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Biomonitoring of firefighting forces: a review on biomarkers of exposure to 
health-relevant pollutants released from fires
Bela Barros , Marta Oliveira , and Simone Morais

REQUIMTE-LAQV,Instituto Superior de Engenharia do Porto, Instituto Politécnico do Porto, Porto, Portugal

ABSTRACT
Occupational exposure as a firefighter has recently been classified as a carcinogen to humans by 
International Agency for Research on Cancer (IARC). Biomonitoring has been increasingly used to 
characterize exposure of firefighting forces to contaminants. However, available data are dispersed 
and information on the most relevant and promising biomarkers in this context of firefighting is 
missing. This review presents a comprehensive summary and critical appraisal of existing biomar-
kers of exposure including volatile organic compounds such as polycyclic aromatic hydrocarbons, 
several other persistent other organic pollutants as well as heavy metals and metalloids detected in 
biological fluids of firefighters attending different fire scenarios. Urine was the most characterized 
matrix, followed by blood. Firefighters exhaled breath and saliva were poorly evaluated. Overall, 
biological levels of compounds were predominantly increased in firefighters after participation in 
firefighting activities. Biomonitoring studies combining different biomarkers of exposure and of 
effect are currently limited but exploratory findings are of high interest. However, biomonitoring 
still has some unresolved major limitations since reference or recommended values are not yet 
established for most biomarkers. In addition, half-lives values for most of the biomarkers have thus 
far not been defined, which significantly hampers the design of studies. These limitations need to 
be tackled urgently to improve risk assessment and support implementation of better more 
effective preventive strategies.
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Introduction

Occupational exposure as a firefighter is classified as 
carcinogen to humans by the International Agency 
for Research on Cancer (IARC) and comprises a 
higher risk of several physical hazards and regular 
exposure to a complex mixture of health-relevant 
pollutants released from fires (2010a, 2022a, 2022b; 
Demers et al. 2022; IARC 2002; NIOSH 2007). 
Firefighting activities encompass suppression of fire 
events in (1) different structures (such as residential 
buildings, commercial/industrial facilities), (2) vehi-
cles, (3) wildland/urban fires, and (4) control of 
prescribed burns. Further firefighters may also be 
responsible for other emergency-response activities 
including emergency medical services, rescue opera-
tions, hazardous materials response, aircraft rescue 
(IARC 2010b). Over the last decade, the intensity 
and severity of forest fires have been increasing 
(Knorr et al. 2017; Oliveira et al. 2020). Wildfires 
are no longer a concern only for Southern European 

countries and North American states since in the last 
years several unprecedented and devastating forest 
fires occurred globally including Brazil, Australia, 
Indonesia, and the Arctic Circle, thus contributing 
to increase firefighting health burden (EC European 
Commission 2021).

Burning of biomass such as wood, vegetation, 
microorganisms, anthropogenic wastes, agricultural 
crop residues, and biofuels produces a complex mix-
ture of particulate and gaseous pollutants, including 
particulate matter (PM), carbon monoxide and diox-
ide, nitrogen oxides, sulfur dioxide, metals, and hun-
dreds of particle-phase, gas-phase semi-volatile, and 
volatile (VOCs) organic compounds [alkanes, alkenes, 
aromatics, polycyclic aromatic hydrocarbons (PAHs), 
phenols (2-methoxyphenol, 2,6-dimethoxyphenol 
and other derivatives), carbonyls, resin acids, and 
levoglucosan-like species (Altshuler et al. 2020; Chen 
et al. 2017; Pio et al. 2008). Particle emissions are 
complex due to different size, morphology, chemical 
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composition and hygroscopicity (Figure 1a), which 
determine the potential risks for the environment 
and human health. The oxidation of VOCs generates 
secondary organic aerosols including the formation of 
oligomers and highly reactive derivatives and radicals 
that affect size, airborne lifetime, reactivity, and opti-
cal properties of particles (Altshuler et al. 2020; Chen 
et al. 2017; Jaffe et al. 2020). These aerosols are impor-
tant precursors of nitrophenols, nitroPAHs, nitrates 
and sulfates, tropospheric ozone, and other pollutants 
(Altshuler et al. 2020; Chen et al. 2017; Jaffe et al. 
2020). During structure fires, the burning of poly-
meric materials including polyethylene, polyvinyl 
chloride, polyethylene terephthalate, polystyrene and 
polypropylene as well as products containing flame 
retardants widely used in several applications, such as 
bags, bottles, food containers and packaging, insulat-
ing materials, plasticizers, rubber products, coatings, 
textile products, foams, adhesives, furniture, and elec-
trical/electronic equipment contribute to release diox-
ins [polychlorinated dibenzo-p-dioxins (PCDDs), 
polychlorinated dibenzofurans (PCDFs)], polychlori-
nated biphenyls (PCBs), phthalates, polybrominated 
diphenyl ethers (PBDEs), organophosphate esters, 
perfluoroalkyl acids (PFAAs), tetrabromobisphenol 
A, hexabromocyclododecane, hydrogen chloride, etc. 
(Trowbridge et al. 2020; Valavanidis, Vlachogianni, 
and Fiotakis 2009; Zhang et al. 2016). Despite the 
emerging information, the characterization of emis-
sions released from combustion of materials and 

products present in modern furnishings and technol-
ogy is not sufficient. Therefore, evaluation of occupa-
tional exposure during firefighting is complex and 
dependent upon (1) the nature of the fire be it struc-
tural-related, wildland or burned materials, (2) the 
tasks performed such as front-line firefighter, fire 
engine driver, or office worker, (3) composition of 
fire emissions, (4) duration of exposure, and (5) 
decontamination procedures performed after fire-
fighting operations including firefighting materials, 
vehicles, and personal protective equipment (PPE) 
(Altshuler et al. 2020; Fabian et al. 2014; IARC 2010b).

Regular exposure to fire emissions along with 
shift work and physiological disturbances due to 
physical and mental exhaustion contribute to 
increased potential health risks of firefighters’ occu-
pational exposure (Adetona et al. 2016; Casjens, 
Brüning, and Taeger 2020; Crawford and 
Graveling 2012; Jalilian et al. 2019; Reid et al. 
2016b). Fine and ultrafine PM are known to pene-
trate the respiratory system, enters the alveolar sacs, 
and cross the epithelial wall, reaching the pulmon-
ary blood stream (Maynard 2015; Sidwell, Smith, 
and Roper 2022). Once absorbed into the human 
body via ingestion, inhalation, and/or dermal con-
tact, xenobiotics are biologically transformed and 
either stored in site-specific tissues such as liver and 
fat tissues, and/or eliminated through biological 
fluids including urine, blood, feces, saliva, exhaled 
breath, semen, milk, and sputum (Bocato et al. 

Figure 1. Air pollution components (a) (reproduced from Marris et al. (2020) under creative commons CC by license), and their potential 
mechanisms of carcinogenesis (b) (reproduced from Turner et al. (2020), copyright (2023), with permission from John Wiley and sons). 
TSG: tumor suppressing genes.
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2019; Calafat 2016). Prolonged exposure to xeno-
biotics promotes the formation of reactive oxygen 
species (ROS), imbalance of the oxidative/antioxi-
dant activity, and may produce protein and DNA 
damage, as well as cell homeostasis disruption, thus 
leading to early oxidative stress and inflammation 
overstimulation, which initiate pathological pro-
cesses (Figure 1) (Abdel-Shafy and Mansour 2016; 
Barbosa et al. 2023; Barros, Oliveira, and Morais 
2021b; Jalilian et al. 2019; Reid et al. 2016a; 
Soteriades et al. 2011, 2019). Occupational expo-
sure as a firefighter was recently classified as carci-
nogen to humans based upon “sufficient” evidence 
for mesothelioma and bladder cancer; limited evi-
dence was available for melanoma, cancer of colon, 
prostate, and testicular, and for non-Hodgkin’s 
lymphoma (Demers et al. 2022; IARC 2022b). 
Further, exposure to fire emissions have been asso-
ciated with increased rates of morbidity and mor-
tality through the aggravation/development of 
cardiovascular manifestations such as tachycardia, 
acute myocardial infarction, congestive heart fail-
ure, and ischemic heart and respiratory conse-
quences including asthma, rhinitis, sinusitis, 
respiratory allergies, cystic fibrosis, chronic 
obstructive pulmonary disease, and lung cancer 
diseases (Chen et al. 2017; Glass et al. 2016; 
LeMasters et al. 2006; Navarro et al. 2019; Oliveira 
et al. 2020; Reid et al. 2016a).

Biomonitoring, through the determination of 
biomarkers of exposure such as exogenous sub-
stances, their metabolites, or the products of an 
interaction between the xenobiotic and some target 
molecule/cell in biological fluids, has been progres-
sively assumed as an adequate tool to assess total 
exposure burden (WHO 1993). Previous investiga-
tors in firefighting context evaluated the influence 
of physical condition on work performance (Morris 
and Chander 2018), fire suppression impact on 
hydration (Walker, Pope, and Orr 2016), increased 
frequency of some health risks in exposed firefight-
ing forces (Glass et al. 2016; Jalilian et al. 2019; 
Navarro et al. 2019; Reid et al. 2016a; Soteriades et 
al. 2011, 2019), and levels of volatile, semi-volatile 
organic compounds, and metals in the blood, urine, 
semen, and breast milk (Engelsman et al. 2020). 
However, other biological matrices such as saliva 
and exhaled breath were also considered in fire-
fighters’ biomonitoring studies and global trends 

on the levels of biomarkers of exposure after fire-
fighting remain poorly characterized as well as (co) 
relation with biomarkers of early effect. Thus, this 
investigation critically reviewed the published 
information of biomonitoring studies conducted 
on firefighters by:

(1) reporting the global range of concentrations 
of the most characterized biomarkers of 
exposure in biological fluids.

(2) critically comparing the reported concentra-
tions of biomarkers with the available occu-
pational exposure limits.

(3) identifying the most characterized biomar-
kers of exposure by highlighting their poten-
tial for application in future biomonitoring 
surveillance programs.

(4) reporting the available evidence that explores 
the biomarkers of exposure and biomarkers 
of effect in order to associate firefighting 
activities with short- and long-term health 
effects.

Methods

Considering the recent advancements on evalua-
tion of firefighters’ exposure as a complex expo-
some, promoted by novel/improved methodologies 
with increasing sensitivity, this review focused on 
the 6 years (January 2015 and December 2021). 
Scientific literature published in peer-reviewed 
journals was searched in Scopus, ISI Web of 
Science, PubMed, Science Direct, and Google 
Scholar databases with the combination of the fol-
lowing keywords: occupational exposure, firefight-
ing, biomonitoring, biomarkers of exposure, 
firefighters’ health (Figure 2). Only the studies con-
sidering firefighters occupational exposure through 
biomonitoring were considered. After the elimina-
tion of duplicates, all abstracts were screened to 
verify the existence of the following inclusion 
criteria:

● to be original research.
● to include subjects’ biomonitoring in firefigh-

ter occupational context.
● to include biomarkers of exposure to fire emis-

sions. Official reports from government and 
international agencies were also examined.
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During the last 7 years, a total of 52 studies assessed 
the levels of biomarkers of exposure in firefighters 
(62% in urine, 27% in blood, 10% in exhaled breath, 
and 1% in saliva; please note that two studies 
explored both urine and blood biomarkers).

