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Abstract: Firefighters are intermittently exposed to complex, mixed pollutants in random settings.
Of those pollutants, PAHs (polycyclic aromatic hydrocarbons) are the most commonly studied and
best understood. PAH exposure can occur via multiple routes; therefore, the levels of hydroxylated
metabolites of PAHs in urine have been used as a biomonitoring tool for risk assessment. We
performed a systematic review and meta-analysis of the literature to estimate the levels of urinary
hydroxylated PAH (OHPAH) among firefighters, determine risk attributions, and, finally, evaluate
the scope of preventive efforts and their utility as diagnostic tools. The meta-regression confirmed
increases in OHPAH concentrations after fire activities by up to 1.71-times (p-values: <0.0001).
Samples collected at a time point of 2—4 h after a fire suppression showed a consistent, statistically
significant pattern as compared with baseline samples. The National Fire Protection Association
(NFPA) standard 1582 Standard on Comprehensive Occupational Medical Program for Fire Departments lists
various health examinations, including a urinalysis for occupational chemical exposure if indicated
and medical screening for cancers and cardiovascular diseases. Biomonitoring is a valuable screening
tool for assessing occupational exposure and the results of this meta-analysis support their inclusion
in regular health screenings for firefighters.

Keywords: biomarkers; biomonitoring; firefighter; hydroxylated polycyclic aromatic hydrocarbons
(OHPAH); meta-analysis;
urinary metabolites

occupational and environmental exposure; systematic review;

1. Introduction

Firefighters comprise one of the most challenging occupational groups to study us-
ing a traditional exposure assessment. Due to their unique working environment, the
dimensions of their exposure (e.g., concentration, duration, and frequency) cannot be
studied thoroughly. Specifically, firefighters are intermittently exposed to complexities of
mixed pollutants in random settings during each on-call shift. Of those pollutants, PAHs
(polycyclic aromatic hydrocarbons) are the most studied and best understood carcinogenic
substances produced during firefighting activities. As previously reviewed [1], the possible
routes of exposure for PAHs include not only inhalation but also dermal absorption and
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ingestion. When exposure occurs via multiple routes, an integrated approach for estimating
systemic dose, called “biomonitoring”, is generally used. For example, urinary hydroxy-
lated metabolites of PAHs have been used as a biomonitoring tool for the risk assessment
of multi-route PAH exposure [2—4].

PAHs are absorbed into the human body through the respiratory tract, the skin, and
the digestive tract, then disseminated to the lymph nodes, circulated in the blood, and
metabolized in the liver and kidney [5]. Predominant PAHs are excreted in bile and urine, as
their hydroxylated PAH (OHPAH) metabolites conjugate to water-soluble glucuronic acid
and sulfate [6-8]. Other than bile and urine, the elimination routes of OHPAH metabolites in
humans are feces and breast milk, yet the most commonly studied biospecimen is urine [3].
OHPAH compounds of four rings or more with higher molecular weights (MW) are mostly
excreted in feces because their metabolism is more complex, whereas OHPAH compounds
with lower MW tend to be excreted in urine because the hydroxyl metabolizes [2—4,9].

A recent systematic review covered a broad scope of firefighter biomonitoring studies
that assessed occupational exposures to volatile organic compounds (VOCs) and semi-
VOCs, including PAH and metals [10]. Another review study focused on reviewing
firefighter urinary OHPAH metabolites as biomarkers after fire suppression [11], yet none
explored the measured urinary OHPAH levels. We performed a systematic review and
meta-analysis of quantitative synthesis of the evidence from the scarce literature to estimate
the elevated levels of urinary OHPAH among firefighters, evaluate potential risk attribu-
tions, assess the scope of preventive efforts, and determine their utility as a diagnostic tool.

2. Materials and Methods
2.1. Search Strategy

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines for the systematic review [12]. To identify publications, we searched
the following databases: Embase (Classic + Embase OvidSP); MEDLINE (Epub Ahead of
Print, In-Process, In-Data Review and Other Non-Indexed Citations and Daily OvidSP);
Scopus; and Web of Science Core Collection (Figure 1). As the amount and quality of
measurement data are limited, we did not include grey literature such as technical reports
or those from the International Agency for Research on Cancer (IARC), conference pro-
ceedings, or theses/dissertations. We customized our search strategy by incorporating
controlled vocabulary terms and/or keywords designed to retrieve literature relevant to
the concepts ‘firefighters” “urinary metabolites’, and “hydroxylated polycyclic aromatic
hydrocarbons (OHPAH)’. The searches were conducted in May—June 2021. The detailed
search strategies that reflect all terms and special features (e.g., limits, explode, focus, etc.)
for each database are listed in the Supplementary Materials Section S1. Search results from
each database were imported into Covidence™ and were then screened.

Literature search of databases
384 Embase + 294 Medline + 376 Scopus + 286 Web of Science

1340 Literature search of databases ‘
———-{ 775 Duplicates removed ‘

565 Titles and abstracts screened ‘

515 Articles excluded
after screening

50 Full text articles assessed ‘

exclusion criteria

23 Full text articles met ‘

27 Articles included ‘

Figure 1. PRISMA flow chart of the literature screening and selection processes.
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2.2. Inclusion and Exclusion Criteria

We included original studies of urinary OHPAH metabolites from firefighters who
were involved in firefighting activities. After screening against the title and abstract and
assessing the eligibility of the full text, articles were excluded due to one or more of the
following reasons:

o Different study scope (e.g., mathematical model, epidemiological study, animal model,
chemical analytical approach);

World Trade Center (WTC) cohort population;

Non-firefighting activities (e.g., at the fire station, emergency medical services);
Different biospecimens (e.g., serum);

Different metabolites (e.g., Per- and Polyfluoroalkyl Substances (PFAS));

Systematic review paper on biomonitoring including PAH;

Editorial, case report, textbook, newsletters (e.g., science selection in a journal);
Non-original study (e.g., companion, follow-up);

Articles in non-English (e.g., German, Russian).

2.3. Data Extraction

We extracted descriptive characteristics from each article, including OHPAH analytical
equipment; type of fire activity, either emergency or non-emergency (live training for
structural and prescribed burn for wildfire); the number of participants; and type of
biospecimen collections (Table 1). Each OHPAH metabolite and its relevant confounders,
such as smoking status and grilled food consumption, were also extracted. These major
recognized risk factors were restricted to dichotomous indices (yes/no). For the case of food
intake, if indicated as no, the study followed the specific guidelines that the participants had
no grilled, barbequed, or charcoaled food during study enrollment before urine collection.
When needed, the metabolite values were estimated to the nearest decimal place based
on a box plot, bar graph, or another figure. A third of the data points in the extracted
studies were not normalized with the urinary creatinine levels. The consideration of
adjusted creatinine is essential for OHPAH metabolites because there are possible diuresis-
related effects depending on an individual body’s hydration at the time of urine collection.
To minimize these biological effects, creatinine is measured in urine as an indicator of
kidney function and protein intake [6,13]. When the studies reported the PAH metabolites
without creatinine adjustments, we applied the conversion factor of 130.4 mg/dL, which
is the average creatinine level derived from the 22,245 participants making up the study
population in the 3rd National Health and Nutrition Examination Survey (NHANES
III) [14]. The unit used for urinary PAH metabolites was ng/g—creatinine. Like our earlier
meta-analysis of pre- and post- fire activity [1], we applied the concept of fold changes
(FC). The FC represents a ratio of OHPAH metabolites mean between exposed and non-
exposed participants of the fire activities, rather than a comparison of firefighters and
a control group, such as the general population and/or a selected population without
occupational exposure.
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Table 1. Summary of study characteristics in evaluations of urinary OHPAH metabolites in firefighters.

