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ABSTRACT

Per- and polyfluoroalkyl substances (PFAS) are highly persistent chemicals widely used in industrial
processes and associated with extensive environmental contamination. Due to their bioaccumulative
properties, PFAS exposure has been linked to adverse health effects, and some compounds have been
classified as carcinogenic or possibly carcinogenic to humans. Some groups of workers are considered at
risk, and particularly firefighters are considered a potentially high-risk occupational group because of
repeated exposure to hazardous substances, such as PFAS. Therefore, this study aimed to evaluate PFAS
exposure among firefighters operating in central and northern Italy by measuring plasma concentra-
tions of PFAS and investigating anamnestic determinants. A total of 378 firefighters were voluntarily
recruited and completed an anamnestic questionnaire. Plasma samples were analyzed using validated
liquid chromatography-tandem mass spectrometry (LC-MS/MS) for 24 PFAS congeners from the EPA
533 list. Of the 24 PFAS investigated, 12 were detected in the analyzed samples: PFBA, PFHxS, PFOA,
PFOS, PFDA, PFUnA, PFNA, PFHpS, PFHpA, 6:2 FTS, PFPeA, and 9CI-PF30NS. The mean summed con-
centration of the detected PFAS was 7.26 ng/mL (SD =4.58 ng/mL). PFOS and PFOA were the predomi-
nant compounds, with mean concentrations of 4.34 ng/mL and 1.27 ng/mL, respectively. In primary
analyses, significant differences emerged according to different headquarters, age, sex, fish and seafood
consumption, use of waterproof clothing outside the workplace, qualification, years of service, and type
of service. In age- and sex-adjusted sensitivity analyses, the association with different headquarters
remained significant, and fish and seafood consumption, type of service, and qualification also remained
associated with total PFAS levels, whereas the associations with years of service and use of waterproof
clothing outside the workplace were attenuated. No significant associations emerged in the primary
analysis for BMI, smoking habits, living environment, or organic food consumption.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

* Corresponding author. Legal Medicine Via Irnerio 49, 40126, Department of
Medical and Surgical Sciences, University of Bologna Bologna, Italy.
E-mail address: jennifer.pascali@unibo.it (J.P. Pascali).

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large family of
up to four thousands of synthetic molecules composed of a fully or
partially fluorinated carbon chain of various lengths [1-4]. There is
no all-inclusive list of products describing the uses of specific PFAS,
but it is commonly established that industry strongly relies on
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substances are characterized by a marked chemical stability,
which makes them resistant to extreme temperatures, chemical
reactions and microbial degradation and therefore perfectly suit-
able for industrial activities and daily life objects production [5].
Therefore, PFAS are released into the environment through mul-
tiple sources of contamination, including emissions from
manufacturing facilities, landfills, wastewater treatment plants,
firefighting and military activities, indoor consumer products, and
vehicles’ emissions [6-11], which pose serious problems for envi-
ronment and public health. Humans are exposed to PFAS via
ingestion, absorption and inhalation of contaminated food, cos-
metics and clothes and air. Many studies have attempted to esti-
mate the burden of contamination in human specimens; however,
sensitive analytical methods for PFAS detection have only become
available in recent years [12,13] and still do not allow the identi-
fication of all possible PFAS congeners, as most methods target
only the most common and legacy PFAS. Notwithstanding this
limitation, many significant results are available nowadays, which
testify increasing prevalence of PFAS in the environment, espe-
cially in water supplies [ 14] and consequently in human specimens
[15-17]. PFAS are now considered pollutants of major concern
([18]; Jane et al., 2022; [19]), with suggested pathological effects
on the endocrine system, the immune system (ASTR, 2018;
[20-22]; Jane et al., 2022; [23-30]), on kidney and liver [31-48], on
male and female reproductive systems, and on cardiovascular
system [49-56]. Importantly, perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonic acid (PFOS) have been classified by the
International Agency for Research on Cancer (IARC), respectively
belonging to Group 1 (i.e., carcinogenic to humans) and as Group
2B (i.e., possibly carcinogenic to humans) [57].

In addition to lifestyle-related risks affecting the general pop-
ulation, certain occupational groups are recognized as being at
higher risk of PFAS exposure. In scientific literature, firefighters
have been consistently associated with specific health risks;
beyond the intrinsic thermal and thermophysiological hazards of
firefighting, factors contributing to acute injuries and physiological
stress [58-60], chronic exposure to hazardous chemicals remains a
major concern. Among these, PFAS are of relevance due to their
allegedly use in personal protective equipment and firefighting
foams. Firefighters are primarily exposed to PFAS via ingestion and
inhalation, including accidental ingestion of aqueous film-forming
foams and inhalation of aerosols generated during firefighting
activities [61-64]. Additional exposure may occur through contact
with protective garments treated with fluoropolymers and side-
chain fluorinated polymers, which impart water- and oil-
repellent properties [65,66]. Moisture barriers often contain pol-
ytetrafluoroethylene (PTFE), a PFAS polymer designed to prevent
penetration of water and biological fluids [67,68]. Studies have
further demonstrated that firefighters trained with aqueous film-
forming foams show measurable increases in serum PFHxS and
PFNA concentrations immediately following exposure [69].
Therefore, occupational exposure may be added to background
environmental exposure [61,66,68,70] increasing consistently the
PFAS total burden. In literature, besides firefighters, occupational
exposure has also been reported in ski wax technicians and
workers in manufacturing plants [71,72]. Studies were conducted
in different time periods and locations, and a comprehensive
evaluation among workers is challenging due to changes in PFAS
production and use, with some compounds being phased out and
replaced by others. In this context, updated studies are needed to
characterize PFAS exposure in contemporary occupational
settings.

To date, no data are available in literature regarding Italian
firefighters’ exposure to PFAS. The aim of the present study was to
conduct a cross-sectional observational study to assess PFAS
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exposure among firefighters operating in nine provinces of central
and northern Italy, with the objective of evaluating plasma con-
centrations and comparing the results with demographic, clinical,
lifestyle, and occupational data. Data from this study were
compared with findings from other published investigations,
including general population in the same local area, community
residents exposed to PFOA-contaminated drinking water [73] and
occupationally exposed workers [64,74]. Finally, a revision of the
data according to NASEM thresholds has been performed.

2. Materials and methods

This study was approved by the Bioethical Committee of the
University of Bologna (protocols number: 7486, 08/01/2025).