Biomarkers of exposure

Table 1 presents the biomarkers of exposure that 
were determined in the biological fluids of fire-
fighting forces. A summary of their IARC 

classification, potential health effects/target organs, 
no observable effects level (NOEL), reference dose 
and minimal risk levels, as well as of possible inter-
actions with other chemicals is provided in Table S1 
of the supplementary material.

VOCs - polycyclic aromatic hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs), organic 
compounds are comprised of two or more aromatic 
rings and among the most characterized pollutants. 

Figure 2. Flow-chart of the literature selection method. *note: some studies characterized more than one biomarker and included 
different matrices.

Table 1. Identification of biomarkers of exposure determined in biological samples of firefighters.
Biological sample Biomarkers

Urine Polycyclic aromatic hydrocarbons metabolites 
Benzene and toluene metabolites 
Heavy metals and metalloids 
Phthalates 
Phenols 
Pyrethroid pesticides 
Herbicides 
Flame retardants metabolites 
Organophosphate esters 
2-ethylhexyl-2,3,4,5-tetrabromobenzoate 
Organophosphorus insecticides metabolites 
Dioxin metabolites 
Dioxin-like polychlorinated biphenyls metabolites

Blood Polycyclic aromatic hydrocarbons 
Heavy metals and metalloids 
Polybrominated diphenyl ethers 
Organochlorine pesticides 
Polychlorinated dibenzodioxins 
Polychlorinated dibenzofurans 
Polychlorinated biphenyls 
Perfluoroalkyl acids

Saliva Polycyclic aromatic hydrocarbons
Exhaled Breath benzene, ethylbenzene, styrene, toluene, o-xylene, m,p-xylene, 1,2,4-Trimethylbenzene; trifluorobenzene and 

decane.
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These compounds enter the human body via inha-
lation, ingestion, and/or dermal contact (Barbosa et 
al. 2023; Gill and Britz-McKibbin 2020). PAHs are 
formed during the pyrolysis and incomplete com-
bustion of organic matter and originated from dif-
ferent natural sources such as fires and volcanic 
eruptions and anthropogenic sources including 
burning of wood, agricultural residues, and fossil 
fuels such as petroleum, coal tar, and gas as well as 
industrial and traffic emissions sources (Barros, 
Oliveira, and Morais 2021a; Oliveira et al. 2017). 
Firefighters are exposed to PAHs during firefight-
ing activities, regardless of the type of fire be it 
wildland or structural, where multiple exposures 
occur which might either exert a synergetic or 
antagonistic effect on PAHs metabolism (Table 
S1) and, consequently, influencing health impacts 
(Laitinen et al. 2012). There are hundreds of PAHs, 
but only 16 are included in the list of priority 
pollutants provided by the United States 
Environmental Protection Agency (USEPA 2005). 
Some PAHs are identified as endocrine disruptors, 
toxic, mutagenic, and carcinogenic (Figure 1b) to 
humans (group 1-known carcinogen: benzo(a)pyr-
ene; group 2A-probable carcinogens: dibenzo(a,l) 
pyrene and dibenz(a,h)anthracene; group 2B-pos-
sible carcinogens: naphthalene, chrysene, benz(a) 
anthracene, benzo(b)fluoranthene, benzo(c)phe-
nanthrene, benzo(j)fluoranthene, benzo(k)fluor-
anthene, dibenzo(a,i)pyrene, dibenzo(a,h)pyrene 
and indeno(1,2,3-c,d)pyrene) (2010a, 2022a; 
Bergman and Heindel 2013; IARC 2002). Some 
hypotheses are being formulated to understand 
how low molecular weight PAHs possess co-carci-
nogenic properties (Bauer et al. 2018), yet, more 
studies are needed to understand their absorption 
rates via different routes, possible chemical interac-
tions in mixtures and its impact on half-life calcu-
lation. PAHs are predominantly excreted 
metabolized as conjugates of glucuronide, glu-
tathione or sulfates (Kamal et al. 2015; Moorthy, 
Chu, and Carlin 2015). Pharmacokinetic para-
meters of PAH metabolites (OHPAHs) are limited 
and dependent upon the route of exposure and of 
excretion (ATSDR 1995). Some investigators 
reported half-life urinary excretion rates of 3.3– 
6.2 hr and 6.6 hr for 1-hydroxynaphthalene (1- 
OHNAPH), 2.3–4 hr and 8.4 hr for 2-hydroxyfluor-
ene (2-OHFLU), 4.3–6.1 hr and 13.8 hr for 1- 

hydroxyphenanthrene (1-OHPHE), and 4.4–12 hr 
and 23.5 hr for 1-hydroxypyrene (1-OHPYR), 
respectively after ingestion in nonsmoking indivi-
duals with no occupational exposure to PAHs and 
after exposure to woodsmoke (Li et al. 2012, 2016; 
Motorykin et al. 2015; Rossbach et al. 2020). 
Regarding 1-OHPYR, known biomarker of expo-
sure to PAHs and the most characterized OHPAH, 
half-life excretion rates range between 6–35 hr after 
inhalation and reach 13 hr after dermal contact 
(Brzeźnicki, Jakubowski, and Czerski 1997; 
Jongeneelen et al. 1990; Sobus et al. 2009; Viau et 
al. 1995). For occupational environments, urinary 
excretion rates of 1-OHPYR and 3-hydroxybenzo 
(a)pyrene (3-OHB(a)P) (the predominant metabo-
lite of benzo(a)pyrene, classified as the biomarker 
of exposure to carcinogenic PAHs; (IARC 2010b), 
range between 3 to 9 hr and from 3 to 24 hr, respec-
tively (Bouchard and Viau 1999; Gendre et al. 2004; 
Lutier et al. 2016). To the best of our knowledge, no 
studies regarding excretion rates of OHPAHs in 
other biological fluids are available.

Overall, a total of 18 studies included the deter-
mination of (metabolized/unmetabolized) PAHs in 
urine (n = 17), saliva (n = 1), and blood (n = 1 
which simultaneously explored PAHs metabolites 
in urine) of firefighting forces.

Urine

PAHs are predominantly metabolized in the liver 
and those with low molecular weights are further 
excreted via urine (Kamal et al. 2015). Different 
OHPAHs, namely biomarkers of naphthalene (1- 
OHNAPH; 2-OHNAPH: 2-hydroxynaphthalene), 
acenaphthene (1-OHACE: 1-hydroxyace-
naphthene), fluorene (2-OHFLU; 3-OHFLU: 3- 
hydroxyfluorene; 9-OHFLU: 9-hydroxyfluorene), 
phenanthrene (1-OHPHE; 2-OHPHE: 2-hydroxy-
phenanthrene; 3-OHPHE: 3-hydroxyphenan-
threne; 9-OHPHE: 9-hydroxyphenanthrene), 1- 
OHPYR, and 3-OHB(a)P were determined in 
urine of firefighters directly involved in firefighting 
activities including forest fires (Cherry et al. 2019, 
2021; Oliveira et al. 2016, 2017; Oliveira et al. 2020), 
structure fires (Cherry et al. 2019; Hoppe-Jones et 
al. 2021; Keir et al. 2017), prescribed burns 
(Adetona et al. 2017, 2019), controlled fires 
(Allonneau et al. 2019; Beitel et al. 2020; Fent et 
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al. 2020; Li et al. 2016), and training exercises (Fent 
et al. 2019; Rossbach et al. 2020; Wingfors et al. 
2018)] and during regular workdays at fire stations 
(include other tasks besides firefighting) (Andersen 
et al. 2018, 2018; Ekpe et al. 2021; Oliveira et al. 
2017). The reported pre- and post-exposure urinary 
concentrations (normalized by creatinine excre-
tion) of 1-OHPYR are presented in Figure 3. 
Urinary concentrations (mean and/or median, 
expressed as µmol/mol creatinine) of PAHs bio-
markers of exposure: a) 1-hydroxynaphthalene (1- 
OHNAPH); b) 2-hydroxynaphtalene (2- 
OHNAPH); c) 2-hydoxyfluorene (2-OHFLU); d) 
3-hydroxyfluorene (3-OHFLU); e) 1-hydroxyphe-
nanthrene (1-OHPHE) in firefighters and instruc-
tors at pre- and post-exposure periods.Type of 
exposure: A - Prescribed burns; B - Live fire train-
ing (carbonaceous-fired simulation); C – 
Controlled fires; D – Training exercises.Time of 
sample collection:I – Post-shift; II – Morning 
after; III – 0-12h post-exposure; IV – 12-24h post- 
exposure; V – 24-50h post-exposure; VI – post-2nd 

exercise; VII – 3h post-3rd exercise.Firefighters and 
type of fire: a) Simulated smoke; b) Oriented strand 
board; c) Pallet and straw; Fire service instructors 
d) Simulated smoke; e) Oriented strand board; f) 
Pallet and straw.(Continued).

Overall, mean/median urinary levels of 1- 
OHPYR ranged between 0.03 to 0.72 µmol/mol 
creatinine during pre-exposure periods and from 
0.03 to 1.8 µmol/mol creatinine in the post-expo-
sure periods. Concentrations of 1-OHPYR at both 
pre- and post-exposure periods were predomi-
nantly below the recommended biological exposure 
level of 0.93 µmol/mol creatinine (~2.5 µg/L) pro-
posed by the American Conference of 
Governmental Industrial Hygienists (ACGIH 
2019); exceptions were observed for firefighters 
after their regular work-shift (0.98 µmol/mol crea-
tinine), after prescribed burn days (mean: 1.21  
µmol/mol creatinine), in subjects involved in fire 
suppression (post-exposure: 0.94 µmol/mol creati-
nine); 6 h post-shift: maximum level of 1.1 µmol/ 
mol creatinine; post-exposure: 0.97 µmol/mol 

Figure 3. Urinary concentrations (mean and/or median, expressed as µmol/mol creatinine) of the established PAHs biomarker of 
exposure 1-hydroxypyrene (1-OHPYR) in firefighters and instructors at pre- and post-exposure periods. Type of exposure: A - Work day; 
B -Structure fires; C - Office workers at the fire station; D -Training exercises; E - Controlled fires; F - Wildland fires*. Time of sample 
collection: I – Post-shift; II – Morning after; III - 14 days after; IV – (0-12h); V – (12-24h); VI – (24-50h); VII – post-2nd exercise; VIII – 3h 
post-3rd exercise. Recommended occupational level of 0.93 µmol/mol creatinine (~2.5 µg/L) was proposed by the Biological Exposure 
Index Committee of the American Conference of Governmental Industrial Hygienists (ACGIH 2019).
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creatinine), and in some instructors (i.e., subjects 
responsible for teaching trainees on fire suppres-
sion techniques and protocols: 3 hr after exposure 
to the 3rd exercise at controlled fires (mean of 1.8 
and a maximum of 2.44 µmol/mol creatinine) 
(Figure 3). In a recent study (Beitel et al. 2020), 
urinary 1-OHPYR was monitored in firefighters 
participating in different controlled firefighting 
scenarios and levels presented a continuous 
increase after 4 and 6 hr post-exposure (overall 
range: 163–282 ng/L; Table S2 of Supplementary 
Material). Moreover, Hoppe-Jones et al. (2021) also 
presented increased levels of 1-OHPYR at 2–4 hr 
after participation in the suppression of structure 
fires (Table S2). Despite the extensive use of 1- 
OHPYR as biomarker of exposure to PAHs, several 
authors have demonstrated the need to include 
other OHPAHs, mainly due to the reduced contri-
bution of 1-OHPYR to total internal exposure to 
PAHs when other biomarkers of exposure are con-
sidered (Beitel et al. 2020; Li et al. 2016; Oliveira et 
al. 2016, 2017, 2020).

