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ARTICLE INFO ABSTRACT

Keywords: Recent evidence suggests that exposure to per- and polyfluoroalkyl substances (PFAS) may increase the risk of
PFAS different cancer types, such as kidney and testicular cancers. Instead, evidence for lung, head and neck, and
Per- and polyfluoroalkyl substances thyroid cancer is sparse. Hence, we aimed to summarize available literature on the topic.

;uer;i :;I:;Zreck cancer We searched Pubmed and Scopus in January 2024 to retrieve relevant studies and estimated pooled relative

Thyroid cancer risks (RRs) and 95% confidence intervals (CIs) for lung, head and neck, and thyroid cancers according to PFAS

Systematic review exposure using restricted maximum likelihood method.

Meta-analysis Pooled RRs for occupational or environmental PFAS exposure were 1.20 (95% CI: 1.12-1.28; 12 = 0.0%, ppet =
0.9; n. studies = 9), 1.15 (95% CL: 0.96-1.37; = 0.0%, phet = 0.7; n. studies = 3), and 1.54 (95% CI: 0.86-2.78;
= 69.0%, phet = 0.02; n. studies = 4) for lung, head and neck, and thyroid cancer, respectively. We did not find
compelling evidence of publication bias for lung cancer (p = 0.3).

Studies on statistically modelled serum PFAS levels did not support associations with these cancers.

We found no positive associations between measured serum levels of 6 different types of PFAS and thyroid
cancer. However, the pooled RR of two case-control studies nested within cohorts on the association between
natural log-unit increase of perfluorooctanesulfonic acid (PFOS) and thyroid cancer was 1.51 (95% CIL:
1.11-2.05; 12 = 21.1%, ppe; = 0.3).

PFAS exposure may be associated with lung and thyroid cancer. Due to the limited number of studies and their
limitations, further prospective studies with appropriate account of co-exposure with other carcinogens and
detailed exposure assessment are needed to establish causality of observed associations.

1. Background

Lung cancer currently represents the most common cancer globally,
with approximately 2.5 million new cases each year, and is responsible
for 1.8 million deaths annually, making it the leading cause of cancer
death worldwide (Bray et al., 2024). An estimated 950,000 new head
and neck cancer (HNC) cases and 480,000 deaths attributable to HNC
occur worldwide each year (Bray et al., 2024). Also, thyroid cancer is the

seventh most common cancer globally, with 800,000 new cases each
year, while its mortality is substantially lower (47,500 deaths annually)
(Bray et al., 2024).

Environmental factors may play a relevant role in affecting the risk of
all these cancer types. Among them, per- and polyfluoroalkyl substances
(PFAS) are raising concerns in the scientific community due to their
potential harmful effects on human health. PFAS are ubiquitous syn-
thetic chemicals, highly resistant to degradation, that have been widely

Abbreviations: ATSDR, Agency for Toxic Substances and Disease Registry; CI, confidence interval; COSMOS-E, Conducting Systematic Reviews and Meta-Analyses
of Observational Studies of Etiology; HNC, head and neck cancer; IARC, International Agency for Research on Cancer; NOS, Newcastle-Ottawa Scale; PECO, Pop-
ulation Exposure Comparator Outcomes; PFAS, per- and polyfluoroalkyl substances; PFOS, perfluorooctanesulfonic acid; PPAR«, peroxisome proliferator-activated
receptor alpha; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; PROSPERO, Prospective Register of Systematic Reviews; REML,
restricted maximum likelihood method; RR, relative risk.
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used both for industrial applications and for consumer products (Gliige
et al., 2020). While occupational PFAS exposure mainly occurs through
inhalation, and to a lesser extent through dermal adsorption and dust
ingestion, diet and drinking water represent the main sources of expo-
sure in the general population (Zahm et al., 2024).

Among different types of PFAS, perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS) were classified by the International
Agency for Research on Cancer (IARC) as carcinogenic to humans and
possibly carcinogenic to humans, respectively (Zahm et al., 2024). These
classifications were based on evidence in experimental animals and
mechanistic evidence in humans (i.e., epigenetic alterations and
immunosuppression), while evidence for cancer among humans was
“limited” (for PFOA) or “inadequate” (for PFOS) (Zahm et al., 2024).

Previous meta-analyses have investigated the association between
PFAS exposure and kidney, liver, testicular, breast, and thyroid cancer
(Seyyedsalehi and Boffetta, 2023; Cong et al., 2023; Bartell and Vieira,
2021; Chang et al., 2024; van Gerwen et al., 2024). As for the latter,
however, the previous meta-analysis was limited to thyroid cancer
incidence, not including studies on mortality. In addition, to our
knowledge, no meta-analyses on the potential association between PFAS
exposure and lung and head and neck cancer have been conducted so
far. Hence, we aimed to provide an overview of currently available
literature and to summarize findings from previous epidemiological
studies on the potential association between PFAS exposure and lung,
head and neck, and thyroid cancer.

