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• Firefighters' exposure to 134 chemicals
was investigatedwith siliconewristbands.

• Exposures to flame retardants and PAHs
were associated with firefighting.

• Responding to a fire event while on-duty
increased PAH exposure.

• PFAS were quantified on silicone wrist-
bands for the first time, with higher expo-
sure to PFOS observed while responding
to fires.

• On-duty exposure to phthalates and pesti-
cides were generally lower than off-duty
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 Firefighters are occupationally exposed to an array of hazardous chemicals, and these exposures have been linked to
the higher rates of some cancer in firefighters. However, additional research that characterizes firefighters' exposure
is needed to fully elucidate the impacts on health risks. In this pilot study, we used silicone wristbands to quantify
off-duty and on-duty chemical exposures experienced by 20 firefighters in Durham, North Carolina. By using each
firefighter's off-duty wristband to represent individual baseline exposures, we assessed occupation-related exposures
(i.e. on-duty exposures). We also investigated the influence of responding to a fire event while on-duty. In total, 134
chemicals were quantified using both GC-MS and LC-MS/MS targeted methods. Seventy-one chemicals were detected
in at least 50% of all silicone wristbands, including 7 PFAS, which to our knowledge, have not been reported in wrist-
bands previously. Of these, phthalates were generally measured at the highest concentrations, followed by brominated
flame retardants (BFRs) and organophosphate esters (OPEs). PFASweremeasured at lower concentrations overall, but
firefighter PFOS exposures while on-duty and responding to fires were 2.5 times higher than off-duty exposures.
Exposure to polycyclic aromatic hydrocarbons (PAH), BFRs, and some OPEs were occupationally associated, with fire-
fighters experiencing 0.5 to 8.5 times higher exposurewhile on-duty as compared to off-duty. PAHexposureswere also
higher for firefighters who respond to a fire than those who did not while on-duty. Additional research with a larger
population offirefighters that builds upon this pilot investigationmay further pinpoint exposure sources thatmay con-
tribute to firefighters' risk for cancer, such as those from firefighter gear or directly from fires. This research demon-
strates the utility of using silicone wristbands to quantify occupational exposure in firefighters and the ability to
disentangle exposures that may be specific tofire events as opposed to other sources thatfirefightersmight experience.
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1. Introduction

Firefighters are occupationally exposed to a complex mixture of poten-
tially carcinogenic chemical exposureswhich has raised concerns regarding
how these exposures may be related to their elevated risk of disease, and
22

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.155237&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.155237
kate.hoffman@duke.edu
heather.stapleton@duke.edu
http://dx.doi.org/10.1016/j.scitotenv.2022.155237
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


J.L. Levasseur et al. Science of the Total Environment 834 (2022) 155237
especially cancer. Firefighter occupational exposures were illuminated
after the events of 9/11 in New York, New York, USA. Recent studies, in-
cluding the World Trade Center Health Program (Savitz et al., 2008;
National Institute for Occupational Safety and Health (NIOSH) (CDC),
2020; Centers for Disease Control and Prevention (CDC), 2020), have
demonstrated that general cancer incidence is higher for first re-
sponders, particularly for prostate cancer, thyroid cancer, and leukemia
(Shapiro et al., 2019). However, specific chemicals related to disease
risk have not been fully investigated. To understand whether occupa-
tional exposure to hazardous chemicals is related to firefighter health
and disease, data must be collected to characterize specific exposures
to a wide range of chemicals.

There is no typical exposure for a firefighter, as exposuresmay differ de-
pending on several factors. For example, exposures differ when responding
to a municipal fire, wildfire, car fire, or a residential fire (IARC, 2010). Ad-
ditionally, the types of exposures firefighters may experience is dependent
on their role while responding to the fire event (Poutasse et al., 2020), the
particular materials burning, or the fire station in which they reside while
on-duty (IARC, 2010).

Previous studies investigating firefighter chemical exposures have doc-
umented exposure to complex mixtures that include environmental phe-
nols, phthalates, per- and polyfluoroalkyl substances (PFAS), and
pesticides (Poutasse et al., 2020; Waldman et al., 2016; Alexander and
Baxter, 2016; Hall et al., 2020). Biomonitoring studies of firefighters have
found differences in exposures as compared to the general population. For
example, studies of firefighters in the United States have demonstrated ele-
vated serum levels of some PFAS (Dobraca et al., 2015) and elevated levels
of polybrominated diphenyl ethers (PBDEs) (Shaw et al., 2013;Mayer et al.,
2021). Further, elevated urinary metabolites of polycyclic aromatic hydro-
carbons (PAHs) in firefighters are higher than the general, non-smoking
public (Fent et al., 2019). Exposure to organophosphate flame retardants
have also been associated with responding to residential fires (Mayer
et al., 2021). However, measurements of exposure biomarkers are often
limited by the temporality of sample collection due to differences in biolog-
ical half-lives of many organic contaminants.

