier and iodine. This is followed by a five-minute hot water rinse, and a 20-minute hot
water wash with emulsifier and Odorstroyer™. The final stage includes a five-minute cold-
water rinse, and a five-minute high-speed spin. Gear shells are separated from liners, and

washed separately.

72



Table S2-2 Method detection limits for PAHSs in wipe samples, high volume air samples

(HVAS), and personal air samples (PAS).

Wipes Air Samples
MDL (ng/m?3)
MDL
Compound (nglcm?) HyAS HVAS P_AS PAS

(Filter) (PUF) (Filter) (PUF)
PAHSs
Acenaphthylene 0.27 N/A 0.001 N/A 0.12
Acenaphthene 2.19 0.008  0.008 1.4 0.79
Anthracene 2.20 N/A 0.008 N/A 0.71
Benz[a]anthracene 1.55 0.007  0.007 1.16 0.64
Benzo[a]pyrene 3.05 0.012 0.012 2.14 1.48
Benzo[b]fluoranthene 0.68 0.003  0.003 0.47 0.30
Benzo[ghi]perylene N/A 0.001  0.001 0.15 N/A
Benzo[k]fluoranthene N/A 0.005  0.005 0.84 N/A
Chrysene 0.83 0.003  0.003 0.61 0.40
Dibenz[ah]anthracene 1.37 N/A N/A N/A 0.88
Fluoranthene 0.44 0.001  0.001 0.26 0.19
Fluorene 3.81 0.014 0.014 2.52 1.28
Indeno[1,2,3-cd]pyrene N/A N/A N/A N/A N/A
Naphthalene 7.36 0.023  0.023 4.08 1.67
Phenanthrene 0.44 0.001 0.001 0.25 0.14
Pyrene 0.31 0.001 0.001 0.16 0.14
Metals
Cadmium 0.0087 0.0080 - 0.0017 -
Antimony 0.012 0.012 - 0.0024 -
Lead 0.019 0.019 - 0.0037 -

Cadmium, antimony, and lead were measured on filters only.
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Table S2-3 Percentage of wipe samples, high volume air samples (HVAS), and personal air samples (PAS) with PAH and metal

levels below detection.

Wipe Samples Air Samples
Pre-Fire Post-Fire
Compound PPE  Clothing  Skin PPE  Clothing  Skin Office ~ Vehicle TFrLrsk :i?rsfg?rle
(Control) Bay Cab Events

PAHSs
Acenaphthene 78.6% 82.8% 69.0% 53.6% 51.7% 48.3% 0.0% 0.0% 0.0% 0.0%
Acenaphthylene 10.7% 37.9% 13.8% 0.0% 345% 3.4% 0.0% 0.0% 0.0% 6.9%
Anthracene 21.4% 448% 20.7% 0.0% 31.0% 10.3% 0.0% 0.0% 22.2% 6.9%
Benz(a)anthracene 10.7% 27.6% 37.9% 0.0% 345% 6.9% 66.7% 0.0% 0.0% 20.7%
Benzo(a)pyrene 17.9% 62.1% 448% 7.1% 55.2% 37.9% 100.0% 44.4% 33.3% 20.7%
Benzo(b)fluoranthene 10.7% 345% 172% 3.6% 17.2% 10.3% 33.3% 0.0% 0.0% 17.2%
Benzo(g,h,i)perylene 10.7% 55.2% 20.7% 7.1% 414%  6.9% 66.7% 33.3% 88.9% 13.8%
Benzo(k)fluoranthene 25.0% 48.3% 48.3% 21.4% 48.3% 37.9% 100.0% 77.8% 77.8% 27.6%
Chrysene 7.1% 138% 6.9% 3.6% 10.3%  3.4% 66.7% 0.0% 55.6% 20.7%
Dibenz(a,h)anthracene  92.9% 96.6% 93.1% 46.4% 86.2% 82.8% 100.0% 100.0% 88.9% 44.8%
Fluoranthene 75.0% 58.6% 86.2% 39.3% 69.0% 65.5% 66.7% 0.0% 0.0% 0.0%
Fluorene 75.0% 79.3% 65.5% 32.1% 62.1% 55.2% 0.0% 0.0% 0.0% 6.9%
Indeno(1,2,3-cd)pyrene  17.9% 65.5% 48.3% 3.6% 55.2% 10.3% 66.7% 55.6% 88.9% 20.7%
Naphthalene 82.1% 58.6% 79.3% 75.0% 72.4% 75.9% 0.0% 0.0% 0.0% 0.0%
Phenanthrene 71.4% 82.8% 69.0% 25.0% 51.7% 41.4% 0.0% 0.0% 0.0% 0.0%
Pyrene 35.7% 69.0% 79.3% 21.4% 65.5% 31.0% 0.0% 0.0% 33.3% 3.4%
Metals
Cadmium 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 22.2% 10.3%
Antimony 0.0% 00% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Lead 0.0% 00% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 3.4%
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Table S2-4 Average proportions (%), and associated standard deviations (Std Dev), of total
PAHSs in personal air composed of the known carcinogen benzo[a]pyrene, the probable and
possible carcinogens (IARC, 2010 & 2002), and other PAHSs.

Average St Dev

IARC Classification % (%)

Benzo(a)pyrene 1.0 1.3
Probable/Possible Carcinogens? 77.3 9.1
% Other Measured PAHs" 21.7 9.0

2 Includes naphthalene, benzo(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene, Ideno(1,2,3-cd)pyrene,
and dibenz(ah)anthracene

b Includes acenaphthylene, acenaphthene, fluorene, phenanthrene,
anthracene, fluoranthene, pyrene, and benzo(ghi)perylene



Table S2-5 Concentrations of PAHs and metals on skin, clothing, and PPE before (i.e., pre-fire)
and after a fire suppression (i.e., post-fire) event, and the average fold change between pre- and
post-fire levels. * indicates p<0.05, ** p<0.01, and *** p<0.001.

Pre Fire Post Fire
% GM GSE % GM GSE Fold
N ND (ng/cm? (ng/cm?) N ND (ng/cm? (ng/cm?) Change

PAHSs

Skin 29 0.0 0.5 1.4 29 0.0 1.6 1.3 3.3%**

Clothing 29 34 0.5 1.5 29 0.0 0.7 1.4 1.4

PPE 28° 0.0 0.7 1.3 28% 0.0 35 1.3 5.2%**
Antimony

Skin 29 0.0 2.14 1.1 29 0.0 11.76 1.2 5.5x**

Clothing 29 0.0 2.57 1.2 29 0.0 4.91 1.1 1.9**

PPE 28 3.4 33.89 1.1 27" 6.9 41.67 1.1 1.3*
Cadmium

Skin 29 27.6 0.07 1.5 29 17.2 0.13 1.5 1.7

Clothing 29 138 0.13 1.4 29 138 0.15 1.4 1.1

PPE 28% 17.2 0.17 14 27%  20.7 0.27 14 1.7
Lead

Skin 29 345 0.17 1.7 29 138 1.86 1.7 9.1%**

Clothing 29 6.9 1.3 1.4 29 6.9 2.60 1.4 2.0

PPE 28" 35 16.04 1.2 27" 6.9 51.92 1.4 3.5%**

N, number of paired samples; %ND, percent non-detects; GM, geometric mean; GSE, standard
error of geometric mean.

*Due to operator error, three samples (1 pre-fire, 2 post-fire) were ommited from the analyses.
$One missing sample due to participant error.
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Table S2-6 Concentrations of total PAHs, cadmium, antimony, and lead in air samples
collected from an OFS office, and vehicle bays and fire truck cabs at three fire stations.

Samples were collected in triplicate. Station locations (i.e., Fire station 1, 2, 3) with the same

superscripted letter are not significantly different at p<0.05. Due to the frequency of non-
detects, total PAHSs values do not include benzo(k)fluoranthene or dibenz(a,h)anthracene.
With the exception of two cadmium values, all other values were above the limit of

detection.
. . Std .
Location By Station N GM Err Min Max

Total PAHs (ng/m3)

Office Office” 3 8.2 1.0 8.2 8.3
Fire Station 1°¢ 3 103.3 1.2 815 1435

Vehicle Fire Station 2 ¢ 3 164.1 1.3 1004 210.0

Bay Fire Station 38 3 51.5 1.2 44.9 64.2
All Vehicle Bays 9 95.6 1.2 449  210.0
Fire Station 1P 3 2099.8 1.3 1408.8 3113.0

Fire Truck Fire Station 2P 3 27355 1.3 1657.5 3709.2

Cab Fire Station 3P 3 2813.7 1.3 1742.4 3582.2
All Fire Truck Cabs 9  2528.3 1.1 1408.8 3709.2

Cadmium (ng/m?3)

Office Office” 3 0.05 1.82 0.02 0.17
Fire Station 14 3 0.03 1.13  0.03 0.04

Vehicle Fire Station 2/ 3 0.05 1.38 0.03 0.10

Bay Fire Station 3* 3 0.03 2.39 0.01 0.10
All Vehicle Bays 9 0.04 1.33 0.01 0.10
Fire Station 14 3 0.23 13.36 0.00 3.46

Fire Truck Fire Station 2/ 3 0.22 13.61 0.00 6.23

Cab Fire Station 3* 3 0.87 1.26  0.69 1.38
All Fire Truck Cabs 9 0.36 2.97 0.00 6.23

Antimony (ng/m?)

Office Office” 3 0.31 0.33  1.06 0.27
Fire Station 18 3 2.36 1.94 1.02 8.68

Vehicle Fire Station 28 3 0.60 1.05 0.55 0.65

Bay Fire Station 378 3 0.78 167 0.28 1.37
All Vehicle Bays 9 1.04 1.38 0.28 8.68
Fire Station 1°¢ 3 47.12 1.26 37.04 7424

Fire Truck Fire Station 2¢ 3 82.78 210 34.02 361.82

Cab Fire Station 3¢ 3 37.22 1.07 33.01 41.06
All Fire Truck Cabs 9 52.56 1.29 33.01 361.82
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Lead (ng/m?3)

Office Office” 3 1.62 10.35  2.55 0.52
Fire Station 18 3 3.06 1.11 2.56 3.68
Vehicle Fire Station 2/ 3 1.96 1.20 1.48 2.76
Bay Fire Station 3* 3 1.67 164  0.64 3.28
All Vehicle Bays 9 2.15 1.20 0.64 3.68
Fire Station 18 3 2170 4.07 1.55 185.76
Fire Truck Fire Station 28 3 43.26 2.05 20.17 181.10
Cab Fire Station 38 3 2.57 3.78 0.22 21.50
All Fire Truck Cabs 9 13.41 2.08 0.22 185.76

GM, geometric mean; Std Err, standard error of geometric mean; Min, minimum; Max,

maximum.
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Table S2-7 Concentrations of PAHs and metals in wipe samples collected after fire suppression and before decontamination (Pre-
wash), and after decontamination (Post-wash). Individual results from 12 sets of PPE are reported in ng/cm?. Asterisks indicate
statistically significant decreases at p<0.05 determined using paired t-test.

Gear
Set

© 00 N O Ol & WDN -

=
= o

12

PAHs* Antimony* Lead* Cadmium**

Pre- Post- % Pre- Post- % Pre- Post- % Pre- Post- %

wash wash Removed wash wash Removed wash wash Removed wash wash Removed
(ng/cm?)  (ng/cm?) (ng/cm?)  (ng/cm?) (ng/cm?)  (ng/cm?) (ng/cm?)  (ng/cm?)

1.7 3.2 -90.8 26.77 43.75 -63.42 7.11 0.42 94.14  <0.008  <0.008 0.00
2.0 1.3 34.5 18.04 4023  -122.96 2.63 0.10 96.09 <0.008 <0.008 0.00
6.1 1.2 79.7 38.98 46.22 -18.55 21.06 0.85 95.99 053  <0.008 98.93
14.7 1.1 925  128.68 26.34 79.53 37.21 0.31 99.15 0.15  <0.008 96.25
6.7 1.3 80.4  128.80 37.98 70.51 36.99 0.11 99.70 026  <0.008 97.79
7.1 1.6 78.0 51.67 32.42 37.26 14.11 0.25 98.26 0.05 <0.008 87.60
2.4 1.6 33.3 52.04 34.88 32.97 14.17 0.33 97.64 0.12 0.07 40.36
2.1 1.1 46.4  140.35 35.60 74.64 86.84 0.67 99.23 3.07 <0.008 99.82
45.7 1.5 96.7 80.05 26.58 66.79 22.50 0.91 95.94 0.10 <0.008 94.14
3.3 2.9 14.5 29.40 23.60 19.74 9.98 0.21 97.94  <0.008 <0.008 0.00
3.9 1.1 71.0 63.80 34.64 45.70 79.94 0.26 99.67 812 <0.008 99.93
2.5 1.4 441  82.06 24.59 70.03 15.76 0.78 95.04 0.32 <0.008 98.26

o6 removed was calculated by assigning samples below the detection limit a value equal to the detection limit divided by the square root of 2.
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Wipe efficiency calculations

The efficiency of the wipe method used to collect PAHSs (polycyclic aromatic hydrocarbons) on
surfaces was calculated using PPE contaminated during a live fire training event. Three
sequential wipes were collected from each location (i.e., back right shoulder and right knee). A
new pair of gloves was used to collect each wipe. Wipes were then analysed and plotted (i.e.,
sequential wipe versus PAH concentration); the x-intercept was interpreted as the estimated
initial concentration of PAHs on the surface. Wipe efficiency was calculated as the amount
recovered from the first wipe over the estimated initial concentration. All reported values were

calculated using isotopic dilution and were field blank corrected.

Table S2-8 The efficiency of the wipe collection method used to measure PAHSs on surfaces.
PAHs were measured on a 30 cm? surface and are reported in ng.

Calculated

Wipel Wipe2  Wipe3 wipe efficiency

Back right
shoulder

Right knee  Total PAHs 393.03 286.68 112.27 2%

Total PAHs 553.47 398.60 61.31 67%
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Beginning of Shift

During fire Event

Post-fire

Urine Sample
Skin wipes [l
PPE wipes []
Under gear wipes [l

Forehead

Figure S2-3 Illustration showing sample collection procedures for firefighter participants.

* Personal air sampling

collection \
tube m— y S
A

ATE

—

Sample collection tui)e

(]

18 hr integrated urine sample
Skin wipes [l

PPE wipes []

Under gear wipes [l

Post fire-event questionnaire

The first and last panels show the locations for wipe sample collections. For the personal air
samples, the white arrows in the center panel indicate the location of the pump, the

connecting tubing, and the sample collection tube. Particulate material was collected on

quartz filters; volatiles and semi-volatiles were collected on polyurethane foam (PUF) plugs.

Photos courtesy of D. Matschke and A. Wu, used with permission. From Keir et al (2017).
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Figure S2-4 Concentrations of total PAHs, antimony (Sb), lead (Pb), and cadmium (Cd) in

personal air samples collected during 29 emergency fire suppression events, with overlayed

Excusion Limits and adjusted Occupational Exposure Limits (OEL).
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\— B
A Section Height Width  Area Total
(cm) (cm)  (cm?)  area*(cm?)
A — Jacket Core 85.1 63.5 5403.9 10807.7
B — Jacket Sleeves 50.8 25.4 1290.3 5161.3
¢ C —Pant Leg 749 29.21 2187.8 8751.3
D -Collar 89 572 509.1 509.1

Total 25229.4

*A = x2 (front and back)
Figure S2-3: Estimated surface B i x4 (front and back and two arms)
area of typical Ottawa firefighter C=x4 (fror_lt ar_md back and two arms)
PPE. Total area values were D only outside is exposed
calculated using the metrics shown. The total amounts of surface-deposited PAHs and metals

were calculated using wipe sample results (i.e., areal concentration values) and total surface
area values.
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Abstract

Firefighters experience exposures to carcinogenic and mutagenic substances, including
polycyclic aromatic hydrocarbons (PAHS). Silicone wristbands (SWBSs) have been used as
passive samplers to measure firefighters’ exposures over the course of a shift but their utility in
measuring short term exposures, source of exposure, and correlations with other measurements
of exposure have not yet been investigated. Here, SWBs were used to measure 16 PAH
concentrations inside and outside of firefighters’ personal protective equipment (PPE) while
firefighting. SWBs were placed on the wrist and jacket of 20 firefighters conducting live fire
training.. Correlations were made with matching data from a sister project that measured urinary
PAH metabolites and PAHSs from personal air concentrations from the same participants.
Naphthalene, acenaphthylene and phenanthrene had the highest geometric mean concentrations
in both jacket and wrist SWB (1036, 323, 179 ng/g SWB for jacket and 55.0, 4.9, and 6.0 ng/g
SWB for wrist, respectively). Ratios of concentrations between the jacket and wrist SWBs were
calculated as worker protection factors (WPFs) and averaged 40.1 for total PAHs and ranged
between 2.8 to 214 for individual PAHs, similar to previous studies. Several significant
correlations were seen between PAHs in jacket SWBs and air (e.g., total and low molecular
weight PAHs, r=0.55 and 0.59, p<0.05, respectively). Few correlations were found between
PAHs from SWBs worn on the wrist and jacket, and urinary PAH metabolites and air PAH
concentrations. The ability of the SWBs to accurately sample PAHs was likely influenced by
short sampling time, high temperatures, and high turbulence. Future work should further
examine the limitations of SWBs for PAH exposures in firefighting, and other extreme

environments.
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Introduction

Firefighters experience elevated risks of injuries and chronic diseases; they are often
exposed to stress, combustion emissions, heat, dehydration, exhaustion, and physical
workload. Several studies, including extensive studies conducted by the National Institute for
Occupational Health and Safety, have concluded that firefighters have higher incidence of
cancer diagnoses and cancer-related deaths compared to the general populations and other
occupations (Daniels et al. 2015, Pinkerton et al. 2020, Sritharan et al. 2022). Indeed, the
International Agency for Research on Cancer (IARC) recently declared firefighting a Group

1 carcinogen, i.e., known human carcinogen (Demers et al. 2022).

Although the exact causes(s) of firefighters’ increased risk of cancer and disease have not
been rigorously characterized, exposures to combustion emissions are thought to be an
important risk factor. Several studies have found that firefighters experience elevated
external and internal markers of exposure to a variety of chemicals such as polycyclic
aromatic hydrocarbons (PAHSs), polybrominated diphenyl ethers (PBDES), per- and
polyfluoroalkyl substances (PFAS), polychlorinated biphenyls (PCBs), and dioxins
(Chernyak et al. 2012, Park et al. 2015, Keir et al. 2017, 2020a, Trowbridge et al. 2020).
PAHSs are of particular interest; they are formed during combustion and are thus present at
any fire suppression event. Importantly, several PAHs are known, probable or possible

carcinogens (IARC 2010b, 2010a).