2. Material and methods

We conducted a systematic review on the association between PFAS
exposure and cancer of any sites other than liver, kidney, and testis,
which we investigated previously (Seyyedsalehi and Boffetta, 2023).

The protocol for our review was registered in the International
Prospective Register of Systematic Reviews (PROSPERO, registration
number CRD42024560837). We carried out the review according to the
Conducting Systematic Reviews and Meta-Analyses of Observational
Studies of Etiology (COSMOS-E) guidelines (Dekkers et al., 2019), and
reported it herein in compliance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement (Page et al.,
2021).

2.1. Search strategy and study selection

We searched PubMed and Scopus electronic databases to identify
relevant studies. The search strategy was developed according to the
Population, Exposure, Comparator, Outcomes (PECO) framework, with
the following structure (Morgan et al., 2018):

Population: both workers in multiple industrial settings and general
population,

Exposure: exposure to any types of PFAS, including both environ-
mental and occupational exposure, as well as exposure assessed through
measurement of PFAS serum levels,

Comparator: individuals not exposed to PFAS or with the lowest
exposure in the original study,

Outcomes: incidence, prevalence, and mortality of cancers occurring
in any sites other than liver, kidney, and testis.

The complete search strategy can be found in Supplementary
Table 1. The search was completed on January 23, 2024.

For the current review, we considered exposure to be occupational if
occurring at work, regardless of the source of exposure, and environ-
mental if occurring among the general population in the community
setting and due to exposure to any types of contaminated environmental
matrices (e.g., water, air, soil).

Retrieved records were screened independently by two researchers
according to their title and abstract. Thus, full texts of relevant records
were assessed independently by two researchers, following the same
procedure. In order to identify additional studies, we also manually
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searched reference lists of included studies and previous reviews,
including the IARC Monograph (International Agency for Research on
Cancer, 2017), and the report on the toxicological profile for per-
fluoroalkyls by the Agency for Toxic Substances and Disease Registry
(ATSDR) (Agency for Toxic Substances and Disease Registry, 2021). Any
disagreements were solved by discussion.

During the study selection process, we included retrieved records if
they were: (1) peer-reviewed reports with original data, (2) studies with
cohort, case-control, cross-sectional, or ecological design, (3) studies
evaluating the association between occupational or environmental PFAS
exposure, including those focused on serum PFAS levels, and incidence,
prevalence, or mortality of cancers other than liver, kidney, or testicular
cancers, (4) studies on human subjects, (5) studies reporting a relative
measure of association, or data allowing its computation.

Conversely, we excluded: (1) studies involving animals or cell cul-
tures, (2) conference proceedings, book chapters, theses, commentaries,
and letters to editors, and (3) reviews or meta-analyses.

Where multiple reports were based on the same study population, we
only included the most recent update.

From here onwards we use the term incidence in the paper to refer to
cancer occurrence (i.e., both incidence and prevalence), as opposed to
mortality.

After identifying studies reporting relevant estimates on any cancer
types other than those occurring in the liver, kidney, or testis, we
included in this report and in the meta-analysis described herein only
studies reporting data on lung, head and neck, and thyroid cancer.

2.2. Data extraction and evaluation of study quality

Two researchers independently extracted the following information
for included studies, if available: author details, publication year,
country, study design, PFAS types representing the main exposure, type
of exposure (occupational, environmental), type of reference population
(internal, external), cancer types, outcome (incidence, mortality),
number of participants, and measures of association with 95% confi-
dence intervals (CI). Any disagreements were resolved by discussion.

Regarding the type of reference population, we considered it internal
when a group with no or low exposure from the same study population
as the group considered exposed was used as a referent, and external
when cancer incidence or mortality in the study population were
compared with those of a population not part of the same cohort
(typically the general population), by using standardization.

Study quality assessment was carried out independently by two re-
searchers using a modified version of Newcastle-Ottawa Scale (NOS)
(Wells et al.) (Supplementary Table 2). The modified scale includes a
total of 8 items, with the total score ranging between 0 (highest risk of
bias) and 10 (lowest risk of bias), given by the sum of scores for each
individual item. Disagreements were solved by involving a third
researcher.