Country/ . Other .
Study ID Author/ State or Ana’lytlcal Type of Fire Class of Fire N.OI of Male No. (%)  Biospecimens Smoke Grilled
Year . Equipment Participants (Y/N) Food (Y/N)
Region Collected
Oliveira Portugal/ 3 —_— 1 P 3
150 2016 [3] Trés-os-Montes LC-FLD Wildfire Emergency 153 NR - N N
161 2311\176;28]1 Portugal /Braganca LC-FLD Wildfire Emergency 108 NR - Y N
212 2011:9'3? 5] U.S./Illinois HPLC-MS Structural Live training 34 31 (91.2) Breath N N
Adetona . e Prescribed
153 2017 [16] U.S./S. Carolina HPLC-MS Wildfire burns 19 17 (89.5) - Y Y
142 F(;Briz;n[z;c]lo Canada/Ontario GC-MS/MS Structural Live training 28 24 (85.7) - N N
Cherry I
203 2019 [17] Canada/Alberta LC-MS/MS Wildfire Emergency 172 162 (94.2) - Y Y
Adetona . e Prescribed
221 2019 [18] U.S./S. Carolina HPLC-FLD Wildfire burns 12 9 (75) - Y Y
115 ZOEZIH o] U.S./Ilinois ELISA Structural Live training 18 18 (100) Breath N N
Laitinen Finland /Kuopio; LC-FLD; . .
72 2010 [20] France/Paris GC-ECD Structural Live training 16 NR - N NR
183 V;/(l)rllgf[ozr]s Sweden/Sando GC-MS/MS Structural Live training 20 NR - N N
Gill LC-MS/MS; g
202 2019 [6] Canada/Alberta GC-HRMS Wildfire Emergency 42 42 (100) - Y Y
173 2 Oi<7e 1[31 1 Canada/Ontario GC-MS/MS Structural Emergency 44 44 (100) - N N
Laitinen . . LC-FLD; . ..
88 2012 [22] Finland /Kuopio GC-ECD Structural Live training 13 NR - N NR
Fent . ELISA; HPLC- . .
244 2020 [23] U.S. /Illinois MS/MS Structural Live training 41 37(90.2) Breath N N
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Table 1. Cont.

Country/ . Other .
Study ID Author/ State or Ana.lytlcal Type of Fire Class of Fire NO: of Male No. (%)  Biospecimens Smoke Grilled
Year . Equipment Participants (Y/N) Food (Y/N)
Region Collected
Rossbach Germany /Frankfurt . ..
237 2020 [13] & Main GC-MS/MS Structural Live training 6 NR - Y Y
Beitel . . .
229 2020 [24] U.S./Arizona GC-MS/MS Structural Live training 11 11 (100) - N N
Blood,
271 ;Elg)g[zs :] U.S./Arizona GC-MS Structural Emergency 22 NR Buccal cells
Live training 24 NR - N N
Hoppe-Jones . : Blood,
291 2021 [26] U.S./Arizona GC-MS Structural Emergency 242 NR Buccal cells
280 23;‘1‘1;;] Australia/Queensland ~ GC-MS/MS Structural Live training 26 25 (96.2) - N Y
36 Caux Canada/Toront HPLC-UV Structural Emergen 43 NR - Y Y
2002 [27] anada/Toronto uctura ergency
Oliveira S Blood, Cardio-
151 2020 [28] Portugal /Braganca LC-FLD Wildfire Emergency 171 NR respiratory Y N
Moen . .
22 Norway/Bergen HPLC Structural Live training 13 NR - Y N
1997 [29]
Feunekes Netherlands/ . ..
20 1997 [30] Den Helder HPLC Structural Live training 47 NR - Y NR
Robinson . —_— Prescribed .
65 2008 [31] U.S./Arizona HPLC-FLD Wildfire burns 21 NR Lung function Y Y
Andersen . .. Blood, Skin,
179 2018 (a) [32] Denmark/Copenhagen =~ HPLC-FLD Structural Live training 53 41 (77.4) Lung function N Y
Andersen Blood, Skin,
190 2018 (b) [33] Denmark/Copenhagen =~ HPLC-FLD Structural Emergency 22 22 (100) Lung function Y Y
Cherry Canada/Alberta or I Prescribed
261 2021 [34] British Columbia LC-MS/MS Wildfire burns 86 66 (76.7) - N Y

1 NIR: Not recorded; ? Urine only; 3 All participants were non-smokers; * Meta-analysis used data by GC-HRMS.
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2.4. Statistical Analysis

The purpose of this statistical analysis was to conduct a random-effects meta-analysis
on results from the literature to determine the influence of fire activity on the levels
of OHPAH metabolites. Different study designs, methods of analysis, equipment and
procedures, exposure scenarios, geographical settings, and emergency settings can cause
significant variation and heterogeneity in overall effect estimates. Therefore, as the studies
had heterogeneous characteristics, we used the generic inverse variance method [35] for a
random-effects meta-analysis, which was implemented by the R package meta and metafor.
The heterogeneity was investigated using the I? statistic and Q-test. Missing values for the
arithmetic mean (AM), geometric mean (GM), and standard error (SE) were replaced using
an imputation method based on median and range. If a missing value could not be replaced,
it was excluded from the meta-analysis. Two multi-regression models were applied to
explore moderator effects of variables, such as the sampling time duration and sampling
time point after exposure, with the following exposure-related metrics: grouped analytes
and molecular weights. The moderator effect was estimated for the hypothesis of no effects
using the SE and test p-value. To mitigate publication bias, we visually inspected the funnel
plot (Supplementary Materials S2), which maps effect sizes against their standard errors
or precisions. The significance level was 0.05. All analyses reported here were conducted
using R 4.0.5 (R Core Team, Vienna, Austria).

3. Results

A combined initial search yielded a total of 1340 articles (Figure 1). After removing
duplicates (n = 775) and screening the titles and abstracts (1 = 515), we assessed 50 full-text
articles. Based on the selection criteria, 27 studies were included in the meta-analysis
(Table 1). Eighteen (18) of those studies involved structural fires, while nine involved
wildfires. Furthermore, twice as many studies were conducted at non-emergency fires
(n =18, live training and prescribed burns) than emergency fires (1 = 9). Only one study [25]
reported the results for emergency and live training separately in the same article. Although
we did not specify a range of years, all of the reviewed studies were published in 1997 or
later. Specifically, all except four studies were published after 2010. Since structural and
synthetic materials constantly evolve, the characteristics of exposures at fires reported in the
earlier publications probably do not reflect current exposure circumstances. Concerning the
extracted evidence, each study used a different analytical method, which was presumably
carried out using accessible laboratory equipment. These differences would warrant the
development of standardizing analytical method.