2.1. Materials

Analytes and isotopically labelled standards (>98 purity) were
purchased from Wellington Laboratories (Guelph, Canada). The
PFAS chosen for the analysis in this study were 24 molecules among
the 25 listed in the U.S. Environmental Protection Agency (EPA)
regulatory method n. 533 (EPA 2025, ref [75]). Native analytes
included perfluoro-n-butanoic acid (PFBA); perfluoro-n-pentanoic
acid (PFPeA); perfluoro-n-hexanoic acid (PFHxA); perfluoro-n-
heptanoic (PFHpA); perfluoro-n-octanoic acid (PFOA); perfluoro-n-
nonanoic acid (PFNA); perfluoro-n-decanoic acid (PFDA); perfluoro-
n-undecanoic acid (PFUnDA; also referred to as PFUnA); perfluoro-
n-dodecanoic acid (PFDoA); tetrafluoro-2-heptafluoropropoxy
propanoic acid (HFPO-Da); perfluoro-3-methoxypropanoic acid
(PEMPA); perfluoro-4-methoxybutanoic acid (PFMBA); potassium-
perfluoro-1-butanesulfonate ~ (PFBS);  sodium  perfluoro-1-
pentanesulfonate (PFPeS); potassium perfluorohexanesulfonate
(PFHXS); sodium perfluoro-1-heptanesulfonate (PFHpS); potassium
perfluoro-1-octanesulfonate (PFOS); sodium dodecafluoro-3H-4,8-
Dioxanonanoate (DONA); 1H,1H, 2H,2H-perfluoro-1-hexane
sufonate (4:2 FTS); 1H,1H, 2H,2H-perfluoro-1-octanesufonate (6:2
FTS); 1H,1H, 2H,2H-perfluoro-1-decanesufonate (8:2 FTS); potas-
sium  9-chlorohexadecafluoro-3-oxanonane-1-sulfonate  (9ClI-
PF30NS); potassium  11-chloroeicosafluoro-3-oxaundecane-1-
sulfonate (11CI-PF30UdS); potassium perfluoro (2-ethoxyethane)
sulfonate (PFEESA). Nonafluoro-3,6-dioxaheptanoic acid (NFDHA)
was not included in the list of analytes, because it did not satisfy the
sensibility and reproducibility criteria for validation. Isotopically
labelled internal standards (surrogates) were added to the sample
before extraction in a known amount to compensate for analyte
losses and matrix effects during the extraction process. Since not all
target PFAS have an isotopically labelled analogue, an alternate
labelled compound is used as recommended in EPA-533 method
(see Table S1 in supplementary material). Isotopically labelled
standards were PFBA '3C4 (MPFBA) used to quantify PFBA and
PFMPA; PFPeA 3C5 (M5PFPeA) used to quantify PFPeA and PFMBA;
PFHXA '3Cs (M5PFHxXA) used to quantify PFHxXA; PFHpA '3C4
(M4PFHpA) used to quantify PFHpA and ADONA; PFOA
13C4(M8PFOA) used to quantify PFOA; PFNA 3Co (MOPFNA) used to
quantify PFNA; '3C¢PFDA (M6PFDA) used to quantify PFDA, PFUnA
13¢,(M7PFUnA) used to quantify PFUnA; PFDoA 3C, (MPFDoA) used
to quantify PFDoA; HFPO-DA 3C3 (M3HFPO-DA) used to quantify
HFPO-DA, PFBS '3C; (M3PFBS) used to quantify PFBS and PFEESA;
PFHxS 3C3(M3PFHxS) used to quantify PFHxS and PFPeS; PFOS 3Cg
(M8PFOS) used to quantify PFOS, 9CI-PF30NS, 11CI-PF30UdS and
PFHpS; 4:2FTS 13Cy(M2-4:2FTS) used to quantify 4:2 FTS; 6:2 FTS
13C; (M2-6:2FTS) used to quantify 6:2 FTS and 8:2 FTS 13C, (M2-
8:2FTS) used to quantify 8:2 FTS.

Mass-labelled perfluoro-n- [2,3,4 '3C3] butanoic acid
(M3PFBA); perfluoro-n-[1,2-13C;] octanoic acid (M2PFOA), and
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mass-labelled sodium perfluoro-1-[1,2,3,4-13C4] octanesulfonate
(MPFOS) at chemical purities > 98% and isotopic purities of > 99%
were used as injection standards. They were added to the purified
extracts before injection to monitor instrument stability and
provide a reference for the precision of the injection.

Target perfluoroalkyl analytes, surrogate mass-labelled com-
pounds and injection standards were at the following concentra-
tion: 500 ng/ml, 500-2000ng/ml, 1000-3000 ng/ml. Working
solution of surrogate mass-labelled compounds and injection
standards solutions were prepared at the concentration of 25-
100 ng/ml and 100-300 ng/ml, respectively, in methanol and
stored at —20°C.

Methanol, acetonitrile and formic acid 98-100% (all LC-MS
grade) were supplied by Merck (Darmstadt, Germany). Ultrapure
water (18.2MQcm resistivity) for mobile phase and sample
preparation was produced by Sartorius Arium mini apparatus
(Sartorius, Goettingen, Germany). Ammonium acetate was pro-
vided by Sigma-Aldrich (S.Louis, MO, USA). Human blank serum to
experimentally check LOQ and MDL was acquired by Merck
(Darmstadt, Germany).

2.2. Data collection

The volunteers were recruited throughout the provinces of
Emilia-Romagna region (Bologna, Ferrara, Forli-Cesena, Modena,
Parma, Piacenza, Ravenna, Reggio Emilia, Rimini) and from the
province of Arezzo, Tuscany. Sampling followed a convenience
approach based on voluntary participation, with study invitations
distributed through official regional and provincial commands.
The enrolled personnel included different professional qualifica-
tions and operational roles. Although volunteer firefighters were
eligible to join the study, they represented a minor fraction of the
final cohort (n =5, 1.3%), reflecting the predominantly permanent
composition of the workforce in the involved commands.

An anamnestic questionnaire was administered to each
participant to collect general information (e.g., age, sex, weight,
food consumption), medical history (e.g., known chronic pathol-
ogies), and occupational-related data (e.g., qualification, years of
service, current duty station). The complete questionnaire is re-
ported in Table S4 (see supplementary material). Plasma samples
were then obtained from non-fasting volunteers by collecting
whole blood in EDTA containing tubes after venipuncture from the
antecubital vein. Procedural blank samples were obtained by using
water as a test matrix collected into vacutainer tubes and pro-
cessed as samples. Plasma samples were stored in freezer at —20°C
until analysis.