2.3. Synthesis of results

We estimated pooled relative risks (RRs) and the corresponding 95%
CIs for the association between environmental or occupational PFAS
exposure and lung, head and neck, and thyroid cancer with a random-
effects approach, specifically using restricted maximum likelihood
method (REML) (Langan et al., 2019). Any relative measures of associ-
ations other than RR, including hazard ratio, standardized mortality
ratio, standardized incidence ratio, and odds ratio, were considered
valid approximations of RRs for the purpose of the meta-analysis. Where
possible, we included in the meta-analysis estimates for the highest in-
tensity of environmental or occupational exposure, if stratified estimates
according to dose/intensity were available. Additionally, we combined
study-specific stratified estimates (e.g., by strata of participants’ char-
acteristics) using an inverse variance fixed-effects model, where needed,
before pooling them with estimates from other studies. In order to assess
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between-study heterogeneity we used the I? statistic, which represents
the amount of between-study variability in estimates due to heteroge-
neity (i.e., due to clinical or methodological differences, or both, be-
tween the studies) rather than to chance (Higgins et al., 2003).
Heterogeneity was considered low for values of the I? statistic lower
than 30%, moderate between 30% and 59%, and high for values equal to
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60% or higher (Alba et al., 2016).

First, we analyzed data on incidence and mortality combined, under
the assumption of mortality being a valid indicator for incidence within
studies reporting only data regarding the former (Hamra et al., 2014).
Since the approach of combining data on incidence and mortality may
be appropriate for cancers with low survival, such as lung cancer (5-year
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Fig. 1. Flowchart of the study selection process.
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survival rate in the USA, years 2014-2020: 26.7%) (Surveillance
Research Program - National Cancer Institute, 2024), but not for cancers
with lower case-fatality rates, including thyroid cancer and some types
of HNC (Surveillance Research Program - National Cancer Institute,
2024), we also analyzed data separately by outcome.

Due to the limited number of studies for other cancer types, we
conducted subgroup and sensitivity analyses on environmental or
occupational PFAS exposure for lung cancer only. These included ana-
lyses restricted to male individuals, stratified by country (USA, any
other), restricted to cohort studies, by type of reference population
(internal, external), by type of PFAS representing the main exposure
(PFOA, PFOS, multiple/not specified), by type of exposure (environ-
mental, occupational), by NOS score (<7, >7).

Eventually, we evaluated occurrence of publication bias with
contour-enhanced funnel plots and Egger’s tests for lung cancer only
(Higgins et al., 2019; Peters et al., 2008; Egger et al., 1997), while we did
not assess it for other cancer types due to the limited number of included
studies (Higgins et al., 2019; Peters et al., 2008). In particular, results of
a meta-analysis can be biased due to missing evidence when estimates
from an otherwise eligible study are not available (i.e., not published)
due to lack of statistical significance or because of magnitude or direc-
tion of study results (Page et al., 2024). Funnel plots are graphical ways
to evaluate occurrence of such bias, in which point estimates from in-
dividual studies are plotted against a measure of study precision (typi-
cally standard errors), which is related to sample size. Hence, funnel
plots can be assessed visually or statistically (i.e., using Egger’s test or
other types of similar tests) for asymmetry, which indicates that results
may indeed be biased (Page et al., 2024).

As for serum PFAS levels, we estimated RRs and 95% CI for the as-
sociation between a natural log-unit increase in their measured con-
centration and thyroid cancer using REML method, overall and by study
design (case-control, nested case-control). Instead, the limited number
of studies did not allow to carry out a comparable meta-analysis also for
lung and head and neck cancer. The analysis was limited to the types of
PFAS investigated by at least 3 studies, and results from a single study on
different isomers of the same type of PFAS (e.g., linear and branched)
were combined with an inverse variance fixed-effects model before
pooling them with those from other studies. Additionally, we excluded
from the meta-analysis studies on serum PFAS levels that were statisti-
cally modelled or estimated, rather than being measured among all
study participants. Nevertheless, studies on modelled serum PFAS levels,
as well as those on lung and head and neck cancers (i.e., regardless of
whether measured and modelled PFAS concentrations were used), were
retained in qualitative review and their results were reported
narratively.

Statistical analyses were performed with Stata software version 18.5
(StataCorp LLC, College Station, Texas, USA).