Firefighter biomonitoring studies have focused on examining the presence of
combustion-derived chemicals, or their metabolites, in the blood, urine, saliva, and exhaled
breath of firefighters after fire suppression (Fent et al. 2014, 2017, Pleil et al. 2014, Park et

al. 2015, Fernando et al. 2016, Keir et al. 2017, 2020b, Wingfors et al. 2018, Santos et al.
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2019). Additionally, biomonitoring studies have assessed contamination of the dermal
surface (Fent et al. 2017, Wingfors et al. 2018, Sjostrom et al. 2019, Keir et al. 2022). With
respect to cancer risk, exposures to PAHs, most commonly assessed via the urinary
concentration of metabolites, are of particular interest. For example, despite use of personal
protective equipment (PPE) including self-contained breathing apparatus (SCBA), Keir et al.
(2017) found a 1.9- to 5.3-fold post-suppression increase in urinary PAHs metabolite levels.
Several studies suggest that dermal contact is an important determinant of total PAH
exposure; moreover, more significant than respiratory system contact (Fent et al. 2014, Keir

et al. 2017, Wingfors et al. 2018).

Obtaining samples to assess firefighters’ personal exposures can be logistically difficult,
expensive, and/or invasive. One convenient way to measure PAH exposures is by using
personal passive samplers in the form of silicone wristbands (SWBs). SWBs as personal
passive samplers were first described by O’Connell et al. (2014) and have since been proven
useful in several PAH exposure applications, including for pregnant women, office workers,
and firefighters (Dixon et al. 2018, Baum et al. 2020, Bakali et al. 2021, Mendoza-Sanchez et
al. 2021, Young et al. 2021). Significant correlations have been reported between SWBs and
both biomonitoring (e.g., serum, urine) and air measurements (Dixon et al. 2018, Hammel et

al. 2018).

In passive samplers, such as SWBs, gas-phase chemicals partition into the sampling
medium during a uptake phase; if the sampling duration is long enough, equilibrium is
reached. In the kinetic or linear region of the uptake phase, the mass collected is proportional
to the concentration in the air and the time of exposure. Molecular diffusion (i.e., Fick’s first

law of diffusion) is a slow process and, consequently, sampling rates of SWBs are low, and
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longer sampling duration is required in order to obtain adequate sensitivity. Due to time

constrains, SWBs usually operate in the linear region.

SWABs can be used to estimate environmental contamination, such as in air, using a linear
uptake model, with partitioning coefficients (Ksws-air) calculated as ratios between SWBs
and air concentrations. Kswg-air are useful to investigate a compound’s distribution amongst
the two phases (i.e., silicone and air) at a given point in time. True Kswg-air values are
reported when compounds reach equilibrium. However, to provide information on whether a
compound is approaching equilibrium between the two phases, Kswg-air values can still be

calculated prior to equilibrium (Anderson et al. 2017).

Sampling rates, R (m® day™?), of passive samplers are often calculated by comparing
passive sampler concentrations with those obtained by active samplers to provide an estimate
of amount of environmental matrix measured (i.e., m® of air over a period of deployment)
(Caslavsky et al. 2004). Sampling rates are useful as they can be used to estimate
environmental contamination using SWB data. For example, in a firefighting scenario,
sampling rates of SWBs may be useful to estimate a time-averaged air concentration, i.e., by
multiplying R by the time the sampler was deployed. If SWBs reach saturation points (i.e.,
equilibrium with the environmental matrix such as air), correction factors must be applied

(Pozo et al. 2009).

In an effort to better understand firefighters’ environmental exposures to targeted
chemicals, several studies have been conducted using SWBs. A pilot study by Baum et al
(2020) showed that SWBs can be used to evaluate FFs’ exposures to PAHSs, with elevated
PAHSs being measured in SWBs worn by firefighters who attended a fire suppression event

over the course of a 24-hour shift (Baum et al. 2020). Similarly, Caban-Martinez et al. (2020)
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also found elevated PAH concentrations in SWBs worn by Dominican Republic firefighters
who attended a fire while on duty (Caban-Martinez et al. 2020). SWBs have also been used
to assess PAH deposition in various safety zones of a fire (i.e., hot, warm, or cold zones);
moreover, differences in PAHs generated by different types of fuels. Warm and cold zones,
thought to be relatively safe, had measurable amounts of PAHSs, and elevated PAHs were
measured in fires fueled by biomass and wood compared to propane (Bakali et al. 2021).
Using a modified approach, Poutasse et al (2020) used silicone “dog-tags” to show that
firefighters are exposed to PAHSs, including 18 PAHSs not previously investigated in
firefighter exposure studies (Poutasse et al. 2020). Recently, Levasseur et al. (2022) used
SWBs to assess levels of 134 chemicals; flame retardants and PAHs were associated with
firefighting. A pilot study by Bonner et al. (2023) used SWBs to assess levels of dermal
protection by a novel PPE configuration; the study found that PPE with reduced gaps had
lower PAH penetration. However, these earlier studies failed to acknowledge and investigate
the influence of short sample duration, high temperatures, and unpredictable air turbulence
that has previous been shown to affect SWB passive sampling (Harner et al. 2013, Anderson
etal. 2017, Donald et al. 2019). Furthermore, no study has used SWBs to assess firefighters’
PAH exposures during live fire training, nor attempted to compare SWB results with the
active air sampler results and the results of urinary PAH metabolite analysis. This study
employed SWBs to examine firefighters’ PAH exposures during live fire training; results are
compared to matched personal air PAH concentrations and urinary PAH metabolite analyses.
The results will be used to further examine firefighters’ exposures to PAHs and aid in future

design of studies using SWBs.
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Materials and Methods
Recruitment
Research ethics approval was obtained from the University of Ottawa Research Ethics

Board (i.e., H-08-18-867) and Health Canada’s Research Ethics Board (i.e., REB 2018-
0020). Participants were recruited from the Ottawa Fire Services (OFS) and the Canadian
Armed Forces. All participants were enrolled in OFS live fire training. The inclusion criteria
were that study participants were non-smokers, did not live with smokers, and agreed to
avoid consumption of charbroiled foods and non-occupational exposures to combustion
sources for seven days before the training event, and one day after the training event.
Informed consent forms and general lifestyle questionnaires were completed by all subjects.

Details of the recruitment process can be found in Keir et al. (2022).

During the training fires, 20 firefighters wore two SWBs: one SWB was placed on the
individual’s non-dominant wrist and the other attached to the radio velcro loop on the chest
of the bunker gear. Research staff wearing nitrile gloves removed the SWB from their
respective bags and placed the SWB on the wrist and jacket of the firefighter immediately
prior to entering the container where the live fire was occurring. After the fire, new nitrile
gloves were donned; the SWBs were retrieved and placed back in their original bags. Field
and travel blanks were collected at the time of exposure. All samples were placed in coolers

with ice packs before transportation for analyses.

As part of the Keir et al. (2022) study, the participants also provided urine samples pre-
and post-fire; pre-fire samples were collected approximately one hour before the live fire
training scenario began and an integrated 18-hr post-fire urine sample was collected after the
fire. At least one participant in each fire event wore a personal air sampler such that active air
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samples were collected from each training fire (n=14). 16 PAHs were measured in the SWB
and active air samples, and PAH metabolites were measured in urine. Osmolality was used to
correct for urinary dilution. PAHSs in active air samples were analysed via GC-MS and 19
urinary PAH metabolites via GC-MS/MS, as described in Keir et al. (2022). PAHs analysis
of SWBs were conducted as described below. All samples were stored in a cooler during

transportation to a -20°C freezer where they remained until analysis.

Chemicals and standards
A 16 PAH native standard mix and a 16 PAH deuterated internal standard mix were
purchased from Wellington Laboratories (Hamilton, ON, Canada). Terphenyl d-14 was
purchased from Cambridge Laboratories (Massachusetts, USA). Details of the standards can

be found in the supplementary information.

Silicone wristbands
Pre-cleaned silicone wristbands were obtained from MyExposome (Corvallis, OR, USA).
After deployment to the training fires (or not, for the blanks), all SWBs were kept at -20°C in

their original sealed bag until extraction and analysis.

Sample preparation
SWBs were extracted by accelerated solvent extraction using an ASE 200 (Dionex, ON,
Canada) at 1500 psi and 70°C with hexane:acetone (70:30), for 3 cycles. ASE extraction cells
(22 mL) were pre-packed with a glass fiber filter and 1 g of each 3% H>O-deactivated
alumina, silica, and florisil followed by anhydrous Na>SO4. Another glass fiber filter was
inserted into the cell and headspace was filled with hydromatrix (ThermoFisher Scientific,

MA). SWBs were spiked with 10 pL of internal standard mix and allowed to dry before
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topping with a final glass fiber filter. Extracts were collected in ASE glass vials (60 mL) and
evaporated to 2 mL at 40°C in a Turbovap Classic LV (Biotage, NC, USA) under a gentle
stream of nitrogen. This was followed by two 10 mL solvent exchanges with hexane,
evaporation to 1 mL final volume, and spiked with recovery standard. Samples were
analysed using a TSQ Quantum XLS Ultra™ Gas Chromatography-triple quadrupole mass
spectrometer (GC-MS/MS) (ThermoFisher Scientific, MA). Details of the instrument settings
can be found in Table S3-1. Method blanks, field blanks, and spiked SWBs were analyzed

alongside the collected samples.

Statistical Analysis
PAHs with greater than 80% of samples below the detection limit were omitted from
the analyses and PAH sum determinations. If more than 80% of the samples had detectable
concentrations, values below the detection limit were replaced with the limit of detection
divided by the square root of 2. If 20% to 80% of the samples were above the detection limit,
non-detects were replaced with values imputed using NDExpo Version 1.0

(http://expostats.ca/site/app-local/NDExpo/). NDExpo imputes values using robust regression

on order statistics (Helsel 2009). High and low molecular weight PAHs were calculated using
the sum of PAHSs with 4 or more rings or 3 or fewer rings, respectively. Data were analyzed
using SAS OnDemand for Academics (SAS Institute, Cary, NC, USA) and Microsoft Excel.
A paired t-test was used to investigate the effect of SWB deployment location, i.e., wrist
versus jacket. Correlation analysis was used to investigate the correspondence between PAHSs
levels in SWBs on the wrist and jacket, and (i) PAHSs in air, and (ii) urinary PAH metabolite

levels. Correlation analyses employed Pearson product-moment correlation coefficients
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determined using PROC CORR in SAS. Data were log transformed to equalise the variance

across the range of observations. Statistical significance was defined as p < 0.05.

Worker protection factors (WPFs) estimate how protected a worker is from
compounds found in their environment; they are calculated as the ratio of the concentration
of a substance outside of the personal protective equipment (PPE) to the concentration
underneath the PPE (Wingfors et al. 2019). For each participant, WPFs were calculated using
the concentration of the PAH in the jacket SWB divided by the wrist SWB. Importantly,

wrist SWBs were covered by the Bunker gear jacket.

Silicone-air partitioning coefficients (Ksws-air) are often calculated to investigate the
interactions between PAHSs in air and SWBSs; they are calculated as the ratio between the

PAH in SWB and air:

Equation 1:

Csws

Kswg-air = C
Air

Where Kswe-air is the SWB-air distribution coefficient (L kg™?), Csws is the amount of
PAH in the SWB (ng kg™ SWB), and Cair is the concentration of PAHs measured using the

personal air samplers (ng L™).

Sampling rates (Rsws) were calculated to represent the volume of air sampled by the

passive sampler using the following equation derived from Caslavsky et al. (2004):

Equation 2:

CswpX Mswp

R =
SWB CAirx t
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Where Rsws is the sampling rate (m® day™), Cswe is the amount of PAH in the SWB
(ng g SWB), msws is the mass of the SWB in g, Cair is the concentration of PAHs measured
using the personal air samplers in ng m=, and t is the length of time the SWB was deployed
(i.e., sampling time) in days. Kswg-air and Rsws were only calculated for jacket SWBs as they

were in direct contact with air whereas wrist SWBs were protected by PPE.

Temperatures within the fire environments examined herein varied due to the dynamic
nature of the combustion; they were approximated using values from Randall (2020), who
measured temperatures in training fires conducted at the same facility with the same fuel.
The estimated temperature for this study was based off measurements from in the middle of
the shipping container 75 cm from the floor, near where the jacket would have been located.

The estimated temperature was 100°C.

Results
A total of 20 participants deployed SWBs on the wrist and jacket (i.e., 40 SWBs total).

On average, the SWBs were worn between 39 and 63 min; the average was 53 min.
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Table 3-1 PAH concentrations in silicone wristbands (SWBs) worn by firefighters during a training fire, and Worker Protection

Factors (WPF). SWB units are nanogram per gram SWB and WPFs are the unitless ratios of PAH concentrations in jacket SWBs

to wrist SWBs.
PAH Wrist Jacket WPF
DF GM  SE Min  Max DF GM SE Min Max Mean
Naphthalene 100% 55.0 136 44 3694 100% 1036 144.4 2857 3313 41.6
Acenaphthylene 100% 4.9 1.4 06 54.9 100% 322.8 444 1089 1254 213.8
Acenaphthene 70% 0.9 0.2 0.2 5.2 100% 40.3 5.6 11.9 130.5 79.4
Fluorene 100% 2.2 0.4 04 122 100% 92.6 109 315 264.7 70.3
Phenanthrene 100% 6.0 1.3 0.6 33.8 100% 178.5 255 428 479.4 68.3
Anthracene 65% 0.6 0.2 0.1 6.8 100% 44.6 6.9 10.7 175.5 123.8
Fluoranthene 0% 2.2 0.3 0.8 7.0 100% 25.5 5.1 2.6 118.3 16.8
Pyrene 75% 1.4 0.3 02 56 100% 20.4 4.0 2.2 99.4 25.0
Benzo[a]anthracene 5% NA NA NA NA 85% 1.7 0.5 0.2 141 NA
Chrysene 10% NA NA NA NA 80% 21 0.5 04 18.6 NA
Benzo[b]fluoranthene 20% 0.3 0.1 0.0 2.7 65% 1.0 0.2 0.1 7.0 6.6
Benzo[k]fluoranthene 10% NA NA NA NA 3B% 04 0.1 0.0 4.4 NA
Benzo[a]pyrene 30% 05 0.1 0.1 24 55% 1.1 0.3 0.1 9.7 55
Indeno[1,2,3-cd]pyrene 15% NA NA NA NA 55% 0.5 02 NA NA NA
Dibenzo[a,h]anthracene 20% 0.1 0.0 0.0 3.6 15% NA NA 0.0 55 NA
Benzo[g,h,i]perylene 30% 0.3 0.1 00 38 60% 0.7 0.2 0.0 7.2 2.8
Total LMW PAHSs 73.2 16.7 7.3 482.3 1733.2 232.6 531.4 55915 46.9
Total HMW PAHSs 6.1 0.7 23 208 56.3 11.3 5.9 232.8 13.7
Total PAHs 82.7 16.9 13.9 503.1 1796.0 242.7 537.4 5824.3 40.1

DF=detection frequency, GM= geometric mean; SE = standard error, Min= minimum, Max= maximum, NA= not available due to >80%

of samples being below the detection limit, WPF = worker protection factor, i.e., ratio of jacket PAH concentration to wrist PAH

concentration.
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All the sixteen PAHSs targeted in the study were detected in at least two samples (Table 3-
1). PAHs with >80% of samples below the detection limit were omitted from analyses and
PAH sum calculation (i.e., benzo[a]anthracene, chrysene, benzo[k]fluoranthene, and
indeno[1,2,3-cd]pyrene for wrist SWB and dibenzo[a,h]anthracene for jacket SWB).
Naphthalene, acenaphthylene and phenanthrene had the highest geometric mean
concentrations in both jacket and wrist SWB (Table 3-1). The three PAHs with highest
concentrations in SWBs were the same as those found in personal air samples from the same
training fires (Keir et al. 2022). Compared to low molecular weight (LMW) PAHSs, high
molecular weight (HMW) PAHSs were 12- and 30-fold lower in the wrist and jacket SWB,
respectively. Using a paired t-test, the results showed significantly higher PAH
concentrations in jacket SWBs compared to wrist SWBs for all PAHs except benzo[a]pyrene
(p<0.01). However, the results also revealed significant correlations between the levels of
several PAHs on the wrist and jacket SWB (Table S3-5); these results mainly pertain to

HMW PAHS.

Worker protection factors (WPFs), which are the unitless ratio of concentrations of a
compound outside to inside worker PPE ranged from 2.8 to 213.8 (Table 3-1). Higher MW
PAHSs tended to have lower WPFs. For example, WPFs for benzo[b]fluoranthene,
benzo[a]pyrene, and benzo[g,h,i]perylene ranged between 2.8 and 6.6, whereas lower MW
PAHSs ranged between 25.0 and 213.8. In fact, for the PAHs examined, there was a
significant, inverse correlation between WPFs and molecular weight (r?=0.39, p<0.05, Figure
3-1A). WPFs were also compared with those from Bonner et al. (2023), who calculated
WPFs from SWBs placed under and in the surrounding environment of standard and one-

piece PPE (Table S3-2). Similar patterns were seen, with lower MW PAHSs having higher

98



WPFs than higher MW PAHSs, but Bonner et al WPFs were consistently higher than those
noted herein. More specifically, WPFs for LMW and HMW PAHs were 11- and 8-fold

higher for standard PPE and 16- and 82-fold higher for one-piece PPE, respectively (Bonner
etal., 2023).
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Figure 3-1 Worker Protection Factor (WPF, unitless) (A), sampling rate (R, m® day™) (B), and log Kswa-air (L kg™) (C) compared
to log octanal-air partition coefficient (Koa). WPF, sampling rate and Kswe-air were calculated using PAH levels on jacket SWBs.

Data for certain PAHs are missing due to values for one or more of the variables being below detection.
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Randal (2020). Only PAHSs with data from all three studies were included.
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To investigate the ability of SWBs to capture environmental PAHS, correlations between
PAHSs on jacket SWBs and personal air PAH levels were investigated (Table S3-6). Grouped
PAHSs (i.e., LMW, HMW, and total) from jacket SWBs correlated with nearly all air PAH
levels; however, correlations between individual PAHs were mainly between LMW PAHs

from jacket SWBs and a range of PAHSs in air.

Correlations between wrist SWBs and urinary PAH metabolites were used to determine
SWABS’ ability to predict internal dose, i.e., level of urinary PAH metabolites. The only
significant correlation was between post-fire total urinary PAH metabolites and
benzo[g,h,i]perylene in the wrist SWBs (r=0.52, p=0.03). Additional analyses examined
correlations between urinary PAH metabolite levels and jacket SWB levels. The latter
analyses were employed to determine if PAH levels on SWBs exposed to environmental
levels of PAHs were empirically related to urinary PAH metabolites (Table S3-7). The
results revealed that post-fire ZOH-naphthalenes was significantly correlated with chrysene
and benzo[k]fluoranthene on the jacket SWB (r=0.50 and r=0.51, respectively, p<0.05 for
both). Post-fire total urinary PAH metabolites correlated with benzo[a]anthracene, chrysene,

and benzo[k]fluoranthene on jacket SWB (r=0.54, 0.59, 0.51, respectively, p<0.05).