Silicone wristbands have successfully been used as personal passive
sampling devices for measuring exposures to semi-volatile organic
chemicals (SVOCs) in a wide range of settings. A small number of studies
have investigated firefighter occupational exposure using silicone passive
sampling devices (Poutasse et al., 2020; Baum et al., 2020; Caban-
Martinez et al., 2020). In particular, firefighter exposure has been investi-
gated through silicone dog-tags worn by firefighters (Poutasse et al.,
2020). Results of this work demonstrated elevated exposure to PAHs
whileworking as afirefighter. However, investigations offirefighters' expo-
sures in a full, single on-duty work shift, as compared to a full off-duty shift
are limited, as are investigations that drill down on differences in fire re-
sponse versus no fire response while on-duty. This investigation fills that
gap in the literature.

In this investigation, we conducted an exposure assessment with fire-
fighters in Durham, North Carolina using silicone wristbands. Firefighters
worewristbands while on-duty andwhile off-duty and reported on daily ac-
tivities (e.g., whether or not they responded to a fire event). A total of 134
chemicals across nine chemical classes were measured. Unlike previous
studies, we evaluated wristbands using targetedmethods of SVOC quantifi-
cation across three exposure scenarios. These chemicals represent many
SVOCs associated with health effects that are also found in consumer prod-
ucts or building materials that firefighters may encounter when responding
to fires; PBDEs, PAHs, PFAS, pesticides, phthalates, and flame retardants
are associated with health effects such as hormonal disruption, negative re-
productive and developmental effects, respiratory symptoms, and diabetes
(Yilmaz et al., 2019; Weschler and Nazaroff, 2008; Kabir et al., 2015;
Giulivo et al., 2016; Predieri et al., 2020). The primary objectives of this
study were twofold: to determine if significant differences would be
observed in chemical exposures off-duty as compared to on-duty, and if
there would be significant differences in chemical exposures while
responding to a fire versus not responding to a fire while on-duty.
2

2. Materials and methods

2.1. Study population

Firefighters were recruited to participate in this study from fire stations
in Durham, North Carolina (NC) in 2019. Firefighters were asked to wear
wristbands while on-duty andwhile off-duty and complete a corresponding
survey for each period that they wore a wristband. In total, 43 firefighters
from six different stations enrolled, and samples were collected between
August 2019 and February 2020. Over this time, not all firefighters
responded to a fire while on-duty. To support our study goals, we only an-
alyzed wristbands for the 20 firefighters that completed at least one off-
duty wristband and survey as well as one on-duty wristband while
responding to a fire and completing a survey. Of these 20 firefighters, 11
were also able to complete an on-duty shift with no fire event and a survey.
All wristbands included in this pilot study were from two different fire sta-
tions. Fig. 1 presents an overview of the study design and summarizes the
number of wristbands analyzed in this study among the various time pe-
riods (e.g. off-duty vs on-duty). All participants provided informed consent
prior to participating and the study was approved by the Duke University
Institutional Review Board.

2.2. Wristband collection

Commercially available silicone wristbands (24hourwristbands.com,
Houston, TX, USA) were pre-cleaned through two 12 h Soxhlet extractions
using first 1:1 ethyl acetate/hexane (v/v) and then 1:1 ethyl acetate/meth-
anol (v/v) (Hammel et al., 2016). Wristbands were then dried in a vacuum
oven at room temperature. When dried, cleaned wristbands were wrapped
in precleaned aluminum foil (combusted at 450 °C) and stored in airtight
jars until distribution to study participants.

Firefighters were first asked to complete an intake survey to collect de-
mographic information and other general information such as tenure at the
Durham Fire Department, second job description, and housing age. Fire-
fighters were asked to wear a silicone wristband for six consecutive days
during different periods (Fig. 1). On the first day of each period, firefighters
were asked to wear a new, clean wristband. While on duty, firefighters
wore wristbands whenever they were at the fire station or responding to
calls. When leaving the station at the end of a shift, firefighters wrapped
their silicone wristbands in clean aluminum foil (provided) and placed
the wrapped wristband in a provided Ziplock bag and placed in the fire sta-
tion freezer (approximately−20 °C) until the next time they were working
at the station. Importantly, our study design accounted for time away from
the firehouse (e.g., days off) and wristbands were worn for the same
amount of time during each period (Fig. 1). A newwristband was used dur-
ing each six-day shift until at least one wristband from each of the three
study periods (off-duty, on-duty and responding to a fire, and on-dutywith-
out responding to a fire) was collected. Each firefighter was also asked to
complete an electronic survey at the end of each work period to provide in-
formation on their work activities, behavioral habits, and personal care
product use throughout the week that they wore each silicone wristband.
After wearing the wristbands, firefighters were asked to again wrap the
wristband in provided aluminum foil and enclose it in a plastic zip-top
bag. Samples were then stored in the freezer at the fire house before
being transported to the research lab at Duke University. Once in the labo-
ratory, wristbands were stored at −20 °C until analysis.