3. Results
3.1. Selection process and study characteristics

The study selection process is described in Fig. 1. A total of 471 re-
cords were screened by title and abstract, and subsequently 63 full-text
articles were assessed. Overall, 17 articles reported relevant data on
PFAS exposure and cancer. Notably, 2 of these studies were excluded
because they investigated the association between serum PFAS levels
and self-reported past diagnosis of cancer (i.e., without further infor-
mation on cancer status at the time of blood sample collection) (Cathey
et al., 2023; Moon and Mun, 2024), rather than being focused on cancer
incidence, prevalence, or mortality, with potential reverse causation.
Hence, a total of 15 studies were included in our systematic review
(Gilliland and Mandel, 1993; Alexander et al., 2003; Olsen et al., 2004;
Lundin et al., 2009; Steenland and Woskie, 2012; Barry et al., 2013;
Vieira et al., 2013; Girardi and Merler, 2019; Li et al., 2022, 2023; Law
et al., 2023; Leonard et al., 2008; Liu et al., 2022; van Gerwen et al.,
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2023; Madrigal et al., 2024), 11 of them with data on lung cancer
(Gilliland and Mandel, 1993; Alexander et al., 2003; Olsen et al., 2004;
Lundin et al., 2009; Steenland and Woskie, 2012; Barry et al., 2013;
Vieira et al., 2013; Girardi and Merler, 2019; Li et al., 2022; Law et al.,
2023; Leonard et al., 2008), 4 on HNC (Barry et al., 2013; Li et al., 2022;
Law et al., 2023; Leonard et al., 2008), and 9 on thyroid cancer (Barry
et al., 2013; Vieira et al., 2013; Li et al., 2022, 2023; Law et al., 2023;
Leonard et al., 2008; Liu et al., 2022; van Gerwen et al., 2023; Madrigal
et al., 2024), respectively.

Main characteristics of included studies are reported in Table 1. They
were published between 1993 and 2024, and the majority of them were
carried out in the USA (60.0%, n = 9) (Gilliland and Mandel, 1993;
Alexander et al., 2003; Olsen et al., 2004; Lundin et al., 2009; Steenland
and Woskie, 2012; Barry et al., 2013; Vieira et al., 2013; Leonard et al.,
2008; van Gerwen et al., 2023). Most studies had a cohort study design
(66.7%, n = 10) (Gilliland and Mandel, 1993; Alexander et al., 2003;
Olsen et al., 2004; Lundin et al., 2009; Steenland and Woskie, 2012;
Barry et al., 2013; Girardi and Merler, 2019; Li et al., 2022; Law et al.,
2023; Leonard et al., 2008), while a minority of them were case-control
studies (33.3%, n = 5), either nested (van Gerwen et al., 2023; Madrigal
et al., 2024) or not (Vieira et al., 2013; Li et al., 2023; Liu et al., 2022)
within a cohort.

Cancer incidence or mortality were ascertained by most studies
(80.0%, n = 12) using cancer registries, vital records, death certificates,
or medical records (Gilliland and Mandel, 1993; Alexander et al., 2003;
Olsen et al., 2004; Lundin et al., 2009; Steenland and Woskie, 2012;
Vieira et al., 2013; Girardi and Merler, 2019; Li et al., 2022; Law et al.,
2023; Leonard et al., 2008; van Gerwen et al., 2023; Madrigal et al.,
2024). In one study, participants used questionnaires to report cancer
occurrence, which was further validated with information from cancer
registries and medical records (Barry et al., 2013). In two studies, cases
were individuals diagnosed or undergoing treatment for cancer at hos-
pital and with histological confirmation of cancer diagnosis (Li et al.,
2023; Liu et al., 2022). As for exposure assessment, 5 studies used work
history records to identify exposed workers (Gilliland and Mandel, 1993;
Alexander et al., 2003; Olsen et al., 2004; Lundin et al., 2009; Leonard
et al., 2008), 2 studies used residence in contaminated regions (Li et al.,
2022; Law et al., 2023), 4 used direct measurement of serum PFAS levels
(Lietal., 2023; Liu et al., 2022; van Gerwen et al., 2023; Madrigal et al.,
2024), one used residence and modelled serum PFAS levels (Vieira et al.,
2013), one work history records and modelled serum concentrations
(Girardi and Merler, 2019), one adopted a job exposure matrix
(Steenland and Woskie, 2012), and one used both a job exposure matrix
and models to estimate serum levels (Barry et al., 2013). Regarding the
timing of exposure in the studies either measuring or modelling serum
PFAS levels, most studies evaluated exposure occurring prior to cancer
incidence or death (Steenland and Woskie, 2012; Barry et al., 2013;
Girardi and Merler, 2019; van Gerwen et al., 2023; Madrigal et al.,
2024), while 2 studies assessed exposure after (Li et al., 2023; Liu et al.,
2022) and one at outcome occurrence (Vieira et al., 2013), respectively.

Median NOS scores were 7.0 (interquartile range [IQR]: 1.0; range:
6.0, 8.0), 7.0 (IQR: 1.0; range: 6.5, 7.5), and 7.5 (IQR: 0.5; range: 6.5,
8.0) among studies included in the review on lung, head and neck, and
thyroid cancer, respectively (Supplementary Table 3).