Additional analyses did not reveal any statistically significant relationships between PAH
levels on wrist or jacket SWBs and variables pertaining to participants’ age, height, weight,
or gender. Additionally, there was no significant relationship between PAH levels and the

amount of time the SWB was worn at the fire event (data not shown).

Kswa-air were strikingly lower than those previously reported (Table S3-8). Specifically,

compared to Anderson et al. (2017) and Donald et al. (2019), who deployed SWBs for 48h
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and 27 days, respectively, average log Ksws-air Of jacket SWBs for LMW PAHs were 1.8-
and 2.0-fold lower, and for HMW PAHS, were 2.3- and 4.8-fold lower. The results also
revealed an inverse relationship between log Kswe-air and log Koa (Figure 3-1B). Sampling
rates (R) were also significantly correlated with log Koa (Figure 3-1C). Relatedly, HMW

PAH sampling rates were approximately half that of those determined for LMW PAHSs.

Discussion

This is the first study to assess the ability of SWBs to assess firefighters” exposures to
PAHSs during training firefighting; matching samples were collected using active air
monitoring and urinary PAH metabolite analyses. The results obtained show that PAHs could
be detected on exposed SWBs, although several HMW PAHSs were frequently below
detection limits. Comparisons with active air samples and urinary PAH metabolite
concentrations showed significant correlations between jacket SWBs and air samples, but

limited correlations for all other comparisons.

Although the results indicate that SWBs were able to assess levels of PAHSs in the fire
environment, and by extension firefighters’ PAHs exposures, several factors likely
influenced the ability of SWBs to reliably assess PAH exposures in the investigated scenario.
Indeed, it’s well documented that passive sampling of PAHs in the atmosphere is
complicated by vapor-particle partitioning, which is dependent on several factors that are
discussed below (i.e., sampling time, temperature, air velocity). Effective interpretation of
the results obtained, and their implications for exposure assessment, requires incremental

consideration of these factors.
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First, the relatively short sampling time likely had a profound effect on the observed
SWB PAHSs. Depending on the phase partitioning between PAHSs in the air and SWBs, PAHs
of various molecular weights, and relatedly, log Koa, Will require different amounts of time to
absorb into the SWB. O’Connell et al. (2021) reported that PAH concentrations of
phenanthrene, pyrene, and fluorene were still in the linear uptake phase even after 15 days;
PAHSs with higher Koa (i.e., HMW PAHSs) would require even more time to equilibrate.
Furthermore, previously reported Kswas-air, assumed to be at equilibrium, were significantly
higher than the distribution coefficients reported herein, more so for the higher MW PAHs.
This further illustrates the SWBs’ departure from equilibrium in the present study (Anderson
etal. 2017, Donald et al. 2019). Thus, the period of exposure of the SWBs herein may not
have been enough to collect sufficient HMW PAHSs to be detectable given their lower
sampling rates, thus explaining the low detection rates of HMW PAHSs in a highly

contaminated environment.

Second, environmental temperatures associated with the jacket and wrist SWBs were
substantially higher than the ambient conditions (~20-25°C) of previous SWB exposure
assessment studies. The jacket SWB was subjected to an estimated average temperature of
~100°C; however, the external temperature very likely went up to >175°C (Randall 2020).
The wrist SWB was likely subjected to temperatures of ~38°C, as measured by Horn et al.
(2018) on firefighters’ arm surfaces during a staged fire. These higher temperatures likely

influenced PAH absorption by reducing deposition rates.

To investigate the influence of temperature on partitioning between the silicone and
air phases, relationships between Kswas-air and temperature were investigated by comparing

log Kswa-air here with those reported by Anderson et al. (2017) and Donald et al. (2019). The
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former study examined PAH concentrations from SWBs and active personal air samplers
worn by 22 women in New York City for 48hr. The latter study reported PAH concentrations
from SWBs and passive air samplers deployed near turf sport fields for 27 days. Only PAHs
with data available from all three studies were included. Temperatures from Anderson et al.
(2017) and Donald et al. (2019) were estimated using reported conditions (i.e., ~20°C and up
to ~25°C, respectively). As noted, the log Ksws-air vValues calculated here were lower than
those indicated in the other studies, i.e., 1.9 to 3.7 compared to 5.3 and 13.8 in studies
conducted at temperatures near that of typical indoor air (Anderson et al. 2017, Donald et al.
2019). Differences in the coefficients are also likely influenced by the differences in
deployment time and consequently, departure from equilibrium as previously discussed.
Indeed, calculation of Ksws-air assumes equilibrium has been reached, thus comparisons of
Ksws-air With other studies of longer deployment times must be interpreted with caution.
Nonetheless, the negative linear relationship between Kswe-air and temperature seen here
(Figure 3-2) has also been reported by Donald et al. (2019). Donald et al. (2019) had
previously reported 2-fold decreases in Ksws-air With every 10°C increase in temperature, but
the relationship between Ksws-air and temperature noted here was decidedly steeper (Figure
3-2). The differences between the two studies are likely due to the magnitude of temperature
range examined, i.e., Donald et al. calculations were based on a several degree temperature
change whereas analyses conducted herein spanned ~80°C, as well as differences in sampling
time. The differences in Kswgs-air between all three studies are exacerbated by increasing
molecular weight (Table S3-8); this pattern is likely a result of the short deployment times
and slow deposition kinetics for HMW PAHSs in the present study. Overall, the lower log

Kswa-air Values here suggest that PAHSs are less likely to be absorbed into the SWBs
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examined. That said, the presented analyses must be interpreted with caution since only three
temperatures were available for analysis of the relationship between Kswg-air and
temperature; moreover, constant temperature was assumed in each instance. In addition to the
fact that temperature increases reduce the absorption of PAHs in SWBs, it is important to
note that higher temperatures also increase skin absorption rates (Akomeah et al. 2004).
Specific to high temperature environments, this nullifies a previous assumption that the
relatedness of absorption capacities between SWBs and skin make SWBs good indicators of
dermal exposure (Hammel et al. 2018). In other words, the temperature of the environments
that firefighters face causes differences in absorption capacities between SWBs and skin,

lessening the notion that absorption of PAHs to a SWB is equivocal to dermal absorption.

Turbulence is another factor within the fire environment that may affect the ability of
SWBs to assess ambient PAHs levels. Indeed, gas velocities in a staged fire scenario have
been reported to be up to >2 m s (Kerber, 2010), 10-fold higher than ambient air speeds
likely encountered during previous SWB studies (Arens et al. 2020). Higher wind speed has
been shown to increase linear-phase sampling rates by lessening the boundary layer
surrounding a passive sampler, and suggests an air-side controlled uptake mechanism
(Harner et al. 2013). Simultaneously, a turbulent environment may reduce the ability of
particles, and any PAHs bound to them (i.e., HMW PAHS), to settle and allow the PAH to be
absorbed by the SWB, thereby adding to reasons why HMW PAHs are difficult to sample
using SWBs in a live fire scenario.
Overall, it is likely that temperature and turbulence had a significant influence on the ability
of SWBs to accumulate ambient PAH levels, resulting in an underestimation of PAHSs,

particularly the HMW PAHs.
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The nature of the SWB deployment may also have influenced the results obtained.
The placement of the wristbands may have affected results, with the inside of the wrist SWB
having less surface area due to being partially covered by the wrist itself. In contrast, the
jacket SWB was hung from a loop on the external jacket surface, and thus had more exposed
surface area. This may have underestimated the concentration of PAHs under the personal
protective equipment (PPE) compared to outside the PPE. Furthermore, this difference in
SWB placement may partly account for the lack of correlation between SWBs results and
internal markers of PAH exposure (i.e., urinary PAH metabolites). More specifically, the
location of the SWBs may not have permitted accurate assessment of PAH dermal contact,
which has been highlighted as an important determinant of firefighters” PAH exposures (Fent
etal. 2017, Keir et al. 2017, Wingfors et al. 2018). Indeed, it has been shown that other
dermal areas of the body that can be more exposed (e.g., neck and chest) (Bonner et al.
2023); it might be more suitable to employ silicone dog tags that can be worn around the
neck (Poutasse et al., 2020). Alternatively, the lack of correlations between ambient air and
SWB PAH levels, and between urinary PAH metabolite and SWB PAH levels, may indicate
that dermal exposure is not a predominant route of firefighters” PAH exposures. In fact,
Andersen et al. (2017) noted that firefighters were most exposed to ambient particulate
matter during situations where they doffed their self-contained breathing apparatus (SCBA)
when they were considered to be in “safe zones” (i.e., away from the fire). Firefighters’

exposures to PAHSs are likely an interplay of various routes of exposure.

While recognizing the effects that a firefighting environment may have on SWBS’
ability to sample PAHSs, it is important to note that SWBs can still provide important

information about firefighters’ exposure potential. In fact, there have been several previous
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studies that have used SWBs to assess firefighter exposures during other types of fire
suppression (e.g., on-shift). Results were similar, albeit for studies with longer sampling
times. SWBs worn in the study by Baum et al. (2020), which examined firefighters who
attended a fire during a 24-h shift, found naphthalene, phenanthrene, and anthracene (~34,
35, and 30 ng/g) to be highest. Baum et al. (2020) also found higher concentrations of LMW
PAHs compared to HMW PAHSs. Poutasse et al. (2020) used silicone dog tags worn in a
necklace and placed over clothing, but underneath new turnout gear, for a period of 30 off-
duty days and 30 on-duty days. Again, naphthalene and phenanthrene had the highest
concentrations, i.e., 19.6 and 16.6 ng/g, respectively, for dog tags worn on duty. In a study
conducted in North Carolina, which used SWBs worn by firefighters during six-day shifts,
similar results were also found, i.e., phenanthrene having the highest median concentration
(102.9, ng/g) for SWBs worn on shifts where the participant attended a fire (Levasseur et al.
2022). Surprisingly, in the Levasseur study, naphthalene had very low detection frequency,
i.e., only detected in 15% of samples worn to a fire. Interestingly, in contrast to what was
observed herein, fluoranthene and pyrene were the other two PAHs with highest SWB
concentrations (Levasseur et al., 2020). Most recently, Bonner et al. (2023) reported PAH
data from SWBs worn by mannequins in a staged fire. Wrist SWB concentrations were
relatively similar but SWBs outside of PPE (i.e., on the jacket here or suspended in air in the
Bonner study) were higher in the Bonner study, particularly for HMW PAHs where
differences were ~100-fold. These differences were surprising considering the Bonner study
exposed SWBs for an even shorter period than this study (i.e., <10 mins). It’s possible that
the lack of movement of the suspended SWBs allowed for better sampling of HMW PAHSs

compared to the moving subjects of this study, and/or differences in fire conditions generated
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more HMW PAHSs in the Bonner et al study. Overall, despite the fact that studies employed
different designs and analytical methods, similar trends can be observed. Interestingly, no
other study has found acenaphthylene to be in the top three highest concentrations compared
to other PAHs. The differences in PAH results between the studies, particularly where
firefighting took place, are likely due to variations in fire fuel and temperatures influencing
PAH formation. Indeed, Banks et al. (2021) and Bakali et al. (2021) have noted markedly

different PAH concentrations in fires of varying fuels.

The worker protection factor (WPF) had a significant, inverse correlation with
molecular weight, suggesting that most of the deposition to the outer surfaces is happening in
the vapour phase. Compared to previous studies, the WPF for total PAHs was within an order
of magnitude of values previously reported by Wingfors et al. (2018) (i.e., 146), and those
calculated using data from Kirk and Logan (2015) (i.e., 13), both of which were determined
using active air sampler data. For individual PAHSs, the WPFs calculated here were all lower
than those reported by Wingfors et al. (2018) (i.e., 49 — 2200), but similar to data from Kirk
& Logan (2015), i.e., 0.8 to 6.5-fold difference compared with this study. The most direct
comparison can be made with Bonner et al. (2023) who analysed PAHs in SWBs on the wrist
of mannequins and in the air next to the mannequins wearing two types of personal
protective equipment (PPE). Similar patterns in WPFs were seen in that LMW PAHs had
higher WPFs compared to HMW PAHS, likely due to the short deployment times that limited
SWABs ability to accumulate HMW PAHSs. However, the Bonner et al. study reported notably
higher WPFs across all PAHSs, possibly due to the apparent generally higher concentrations
of environmental PAHs. Nonetheless, the results obtained here seem to indicate that

firefighters” PPE can reduce LMW PAH exposure levels. However, it is evident that
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firefighters” PPE does not fully protect them from PAH exposure as measurable amounts
were still found on wrist SWBs. Improved design and fit of firefighter PPE, that, for
example, closes the gap between the helmet and neck or jacket and glove, may further reduce
exposures. The efficacy of such modifications, and/or exposure mitigation interventions,

merit further investigation.

Higher sampling rates for LMW compared to HMW PAHSs seen herein are similar to
those previously reported in another passive sampler in the form of polyethylene
semipermeable membrane devices (Céslavsky et al. 2004). Although generic gas-phase
uptake rates for hung SWBs have been estimated to be 7.6 = 1.3 m®d™* dm™2 at an air velocity
of 1.3 cm s %, sampling rates for SWBs worn as personal samplers have not been properly
studied in a controlled environment (Hamzai et al. 2021). It has been suggested that SWB
sampling rates in a personal sampler scenario have not been reported due to the amount of
variability depending on the study (e.g., air velocity) (Tromp et al. 2019, Hamzai et al. 2021).
Indeed, the results herein corroborate that notion, illustrating the effects the environment can

have on SWBs’ ability to absorb PAHs.

Correlations between jacket and air PAHSs illustrate that SWBs worn on jackets are in
fact able to assess environmental levels of PAH; grouped PAHSs (i.e., LMW, HMW, and total
PAHSs) from jacket SWBs correlated with nearly all ambient air PAHs levels. However,
given limitations related to exposure duration, temperature, etc., it seems likely that the
detected concentrations are comparatively low. The lack of correlations for individual HMW
PAHSs suggests that when using SWBs for short-term sampling, particularly in a fire
environment, LMW PAH values are more reliable. Consequently, alternative sampling

methods should be considered for HMW PAHSs.
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Regarding the use of SWBs for assessments of PAH exposure during firefighting,
SWB deployment certainly constitutes a convenient approach compared with other personal
air sampling methods, e.g., active personal air sampling. However, the influence of sampling
duration time, temperature, and air turbulence on SWB PAH concentrations confounds the
interpretation of the data obtained. Moreover, limitations in SWB sampling helps explain
several of the patterns seen, including the low WPFs, Ksws-air, and sampling rates for HMW
PAHSs, lack of correlations between individual HMW PAHs on jacket SWBs and personal air
samples, sporadic correlations between wrist and jacket SWB PAHSs, and limited correlations
between urinary PAHs metabolites with jacket and wrist SWB PAHs. HMW PAHSs are
particularly influenced, which is an important issue since HMW PAHSs are most often known
or probable human carcinogens (IARC 2010b). Further work is required to more
appropriately understand the kinetics of SWB-PAHSs interactions; moreover, to understand
the effect environmental conditions (e.g., temperature, air velocity) on the ability to
accurately measure PAH levels using SWBs in extreme environments (e.g., firefighting

environments).
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Supplementary Information
Chemical analyses

The PAH native standard mix used consisted of 16 PAHs: naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-
c,d]pyrene, dibenzo[a,h]anthracene, benzo[g,h,i]perylene.

The PAH labelled internal standard mix used consisted of 16 deuterated PAHS:
naphthalene-d8, acenaphthylene-d8, acenaphthene-d10, fluorene-d10, phenanthrene-d10,
anthracene-d10, fluoranthene-d10, pyrene-d10, benzo[a]anthracene-d12, chrysene-d12,
benzo[b]fluoranthene-d12, benzo[k]fluoranthene-d12, benzo[a]pyrene-d12, indeno [1,2,3-
c,d]pyrene-d12, dibenzo[a,h]anthracene-d14, benzo[g,h,i]perylene-d12).

The analytical instrument used was a TSQ Quantum XLS Ultra™ Gas Chromatography-
triple quadrupole mass spectrometer (GC-MS/MS) (ThermoFisher Scientific, MA). Trace
GC Ultra supplied with a split/splitless injector and operated for hot splitless injection of 0.8
min splitless mode, a split flow of 30 mL/min. The GC was fitted with a DB-EUPAH GC
column (30 m x 0.25 mm 1.D x 0.25 pm film; Phenomenex, CA).The analytical column was
maintained at an initial oven temperature of 55°C held for 2 min, then ramped at 18°C/min to
320°C held for 1 minute at final temperature. The carrier gas was helium and was maintained
at a constant flow rate of 1.0 mL/min. Analytes were eluted to the TSQ-8000 mass
spectrometer equipped with an electron ionization source at 50 pA in selected reaction
monitoring (SRM) mode. The source temperature was 300°C and transfer line temperature
was 280°C. The MS contained a triple quadrupole mass analyzer, with Q1 and Q3 peak
width set at 0.7 (FWHM) and a cycle time of 0.2 seconds. Details of the run can be found in
Table Al.

118



Table S3-1. Details of analytical run.

Precursor | Product Collision

Name RT Mass Mass Energy

naphthalene-d8 5.98 136.1 108.1 20
naphthalene 6.004 128.1 102 15
acenaphthylene-d8 7.752 160.1 158.1 15
acenaphthylene 7.769 152.1 126.1 25
acenaphthylene 7.769 152.1 151.1 15
acenaphthene-d10 7.854 164.2 162.2 15
acenaphthene 7.887 153.1 127.1 25
acenaphthene 7.895 153.1 152.1 15
fluorene-d10 8.361 176.2 174.2 20
fluorene 8.398 166.1 165.1 15
phenanthrene-d10 9.514 188.2 160.1 20
phenanthrene 9.545 178.1 152.1 20
anthracene-d10 9.548 188.2 160.1 20
anthracene 9.572 178.1 152.1 20
fluoranthene-d10 10.902 212.2 208.1 35
fluoranthene 10.932 202.1 200.1 30
p-terphenyl-d14 11.242 244.2 240.2 25
pyrene-d10 11.32 212.2 208.2 35
pyrene 11.351 202.1 200.1 35
benz[a]anthracene-d12 13.368 240.2 236.2 30
benz[a]anthracene 13.426 228.1 226.2 30
chrysene-d12 13.548 240.2 236.1 30
chrysene 13.62 228.1 226.1 30
benzo[b]fluoranthene-d12 16.15 264.2 260.2 30
benzo[k]fluoranthene-d12 16.228 264.2 260.1 35
benzo[b]fluoranthene 16.232 252.1 250.1 30
benzo[k]fluoranthene 16.3 252.1 250.1 30
benzo[a]pyrene-d12 17.395 264.2 260.2 40
benzo[a]pyrene 17.48 252.1 250.1 35
dibenzo[a,h]anthracene-d14 20.783 292.2 288.2 35
indeno[1,2,3-cd]pyrene-d12 20.851 288.2 284.2 40
dibenz[a,h]anthracene 20.922 278.1 276.1 30
indenol1,2,3-cd]pyrene 20.956 276.1 274.1 35
benzo[g,h,i]perylene-d12 22.208 288.2 284.2 45
benzo[g,h,i]perylene 22.327 276.1 274.1 40
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Table S3-2. Comparison of WPFs between Keir et al wrist SWB training fire data with wrist

SWB data from Bonner et al (2023).