Benzo(a)pyrene (BaP) undergoes a complex 
metabolism mechanism in the human body and 
its main metabolites are predominantly excreted 
through the feces rather than urine (Li et al. 2012; 
Marie et al. 2010). Allonneau et al. (2019) found 
increased levels of urinary 3-OHB(a)P in firefigh-
ters exposed to emissions of controlled fire struc-
tures compared with a control group. Even though 
Allonneau et al. (2019) were able to find urinary 3- 
OHB(a)P in firefighters, most investigators failed to 
detect this metabolite in firefighting forces 
(Oliveira et al. 2017, 2017, 2020; Wingfors et al. 
2018). However, 3-OHB(a)P was detected in urine 
of other occupational groups such as grill workers 
(Oliveira et al. 2020), chimney sweeps (Alhamdow 
et al. 2017), metallurgy workers (Barbeau et al. 
2014), traffic police (Díaz-Merchán et al. 2013), 
workers in a prebake aluminum electrode produc-
tion plant (Lutier et al. 2016), and coke oven work-
ers (Yamano et al. 2014).

The available information regarding concentra-
tions of firefighters pre- and post-exposure to other 
commonly assessed OHPAHs (1-OHNAPH, 2- 
OHNAPH, 2-OHFLU, 3-OHFLU, and 1-OHPHE) 
is presented in Figure 4 while less characterized 
metabolites (9-OHFLU, 2-OHPHE, 3-OHPHE, and 
4-OHPHE) are displayed in Figure S1 

(Supplementary Material). Urinary 1- and 2- 
OHNAP presented the highest concentrations with 
values ranging between 1.3 to 22 µmol/mol creati-
nine and 1.1 to 20 µmol/mol creatinine in exposed 
firefighters and from 0.6 to 2.1 µmol/mol creatinine 
and 1.1 to 4.4 µmol/mol creatinine in controls, 
respectively (Figures 4a and 4b). Further, the highest 
levels were reported in firefighters and fire service 
instructors after participating in controlled fires 
(Figures 4a and 4b). Some studies cannot be com-
pared directly with investigations presented in 
Figure 4 and Figure S1 since creatinine values were 
not determined (Table S2 of Supplementary 
Material). However, increased concentrations of 1- 
and 2-OHNAPH were also noted in firefighters 
exposed to controlled fires than in individuals not 
involved in firefighting (350–2339 versus 277–419 
ng/L for 1-OHNAPH and 9757–22799 versus 
5693–8954 ng/L for 2-OHNAPH, respectively; 
Table S2). Recently, Hoppe-Jones et al. 2021) also 
reported increased levels of total naphthols after 2–4  
h of exposure to structure fires (from 5949 to 18,963 
ng/L; Table S2). The urinary levels of total naphthols 
decreased after 23 hr of exposure to fire emissions. 
Regarding biomarkers of exposure to fluorene, the 
reported concentrations ranged between 0.11 to 1.3  
µmol/mol creatinine for 2-OHFLU (Figure 4c), 0.03 
to 0.54 µmol/mol creatinine for 3-OHFLU (Figure 
4d), and 0.07 to 0.74 µmol/mol creatinine for 9- 
OHFLU (Figure S1a)). Overall, urinary concentra-
tions of 2-OHFLU, 3-OHFLU, and 9-OHFLU were 
augmented after active participation in fire combat 
comparatively with pre-exposure levels [2-OHFLU: 
0.11–1.3 versus 0.11–0.3 µmol/mol creatinine 
(Figure 4c) and 127–557 versus 186–303 ng/L 
(Table S2); 3-OHFLU: 0.05–0.54 versus 0.03–0.12  
µmol/mol creatinine (Figure 4d)) and 100–448 ver-
sus 189–258 ng/L (Table S2); 9-OHFLU: 0.09–0.74 
versus 0.07–0.17 µmol/mol creatinine (Figure S1) 
and 161–911 versus non detected to 943 ng/L 
(Table S2); sum of OHFLUs: 760 ng/L versus not- 
detected (Table S2)]. During training exercises, 
instructors presented increased levels of OHFLUs 
comparatively with firefighters [2-OHFLU: 0.12– 
1.3 versus 0.11–0.9 µmol/mol creatinine; 3-OHFLU: 
0.06–0.54 versus 0.04–0.3 µmol/mol creatinine 
(Figures 4c,d). In addition, Rossbach et al. (2020) 
noted that instructors might not use full PPE during 
the all the stages of the firefighting exercise. A study 
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performed by Oliveira et al. (2017) demonstrated 
that urinary 2-OHFLU was the predominant meta-
bolite with increments ranging between 111–1068% 
in exposed firefighters compared with control group 

(subjects not exposed to fire emissions). Recent stu-
dies assessed the sum of urinary levels of 2- and 3- 
OHFLU (Fent et al. 2020) and the sum of 1-,3-, and 
9-OHFLU (Keir et al. 2017) in Canadian firefighters 

Figure 4. Urinary concentrations (mean and/or median, expressed as µmol/mol creatinine) of PAHs biomarkers of exposure: a) 1- 
hydroxynaphthalene (1-OHNAPH); b) 2-hydroxynaphtalene (2-OHNAPH); c) 2-hydoxyfluorene (2-OHFLU); d) 3-hydroxyfluorene (3- 
OHFLU); e) 1-hydroxyphenanthrene (1-OHPHE) in firefighters and instructors at pre- and post-exposure periods. Type of exposure: A - 
Prescribed burns; B - Live fire training (carbonaceous-fired simulation); C – Controlled fires; D – Training exercises. Time of sample 
collection: I – Post-shift; II – Morning after; III – 0-12h post-exposure; IV – 12-24h post-exposure; V – 24-50h post-exposure; VI – post- 
2nd exercise; VII – 3h post-3rd exercise. Firefighters and type of fire: a) Simulated smoke; b) Oriented strand board; c) Pallet and straw; 
Fire service instructors d) Simulated smoke; e) Oriented strand board; f) Pallet and straw.
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exposed to the emissions released from controlled 
fires and structure fires, respectively. The reported 
sum of concentrations related to hydroxyfluorenes 
were also elevated after exposure to fire emissions 
(Fent et al. 2020; Keir et al. 2017).

A total of 5 biomarkers of exposure to phenan-
threne, namely 1-, 2-, 3-, 4-, and 9-OHPHE, were 
detected in firefighters. Urinary concentrations of 1- 
OHPHE, the most characterized biomarker of phe-
nanthrene, ranged between 0.06 to 0.76 µmol/mol 
creatinine in firefighters and from 0.06–0.93 µmol/ 
mol creatinine in fire service instructors participat-
ing in prescribed burns, live fire training sessions 
and controlled fires (Figure 4e)). As previously 
observed for other PAH metabolites, urinary levels 
of hydroxyphenanthrenes were predominantly 
higher after exposure to fire emissions compared 
with pre-exposure values (Figure 4e), Table S2, 
Figure S1b)-S1d)). However, only one study deter-
mined the concentrations of different OHPHE iso-
mers. Keir et al. (2017) found all 5 OHPHEs in the 
urine of Canadian firefighters exposed to a structure 
fire with post-exposure sum levels approximately 
2.5-fold elevated in comparison to levels found in 
office workers at the fire station.

Firefighters presented high post-exposure levels 
of total OHPAH when exposed to firefighting activ-
ities (Table S3). Available data demonstrated occu-
pational exposure of firefighters to PAHs through 
increased levels of different biomarkers of exposure 
to these compounds occurred in different firefight-
ing scenarios. Some investigators noted positive and 
significant correlations between air concentrations 

of PM-bound PAHs and urinary PAHs metabolites 
(Fent et al. 2014; Li et al. 2016; Oliveira et al. 2017). 
In addition, some studies reported a positive and 
significant relationship between firefighters urinary 
OHPAHs levels and skin PAHs concentrations after 
fire suppression activities (Andersen et al., 2018; 
Wingfors et al. 2018). Further, the correct use and 
maintenance of an adequate PPE including hood, 
boots, jacket, gloves, and self-contained breathing 
apparatus (the latter is only for structure fires), sig-
nificantly protects firefighters from inhalation, 
ingestion, and dermal exposure to PAHs. However, 
exposure during firefighting still occurs (Keir et al. 
2020; Kirk and Logan 2015). Evidence has emerged 
suggesting firefighters exposure to PAHs at fire sta-
tions without a recent participation in firefighting 
activities (Oliveira et al. 2017). Contamination of 
PPE rises with use and storage of unlaundered PPE 
and/or inadequate cleaning and maintenance proce-
dures, which may contribute to additional and 
chronic low-level exposure (Abrard et al. 2019; 
Banks et al. 2021; Kirk and Logan 2015). This occu-
pational-related elevation of OHPAHs may create 
short- and long-term consequences to firefighters.

Saliva

Recently, the concentrations of unmetabolized 
PAHs were, for the first time, analyzed in unstimu-
lated saliva samples of firefighters participating in 
firefighting training sessions (Table 2). Among the 
16 PAHs considered, up to 7 (naphthalene, ace-
naphthylene, fluorene, phenanthrene, anthracene, 

Figure 4. (Continued).
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fluoranthene, and pyrene) were detected. Overall, 
levels were elevated in exposed firefighters com-
pared with non-exposed subjects. In addition, sam-
ples collected immediately after firefighting 
activities presented the highest concentrations of 
all PAHs (except for pyrene in one sample), as 
those values decreased in the subsequent 6 and 12  
hr post-exposure (Table 2). Fluorene and phenan-
threne were the predominant PAHs in both 
exposed and unexposed volunteers while naphtha-
lene, acenaphthylene, fluoranthene, anthracene, 
and pyrene were exclusively detected in exposed 
firefighters (Santos et al. 2019). More investigations 
are required to explore the potential of using saliva 
as a reliable matrix to assess firefighters’ exposure 
to PAHs released from fire emissions. Further, 
inclusion of saliva as well as other low-invasive 
matrices such as hair, nails, and/or exhaled breath 
may provide complementary information over a 
wider time scale when evaluating recent exposure 
to fires emissions through (urine/serum) biomoni-
toring (Esteban and Castaño 2009; Ma et al. 2021). 
Regarding saliva, given the (semi)volatility of 
PAHs, their concentrations in this matrix might 
be diminished. Therefore, saliva sampling and ana-
lytical methods needs to be initially standardized, 
and obtained levels need to be interpreted consid-
ering confounders such as diet, age, gender, medi-
cation, tobacco/alcohol consumption habits. 
However, information related with elimination 
rates of PAHs/OHPAHs in these matrices is not 
available. Motorykin et al. (2015) reported that 
most urinary concentrations of PAHs and their 
metabolites returned to background levels approxi-
mately 24 hr after exposure and thus, this value may 

be considered in the design of sampling campaigns 
in future biomonitoring studies.