2.3. Sample preparation and analysis

Sample preparation and analysis followed the method previ-
ously published [76]. Briefly, aliquots of 200 uL of plasma samples
were spiked with 2,5uL of an isotopically labelled standard
working solution (surrogate mass-labelled compounds, final con-
centration 6.25-25 ng/ml). Protein precipitation was performed by
adding 400 pL of 1% formic acid in acetonitrile to each sample,
followed by immediate and vigorous vortex-mixing for 30s.
Samples were centrifuged for 10 min at 14000 rpm. The superna-
tant was diluted 1:2 (v/v) with ultrapure water (18.2 MQcm,
Sartorius Arium mini). Injection standards (2 pL, final concentra-
tion 3.3-10 ng/ml)) were added automatically by the autosam-
pler's injection program during the sample's injection into the LC-
MS/MS system. QC samples and calibration standards were pre-
pared following the same procedure described for the plasma
samples. QC samples were prepared for each analyte in plasma.
Quantification was performed by isotope dilution analysis;
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calibration curves were prepared at concentrations of 0.1, 0.2, 0.5,
1, 2.5, 3, 5, and 10 ng/ml for each analyte. Analytical calibration
curves were evaluated applying a 1/x weighting factor without
forcing through the origin, exhibiting high linearity
(R? = 0.990-0.999) across linear (PFUnDA, PFOS, PFHxXS, PFHpS,
PFHpA, PFDoA, 9-CI-PF30NS) and quadratic models for the
remaining target congeners. Method Detection Limits (MDL) and
Limits of Quantification (LOQ) ranged between 0.01 and 0.39 ng/
mL and 0.04 - 1.20 ng/mL, respectively. Procedural blanks showed
no detectable target PFAS levels above the LOQ. Method validation
demonstrated high accuracy (bias < 16%), recoveries of 86-102%,
and matrix effects below 30% for all analytes. Dilution integrity
test (up to 1:10) maintained accuracy within 20% of theoretical
values. Chromatographic conditions successfully separated linear
and branched isomers of PFOS, PFOA, and PFHxS; these were co-
integrated and quantified as total concentration. Ongoing preci-
sion and accuracy during routine sample analysis were strictly
ensured by including QC samples (spiked matrix), procedural
blanks, and injection standards alongside calibrators in each
analytical run, maintaining both intra- and inter-day precision
(RSD%) strictly below 10%.

Analyses were carried out in a LC-MS/MS system composed of
1290 Infinity II coupled to a 6495-triple quadrupole (Agilent
Technologies, Santa Clara, USA) via ESI source. Chromatographic
separations were achieved in a Poroshell EC-C18 column (2.1 x 100
mm, 1.9 pm), (Agilent Technologies) at 50°C. The mobile phase
consisted of 10 mM ammonium acetate in water (mobile phase A)
and 10 mM ammonium acetate in 75% acetonitrile 25% methanol
(mobile phase B). The flow rate was set at 0.3 mL/min. The opti-
mized gradient was as follow: 10% B at time 0 min; 30% B at 1 min,
95% B at 16 min, 10% B at 18 min, 10% B at 21, post run up to 25 min.
The injection volume was optimized to 5 uL. Mass spectrometer
operated in negative acquisition mode and acquisition was per-
formed in multiple reaction monitoring (MRM) (see Tables S1-3 in
supplementary material for details). Data analysis was carried out
by MassHunter software (version 12.0, Agilent Technologies).

2.4. Statistical analysis

Categorical variables were summarized as counts and per-
centages, while PFAS concentrations were reported as mean =+ SD,
median, interquartile range (IQR), and full range (min-max).
Values reported as non-detected or below the relevant analytical
quantification threshold (LOQ) were coded as 0 ng/mL in the sta-
tistical dataset and retained as such for descriptive summaries,
calculation of total PFAS concentrations, detection-frequency es-
timates, and inferential analyses. Detection frequency was defined
as the proportion of samples with concentrations >0ng/mL.
Continuous questionnaire variables were categorized for descrip-
tive and inferential analyses: age and years since last transfer were
dichotomized at the median, and body mass index (BMI) was
classified according to WHO guidelines.

Group differences in total plasma PFAS levels were assessed
using the Wilcoxon test for two groups or the Kruskal-Wallis test
for more than two groups, due to the presence of extreme outliers.
Analyses were repeated focusing on characteristics significantly
associated with total PFAS levels (p < 0.05) and on individual PFAS
compounds detected in > 5% of the sample.

As a sensitivity analysis, all non-demographic variables that
were significantly associated with total plasma PFAS levels in the
primary analysis were re-evaluated using age- and sex-adjusted
rank-based linear regression models [77]. Total plasma PFAS con-
centrations were replaced by their sample ranks, and separate
models were fitted for each predictor of interest, including
continuous age and sex as adjustment variables. Global p-values
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for categorical predictors were obtained using Wald tests based on
heteroskedasticity-robust standard errors.

To account for multiple testing, p-values from the primary
analyses and from the age- and sex-adjusted sensitivity analyses
were adjusted using the Simes-Benjamini-Hochberg procedure to
control the false discovery rate [78,79].

All analyses were performed using Stata 18 (StataCorp. 2023.
Stata Statistical Software: Release 18. College Station, TX: Stata-
Corp LLC), with a two-sided significance level of 0.05. Missing
values for categorical variables were handled by including a
dedicated “missing” category.

3. Results
3.1. Population data

A total of 378 firefighters were recruited for this study from
nine headquarters across Italy. Participants were evenly distrib-
uted among the sites, and a graphical representation is provided in
Fig. S1 (see supplementary material). Participants’ characteristics
were categorized by age group, sex, body mass index, living
environment, dietary habits (organic, processed, and fish con-
sumption), smoking status, and use of waterproof clothing.
Occupational variables included permanent or volunteer service,
job qualification, years of service, and mobility across headquar-
ters. Chronic diseases were also recorded, although only 16% of
participants reported any condition. In brief, half of the partici-
pants were younger than 50 years (n= 191, 50.5%; mean =48.5
years; SD=79; median =49; range =26-66), and 96.8% were
male, most of whom lived in an urban environment (n= 285,
75.4%). Occasional consumption of organic, processed, and fish
products was reported by 70%, 68%, and 75% of participants,
respectively. Regular use of waterproof clothing was reported by
43.4% of volunteers.

Tobacco cigarette use was reported by 85% of participants,
while chronic pathologies were present in only 16% of cases;
however, no further details were collected.

The study population was mainly composed of individuals in
permanent service positions (n=373, 98.7%), with nearly half
having more than 20 years of service (n = 182, 48.1%). Only 24.9%
reported a recent transfer from another headquarters, most of
which had occurred less than three years before the present study.

A thorough report of the result is provided in Table 1.