Keir et al. data

PAH Wrist WPF

Naphthalene 41.6
Acenaphthylene 213.8
Acenaphthene 79.4
Fluorene 70.3
Phenanthrene 68.3
Anthracene 123.8
Fluoranthene 16.8
Pyrene 25.0
Benzo[a]anthracene NA
Chrysene NA
Benzo[b]fluoranthene 6.6
Benzo[k]fluoranthene NA
Benzo[a]pyrene 55
Indeno[1,2,3-cd]pyrene NA
Dibenzo[a,h]anthracene NA
Benzo[g,h,i]perylene 2.8
Average LMW PAHSs 87.7
SD LMW PAHs 64.7
Average HMW PAHs 10.0
SD HMW PAHSs 9.9

Bonner et al. (2023)
Wrist WPF — Wrist WPF -
Standard PPE  One-piece PPE

638.0 572.0
1980.0 1730.0
190.0 256.0
1840.0 2370.0
547.0 1010.0
1570.0 1570.0
162.0 2490.0
127.0 2030.0
61.5 510.0
251.0 714.0
57.4 1100.0
33.9 288.0
45.9 334.0
35.2 945.0
NA NA
40.8 691.0
989.6 1428.3
783.7 857.1
81.6 826.5
74.8 560.7

NA indicates >80% below detection for Keir et al., missing value for Bonner et al.
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Table S3-3. Sampling rates (R) in m® day™ for jacket SWBs (n=14). Some SWBs did not

have matching air data and were omitted from sampling rate calculations.

PAH

Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene

Pyrene
Benzo[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Indeno[1,2,3-cd]pyrene
Benzo[g,h,i]perylene

Total LMW PAHs
Total HMW PAHSs
Total PAHs

Sampling Rate, R (m® day™)

GM St Dev Min Max
0.29 0.36 0.07 1.28
0.32 0.19 0.07 0.80
0.64 0.40 0.18 1.53
0.54 0.36 0.10 1.27
0.34 0.34 0.08 1.18
0.34 0.28 0.07 0.88
0.16 0.18 0.04 0.55
0.12 0.14 0.03 0.43
0.04 0.09 0.01 0.30
0.04 0.09 0.01 0.28
0.04 0.10 0.01 0.32
0.01 0.05 0.003 0.17
0.03 0.09 0.004 0.33
0.02 0.14 0.003 0.52
0.03 0.26 0.004 0.91
0.29 0.30 0.05 0.98
0.15 0.29 0.01 0.92
0.28 0.30 0.05 0.97

GM= geometric mean; St Dev = standard deviation, Min= minimum, Max=

maximum.
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Table S3-4. Abbreviations for Tables S3-4 to S3-6.

Abbreviation PAH

Nap Naphthalene

Acey Acenaphthylene

Ace Acenaphthene

Fluo Fluorene

Dibenzoth Dibenzothiophene
Phen Phenanthrene

Anth Anthracene

Fluoranth Fluoranthene

Pyr Pyrene

Ret Retene

Benzoa Benzo[a]anthracene
Chyrs Chrysene

Benzobfl Benzo[b]fluoranthene
Benzokfl Benzol[k]fluoranthene
BaP Benzo[a]pyrene

BeP Benzo[e]pyrene
Indeno Indeno[1,2,3-cd]pyrene
Dibenzoah Dibenzo[a,h]anthracene
Benzoghi Benzo[g,h,i]perylene
LMW Total LMW PAHSs
HMW Total HMW PAHSs
Total Total PAHs

Post-fire OHP Hydroxypyrene

Post-fire XOH-Fluo

Sum of fluorene metabolites (i.e., 2- 3-, and 9-hydroxyfluorene)

Post-fire XOH-Nap

Sum of naphthalene metabolites (i.e., 1- and 2-hydroxynaphthalene)

Post-fire XOH-Phen

Sum of phenanthrene metabolites (i.e., 1-, 2-, 3-. 4-, and 9-hydroxyphenanthrene)

Post-fire total

Sum of all PAH metabolites

Fold change

Ratio between urinary PAH metabolites concentrations after the fire (i.e., post-

fire) compared to before (i.e., pre-fire)
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Table S3-5. Pearson correlation coefficients (top number) and p values (bottom number) of PAHs from silicone wristbands (SWBs)
worn on the jacket versus wrist (N=20). All data were log transformed prior to analyses. Values are bolded where p<0.05.

Wrist SWB

Nap

Acey

Ace

Fluo

Phen

Anth

Fluoranth

Pyr

Benzobfl

BaP

Dibenzoah

Benzoghi

Nap
0.166

0.485
0.064
0.789
0.168
0.478
0.214
0.364
0.142
0.549
0.318
0.171
0.372
0.107
0.375
0.103
-0.457
0.043
-0.484
0.031
0.388
0.091
0.472

Acey
0.127

0.594
-0.002
0.992
0.117
0.624
0.127
0.595
0.000
0.999
0.189
0.425
0.220
0.351
0.191
0.421
-0.517
0.020
-0.427
0.061
0.357
0.122
0.371

Ace
0.177

0.454
0.123
0.606
0.204
0.387
0.243
0.302
0.053
0.825
0.357
0.123
0.208
0.380
0.220
0.351
-0.492
0.028
-0.258
0.271
0.365
0.114
0.335

Fluo
0.067

0.778
-0.017
0.943
0.187
0.430
0.132
0.580
0.011
0.964
0.272
0.247
0.158
0.505
0.180
0.449
-0.275
0.241
-0.205
0.386
0.215
0.363
0.309

Phen
0.159

0.504
0.089
0.710
0.148
0.534
0.233
0.323
0.172
0.470
0.342
0.141
0.320
0.170
0.345
0.136
-0.260
0.269
-0.309
0.185
0.332
0.152
0.483

Anth
0.101

0.672
0.071
0.766
0.220
0.352
0.226
0.338
0.221
0.348
0.402
0.079
0.364
0.114
0.377
0.101
-0.229
0.331
-0.276
0.240
0.440
0.053
0.487

Fluoranth
0.182

0.442
0.127
0.595
0.291
0.213
0.296
0.206
0.313
0.179
0.504
0.024
0.468
0.037
0.511
0.021
-0.281
0.230
-0.303
0.194
0.498
0.026
0.574

Pyr
0.151

0.526
0.088
0.712
0.275
0.240
0.255
0.277
0.281
0.230
0.475
0.035
0.434
0.056
0.477
0.034
-0.242
0.304
-0.233
0.322
0.493
0.027
0.558

Jacket SWB
Benzoa Chyrs
0.199 0.186
0.401 0.433
0.035 0.035
0.884 0.883
0.143 0.131
0.546 0.583
0.177 0.166
0.455 0.483
0.326 0.319
0.161 0.170
0.343 0.315
0.138 0.176
0.575 0.560
0.008 0.010
0.596 0.573
0.006 0.008
-0.176 = -0.152
0.458 0.524
-0.372 = -0.352
0.107 0.128
0.535 0.502
0.015 0.024
0.738 0.728

Benzobfl
0.211

0.371
0.032
0.894
0.036
0.880
0.120
0.613
0.284
0.226
0.229
0.332
0.467
0.038
0.482
0.031
0.080
0.738
-0.156
0.512
0.399
0.081
0.682

Benzokfl
-0.034

0.886
-0.250
0.287
-0.229
0.332
-0.092
0.699
0.103
0.665
-0.036
0.880
0.373
0.106
0.464
0.039
-0.321
0.167
-0.276
0.240
0.458
0.042
0.730

BaP
0.207

0.382
0.086
0.719
0.075
0.753
0.172
0.468
0.295
0.206
0.231
0.327
0.528
0.017
0.529
0.017
-0.314
0.178
-0.427
0.060
0.541
0.014
0.737

Indeno
0.168

0.478
0.084
0.726
0.067
0.778
0.194
0.412
0.334
0.150
0.244
0.300
0.552
0.012
0.560
0.010
-0.270
0.249
-0.451
0.046
0.544
0.013
0.751

Benzoghi
0.200

0.399
0.094
0.692
0.061
0.799
0.252
0.285
0.449
0.047
0.290
0.216
0.720
0.000
0.730
0.000
-0.237
0.315
-0.586
0.007
0.531
0.016
0.897

LMW HMW
0157 | 0.64
0508 = 0.491
0.057 | 0077
0812 | 0747
0168 = 0222
0479 | 0347
0.206 | 0.254
0383 0.279
0118 = 0.319
0620 | 0.170
0310 | 0.449
0.184  0.047
0333 | 0493
0152 | 0.027
0333 0541
0152 | 0014

-0.442 | -0.249
0051 0.290

-0.442 | -0.287
0051 | 0220
0376 | 0547
0103 0013
0454 0.657
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Total
0.160

0.500
0.060
0.802
0.172
0.467
0.212
0.371
0.129
0.587
0.319
0.170
0.343
0.139
0.344
0.137
-0.436
0.055
-0.438
0.054
0.387
0.092
0.468



LMW

HMW

Total

0.035
0.191
0.419
0.074
0.755
0.171
0.471

0.107
0.138
0.561
-0.081
0.735
0.106
0.657

0.149
0.204
0.388
-0.012
0.959
0.188
0.428

0.186
0.088
0.711
-0.002
0.993
0.073
0.759

0.031
0.186
0.431
0.175
0.461
0.180
0.447

0.029
0.140
0.556
0.242
0.304
0.138
0.561

0.008
0.220
0.350
0.336
0.147
0.224
0.344

0.011
0.186
0.434
0.338
0.145
0.191
0.420

0.000
0.212
0.369
0.510
0.022
0.226
0.339

0.000
0.198
0.403
0.506
0.023
0.214
0.366

0.001
0.205
0.386
0.579
0.008
0.240
0.308

0.000
-0.044
0.853
0.314
0.177
-0.041
0.865

0.000
0.214
0.364
0.451
0.046
0.230
0.330

0.000
0.186
0.432
0.483
0.031
0.202
0.392

<.0001
0.223
0.344
0.602
0.005
0.242
0.305

0.044
0.182
0.443
0.057
0.811
0.161
0.498
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0.002
0.196
0.407
0.402
0.079
0.204
0.388

0.037
0.185
0.434
0.075
0.755
0.166
0.486



Jacket SWB

Table S3-6. Pearson correlation coefficients (top number) and p values (bottom number) of PAHs from silicone wristbands

(SWBs) worn on the jacket versus personal air concentrations. N=14 since not all participants who wore wristbands also wore a
personal air sampler. All data were log transformed prior to analyses. Values are bolded where p<0.05.

Nap

Acey

Ace

Fluo

Phen

Anth

Fluoranth

Pyr

Benzoa

Chrys

deN

0.34
0.236
0.37
0.187
0.45
0.106
0.47
0.089
0.35
0.221
0.25
0.391
0.15
0.616
0.14
0.629
0.06
0.827
0.05
0.874

ooy

0.70
0.005
0.69
0.006
0.73
0.003
0.56
0.035
0.55
0.041
0.56
0.036
0.61
0.019
0.60
0.023
0.42
0.133
0.35
0.226

0y

0.74
0.002
0.72
0.003
0.78
0.001
0.62
0.018
0.61
0.021
0.61
0.020
0.66
0.010
0.65
0.012
0.46
0.095
0.39
0.173

on|4

0.74
0.002
0.73
0.003
0.77
0.001
0.59
0.026
0.59
0.026
0.60
0.024
0.65
0.012
0.63
0.016
0.48
0.084
0.40
0.154

ylozuagiq

0.076
0.48
0.084
0.47
0.092
0.54
0.048
0.43
0.127
0.52
0.058
0.48
0.084
0.50
0.069
0.24
0.400
0.18
0.538

uayd

0.71
0.004
0.72
0.004
0.80
0.001
0.62
0.017
0.58
0.030
0.58
0.030
0.62
0.019
0.61
0.021
0.38
0.178
0.31
0.283

yiuy

0.007
0.65
0.011
0.73
0.003
0.58
0.031
0.56
0.037
0.58
0.029
0.62
0.017
0.62
0.019
0.45
0.108
0.38
0.184

yiueion|4

0.78
0.001
0.77
0.001
0.80
0.001
0.66
0.011
0.64
0.013
0.63
0.016
0.67
0.009
0.65
0.012
0.49
0.075
0.42
0.138

IAd

0.74
0.003
0.72
0.004
0.75
0.002
0.59
0.026
0.58
0.031
0.57
0.032
0.61
0.021
0.59
0.027
0.43
0.124
0.35
0.217

aualey

0.82
0.000
0.76
0.002
0.74
0.003
0.62
0.018
0.67
0.008
0.66
0.010
0.71
0.005
0.68
0.008
0.61
0.021
0.53
0.050

eozuag

0.75
0.002
0.74
0.002
0.78
0.001
0.61
0.019
0.59
0.027
0.58
0.028
0.61
0.021
0.59
0.027
0.42
0.137
0.34
0.231

Personal Air

sIAyD

0.76
0.002
0.74
0.002
0.79
0.001
0.63
0.017
0.61
0.021
0.61
0.022
0.63
0.015
0.61
0.020
0.45
0.108
0.37
0.192

ligozusg

0.001
0.75
0.002
0.80
0.001
0.65
0.013
0.63
0.016
0.62
0.019
0.65
0.012
0.63
0.016
0.44
0.114
0.37
0.199

Ipjozusg

0.73
0.003
0.74
0.003
0.77
0.001
0.61
0.020
0.58
0.031
0.57
0.033
0.59
0.026
0.57
0.032
0.40
0.158
0.32
0.258

ded

0.74
0.003
0.73
0.003
0.78
0.001
0.63
0.015
0.59
0.026
0.58
0.029
0.61
0.021
0.59
0.026
0.39
0.163
0.32
0.267

ded

0.73
0.003
0.73
0.003
0.77
0.001
0.61
0.022
0.57
0.035
0.56
0.036
0.59
0.028
0.57
0.034
0.38
0.185
0.30
0.295

ouapu|

0.76
0.002
077
0.001
0.77
0.001
0.62
0.018
0.61
0.021
0.59
0.025
0.62
0.019
0.59
0.025
0.44
0.117
0.37
0.199

Yezuagig

0.003
0.72
0.004
0.78
0.001
0.61
0.020
0.58
0.028
0.59
0.025
0.61
0.020
0.60
0.023
0.40
0.155
0.33
0.253

1ybozusg

0.001
0.72
0.004
0.80
0.001
0.69
0.006
0.67
0.009
0.65
0.013
0.69
0.006
0.68
0.007
0.45
0.105
0.38
0.180

MINT

0.59
0.027
0.60
0.023
0.70
0.005
0.58
0.029
0.48
0.083
0.44
0.119
0.41
0.146
0.40
0.155
0.22
0.457
0.15
0.616

MWH

0.76
0.001
0.75
0.002
0.78
0.001
0.63
0.016
0.61
0.020
0.61
0.022
0.64
0.014
0.62
0.018
0.46
0.101
0.38
0.180

125

lelol

0.039
0.57
0.032
0.68
0.007
0.57
0.034
0.46
0.100
0.41
0.146
0.37
0.187
0.37
0.196
0.19
0.524
0.12
0.684



Benzobfl

Benzokfl

BaP

Indeno

Benzoghi

LMW

HMW

Total

0.05
0.865
-0.03
0.920
-0.02
0.948
-0.01
0.964
-0.01
0.967

0.36
0.203

0.12
0.671

0.35
0.215

0.16
0.584
0.36
0.211
0.29
0.312
0.25
0.384
0.28
0.340
0.68
0.007
0.57
0.034
0.68
0.007

0.21
0.472
0.40
0.154
0.33
0.247
0.29
0.317
0.31
0.282
0.73
0.003
0.62
0.019
0.73
0.003

0.20
0.487
0.44
0.117
0.38
0.183
0.34
0.235
0.36
0.207
0.73
0.003
0.61
0.022
0.72
0.003

0.19
0.524
0.14
0.639
0.09
0.752
0.03
0.907
0.04
0.883
0.49
0.074
0.45
0.109
0.49
0.075

0.15
0.601
0.34
0.239
0.24
0.404
0.19
0.525
0.20
0.483
0.71
0.005
0.56
0.036
0.70
0.005

0.22
0.440
0.40
0.155
0.33
0.245
0.29
0.321
031
0.282
0.67
0.009
0.58
0.029
0.67
0.009

0.24
0.404
0.45
0.110
0.37
0.188
0.33
0.251
0.35
0.221
0.76
0.002
0.62
0.017
0.76
0.002

0.15
0.599
0.39
0.171
0.32
0.260
0.30
0.303
0.32
0.267
0.72
0.004
0.56
0.036
0.71
0.004

0.31
0.276
0.57
0.033
0.56
0.037
0.56
0.038
0.58
0.031
0.79
0.001
0.68
0.007
0.79
0.001

0.15
0.605
0.38
0.184
0.31
0.276
0.28
0.338
0.30
0.301
0.73
0.003
0.56
0.037
0.73
0.003

0.18
0.532
0.41
0.147
0.35
0.227
0.31
0.278
0.33
0.245
0.75
0.002
0.59
0.027
0.74
0.002

0.19
0.517
0.40
0.158
0.33
0.249
0.30
0.303
0.32
0.265
0.75
0.002
0.60
0.023
0.75
0.002

0.14
0.642
033
0.242
0.26
0.364
0.22
0.444
0.24
0.403
0.72
0.004
0.54
0.045
0.72
0.004

0.15
0.614
0.33
0.243
0.25
0.390
0.21
0.471
0.23
0.425
0.73
0.003
0.56
0.039
0.72
0.004

0.12
0.694
0.33
0.255
0.25
0.390
0.21
0.467
0.23
0.422
0.71
0.004
0.54
0.049
0.71
0.005