2.3. Wristband extraction

Wristband extraction for SVOCs is described in detail elsewhere (Wise
et al., 2020; Reddam et al., 2020; Hammel et al., 2020), but briefly, the
mass of a small piece (~0.75 g) piece of each wristband was first recorded
and then cut into three pieces and transferred to a glass centrifuge tube for
extraction. Samples were spiked with isotopically labeled internal stan-
dards and extracted using 1:1 hexane:dichloromethane (Supplemental In-
formation (SI) Table S1). Extracts were concentrated to 1.0 mL using a

http://24hourwristbands.com


Fig. 1. Pictorial description of wristband experimental design and breakdown across all firefighters: A. Description of how wristbands were worn to capture 6 days of “on-
duty” and 6 days of “off-duty” exposures. On-duty wristbands were stored in closed containers during days off while on-duty. B. Breakdown of total wristbands (51) collected
across all 20 firefighters.
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Thermo Scientific SpeedVac Concentrator, then purified using a packed
glass column containing Florisil resin. Final extracts were concentrated to
1.0 mL and transferred to auto sampler vials (ASV) for analysis by GC–
MS. Samples were analyzed for a suite of compounds using a Q Exactive
GC hybrid quadrupole-Orbitrap GC–MS/MS system (Thermo Scientific) in
full scan electron ionization mode. These chemicals include: 11 PCBs, 31
OPEs, 10 phthalates and their alternatives, 12 pesticides, and 20 PAHs.
PBDEs and brominated flame retardants (BFR) were quantified using a Q
Exactive GC hybrid quadrupole-Orbitrap GC–MS/MS system (Thermo Sci-
entific) operated in negative chemical ionizationmode. These BFRs include
10 PBDEs and 3 novel BFRs. Full method details are available in the
supporting information (SI Item S1).

Isotopically labelled recovery standards were spiked into each sample
extract prior to MS analysis and were used to calculate recovery of the
internal standards (SI Table S1). Overall, lab processing blanks (solvent
only, n = 2) and field blanks (unworn wristbands, n = 5) were analyzed
alongside the wristband samples for quality assurance and control. All
sample values were blank-subtracted by subtracting the average level
measured in a field blank (if detected). Method detection limits
(MDLs) were determined by calculating three times the standard devia-
tion of the average field blank levels for wristband samples and then di-
viding by the mass of the wristband. If the analyte was not detected in a
field blank, the MDL was determined using a signal to noise ratio of 10
on the instrument. Values that fell below the MDL were replaced by
MDL divided by the square root of 2. To assess precision in measure-
ments, 10 wristbands were randomly selected from this study. In these
10 wristbands, three pieces (~0.75 g each) were cut from different
areas around the wristband and extracted using the methods described
3

above. On average, the relative standard deviation of the three measure-
ments within a wristband was 9% among all analytes. More details are
provided SI Item S2 and Fig. S1.

PFAS were extracted from a separate piece of wristband (~1 g) using a
different method, described in detail in the SI (SI Item S3, SI Table S2).
Wristband pieces were weighed, cut into three pieces, and placed in glass
test tubes. Samples were spiked with 20 ng of each internal standard (SI
Table S1), extracted three times in 10 mL 0.1% NH4OH/methanol by
ultrasonication for 15 min. Extracts were combined, concentrated to ap-
proximately 100 μL under N2, reconstituted in 300 μL 1:1 MeOH:water,
spiked with 20 ng of a recovery standard (Perfluoro-n-[1,2-13C2]octanoic
acid, Wellington Labs), transferred to 0.2 μM nylon Whatman UniPrep
vials and filtered. Samples were analyzed by electrospray ionization LC/
MS-MS as previously described (Hall et al., 2020; Herkert et al., 2020). A
full list of PFAS compounds evaluated is provided in SI Table S3. Further de-
tails regarding the analysis can be found in the Supplemental Information
(SI Item S3, SI Table S3).

In addition, lab blanks (empty test tubes, n = 5) and field blanks
(unworn, cleaned wristbands, n = 5) were analyzed alongside the wrist-
band samples for quality assurance and control. Recoveries of all internal
standards are available in SI Table S1.

2.4. Statistical analysis

In total, 51 wristbands were analyzed, 20 of these were off-duty wrist-
bands, 20 were on-duty with fire wristbands, and 11 were on-duty with
no fire wristbands (Fig. 1). All analyses were performed using SAS statisti-
cal software (version 9.4; SAS Institute Inc., Cary, NC) for analytes detected
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in >50% of all wristbands, per chemical. All results were assessed at α =
0.05 for significance.

Values were non-normally distributed, as confirmed by a Shapiro-Wilk
test, and were therefore log10-transformed. Regression analyses were
performed per chemical to investigate differences between wristbands
worn during the three sampling periods. These analyses used generalize
estimating equations (GEEs) to account for potential residual correlation
arising from our repeatedmeasures study design.Wepresent exponentiated
beta coefficients from regression analyses which represent the multiplica-
tive change in the mass of each chemical measured in on-duty wristbands
relative to the reference category of off-duty wristbands. Comparisons
were also made between the different types of on-duty bands (fire vs. no
fire).

3. Results and discussion

Demographic characteristics of the firefighters included in this study
population are detailed in Table 1. Most participants identified as White
(90%), and 75% of all participants identifying as men. Fivewomenwere in-
cluded in our study, all of whom identified as White. Participating fire-
fighters had a median age of 34 years, with a median tenure of 3–6 years
working at their current firehouse.