3.2. PFAS results

Among the 24 PFAS included in this study, 12 were detected
with a detection frequency in the range 0.3%-100% (see Table 2).
Only 5 congeners showed occurrence above 40%, namely PFBA
(43.4%), PFHxS (76.5%), PFOA (99.7%), PFNA (57.9%) and PFOS
(100%). Mean and median values were higher for PFOA (1.27 ng/
ml; 1.10ng/ml) and PFOS (4.34ng/ml; 3.71 ng/ml). Maximum
concentrations were observed for PFOS (24.7 ng/mL), PFOA
(5.80 ng/ml), and PFHXS (3.72 ng/mL). According to the National
Academies of Sciences, Engineering, and Medicine (NASEM), the
summed concentration of seven PFAS (MeFOSAA, PFHxS, PFOA,
PFOS, PFDA, PFUnDA, and PFNA) can be interpreted using
concentration-based thresholds for clinical care and health-risk
assessment. In particular, plasma or serum concentrations lower
than 2ng/mL are considered not harming for human health
(“Adverse health effects not expected”); concentrations ranging be-
tween 2 and 20ng/mL are considered potentially related to
adverse effects (“Potential for adverse health effects, especially for
sensitive populations”); concentrations higher than 20 ng/mL are
considered harming for human health (“Increased risk of adverse
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health effects”) ([13]. Chapter: 5). In our analytical panel, MeFOSAA
was not included because it is not part of EPA Method 533.
Therefore, for the purpose of comparison with the NASEM
thresholds, we calculated the NASEM-comparable total PFAS
concentration as the sum of the six NASEM-listed compounds
quantified in this study: PFHxS, PFOA, PFOS, PFDA, PFUnDA, and
PFNA. This NASEM-comparable sum, rather than the sum of all
detected PFAS, was used to classify participants according to the
<2 ng/ml, 2-20 ng/ml, and >20 ng/mL NASEM categories. Most of
the participants of our study (n=341, 90.2%) had total plasma
PFAS concentrations between 2 and 20 ng/ml, while 8.2% (n=31)
exhibited values below 2 ng/ml. A small proportion (n=6, 1.6%)
showed concentrations exceeding 20 ng/ml. In the overall sample,
the mean total plasma concentration of all detected PFAS was
7.26 ng/mL (SD = 4.58), with a median of 6.18 ng/mL and a range of
0.42-34.85 ng/mL. PFAS data were not uniformly distributed, as
significant differences were observed across the analyzed
variables.

A heterogeneous statistically significative distribution was
observed across the different headquarters, with higher mean
values detected among firefighters serving in coastal stations
(mean = 6.17-10.51 ng/mL) compared to those from inland areas
(mean =5.31-6.88 ng/mL (see Fig. S2 in supplementary material).

Significantly higher mean concentrations were observed
among participants aged over 50 years (mean=8.33ng/mlL,
SD = 5.39) and in males, although this group was overrepresented
(mean = 7.37 ng/mL, SD = 4.60). Consistent with the effect of age, a
service duration of more than 20 years was also statistically
associated with increased PFAS concentrations (mean = 8.46 ng/
mlL, SD=5.27).

Lifestyle habits were also considered, particularly those related
to diet, environmental exposure, and health conditions. Partici-
pants who reported a higher frequency of fish and seafood con-
sumption, which accounted for almost 98% of interviewed, and
frequent use of waterproof clothing exhibited significantly higher
PFAS concentrations, respectively mean = 8.66 ng/mL, SD =6.10
and mean = 7.96 ng/mL, SD = 5.26.

Only a small proportion of participants reported never
consuming processed foods (n = 65, 17.2%), and this group showed
higher PFAS levels (mean = 8.85 ng/mL, SD = 6.17) than those who
reported frequent consumption of processed foods (n = 55, 14.6%;
mean = 6.51 ng/mL, SD =4.20). This finding is noteworthy, as it
appears to contrast with most of the existing literature and with
our a priori expectations regarding processed food as a source of
PFAS exposure. However, this result should be interpreted with
caution, as it may be affected by a bias in the representativeness of
the data.

No statistically significant differences emerged associated with
BMI, urban or rural environment, smoking habits, presence of
chronic pathologies nor exclusive selection of organic food
consumption.

In the age- and sex-adjusted sensitivity analysis based on rank-
transformed total plasma PFAS concentrations, the association
with fire station remained highly significant after FDR correction
(Table 4). Fish and seafood consumption, type of service, and
qualification also remained associated with total PFAS levels,
whereas the associations with processed food consumption, use of
waterproof clothing outside the workplace, and years of service
were attenuated after adjustment. These findings indicate that the
geographic pattern was not explained by the age and sex distri-
bution of the cohort, while some occupational indicators partly
overlapped with age-related cumulative exposure.