0.17
0.560
0.38
0.183
0.33
0.246
0.30
0.304
031
0.276
0.75
0.002
0.57
0.032
0.75
0.002

0.14
0.635
0.30
0.290
0.25
0.390
0.21
0.469
0.23
0.424
0.72
0.004
0.56
0.036
0.71
0.004

0.27
0.358
0.41
0.146
0.33
0.248
0.29
0.312
0.32
0.267
0.76
0.002
0.65
0.013
0.75
0.002

0.04
0.885
0.14
0.640
0.08
0.791
0.05
0.855
0.07
0.819
0.59
0.027
0.36
0.207
0.58
0.030

0.19
0.509
0.41
0.144
0.34
0.227
0.31
0.280
0.33
0.247
0.75
0.002
0.59
0.025
0.74
0.002
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0.03
0.923
0.10
0.725
0.05
0.869
0.03
0.928
0.04
0.894
0.56
0.038
0.33
0.256
0.55
0.042



Urinary PAH Metabolites

Table S3-7. Pearson correlation coefficients (top number) and p values (middle number) of PAHSs from silicone wristbands

(SWBs) worn on the jacket versus urinary PAH metabolite metrics. N=bottom number; not all participants who wore wristbands
had measurable amounts of urinary PAH metabolites. Fold-change is the ratio of PAH metabolites post-fire compared to pre-fire.
All data were log transformed prior to analyses. Values are bolded where p<0.05.
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change
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Nap
-0.04
0.86
20
0.04
0.88

20

0.39
0.11

18

0.15
0.56

18

0.42
0.09

17
0.25
0.31

0.20
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0.15
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0.35
0.18
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0.20
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0.01
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0.04
0.86

20

0.34
0.17
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0.38
0.14
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0.12
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20

0.18
0.48
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0.43
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16

0.23
0.41
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-0.32
0.16
20
-0.17
0.48

20

0.23
0.35

18

0.06
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18

0.27
0.29

17
0.14
0.57

0.02
0.95
20

0.07
0.79

0.34
0.20

0.21
0.45
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-0.11
0.64
20
-0.01
0.97

20

0.42
0.08

18

0.17
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18

0.44
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17
0.27
0.26

0.21
0.38
20

0.13
0.59

18

0.40
0.13

0.22
0.44
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0.02
0.93

20
0.10
0.69

20

0.40
0.10

18

0.27
0.28

18

0.46
0.07

17
0.41
0.08

0.28
0.23
20

0.13
0.61

18

0.45
0.08

16

0.27
0.33
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-0.08
0.73
20
-0.04
0.86

20

0.33
0.18

18

0.15
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18

0.40
0.11

17
0.39
0.10

0.29
0.21
20

0.10
0.68

18

0.44
0.09

16

0.27
0.34

Fluoranth
-0.13
0.58

20

-0.09
0.70

20

0.35
0.15

18

0.10
0.69

0.43
0.08

17
0.29
0.22

0.19
0.41
20

0.07
0.78

0.29
0.28

0.20
0.48

Pyr
-0.15
0.52
20
-0.13
0.58

20

0.37
0.13

18

0.07
0.77

18

0.45
0.07

17
0.27
0.27
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0.47
20

0.06
0.80

18

0.25
0.34

16

0.18
0.53
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20 20
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0.92 0.92
20 20
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0.05 0.03
18 18
0.13 0.13
0.61 0.62
18 18
0.54 0.59
0.03 0.01
17 17
0.31 0.33
0.20 0.17
19 19
0.35 0.34
0.13 0.14
20 20
0.19 0.15
0.44 0.54
18 18
0.23 0.24
0.39 0.37
16 16
0.21 0.19
0.45 0.51
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0.08
0.72

20
-0.03
0.89

20

0.40
0.10

18

0.10
0.68

18

0.47
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17
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0.21
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20

0.15
0.56

18

-0.02
0.95

0.13
0.65
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0.01
0.96

20
0.01
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20

0.51
0.03

18

0.08
0.76

0.51
0.04

17
0.21
0.40

0.09
0.70
20

0.20
0.42

0.09
0.74

0.21
0.44

BaP
-0.04
0.87
20
-0.11
0.66

20

0.32
0.19

18

-0.03
0.92

18

0.38
0.13

17
0.16
0.51

0.26
0.27
20

0.26
0.30

18

0.08
0.76

0.19
0.50

Indeno
-0.03
0.89
20
-0.07
0.76

20

0.26
0.31

18

-0.05
0.85

0.30
0.24

17
0.15
0.53

0.31
0.19
20

0.22
0.39

0.08
0.77

0.14
0.62

Benzoghi
0.06

0.79

20

0.04

0.87

20

0.42
0.08

18

0.04
0.86

18

0.48
0.05

17
0.21
0.38

0.29
0.22
20

0.09
0.73

18

0.05
0.86

16

0.10
0.73

LMW
-0.04
0.87
20
0.04
0.88

20

0.39
0.11

18

0.17
0.50

18

0.42
0.09

17
0.28
0.24

0.20
0.41
20

0.15
0.55

18

0.39
0.14

16

0.21
0.44

HMW
-0.12
0.60
20
-0.11
0.65

20

0.39
0.11

18

0.07
0.79

18

0.46
0.06

17
0.28
0.24

0.22
0.36
20

0.10
0.69

18

0.24
0.36

0.20
0.48

Total
-0.04
0.86
20
0.03
091

20

0.39
0.11

18

0.17
0.51

0.43
0.09

17
0.28
0.24

0.20
0.40
20

0.15
0.56

0.39
0.14

0.21
0.44

127



Fold

change 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15
total

OHP = 1-hydroxypyrene, ZOH-Fluo = sum of fluorene metabolites, SZOH-Nap = sum of naphthalene metabolites, OH-Phen = sum of phenanthrene metabolites
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Table S3-8. Log Kswa-air Values from previous studies and the present study. Both coefficients are ratios of PAH concentrations

between SWBs and air. Estimated changes in the coefficients between silicone and air per degree increase in temperature were
derived from the linear trendlines shown in Figure 3-. Blank cells are due to missing data from previous studies, and/or values

being below the detection limit.

Log Kswa-air
: : Estimated change in
Anderson Donald This study,  This s’gudy, log K per deg?ee
etal. (2017) etal. (2019) Jacket Wrist increase in
SWBs SWBs
PAH temperature
Naphthalene 59 5.3 3.3 2.1 -0.29
Acenaphthylene 6.2 6.8 34 1.6 -0.40
Acenaphthene 6.3 6.6 3.7 2.0 -0.35
Fluorene 6.4 7.2 3.6 2.0 -0.41
Phenanthrene 6.7 8 3.4 1.8 -0.49
Anthracene 6.6 7.9 3.4 1.6 -0.49
Fluoranthene 7.2 9.8 3.1 1.9 -0.68
Pyrene 7 9.3 3.0 1.7 -0.65
Benz[a]anthracene 10.4 2.5
Chrysene 10.9 2.4
Benzo[b]fluoranthene 12 2.4 2.1
Benzo[k]fluoranthene 12.5 1.9
Benzo[a]pyrene 12.6 2.3 2.2
Indeno[1,2,3-cd]pyrene 13.5 2.2
Dibenz[a, h]anthracene 13.8 2.4 2.1
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Abstract

Firefighters are exposed to carcinogenic and mutagenic combustion emissions, including
polycyclic aromatic hydrocarbons (PAHS). Fire service and firefighter cancer advocacy
groups recommend skin cleaning using wipes or washing with detergent and water after
exposure to smoke, although these strategies have not been proven to reduce exposures to
harmful combustion products like PAHSs. This study assessed dermal decontamination
methods to reduce PAH exposures by firefighters participating in live fire training scenarios.
Study participants (n=88) were randomly assigned to an intervention group (i.e., two types of
commercial skin wipes, detergent and water, or a control group who did not use any skin
decontamination). PAHs were measured in personal air (during the fire) and dermal wipe
samples (before and after fire suppression, and after dermal decontamination). PAH
metabolites and mutagenicity were measured in urine samples before and after fire
suppression. Airborne PAH concentrations during the fire ranged between 200 and 3969
ng/m3 (mean= 759 pg/m?, SD=685 pg/mq). Firefighters had higher total PAHs and high
molecular weight PAHSs on their skin after the fire compared to before (1.3- and 2.2-fold,
respectively, p<0.01). Urinary PAH metabolites increased significantly following exposure to
the training fires by 1.7 — 2.2-fold (depending on the metabolite, p<0.001). Urinary
mutagenicity did not differ significantly. Detergent and water was the only intervention that
removed a significant amount of total PAHs from the skin (0.72 ng/cm? pre-intervention vs.
0.38 ng/cm? post-intervention, p<0.01). However, fold changes in urinary PAH metabolites
(i.e., pre- versus post-exposure levels) did not differ between any of the dermal
decontamination methods or the control group. These data suggest that despite on-site

attempts to remove PAHs from firefighters’ skin, the examined interventions did not reduce

132



the internal dose of PAHSs. Future work should investigate preventing initial exposure using

other interventions, such as improved personal protective equipment.
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Introduction
Firefighters face serious occupational hazards, including heat, stress

(physical/mental), and toxic chemicals. Epidemiological studies have shown that these
exposures can have lasting effects on firefighters, resulting in an increased risk of cancer and
other serious diseases compared to the general population (Jalilian et al. 2019, Soteriades et
al. 2019, Casjens et al. 2020). In fact, the International Agency for Research on Cancer has
classified the occupation of firefighting as ‘carcinogenic’ (i.e., Group 1) (Demers et al.
2022). Exposures to carcinogens can occur from firefighters” inherent contact with
combustion emissions that can contain benzene, chloroform, acrolein, formaldehyde,
asbestos, lead, and polycyclic aromatic hydrocarbons (PAHSs) (Bolstad-Johnson et al. 2000,
Golka and Weistenhofer 2008). PAHSs are also mutagenic and teratogenic and are of

particular concern due to their ubiquitous formation during combustion events (IARC 2010).

Several studies have assessed firefighters’ exposures to PAHs by measuring PAHs in
air, on skin, and on PPE/clothing (Keir et al. 2020, Banks et al. 2021a, 2021b). For example,
Keir et al. (2020) found air PAH concentrations sometimes exceeded occupational exposure
limits and that firefighters’ experienced significant increases of PAHs on skin and PPE.
Urinary PAH metabolites have also been broadly used to assess PAH exposure and uptake
(i.e., internal dose) and several studies have found increased PAH metabolites associated
with suppression of emergency municipal fires (Keir et al. 2017, Hoppe-Jones et al. 2021),
training fires (Wingfors et al. 2018), staged fires (Fent et al. 2020), and wildfires (Cherry et
al. 2021). Urinary mutagenicity is another non-invasive tool that permits a non-targeted
exposure assessment to mutagenic aromatic compounds excreted via urine; it does not

require a priori information on the identity of the putative toxicants. Increases in urinary
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mutagenicity have been measured in firefighters engaged in emergency fire suppression

(Keir et al. 2017).

Several researchers have noted that dermal penetration is likely the predominant PAH
exposure pathway (Laitinen et al. 2012, Fent et al. 2014, Keir et al. 2017). Firefighter’s
airways are protected by their self-contained breathing apparatus (SCBA), whereas skin is
typically exposed to combustion emissions, and elevated temperatures encountered during
fire suppression can enhance skin permeability (Chang and Riviere 1991, Jones et al. 2003,
Park et al. 2008). In fact, several studies have found significantly elevated post-firefighting
levels of PAHs on firefighters’ skin, such as on the neck (Fent et al. 2014, Keir et al. 2017).
Given the weight of evidence above that firefighters are exposed to PAHSs through their skin,
post-exposure removal of dermally-deposited PAHSs could potentially reduce overall
exposure and internal dose (Fent et al. 2014, 2017, Fernando et al. 2016, Keir et al. 2017). As
such, dermal decontamination has been suggested as an effective means of removing PAHs
deposited on skin. Indeed, skin cleaning wipes are now often deployed for post-fire
suppression dermal decontamination. The intention is to reduce post-exposure dermal
absorption of carcinogens via on-scene removal of contaminants deposited on skin, i.e., prior
to showering upon return to the fire station. However, the efficacy of dermal cleaning
procedures for reduction of PAH exposures and internal dose has not been broadly
investigated. Fent et al. (2017) found that baby wipes were able to significantly reduce post-
exposure PAH levels on firefighters’ necks by a median of 54%. However, they only
considered external PAH contamination levels; they did not consider PAH absorption and
internal dose (e.g., urinary metabolite concentration). Moreover, skin-cleaning wipes can

contain a range of ingredients, and it is not clear whether the specific types of wipes and/or
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wiping procedures can alter the ability to remove PAHSs deposited on skin. This study aimed
to determine whether skin decontamination procedures (i.e., select skin wipes, detergent and
water) reduce PAHs deposited on skin and internal dose (i.e., urinary PAH metabolites and
mutagenicity). The study results will permit firefighters and decision-makers to make
evidence-based choices regarding the most appropriate way to reduce dermal exposures to

combustion emissions.

Materials and Methods
Study design
Research ethics approval was obtained from the University of Ottawa Research Ethics
Board (i.e., H-08-18-867) and Health Canada’s Research Ethics Board (i.e., REB 2018-

0020).

Firefighters from the Ottawa Fire Services and the Canadian Armed Forces were
recruited via email or during classroom training sessions. Eligible participants were non-
smokers who did not live with smokers, who agreed to avoid consumption of charbroiled
foods and non-occupational exposures to combustion sources for the duration of enroliment,
and did not participate in fire suppression activities in the previous 72 hours. Each participant
completed a detailed questionnaire about their personal habits, overall health, and the nature

of their employment (i.e., duration, secondary employment, etc.).

Sampling was conducted during particle board training fires in modified shipping
containers (40’ length x 8” width x 8.5 height) since they are controlled environments where

multiple people are exposed under similar conditions. The shipping containers could hold 6-8
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firefighters at a time. The training involved instructors near the fire at one end of the shipping
container, controlling the fire’s growth. The other firefighters, including the study
participants, were grouped in the same container in a static position, moving occasionally in a
circular pattern to take turns applying water on the fire with a nozzle. Activity, fuel load, and

conditions were identical for all fires to ensure equivalent exposure.

Firefighters were randomly assigned to one of four post-fire decontamination
methods on the day of sampling with a minimum of four participants recruited per fire (i.e.,
one per decontamination group). A second set of participants could be sampled (i.e.,

maximum of eight firefighters) per fire.

The decontamination methods included:

1. Commercial wipe A: premoistened, non-rinse, 7 X 7 inch disposable cloths
marketed for cleaning of skin after exposure to substances such as grease or paint.
The first two listed ingredients were water and an alcohol.

2. Commercial wipe B: premoistened, fragrance free baby wipes. The first two
listed ingredients were water and aloe vera extract.

e The two commercial wipes ranged in cost and ingredients.

3. Detergent and water: applied using a washcloth dipped in a bucket with an
approximately 4 tablespoons of dish detergent in 5 L of water. This mixture was
chosen due to its effectiveness at removing PAHs from contaminated gear (Fent et
al. 2017).

4. Control group: no dermal decontamination was conducted.
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Those assigned to a decontamination method were instructed to wash their skin in the
same way they would after removing their PPE, including cleaning their arms, legs, neck,
face, and hands. Decontamination occurred immediately upon exiting the fire and removal of
their PPE (i.e., <10 minutes). Each decontamination group (i.e., three types of dermal

cleaning and the control) contained 22 individuals.

Skin wipe samples

Skin PAH concentrations were assessed using a previously employed methodology
(Keir et al. 2017). Briefly, skin wipe samples were collected using AlphaWipes® (Texwipe
Inc., Kernersville, NC, USA) pre-wetted with 70% isopropyl alcohol. A 5 x 6 cm template
was used to collect skin wipe samples from the forehead, neck, and wrist. Wipe samples were
taken on the left side of the forehead and neck, and left wrist for the pre- and post-fire
samples. After decontamination, wipe samples were taken on the right side of the forehead
and neck, and right wrist to ensure removal of contaminants was strictly from the
decontamination and not from previous skin surface sampling. The three wipes (i.e., neck,
forehead, and wrist) were pooled together as one sample for each sampling period: pre-fire,

post-fire, and post-decontamination.

Air samples
Personal air samples of at least one participant per fire were collected using the
methodology employed previously (Keir et al., 2017). Briefly, GilAir Plus pumps (Levitt
Safety, Ottawa, ON) ran at 2.5 L/min with a polyurethane foam (PUF) cartridge (URG,
Chapel Hill, NC) and a QM-A 25 mm quartz filter (Whatman, Maidstone, UK). The
sampling pump was placed in the inside pocket of the PPE coat and connected to the sample
collection cartridge using polypropylene tubing along the inside of the coat. The sample
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collection cartridge was affixed to the back of the collar of the Bunker gear coat with a hook-
and-loop fastener. Samples were collected starting immediately before entering fire for the
full duration of the fire and stopped upon exit of the structure. Pumps were calibrated before
sampling using a Gilian Gilibrator-2 calibrator (Levitt Safety, Ottawa, ON) for quality
control. Field and travel blanks were also collected and are further described in the

supplementary information.

Air and wipe PAH analyses
The concentrations of the US EPA 16 priority PAHS, plus a few others, were

determined for skin surface and air samples at the Laboratory for the Analysis of Natural and
Synthetic Environmental Toxicants (LANSET), University of Ottawa. Air samples were
analysed as previously described in Keir et al. (2020). Briefly, all samples were spiked with a
recovery standard of 5 deuterated PAHSs (i.e., naphthalene-ds, acenaphthene-ds,
phenanthrene-dio, benzo(a)anthracene-di2, and perylene-di2). (Cambridge Isotope
Laboratories Inc., Tewksbury, MA). Air samples were extracted with dichloromethane using
accelerated solvent extraction (ASE 200, Dionex Corporation, Sunnyvale, CA). Skin surface
wipe samples were extracted via sonication twice with 15 mL of 3:1 hexane:acetone. Extracts
from pooled wipes were evaporated to approximately 30 mL. HPLC grade water was added,
and the organic layer decanted off. Method blanks for both sample types were extracted
following the same procedures. Extracts were concentrated under a gentle nitrogen stream to
approximately 1 mL in 2,2’ 4-trimethylpentane before being spiked with an internal standard
(p-terphenyl-di4, Cambridge Isotope Laboratories, Tewksbury, MA). Samples were analysed
by gas-chromatography (Agilent 7890B)-mass spectrometry (Agilent 5977B, Agilent

Technologies, Santa Clara, CA, USA) on an HP-5MS Ul 60 m, 0.25 pm, 250 pm column
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with selective ion monitoring. PAH concentrations were method blank corrected, then
recovery corrected using the deuterated PAHs added to the samples at the time of extraction.
High and low molecular weight (MW) PAHSs were calculated using the sum of PAHs with 4

or more rings or 3 or less rings, respectively.