3.2. Lung cancer

We found a pooled RR (Fig. 2) for the association between envi-
ronmental or occupational PFAS exposure and combined lung cancer
incidence and mortality of 1.20 (95% CI: 1.12, 1.28), based on estimates
from 9 studies (Gilliland and Mandel, 1993; Alexander et al., 2003;
Olsen et al., 2004; Lundin et al., 2009; Steenland and Woskie, 2012;
Vieira et al., 2013; Girardi and Merler, 2019; Li et al., 2022; Law et al.,
2023). The pooled estimate for lung cancer incidence was 1.21 (Figs. 2
and 95% CIL: 1.13, 1.29), while we observed no association for lung
cancer mortality (Fig. 2, RR: 1.01; 95% CI: 0.73, 1.41). Despite



Table 1

Main characteristics of the studies included in the review.

Authors, Country Study Study Type of exposure Type of population/ Type of Types of PFAS, Exposure Cancer Outcome  Outcome Sample NOS
year design period workers reference main exposure assessment types assessment size score
method
Gilliland USA Cohort 1947-1989 Occupational Workers of a chemical External PFOA Work history Lung M Vital records 3537 8
and plant records
Mandel,
1993
Alexander USA Cohort 1961-1998 Occupational Workers of a chemical External PFOS Work history Lung M Vital records, 2083 6.5
et al., plant records death
2003 certificates
Olsen et al.,  USA Cohort 1993-1998 Occupational Workers of a chemical Internal PFOS Work history Lung I Health claims 1311 6
2004 plant records records
Leonard USA Cohort 1948-2002 Occupational Workers of a polymer External PFOA Work history Oral cavity M Vital records 6027 6.5
etal., production plant records and
2008 pharynx,
larynx,
lung?,
thyroid
Lundin USA Cohort 1947-2002 Occupational Workers of an ammonium  External PFOA Work history Lung M Vital records 3993 8
et al., perfluorooctanoate records and
2009 manufacturing facility experts’
assessment
Steenland USA Cohort 1948-2008 Modelled serum Workers of a chemical External PFOA Job exposure Lung M Vital records, 5791 6
and PFAS levels, plant matrix based on death
Woskie, occupational serum data certificates
2012
Barry etal.,,  USA Cohort 1952-2011 Modelled serum Individuals who resided Internal PFOA Statistically Lung, oral I Self-reported, 32,254 7.5
2013 ° PFAS levels in contaminated water estimated serum cavity, validated with
(environmental, districts or worked at a levels, job thyroid cancer
occupational) local chemical plant exposure matrix registries and
medical records
Vieiraetal.,,  USA Case- 1996-2005 Modelled serum Individuals who resided Internal PFOA Statistically Lung, I Cancer 25,107 7
2013 control PFAS levels, in contaminated water estimated serum thyroid registries
environmental districts close to a levels, area of
chemical plant residence
Girardi and Italy Cohort 1970-2018 Modelled serum Workers of a chemical External Multiple types Statistically Lung M Vital records, 462 7
Merler, PFAS levels, plant estimated serum death
2019 occupational levels, work certificates
history records
Lietal, Sweden Cohort 1985-2016 Environmental Individuals who resided Internal for Multiple types Resident register Larynx, lip, I Cancer 60,507 7.5
2022 in contaminated water lung and lung, oral registries
counties thyroid cavity,
cancers, pharynx,
external for thyroid
other cancer
types
Liu et al., China Case- 2016-2017 Measured serum Cases: individuals Internal PFOA, PFNA, Measurement of Thyroid I Histological 319 7
2022 control levels diagnosed with thyroid PFDA, PFUnDA, serum levels examination

cancer undergoing
medical treatment in the
hospital.

Controls: randomly
selected patients
undergoing routine

PFHxS, PFOS, C8
CI-PFESA

(continued on next page)
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Table 1 (continued)

Authors, Country Study Study Type of exposure Type of population/ Type of Types of PFAS, Exposure Cancer Outcome  Outcome Sample NOS
year design period workers reference main exposure assessment types assessment size score
method

medical visits at the same
hospital as cases.

Law et al., Australia ~ Cohort 1983-2019 Environmental Individuals who resided External Multiple types Reported Head and I Cancer 318,887 6.5
2023 in areas with water and residence in areas neck (excl. registries
soil contamination of interest from larynx),
healthcare larynx,
insurance lung,
provider records thyroid
Lietal., China Case- 2022 Measured serum Cases: individuals with Internal PFOA, PFOS, Measurement of Thyroid I Histological 300 7.5
2023 control levels newly diagnosed thyroid PFNA, PFHxS, serum levels examination
cancer at the hospital. PFDA, PFUnDA,
Controls: randomly total PFAS
selected healthy

individuals undergoing
routine physical
examinations at the same
hospital as cases.