Details regarding survey results reported while on-duty or off-duty are
also provided in Table 1. Firefighters mostly reported responding to struc-
tural fires during this study period, with 81% of all fires reported as struc-
tural (63% of which were residential and 19% were business structure
fires). Most firefighters (62%) reported spending more than 30 min
responding to a fire. Of the fires reported during this study period, fire-
fighters reported using water to extinguish the fire more than 75% of the
time. 86% of firefighters who responded to a fire while on duty reported
using “full turn-out gear with a self-contained breathing apparatus
(SCBA)” for personal protective equipment (PPE). Durham firefighter
gear is standardized across the department. Of the 20 firefighters providing
a wristband sample while on-duty and responding to a fire, 35%
Table 1
Selected characteristics of participating firefighters from Durham, NC (n = 20).

Demographics N %

Sex M 15 75
F 5 25

Age (y) 20–29 4 20
30–39 10 50
40–49 3 15
50–59 3 15

Race/ethnicity White 18 90
Black 1 5
No answer 1 5

Fire events only (n = 20) N %

Type of firea Structure 22 81
Residential 17 63
Business 5 19

Vehicle 3 11
Other 3 11
More than one type selected 1 4

Type of PPEb worn Bunker pants 1 5
Full turn-out gear with SCBA 18 86
Duty uniform, helmet, gloves 2 10

Time spent at fire <30 min 8 38
≥30 min 13 62

Type of extinguisher used at fire None 1 5
Water 16 76
Dry chemical 1 5
Water and dry chemical 3 14

Fire events per wristband 1 13 65
2 7 35

a n = 27, due to some wristbands experiencing two fire events in a single work
period.

b PPE = personal protective equipment.
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represented two fires in a single six-day shift, while the remaining 65% rep-
resented one fire in a single six-day shift.

Of the 134 targeted chemicals in our method, 71 were detected inmore
than 50%ofwristbands. A detailed breakdownof detection frequencies and
distribution information for each compound is included in supplemental
material (SI Table S4). Phthalates were the most commonly detected com-
pounds; all 10 phthalates targeted were detected on every wristband
(Table 2). Similarly, phthalates were detected at the highest median con-
centrations on wristbands followed by BFRs and OPEs. PCBs were detected
at the lowest median concentrations across all wristbands. Of the PCBs
quantified in this study, only PCB11 and PCB28 were detected in greater
than 50% of samples. Generally, detection frequencies were higher in the
on-duty wristbands compared to the off-duty wristbands, particularly for
BDEs, OPEs, and PAHs (Table 2). Detection frequencies were higher for
phthalates in the off-duty wristbands, though only marginally. Additional
details regarding each compound class and differences in firefighter expo-
sures can be found below.

3.1. PAHs

We quantified 25 PAHs in all wristbands, only two of which were not
detected on any wristband (7,12-dimethylbenz(a)anthracene and 3-
methylcholanthrene). Of the 23 detected PAHs, 13 were detected in at
least 50% of samples overall. The highest median concentrations were ob-
served for phenanthrene, pyrene, and fluoranthene. This differs slightly
from a previous study measuring PAHs with silicone wristbands worn by
Florida firefighters while on-duty, where the three highest concentrations
were observed for phenanthrene, naphthalene, and fluorene (Baum et al.,
2020). The detection frequencies of PAHs measured in wristbands were
higher for wristbands worn on-duty as compared to off-duty. While only
7 of 25 PAHs assessed were detected in at least 50% of wristbands worn
while off duty, 11 compounds were detectedwhile on duty and 17were de-
tected while on-duty and responding to a fire. Similarly, median ∑PAHs
were measured at lower levels in off-duty wristbands compared to on-
duty wristbands, and median ∑PAH values were highest in the on-duty
wristbands with fire (Table 2), a pattern that was generally consistent for
individual PAHs as well (SI Table S4). This is likely a reflection of the fact
that PAHs are associated with combustion reactions associated with fires.

Regression analyses were conducted to statistically evaluate differences
in exposures related to firefighting. Fig. 2 displays the multiplicative
change in PAH concentrations in on-duty (with and without a fire event)
compared to off-duty (reference value) wristbands. PAH concentrations
were 1.7 to 8.5 times higher (acenaphthene and acenaphthylene, respec-
tively) for on-duty while responding to a fire as compared to off-duty wrist-
bands. PAH concentrations ranged from 0.5 to 2.7 times higher (for both
acenaphthylene and phenanthrene, and indeno(1,2,3-cd)pyrene, respec-
tively) on-duty without responding to a fire event. Taken together, these
PAH results indicate higher levels of exposure while on-duty, which was
confirmed by regression analyses similar to those described above, except
using on-duty without a fire event wristbands as the referent group. PAH
concentrations while on-duty with a fire were 0.6 to 5.1 times higher as
compared to wristbands worn on-duty without a fire (SI Fig. S2). This fur-
ther suggest that these PAH exposures are associated with direct exposure
to fires.

Few studies have quantified exposures experienced byfirefighters using
silicone passive samplers. Prior studies withmunicipal firefighters have de-
ployed samplers for different lengths of time, ranging from 24 h to 30 days
and under different conditions (Poutasse et al., 2020; Baum et al., 2020;
Caban-Martinez et al., 2020; Poutasse, 2020). Study design differences
make comparisons across studies difficult; while silicone uptake of SVOCs
is thought to be linear over time, this is still under investigation (Hoffman
et al., 2021). Furthermore, these investigations have not all specifically doc-
umented exposures to municipal firefighters in the United States, further
complicating inter-study comparisons. For example, firefighters in the
Dominican Republic had the highest levels of PAH concentrations on sili-
cone wristbands worn while on-duty for phenanthrene, pyrene, and



Table 2
Detection and distribution across classes of compounds including the number of compounds in each class evaluated, median sum concentrations and detection frequencies for
each type of wristband.