Evaluation of individual PFAS in relation to the investigated
variables was feasible only for those compounds with a detection
frequency greater than 9%. The overall pattern of associations is
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Table 1
Sample characteristics and distribution of total plasma PFAS levels by sociodemographic, behavioral, and occupational variables.
n (%) PFAS (ng/mL)" p-value
Mean [SD] Median [IQR] Min-Max
All 378 (100.0%) 7.26 [4.58] 6.18 [4.43-9.22] 0.42-34.85 _—
Fire station <0.001¢
Parma and Piacenza 46 (12.2%) 538 [2.14] 5.28 [4.20-6.18] 1.48-11.92
Reggio Emilia 36 (9.5%) 5.81 [2.51] 5.63 [4.08-6.93] 1.57-15.49
Modena 39 (10.3%) 5.31[3.38] 5.05 [2.49-6.61] 0.42-15.69
Bologna 60 (15.9%) 5.45 [3.50] 5.01 [2.77-6.87] 0.51-15.25
Ferrara 22 (5.8%) 9.06 [3.68] 9.19 [6.42-11.40] 3.21-17.52
Ravenna 36 (9.5%) 10.51 [6.17] 8.73 [6.32-13.01] 1.33-30.54
Forli-Cesena 50 (13.2%) 9.43 [6.00] 8.59 [5.96-11.04] 1.42-34.85
Rimini 37 (9.8%) 9.37 [4.86] 8.62 [6.26-10.88] 2.64-25.86
Arezzo 52 (13.8%) 6.88 [3.62] 6.16 [4.44-8.27] 1.94-21.94
Age <0.001¢
<50 years 191 (50.5%) 6.22 [3.33] 5.52 [3.94-7.63] 1.15-21.94
>50 years 187 (49.5%) 8.33 [5.39] 6.84 [4.77-10.88] 0.42-34.85
Sex 0.002¢
Male 366 (96.8%) 7.37 [4.60] 6.19 [4.47-9.36] 0.42-34.85
Female 12 (3.2%) 3.93 [2.41] 3.44 [1.71-6.13] 1.10-7.44
Body mass index (kg/m?) 0.194
<25.0 168 (44.4%) 7.72 [4.80] 6.41 [4.56-10.36] 0.51-28.46
>25.0 and < 30.0 183 (48.4%) 6.98 [4.38] 6.16 [4.36-8.75] 0.42-34.85
>30.0 27 (7.1%) 6.33 [4.45] 6.11 [3.43-7.51] 1.86-25.09
Living environment 0.287
Rural 93 (24.6%) 7.59 [4.60] 6.65 [4.77-9.85] 1.15-28.46
Urban 285 (75.4%) 7.15 [4.58] 6.11 [4.35-9.07] 0.42-34.85
Organic food consumption 0.404
Never 33 (8.7%) 7.47 [6.69] 5.42 [3.62-7.33] 1.57-30.54
Occasionally 266 (70.4%) 7.25 [4.56] 6.18 [4.21-9.37] 0.42-34.85
Often 79 (20.9%) 7.22 [3.56] 6.44 [5.18-9.26] 0.51-18.49
Processed food consumption 0.036¢
Never 65 (17.2%) 8.85 [6.17] 6.73 [5.31-11.41] 1.15-34.85
Occasionally 258 (68.3%) 7.02 [4.10] 6.18 [4.44-8.62] 0.51-30.54
Often 55 (14.6%) 6.51 [4.20] 5.26 [3.08-9.07] 0.42-17.57
Fish and seafood consumption 0.019¢
Never 7 (1.9%) 4.45[1.92] 5.14 [3.77-5.49] 0.51-6.38
Occasionally 285 (75.4%) 6.91[3.97] 6.11 [4.27-9.05] 0.42-28.46
Often 86 (22.8%) 8.66 [6.10] 6.70 [5.11-11.02] 1.78-34.85
Cigarette smoking 0.537
No 321 (84.9%) 7.24 [4.37] 6.19 [4.44-9.36] 0.42-34.85
Yes 57 (15.1%) 7.38 [5.70] 5.84 [4.12-8.75] 1.57-30.54
Use of waterproof clothing outside the workplace 0.036¢
No 214 (56.6%) 6.73 [3.92] 6.00 [4.20-8.38] 0.42-28.46
Yes 164 (43.4%) 7.96 [5.26] 6.69 [4.54-10.37] 0.51-34.85
Known chronic diseases
No 318 (84.1%) 7.21[4.41] 6.18 [4.44-9.21] 0.51-30.54
Yes 60 (15.9%) 7.54 [5.43] 6.24 [4.25-9.41] 0.42-34.85
Type of service <0.001¢
Permanent 373 (98.7%) 7.33 [4.57] 6.19 [4.44-9.26] 0.51-34.85
Volunteer 5(1.3%) 2.18 [1.78] 1.78 [1.15-2.49] 0.42-5.05
Qualification® <0.001¢
Senior fire officer 10 (2.6%) 10.08 [6.91] 7.27 [6.31-10.80] 6.16-28.46
Fire officer 67 (17.7%) 8.78 [5.36] 7.04 [5.74-11.34] 1.39-30.54
Non-commissioned officer (NCO) 162 (42.9%) 7.33 [4.48] 6.57 [4.54-9.22] 0.51-34.85
Senior firefighter 88 (23.3%) 6.29 [3.50] 5.52 [3.87-7.37] 1.57-18.49
Firefighter 21 (5.6%) 5.31 [3.40] 450 [3.21-5.90] 1.10-13.54
Technical specialist 23 (6.1%) 7.97 [4.69] 6.58 [4.02-11.43] 1.94-17.57
Administrative staff 2 (0.5%) 4.43 [4.26] 4.43 [1.42-7.44] 1.42-7.44
Volunteer 5(1.3%) 2.18 [1.78] 1.78 [1.15-2.49] 0.42-5.05
Years of service <0.001¢
1-5 years 22 (5.8%) 5.84 [3.57] 4.96 [4.04-6.16] 1.15-14.06
6-20 years 174 (46.0%) 6.19 [3.50] 5.53 [3.80-7.63] 0.42-21.94
>20 years 182 (48.1%) 8.46 [5.27] 6.88 [5.21-11.01] 0.51-34.85
Current station of service 0.404
Headquarters 250 (66.1%) 7.39 [4.59] 6.21 [4.43-9.44] 0.51-30.54
Branch station 128 (33.9%) 7.01 [4.59] 6.12 [4.44-8.62] 0.42-34.85

(continued on next page)
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n (%) PFAS (ng/mL)" p-value
Mean [SD] Median [IQR] Min-Max

Recent transfer from another station 0.200
No 284 (75.1%) 7.12 [4.33] 6.00 [4.36-8.97] 0.42-28.46
Yes 94 (24.9%) 7.69 [5.27] 6.78 [4.70-10.09] 0.51-34.85
Years since transfer from another station® 0.742
<3 57 (60.6%) 7.79 [5.31] 6.92 [4.73-9.52] 0.51-34.85
>3 37 (39.4%) 7.54 [5.27] 6.58 [4.70-10.09] 1.19-30.54

Abbreviations: SD, standard deviation; IQR, interquartile range.
Differences between groups were assessed using the Mann-Whitney U test or the Kruskal-Wallis test, depending on the groups sample size (two vs. more than two,

respectively).

2 The “Senior fire officer” category included the highest-ranking positions within the organizational structure, such as directors and senior managers. The “Fire officer”
category comprised station officers, coordinators, and other personnel with operational supervisory roles. “Non-commissioned officers” included crew leaders, deputy crew
leaders, and firefighters with coordination duties. The “Senior firefighter” category included firefighters with substantial experience or advanced qualifications. “Firefighters”
represented the basic operational level of the permanent corps. Individuals with specific professional roles (e.g., instructors, technicians, logistics personnel, or adminis-
trative staff with technical duties) were classified as “Technical specialists”. A separate category was used for “Administrative staff”, while “Volunteer firefighters” included

members of the corps who were not part of the permanent workforce.

b In this table, the term PFAS refers to all the analytes which concentration was higher than the LOQ.

¢ Total n =94.
4 p<0.05.
Table 2
Overall distribution of each PFAS molecule (unstratified).
Mean [SD] Median [IQ range]  Min.-Max. % >0ng/mL