Urine sampling & analyses

Spot urine samples were collected in sterile 120 mL polypropylene containers prior to
fire training. Participants were instructed on proper technique to prevent contamination of
the specimen. Post-fire urine samples were collected for 18-hours after fire training in 3 L
Urisafe 24-hr urine collection containers (Simport Scientific, Saint-Mathieu-de-Boleil, QC)
to collect most of the PAH metabolites excreted pertaining to the fire exposure (i.e., 3+ half-
lives). Subjects were instructed to keep the 18-hr urine samples in the fridge. Spot urine
samples were stored chilled until transported to the University of Ottawa where aliquots were

stored at -20°C until analysis.

Urine aliquots were sent to the ISO/IEC 17025 and ISO/IEC 17043 accredited Human
Toxicology Laboratory of the National Institute of Public Health of Quebec (INSPQ)
(Quebec City, QC, Canada) for analysis of urinary PAH metabolites via GC-MS/MS
(Gaudreau et al. 2016). Briefly, urinary metabolites were deconjugated with B-glucuronidase
in pH 5.0 sodium acetate buffer, extracted twice with hexane, and derivatized with N-methyl-
N-(trimethylsilyl) trifluoroacetamide (MSTFA). Samples were spiked with 25 puL of an
internal standard solution (1-methoxyfluorene 50 pg/L in benzene) prior to injection. 19
urinary PAH metabolites were measured: 1-hydroxynaphthalene, 2-hydroxynaphthalene, 2-
hydroxyfluorene, 3-hydroxyfluorene, 9-hydroxyfluorene, 1-hydroxyphenanthrene, 2-

hydroxyphenanthrene, 3-hydroxyphenanthrene, 4-hydroxyphenanthrene, 9-

140



hydroxyphenanthrene, 3-hydroxyfluoranthene, 1-hydroxypyrene, 1-
hydroxybenz[a]anthracene, 3-hydroxybenz[a]anthrancene, 2-hydroxychrysene, 3-

hydroxychrysene, 4-hydroxychrysene, 6-hydroxychrysene, and 3-hydroxybenzo[a]pyrene.

Urinary mutagenicity was measured using methodology employed previously (Keir et
al. 2017). The Ames—Salmonella reverse mutation assay (i.e., the Ames test) was employed
using Salmonella typhimurium strain YG1041 provided by Dr. Takehiko Nohmi (NIHS,
Tokyo, Japan) in the presence of an exogenous metabolic activation mixture containing
Aroclor-induced rat liver extract (Molecular Toxicology Inc., Boone, NC). Urine samples
were filtered, enzymatically deconjugated and concentrated using C18 solid-phase extraction
with methanol elution. Five doses were tested; second assays were run with doses in the
linear response range for initially positive assays. A simultaneous positive control (i.e., 0.075
ug/plate 2-aminoanthracene, Molecular Toxicology Inc.) and negative solvent control (i.e.,
dimethyl sulphoxide) were examined to ensure assay performance on each test day. Samples
were incubated at 37 °C for 72 h before the frequency of revertant (rev) colonies were
scored. Mutagenic potency was calculated as the slope of the initial linear portion for
samples that had a significant concentration—response (p<0.05). Samples without a
significant concentration-response were given a value of zero. Mutagenic potency is

expressed as rev/mmol of solute.

Urinary creatinine and osmolality concentrations were measured to correct for urinary
dilution. Creatinine was measured using a Cayman Chemical (Ann Arbor, MI, USA)
colorimetric assay kit (No. 500701), and osmolality using a VAPRO® Vapor Pressure

Osmometer (Model 5600). Osmolality was employed to correct for urinary dilution and
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kidney function; osmolality-correction has been shown to provide more robust adjustment of

hydration compared to creatinine (Middleton et al. 2016).

Data analyses
PAHSs, or PAH metabolites, with greater than 95% of samples below the detection
limit were omitted from analyses and PAH sum determinations. If <20% of the values for a
PAH were below the detection limit, non-detects were replaced with the limit of detection
divided by the square root of 2. If more than 20% of the samples for a particular PAH were
below the detection limit, non-detects were replaced with values calculated using Robust

regression on order statistics using NDExpo Version 1.0 (http://expostats.ca/site/app-

local/NDExpo/). The data were log-transformed where appropriate based on visual

inspection of box and Q-Q plots, and results of a Shapiro-Wilk test for normality. A paired t-
test was employed to investigate the effect of fire suppression (i.e., pre- and post-fire) for
urinary PAH metabolites, urinary mutagenicity, and skin wipes, and the effect of dermal
decontamination (i.e., post-fire and post-decontamination differences) for skin wipes.
Analysis of variance (ANOVA) with post-hoc multiple range testing (i.e., Duncan method)
was used to determine mean exposure differences between the decontamination methods.
Data were analyzed using SAS OnDemand for Academics (Release 3.8, SAS Institute, Cary,

NC, USA). Differences were considered statistically significant when p < 0.05.

Results
Samples were collected from 88 firefighters during 21 training fires held on 8 days
between October 2018 and November 2019. Participants (6 females, 82 males) were, on
average, 34.4 years old and had 5.5 years of service. Details of participants’ demographics
can be found in Table 4-1.
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Table 4-1 Self-reported participant demographic information (N=88).

N  Mean (5th-95th percentile)

Gender Male 82

Female 6
Age 34.4 (33.5-49.0)
Years as a firefighter 5.5 (5-18.8)
Current title Firefighter 82

Fire inspector 4

Lieutenant 1

Captain 1
Age at start of
firefighting career 26.6 (26-38)
Second job Yes 35

No 53
Fitness level Excellent 8

Very good 40

Good 35

Fair 4

Poor 1
Average times a week of <1 1
30 minutes or more of 1-2 14
continuous exercise 2-3 14
activity outside of work 3-4 38

>5 17
Overall health Excellent 14

Very good 43

Good 30

Fair 1

Poor 0
Weight Overweight 13

Just about right | 74

Underweight 1
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Personal air samples
Twenty-seven personal air samples were collected (i.e., some fires included more

than one participant wearing an air sampler). One sample was omitted from analyses due to
technical difficulties. Air samples averaged a duration of 43.9 minutes (ranging from 29.7 to
61.7 minutes). The mean of total PAHSs in air samples was 759 pg/m?and ranged from 200 to
3970 pg/m3. Naphthalene made up the largest proportion of the total PAHSs followed by
acenaphthylene and phenanthrene (Table 4-2). The average proportion of the known human
carcinogen benzo[a]pyrene in air samples was 0.7% (SD=0.4%, range=0.2-1.5%).
Probable/possible carcinogenic PAHSs (i.e., naphthalene, benz[a]anthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, indeno[1,2,3-cd]pyrene, and
dibenz[a,h]anthracene) made up on average 51.2% (SD=22.1%, range=13.6-79.2%) of
measured PAHSs. Results for air sample field and travel blanks can be found in Tables S4-1

and S4-2.
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Table 4-2 Concentration of PAHSs in personal air samples (N=27) collected during fire
training activities in pg/m3. Each fire training scenario included at least one individual
wearing a personal air sampler; not every participant wore a personal air sampler.

Std Detection
PAH Mean Dev Min Max frequency
Naphthalene 390.26 463.95 21.17 2502.27 100%
Acenaphthylene 141.94 117.93  31.70 568.46 100%
Acenaphthene 9.61 6.97 191 35.68 100%
Fluorene 26.43 18.96 5.81 97.16 100%
Dibenzothiophene 0.49 1.28 <LOD 6.58 96%
Phenanthrene 77.26 66.19 2152  350.67 100%
Anthracene 20.00 13.98 4.21 73.41 100%
Fluoranthene 23.76 16.85 6.39 91.02 100%
Pyrene 29.83 23.51 7.10 108.17 100%
Retene 5.52 2.76 1.75 12.85 100%
Benz[a]anthracene 6.11 4.98 1.42 25.96 100%
Chrysene 6.85 5.39 1.62 28.39 100%
Benzo[b]fluoranthene 3.44 2.80 0.69 14.54 100%
Benzo[K]fluoranthene 4.49 3.72 1.05 19.77 100%
Benzo[e]pyrene 2.88 2.37 0.69 12.39 100%
Benzo[a]pyrene 5.29 4.50 1.17 23.30 100%
Indeno[1,2,3- cd]pyrene 2.76 244 <LOD 12.26 96%
Dibenz[a,h]anthracene 0.30 0.29 <LOD 1.48 93%
Benzo[ghi]perylene 2.21 200 <LOD 10.19 96%
Total PAHs 759.44 685.39  200.87 3969.40

<LOD= below limit of detection
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Skin surface samples

Concentrations of PAHs from skin surface samples collected pre-fire, post-fire, and
post-decontamination methods, stratified by decontamination method, are reported in Table
S4-3. Total PAHs and high molecular weight PAH skin exposures significantly increased
after fires (1.3- and 2.2-fold increase, p<0.01 and < 0.0001, respectively). Participants who
decontaminated with detergent and water had significantly higher skin exposures after fire exposure
(p<0.05) compared to the other groups (Figure S4-1). However, no significant differences were
observed when naphthalene was removed from the total PAH concentrations. Fold change in PAH skin
exposures following decontamination (i.e., concentration after decontamination/skin concentration
before decontamination after fire exposure) shows that detergent and water removed the most PAHS,
where decreases in all 14 individual PAHSs with reportable levels were observed, 10 of them decreasing
significantly and six significantly lower than the control group (Table 4-3). To determine which
decontamination method was most effective, fold-change decreases in PAHSs after decontamination
(i.e., compared to post-fire) between the intervention groups were also compared. Intervention groups
that had fold-change decreases significantly different than the control group are highlighted in Table 4-.
Overall, compared to the control group, detergent and water removed significantly more total PAHS,
high MW PAHSs, acenaphthylene, fluoranthene, pyrene, retene, benz[a]anthracene, and chrysene. Wipe
B was also significantly better than the control at removing high molecular weight PAHs and retene.
Interestingly, the control had a higher fold-change decreases in naphthalene compared to participants
using Wipe A, in fact, participants using Wipe A had, on average, higher levels of naphthalene on their

skin post-decontamination compared to before.
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Table 4-3 Fold-change decreases post-decontamination compared to post-fire in PAHs on skin surface samples (N=22). Fold-
change was calculated using the skin concentration after decontamination divided by the skin concentration before
decontamination following fire exposure. Values below 1 signify a decrease in skin exposure levels after decontamination
compared to before. Values are bolded when significantly different from control (p<0.05). * and ** signify when post-
decontamination is significantly lower than post-fire as determined by a paired t-test, p<0.05 and p<0.01, respectively.

Wipe A Wipe B Detergent & Water Control (no decon.)
GM SE 5Pctl  95Pctl GM SE Min Max GM SE  Min Max GM SE Min Max

Individual PAHs

Naphthalene 1.59 047 0.16 18.10 091 0.14 0.23 2.69 0.61* 0.13 0.10 1.30 0.54 021 0.01 4.90
Acenaphthylene 1.26 040 0.15 14.17 0.92 022 0.07 4.09 0.45%* 0.11 0.04 1.83 142 052 0.04 2535
Acenaphthene 229 1.17 0.12 202.50 092 031 0.03 3.48 0.80** 0.28 0.03 2.74 1.01 0.33 0.04 5.65
Fluorene 0.67 034 0.01 5.57 0.66 033 0.01 1.35 0.35 0.22 0.00 11.01 0.94 0.44 0.00 7.85
Dibenzothiophene 1.05 0.69 0.00 13.29 0.89 0.56 0.00 3.58 0.74 0.44 0.00 3.06 1.60 090 0.02 11298
Phenanthrene 0.75 030 0.02 7.81 0.56 0.24 0.01 1.30 0.36* 0.17 0.00 17.01 0.94 040 0.01 21.01
Anthracene 0.59 026 0.01 5.66 0.89 042 0.01 21.78 0.38* 0.14 0.01 1.50 1.22 059 0.01 21.57
Fluoranthene 1.17 032 028 11.84 0.55 0.20 0.01 2.63 0.35% 0.17 0.00 12.56 1.12 036 0.13 6.02
Pyrene 0.76 025 0.03 6.73 0.49 0.19 0.01 6.80 0.29%* 0.10 0.01 1.33 1.10 031 0.13 5.78
Retene 097 0.19 0.27 3.26 0.56 0.16 0.01 2.16 0.41*%* 0.11 0.02 1.55 1.37 039 0.09 23.80
Benz[a]anthracene 092 035 0.04 30095 044 026 0.01 32.49 0.28*%* 0.10 0.02 3.26 1.57 0.75 0.02 5225
Chrysene 0.76 020 0.09 3.77 0.70 034 0.01 11.04 0.27*%* 0.09 0.01 1.44 099 042 0.02 24.15
Benzo[b]fluoranthene 1.00 0.23 0.10 7.13 0.99 0.25 0.08 7.71 0.97 0.15 0.13 1.43 140 044 0.10 1232
Benzo[ghi]perylene 1.55 0.54 0.10 28.85 1.57 037 0.12 7.28 0.88 0.24 0.14 7.42 1.86 0.61 0.12 18.86
PAH groupings

LMW PAHs 1.03 0.22 0.16 5.60 0.81 0.12 0.17 2.03 0.58** 0.10 0.08 1.37 0.81 0.22 0.03 5.14
HMW PAHs 0.84 0.12 0.31 2.37 0.61* 0.13 0.09 1.47 0.45*%* 0.09 0.05 1.52 1.11 021 0.20 5.45
Total PAHs 1.02 0.19 0.25 5.49 0.77 0.12 0.16 1.68 0.53** 0.07 0.10 1.34 0.93 0.21 0.08 3.89

GM: geometric mean; SE: standard error; LMW = low molecular weight; HMW = high molecular weight.
Benzo[a]pyrene, benzo[e]pyrene, benzo[k]fluoranthene, indeno[1,2,3- cd]pyrene, and dibenz[a,h]anthracene were >97% below detection thus were omitted from
analyses.
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Additional analyses were conducted to investigate the removal of the carcinogenic PAHS.
Three possibly carcinogenic PAHs were measured in detectable amounts (i.e., chrysene,
benz(a)anthracene, and benzo(b)fluoranthene). The fold change in the sum of the possibly carcinogenic
PAH:s for post-fire compared to post-decontamination skin wipes were calculated; the results obtained
revealed that the three dermal decontamination intervention groups had significantly different fold
changes compared to the control (i.e., removed more possible carcinogens compared to the control)
(p<0.05). Additional analyses investigated differences in skin wipe concentrations of the possibly
carcinogenic PAHSs post-fire compared to post-decontamination. Detergent and water removed a
significant amount of possibly carcinogenic PAHS (i.e., mean difference of 0.01 ng/cm?, p<0.001);
Wipe A results indicated a weak, significant difference (i.e., mean fold change of 0.007 ng/cm?,

p=0.045).

Urinary PAH metabolites
Eight metabolites had interfering values or were below the detection limit in over
95% of the samples and were omitted from analyses (i.e., 1- and 3-
hydroxybenz[a]anthracene, 2-, 3-, 4-, and 6-hydroxychrysene, 3-hydroxybenzo[a]pyrene, 3-
hydroxyfluoranthene). The remaining 11 metabolites were grouped by their parent PAH
(e.g., 1- and 2- hydroxynaphthalene reported as Zhydroxynaphthalenes). Background PAH
metabolite levels (i.e., pre-fire samples) were not significantly different between participants

who used different decontamination methods (p>0.05) (data not shown).

Significant increases in osmolality-corrected urinary PAH metabolites post-fire
compared with pre-fire were found, ranging from 1.7 — 2.2-fold (p<0.001) (Figure 4-1).

Significant increases were also observed in all four PAH metabolite groups for creatinine-
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corrected values (Table S4-8). No significant differences in urinary PAH metabolites were
found between the three decontamination methods (p>0.05); both for osmolality-corrected
(Table S4-7) and creatinine-corrected data (Table S4-8), or between the decontamination

methods compared to the control (p>0.05, data not shown).
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Figure 4-1. Boxplots illustrating osmolality-corrected urinary concentrations of (A) 1-
hydroxypyrene, (B) Zhydroxyphenanthrenes, (C) Zhydroxyfluorenes, and (D)
Yhydroxynaphthalenes in firefighters before live fire training (Pre-Fire) and after live fire
training (Post-Fire). The box limits represent the interquartile range (i.e., 25th to 75th
percentile), the diamonds represent the mean value, the solid line represents the group
median, and the whiskers extend to the 5th and 95th percentiles. The asterisks (***) indicate
a significant difference between pre- and post-fire levels at p < 0.0001 using a paired t-test.
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Mutagenicity analyses
Three pre-fire urine samples had insufficient sample volume and one was too
cytotoxic for bacteria to grow and were omitted from analyses. Only 29 of the 182 urine
samples elicited a significant dose-response. No significant difference in urinary
mutagenicity was found overall after fire exposure (n=172), for samples with a significant
dose-response (n=29), nor for paired of pre- and post-fire samples with a significant dose-
response (n=6). There were no significant differences in fold changes in urinary mutagenicity

(i.e., pre- versus post-fire) between decontamination methods (data not shown).
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Table 4-9 Calculation of absorption time for parent PAHSs of the urinary metabolites

measured.
Postfire skin | . culated absorption
concentration .
(ng/cm?) (N=88) time (seconds)

Dermal

absorption flux?
PAH (ng cm2 hour?) GM Max | forGM for Max
Pyrene 3.01 0.026 0.12 31.10 148.21
Phenanthrene 4.02 0.05 1.09 44.78 979.18
Fluorene 22.16 0.009 0.35 1.46 57.53
Naphthalene 96.8 013 132 4.83 49.01

®From Silva et al. (2021)
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Discussion
PAH air concentrations during fires provided a snapshot of the environment

firefighters were exposed to during the training exercises. The results herein were similar to
previous studies of air PAH concentrations during live fire training or simulated fires such as
Kirk and Logan (2015) that reported concentrations between 430 pg/m?3 to 2,700 pg/m? and
Fent et al. (2014) that reported concentrations under 2,000 pug/m?® for one of the two sets of
simulated fires they investigated. The other set of fires that Fent et al. (2014) investigated
were markedly higher, ranging from around 2,000 to 12,000 pg/m?®. Banks et al. (2021) also
reported higher air PAH concentrations than reported here, from live fire training using
particleboard (i.e., 75,000 to 180,000 ug/m?). Differences in air PAH concentrations between
the various studies is likely a result of the fuel of the fires, fire temperatures and ventilation
conditions (dependent on firefighting tactics), and role of the participant in fire suppression.
Indeed, Banks et al. (2021) found firefighters” personal PAH concentrations to differ
depending on the fuel of the training fire they attended (i.e., particleboard or diesel in a pan).
Interestingly, air samples collected herein were notably higher than a previous study that
collected personal air samples at emergency fire events, i.e., mean of 253 pg/m3 (Keir et al.
2020). The difference in means may be attributed to sample collection method; in the study
of emergency fires, air samples were likely diluted as sample collection encompassed travel
to and from the fire event. In contrast, sample collection for this study started immediately
before entering the training fire and stopped immediately upon exiting the fire-containing
structure. Additionally, participants in the present study were exposed while conducting
interior fire suppression operations, whereas the study of emergency fires included

firefighters at emergency fire events in multiple roles, both inside and outside structures. Keir
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et al. (2020) also reported higher proportions of benzo[a]pyrene (1% vs. 0.7%) and possible
and probable carcinogenic PAHSs (77% vs. 51%). The difference in PAH makeup may be a
result of fuel differences: training fires utilize a single fuel type whereas emergency fires are
composed of multiple fuel types and complex mixtures. This is consistent with a study by
Banks et al. (2021) that presented data indicating higher proportions of possible and probable
carcinogenic PAHSs in personal air from fires with different fuels (i.e., particleboard fires

versus diesel pan fires), calculated using their reported data.