The number of recorded data points was insufficient to perform the meta-analysis
for each analyte. Moreover, PYR and ACE have the prefix number 1, indicating that they
are non-congener metabolites related to fire emission exposure. In contrast, FLU has four
(1,2, 3, and 9) congeners. To avoid bias towards an individual analyte, as well as to increase the
number of data points, we grouped analytes (e.g., OHFLU = 1FLU + 2FLU + 3FLU + 9FLU).
Some studies directly reported OHPAH concentrations, which we included in the sum of
all five metabolites. As shown in Table 2, the weights for fold change (FC) of the grouped
metabolites increased significantly, from 1.35-times for OHPAH to 1.71-times for OHFLU,
after a fire activity. Only three records were reported for OHACE and, thus, the p-value
(1.00) across analyses was invalid. Similar to the analytes, the molecular weight (MW) was
averaged to understand the impact of the time spent at the fire activity.

According to Table 3, a longer time spent (>30 min) showed a statistically significant
increase in the FC, up to 1.93, with one exception. The exception of a shorter time spent at a
fire activity showed a decrease in the FC at higher MW, but this was statistically significant
(p-value < 0.0001).
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Table 2. Pre/post comparison of hydroxylated PAH (OHPAH) collected from urine samples (unit:
ng/g—creatinine) by grouped analytes. Bold p-value indicates a statistically significant difference in
urinary OHPAH levels after the fire activity.

Grouped Post-Pre Fire Activity Fold Change

Analyte * No. Records Mean SE (Post/I’re)g p-Value
OHFLU 122 6.3 1.17 1.71 <0.0001
OHNAP 106 35.6 2.37 1.57 <0.0001
OHPHE 103 2.3 0.19 1.58 <0.0001
OHPYR 77 0.3 0.02 0.40 <0.0001
OHPAH 451 1.0 0.04 1.35 <0.0001

* OHFLU (hydroxyfluorenes) = 1FLU (1-hydroxyfluorene) + 2FLU (2-hydroxyfluorene) + 3FLU (3-
hydroxyfluorene) + 9FLU (9-hydroxyfluorene); OHNAP (hydroxynaphthalenes) = INAP (1-hydroxynaphthalene)
+ 2NAP (2-hydroxynaphthalene); OHPHE (hydroxyphenanthrenes) = 1PHE (1-hydroxyphenanthrene) + 2PHE
(2-hydroxyphenanthrene) + 3PHE (3-hydroxyphenanthrene) + 4PHE (4-hydroxyphenanthrene) + 9PHE (9-
hydroxyphenanthrene); OHPYR (hydroxypyrenes) = 1PYR (1-hydroxypyrene); OHPAH = sum of all metabolites,
plus direct report of OHPAH from studies.

Table 3. Duration of exposure comparison of hydroxylated PAH (OHPAH) collected from urine
samples (unit: ng/g—creatinine) by molecular weight. Bold p-value indicates a statistically significant
difference in urinary OHPAH levels by time spent at fire activity.

Molecular >30 min-<30 min Fold Change Val
Weight * No. Records Mean SE (>30 min/<30 min) p-vatue
144.17 50 23.1 6.63 1.60 0.0005
182.22 65 29 0.72 1.93 <0.0001
194.23 48 0.4 0.12 1.44 0.0003
218.25 67 —0.4 0.02 0.24 <0.0001

*144.17 g/mol = INAP, 2NAP; 182.22 g/mol = 1FLU, 2FLU, 3FLU, 9FLU; 194.23 g/mol = 1PHE, 2PHE, 3PHE,
4PHE, 9PHE; 218.25 g/mol: 1PYR.

As shown in Table 4, four sampling time point categories (baseline t = 0; 0-2 h, or
t<2;2-4h,ort=2-4;>4h, or t > 4) were used to identify the time window showing the
best urinary OHPAH sample collection after exposure. Two grouped analytes (OHNAP
and OHPHE) had values of FC < 1.0, indicating that weight is lower at post-fire t < 2 than at
pre-fire t = 0. Yet, there was no statistically significant difference between t <2 and t = 0. All
weights for FC were greater than 1 when the sampling time point was 2—4 h after the fire
activity. Except for OHNAP, all grouped analytes showed significant differences between
t=2-4 and t = 0 (p-value < 0.05). When the sampling time point was greater than 4 h from
the baseline, FC was less than 1 for OHFLU, OHNAP, and OHPHE. As Table 5 shows,
structural firefighters had a statistically higher weight of urinary OHPAH metabolites, up
to 11.11-times for OHPYR, than those of wildland firefighters (p-values < 0.05).

Table 4. Three sampling time windows (t < 2, t = 24, t > 4) and one baseline (t = 0) of OHPAH were
collected from urine samples (unit: ng/g—creatinine) by grouped analytes. Bold p-value indicates
statistically significant difference in urinary OHPAH levels at a sampling time point after and before
fire activity.

[t <2]- [t =2-4]- [t=>4]-
Crouped o ft=0lh  SE 09  pvalue  [t=0lh SE oM pvae [t=0lh  sE 09 pvalue
nalyte ecords T\ ange Mean ange Mean ange

OHFLU 69 72 3.10 2,01 0.0210 33 166 147 00475 22 225 0.69 0.3375
OHNAP 65 265 3318 076 0.4245 211 1635 119 01978  -852 2187 024  <0.0001
OHPHE 58 10 191 0.82 0.5830 5.0 130 185 00001 37 163 037 00226
OHPYR 40 19 022 2369  <0.0001 27 007 3302 <0000 07 0.02 917 <0.0001
OHPAH 253 07 007 224  <0.0001 23 006 488  <0.0001 14 0.04 331 <0.0001

* OHFLU = 1FLU + 2FLU + 3FLU + 9FLU; OHNAP = 1INAP + 2NAP; OHPHE= 1PHE + 2PHE + 3PHE + 4PHE +
9PHE; OHPYR = 1PYR; OHPAH = sum of all metabolites, plus direct report of OHPAH from studies.
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Table 5. Structural and wildland fire comparison of hydroxylated PAH (OHPAH) collected from
urine samples (unit: ng/g—creatinine) by grouped analytes. Bold p-value indicates a statistically
significant difference in urinary OHPAH levels between structural and wildland fire activity.

Grouped No. (Wildfire-Structural) Fold Change

Analyte * Records Mean SE (Structural/Wildfire) p-Value
OHFLU 122 3.3 1.42 2.08 0.0195
OHNAP - - - - -

OHPHE 103 2.5 0.22 5.88 <0.0001
OHPYR 77 1.0 0.01 11.11 <0.0001
OHPAH 451 1.2 0.04 1.96 <0.0001

*OHFLU = 1FLU + 2FLU + 3FLU + 9FLU; OHNAP = INAP + 2NAP; OHPHE= 1PHE + 2PHE + 3PHE + 4PHE +
9PHE; OHPYR = 1PYR; OHPAH = sum of all metabolites, plus direct report of OHPAH from studies.

In about half of the studies (1 = 14), the participants were not permitted to eat grilled
food for the duration of enrollment, which varied from 12 h to a week before the study
started. Similarly, half of the studies (1 = 13) excluded smokers from participation. To avoid
possible interaction effects, we analyzed OHPAH levels with grilled food consumption
(restricted grilled food versus no restriction) and tobacco exposure (recruited smoker
versus non-smoker) as variables. Our meta-regression provided mixed results as the
type/amount of diet and smoke greatly varies between firefighters. The levels of OHNAP
and OHPYR were significantly higher in the studies with participants who ate grilled
food (p-values < 0.0001), while OHPHE and OHFLU were not (p-values = 0.56 and 0.22,
respectively). The results for tobacco consumption were analogous to those for diet (data
not shown).