van Gerwen  USA Nested From 2007 Measured serum Cancer cases and healthy Internal PFHXxS, PFOA, Measurement of Thyroid I Medical records 176 8
et al., case- onwards levels controls were selected PFHpS, PFOPA, serum levels
2023 control from a medical record- Sb-PFOS, n-PFOS,
linked biobank PFNA,
NMeFOSAA
Madrigal Finland Nested 1987-2016 Measured serum Cancer cases and healthy Internal PFOA, PFOS, Measurement of Thyroid I Cancer 800 8
et al., case- levels controls were selected PFNA, PFHXS, serum levels registries
2024 control from a population-based EtFOSAA,
cohort of women enrolled MeFOSAA, PFDA,
during pregnancy PFUnDA, PFHpS,

PFHpA, PFTeDA,
6:2 diPAP, PFHXA,
MeFOSA

I: incidence, M: mortality, NOS: Newcastle-Ottawa Scale, PFAS: per- and polyfluoroalkyl substances.
PFHxA: perfluorohexanoic acid, PFHpA: perfluoroheptanoic acid, PFOA: perfluorooctanoic acid, PFNA: perfluorononanoic acid, PFDA: perfluorodecanoic acid, PFUnDA: perfluoroundecanoic acid, PFDoDA: per-
fluorododecanoic acid, PFTrDA: perfluorotridecanoic acid, PFTeDA: perfluorotetradecanoic acid, PFHxS: perfluorohexanesulfonic acid, PFHpS: perfluoroheptanesulfonic acid, PFOS: perfluorooctanesulfonic acid, Sb-
PFOS: branched perfluorooctanesulfonic acid, n-PFOS: linear perfluorooctanesulfonic acid, PFDS: perfluorodecanesulfonic acid, MeFOSAA: N-methyl-perfluorooctane sulfonamidoacetic acid, EtFOSAA: N-ethyl-per-
fluorooctane sulfonamidoacetic acid, FOSA: perfluorooctane sulfonamide, MeFOSA: N-methyl-perfluorooctane sulfonamide, EtFOSA: N-ethyl-perfluorooctane sulfonamide, 6:2 diPAP: 6:2 polyfluoroalkyl phosphoric acid
diesters, C8 Cl-PFESA: C8 chlorinated polyfluoroalkyl ether sulfonic acid, PFOPA: perfluorooctylphosphonic acid, N-MeFOSAA: n-methylperfluorooctanesulfonamidoacetic acid.

 The study by Leonard RC et al., 2008 (Leonard et al., 2008) was excluded from the meta-analysis on the potential association between environmental or occupational PFAS exposure and lung cancer, since updated
results for this cancer type based on the same study population were provided by Steenland K et al., 2012 (Steenland and Woskie, 2012).

Y The study by Barry et al., 2013 (Barry et al., 2013) is the only one that was not included in any of the analyses (although retained in review), since it provided estimates according to modelled serum PFAS levels only.
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First author, year RR (95% CI)

Lung cancer

Incidence

Olsen GW, 2004 g 2.70 (0.07, 99.99)

Vieira VM, 2013 + 1.20 (1.11, 1.30)

Li H, 2022 +o— 1.14 (0.90, 1.45)

Law HD, 2023 - 1.27 (1.08, 1.49)

Subgroup, REML (I = 0.0%, p = 0.838) (v 1.21 (1.13, 1.29)
I

Mortality !

Gilliland FD, 1993 —_— 1.03 (0.58, 1.84)

Alexander BH, 2003 B o — 0.96 (0.44, 2.09)

Lundin JI, 2009 —_—t 1.20 (0.63, 2.30)

Steenland K, 2012 g : 0.78 (0.37, 1.64)

Girardi P, 2019 g 1.30 (0.31, 5.53)

Subgroup, REML (12 = 0.0%, p = 0.929) <>.> 1.01 (0.73, 1.41)

Overall, REML (1?2 = 0.0%, p = 0.948) $ 1.20 (1.12, 1.28)

Head and neck cancer

Incidence

Li H, 2022 —— 1.06 (0.75, 1.50)

Law HD, 2023 g 1.16 (0.93, 1.45)

Subgroup, REML (12 = 0.0%, p = 0.667) 9 1.13 (0.94, 1.36)
1

Mortality X

Leonard RC, 2008 —_T 1.46 (0.72, 2.96)

Subgroup, REML (I2 = 0.0%, p < 0.000) —_— 1.46 (0.72, 2.96)

Q

Overall, REML (I? = 0.0%, p = 0.719)

Thyroid cancer

1.15 (0.96, 1.37)