Class of compounds N compounds Overall % of wristbands with DF > 50% Summed median concentration (ng/g)1 N compounds > 50% DF

Off-duty WBs On-duty no fire WBs On-duty fire WBs Off-duty On-duty, no fire On-duty, fire

BFRs 16 81% 682.3 3,166 2,194 69% 81% 81%
OPEs 36 64% 55,600 58,620 57,940 58% 64% 64%
PAH 25 52% 164.8 219.4 373.7 28% 44% 64%
PCBs 11 18% 0.96 1.43 0.79 18% 27% 18%
Pesticides 16 31% 182.9 101.0 98.3 31% 31% 31%
Phthalates 10 100% 306,100 201,200 245,800 100% 100% 100%
PFAS 18 39% 39.35 39.35 37.07 39% 39% 39%

1 Note that summed median concentrations include chemical-specific imputed values from measurements < MDL.
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fluoranthene, though this study only required firefighters to wear the sili-
cone wristband for 24 h while working (Caban-Martinez et al., 2020). An-
other investigation of firefighter exposure used a silicone passive sampler
designed in the shape of a dog tag to capture exposure to PAHs, phthalates,
and pesticides (Poutasse et al., 2020). One silicone dog tag was worn for 30
days while on-duty and another was worn for 30 days while off-duty. In
these samples, 20 of the 21 measured PAHs were found in higher concen-
trations while on-duty as compared to off-duty (Poutasse et al., 2020;
Poutasse, 2020). Our data displayed a similar trend, with PAHs detected
more frequently and measured in higher concentrations while on-duty
(with or without a fire response) as compared to off. In a follow-up study
of PAH exposure from the same group of firefighters that stratified expo-
sures based on call volume, duty shift, and other variables, differences ob-
served between on-duty and off-duty PAH exposure remained, but were
generally lower (i.e., on-duty median PAH concentrations were up to
170% of those measured on off-duty tags) (Poutasse et al., 2022). In our
study, PAH medians measured on-duty when responding to fire events
were up to 1250% of off-duty medians, and on-duty with no fire medians
were up to 580% of off-duty medians. Differences between studies may
be due to differences in samples preparation and analysis. For example,
we did not rinse wristbands with water before extraction. Some research
groups rinse off wristbands prior to analysis which may remove chemicals
associated with or sorbed to those particles. As a result, our methods may
capture particle-bound PAHs and lead to a higher exposure estimate than
studies that rinse off the wristbands.
Fig. 2.Multiplicative change (10β) in silicone wristband PAH measurements while on-d
beta coefficients from these regression analyses represent the multiplicative change in
reference category of off-duty wristbands. Filled shapes indicate p < 0.05.
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3.2. BFRs

Of the 16 BFRs quantified, 13 were measured in >50% of samples over-
all. Median concentrations of EHTBB, BDE47 and BDE99 were numerically
higher than other BFRs across all wristband types, similar to previous wrist-
band exposure study in the general population (Hammel et al., 2018). BFR
exposures were generally higher on-duty versus off-duty and detection of
BFRs varied across duty shifts. For example, two BFRs, BDE85 and
BDE183,were both detected in 40%and 35%, respectively, of off-duty sam-
ples but 100% and 74% (respectively) of on-duty samples, suggesting that
these BFRs are associated with an occupational exposure.

Multiplicative change plots comparing levels of BFRs measured on all
three types of wristbands are shown in Fig. 3. Associations suggests a
general occupational exposure to BFRs that was independent of responding
to a fire event. Compared to off-duty wristbands, multiplicative change
values were very similar while on-duty, regardless of whether or not a
firefighter responded to a fire event. The concentrations of BFRs while
on-duty were 1 to 7 times higher (p < 0.05) than off-duty concentrations.
In general, multiplicative change estimates for the older generation of
BFRs, polybrominated diphenyl ethers (PBDEs), were higher when on-
duty but not responding to a fire, although associations for on-duty with
fire samples were very similar. BDE209 and DBDPE seemed to show an op-
posite pattern with slightly higher multiplicative change when on-duty
with a fire event. This is interesting given that DBDPE is a primary replace-
ment chemical for BDE-209. All together, these data suggest that BFR
uty (with fire event and without fire event) as compared to off-duty. Exponentiated
log10-transformed mass of chemical(s) found on on-duty wristbands relative to the



Fig. 3.Multiplicative change (10β) in silicone wristband BFR measurements while on-duty (with fire event and without fire event) as compared to off-duty. Exponentiated
beta coefficients from these regression analyses represent the multiplicative change in log10-transformed mass of chemical(s) found on on-duty wristbands relative to the
reference category of off-duty wristbands. Filled shapes indicate p < 0.05. Acronyms: DBDPE = decabromodiphenyl ethane; EHTBB = 2-ethyl-hexyl tetrabromobenzoate;
BEHTBP = bis(2-ethylhexyl) tetrabromophthalate; BDE = brominated diphenylether.
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exposures may be occupational, though not associated with a fire event re-
sponse, because these compounds are often associated with materials such
as furniture, buildingmaterials, or even firefighter protective gear that may
be present in firehouses, particularly if these materials were procured be-
fore the US phase out of the penta-BDE mixture in 2005.