4. Discussion
4.1. Metabolite Quantification

Only a few of the hydroxylated metabolites of PAHs in the firefighter urine were
quantified in the articles we reviewed. Furthermore, hydroxylated metabolites result from
only one of many potential metabolic pathways. In general, PAH analytes produce OHPAH
metabolites, but not always. For example, 3-BaP is one of the metabolites of benzo(a)pyrene.
Similarly, 1-NAP, which is frequently used to assess exposure to naphthalene, is a metabo-
lite of not only naphthalene but also the insecticide carbaryl [36]. Because only certain PAHs
produce a number of the urinary metabolites of the OHPAH isomer [7], the correlation
between PAH (e.g., naphthalene) and OHPAH (e.g., 1-NAP) was moderate (r = 0.57) [9].
Although our review excluded WTC firefighters, Edelman (2003) [37] measured seven addi-
tional urinary metabolites, 1-hydroxybenzo[a]anthracene, 1-hydroxybenzo[c]phenanthrene,
2-hydroxybenzo[c]phenanthrene, 3-hydroxybenzo[a]anthracene, 3-hydroxybenzo[c]
phenanthrene, 3-hydoxychrysene, and 3-hydroxyfluoranthrene, in their study cohort in
response to WTC. Due to hydroxyl metabolism, there have been no urinary studies of
OHPAH with five or six rings, including benzo[e]pyrene and benzanthrone, as mostly
found in feces. In 9 of the 27 studies we reviewed, 1-PYR, which is the biomarker most com-
monly used to monitor complex carcinogenic PAH exposure [2,9], was the sole biomarker
analyzed. However, according to our meta-analysis, there was a significant increase in all
hydroxylated PAH levels except OHPYR in firefighter urine samples post-fire (see Table 2).
In particular, Banks et al. (2021) and Anderson et al. (2018) [9,33] found that firefighting
activities did not increase the 1-PYR concentration in urine, although the levels of 1-PYR
and PYR on the skin were correlated [32]. While most studies investigated a single analyte
using 1-PYR, two of the studies [13,15] we reviewed reported on up to 14 analytes of
urinary OHPAH. This inconsistency warrants that the quantification analysis of urinary
OHPAH be standardized, and that the laboratory process be part of the biomonitoring
program for firefighters. In particular, Gill et al. (2019) [6] emphasized that standardized
protocols, such as adding enzyme reagents for urine processing, will reduce variability
between laboratories.
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4.2. Sampling Time Windows

Previous studies of urine biospecimens have explored the best time points for sampling
post-fire. Determining when to sample is especially challenging in the case of firefighters,
who face multiple routes of PAH exposure that produce urinary OHPAH with different
biological half-lives [22]. The two main routes of exposure are dermal and respiratory, both
of which increase PAH metabolites. However, it is unclear which route is the main driver.
Further, no definitive answer has been given concerning the pathway of PAH exposure
resulting from firefighting. These uncertainties arise because the pharmacokinetics of
metabolites differ by individual OHPAH analyte and individual firefighter, as well as the
specific exposure route and assigned task [28,38]. Firefighters are situated in a unique work-
ing environment, fire suppression, and depend heavily on personal protective equipment,
including turnout gear [39]. The metabolites resulting from dermal exposure to contami-
nated gear tend to have a longer half-life than the metabolites resulting from inhalation
and excreted in urine, which possibly explains the bi-phase excretion pattern [34].

In the reviewed articles, most studies set multiple short-term sampling time points,
such as during the controlled burn, immediately after the burn, three hours post-exposure,
and six hours post-exposure. The study with the most sampling time points had nine
times, ranging from immediately after to 18 h post-exposure [13]. The longest time point
for sampling was two weeks post-exposure [6]. Another group [26] targeted to maximize
the level of OHNAP; thus, they collected urine samples 2—4 h after exposure. Yet, as they
pointed out, this sampling method likely underestimates the post-fire level of urinary
OHPAH, which has a longer half-life until elimination. A sampling time of three hours
or less may capture the peak excretion of many OHPAH, thus, serving as a short-term
biomarker [15,23,25]. In this meta-analysis, the FC (fold change), which is the ratio of a
sample collected at 2—4 h post-exposure to the baseline, was consistently greater than 1,
reflecting that there are no dilution effects in this time window (see Table 4). Conversely,
the FC for the samples collected >4 h post-exposure remained high for OHPYR at 9.17,
perhaps because the half-life of PYR is longer than those of the other urinary OHPAH [26].
This finding can also be ascribed to accumulation effects. Cherry et al. (2021) [34] report
that the level of 1-PYR post-shift did not recover to the pre-shift level overnight due to
accumulated exposures. Rossbach et al. (2020) [13] estimated that the elimination half-life
of individual PAH metabolites, including 1-PYR, is 7.6 h. Similarly, they estimate that the
maximal time for urinary excretion of 1-PYR is 5.5-6 h [15,38].

4.3. Structural versus Wildland Fires

PAHSs, which are ubiquitous during fire suppression, are produced by the incom-
plete combustion of both natural and anthropogenic sources [4]. Occupational exposure
assessments of PAH have focused heavily on the latter, structural fires, due to growing
concerns with the synthetic materials used to fill modern structures. In contrast, exposure
to PAHs occurring due to wildland fires are seldom specifically addressed. In our review,
we included studies of both structural and wildland firefighters.

A comparison of PAH metabolites produced by structural as opposed to wildland
fires (see Table 5) is problematic, mainly due to different external working environments
and respiratory protection practices. For example, the duration of fire suppression is
significantly different between the two types of fire. Structural firefighters perform their
tasks in approximately 30 min [40], while wildland firefighters spend extended periods
in wildfires, averaging from 8 to 13 h [41,42]. Regarding respiratory protection, structural
firefighters usually wear an SCBA (Self-Contained Breathing Apparatus) [43], which has
the highest assigned protection factor (APF = 10,000) of all types of respiratory protection
equipment. However, wildland firefighters wear NIOSH-approved N95 filtering facepiece
respirators [44], cotton bandanas (Nomex® shrouds), or often nothing. None of these latter
options supply fresh air or oxygen; none protect against gas-phase contaminants; and only
the N95 respirator protects against particulate-phase contaminants [41]. Thus, the main
route of exposure for wildland firefighters may be inhalation [18]. In contrast, structural
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firefighters may be exposed to PAH while waiting their turn at live fire training [32] or at an
emergency fire adjacent to the burning structure, often without SCBA. The consequence of
such short exposure is minimal; thus, the main route of exposure for structural firefighters
may be dermal from contaminated gear [3,18].

4.4. Recommendations

The time between end-of-fire suppression at a fireground and return to station is
critical, as chemicals may be absorbed either through dermal exposure or off-gassing from
contaminated gear. Correspondingly, NFPA 1851 [45] has new language that highlights
the time sensitivity of preliminary exposure reduction at a fireground or emergency scene.
This change is in line with numerous studies that have reported that engaging in hygiene
practices immediately after a fire activity decreases exposure to PAHs. PAHs activate
aryl hydrocarbon receptors (AhR), resulting in inflammatory, oxidative, and genotoxic
effects [46]. One study found that firefighters who used a baby wipe removed residuals,
including AhR active compounds, from their skin [24].