Incidence ,
Vieira VM, 2013 —t—, 1.10 (0.81, 1.50)
Li H, 2022 —t—— 1.36 (0.79, 2.33)
Law HD, 2023 —o— 1.15 (0.83, 1.60)
Subgroup, REML (12 = 0.0%, p = 0.799) < 1.16 (0.94, 1.42)

1
Mortality ;
Leonard RC, 2008 | * 6.29 (2.15, 18.37)
Subgroup, REML (I? = 0.0%, p < 0.000) ! e — 6.29 (2.15, 18.37)

Overall, REML (I? = 69.0%, p = 0.021)

1.54 (0.86, 2.78)

I
3 1

Fig. 2. Pooled relative risks (RRs) and corresponding 95% confidence intervals (CIs) for the association between environmental or occupational exposure to per- and

polyfluoroalkyl substances and lung, head and neck, and thyroid cancers.

The study by Leonard et al. (2008) was excluded from the meta-analysis on the potential association between environmental or occupational PFAS exposure and lung
cancer, since updated results for this cancer type based on the same study population were provided by Steenland and Woskie (2012).

Reference was no or low PFAS exposure, according to the individual studies.

occasional variation in results, we observed no heterogeneity according
to country, type of reference population, type of PFAS, type of exposure,
NOS score (Table 2). Also, results did not substantially change when
restricting the meta-analysis to male individuals or to cohort studies
(Table 2). Statistical heterogeneity was low for most analyses (Table 2).
In addition, we observed a slight asymmetry at inspection of the
contour-enhanced funnel plot, with potential missing studies with esti-
mates of negative associations, albeit mainly concentrated in the area of
no significance (Fig. 3) and not confirmed by the result of the Egger’s
test (p = 0.343). No included studies measured serum PFAS levels
among all study participants. Instead, 4 studies reported no association
between modelled or estimated serum PFAS levels and lung cancer
(Steenland and Woskie, 2012; Barry et al., 2013; Vieira et al., 2013;
Girardi and Merler, 2019). Their main results can be found in Supple-
mentary Table 3.

3.3. Head and neck cancer

The findings of our meta-analysis on HNC are reported in Fig. 2. They
are based on 3 studies (Li et al., 2022; Law et al., 2023; Leonard et al.,
2008) and provide no clear support to the potential association between
environmental or occupational PFAS exposure and HNC (incidence and
mortality combined, RR: 1.15; 95% CI: 0.96, 1.37), with low statistical

heterogeneity.

No studies measured serum PFAS levels among all participants, while
one cohort study focused on estimated levels reported no association
with oral cancer incidence (Supplementary Table 3) (Barry et al., 2013).

3.4. Thyroid cancer

The estimated pooled RR (Fig. 2) for the association between envi-
ronmental or occupational PFAS exposure and thyroid cancer incidence
and mortality combined was 1.54 (95% CI: 0.86, 2.78), based on results
from 4 studies (Vieira et al., 2013; Li et al., 2022; Law et al., 2023;
Leonard et al.,, 2008). Between-study heterogeneity was high, but
decreased substantially when considering only studies on cancer inci-
dence (Fig. 2).

An association between modelled serum PFAS levels and thyroid
cancer was not supported by 2 studies reporting related estimates
(Supplementary Table 4) (Barry et al., 2013; Vieira et al., 2013).

As for measured serum PFAS levels, we included 4 studies in the
meta-analysis (Li et al., 2023; Liu et al., 2022; van Gerwen et al., 2023;
Madrigal et al., 2024), and all of them were on incidence. We found an
inverse association between measured serum PFOA levels and thyroid
cancer (RR per natural log-unit increase: 0.73; 95% CIL: 0.56, 0.94),
while we observed no associations for other types of PFAS included in
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Table 2

Pooled relative risks (RRs) and corresponding 95% confidence intervals (CIs) for
the association between environmental or occupational exposure to per- and
polyfluoroalkyl substances and lung cancer, by study and participants’
characteristics.

Stratum n. studies RR (95% CI) , Dhet

Sex, male 2 1.35 (1.08, 1.69) 0.1%, 0.317
Country

USA 6 1.19 (1.10, 1.29) 0.0%, 0.848
Any other 3 1.23 (1.08, 1.41) 0.0%, 0.754
Dbetween 0.658

Cohort studies only 8 1.20 (1.06, 1.36) 0.0%, 0.905
Type of reference population

Internal 1.19 (1.11, 1.29) 0.0%, 0.797
External 6 1.22 (1.06, 1.41) 0.0%, 0.838
Pbetween 0.811

Type of PFAS

PFOA 4 1.19 (1.10, 1.29) 59.0%, 0.677
PFOS 2 1.01 (0.47, 2.15) 0.0%, 0.583
Multiple/not specified 3 1.23 (1.08, 1.41) 0.0%, 0.754
Pbetween 0.825

Type of exposure

Environmental 3 1.21 (1.13,1.29) 0.0%, 0.719
Occupational 6 1.02 (0.74, 1.42) 0.0%, 0.949
DPbetween 0.327

NOS score

<7 4 1.18 (0.91, 1.52) 0.0%, 0.534
>7 5 1.19 (1.11, 1.28) 0.0%, 0.981
DPbetween 0.941

NOS: Newcastle-Ottawa Scale, PFAS: per- and polyfluoroalkyl substances.