Blood

Thus far, only one study assessed the concentra-
tions of 16 unmetabolized USEPA priority PAHs in 
the blood of South Korean firefighters during a 
regular health checkup (Ekpe et al. 2021) who 
reported mean levels of total PAHs of 1286 (98.9– 
2733) ng/g lipid weight, that slightly exceeded the 
concentrations found in the general population 
(mean: 1016; range: 169–2194 ng/g lipid weight) 
used for comparison purposes.

VOCs - benzene, toluene, ethylbenzene, xylene, 
styrene, and decane

Benzene, toluene, ethylbenzene, and xylene (BTEX) 
are among the most characterized VOCs in fire-
fighting scenarios. Firefighters may be exposed to 
BTEX during the burning of VOCs-containing 
materials, principally during structure fires such 
as residential, industrial or oil wells facilities train-
ing exercises and prescribed forest fires, which fre-
quently use diesel fuel, heating oil, plywood, pallet, 
straw, firewood, and particle chipboard as fuels 
(Fent et al. 2019; Kirk and Logan 2015; Stec et al. 
2018). Benzene (1) occurs naturally in petroleum 
derivatives such as crude oil and gasoline, (2) is 
used as a solvent for chemical and drug industries 
including rubber, lubricants, detergents or pesti-
cides and (3) as an additive to unleaded gasoline. 
Exposure to benzene induces oxidative stress, alters 
DNA repair, induces genomic instability and pro-

Table 2. Concentration (range, expressed as µg/L) of polycyclic aromatic hydrocarbons reported in firefighters’ saliva.

Continent, County Exposure Sampling

PAHs concentrations in saliva

ReferenceNAPH ACEY FLU PHE ANT FLA PYR

Europe, Spain Training firefighting in a 
train and in a 
supermarket

Control n.d. n.d. 0.22– 
0.96

n.d.-0.8 n.d. n.d.- 
0.32

n.d.- 
0.17

(Santos et al. 
2019)

0 hr post- 
exposure

n.d.- 
0.43

n.d.- 
1.45

0.44– 
1.48

0.53– 
3.3

n.d.- 
0.38

0.19– 
1.10

n.d.- 
0.86

6 hr post- 
exposure

n.d. n.d.- 
1.42

0.30– 
0.78

n.d.-1.2 n.d. n.d.- 
1.06

n.d.-1.5

12 h post- 
exposure

n.d. n.d.- 
0.78

0.14– 
0.94

n.d.- 
0.24

n.d. n.d. n.d.

NAPH: Naphthalene; ACEY: Acenaphthylene; FLU: Fluorene; PHE: Phenanthrene; ANT: Anthracene; FLA: Fluoranthene; PYR: Pyrene. 
n.d. – not detected.
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motes oxidative DNA damage (Figure 5) (2010a; 
IARC 2010b). Thus, benzene exhibits genotoxic, 
immunosuppressive, and carcinogenic properties 
(group 1; IARC 2022a). Exposure to benzene and 
ethylbenzene used in the manufacture of styrene 
and as a solvent in inks, dyes, and petrol; IARC 
group 2B) is associated with increased risk of leu-
kemia and multiple myeloma (2022a; IARC 2010b). 
Toluene is frequently used as a high-octane blend-
ing stock in gasoline and as a solvent/intermediate 
in several industrial processes such as production of 
coatings, paints, resins, and detergents. Xylene, 
mixture of dimethyl benzene isomers (m-, p-, and 
o-xylene), is refined from crude oil and widely 
utilized in production of plastic bottles and polye-
ster clothing as well as a solvent in paints and 
varnishes. Despite being classified as IARC group 
3 carcinogen (inadequate evidence), chronic expo-
sures to toluene and xylene may induce adverse 
reproductive effects (McKenzie et al. 2012).

VOCs are rapidly and extensively absorbed fol-
lowing inhalation and ingestion; dermal absorption 
is also rapid but not extensive since many com-
pounds evaporate quickly. Inhalation is the major 
route of exposure and available data indicate exten-
sive distribution of lipophilic VOCs to fatty tissues 
(ATSDR 2000). Exhalation is the main route of 

elimination of unmetabolized VOCs while their 
metabolites are excreted from the human body 
both as unmetabolized and conjugated sulphates/ 
glucuronide in the urine, blood, and feces (2004; 
ATSDR 2000). The half-life of VOCs elimination 
from the blood and exhaled air is short with concen-
trations falling by half within min after exposure 
(Janasik, Jakubowski, and Jałowiecki 2008). 
Respiratory elimination of unmetabolized benzene 
occurs within 1–15 hr after exposure while urinary 
excretion occurs mainly in the form of phenol con-
jugates (half-lives between 5.7–28 hr) and muconic 
acid (elimination up to 24 hr) (ATSDR 2000). 
Absorbed toluene is predominantly excreted as urin-
ary metabolites including hippuric acid, benzoyl glu-
curonide, o-, p-cresol and their conjugates, S- 
benzylmercapturic acid, and S-p-toluylmercapturic 
acid and to a lesser extent as unmetabolized toluene 
in exhaled air and urine (ATSDR 2017b). Kinetic 
data available for toluene elimination from urine, 
blood, exhaled breath, and adipose tissue reveal 
that mean terminal half-lives ranged between 0.88– 
12.9 hr for urine, 30–38 hr for blood and from 12–65  
hr in subcutaneous adipose tissues (2017b; ATSDR 
2004). Ethylbenzene and styrene are eliminated in 
the urine as mandelic acid (half-lives of 3.1 hr and 25  
hr for Phases I and II, respectively) and 

Figure 5. Biological pathways for benzene metabolism, toxicity, and health effects. Reproduced from Bahadar, Mostafalou, and 
Abdollahi (2014), copyright (2023), with permission from Elsevier. note: CYP2E1: cytochrome P450 family 2 subfamily E member 1; ROS: 
reactive oxygen species.
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phenylglyoxylic acid (excretion rates between 3.5– 
13.9 hr) (2010a, 2010b; ATSDR 2004). Interactions 
may occur between these compounds and metabo-
lism of styrene may be inhibited by toluene and 
ethylbenzene (ATSDR 2010b). Regarding xylene, 
approximately 95% of absorbed amount is metabo-
lized and excreted as urinary metabolites including 
methylhippuric acids, toluic acids, and xylenols with 
a terminal half-life average of 34 hr; the remaining 
5% are rapidly eliminated (half-life of 1 hr) as unme-
tabolized compounds via exhaled breath (2007; 
ATSDR 2004).

Thus far, only 7 studies evaluated firefighters’ occu-
pational exposure to VOCs during controlled fires 
and training exercises through urine and exhaled 
breath (Table 3).

Urine

Allonneau et al. (2019) found increased levels of 
benzene in the urine of firefighters exposed to the 
emissions of a controlled structure fire. Urinary S- 
phenylmercapturic acid (specific metabolite of ben-
zene) and S-benzylmercapturic acid (specific meta-
bolite of toluene) were for the first time reported in 
firefighters (Rosting and Olsen 2020). After more 
than 3 hr exposure to emissions of fire drills in a 
refurbished house, firefighters exhibited elevated 
levels of S-phenylmercapturic acid (0.6 μg/g creati-
nine) and S-benzylmercapturic acid (5.9 μg/g crea-
tinine) that were not detectable prior to the drill 
(Rosting and Olsen 2020). Kim et al. (2021) 
assessed the concentrations of some VOCs and 
related metabolites in the urine of Korean firefigh-
ters after participation in fire suppression. Kim et 
al. (2021) found increased levels of toluene, m- 
cresol, S-benzylmercapturic acid, benzene, ethyl-
benzene, 4-methylbenzyl alcohol, styrene, 2-pheny-
lethanol and sum of N-acyl-S-(1-phenyl-2- 
hydroxyethyl-L-cysteine and N-acetyl-S-(2-phe-
nyl-2-hydroxyethyl)-L-cysteine (metabolites of 
styrene) immediately after fire extinguishment 
comparatively with three weeks after firefighting 
(Table 3). None of these studies observed urinary 
levels above the established ACGIH biological 
exposure index of 25 µg/g creatinine for S-phenyl-
mercapturic acid (benzene metabolite), 0.15 g/g 
creatinine for ethylbenzene, and xylene 1.5 g/g 
creatinine (ACGIH 2019).

Exhaled breath

Investigators determined the concentrations of 
VOCs (BTEX and styrene), and decane in the 
exhaled breath of firefighters that participated in 
controlled structure burns and training activities as 
provided in Table 3. Recently, Fent et al. (2022) also 
indicated the contribution of firefighting to VOCs 
exposure even when self-contained breathing appa-
ratus is worn and Mayer et al. (2022) in firefighters 
wearing different types of new or laundered PPE. 
Among the selected compounds, benzene was the 
predominant (2.4–32.4 ppbv, and 4.3 ppb), fol-
lowed by toluene (0.7–5.4 ppbv), and styrene 
(0.1–4.6 ppbv) while ethylbenzene (not detected- 
1.1 ppbv), o-xylene (0.5–1 ppbv), and m,p-xylene 
(0.5–1.0 ppbv) were the less abundant biomarkers 
in exhaled breath of firefighters. Overall, post- 
exposure levels of all biomarkers were predomi-
nantly rose after participation in controlled struc-
ture burns and training exercises, especially 
benzene in which levels increased up to 9-fold 
compared with control samples (Table 3). Fent et 
al. (2015) noted a numerical non-significant 2-fold 
elevation in mean levels of benzene, toluene, and 
styrene after controlled burns in comparison to 
pre-burn levels. Further, during controlled struc-
ture fires, Fent et al. (2020) observed significant 
changes in the benzene exhaled levels of firefighters 
that were assigned to different jobs (attack/search - 
105%, outside vent - 40% and overhaul - 28%). 
Their accumulation was also found in the exhaled 
breath of fire instructors from post 2nd to 3 hr post- 
3rd training exercises, being styrene (classified as 
probable carcinogen by IARC; (IARC 2022a); Table 
S1) the compound that accumulated to the greatest 
extent (Table 3). Fire instructors may not use the 
complete PPE during the entire period of con-
trolled fires, which might explain these results. In 
addition to BTEX and styrene, a non-targeted GC/ 
MS analysis of firefighters exhaled breath samples 
revealed significant elevation in decane and an 
unknown target (feature 54, m/z 57) after exposure 
to controlled burns in comparison to pre-exposure 
levels (Geer Wallace et al. 2019). The identification 
of decane suggests a possible endogenous response 
to smoke exposure (Geer Wallace et al. 2019).