At a fireground, intervention practices can include gross decontamination of gear with
soap before doffing as well as skin decontamination [34]. As part of field decontamination,
we also recommend that firefighters rinse debris and mucus from their nasal cavities using
a saline nasal spray. However, this intervention has not yet been investigated and should be
further studied. Before returning to the station, they should collect contaminated gear and
store it in an airtight container in a fire truck [47]. Upon arriving at the station, an extractor
should be used to wash the gear while the firefighters immediately take showers [47].
An infrared sauna comparison of pre- and post-live fire training found that OHPAH in
urine was reduced by 43% by stimulating an increase in sweat [25].

NFPA 1582 [48] provides a detailed list of health exams, including a blood test, uri-
nalysis, and medical screening for cancers and cardiovascular diseases. In the most recent
version, the guidelines for screening nine types of cancer have been updated. Based on the
rising rates of cancer and research that shows the health benefits of prevention methods
and early treatment, we believe all firefighters should undergo an annual health assess-
ment. Yet, this standard is not mandatory and often not feasible for many rural volunteer
fire departments due to logistical and budgetary constraints. Alternatively, the collection
of urine specimens can be a valuable tool for assessing internal biological indicators of
exposure dosage. Based on the stage and prognosis of a malignancy in the urinary tract,
urine has been used as a valid biomarker for prostate [49,50], bladder [51], and renal cell
carcinoma [52]. Urine collection is non-invasive, easy, and safe to obtain from firefighters
and allows for repetitive measurement, which is suitable for longitudinal studies.

4.5. Limitations

The health risks posed to firefighters from occupational exposure to contaminants may
differ based on meteorological parameters, type of fuel (vegetation or building materials),
size of the burn, length of work shift, or exposure to diesel exhaust, particulate matters, and
volatile organic compounds. We only considered a few of these risk factors in our meta-
analysis. In addition, firefighters perform various tasks on non-burn workdays, including
emergency medical service (EMS), administrative duties, required training, including
respiratory protection programs, engine maintenance, etc. There is a moderate to strong
correlation between airborne total PAHs and urinary total OHPAH at a fire station [53],
which raises the possibility of additional exposure to contaminants while firefighters are
on duty, regardless of whether they are directly engaged in fire activities. Our meta-
analysis was limited to fire activities, not to firefighters’ duties as a whole. Another
limitation is regarding the OHPAH molecular weight (MW). The low MW of PAH, which
predominantly exists in gaseous form and is highly volatile, may lead to underestimates
of personal exposure levels [53]. Simultaneously, due to their low MW and high volatility,
PAHs, such as NAP (MW: 144.17 g /mol), may penetrate the protective layers of turnout
gear [25], which increases the level of PAH in urine. Keir et al. (2017) [21] presented
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empirical evidence showing that inhalation is not the main route of exposure for NAP.
Instead, the concentration of NAP is the highest PAH in personal air samples and the lowest
PAH metabolites in urinary samples. One possible reason is that turnout gear, the main
protective personal equipment used by firefighters, protects from fire, not from volatile
chemicals, such as low-MW PAHs [13]. Furthermore, a strong inverse correlation exists
between OHPAH and MW. The higher the level of urinary OHPAH in firefighters, the lower
the MW of un-metabolized congener compounds in their urine [16,53,54]. Consistent with
this correlation, the overall mean of OHNAP was highest in our meta-regression analysis.
In contrast, PAHs with high MW are distributed in the gas or particulate phases, typically
bound to particles, and have low volatility [3]. As particle-bound metabolites of PAH are
eliminated in feces, the concentration of high-MW PAHs is low or non-existent in urine. For
example, Oliveira et al. (2016) [3] did not find any 3-hydroxybenzo[a]pyrene (3-BaP, MW:
268.3 g/mol) in the urine of either non-exposed or exposed firefighters. Metabolites of other
high-MW PAHs, such as 1-hydroxypyrene (1-PYR) and 3-hydroxyfluoranthene (3-FLU),
were detected in less than half of the firefighters” urine [7]. Hence, urine biospecimens may
not fully capture PAH toxicity because the carcinogenic metabolites of PAHs have high
MW. Biomonitoring both urine and fecal samples of firefighters will cover these gaps.

5. Conclusions

Firefighters are exposed to an extensive list of contaminants through multiple routes
and depending on tasks specific to each unique fire. While the main routes of exposure for
structural firefighters may be dermal from contaminated gear, the main routes of exposure
for wildland firefighters may be through inhalation from inadequate respiratory protec-
tion practices against contaminants. Thus, biomonitoring the internal doses of urinary
metabolites has the potential to be a powerful tool for assessing firefighters” exposure due
to fire suppression. OHPAH is metabolized and excreted through urine; the collection of
urine biospecimens from firefighters 2—4 h after the fire activities end will address gaps
in the levels of PAH carcinogens. As a part of the biomonitoring program for firefighters,
urinary OHPAH needs to be standardized for the quantification analysis and harmoniza-
tion of laboratory processes. Our recommendation for firefighters is to rinse debris and
mucus from their nasal cavities as part of their field decontamination. Further, firefighters
should have the benefit of an annual health assessment for occupational exposure, includ-
ing urinalysis, if indicated, and preventive care and medical screening for cancers and
cardiovascular diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph19148475/s1, Supplementary Materials S1: Search strate-
gies using terms and special features in four databases; Supplementary Materials S2: Funnel Plot
OHPAH analytes.

Author Contributions: Conceptualization, ].H.; data acquisition, J.H., K.T.; creation of search strate-
gies, T.R.M., S.C.; identification of databases and literature, TR.M., S.C.; data validation, J.H., K.T,,
X.X.; software, C.X., P.G.; formal analysis and methodology, ] H., C.X., PG.; data curation, ].H., RJ.A.,
X.X.; writing—original draft preparation, ].H.; writing—review and editing, ].H., RJ.A., C.X,,S.C.,
TR.M., X.X,, P.G., K.T,; visualization, C.X., P.G.; funding acquisition, J.H., C.X., RJ.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the Oklahoma Shared Clinical and Translational
Resources (NIGMS U54GM104938), an Institutional Research Grant from the American Cancer
Society (134128-IRG-19-142-01). ].H. was supported by the National Institute for Occupational Safety
and Health (NIOSH K010OH011891).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ijerph19148475/s1
https://www.mdpi.com/article/10.3390/ijerph19148475/s1

Int. J. Environ. Res. Public Health 2022, 19, 8475 12 of 14

Data Availability Statement: Data compiled for this meta-analysis are available on request from the
corresponding author. The R-code is deposited on GitHub repository (https:/ /github.com/PaulG-
Epi/Urinary-Metabolites-of-PAH-in-Firefighters-Meta-analysis.git (accessed on 10 May 2022).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Hwang, J.; Xu, C.; Agnew, R.; Clifton, S.; Malone, T. Health Risks of Structural Firefighters from Exposure to Polycyclic Aromatic
Hydrocarbons: A Systematic Review and Meta-Analysis. Int. |. Environ. Res. Public Health 2021, 18, 4209. [CrossRef] [PubMed]
Wingfors, H.; Nyholm, J.R.; Magnusson, R.; Wijkmark, C.H. Impact of Fire Suit Ensembles on Firefighter PAH Exposures as
Assessed by Skin Deposition and Urinary Biomarkers. Ann. Work. Expo. Health 2018, 62, 221-231. [CrossRef] [PubMed]
Oliveira, M.; Slezakova, K.; Alves, M.].; Fernandes, A.; Teixeira, ].P.; Delerue-Matos, C.; Pereira, M.D.C.; Morais, S. Firefighters’
exposure biomonitoring: Impact of firefighting activities on levels of urinary monohydroxyl metabolites. Int. |. Hyg. Environ.
Health 2016, 219, 857-866. [CrossRef] [PubMed]

Oliveira, M,; Slezakova, K.; Magalhaes, C.P.; Fernandes, A ; Teixeira, ].P.; Delerue-Matos, C.; Pereira, M.D.C.; Morais, S. Individual
and cumulative impacts of fire emissions and tobacco consumption on wildland firefighters’ total exposure to polycyclic aromatic
hydrocarbons. J. Hazard. Mater. 2017, 334, 10-20. [CrossRef] [PubMed]

ATSDR. Case Studies in Environmental Medicine Toxicity of Polycyclic Aromatic Hydrocarbons (PAHs). 2009. Available online:
https:/ /www.atsdr.cde.gov/csem/pah/docs/pah.pdf (accessed on 15 April 2022).