3.3. Phthalates and phthalate alternatives

As shown in Table 2, the highest concentrations observed across all
three types of wristbands were from DEHP, DEHT, and DINP, similar to
other studies assessing phthalates on wristbands in non-occupational set-
tings (Hammel et al., 2020; Kassotis et al., 2020). On-duty measurements
of DMP, DEP, and DBP were significantly lower (0.49–0.59 times, p <
0.05; Fig. 4) as compared to off-duty wristbands. These lower molecular
weight phthalates are often used in personal care products or scented prod-
ucts (Gong et al., 2014; Guo and Kannan, 2013; Api, 2001), and therefore
this difference likely suggests that higher exposure off-duty may be related
to a general difference in behaviors and differences in use of personal care
products between off-duty and on-duty periods. This implies that being a
firefighter does not generally increase exposure to phthalates.
Fig. 4. Multiplicative change (10β) in silicone wristband phthalate and non-phthalate
compared to off-duty. Exponentiated beta coefficients from these regression analyses r
on on-duty wristbands relative to the reference category of off-duty wristbands. Filled
phthalate; DBP = dibutyl phthalate; DiBP = diisobutyl phthalate; BBP = benzyl butyl
DEHT = dioctyl terephthalate; DiNP = diisononyl phthalate; TOTM = trioctyltrimellit
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In a previous study using silicone dog tags to monitor exposure to fire-
fighters in Oregon, phthalates were observed at a higher median while
on-duty than off-duty, with DEHP and DIBP measured at the highest levels
while on-duty (Poutasse, 2020). Researchers noted that this may be due to
the presence of phthalates in firefighter turnout gear (Poutasse, 2020;
Alexander and Baxter, 2014; Alexander, 2012). While we did not evaluate
turn-out gear in our study, and cannot evaluate this hypothesis, we did col-
lect information on personal care product use which may be related to ex-
posure to some phthalates used in fragrances. In total 11 (55%) of
firefighters reported using fragrances (cologne or perfume). Of these, 7 re-
ported fragrance use off-duty, 1 used it during an on-duty shift where they
did not respond to a fire event, and 3 reported fragrance use while on-duty
in a shift where they responded to a fire event. While these numbers were
too low to evaluate differences statistically, the higher proportion of
firefighters using fragrances while off-duty may explain observed patterns
for some low molecular weight phthalates used in these applications (e.g.
DEP). It is worth noting that not all phthalates measured are associated
with fragrances, as the most abundant phthalates measured here are high
molecular weight phthalates that are most often used as plasticizers associ-
ated with building materials, plastics, and consumer products, though the
plasticizer measurements while on-duty (with fire event and without fire event) as
epresent the multiplicative change in log10-transformed mass of chemical(s) found
shapes indicate p < 0.05. Acronyms: DMP = dimethyl phthalate; DEP = diethyl
phthalate; DEHA= di-(2-ethylhexyl) adipate; DEHP = di(2-ethylhexyl)phthalate;
ate.
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same pattern of lower exposures while on-duty was observed across all
phthalates measured.

3.4. OPEs

OPEs were measured at the second highest concentrations on wrist-
bands overall. Of the 36OPEs quantified in this investigation, 23weremea-
sured in >50% of the total samples. EHDPP was measured at the highest
median concentration, which was observed in on-duty wristbands with
no fire event.

TPHP, EHDPP, TEHP, 4tBDPP, B4IPPP, T4tBPP, TDMPP, and B4tBPPP
were all associated with firefighter occupational exposures. Two of these
OPEs had lower detection frequencies in off-duty wristbands: T4tBPP
(43%) and TDMPP (38%) (SI Table S4), which may demonstrate that
these exposures are associated with exposures experienced at a firehouse,
rather than exposures experienced while responding to fires. Exposure to
T4tBPP and TDMPP were 23–73 times higher for firefighters while on-
duty; however, we caution again the over interpretation of these data due
to the lower detection frequency of these compounds in off-duty bands. Ex-
posure to the rest of the OPEs listed above were 0.8–4.4 times higher in
wristbands worn while on-duty without a fire event, and between 0.4 and
11.3 times higher in wristbands worn while on-duty with a fire event,
both as compared to off-duty wristbands (p < 0.05) (Fig. 5). In the case of
TiBP, significant and lower exposures were observed on wristbands worn
on-duty without a fire event (Fig. 5), signifying that TiBP exposures are
not occupationally driven for firefighters. Of note, the low detection fre-
quencies associated with off-duty wristbands (for T4tBPP and TDMPP, as
noted above) may have influenced the multiplicative change trends noted
in Fig. 5.