Despite the importance of monitoring firefigh-
ters’ (personal) air exposure to VOCs (Alharbi, 
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Pasha, and Al-Shamsi 2021; Fent et al. 2018; 
Navarro et al. 2021; Sjöström et al. 2019), investi-
gating air quality alone is not sufficient to estimate 
total absorption of these pollutants in exposed 
firefighters. Corbally et al. (2021) demonstrated 
that some used turnout gear might not prevent 
diffusion of carcinogenic chemical vapors such as 
benzene, toluene, ethylbenzene, and some PAHs 
naphthalene, 2-methylnaphthalene, acenaphthene 
and fluorene onto firefighters’ skin. New techni-
ques are being developed that enable the verifica-
tion of VOCs contamination in PPE prior to its 
use (Aliaño-González et al. 2022). In addition, 
several investigators monitored off-gassing chemi-
cals from firefighters PPE and tools after their 
occupational activities (Fent et al. 2014, 2015, 
2017; Kirk and Logan 2015, 2019). Interestingly, 
BTEX and styrene, measured in exhaled breath, 
correlated strongly (n = 6, r: 0.84–0.99) and signif-
icantly with air sampling of those compounds 
which were off-gassing from firefighters using 
PPE, suggesting inhalation and dermal contact 
with contaminated gear as the main routes of 
exposure to these chemicals after controlled fur-
niture burns (Fent et al. 2015). The available lit-
erature suggests the important potential of exhaled 
breath as a reliable matrix due to the volatile 
characteristics of VOCs, namely BTEX and styr-
ene. There is a knowledge gap regarding differing 
toxicity mechanisms by which less commonly stu-
died VOCs induce mutagenesis and consequent 
promotion of cancer. A large number of studies 
exploring these mechanisms are needed to relate 
VOCs exposure with health impacts in firefighters. 
Due to the variability in the excretion rates of 
VOCs and based upon the available information, 
future biomonitoring studies need to consider 
adjusting sampling periods with the excretion 
route under analysis: up to 15 hr for elimination 
of unmetabolized VOCs through exhaled breath, 
up to 34 and 38 hr for elimination of metabolized 
compounds through urine and blood, respectively, 
and up to 65 hr for excretion through subcuta-
neous adipose tissues.

Heavy metals and metalloids

Firefighters’ exposure to heavy metals and metal-
loids, namely arsenic (As), cadmium (Cd), mercury 

(Hg), lead Pb), and antimony (Sb), occurs predo-
minantly by inhalation of emissions from structure 
(residential/industrial) fires and to a less extent, 
through dermal contact (PPE and turnout gloves 
contamination) (2012b, 2016, 2019, 2020; ATSDR 
1999). More specifically, exposure to As occurs 
during burning of treated woods and materials 
containing pesticides such as chromated copper 
arsenate (ATSDR 2016; Chen and Olsen 2016). 
Participation in firefighting activities involving 
heating of Cd-containing products and/or facilities 
used for alloy, plastic and battery production, pig-
ment production and use, smelting and refining 
may expose firefighters to this metal. In addition, 
firefighting forces may be occupationally exposed 
to Pb during fires on refining industries, battery 
manufacturing plants, and other industries requir-
ing flame soldering of lead solder and in fires con-
taining the smelting of Pb-materials (ATSDR 
2020). Exposure to Hg might occur through fire-
fighting activities that include the burning of elec-
tric/electronic/automotive materials containing 
this element and in fire events affecting some spe-
cific industries including chemical and metal pro-
cessing plants (ATSDR 1999). Burning of facilities 
and buildings containing materials and products 
with Sb including plastics, fire-retardant formulae 
as well as fire incidents in coal-fired plants and 
refuse incinerators might expose firefighters to 
this metalloid. Keir et al. (2020) demonstrated 
that fire trucks and PPE used by firefighters were 
contaminated with Pb, Cd, and Sb released from 
combustion by-products.

IARC classified As and Cd as known carcinogens 
to humans (group 1), inorganic Pb compounds and 
antimony trioxide as probable carcinogens (group 
2A), and organic Hg compounds as possible carci-
nogens (group 2B); Hg inorganic compounds are in 
group 3 (not classifiable as to their carcinogenicity 
to humans) (IARC 2022a). USEPA and the ATSDR 
classified these heavy metals and metalloids as 
hazardous substances (2012b, 2016, 2019, 2020; 
ATSDR 1999). Further, potential toxicological 
interactions between Hg and other metals such as 
Cd and Pb were reported, these metals induce 
metallothionein (antioxidant protein) activity, 
overwhelming its response, which promote cell 
damage (ATSDR 2022). Elimination and excretion 
rates of heavy metals and metalloids depend upon 
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the route of exposure, absorption rates, and meta-
bolism. Inorganic As is predominantly eliminated 
through the urine as a mixture of arsenic (III), 
arsenic (V) (half-life ranging between 2.09–38.4  
days), monomethylarsonic acid, and dimethylarsi-
nic acid (both acids are eliminated within 4 days 
after exposure); organic As is primarily excreted 
unchanged (ATSDR 2016). Cadmium is not well 
absorbed by the human body (up to 25% depending 
upon the route of exposure) but it is widely distrib-
uted, with highest levels found in the liver and 
kidneys (ATSDR 2012b). Absorbed Cd is tightly 
bound to metallothionein and excreted slowly 
through urine and feces with a half-life time of 
more than 26 years, thus reflecting its high poten-
tial to bioaccumulate (ATSDR 2012b). After inha-
lation, approximately 60–80% of Pb deposited in 
the respiratory tract is absorbed, being excreted 
primarily in the urine and feces (half-life time of 
10 days) (ATSDR 2020; CDC 2020). Lead remains 
in the blood and soft tissues during months and 
persists for decades in bones (ATSDR 2020). 
Mercury is predominantly absorbed by inhalation 
with approximately 80% of exposure dose entering 
into the bloodstream directly from the lungs and 
reaching other parts of the human body including 
brain and kidneys (ATSDR 1999). Inorganic Hg 
primarily accumulates in kidneys and to lesser 
extent in brain, being excreted through the urine 
and feces (period of months) and in a lower 
amount in the exhaled breath (mercury vapors). 
Antimony is poorly absorbed by the human body, 
however when absorption occurs it is widely dis-
tributed, predominantly to liver, kidneys, and bone 
(ATSDR 2019). Absorbed soluble compounds of Sb 
including antimony trioxide and antimony 
trichloride are eliminated in days from lungs 
while trivalent and pentavalent forms are predomi-
nantly excreted through feces and urine, respec-
tively (ATSDR 2019). Occupational exposure to 
heavy metals and metalloids, even at low concen-
trations, might initiate adverse health effects 
(Figure 6) depending upon the route and duration 
of exposure as well as dose (WHO 2015). Four 
biomonitoring studies included in the determina-
tion of firefighters’ exposure to metals and metal-
loids during regular working period with (Dobraca 
et al. 2015; Salama and Bashawri 2017) and without 

(Biomonitoring California 2016; Gündüzöz et al. 
2018) the active participation in firefighting activ-
ities are provided.

Urine

Limited data exist regarding the impact of firefight-
ing activities on metal and metalloids urinary con-
centrations. Arsenic, Hg, and Cd were assessed in 
firefighters at periodic medical examinations 
(Gündüzöz et al. 2018) and during the FOX cohort 
study (Biomonitoring California 2016). The latter 
refers to firefighters included in the California 
Environmental Contaminant Biomonitoring 
Program (Biomonitoring California), the first legis-
latively mandated biomonitoring program in the 
USA. Overall, levels of As ranged between 3–15.7  
µg/L in the urine of firefighters (Figure 7a); the 
reported levels were in close range with the recom-
mended urinary limit of 15 µg/L proposed by the 
German Human Biomonitoring Commission and 
well below the acute As exposure limit of 100 µg/L 
established by ATSDR (ATSDR 2016; Chen and 
Olsen 2016; Schulz et al. 2011). However, it is impor-
tant to note that firefighters, that actively partici-
pated at fire suppression, displayed a 5-fold rise in 
As levels in comparison to firefighters at the office 
(Figure 7a). Inorganic As promotes generation of 
free radicals and consequent oxidative stress, thus 
producing cellular damage and cell death; inorganic 
As also alters DNA repair (Chen and Olsen 2016). 
Further, Gündüzöz et al. (2018) found an association 
between As-induced oxidative stress and lung func-
tion decline parameters suggesting an important role 
of As exposure to the aggravation/development of 
lung disorders in firefighters. Besides As, urinary 
concentrations of Hg and Cd were assessed in the 
urine of firefighters participating in the FOX cohort 
study (0.45 µg/L and 0.15 µg/g creatinine, respec-
tively; Figure 7a). Both elements were below the 
literature-based acceptable range for the general 
population (4–5 µg/L for mercury and 0.193 µg/g 
creatinine for Cd; (ATSDR 2012b)). Overall, the 
reported metal and metalloid urinary levels did not 
exceed the recommended ranges. However, urinary 
As was suggested as an important exposure biomar-
ker related to adverse lung health effects in actively 
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Figure 7. Concentration of heavy metals and metalloids reported in urine (a) and blood (b) of firefighters.

Figure 6. Heavy metals toxicological mechanisms and consequent health effects. Reproduced from Mitra et al. (2022), under creative 
commons CC by license. IL-1: Interleukin 1; IL-6: Interleukin 6; IL:8: Interleukin 8; NF-κB: necrose factor kappa B; NO: nitric oxide; P53: 
Tumor suppressor protein 53; TNF-α: Tumor necrosis factor alpha.
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exposed firefighters. Further, acute, and chronic 
arsenicism was associated with burning of wood 
previously treated with chromated copper arsenate 
(Chen and Olsen 2016).

Blood

Concentrations of Pb in the blood of exposed fire-
fighters ranged from 0.96–39 μg/L (Figure 7b). 
Values reported are well below the current binding 
biological limit value proposed by the European 
Chemical Agency for inorganic Pb and its com-
pounds (European Chemicals Agency 2019) and 
higher (except for the study of Dobraca et al. 
(2015)) than the levels detected in the North 
American population (up to 9.2 µg/L; (ATSDR 
2020)). The mean/median levels of Hg (2.4–4.1 μg/ 
L) and Sb (0.02–0.06 μg/L) in exposed firefighters 
were below or within the literature-based range for 
the general population [1–8 µg/L for Hg (Ye et al. 
2016); 0.7–2.0 µg/L for Sb (Gebel, Claussen, and 
Dunkelberg 1998)] (Figure 7b). However, 6 of the 
analyzed firefighters presented blood Hg concentra-
tions (9.79–13.42 µg/L) that exceeded the previously 
mentioned threshold (Dobraca et al. 2015). 
Nevertheless, Dobraca et al. (2015) suggested that 
consumption of fish-containing elevated Hg may 
have been an additional source of exposure. 
Therefore, future biomonitoring studies need to 
examine the contribution from the diet of partici-
pants. Blood levels of manganese (7.61 µg/L) and Cd 
(0.19 µg/L) were within the range of described values 
for USA adult men from the 2009–2010 National 
Health and Nutrition Examination Survey (4–15 µg/ 
L for manganese and lower than 0.32 µg/L for Cd) 
(Dobraca et al. 2015). Specifically, regarding expo-
sure to Cd, Salama and Bashawri (2017) noted non- 
significant, but higher concentrations of this metal in 
blood of firefighters compared to controls (1.7–2.4 
versus 0.8 µg/L). Cadmium exerts its toxicity by the 
(1) formation of ROS, (2) binding to mitochondria 
inhibiting mechanisms such as oxidative phosphor-
ylation and cellular respiration and (3) induction of 
apoptosis (Rahimzadeh et al. 2017).