Gill, B.; Mell, A.; Shanmuganathan, M.; Jobst, K.; Zhang, X.; Kinniburgh, D.; Cherry, N.; Britz-McKibbin, P. Urinary hydroxypyrene
determination for biomonitoring of firefighters deployed at the Fort McMurray wildfire: An inter-laboratory method comparison.
Anal. Bioanal. Chem. 2019, 411, 1397-1407. [CrossRef] [PubMed]

Fernando, S.; Shaw, L.; Shaw, D.; Gallea, M.; VandenEnden, L.; House, R.; Verma, D.K.; Britz-McKibbin, P.; McCarry, B.E.
Evaluation of Firefighter Exposure to Wood Smoke during Training Exercises at Burn Houses. Environ. Sci. Technol. 2016, 50,
1536-1543. [CrossRef]

ACGIH. Polycyclic Aromatic Hydrocarbons (PAHs) Biological Exposure Index (BEI). American Conference of Governmental
Industrial Hygienists. 2010. Available online: https:/ /www.acgih.org/polycyclic-aromatic-hydrocarbons-pahs (accessed on 15
April 2022).

Banks, A.P; Thai, P.; Engelsman, M.; Wang, X.; Osorio, A.F.; Mueller, ].F. Characterising the exposure of Australian firefighters
to polycyclic aromatic hydrocarbons generated in simulated compartment fires. Int. . Hyg. Environ. Health 2021, 231, 113637.
[CrossRef]

Engelsman, M.; Toms, L.-M.; Banks, A.; Wang, X.; Mueller, ].F. Biomonitoring in firefighters for volatile organic compounds,
semivolatile organic compounds, persistent organic pollutants, and metals: A systematic review. Environ. Res. 2020, 188, 109562.
[CrossRef]

Gill, B.; Britz-McKibbin, P. Biomonitoring of smoke exposure in firefighters: A review. Curr. Opin. Environ. Sci. Health 2020, 15,
57-65. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 88, 105906.
[CrossRef]

Rossbach, B.; Wollschlager, D.; Letzel, S.; Gottschalk, W.; Muttray, A. Internal exposure of firefighting instructors to polycyclic
aromatic hydrocarbons (PAH) during live fire training. Toxicol. Lett. 2020, 331, 102-111. [CrossRef] [PubMed]

Barr, D.B.; Wilder, L.C.; Caudill, S.P.; Gonzalez, A.J.; Needham, L.L.; Pirkle, ].L. Urinary Creatinine Concentrations in the U.S.
Population: Implications for Urinary Biologic Monitoring Measurements. Environ. Health Perspect. 2005, 113, 192-200. [CrossRef]
[PubMed]

Fent, KW.; Toennis, C.; Sammons, D.; Robertson, S.; Bertke, S.; Calafat, A.M.; Pleil, ].D.; Wallace, M.A.G.; Kerber, S.; Smith, D.L.;
et al. Firefighters” and instructors” absorption of PAHs and benzene during training exercises. Int. |. Hyg. Environ. Health 2019,
222,991-1000. [CrossRef] [PubMed]

Adetona, O.; Simpson, C.D.; Li, Z; Sjodin, A.; Calafat, A.M.; Naeher, L.P. Hydroxylated polycyclic aromatic hydrocarbons as
biomarkers of exposure to wood smoke in wildland firefighters. J. Expo. Sci. Environ. Epidemiol. 2017, 27, 78-83. [CrossRef]
Cherry, N.; Aklilu, Y.-A.; Beach, J.; Britz-McKibbin, P; Elbourne, R.; Galarneau, J.-M.; Gill, B.; Kinniburgh, D.; Zhang, X. Urinary
1-hydroxypyrene and Skin Contamination in Firefighters Deployed to the Fort McMurray Fire. Ann. Work Expo. Health 2019, 63,
448-458. [CrossRef]

Adetona, A; Martin, W.K.; Warren, S.H.; Hanley, N.M.; Adetona, O.; Zhang, J.; Simpson, C.; Paulsen, M.H.; Rathbun, S.L.; Wang,
J.-S.; et al. Urinary mutagenicity and other biomarkers of occupational smoke exposure of wildland firefighters and oxidative
stress. Inhal. Toxicol. 2019, 31, 73-87. [CrossRef]

Fent, K.W.; Eisenberg, J.; Snawder, J.; Sammons, D.; Pleil, J.; Stiegel, M.A.; Mueller, C.; Horn, G.P; Dalton, J. Systemic Exposure to
PAHs and Benzene in Firefighters Suppressing Controlled Structure Fires. Ann. Occup. Hyg. 2014, 58, 830-845. [CrossRef]


https://github.com/PaulG-Epi/Urinary-Metabolites-of-PAH-in-Firefighters-Meta-analysis.git
https://github.com/PaulG-Epi/Urinary-Metabolites-of-PAH-in-Firefighters-Meta-analysis.git
http://doi.org/10.3390/ijerph18084209
http://www.ncbi.nlm.nih.gov/pubmed/33921138
http://doi.org/10.1093/annweh/wxx097
http://www.ncbi.nlm.nih.gov/pubmed/29236997
http://doi.org/10.1016/j.ijheh.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27449739
http://doi.org/10.1016/j.jhazmat.2017.03.057
http://www.ncbi.nlm.nih.gov/pubmed/28380396
https://www.atsdr.cdc.gov/csem/pah/docs/pah.pdf
http://doi.org/10.1007/s00216-018-01569-1
http://www.ncbi.nlm.nih.gov/pubmed/30683964
http://doi.org/10.1021/acs.est.5b04752
https://www.acgih.org/polycyclic-aromatic-hydrocarbons-pahs
http://doi.org/10.1016/j.ijheh.2020.113637
http://doi.org/10.1016/j.envres.2020.109562
http://doi.org/10.1016/j.coesh.2020.04.002
http://doi.org/10.1136/bmj.n71
http://doi.org/10.1016/j.toxlet.2020.05.024
http://www.ncbi.nlm.nih.gov/pubmed/32464238
http://doi.org/10.1289/ehp.7337
http://www.ncbi.nlm.nih.gov/pubmed/15687057
http://doi.org/10.1016/j.ijheh.2019.06.006
http://www.ncbi.nlm.nih.gov/pubmed/31272797
http://doi.org/10.1038/jes.2015.75
http://doi.org/10.1093/annweh/wxz006
http://doi.org/10.1080/08958378.2019.1600079
http://doi.org/10.1093/annhyg/meu036