PFBA 0.49 [1.20]  0.00 [0.00-0.60] 0.00-14.00 43.4%
PFMPA 0.00 [0.00] 0.00 [0.00-0.00] 0.00-0.00 0.0%
PFPeA 0.00 [0.01] 0.00 [0.00-0.00] 0.00-0.20 0.3%
PFMBA 0.00 [0.00]  0.00 [0.00-0.00] 0.00-0.00 0.0%
4:2 FTS 0.00 [0.00] 0.00 [0.00-0.00] 0.00-0.00 0.0%
PFBS 0.00 [0.00] 0.00 [0.00-0.00] 0.00-0.00 0.0%
PFHxA 0.00 [0.00] 0.00 [0.00-0.00] 0.00-0.00 0.0%
PFEESA 0.00 [0.00] 0.00 [0.00-0.00] 0.00-0.00 0.0%
PFPeS 0.00 [0.00] 0.00 [0.00-0.00] 0.00-0.00 0.0%
PFHpA 0.00 [0.02]  0.00 [0.00-0.00] 0.00-0.27 1.3%
ADONA 0.00 [0.00] 0.00 [0.00-0.00] 0.00-0.00 0.0%
6:2 FTS 0.00 [0.03] 0.00 [0.00-0.00] 0.00-0.60 0.3%
PFHxS 0.71 [0.59] 0.65 [0.50-0.97] 0.00-3.72 76.5%
PFOA 127[0.79] 1.10 [0.75-1.56] 0.00-5.80 99.7%
PFHpS 0.01[0.07]  0.00 [0.00-0.00] 0.00-1.00 0.8%
PFNA 0.31 [0.35] 0.31 [0.00-0.52] 0.00-2.81 57.9%
8:2 FIS 0.00 [0.00] 0.00 [0.00-0.00] 0.00-0.00 0.0%
PFOS 4.34[3.03] 3.71[2.50-5.20] 0.20-24.70 100.0%
PFDA 0.08 [0.17] 0.00 [0.00-0.00] 0.00-1.30 22.5%
PFUNDA 0.04[0.13]  0.00 [0.00-0.00] 0.00-1.00 9.5%
PFDoA 0.00 [0.00] 0.00 [0.00-0.00] 0.00-0.00 0.0%
9CL-PF30NS  0.00 [0.02] 0.00 [0.00-0.00] 0.00-0.19 2.1%

Abbreviations: PFBA, perfluorobutanoic acid; PFMPA, perfluoromethoxypropanoic
acid; PFPeA, perfluoropentanoic acid; PFMBA, perfluoromethoxybutanoic acid; 4:2
FTS, 4:2 fluorotelomer sulfonate; PFBS, perfluorobutanesulfonate; PFHxA, per-
fluorohexanoic acid; PFEESA, perfluoroethoxyethanesulfonate; PFPeS, per-
fluoropentanesulfonate; PFHpA, perfluoroheptanoic acid; ADONA,
perfluorodimethoxyacetic acid (alternative PFOA replacement); 6:2 FTS, 6:2 fluo-
rotelomer sulfonate; PFHxS, perfluorohexanesulfonate; PFOA, perfluorooctanoic
acid; PFHpS, perfluoroheptanesulfonate; PFNA, perfluorononanoic acid; 8:2 FTS,
8:2 fluorotelomer sulfonate; PFOS, perfluorooctanesulfonate; PFDA, per-
fluorodecanoic acid; PFUnDA, perfluoroundecanoic acid; PFDoA, per-
fluorododecanoic acid; 9CL-PF30NS  9-Chlorohexadecafluoro-3-Oxanone-1-
Sulfonic Acid.

reported in Table 3. The most notable findings included: higher
PFNA and PFUnDA levels among participants with higher fish
consumption, higher PFNA and PFDA levels among those
frequently wearing waterproof clothing, and associations of
PFHXS, PFOS, PFNA, and PFOA with specific types of employment.

4. Discussion

This snapshot cross-sectional study provided the first charac-
terization of PFAS plasma levels in a large cohort of Italian

firefighters and offered novel insights into the contribution of
occupational and lifestyle-related factors to the overall exposure
burden. Data from this study were compared to national and in-
ternational studies in general population, community residents in
contaminated areas and workers usually considered occupation-
ally exposed to PFAS. When compared to national general popu-
lation, no appreciable differences were observed in detection
frequency of PFOS, PFOA, and PFHXS in this population respect to
the general population from the same geographical area [80].
Differences were mainly related to the type of congeners, where
PFHxA and PFBS were not detected in our cohort. In both studies,
PFOS was detected in 100% of cases, followed by PFOA and PFHxS,
whereas PFNA, PFBA, and PFDA appeared to be more characteristic
of the present investigation. One of the most comprehensive
studies conducted on the U.S. general population on PFAS was
carried out by NHANES [81] in a continuous survey conducted in
two-year cycles by CDC's National Center for Health Statistics
(NCHS) since 2000 up to 2018, which analyzed serum measure-
ments from 5000 persons. The most recent data of 2017-2020
reported geometric mean for the most frequently detected PFAS,
namely PFOS, PFOA, PFHxS and PFNA of respectively 3.93 ng/mL,
1.38 ng/mL, 0.46 ng/mL, showing a decreasing trend of 16-87%
respect to 2000s. The most detected compounds in NHANES were
PFOA (99.8%), PFOS (99.8%), PFHxS (99.2%) and 9CL-PF30NS
(7.98%). According to NHANES data, PFAS concentrations observed
in the present study were broadly comparable to those reported in
the general U.S. population, with PFOS emerging as the most
abundant congener. In contrast, Borg et al. [74] reported markedly
different concentration levels in the Swedish general population,
with mean values of 27.5 ng/mL for PFOS, 5.2 ng/mL for PFOA, and
8 ng/mL for PFHxXS. Due to these substantial differences, a direct
comparison with our findings is not feasible. However, these dis-
crepancies further support the notion that PFAS exposure is
strongly influenced by geographic distribution and region-specific
industrial activities.

In fact, considering national biomonitoring studies carried out
in industry-contaminated areas, such as the nearby Veneto region,
differences were observed for type and PFAS concentration, in
particular for PFOA, PFOS and PFHXS. In fact, the study by Pitter
et al. [73] distributions, markedly right skewed, reached values at
95th percentile of 190 ng/mL, 10.7 ng/mL and 18.1 ng/mL respec-
tively, although median values could be comparable. Another
study by Ingelido et al. [82] indicated that, in the Italian population
with background environmental exposure, the median serum
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Table 3
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Associations between selected categories from the anamnestic questionnaire (Table 1) and the most relevant PFAS plasma concentrations.

Station Age Sex Processed food Fish and seafood Waterproof clothing Type of service Qualification Years of service
PFBA <0.001° 0.956 0.611 0.435 0.361 0.506 0.391 0.915 0.589
PFHxS <0.001° <0.001° 0.003¢ 0.336 0.164 0.356 0.035° <0.001° <0.001°
PFOA <0.001° <0.001° 0.004° 0.336 0.306 0.103 0.003° <0.001° <0.001°
PFNA <0.001° 0.018° 0.413 0.284 0.003¢ 0.030° 0.044° 0.035° 0.018*
PFOS <0.001° 0.001° 0.004° 0.106 0.095 0.054 <0.001° <0.001° <0.001°
PFDA <0.001° 0.516 0.156 0.194 0.236 0.001° 0.648 0.800 0.635
PFUNDA <0.001* 0.406 0.413 0.487 0.040° 0.054 1.000 0.800 0.834

Reported p-values were obtained using the Mann-Whitney U test or the Kruskal-Wallis test, depending on the number of groups. P-values were adjusted for multiple
comparisons using the Simes-Benjamini-Hochberg procedure to control the false discovery rate (FDR).