Prolonged exposures to fire emissions contain-
ing PM-bound metals and metalloids, even at rela-
tively low concentrations, may favor cellular 
damage in kidneys, bones, cardiovascular, hepatic 

and respiratory systems, which in some cases may 
lead to cancer (Rahimzadeh et al. 2017; WHO 
2015). Therefore, comprehensive risk assessment 
investigations need to include biomonitoring of 
heavy metals and metalloids in urine and/or blood 
taking into consideration the long excretion peri-
ods that may be some days for As, Pb, and Sb, 
months for Hg, and years for Cd for these pollu-
tants from the human body.

Even though urine and blood are the main 
matrices investigated in firefighters’ biomonitoring 
for heavy metals and metalloids, other matrices 
may also be considered. In particular saliva, hair 
and nails were examined as important noninvasive 
and less expensive human biomonitoring tools for 
these chemicals (Gil and Hernández 2015; Waseem 
and Arshad 2016). For short-term exposure, assess-
ment of saliva might be used; concentrations of Pb 
in saliva represent 15–50% of the concentrations 
present in whole blood (Koh and Koh 2007). Still 
some concerns exist, principally for the evaluation 
of occupational exposures, as saliva physiological 
and biochemical heterogeneity as well as composi-
tion that changes throughout the day due to many 
factors including circadian rhythm, diet, mouth 
breathing contamination, medication, and physical 
exercise are not controlled (Gil and Hernández 
2015). On the other hand, hair and nails are better 
suited for long-term exposure to natural radionu-
clides and other toxic metals due to their accumu-
lation capacity, which represent the exposure over 
months. The use of hair was validated for organic 
Hg biomonitoring (ATSDR 2001; De Perio et al. 
2010). Further, the use of toenails seems to be a 
promising alternative for long-term exposure 
assessment since these are less prone to contamina-
tion and take more time to grow than fingernails 
(Gil and Hernández 2015). However, relationships 
between heavy metals and metalloids in hair, nails, 
and saliva and total internal dose are scarce and 
sometimes unclear (Esteban and Castaño 2009; Gil 
and Hernández 2015; Waseem and Arshad 2016).

Flame retardants

Flame retardants are additives used in many con-
sumer products and household materials to reduce 
flammability of combustible materials and their 
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potential for ignition/propagation of fire (Zhang, 
Buekens, and Li 2016). Some PBDE compounds 
were already banned while others have increasingly 
restrictive use. Organophosphate esters were re- 
introduced to replace PBDEs; however recent find-
ings demonstrated environmental and human con-
centrations at levels that were 1–3-fold higher than 
the values found for PBDEs (Covaci et al. 2011; Gao 
et al. 2018; He et al. 2018). Firefighters are exposed 
to these compounds through inhalation and/or der-
mal deposition of fumes released from the burning 
of furnishings, electric/electronic devices, transpor-
tation products and construction materials. In 
addition, contamination of PPE and dust from fire 
stations with flame retardant compounds was 
reported (Alexander and Baxter 2016; Easter, 
Lander, and Huston 2016; Fent et al. 2020; Mayer 
et al. 2019; Shen et al. 2015, 2018). These persistent 
and lipophilic pollutants, principally the ones with 
low molecular weight, accumulate in adipose tissue, 
serum, and breast milk and thus stored for many 
years (ATSDR 2017a).

Urine

The limited information available on the distribu-
tion, metabolism, and elimination of these pollu-
tants suggests urine as the main route of excretion 
in 2–3 days (ATSDR 2021a). Metabolites of orga-
nophosphate esters and 2-ethylhexyl-2,3,4,5-tetra-
bromobenzoate (a new chemical that employed as 
PBDEs replacement) were detected in urine of 
American firefighters who participated in a struc-
ture fire, with levels ranging between 0.10 ng/ml for 
2,3,4,5-tetrabromobenzoic acid and 4 ng/ml for 
diphenyl phosphate (Table 4). Recently, some 
investigators noted increased levels of flame-retar-
dant metabolites in the urine of firefighters col-
lected between 3 to 12 hr post exposure to fires, 
these reported concentrations were higher than 
values found in the general population and office 
workers ((Mayer et al. 2021; Trowbridge et al. 
2022); Table 4). Further, Jayatilaka et al. (2019) 
attributed the elevated concentrations of bis-(1- 
chloro-2-propyl) phosphate (2-fold: 0.11 versus 
0.24 ng/ml) to firefighters’ occupational exposure 

as compared with the American population. 
Jayatilaka et al. (2019) determined the levels of 2- 
((isopropyl)phenyl) phenyl phosphate (0.11 ng/ml) 
and 4-((tert-butyl) phenyl) phenyl phosphate (0.17  
ng/ml) in urine of firefighters and demonstrated 
increased values in the 3 hr post-exposure to a 
structure fire (Table 4). Exposure to certain flame 
retardants may affect the immune system, neurolo-
gic function, child development and was associated 
with endocrine and thyroid disruption, reproduc-
tive toxicity, and cancer (Figure 8) (Du et al. 2019).

Blood

Firefighters’ exposure to PBDEs occurs through 
breathing of contaminated air or dermal contact 
with emissions from combustion of materials/pro-
ducts containing PBDEs. Overall, these chemicals 
half-lives range from 15 to a maximum of 4 days 
for high and low molecular weight compounds, 
respectively (ATSDR 2017a). Mean detected levels 
of PBDEs and modified PBDEs (BDEs) in the 
blood of North American firefighters during a 
regular working period with participation in dif-
ferent types of firefighting activities ranged 
between 540 pg/g lipid (PBDE-28: 2,4,4-tribromo-
diphenyl ether) to 32,300 pg/g lipid (PBDE-47: 
2,2“,4,4”-tetrabromodiphenyl ether) and from 
1350 pg/g lipid (BDE-197: 2,2,”3,3‘,4,4,’6,6”- 
octabromodiphenyl ether) to 28,300 pg/g lipid 
(BDE-209: decabromodiphenyl ether), respec-
tively (Table 4). Mayer et al. (2021) found elevated 
concentrations of PBDEs in blood of firefighters 
after participation in controlled residential fires 
compared with pre-exposure values (PBDE-47: 
8370 versus 849 pg/g lipid; PBDE-100: 1670 versus 
1580 pg/g lipid; PBDE-209: 3010 versus 2910 pg/g 
lipid) (Table 4). The levels of PBDEs determined 
in the blood of firefighters were globally higher 
than those noted in the general population (Ekpe 
et al. 2021; Mayer et al. 2021). The majority of 
PBDE compounds are known for their neurotoxic, 
thyrotoxic, estrogenic, and carcinogenic proper-
ties (ATSDR 2017a; EA Environment Agency 
2019; IARC 2022a; Siddiqi, Laessig, and Reed 
2003); Table S1).
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Other pollutants

A total of 19 biomonitoring studies included several 
other unmetabolized and metabolized compounds 
including phthalates, phenols, pyrethroid pesti-
cides, herbicides, organophosphorus insecticides,, 
PCDDs, PCDFs, PCBs, PFAAs, and organochlorine 
pesticides (OCPs) in the urine and blood samples of 
firefighters during regular working periods includ-
ing participation in firefighting activities, training 
exercises, routine surveillance, and during a public 
health event (Table 5).

Urine

Unmetabolized phthalates, phenols, pyrethroid 
pesticides and several herbicides from the chloro-
phenoxyacetic acids family and metabolized orga-
nophosphorus insecticides, and dioxins pollutants 

were characterized in the urine of firefighters 
(Table 5).

Phthalates are pollutants derived from phthalic 
acid, an additive that increases plastic malleability. 
Structural firefighters are exposed to these com-
pounds by inhalation with fire emissions contain-
ing phthalate vapors and by dermal contact with 
contaminated dust derived from the combustion of 
plastic and/or refuse. The metabolism of phthalates 
is rapid (half-lives on the order of hr), and these 
compounds are predominantly excreted through 
urine (USEPA 2021). The presence of 12 phthalates 
were reported in urine of 133 North American and 
Slovakian firefighters during regular working peri-
ods without participation in firefighting activities, 
with mean values ranging between 0.22 µg/L for 
mono-benzyl phthalate to 64.55 µg/L for mono- 
ethyl (Table 5). Kolena et al. (2020) found a positive 
association between urinary levels of phthalates and 

Figure 8. Toxicological pathways for polybrominated diphenyl ethers (PBDEs): (a) endocrine disruption; (b) development conse-
quences; (c) carcinogenesis. Reproduced from Wu et al. (2020), copyright (2023), with permission from Elsevier. AhR: Aryl hydrocarbon 
receptor; ALL: Acute lymphoblastic leukemia; BDE-28: 2,4-Dibromo-1-(4-bromophenoxy)benzene; BDE-47: 2,2‘4,4’-tetrabromodiphenyl 
ether; BDE-99: 2,2‘,4,4’,5-Pentabromodiphenyl ether; BDE-209: Decabromodiphenyl ether; CYP1A1: Cytochrome P450 Family 1 
Subfamily A Member 1; CYP1B1: Cytochrome P450 Family 1 Subfamily B Member 1; EDCs: Endocrine disrupting chemicals; ERRγ: 
Estrogen-related receptor γ; ERα: Estrogen receptor alpha; GDM: Gestational diabetes mellitus; IQ: Intelligence quotient; ME: Methyl 
group; mRNA: messenger RNA; PBDEs: Polybrominated diphenyl ethers; PR: Progesterone receptor; ROS: Reactive oxygen species; TH: 
Thyroid hormone; TR: Thyroid hormone receptor; TR-DBD: Thyroid hormone receptor DNA binding domain; TRE: Thyroid hormone 
response element.
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decrease in the lung function as evidenced by 
forced expiratory volume in one second (FEV1) 
and Tieneau – Pinelli index, the ratio between 
FEV1 and forced vital capacity (FVC)) of 
Slovakian firefighters. Phthalates are also suspected 
to be hormone homeostasis disruptors (Fabian et 
al. 2014; Heudorf, Mersch-Sundermann, and 
Angerer 2007; Kolena et al. 2020).