Int. J. Environ. Res. Public Health 2022, 19, 8475 13 0of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Laitinen, J.; Mékeld, M.; Mikkola, J.; Huttu, I. Fire fighting trainers’ exposure to carcinogenic agents in smoke diving simulators.
Toxicol. Lett. 2010, 192, 61-65. [CrossRef]

Keir, J.L.A.; Akhtar, U.S.; Matschke, D.M.].; Kirkham, T.; Chan, L.; Ayotte, P.; White, P.A.; Blais, ]. M. Elevated Exposures to
Polycyclic Aromatic Hydrocarbons and Other Organic Mutagens in Ottawa Firefighters Participating in Emergency, On-Shift Fire
Suppression. Environ. Sci. Technol. 2017, 51, 12745-12755. [CrossRef]

Laitinen, J.; Mékeld, M.; Mikkola, J.; Huttu, I. Firefighters” multiple exposure assessments in practice. Toxicol. Lett. 2012, 213,
129-133. [CrossRef]

Fent, K.W.; Toennis, C.; Sammons, D.; Robertson, S.; Bertke, S.; Calafat, A.M.; Pleil, ].D.; Wallace, M.A.G.; Kerber, S.; Smith, D.;
et al. Firefighters” absorption of PAHs and VOCs during controlled residential fires by job assignment and fire attack tactic.
J. Expo. Sci. Environ. Epidemiol. 2020, 30, 338-349. [CrossRef] [PubMed]

Beitel, S.C.; Flahr, L.M.; Hoppe-Jones, C.; Burgess, ].L.; Littau, S.R.; Gulotta, J.; Moore, P.; Wallentine, D.; Snyder, S.A. Assessment
of the toxicity of firefighter exposures using the PAH CALUX bioassay. Environ. Int. 2020, 135, 105207. [CrossRef] [PubMed]
Burgess, ].L.; Hoppe-Jones, C.; Griffin, 5.C.; Zhou, ].J.; Gulotta, ].J.; Wallentine, D.D.; Moore, PK.; Valliere, E.A.; Weller, S.R.; Beitel,
S.C.; et al. Evaluation of Interventions to Reduce Firefighter Exposures. J. Occup. Environ. Med. 2020, 62, 279-288. [CrossRef]
Hoppe-Jones, C.; Griffin, S.C.; Gulotta, ].J.; Wallentine, D.D.; Moore, PK.; Beitel, S.C.; Flahr, L.M.; Zhai, J.; Zhou, ].J.; Littau, SR,;
et al. Evaluation of fireground exposures using urinary PAH metabolites. J. Expo. Sci. Environ. Epidemiol. 2021, 31, 913-922.
[CrossRef]

Caux, C.; O’Brien, C.; Viau, C. Determination of Firefighter Exposure to Polycyclic Aromatic Hydrocarbons and Benzene During
Fire Fighting Using Measurement of Biological Indicators. Appl. Occup. Environ. Hyg. 2002, 17, 379-386. [CrossRef]

Oliveira, M.; Costa, S.; Vaz, J.; Fernandes, A.; Slezakova, K.; Delerue-Matos, C.; Teixeira, J.P.; Pereira, M.C.; Morais, S. Fire-
fighters exposure to fire emissions: Impact on levels of biomarkers of exposure to polycyclic aromatic hydrocarbons and
genotoxic/oxidative-effects. J. Hazard. Mater. 2020, 383, 121179. [CrossRef]

Moen, B.E.; Ovrebo, S. Assessment of exposure to polycyclic aromatic hydrocarbons during firefighting by measurement of
urinary 1-hydroxypyrene. J. Occup. Environ. Med. 1997, 39, 515-519. [CrossRef] [PubMed]

Feunekes, F.D.; Jongeneelen, F].; vd Laan, H. Schoonhof FH Uptake of polycyclic aromatic hydrocarbons among trainers in a
fire-fighting training facility. Am. Ind. Hyg. Assoc. ]. 1997, 58, 23-28. [CrossRef]

Robinson, M.S.; Anthony, T.R.; Littau, S.R.; Herckes, P.; Nelson, X.; Poplin, G.S.; Burgess, ].L. Occupational PAH Exposures during
Prescribed Pile Burns. Ann. Occup. Hyg. 2008, 52, 497-508. [CrossRef]

Andersen, M.H.G,; Saber, A.T.; Clausen, P.A.; Pedersen, J.E.; Lohr, M.; Kermanizadeh, A.; Loft, S.; Ebbehej, N.; Hansen, AM,;
Pedersen, P.B.; et al. Association between polycyclic aromatic hydrocarbon exposure and peripheral blood mononuclear cell
DNA damage in human volunteers during fire extinction exercises. Mutagenesis 2018, 33, 105-115. [CrossRef]

Andersen, M.H.G.; Saber, A.T.; Pedersen, J.E.; Pedersen, P.B.; Clausen, P.A.; Lehr, M.; Kermanizadeh, A.; Loft, S.; Ebbehgj,
E.N.; Hansen, M.; et al. Assessment of polycyclic aromatic hydrocarbon exposure, lung function, systemic inflammation, and
genotoxicity in peripheral blood mononuclear cells from firefighters before and after a work shift. Environ. Mol. Mutagen. 2018,
59, 539-548. [CrossRef] [PubMed]

Cherry, N.; Galarneau, J.-M.; Kinniburgh, D.; Quemerais, B.; Tiu, S.; Zhang, X. Exposure and Absorption of PAHs in Wildland
Firefighters: A Field Study with Pilot Interventions. Ann. Work Expo. Health 2021, 65, 148-161. [CrossRef] [PubMed]

Borenstein, M.; Hedges, L.V.; Higgins, ].P.T.; Rothstein, H.R. A basic introduction to fixed-effect and random-effects models for
meta-analysis. Res. Synth. Methods 2010, 1, 97-111. [CrossRef] [PubMed]

Centers for Disease Control and Prevention. National Biomonitoring Program, Division of Laboratory Sciences, National Center
for Environmental Health. 2021. Available online: https:/ /www.cdc.gov/biomonitoring (accessed on 15 April 2022).

Edelman, P.; Osterloh, ].; Pirkle, J.; Caudill, S.P; Grainger, J.; Jones, R.; Blount, B.; Calafat, A.; Turner, W.; Feldman, D.; et al.
Biomonitoring of chemical exposure among New York City firefighters responding to the World Trade Center fire and collapse.
Environ. Health Perspect. 2003, 111, 1906-1911. [CrossRef] [PubMed]

Li, Z.; Romanoff, L.; Bartell, S.; Pittman, E.N.; Trinidad, D.A.; McClean, M.; Webster, T.F,; Sjodin, A. Excretion Profiles and
Half-Lives of Ten Urinary Polycyclic Aromatic Hydrocarbon Metabolites after Dietary Exposure. Chem. Res. Toxicol. 2012, 25,
1452-1461. [CrossRef]

Hwang, J.; Taylor, R.; Golla, V.; Macy, G.; Cann, C. Comparison of Use, Storage, and Cleaning Practices for Personal Protective
Equipment Between Career and Volunteer Firefighters in Northwestern Kentucky in the U.S. J. Environ. Health 2019, 82, 8-15.
Fabian, T.Z.; Borgerson, J.L.; Gandhi, P.D.; Baxter, C.S.; Ross, C.S.; Lockey, J.E.; Dalton, ].M. Characterization of Firefighter Smoke
Exposure. Fire Technol. 2014, 50, 993-1019. [CrossRef]