? p<0.05.

Table 4

Age- and sex-adjusted sensitivity analysis of the association between selected variables and total plasma PFAS concentrations.

Variable n Age- and sex-adjusted FDR-adjusted
p-value p-value

Fire station 378 <0.001° <0.001°

Processed food consumption 378 0.040° 0.055

Fish and seafood consumption 378 0.002° 0.003¢

Waterproof clothing outside the workplace 378 0.196 0.229

Type of service 378 <0.001* 0.001°

Qualification 378 0.001° 0.002°

Years of service 378 0.396 0.396

Total plasma PFAS concentrations were rank-transformed. For each predictor, a separate linear regression model was fitted including the predictor of interest, continuous
age, and sex. P-values correspond to global Wald tests based on heteroskedasticity-robust standard errors and were adjusted using the Simes-Benjamini-Hochberg pro-

cedure to control the false discovery rate.
*p < 0.05.

concentration of PFOA was approximately 2.4 ng/mL, while the
median concentration of PFOS was approximately 4.6 ng/mL.
Comparable values have also been reported in specific subgroups,
such as women of reproductive age, with median levels of PFOA of
1.55ng/g and PFOS of 2.43 ng/g [83]. Notably, the latter study
included participants from multiple Italian regions, reporting data
related to different people, geographically distributed along the
peninsula. Earlier investigations reported slightly higher median
concentrations for legacy PFOA and PFOS, respectively at 3.59 ng/g
and 6.31 ng/g, suggesting a general downward trend over time
[84]. More specifically, median concentrations of the main legacy
PFAS (PFOS, PFOA, PFHxS and PFNA) in our cohort fell within the
means observed in these populations, although PFOA in the Veneto
residents remained markedly elevated, reflecting the historical
impact of local contamination.

Among occupations typically regarded as at risk for occupa-
tional PFAS exposure, our study considered data from large-scale
surveys conducted in firefighters and ski wax workers. In this
context, ski wax workers exhibited serum concentrations for all
measured congeners (PFOA, PFOS, PFNA, PFDA, PFBA, PFHXS, and
PFUnDA) that were consistently at least one order of magnitude
higher than those observed in our cohort, with PFOS reaching
mean levels of approximately 1070 ng/mL. The study by Rotander
et al. [64] quantified serum concentrations of multiple PFAS in 149
Australian firefighters with previous occupational exposure to
PFOS-based and telomer-based AFFE. PFOS, PFHxS, and PFOA were
detected in all samples, with PFOS and PFHXS levels approximately
6-15 times higher than those reported for the Australian and Ca-
nadian general populations, whereas PFOA concentrations were
comparable to background values. Serum PFOS ranged from 3 to
391 ng/mL (mean 74 ng/ml) and PFHXS from 1 to 277 ng/mL (mean
33ng/ml), and concentrations of both compounds increased
significantly with years in jobs involving foam contact and with
age. Blood donation and female sex were associated with lower
PFAS levels, while exposure indices derived from self-reported

skin contact with foam did not predict serum concentrations. A
representative comparison of PFAS concentration and occurrence
across different communities and worker groups is shown in
Figs. S3-5 (see supplementary material).

Compared with the Australian firefighter cohort studied by
Rotander et al. [64], both detection frequencies and plasma con-
centrations in our study were substantially lower for all PFAS
congeners. When considering firefighters activity, PFHxS repre-
sented a distinctive marker, being the second most frequently
detected compound (100%) and occurring at higher concentrations
(average 33 ng/mL). By contrast, in all general-population datasets
considered here, alongside results from our study, PFOA consis-
tently emerged as the second most abundant congener, both in
terms of detection frequency and concentration. Studies con-
ducted in relatively small firefighter cohorts (n=28) [69] and
(n=116) [85] reported similar serum levels of PFHXS and PFOA,
with PFOS consistently emerging as the most abundant congener;
however, all PFAS concentrations in these populations were
markedly lower than those described by Rotander et al. [64] in
Australian AFFF-exposed firefighters.

Overall, the PFAS concentrations measured in our firefighter
cohort were comparable to background levels observed in the
general population, rather than showing the marked occupational
elevation reported in earlier studies or in studies conducted in
non-European countries, where firefighting activities may be
organized differently. This discrepancy may also be largely driven
by the regulatory landscape in Italy and the European Union,
where strict regulations (such as EU Regulation 2019/1021) have
progressively restricted and phased out legacy PFAS, particularly
PFOS and PFOA, in firefighting foams (AFFF) and protective gear
over the last two decades, significantly mitigating the primary
occupational exposure pathways for this contemporary cohort.

A key finding of our study was the association between
elevated PFAS concentrations and considered occupational vari-
ables, including assignment to coastal commands, longer service
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duration, higher rank, and permanent employment status. Fire-
fighters stationed in coastal areas exhibited markedly higher mean
plasma levels compared to those from inland provinces, suggest-
ing a combined contribution of occupational exposure and local
environmental contamination, potentially mediated by water
sources and seafood consumption.

The positive association with years of service and rank supports
the concept of cumulative exposure, whereby prolonged employ-
ment in operational roles and sustained contact with contami-
nated equipment, fire scenes, and station environments contribute
to PFAS bioaccumulation. As a matter of fact, firefighters with
longer occupational careers are likely to have experienced greater
cumulative exposure, as they were active during periods when
aqueous film-forming foams (AFFF) containing PFAS were
routinely used. More recently, the Italian National Fire Service
implemented higher operational standards by restricting the use
of synthetic AFFF agents to fires involving flammable liquids and
introducing fluorine-free foam agents for suppression of fires
involving solid combustible materials, thereby reducing the use of
fluorinated firefighting foams where effective alternatives were
available. Accordingly, firefighters with longer service histories are
expected to have accumulated higher body burdens of PFAS over
time, reflecting the persistence and bioaccumulative properties of
these compounds following repeated occupational exposure.
These findings were consistent with previous studies reporting
increased levels of PFHxS, PFOS, and PFOA among firefighters,
particularly among those with longer careers or more frequent
involvement in foam-based training and firefighting activities [85].
However, the attenuation of the association with years of service
after adjustment for age and sex suggests that years of service
should be interpreted primarily as a correlated proxy of age-
related cumulative occupational history rather than as an inde-
pendent determinant. By contrast, the persistence of the associa-
tion with qualification after adjustment supports the relevance of
career-related occupational patterns in explaining PFAS burden.