OPEs tend to come from a much wider range of applications and have
many more uses than the other chemical classes detailed herein, such as
their uses as flame retardants and plasticizers in building materials. For ex-
ample, TPHP is commonly found in a variety of commercial flame retardant
mixtures which are used in furniture but TPHP has also been used in per-
sonal care products (e.g. nail polish), electrical industrial equipment, as a
plasticizer, in artificial leather products, in varnishes, and as a phthalate
substitute (Stapleton et al., 2012a; Stapleton et al., 2012b; Bergh et al.,
2011; Marklund et al., 2003; Van den Eede et al., 2011; Young et al.,
2018). Additionally, EHDPP is associated with food packaging (Li et al.,
2019), and TCEP is associated with insulation material (Office of
Environmental Health Hazard Assessment, 2021). The ubiquity of these ex-
posures make OPE exposure sources difficult to ascertain, though it is clear
Fig. 5.Multiplicative change (10β) in silicone wristband OPE measurements while on-d
beta coefficients from these regression analyses represent the multiplicative change in
reference category of off-duty wristbands. Measurements of tris(1-chloro-2-propyl)
summed to a single value (ΣTCPP). Filled shapes indicate p < 0.05. Acronyms: TCEP =
TPHP = triphenyl phosphate; TEP = triethyl phosphate; TiBP = tri-isobutylphosph
phosphate; TEHP = tris(2-ethylhexyl) phosphate; TmCP = tri-m-cresyl phosphate;
diphenyl phosphate; 3IPPDPP = 3-isopropylphenyl diphenyl phosphate; 4IPPDPP = 4
phosphate; B4IPPPP = bis(4-isopropylphenyl) phenyl phosphate; 24DIPPDPP = bis(2
phosphate; B4tBPPP = bis(4-tert-butylphenyl) phenyl phosphate; T4tBPP = tris(4-tert-b
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from the high concentrations measured on these wristbands that some of
these OPEs seem to be associated with on-duty exposures, though not
with responding to fire events. These differences in exposure experienced
on-duty may be due to building materials, and/or materials found within
the firehouses such as furniture.

3.5. PFAS

Of the 18 PFAS compounds quantified, 7were detected in>50%of sam-
ples. 6:2 diPAP had the highest median value of all PFAS measured
(Table 2) though PFAS values were generally measured at lower levels on
all firefighter wristbands compared to other classes of SVOC evaluated.

Generally, little difference was observed between off-duty and on-duty
exposures for each PFAS (Fig. 6). Of note, the fire departments in this
study did not use firefighting foams, such as aqueous film forming foam
(AFFF), while responding tofires during this study collection period. Signif-
icantly higher concentrations were observed for PFOS when on-duty and
responding to a fire, which may be associated with firefighting gear
(Peaslee et al., 2020). Interestingly, 6:2 diPAP, a perfluoroalkyl acid
(PFAA) precursor which degrades into less-persistent PFAA compounds,
was significantly higher when off-duty as compared to on-duty. Though
many PFAS precursors degrade in the environment due to their different
chemical structures, these precursors unfortunately degrade into more per-
sistent PFAAs. 6:2 diPAPhas previously been observed in high levels in dust
in fire stations and residential settings in North America (Hall et al., 2020).
The US EPA reports that 6:2 diPAP is typically used as a flame retardant, an
emulsion stabilizer, and a surfactant (US EPA, 2015), and is found in prod-
ucts such as paper and board-finishing agents (Zweigle et al., 2021), fast
food packaging, and floor coatings (Chen et al., 2020; De Silva et al.,
2012; Schaider et al., 2017).

3.6. Pesticides

Pesticide exposure was not associatedwith firefighting, and little differ-
encewas observed between off-duty and on-duty exposures for any individ-
ual compound. A small number of pesticides commonly found in indoor
environments were targeted in our methods, and only six of these were
found in at least 50% of firefighter wristbands. Cis- and trans-permethrin
were found at the highest levels among all pesticides and were the only
two pesticides found on 100% of all firefighter wristbands. Pyrethroid pes-
ticides such as permethrin are often associatedwith indoor pesticide use, in
particular products such as insect control sprays, pet products, and lice
uty (with fire event and without fire event) as compared to off-duty. Exponentiated
log10-transformed mass of chemical(s) found on on-duty wristbands relative to the
phosphate (TCPP) isomers, TCPP1, TCPP2, and TCPP3, on each wristband were

tris(2-chloroethyl) phosphate; TDCPP = tris(1,3-dichloro-2-propyl) phosphate;
ate; TBOEP = tris(2-butoxyethyl) phosphate; EHDPP = 2-ethylhexyl diphenyl
TDMPP = tris(3,5-dimethylphenyl) phosphate; 2IPPDPP = 2-isopropylphenyl
-isopropylphenyl diphenyl phosphate; B2IPPPP = bis(2-isopropylphenyl) phenyl
,4-diisopropylphenyl) phenyl phosphate; 4tBPDPP = 4-tert-butylphenyl diphenyl
utylphenyl) phosphate; isodecyl-PP = isodecyl diphenyl phosphate.