Reinhardt, T.E.; Ottmar, R.D. Baseline Measurements of Smoke Exposure Among Wildland Firefighters. J. Occup. Environ. Hyg.
2004, 1, 593-606. [CrossRef]

Navarro, K.M.; Cisneros, R.; Noth, E.M.; Balmes, ].R.; Hammond, S.K. Occupational Exposure to Polycyclic Aromatic Hydrocarbon
of Wildland Firefighters at Prescribed and Wildland Fires. Environ. Sci. Technol. 2017, 51, 6461-6469. [CrossRef]

National Fire Protection Association. NFPA 1852 Standard on Selection, Care, and Maintenance of Open-Circuit SCBA, in NFPA
National Fire Codes Online. 2019. Available online: http://codesonline.nfpa.org (accessed on 15 April 2022).


http://doi.org/10.1016/j.toxlet.2009.06.864
http://doi.org/10.1021/acs.est.7b02850
http://doi.org/10.1016/j.toxlet.2012.06.005
http://doi.org/10.1038/s41370-019-0145-2
http://www.ncbi.nlm.nih.gov/pubmed/31175324
http://doi.org/10.1016/j.envint.2019.105207
http://www.ncbi.nlm.nih.gov/pubmed/31812113
http://doi.org/10.1097/JOM.0000000000001815
http://doi.org/10.1038/s41370-021-00311-x
http://doi.org/10.1080/10473220252864987
http://doi.org/10.1016/j.jhazmat.2019.121179
http://doi.org/10.1097/00043764-199706000-00005
http://www.ncbi.nlm.nih.gov/pubmed/9211208
http://doi.org/10.1080/15428119791013035
http://doi.org/10.1093/annhyg/men027
http://doi.org/10.1093/mutage/gex021
http://doi.org/10.1002/em.22193
http://www.ncbi.nlm.nih.gov/pubmed/29761929
http://doi.org/10.1093/annweh/wxaa064
http://www.ncbi.nlm.nih.gov/pubmed/32572446
http://doi.org/10.1002/jrsm.12
http://www.ncbi.nlm.nih.gov/pubmed/26061376
https://www.cdc.gov/biomonitoring
http://doi.org/10.1289/ehp.6315
http://www.ncbi.nlm.nih.gov/pubmed/14644665
http://doi.org/10.1021/tx300108e
http://doi.org/10.1007/s10694-011-0212-2
http://doi.org/10.1080/15459620490490101
http://doi.org/10.1021/acs.est.7b00950
http://codesonline.nfpa.org

Int. J. Environ. Res. Public Health 2022, 19, 8475 14 of 14

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

National Institute for Occupational Safety and Health (1996) NIOSH Guide to the Selection and Use of Particulate Respirators:
Certified uder 42 CFR 84, Publication Number 96-101. Available online: https:/ /www.cdc.gov/niosh/docs/96-101/default.html
(accessed on 15 April 2022).

National Fire Protection Association. NFPA 1851: Standard on Selection, Care, and Maintenance of Protective Ensembles
for Structural Fire Fighting and Proximity Fire Fighting, in NFPA National Fire Codes Online. 2020. Available online: http:
/ /codesonline.nfpa.org (accessed on 15 April 2022).

Patel, A.P.; Mehta, S.S.; White, A.].; Niehoff, N.M.; Arroyave, W.D.; Wang, A.; Lunn, R. M. Urinary polycyclic aromatic hydrocarbon
metabolites and mortality in the United States: A prospective analysis. Proc. Nalt. Acad. Sci. USA 2021, 16, €0252719. [CrossRef]
Hwang, J.; Taylor, R.; Cann, C.; Norris, P.; Golla, V. Evaluation of Accumulated Polycyclic Aromatic Hydrocarbons and
Asbestiform Fibers on Firefighter Vehicles: Pilot Study. Fire Technol. 2019, 55, 2195-2213. [CrossRef]

National Fire Protection Association. NFPA 1582: Standard on Comprehensive Occupational Medical Program for Fire Depart-
ments, in NFPA National Fire Codes Online. 2021. Available online: http://codesonline nfpa.org (accessed on 15 April 2022).
Paiva, RM.; Zauli, D.A.G.; Neto, B.S.; Brum, LS. Urinary microRNAs expression in prostate cancer diagnosis: A systematic
review. Clin. Transl. Oncol. 2020, 22, 2061-2073. [CrossRef] [PubMed]

Fredsoe, J.; Rasmussen, A.K.; Thomsen, A.R.; Mouritzen, P; Hoyer, S.; Borre, M.; @rntoft, T.F,; Serensen, K.D. Diagnostic and
Prognostic MicroRNA Biomarkers for Prostate Cancer in Cell-free Urine. Eur. Urol. Focus 2018, 4, 825-833. [CrossRef] [PubMed]
Kutwin, P.; Konecki, T.; Borkowska, E.M.; Traczyk-Borszyriska, M.; Jablonowski, Z. Urine miRNA as a potential biomarker for
bladder cancer detection—A meta-analysis. Cent. Eur. ]. Urol. 2018, 71, 177-185. [CrossRef]

Cochetti, G.; Cari, L.; Nocentini, G.; Maula, V.; Suvieri, C.; Cagnani, R.; De Vermandois, ].A.R.; Mearini, E. Detection of urinary
miRNAs for diagnosis of clear cell renal cell carcinoma. Sci. Rep. 2020, 10, 21290. [CrossRef]

Oliveira, M.; Slezakova, K.; Alves, M.].; Fernandes, A ; Teixeira, ].P.; Delerue-Matos, C.; do Carmo Pereira, M.; Morais, S. Polycyclic
aromatic hydrocarbons at fire stations: Firefighters” exposure monitoring and biomonitoring, and assessment of the contribution
to total internal dose. J. Hazard. Mater. 2017, 323, 184-194. [CrossRef]

Li, Z; Trinidad, A.D.; Pittman, E.N.; Riley, E.A_; Sjodin, A.; Dills, R.L.; Paulsen, M.; Simpson, C. Urinary polycyclic aromatic
hydrocarbon metabolites as biomarkers to woodsmoke exposure—Results from a controlled exposure study. J. Expo. Sci. Environ.
Epidemiol. 2016, 26, 241-248. [CrossRef]


https://www.cdc.gov/niosh/docs/96-101/default.html
http://codesonline.nfpa.org
http://codesonline.nfpa.org
http://doi.org/10.1371/journal.pone.0252719
http://doi.org/10.1007/s10694-019-00851-7
http://codesonline.nfpa.org
http://doi.org/10.1007/s12094-020-02349-z
http://www.ncbi.nlm.nih.gov/pubmed/32323148
http://doi.org/10.1016/j.euf.2017.02.018
http://www.ncbi.nlm.nih.gov/pubmed/28753866
http://doi.org/10.5173/ceju.2018.1605
http://doi.org/10.1038/s41598-020-77774-9
http://doi.org/10.1016/j.jhazmat.2016.03.012
http://doi.org/10.1038/jes.2014.94

	Introduction 
	Materials and Methods 
	Search Strategy 
	Inclusion and Exclusion Criteria 
	Data Extraction 
	Statistical Analysis 

	Results 
	Discussion 
	Metabolite Quantification 
	Sampling Time Windows 
	Structural versus Wildland Fires 
	Recommendations 
	Limitations 

	Conclusions 
	References