Lifestyle and environmental factors also emerged as important
contributors to PFAS exposure in this cohort. In line with the
recognized role of diet, frequent fish and seafood consumption was
associated with higher levels of several PFAS, including PFNA and
PFUNDA, which are known to bioaccumulate in marine food. This
finding was particularly relevant for firefighters working in coastal
areas, where local dietary habits may amplify the impact of
occupational exposure. The association between frequent use of
hydro repellent garments and higher PFNA and PFDA concentra-
tions supported concerns about fluorinated polymers and side-
chain fluorinated coatings as a source of PFAS release from wa-
ter- and oil-repellent textiles. These results were consistent with
recent studies reporting measurable fluorine and PFAS content in
technical clothing, including items not exclusively used in pro-
fessional firefighting contexts.

An unexpected finding was the higher PFAS burden among
individuals who reported never consuming processed foods
compared with those declaring frequent intake of such products.
This result contrasted with the hypothesis, and with several re-
ports, that processed and packaged foods may act as relevant PFAS
sources due to migration from contact materials. Several expla-
nations could be hypothesized, including residual confounding by
unmeasured dietary or environmental factors, misclassification of
food categories, or differential reporting related to health-
conscious behaviors. In particular, participants avoiding pro-
cessed foods may rely more heavily on fresh fish or local products,
which in some Italian regions have been documented as important
PFAS exposure pathways. Given the small size and limited repre-
sentativeness of this subgroup, these observations should be
interpreted with caution and warrant further investigation in
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specifically designed studies.

Notably, no statistically significant associations were found
between PFAS levels and BMI, smoking habits, living environment
(urban versus rural), presence of chronic diseases, or exclusive
consumption of organic foods. These results were partially
consistent with previous published results, for evidence on the
association between individual variables and PFAS levels was
inconsistent. Indeed, a 2025 systematic review identified mixed
associations between BMI and PFAS concentrations: among non-
pregnant adult populations, associations for PFOA were 40% pos-
itive, 15% negative, and 45% null; for PFOS, 26.3% positive, 10.5%
negative, and 63.2% null [86]. Some studies have reported positive
associations between PFAS exposure and obesity, whereas others
have found negative or null associations ([87]; Ding et al., 2005;
[88-90]).

For what concerned smoking habits, several biomonitoring
studies have found that non-smokers tend to exhibit higher PFAS
levels than smokers. A Danish study conducted on 652 participants
reported that non-smokers had significantly higher serum con-
centrations of PFOA and PFOS compared to current smokers [91].
Analogous findings have been observed in studies carried out in
Korea and Italy [82,92]. However, in certain highly exposed pop-
ulations, tobacco smoking has been identified as a significant
determinant of serum PFAS levels [93].

Despite some inconsistencies in the available results, studies
more often reported higher PFAS levels in populations living in
urbanized settings, supporting the notion that urbanization could
be a recurrent determinant of PFAS exposure in the scientific
literature [82,94]. Any association regarding sex or consumption of
organic food could not be considered for the limited number of
cases in our population.

However, despite the substantial sample size and the huge of
collected information, it remained challenging to disentangle the
relative contributions of occupational exposures, residential
environment, and individual lifestyle, as these determinants were
often closely intertwined in firefighters’ everyday lives. Most
participants had PFAS concentrations below commonly cited
potentially harmful ranges (i.e., <20 ng/mL), which can be regar-
ded as reassuring from a health-risk perspective. At the same time,
the inability to separate occupational exposures from lifestyle-
related determinants underscores the importance of implement-
ing regular biomonitoring programs, particularly for long-serving
and operationally active personnel. Such programs would facili-
tate early identification of highly exposed individuals, support
decisions on work organization, and guide interventions aimed at
minimizing contact with known sources, including legacy foams
and contaminated gear. On this basis, integrating PFAS assessment
into existing health surveillance systems for firefighters appears
justified, as it may enhance our understanding of long-term health
outcomes potentially associated with chronic exposure and
improve the targeting of preventive measures. Furthermore, it
should be acknowledged that our study evaluated a targeted panel
of 24 PFAS, out of the thousands currently in existence. Future
biomonitoring efforts should therefore include broader analytical
panels to assess emerging congeners and substitute substances,
thereby ensuring a comprehensive evaluation of potential expo-
sures to as-yet uncharacterized PFAS among Italian firefighters.

On one side, this study contributed to new data generation to
the still limited body of evidence regarding PFAS exposure in
Italian occupational settings and on the other side complemented
previous investigations conducted in the general population and in
other high-exposure groups, such as residents of contaminated
areas. By situating firefighters within this broader exposure
landscape, our results emphasized the interplay between envi-
ronmental, occupational, and lifestyle determinants of PFAS
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burden. The participation of firefighters from each provincial
command represented the strength of the present study, as it
allowed analysis on groups distributed across the entire territory
of the Emilia-Romagna region, or at least across its main provinces.
Expanding surveillance to additional regions, including appro-
priate control groups and longitudinal follow-up, will be essential
to clarify temporal trends, refine risk estimates, and evaluate the
effectiveness of emerging policies and mitigation strategies.

Despite the large study population, which placed this work
among the largest cohorts investigated in firefighters, and the
encouraging results that were broadly consistent with existing
scientific literature, some limitations should nevertheless be
acknowledged. A major challenge concerned the comparison of
PFAS concentrations across published datasets, which variously
reported values in whole blood, plasma, or serum; in the present
work, no conversion factors were applied to harmonize other au-
thors' data, potentially affecting the power of cross-study com-
parisons. In addition, differences in sampling periods between our
cohort and previously published studies introduced heteroge-
neous temporal windows of observation, which may further
complicate data interpretation, particularly in the context of
evolving PFAS use and regulatory restrictions. Moreover, a possible
sampling bias was present due to the recruitment procedures for
participants’ selection. Enrollment was conducted on a voluntary
basis; therefore, the study population may not be fully represen-
tative of the target occupational group.

5. Conclusion

Per- and polyfluoroalkyl substances (PFAS) are widespread
environmental contaminants associated with potential risks to
human health. Exposure may arise from multiple sources; how-
ever, certain occupational groups appear to be particularly
vulnerable, presenting an increased risk of accumulation and of
developing related diseases. Among these groups, firefighters were
widely recognized by the scientific community as a population at
risk due to their concurrent exposure to a variety of hazardous
chemicals, including PFAS.

The findings of this study confirmed the associations between
PFAS exposure and specific risk factors, such as dietary habits and
geographic location. Median PFAS concentrations observed in the
study group were comparable to those reported in studies con-
ducted on the general population, without marked differences.
Nevertheless, 98% of participants exhibited plasma PFAS levels
below ranges generally considered harmful to health.

Targeted biomonitoring protocols for fire service personnel
would be auspicial with the aim of strengthening preventive
measures and protecting occupational health. Biomonitoring,
which has already proven effective in other high-risk occupational
groups, may also expand current knowledge regarding exposure
pathways and support the design of prospective studies capable of
clarifying the causal relationship between PFAS exposure and the
onset of specific diseases.
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