Fig. 6.Multiplicative change (10β) in silicone wristband PFAS measurements while on-duty (with fire event and without fire event) as compared to off-duty. Exponentiated
beta coefficients from these regression analyses represent the multiplicative change in log10-transformed mass of chemical(s) found on on-duty wristbands relative to the
reference category of off-duty wristbands. Filled shapes indicate p < 0.05. Acronyms: PFHxS = perfluorohexanesulfonic acid; PFOA = perfluorooctanoic acid; PFNA =
perfluorononanoic acid; PFOS = perfluorooctane sulfonic acid; PFDA= perfluorodecanoic acid; 6:2 diPAP = 6:2 fluorotelomer phosphate diester.
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treatment and shampoos (Barr et al., 2022; Donald et al., 2016; Rodzaj
et al., 2021). As such, both cis- and trans-permethrin were found at signifi-
cantly higher levels while off-duty as compared to on-duty (SI Fig. S3).

3.7. Limitations and strengths

While this study provided insight into differences in chemical exposures
experienced by firefighters, there were several limitations that should be
considered. Our convenience sample of firefighters was relatively small
and consisted of primarily White men from central North Carolina. These
municipal firefighter's exposuresmay not be representative of all exposures
experienced by all types of firefighters (such as those of wildfire fighters,
firefighters in more urban or more rural settings, or those in industrial set-
tings). However, the individuals included in our study responded to a range
of fire calls (including residential fires, vehicle fires, business fires, and con-
trolled burns for training purposes). Limited information was collected re-
garding showering and hand washing throughout each period while
wearing a wristband, although, in general, bathing patterns were similar
across all three time periods based on the survey responses collected. As
such, we cannot comment on the impact of hand washing or showering
on wristband loading at this time. This small cohort was unfortunately
not large enough to draw conclusions regarding how product use or behav-
ioral habits may impact exposure to these firefighters. For example, some
firefighters had second jobs while off-duty, though we were unable to com-
ment on the effect these secondary exposures, theymay have contributed to
off-duty exposures. Importantly, exposure at second jobs would likely mask
any suggestion of occupational exposure during firefighting.

Strengths of this study include the study design, which captured differ-
ences in exposure based on the type of shift experienced by the firefighter.
Though silicone passive samplers have been used to investigate firefighter
exposures, these previous investigations have done so either through inves-
tigations of a single 24 h day wearing the passive sampling device (Baum
et al., 2020; Caban-Martinez et al., 2020) or through suspect screening of
a wide range of chemicals. Our study focuses on the widest targeted screen-
ing, which typically has higher sensitivity than non-targeted analyses, of
compounds of interest. As such, for the compounds quantified herein as
compared to those analyzed through suspect screening on silicone dog
tags (Poutasse et al., 2022), our detection frequencies are considerably
higher. Our ability to compare between three different events (i.e., on-
dutyfire/nofire or off-duty)means that the occupational exposures specific
to firefighters can be further elucidated. Importantly, in this investigation,
we observed statistically significant differences related to occupational
task in a small population of firefighters that responded to only one or
two fires over the 6 days while theywore awristband. Of the 20firefighters
8

that wore their wristbands during fire events, 13 of these firefighters only
responded to one fire event and 7 responded to two fire events. However,
the median amount of total time spent at a fire was about 1.5 h regardless
of if firefighters experienced one or two fires during that work shift. This
demonstrates that the short duration of time spent near a fire significantly
increases exposure to several chemical classes, and particularly PAHs, and
this difference in exposure can be detected with silicone wristbands.
Though more data is needed, this suggests that wristbands are a sensitive
passive exposure sampling method for picking up hazardous chemicals to
which firefighters may be exposed. Additionally, this is the first targeted
analysis of firefighter occupational exposure using silicone wristbands
that has measured such a wide range of semi-volatile organic compounds
and is the first study to use silicone wristbands to monitor exposure to
PFAS. Silicone wristbands are thought to measure the potential exposure
that may be experienced through both dermal exposure and inhalation ex-
posure, not only one specific exposure route (Dixon et al., 2019; Wang
et al., 2020a; Aerts et al., 2018; Weschler and Nazaroff, 2014). This
means that chemical exposure associated with a particular exposure path-
way cannot necessarily be isolated using our current study design, but the
ability to measure non-dietary exposure routes through a single exposure
matrix is a strength for estimating occupational exposures.

4. Conclusion

Firefighters' occupational exposures were measured on wristbands at
higher levels than in previous studies of the general adult population, par-
ticularly for PAHs and BFRs (Hammel et al., 2018;Wang et al., 2020b). Spe-
cifically, elevated BFRs and PAHs are associated with firefighter on-duty
exposure, and firefighters are exposed to PAHs at higher levels while specif-
ically responding tofire events. Using siliconewristbands, we compared oc-
cupational and off-duty exposures to investigate firefighter occupational
exposures.

By understanding firefighter occupational exposures, we can better hy-
pothesize which exposures may warrant further research for their role as
potential risk factors in cancer development. In the future, silicone wrist-
bands may be utilized to further inform the science regarding chemical ex-
posures associated with firefighting, such as other combustion related
exposures (Lomnicki et al., 2014). Additionally, silicone wristbands can
be used in larger, epidemiological studies to evaluate associations between
health effects and multi-chemical exposure(s). Though silicone wristbands
have not yet been investigated for their ability to measure combustion re-
lated exposures such as environmentally persistent free radicals, these rela-
tively new passive sampling devices may be instrumental in further
characterizing firefighter occupational exposures.
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