The results obtained revealed that detergent and water was the most effective at
removing PAHSs from skin compared to two types of wipes or the control (i.e., no dermal
cleaning). There are several reasons that may explain why detergent and water was the most
effective. First, the surfactants and/or other ingredients in detergent and water may provide
superior ability to remove PAHSs from skin compared to the ingredients in the wipes (e.g.,
superior surfactants to remove the contaminants and/or the particles the contaminants are
adsorbed to). Second, the textured material of the washcloths used in the detergent and water
decontamination method may have provided superior removal of PAHs compared to the
smooth, flat wipes. Third, although participants in the current study were allowed to use
unlimited wipes or were given unlimited access to the bucket of detergent and water,
unconscious bias may have occurred between wipes versus those using detergent and water,
leading to less washing in those using wipes. Perhaps the familiarity of a washcloth led to
spending more time on dermal decontamination compared to those using wipes. Indeed,
research staff anecdotally noted that those using a washcloth tended to take longer to perform
dermal decontamination compared to those that were given one of the two wipes. More

research is required to determine if there is an optimal wipe formulation for removal of a
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significant amount of firefighters’ post-fire dermal contamination. This could be useful for
situations where detergent and water dermal decontamination is logistically not possible

(e.g., during winter or in remote areas during wildland firefighting).

To the best of our knowledge, this is the first study to comparatively evaluate the
ability of several post-fire dermal decontamination methods to remove PAHs from skin;
moreover, to alter internal dose. Fent et al. (2017) is the only other study to have assessed the
ability of post-fire dermal decontamination to remove PAHSs from skin (but not internal
dose). They found that baby wipes reduced PAHSs on the neck of firefighters after firefighting
by a median of 54%. Although the findings in Fent et al. (2017) are similar for the detergent
and water intervention group in the present study, the two commercial wipes used for the
intervention groups in this study reported lower removal rates of PAHs compared to the wipe
used in Fent et al. (2017). The differences between the two studies are likely due to
differences in the wipes used and the aforementioned reasons behind why various wipes or
detergent and water protocols can differ in PAH removal efficiency. It is possible that other
methods not yet investigated may be effective at removing dermally deposited PAHs and/or

other organic mutagens, and should be investigated moving forward.

The lack of difference between urinary PAH metabolite increases between the
intervention groups and the control group show that the post-fire dermal cleaning steps did
not have a measurable effect on the internal dose of PAHSs that firefighters received during
the live fire training exercise. It is likely that post-fire dermal decontamination efforts are too
late to prevent absorption into the body. This assertion is supported by the dermal absorption
fluxes of the parent PAHs of the metabolites measured (i.e., pyrene, phenanthrene, fluorene,

and naphthalene). Using post-fire skin PAH concentrations as a proxy for skin PAH

155



concentrations during fire suppression, these fluxes suggest that all bioavailable pyrene,
phenanthrene, fluorene, and naphthalene dermally deposited on firefighters in this study
would be absorbed within seconds to minutes (Table 4). Furthermore, since firefighters
experience increased skin temperatures while fighting fires (Horn et al. 2018), which has
been shown to increase skin permeability (Park et al. 2008), the absorption of PAHs during
firefighting is likely faster than reported flux rates. This suggests that absorption of the parent
PAHs would have occurred before the intervention was conducted. During the time prior to
absorption and/or for contaminants that take longer to absorb, dermal cleaning may also
increase absorption by hydrating the skin (Maibach 2021). This “wash-in” effect, where
chemicals are absorbed more readily into the skin with washing, has been reported for
different chemicals including benzo[a]pyrene, N,N-diethyl-m-toluamide (DEET), and 1,1,1-
trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) (Moody et al. 1994, 1995b, 1995a). In fact,
Moody and Maibach (2006) reported that the wash-in effect may increase both cutaneous and
general systemic toxicity; they recommend caution when practicing skin washing for
substance removal. More specifically, the authors recommend understanding the mechanisms
of absorption to identify interventions that decrease occupational exposure and relatedly,
exposure-caused occupational disease, so as to avoid a wash-in effect. That being said, post-
fire dermal cleaning may be effective at reducing high molecular weight (HMW) PAHSs (and
other slower absorbing compounds) as they have lower fluxes, taking longer to penetrate the
skin and absorb into the body (Silva et al. 2021). It is possible that post-fire dermal cleaning
reduced absorption and cross contamination of compounds left on the surface of the skin.
However, since HMW PAHSs are excreted via the feces rather than the urine, any differences

in internal dose of HMW PAHSs could not be measured (Motorykin et al. 2015). Future work
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should investigate the influence of dermal cleaning on internal dose of larger PAHSs using

analyses of blood or fecal samples.

No significant differences in urinary mutagenicity were seen, contrary to previous
studies that found significant increases in urinary mutagenicity for firefighters attending
emergency, residential fires and wildland prescribed burns (Keir et al. 2017, Wu et al. 2021).
The lack of significant change in urinary mutagenicity observed here suggests that the
firefighters were not exposed to levels of mutagens that could be detected using the
Salmonella reverse mutation test (i.e., Ames test). The lower exposure could be due to
different and/or lower amounts of fuel used at the fire (i.e., particleboard), temperature
differences, shorter duration of fire suppression activity compared to previous studies, and/or
their PPE and exposure prevention methods effectively working to reduce exposure to
combustion-derived mutagens. It is also possible that exposure to larger mutagens (e.g.,
benzo(a)pyrene) were not detected due to their excretion through pathways other than urine
(e.g., fecal excretion). Future work could scrutinise the lack of detection of mutagens in urine
and assess situations where more substantial exposures may occur, such as staged burns with
household contents or fires of longer duration, that provide higher exposures to mutagens that
could be detected via the Ames test; moreover, any differences related to the use of various

dermal decontamination methods could also be examined.

The results of the influence of dermal decontamination on skin surface contamination
reported herein and by Fent et al. (2017) focused only on PAHS, yet firefighters can be
exposed to hundreds of different chemicals and the efficacy of dermal decontamination can
change with different compounds. It is important to utilize exposure biomonitoring proxies

that encompass exposure to a range of compounds. Urinary mutagenicity remains a useful
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tool to determine overall exposure to mutagens without having a priori information on the
identity of the combustion-derived mutagens in complex mixtures of combustion emissions
and should continue to be utilized. Other exposure biomonitoring proxies should also be
deployed that encompass exposure to a range of compounds. For example, Grashow et al.
(2020) used untargeted analyses in serum samples from female firefighters and office
workers in San Francisco and detected phthalate metabolites, phosphate flame-retardant
metabolites, phenols, pesticides, nitro and nitroso compounds, and per- and polyfluoroalkyl
substances. Other options for measuring the influence of dermal decontamination on
exposure could include use of assays to examine, for example, induced mutations and/or
chromosomal damage in blood cells and/or urine-derived epithelial cells. Careful
consideration of toxicokinetics would be required to ensure proper timing of sample
collection to see any possible influences of dermal decontamination on exposure and/or

effect.

Conclusions
It has been suggested that removal of combustion-derived carcinogens from

firefighters’ skin might reduce exposure. Of the three on-site decontamination procedures
examined in this study, dish detergent and water was much more effective than the two
commercially available skin cleaning wipes and significantly removed approximately half of
the PAHSs deposited on skin. Despite the effectiveness of the various decontamination
methods for removal of PAHs from the skin surface, these differences were not reflected in
the measured PAH metabolites in urine. Therefore, the present data indicate that even early
attempts to remove PAHs from firefighters’ skin do not reduce the internal dose received,

likely because PAHSs traverse the skin prior to decontamination efforts. Rather than post-
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exposure efforts, future work should focus on preventing the initial exposure through
improved compliancy in use and quality of PPE such as novel textiles and/or improved fit of

PPE to prevent passage of combustion by-products onto skin.
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Supplementary Information

Air sample blank collection

To ensure robust air contamination values, field and travel blanks were also collected. Field
blanks were collected to account for any extraneous contamination acquired during the
sample collection period, i.e., unused air samplers maintained on-scene on the sampling days.
Travel blanks were unused air samplers brought to/from the analytical laboratory alongside
the used samplers. Travel blanks were not volume corrected since they did not involve use of
the sampling pump; values are reported in ng per sampler. The results of the field and travel
blanks are provided in Tables S1 and S2, respectively. Negligible amounts of PAHSs (i.e.,
~1%) were detected in field blank samples relative to personal air samples collected during
training. Similarly, average concentrations of total PAHSs in travel blank samples were 0.3%
of post-training levels, i.e., average of 82763.8 ng per sampler (data not shown). Thus, the
sample collection process did not appreciably contribute to the measured post-exposure PAH

contamination levels.
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Figure S4-1 Boxplots comparing the fold change in skin wipe results (i.e., post- versus pre-
fire) by intervention for (A) total PAHs and (B) total PAHSs excluding naphthalene. The

Log,, fold change of total PAHs
excluding naphthalene in skin wipes

box limits represent the interquartile range (i.e., 25th to 75th percentile), the diamonds

represent the mean value, the solid line represents the group median, the whiskers extend
to the 5th and 95th percentiles, and the circles are outliers. Boxes with the same letter are
not significantly different from each other (p<0.05).
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Table S4-1. PAH concentrations in air sample field blanks (N=3). Samples were collected on
select sample collection days; values in pg/m?®.

Std

PAH Mean Dev Min Max
Naphthalene 0.90 121 0.17 2.29
Acenaphthylene 0.89 1.12 0.21 2.19
Acenaphthene BDL - BDL 0.57
Fluorene 0.71 0.85 0.21 1.70
Dibenzothiophene 0.18 0.18 0.07 0.39
Phenanthrene 191 2.00 0.66 4.22
Anthracene 0.15 0.15 0.05 0.31
Fluoranthene 0.47 0.58 0.12 1.14
Pyrene 2.04 2.59 0.52 5.02
Retene 0.10 0.13 0.02 0.25
Benz[a]anthracene 0.01 0.01 0.00 0.02
Chrysene 0.00 0.01 0.00 0.01
Benzo[b]fluoranthene 0.09 0.11 0.02 0.21
Benzo[Kk]fluoranthene BDL - BDL BDL
Benzo[e]pyrene BDL - BDL BDL
Benzo[a]pyrene BDL - BDL BDL
Indeno[1,2,3- cd]pyrene BDL - BDL BDL
Dibenz[a,h]anthracene BDL - BDL BDL
Benzo[ghi]perylene BDL - BDL BDL
Total PAHs 7.67 9.22 2.21 18.32

BDL=below detection limit
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Table S4-2. PAH concentrations in air sampler travel blanks (N=7). Values in ng per
sampler; sample collection pumps were off.

PAH Mean Std Dev Min Max
Naphthalene 24.09 12.73 BDL 34.77
Acenaphthylene 21.58 10.37 BDL 29.11
Acenaphthene 8.66 4.37 BDL 13.94
Fluorene 24.01 11.42 BDL 36.25
Dibenzothiophene 6.52 4.60 BDL 10.94
Phenanthrene 75.04 36.32 BDL 104.03
Anthracene 5.34 3.77 BDL 9.37
Fluoranthene 16.27 11.03 BDL 34.66
Pyrene 59.13 58.86 BDL 182.22
Retene 3.30 2.36 BDL 5.76
Benz[a]anthracene 0.67 0.76 BDL 1.84
Chrysene 2.20 3.04 BDL 7.85
Benzo[b]fluoranthene 1.64 1.38 BDL 3.28
Benzo[K]fluoranthene BDL BDL BDL 2.48
Benzol[e]pyrene BDL BDL BDL 0.75
Benzo[a]pyrene BDL BDL BDL 1.33
Indeno[1,2,3-cd]pyrene BDL BDL BDL 0.53
Dibenz[a,h]anthracene BDL BDL BDL BDL
Benzo[ghi]perylene BDL BDL BDL 0.46
Total PAHs 249.53 123.93 76.93 438.84

BDL=below detection limit
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Table S4-3 Summary of skin surface wipe PAH concentrations by intervention group. Values in ng/cm?.

Pre-fire Post-fire Post-decontamination
PAH/PAH group GM SE Min Max GM SE Min Max GM SE Min Max
Wipe A
Total PAHs 0.44 0.09 0.09 2.05 0.45 0.10 0.09 3.65 0.46 0.11 0.09 4.24
LMW PAHs 0.38 0.09 0.06 1.84 0.34 0.08 0.07 3.42 0.36 0.10 0.05 4.04
HMW PAHSs 0.04 0.01 0.00 0.21 0.09 0.02 0.02 0.39 0.07 0.01 0.02 0.25
Naphthalene 0.23 0.05 <LOD 0.78 0.13 0.04 <LOD 1.32 0.21 0.06 <LOD 2.68
Acenaphthylene 0.01 0.00 <LOD 0.21 0.02 0.01 <LOD 0.45 0.03 0.01 <LOD 0.34
Acenaphthene <LOD 0.00 <LOD 0.04 <LOD <LOD <LOD 0.10 0.01 0.00 <LOD 0.09
Fluorene 0.01 0.00 <LOD 0.23 0.01 0.00 <LOD 0.35 0.01 0.00 <LOD 0.27
Phenanthrene 0.03 0.01 <LOD 0.67 0.05 0.02 <LOD 1.09 0.04 0.01 <LOD 0.58
Anthracene <LOD 0.00 <LOD 0.04 <LOD <LOD <LOD 0.07 <LOD <LOD <LOD 0.06
Fluoranthene 0.01 0.00 <LOD 0.10 0.02 0.01 <LOD 0.14 0.03 0.00 0.00 0.10
Pyrene 0.01 0.00 <LOD 0.11 0.03 0.01 <LOD 0.12 0.02 0.01 <LOD 0.11
Retene <LOD <LOD <LOD 0.02 0.01 0.00 <LOD 0.09 0.01 0.00 <LOD 0.06
Benz[a]anthracene <LOD <LOD <LOD 0.03 <LOD <LOD <LOD 0.05 <LOD <LOD <LOD 0.03
Chrysene <LOD <LOD <LOD 0.03 <LOD <LOD <LOD 0.06 <LOD <LOD <LOD 0.03
Benzo[b]fluoranthene <LOD <LOD <LOD 0.02 <LOD <LOD <LOD 0.03 <LOD <LOD <LOD 0.02
Benzo[ghi]perylene <LOD <LOD <LOD 0.02 <LOD <LOD <LOD 0.02 <LOD <LOD <LOD 0.01
Wipe B
Total PAHs 0.37 0.07 0.06 1.42 0.48 0.09 0.10 2.30 0.37 0.08 0.05 2.60
LMW PAHSs 0.29 0.07 0.04 1.31 0.37 0.08 0.05 1.93 0.30 0.07 0.03 2.52
HMW PAHSs 0.05 0.01 0.00 0.14 0.09 0.01 0.03 0.37 0.05 0.01 0.01 0.35
Naphthalene 0.17 0.05 <LOD 0.91 0.20 0.05 <LOD 0.97 0.19 0.05 <LOD 1.48
Acenaphthylene 0.01 0.00 <LOD 0.17 0.02 0.01 <LOD 0.20 0.02 0.01 <LOD 0.15
Acenaphthene <LOD <LOD <LOD 0.04 0.01 0.00 <LOD 0.06 0.01 0.00 <LOD 0.05
Fluorene 0.01 0.00 <LOD 0.09 0.01 0.00 <LOD 0.20 <LOD <LOD <LOD 0.20
Phenanthrene 0.03 0.01 <LOD 0.26 0.03 0.01 <LOD 0.74 0.01 0.01 <LOD 0.59
Anthracene <LOD <LOD <LOD 0.01 0.00 0.00 <LOD 0.06 <LOD <LOD <LOD 0.04
Fluoranthene 0.01 0.00 <LOD 0.05 0.02 0.01 0.00 0.13 0.01 0.00 <LOD 0.13
Pyrene 0.01 0.00 <LOD 0.05 0.02 0.01 <LOD 0.13 0.01 0.00 <LOD 0.13
Retene <LOD <LOD <LOD 0.03 0.01 0.00 <LOD 0.04 <LOD <LOD <LOD 0.03
Benz[a]anthracene <LOD <LOD <LOD 0.03 0.01 0.00 <LOD 0.03 <LOD <LOD <LOD 0.05
Chrysene <LOD <LOD <LOD 0.03 <LOD <LOD <LOD 0.05 <LOD <LOD <LOD 0.04
Benzo[b]fluoranthene <LOD <LOD <LOD 0.02 <LOD <LOD <LOD 0.02 <LOD <LOD <LOD 0.03
Benzo[ghi]perylene <LOD <LOD <LOD 0.05 <LOD <LOD <LOD 0.02 <LOD <LOD <LOD 0.01
Detergent & Water
Total PAHs 0.34 0.08 0.05 2.35 0.72 0.14 0.15 2.85 0.38 0.07 0.07 1.77
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LMW PAHs
HMW PAHSs
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene

Retene
Benz[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[ghi]perylene
No Decontamination
Control