Phenols are non-persistent pollutants used in the 
production of plastics and released from several 
industries, petroleum derivatives, wood burning, 
and vehicle exhausts (ATSDR 2008; Van der Veen 
and De Boer 2012; Waldman et al. 2016). Phenols 
may also be formed as a result of benzene degrada-
tion (ATSDR 2008). Firefighters’ exposure might 
occur through breathing and skin contact with 
emissions from burnings containing phenol pro-
ducts. Once in the human body, phenols are meta-
bolized and predominantly eliminated through the 
urine in their free and/or conjugated forms in less 
than 24 hr (ATSDR 2008). Exposure to benzene 
contributes to increase the urinary levels of phenol, 
since this compound is one of its predominant 
metabolites (ATSDR 2008). Waldman et al. (2016) 
determined 7 phenols in the urine of firefighters 
during routine surveillance, with ethyl paraben (< 
detection limit), butyl paraben (< detection limit) 
and bisphenol A (1.18–1.67 µg/g creatinine) exhi-
biting the lowest values, while benzophenone-3 
(52.7–92.3 µg/g creatinine) displayed the highest 
(Table 5). Waldman et al. (2016) reported higher 
phenols levels in exposed firefighters than in the 
American population (benzophenone-3: 69.8 ver-
sus 14 µg/g creatinine; triclosan: 18 versus 14.8 µg/g 
creatinine; methyl paraben: 41.7 versus 29.9 µg/g 
creatinine; n-propil paraben 4.01 versus 2.05 µg/g 
creatinine, respectively). Elevated levels of benzo-
phenone-3 and its metabolites were associated with 
changes in the estrogenic/anti-estrogenic and anti- 
androgenic activities, with some metabolites inhi-
biting human androgen receptor activity in vitro 
(Kim and Choi 2014; Nashev et al. 2010). 
Exposure to excessive amounts of phenols might 
lead to metabolic disruption, which subsequently 
promotes development/aggravation of diseases 
related to lung, liver and gastrointestinal tract 
damage (Gami et al. 2014). Waldman et al. (2016) 

suggested PPE as an important source of firefigh-
ters’ exposure to these pollutants.

Firefighters’ occupational exposure to pesti-
cides was also reported to occur via inhalation 
and dermal contact with emissions from agricul-
tural and structure fires. The FOX cohort 
(Biomonitoring California 2016) detected levels 
of a phenoxyacetic acid herbicide, the 2,4-dichlor-
ophenoxyacetic acid (0.21–0.34 µg/L; classified as 
group 2B – possible carcinogen (IARC 2022a); 
Table S1), and a pyrethroid insecticide, the 3-phe-
noxybenzoic acid (0.43–0.67 µg/L) in firefighters 
urine (Table 5). After absorption, pyrethroids are 
rapidly distributed within the human body, 
mainly to fat tissues, and elimination half-times 
range between 6.4 to 16.5 hr (ATSDR 2003). Acute 
2.4- dichlorophenoxyacetic acid toxicity includes 
symptoms such as vomiting, burning of the 
mouth, hypotension, and abdominal pain (Costa 
1987). Pyrethroids might also lead to neurotoxi-
city where Lushchak et al. (2018) found an asso-
ciation between this chemical and the blocking of 
voltage-gated sodium channels in the plasmatic 
membrane of neurons. Regarding another group 
of insecticides, urinary concentrations of organo-
phosphorus metabolites ranged between 0.16 ng/ 
ml for diazinon to 15 ng/ml for dimethylthiopho-
sphate in North American firefighters during reg-
ular working activities including participation in 
structural firefighting (Table 5). In addition, 
Jayatilaka et al. (2019) detected elevated urinary 
levels of dimethylphosphate, dimethylthiopho-
sphate, dimethyldithiophosphate, diethylpho-
sphate, diethylthiophosphate, and 
diethyldithiophosphate in firefighters participat-
ing in a structure fire (Table 5). 
Organophosphorus pesticides are degraded 
quickly and predominantly eliminated through 
the urine after some hr and up to two days after 
exposure (Temple and Smith 1989). Exposure to 
organophosphorus compounds was associated 
with some neurological dysfunctions resulting 
from inhibition of the enzyme acetylcholinester-
ase, which might lead to increased levels of acet-
ylcholine in the central and peripheral nervous 
systems (Cocker et al. 2002; Kwong 2002; Rani et 
al. 2021).
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Blood

Different biomarkers of mixtures of halogenated 
organic compounds including dioxins (PCDDs, 
PCDFs), PCBs, PFAAs, and OCPs have been mon-
itored in the blood of firefighters (Table 5). The 
dioxins, PCDDs and PCDFs, are toxic pollutants 
formed during the heating and/or burning of 
organic materials in industrial processes as well as 
released from volcanic eruptions and forest fires 
(Jayaraj, Megha, and Sreedev 2016; WHO 2000). 
Firefighters’ exposure to PCDDs and PCDFs occurs 
through inhalation/dermal contact with emissions 
from combustion of wastes, paper, coal, wood, bio-
mass, or oil, and of materials and products contain-
ing PCBs (1998; ATSDR 1994). PCBs, known 
human carcinogens (IARC group 1), were banned 
several decades ago, but still persist in several mate-
rials plasticizers, plastics and rubber products, pig-
ments, dyes, carbonless copy paper, and in 
electrical, heat transfer and hydraulic equipment 
produced prior to the ban (USEPA 2020). Once 
absorbed, dioxins (and dioxin-like compounds, 
such as some PCBs) are distributed throughout 
the human body, predominantly in fat tissues 
such as adipose tissue as well as in liver and skin, 
and bioaccumulation might occur. Excretion half- 
lives are markedly dependent on the composition 
of the mixture of compounds, being unmetabolized 
and metabolized PCBs, PCDFs and PCDDs predo-
minantly eliminated in the feces (mainly those con-
taining a higher number of chlorine atoms); 
urinary excretion occurs in a lesser extent (2000, 
2012a; ATSDR 1994). ’T Mannetje et al. (2016) 
measured the concentrations of 7 PCDDs (1.6 pg/ 
g lipid for 2,3,7,8-tetrachlorodibenzo-p-dioxin and 
1,2,3,4,7,8-hexachlorodibenzo-p-dioxin to 168.9 
pg/g lipid for octachlorodibenzodioxin), ten 
PCDFs (0.4 pg/g lipid for 1,2,3,7,8-pentachlorodi-
benzofuran to 4.0 pg/g lipid for 2,3,4,7,8-penta-
chlorodibenzofuran) and 15 PCBs (21 pg/g lipid 
for PCB-81 to 31,500 pg/g lipid for PCB-180) in 
blood of firefighters stationed in the surrounding 
areas of a herbicide production plant and/or 
engaged in call-outs to that plant (Table 5). The 
FOX cohort study, (Biomonitoring California 
2016), determined the levels of 15 PCBs, with 
values ranging from below the detection limit 
(PCB-101 and PCB-105) to 13,400 pg/g lipid 

(PCB-180) (Table 5). Recently, Mayer et al. (2021) 
reported increased levels of 2,3,7,8-tetrachlorodi-
benzodioxin in blood of firefighters after participa-
tion in controlled structure fires comparatively 
with pre-exposure values (0.75 versus 0.65 pg/g 
lipid). In addition, firefighters presented signifi-
cantly higher levels of some furans including 
1,2,3,4,7,8-hexachlorodibenzofuran, 1,2,3,6,7,8- 
hexachlorodibenzofuran, 2,3,4,6,7,8-hexachlorodi-
benzofuran, and 2,3,4,7,8-pentachlorodibenzo-
furan) than the general population (Mayer et al. 
2021). The latter, 2,3,4,7,8-pentachlorodibenzo-
furan, is a known carcinogenic to humans (group 
1; (IARC 2022a); Table S1). Chernyak et al. (2016) 
measured blood dioxins in former, current, and 
non-firefighters and demonstrated mean total toxi-
city equivalent values that were non-significant 
slightly elevated in current in comparison to former 
firefighters and non-firefighters (23.1 versus 21 ver-
sus 17.3 pg/g lipid, respectively). Dioxins are highly 
toxic and potent cellular deregulators and are asso-
ciated with immune system damage and promotion 
of reproductive and developmental dysfunctions 
(IARC 2010b; WHO 2016). Exposure to dioxin- 
like compounds is involved with development of 
neurological symptoms, diabetes, cardiovascular 
diseases, and some types of cancers (2010a; IARC 
2010b).

PFAAs are groups of perfluorinated aliphatic car-
boxylic and sulfonic acids among other polyfluori-
nated substances that have been widely used in 
surface coating and protectant formulations such as 
paper and cardboard packaging products, carpets, 
polishes, waxes, paints, leather products and textiles 
to improve water, grease and soil repellency as well 
as in aqueous firefighting foams. They are consid-
ered as emerging persistent organic pollutants (Liu 
et al. 2019). Some of these compounds are no longer 
manufactured and/or have a restrictive use; however, 
several products and materials still contain these 
substances. Firefighters might be exposed to 
PFAAs through daily contact with materials/pro-
ducts containing these pollutants and/or during 
their combustion in structure fires. Evidence 
demonstrated elevated concentrations of PFAAs in 
ground/surface water and soils near airports, mili-
tary installations, and firefighting training areas due 
to the use of aqueous firefighting foams (ATSDR 

JOURNAL OF TOXICOLOGY & ENVIRONMENTAL HEALTH, PART B 31



2021b; Barton et al. 2020). Once absorbed, PFAAs 
are widely distributed in the human body, with the 
highest levels found in blood, kidneys, and liver 
(Figure 9). These xenobiotics are primarily elimi-
nated in the urine and a small fraction is excreted 
through the feces and breast milk. Concentrations of 
PFAAs reported in the blood of firefighters are pre-
sented in Table 5. Overall, perfluorooctanesulfonic 
acid (3.79–74 ng/ml), perfluorohexanesulfonic acid 
(1.13–33 ng/ml), and perfluorooctanoic acid (1.13– 
4.6 ng/ml; possible carcinogenic to humans (group 
2B; IARC 2022a; Table S1) were the compounds 
found at the highest levels (Table 5). Rotander et 
al. (2015) associated the elevated levels of PFAAs in 
Australian firefighters with exposure to aqueous film 
forming foam during firefighting training exercises 
and with the number of years participating in fire-
fighting activities (Table 5). Available literature also 
describes the presence of other compounds in the 
blood of firefighters. Dobraca et al. (2015) found 
increased levels of perfluorodecanoic acid during 
regular working periods including the participation 
in different types of firefighting activities compared 
with American population (0.9 versus 0.3 ng/ml). 
Dobraca et al. (2015) attributed the observed 3-fold 
rise in levels to unidentified sources of occupational 
exposure. Recently, Barton et al. (2020) assessed the 
levels of 5 PFAAs in the blood of a highly exposed 
North American population, including firefighters 
(values ranged between 0.25 ng/ml for perfluorohep-
tane sulfonate to 16 ng/ml for perfluorohexane sul-
fonate; Table 5), situated in a region where public 
water systems contained concentrations of PFAAs at 
values above the USEPA health advisory level (70 
ng/L for perfluorooctane sulfonate and perfluorooc-
tanoate). Trowbridge et al. (2020) and Clarity et al. 
(2021) examined the levels of 12 PFAAs in a cohort 
of North American women (WWBC: 2014–2015) 
and found significantly increased concentrations in 
firefighters compared to office workers from the 
same city (perfluorohexane sulfonic acid: 3.79–4.55 
vs 2.94 ng/ml and perfluorononanoic acid: 0.67–0.77 
vs 0.61 ng/ml); reported serum values ranged 
between 0.13 ng/ml for perfluorobutane sulfonic 
acid to 4.55 ng/ml for perfluorohexane sulfonic 
acid (Table 5). Exposure to PFAAs was associated 
with firefighter assigned position, with engine 

drivers exhibiting the lowest levels since these indi-
viduals typically avoid the critical source of exposure 
during overhaul procedures after a fire is extin-
guished (Trowbridge et al. 2020). Women firefigh-
ters reporting the use of aqueous film forming foams 
in the year before sampling also presented higher 
serum values of PFAAs compared with those who 
were not exposed to firefighting foams (Trowbridge 
et al. 2020). Prolonged exposure to PFAAs might 
contribute to increased cholesterol levels and pro-
mote the risk of high blood pressure, thyroid disease 
as well as kidney, bladder, and testicular cancers 
(ATSDR 2021b).

OCPs, synthetic persistent organic pollutants 
p,p’-dichlorodiphenyltrichloroethane, hepta-
chlor epoxide, hexachlorobenzene, β-hexachlor-
ocyclohexane, oxychlordane, and trans- 
nonachlor are some of the most health-relevant 
compounds extensively used in agriculture and 
chemical industry. These pollutants were 
banned in all developed countries due to their 
carcinogenic properties to humans; still some 
pesticides are still in use in some countries. 
OCPs are known for their moderate to high 
environmental persistence (half-lives between 
60 days to 15 years) (Jayaraj, Megha, and 
Sreedev 2016). Diet is the predominant route 
of exposure to OCPs, however exposure 
through inhalation and dermal contact can 
also occur being urine and sweat the major 
routes of elimination (Genuis, Lane, and 
Birkholz 2016; Jayaraj, Megha, and Sreedev 
2016; Taiwo 2019). Several investigators 
demonstrated human exposure to OCPs, how-
ever, in the last 6 years, only one was performed 
in firefighters. Park et al. (2015) found 6 OCPs 
in the blood of firefighters during a regular 
working period that included the active partici-
pation in firefighting activities. The reported 
mean concentrations varied between 1.34 ng/g 
lipid for 1,1,1-trichloro-2,2-bis(4-chlorophenyl) 
ethane to 177 ng/g lipid for 1,1’-(dichloroethe-
nylidene)bis[4-chloro-(4,4′-DDE) (Table 5). 
Human exposure to OCPs interfere with endo-
crine system and promote hypertension and 
cardiovascular disorders (Jayaraj, Megha, and 
Sreedev 2016; Taiwo 2019).
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Available literature demonstrating firefighters’ 
occupational exposure to several health-hazar-
dous organic pollutants is limited. Recently, 
Fent et al. (2020) reported firefighters PPE con-
tamination with PBDEs and organophosphate 
flame retardants, dioxins, and furans after parti-
cipation in controlled residential firefighting 
activities with combustion of foams, plastics, 
and textiles. Fent et al. (2020) indicated the 
need to launder firefighters’ turnout gear, 
including the gloves after a firefighting event. 
Further, the presence of several persistent 
organic pollutants including polychlorinated 
compounds, and dibenzodioxins as well as emer-
ging contaminants such as polyfluorochemicals, 
organophosphate and phthalate esters, were 
included in human biomonitoring (non-occupa-
tional) surveys, which indicated that highly 

relevant pollutants need to be considered in 
future studies (Alves et al. 2014; Bocato et al. 
2019). Liu et al. (2016) assessed the levels of 
several brominated and organophosphate flame 
retardants in paired hair, fingernail, toenail, and 
serum samples from fifty North American sub-
jects. Significant correlations were found 
between hair and nail samples with serum, thus 
underlining the potential of combining noninva-
sive biological tissues with invasive matrices in 
integrated exposure measurements (Liu et al. 
2011, 2016; Poon et al. 2014; Zheng et al. 
2014). Other investigators reported increased 
levels of PBDEs in the hair of e-waste recycling 
workers and newborns (Aleksa et al. 2012; 
Zheng et al. 2014) thus demonstrating the 
potential of hair to assess occupational exposure 
to these pollutants; this approach may be 

Figure 9. Perfluoroalkyl acids associated disruption in the brain, immune system organs, liver, and kidney. Reproduced from Starnes et 
al. (2022), under creative commons CC by license. eGFR: Estimated glomerular filtration rate; PPAR: Peroxisome proliferator-activated 
receptor.
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considered in future biomonitoring studies of 
firefighters. Further, Alves et al. (2017) detected 
the presence of isomeric forms of the metabo-
lites of alternative plasticizers [bis(2-ethylhexyl) 
terephthalate and bis(2-ethylhexyl) adipate] in 
the fingernails and urine samples of 61 
Norwegians. Therefore, investigations assessing 
multiple groups of organic pollutants in firefigh-
ters (with emphasis on biomonitoring PCDDs, 
PCDFs, PCBs, PFAAs, OCPs, and other hazar-
dous compounds in those subjects involved in 
structural firefighting activities) are urgently 
needed. However, one of the main constraints 
is the wide variability in the excretion profiles of 
pollutants between some hr for phthalates until 
approximately 15 years for PFAAs and OCPs, 
which significantly complicates the selection of 
the most representative sampling periods. To 
overcome this limitation, the analysis of nonin-
vasive biological fluids (saliva) and tissues (nails 
and hair) may provide precious complementary 
information related with firefighters short- and 
long-term exposures, respectively.

The explorative potential of combining 
biomarkers of exposure and effect

Several investigators have simultaneously explored 
biomarkers of exposure and effect as a more com-
prehensive health risk approach for highly exposed 
occupations including firefighters. Thus far, the 
following associations and/or correlations were 
noted:

● Urinary mutagenicity and 1-OHPYR (p  
= .0001, n = 12) related to prescribed burning 
exposure (Adetona et al. 2019);

● Urinary levels of OHPAHs and urinary muta-
genicity (p < .001, n = 16) after structure fire-
fighting (Keir et al. 2017);

● Urinary levels of 1-OHPYR positively asso-
ciated with blood DNA strand breaks deter-
mined after controlled firefighting training 
(estimate of 0.6492 ± 0.1679, p < .001, n = 53; 
(Andersen et al. 2018));

● Positive correlations between urinary arsenic 
with two blood biomarkers of antioxidant 
activity, disulfide (r = 0.422; p < .001, n = 100) 

and disulfide/native thiol ratio (r = 0.409; p  
< .001,  n= 100); (Gündüzöz et al. 2018));

● Significant association (p < .05, n = 86) 
between the concentrations of the urinary 
flame retardant metabolite (bis(1,3-dichloro- 
2-propyl)phosphate) and the decrease of total 
thyroxine (thyroid hormone) plasma concen-
trations in a Women Cohort study 
(Trowbridge et al. 2022);

● Blood PFAAs (perfluorooctanoic acid, per-
fluorooctane sulfonic acid, and perfluoronona-
noic acid) and telomere length (increase range 
300-395 base pairs, p ≤ .05, n = 84; (Clarity et 
al. 2021)) in a Women Cohort study;

● Blood PFAAs with accelerated epigenetic age 
(for perfluorohexane sulfonate, linear per-
fluorooctanoate, and the sum of perfluoro-
methylheptane sulfonate isomers) and with 
DNA methylation (for sum of branched per-
fluorooctanoate and perfluoroundecanoate) (p  
< .0025, n = 197; (Goodrich et al. 2021));

● Negative associations between blood per-
fluorodecanoic acid levels and total choles-
terol, and the biomarker of inflammation 
interleukin-6 with perfluoroundecanoic acid 
(Khalil et al. 2020).

Overall, the limited evidence on the potential of 
combining biomarkers of exposure and effect sug-
gests an exploratory causality between firefighters 
occupational exposure to fire emissions with 
induced oxidative stress which was also related 
with the reduction of some lung function indicators 
(Gündüzöz et al. 2018), hormonal alterations 
(Trowbridge et al. 2022), early inflammation 
(Khalil et al. 2020), increased urinary mutagenicity 
(Adetona et al. 2019; Keir et al. 2017), epigenetic 
changes (Goodrich et al. 2021), genotoxicity 
(Andersen et al. 2018, 2018), oxidative DNA 
damage (Oliveira et al. 2020), and increased telo-
mere length (Clarity et al. 2021). Recently, IARC 
declared the existence of strong mechanistic evi-
dence that occupational exposure as a firefighter 
“is genotoxic,” “induces epigenetic alterations,” 
“induces oxidative stress,” “induces chronic inflam-
mation,” and “modulates receptor-mediated 
effects” (Demers et al. 2022). Therefore, more com-
prehensive studies are needed to comprehensively 
explore the potential of combining different types 
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of biomarkers for characterization of occupational 
exposure.

Conclusions and future perspectives

The use of biomonitoring to improve assessment 
of exposure and potential health effects of fire 
emissions has been slowly emerging during the 
last years. Overall, the concentrations of the 
studied biomarkers were increased in pre- to 
post-exposure/shift in exposed firefighters. Thus 
far, female firefighters have been underrepre-
sented in the available studies. Biomarkers of 
exposure are precious tools as these quantify 
the body burden of specific pollutants with bio-
markers of burning of biomass more prone to 
characterize wildland firefighters. Regarding the 
characterization of structural firefighters’ expo-
sure, the selected biomarkers also need to 
include those related with combustion of poly-
meric materials, novel materials/composites and 
products containing flame retardants. However, 
these biomarkers are poorly characterized and 
more studies are urgently needed. Improved 
characterization of the combustion products of 
the most recent and widely used materials are 
also crucial.

A large set of advantages can be clearly identified 
by applying a biomonitoring approach to the con-
text of firefighters’ occupational exposure, namely: 
i) improve risk assessment; ii) reflect all exposure 
routes providing information regarding total body 
burden; iii) enable assessment of the effectiveness 
of protective equipment; iv) help to identify unfore-
seen exposures and sources; and v) complement 
with environmental monitoring. However, some 
major limitations still exist, namely (1) utility of 
the obtained data since reference values or guide-
lines are not yet set for most pollutants emitted 
during fires; (2) data are only available for some 
metals and metalloids, as well as PAHs and their 
main metabolites. Further, half-lives values for 
most of the biomarkers are, until now, not estab-
lished, which significantly hamper the design of the 
studies (in particular the definition of sampling 
times) and consequently also affect reproducibility, 
representativeness, and reliability of the results. It is 
imperative that future studies address this gap and 
explore possible toxicokinetic interactions between 

differing chemicals while simultaneously assessing 
single and multiple exposure routes. Contributions 
from several background sources (1) such as envir-
onmental factors such as air pollution, (2) diet 
consumption of Hg or As contaminated fish, or 
smoked food products, and (3) lifestyle such as 
smoking habits also might bias the results, and 
thus, limit data interpretation. Future biomonitor-
ing studies would strongly benefit from the deter-
mination of both biomarkers of exposure and early 
effect and from inclusion of multiple biological 
fluids, including less invasive biospecimens such 
as saliva, exhaled breath, nails, and hair, which 
would provide complementary information during 
different time spans. However, analytical proce-
dures to evaluate the presence of hazardous pollu-
tants in noninvasive biological fluids and tissues as 
well as sampling methods are yet not well-estab-
lished. Therefore, robust and standardized meth-
odologies, as well as more well-designed 
longitudinal studies are needed to comprehensively 
characterize firefighters’ occupational exposure to 
fire emissions and set mitigation actions.
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