Total PAHs

LMW PAHs
HMW PAHSs
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene

Retene
Benz[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[ghi]perylene

0.28
0.04
0.18
0.01
<LOD
0.01
0.03
<LOD
0.01
0.01
<LOD
<LOD
<LOD
<LOD
<LOD

0.44
0.37
0.04
0.20
0.01
0.01
0.01
0.05
<LOD
0.01
0.01
<LOD
<LOD
<LOD
<LOD
<LOD

0.07
0.01
0.04
0.00
<LOD
0.00
0.01
<LOD
0.00
0.00
<LOD
<LOD
<LOD
<LOD
<LOD

0.12
0.10
0.01
0.05
0.00
0.00
0.00
0.02
<LOD
0.00
0.00
<LOD
<LOD
<LOD
<LOD
<LOD

0.03

0.00

<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

0.04

0.03

0.00

<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

2.27
0.11
1.12
0.20
0.06
0.21
0.39
0.29
0.05
0.05
0.03
0.04
0.04
0.02
0.04

2.92
2.76
0.27
1.17
0.24
0.07
0.30
1.04
0.05
0.10
0.11
0.06
0.10
0.10
0.02
0.02

0.56
0.09
0.34
0.04
0.01
0.01
0.03
<LOD
0.02
0.03
0.01
0.01
0.01
<LOD
<LOD

0.43
0.31
0.08
0.21
0.01
0.01
0.01
0.04
<LOD
0.02
0.02
0.01
<LOD
<LOD
0.01
<LOD

0.14
0.01
0.09
0.01
0.00
0.00
0.01
<LOD
0.01
0.00
0.00
0.00
0.00
<LOD
<LOD

0.09
0.08
0.01
0.05
0.00
0.00
0.00
0.01
<LOD
0.01
0.01
0.00
<LOD
<LOD
0.00
<LOD

0.07

0.01

<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
0.01

0.01

<LOD
<LOD
<LOD
<LOD

<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

2.71
0.24
2.36
0.33
0.09
0.34
0.85
0.06
0.10
0.09
0.05
0.04
0.05
0.02
0.04

3.44
3.23
0.22
1.93
0.18
0.07
0.24
0.73
0.06
0.10
0.10
0.04
0.08
0.02
0.04
0.02

0.32
0.04
0.21
0.02
0.01
<LOD
0.01
<LOD
0.01
0.01
0.01
<LOD
<LOD
<LOD
<LOD

0.40
0.25
0.09
0.11
0.02
0.01
0.01
0.04
<LOD
0.02
0.03
0.01
0.01
<LOD
0.01
<LOD

0.07
0.01
0.05
0.00
0.00
<LOD
0.00
<LOD
0.00
0.00
0.00
<LOD
<LOD
<LOD
<LOD

0.09
0.07
0.02
0.04
0.00
0.00
0.00
0.01
<LOD
0.01
0.01
0.00
0.00
<LOD
0.00
<LOD

0.05

0.00

<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

0.07

0.03

0.02

<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

1.70
0.14
1.58
0.14
0.05
0.06
0.26
0.03
0.07
0.06
0.04
0.03
0.02
0.02
0.05

1.92
1.78
0.28
1.10
0.11
0.05
0.16
0.35
0.02
0.10
0.09
0.04
0.13
0.03
0.02
0.02

GM: geometric mean; SE: standard error; LMW PAH: low molecular weight PAHs; HMW: high molecular weight PAHs; LOD: limit of detection
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Table S4-4 Osmolality-corrected urinary PAH metabolite concentrations pre- and post-fire, and fold changes between pre- and
post-fire levels. Values reported as g per mmol solute. Bolded values indicate significant changes in post- versus pre-event
fold-change values across all subjects; determined using a paired t-test on log-transformed values (p<0.01).

:}2:::0“ 1-hydroxypyrene phil;);iiﬁiznes Zhydroxyfluorenes Zhydroxynaphthalenes Total PAH metabolites
Group
Pre- Post Fold Pre- Post-  Fold Pre- Post-  Fold Pre- Post- Fold Pre- Post- Fold
fire  -fire Change fire fire Change fire fire Change fire fire Change fire fire Change
N 22 21 21 18 16 15 20 20 19 22 21 21 17 15 14
GM 0.08 0.16 1.96 0.38 0.56 1.72 0.49 0.99 2.13 7.65 13.14 1.69 9.30 16.03 1.86
Wipe A Std Error 0.01  0.02 0.17 0.07 0.06 0.12 0.06 0.12 0.20 1.65 2091 0.14 2.13 3.75 0.14
Min 0.02 0.05 1.09 0.16 0.31 1.23 0.23 0.46 0.95 1.64 241 0.78 242 5.37 1.24
Max 023 036 4.97 4.01 1.39 3.09 1.67 2.99 4.75 56.61  75.82 3.19 57.63 78.41 3.35
N 21 22 21 15 17 14 19 19 17 22 21 21 12 13 9
GM 0.08 0.16 1.95 0.38 0.53 1.45 0.51 1.06 2.12 726 1139 1.63 8.81 13.22 1.81
Wipe B Std Error 0.01 0.02 0.21 0.05 0.06 0.17 0.06 0.12 0.23 1.39 1.99 0.13 1.90 2.53 0.17
Min 0.03  0.06 0.81 0.19 0.24 0.72 0.19 0.55 1.11 1.84  3.69 0.87 3.24 4.65 1.21
Max 033 045 4.06 0.72 1.14 3.57 1.38 2.80 7.10 31.62  43.90 4.38 3290  47.80 3.11
N 21 21 20 21 22 21 21 22 21 22 22 22 19 21 18
Detergent GM 0.08 0.14 1.94 0.35 0.52 1.53 0.45 0.84 1.87 8.58 14.14 1.65 9.99 15.14 1.71
& Water Std Error 0.01  0.01 0.16 0.03 0.05 0.12 0.04 0.08 0.16 1.58  2.65 0.13 1.89 2.53 0.12
Min 0.04 0.06 0.87 0.21 0.27 0.70 0.21 0.33 0.61 2,15 433 0.81 3.28 5.98 1.11
Max 0.16 0.28 3.31 0.65 2.11 3.26 0.99 2.28 3.72 42.09 134.92 3.31 4320 136.43 3.31
N 22 22 22 19 19 17 21 22 21 22 22 22 18 19 16
GM 0.07 0.14 2.10 0.28 0.45 1.58 0.43 0.79 1.82 8.02 13.04 1.63 9.70 1591 1.67
Control Std Error 0.01  0.01 0.20 0.02 0.05 0.12 0.04 0.06 0.19 146  2.16 0.13 1.90 2.73 0.13
Min 0.03  0.06 0.87 0.17 0.17 0.78 0.23 0.32 0.56 222 425 0.76 3.93 5.49 1.16
Max 0.15 043 5.47 0.52 1.35 2.77 1.42 1.63 4.71 81.75 105.03 3.69 82.69 106.50 3.36

169



Table S4-5 Creatinine-corrected urinary PAH metabolite concentrations by intervention, reported as ug/g creatinine. Bolded
values indicate significant changes in post- versus pre-event fold changes; determined using a paired t-test on logio transformed

values (p<0.01).
Wipe A Wipe B Detergent & Water Control

PAH N oM Y9 Min Max N M Y9 Min Max N M 9 Min Max N oM Y9 Min Max
metabolite Err Err Err Err
1-OH-pyrene Pre-fire 22 005 001 0.01 0.20 21 005 001 0.01 0.17 21 0.04 001 0.01 0.12 22 004 001 0.01 018

Post-fire 21 008 001 0.03 0.35 22 0.08 001 0.02 032 21 0.06 001 0.02 0.16 22 006 001 0.03 0.36

E‘,%Iadnge 21 176 0.22 0.63 7.26 21 149 0.22 042 4.68 20 1.74 0.23 0.65 11.01 22 148 0.23 0.26 4.89
XOH- Pre-fire 18 022 0.04 005 237 15 026 0.05 009 1.06 21 0.18 0.02 0.02 054 19 0.17 002 0.05 0.62
phenanthrenes Post-fire 16 027 0.04 014 153 17 029 0.04 009 1.03 22 023 003 010 0.75 19 020 0.03 0.08 0.89

Ecr)\ladnge 15 147 021 0.73 4.11 14 112 0.22 0.30 2.78 21 133 019 045 9.10 17 1.09 0.18 0.31 4.09
XOH- Pre-fire 20 0.28 0.04 0.10 1.07 19 034 005 008 1.13 21 0.23 003 0.03 074 21 027 004 0.06 1.01
fluorenes Post-fire 20 050 0.08 0.24 239 19 047 006 014 150 22 038 005 0.08 1.03 22 035 003 016 134

E‘,%gjnge 19 185 0.27 057 6.03 17 141 024 043 4.88 21 176 0.25 0.40 8.80 21 126 021 0.27 5.74
XOH- Pre-fire 22 435 101 0.60 47.10 22 464 099 0.81 56.03 22 435 076 151 33.03 22 497 1.02 1.07 96.52
naphthalenes Post-fire 21 6.39 143 144 3458 21 555 1.04 143 27.15 22 6.38 136 1.74 5274 22 572 1.03 157 7141

E%[’Snge 21 145 0.19 0.53 6.75 21 125 0.16 0.33 3.45 22 147 0.16 0.52 7.34 22 115 0.18 0.25 6.52
Total PAH Pre-fire 17 540 138 0.89 4761 12 6.22 177 183 58.39 19 508 094 177 3343 18 599 135 1.65 97.62
metabolites Post-fire 15 787 194 316 38.84 13 6.26 135 187 29.56 21 6.81 133 231 5333 19 6.87 132 202 7202

E%Ie?nge 14 158 0.28 0.67 5.83 9 113 0.28 0.33 3.21 18 160 0.19 0.79 7.36 16 111 021 0.25 6.50

GM=geometric means.

170



References

IARC. 2002. Some traditional herbal medicines, some mycotoxins, naphthalene and styrene.
IARC Monogr Eval Carcinog Risks Hum. 82:1-556.

IARC. 2010. Some non-heterocyclic polycyclic aromatic hydrocarbons and some related
exposures. IARC Monogr Eval Carcinog Risks Hum. 92:1-853.

Silva J, Marques-da-Silva D, Lagoa R. 2021. Reassessment of the experimental skin
permeability coefficients of polycyclic aromatic hydrocarbons and organophosphorus
pesticides. Environ Toxicol Pharmacol. 86:103671, doi:10.1016/j.etap.2021.103671.

171



Chapter 5 Conclusions

Study outcomes

The three research chapters of this thesis demonstrate the prevalence of firefighters’
exposures to carcinogenic and mutagenic combustion by-products, and the need for creative
ways to reduce such exposures. Chapters two and three investigated firefighters’ exposures to
PAHSs during emergency and training fire suppression; chapter four assessed the effectiveness of
post-fire dermal decontamination to reduce internal dose of PAHs. Each chapter demonstrated
that firefighters are occupationally exposed to combustion-derived carcinogens and mutagens,

and that current protocols for decontamination do not appear to be effective.

The first research chapter was the first study of its kind to assess firefighters’ exposures

to combustion by-products during emergency fire and while on-shift suppression using a
repeated measure designs (i.e., pre- and post-fire samples). The main outcomes of this chapter
were as follows (1) airborne concentrations of lead and PAHs sometimes exceed occupational
exposure limits, (2) firefighters experience significant increases of PAHs and metals on skin,
clothing, and/or PPE from emergency fire suppression activities, (3) fire trucks have the most
airborne contamination of PAHSs and antimony, compared to offices and vehicle bays, but are
still below occupational exposure limits, and (4) washing of PPE removes a majority of PAHs

and measured metals.

Chapter three used a passive sampler approach to assess firefighters’ exposures during
live fire training. Passive samplers in the form of silicone wristbands (SWBs) were worn on the
jacket and wrist of firefighters at training fire events. The main outcomes of this chapter were (1)

current PPE protects firefighters from a majority of PAHs but not all, (2) Temperature,
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turbulence, and time of deployment likely limit the ability of SWBs to properly measure PAHs
during live fire suppression activities, and (3) high molecular weight PAHs are most affected by

temperature, turbulence, and time of deployment.

Finally, chapter four was an intervention study investigating the effectiveness of post-fire skin
cleaning to reduce firefighters’ internal dose of combustion emissions from live fire training.
Several options are currently available for firefighters to clean their skin after fire suppression
but none have been critically assessed until now. Three skin cleaning options were investigated:
two commercially available skin cleaning wipes and a washcloth with dish detergent and water.
Interventions were compared to the control (i.e., no skin cleaning). The results show that (1)
firefighters are significantly exposed to PAHSs from live fire training, (2) detergent and water is
the most effective method at removing PAHSs from skin after firefighting, but (3) none of the
investigated skin cleaning interventions reduced the internal dose of PAHSs that firefighters

experienced.

Future Directions

Firefighters’ exposures to PAHs during fire suppression were assessed in chapters two and
three. A variety of proxies were used including air samples, wipes of surfaces (e.g., skin,
clothing, PPE), SWSs, and urine. Urine was the only biological sample collected due to logistical
restraints. However, future work should explore alternative methods of assessing internal
exposure and expanding the range of chemicals assessed. Urinary metabolites can be influenced
by several other factors including the individual’s diet, biological sex, participation in other
activities, etc. Using a different proxy of internal PAH dose, such as saliva or blood, may
generate additional data that is more immediate after a fire, thus leaving less room for
uncertainties (e.g., other exposures prior to sample collection) and variability (e.g., interpersonal
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variations in metabolism), contributing the body of evidence that exposure comes from the
specific fire suppression activity. Inter- and intrapersonal differences that may influence
exposure (e.g., age, sex, ethnic origin, skin thickness, respiration rate, sweating), in addition to
the phenomena that control exposure and internal dose (e.g., dermal contact, toxicokinetics),

should also be further studied.

Chapter four assessed the effectiveness of post-fire skin decontamination. The results found
soap and water to be the most effective at removing PAHs from the skin, compared to two
commercially available skin wipes and a control (i.e., no skin decontamination). However,
increases in internal dose of PAHs from the fire training event, as measured by urinary PAH
metabolites, were the same between all intervention groups, suggesting that post-fire dermal
decontamination did not reduce the amount of PAHSs entering the body. In fact, penetration rates
suggest that PAHs measured in urine are absorbed through the skin before skin decontamination
would be possible (i.e., seconds). Future work should (1) assess the ability of post-fire dermal
decontamination to reduce firefighters’ exposures to, and cross contamination of, other
combustion derived contaminants; (2) utilize computer models of dermal absorption and rates of
absorption of combustion derived carcinogens and mutagens to determine if post-fire dermal
decontamination is worth the cost for firefighters and (3) investigate other exposure prevention

methods (i.e., rather than post-fire interventions) such as improved PPE.

Although research on firefighters’ exposures has gained traction in the past decade, several
populations of firefighters continue to be understudied. Women are often excluded due to limited
numbers resulting in lack of statistical power, and non-municipal types of firefighting
organizations are often excluded (e.g., remote, indigenous, military, and aviation) due to the

convenience of sample collection from local, municipal firefighters. Furthermore, as climate
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change drives the rate and severity of wildfires, the need to investigate wildland firefighters’
exposures is also high. Studies are limited due to the dynamic and extreme environments that
wildland firefighters work in. Previous studies have assessed wildland firefighters’ exposures,
but they are often limited to prescribed burns and limited time points that are not always
appropriate for the measured biomarkers of exposure. Creativity in study design and application
of sampling techniques, that do not impede the firefighters’ duties, are necessary to address these

understudied populations.

Recent actions by the Canadian and American governments have provided the resources
needed to aid firefighters in the years to come. In August 2021, the Canadian government
announced an action plan to protect firefighters from toxic exposures experienced on the job
including banning harmful flame retardants and assessing and monitoring levels of exposure
(Government of Canada 2021). A few months later, the United States also announced a plan to
help firefighters, more specifically addressing PFAS exposures including PFAS in firefighting
foams, personal protective equipment, and other emergency response settings (The White House
2021). As research advances, and changes are made to reduce firefighters’ exposures,

biomonitoring of firefighter populations are necessary to ensure that changes are being effective.

The overarching goal is to reduce firefighters’ disease incidence and mortality related to
cancer and other illnesses. Firefighters’ chemical exposures are just one piece of the puzzle. For
firefighters and nonfirefighters alike, modifiable cancer risk factors, such as diet, smoking,
exercise, and obesity, can influence one’s cancer risk. In fact, one model suggested that excess
body weight will become the second leading modifiable cause of cancer death, only after tobacco
smoking, doubling cancer deaths of Canadians by 2047 (Pader et al. 2021). For firefighters

specifically, studies have found several alarming statistics of modifiable risk factors including
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smoking rates of 13.6% and 17.4% for U.S. career and volunteer firefighters, respectively,
obesity rates of nearly 80% of U.S. volunteer and career firefighters, and binge drinking
behaviour in 58% of surveyed firefighters (Carey et al. 2011; Haddock et al. 2011; Poston et al.
2011). A less obvious cancer risk factor for firefighters is cortisol levels. Cortisol is a hormone
that has been linked to cancer risk due to its immunosuppressive, obesogenic, and
hyperglycaemic effects (Larsson et al. 2021). Cortisol levels can be affected by stress and
disruptions in sleep, both of which have been demonstrated in firefighter populations (Lim et al.
2020; Perroni et al. 2009; Sopp et al. 2021). More specifically, Perroni et al. (2009) found a
109% increase in cortisol levels of firefighters after simulated firefighting, and Sopp et al. (2021)
reported a significant positive correlation between cortisol levels and firefighters’ PTSD
symptoms (Perroni et al. 2009; Sopp et al. 2021). Relatedly, disruptions in circadian rhythm
(e.g., for firefighters attending calls at night) can also influence cancer risk. Indeed, disruptions
in circadian rhythm have been linked to increased rates of breast, ovarian, endometrial, prostate
and hematological cancers, metabolic syndrome, and cardiovascular disease (Rana and
Mahmood 2010; Shanmugam et al. 2014). In fact, the International Agency for Research on
Cancer classified night shift work (i.e., work during the usual sleeping hours of the general
population) as “probably carcinogenic to humans” (IARC 2020). Overall, to be effective,
methods to reduce firefighters’ cancer rates must address a broad range of issues, both personally
and occupationally. More work is needed to address the many pieces that make up cancer risk for
firefighters to create a comprehensive plan to reduce firefighters’ risk. Even when ideal
behaviours and protocols to reduce risk are established, it will be imperative to determine the
most effective way to implement such changes. In discussions with firefighters worldwide, it is

evident that cultural attitudes regarding exposure prevention and fire suppression tactics can
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differ significantly. Thus, communicating scientific results effectively, and working with fire
departments to integrate meaningful changes, is of utmost importance. Furthermore, most
research on firefighters’ modifiable risk factors has come out of the U.S., leaving a significant
literature gap when it comes to firefighters in the rest of the world and the aforementioned
understudied groups more specifically. Examinations of understudied populations will permit

evaluations of differences related to cultural and interpersonal factors.

Closing Statement

Firefighters face immediate and long-term health risks as part of their job. The results
from my thesis demonstrated the significant exposures to combustion by-products that they
experience during emergency and live fire training. The results also contributed to identifying the
routes of exposure and ways to reduce exposures. It is imperative that we continue to work to
establish evidence-based methods of reducing firefighters’ chemical exposures and ultimately

reduce their risk of cancer and other illness.
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