The study by Leonard et al. (2008) was excluded from the meta-analysis on the
potential association between environmental or occupational PFAS exposure
and lung cancer, since updated results for this cancer type based on the same
study population were provided by Steenland and Woskie (2012).

Reference was no or low PFAS exposure, according to the individual studies.

the meta-analysis (Fig. 4). We observed moderate heterogeneity for
PFOA, and high heterogeneity for the other types of PFAS. In general,
pooled results from case-control studies tended to show inverse associ-
ations, while estimates from nested case-control studies leaned more
towards positive associations. In this regard, we detected heterogeneity
by study design for PFOS (Pbetween = 0.024) and PFNA (Ppetween<<0-001).
However, PFOS was the only type of PFAS showing a positive associa-
tion with thyroid cancer, limited to nested case-control studies (Fig. 4,
RR per natural log-unit increase: 1.51; 95% CI: 1.11, 2.05).

Standard error
1
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4. Discussion

The results of our meta-analysis suggest that environmental or
occupational PFAS exposure may be associated with lung cancer inci-
dence, while our findings are not suggestive of an association for head
and neck and thyroid cancer. The findings of the meta-analysis on lung
cancer were consistent across study and participants’ characteristics.
Studies on modelled serum PFAS levels did not report associations with
any of the investigated cancer types. Also, our meta-analysis on the as-
sociation between measured serum PFAS level and thyroid cancer
showed a positive association for PFOS, but limited to case-control
studies nested within cohorts (i.e., with serum sample collected before
cancer diagnosis). Observed differences by study design may also be due
to the timing of blood collection itself. Indeed, van Gerwen et al. (2023)
(van Gerwen et al., 2023) showed that the association between
measured serum levels of most investigated types of PFAS and thyroid
cancer was stronger when including only cases (and matched controls)
diagnosed at least one year after blood collection. This highlights the
importance of taking into account a possibly long induction period be-
tween PFAS exposure and cancer occurrence. However, it may also be
due to modifications in serum levels after cancer occurrence, although to
our knowledge cancer itself or its treatment have not been shown to
modify PFAS levels.

The mechanisms by which PFAS lead to cancer are poorly under-
stood. After ingestion from drinking water or food, or inhalation through
contaminated air, PFAS are distributed through plasma proteins mainly
to the liver and kidney, although accumulation in other organs,
including the lung, has been reported (Pesonen and Vahakangas, 2024;
Lau et al., 2007; Pérez et al., 2013). PFAS are slowly eliminated through
bile and urine, while there is no evidence for PFAS metabolism in
humans (Pesonen and Vahakangas, 2024). Since mutagenic effects and
DNA damage due to PFAS have not been proven, they are thought to act
through non-genotoxic mechanisms. In particular, PFAS may induce
cancer through activation of the peroxisome proliferator-activated re-
ceptor alpha (PPAR«) and the expression of genes involved in apoptosis
and cell proliferation (Pesonen and Vahakangas, 2024). Oxidative stress
and epigenetic modifications induced by PFAS may also be involved in
their carcinogenicity (Pesonen and Vahakangas, 2024), as well as
chronic inflammation and immunosuppression (Zhang et al., 2023).

To our knowledge, this is the first meta-analysis summarizing
available epidemiological evidence on the potential association between
PFAS exposure and lung and head and neck cancer in humans. A

® Studies
p<1%
1% <p <5%
B s%<p<to%

p>10%

2
-5

0 5
In(RR)

Fig. 3. Contour-enhanced funnel plot to explore the occurrence of the small-study effect in the meta-analysis on the association between environmental or occu-

pational exposure to per- and polyfluoroalkyl substances and lung cancer.
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First author, year
PFOA

Case -control
Li H, 2023

L| 1M, 2022
Subgruup REML (I = 45.0%, p = 0.177)

Nested case-control

van Gerwen M, 2023

Madrigal JM, 2024

Subgroup, REML (1?=0.0%, p =0.726)

Heterogeneity between groups: p = 0.141
Overall, ML(I 1?2 = 45.6%, p &138

PFOS
Case<canlrol
H, 2023
L|u M 2022
Subgroup, REML (12 = 80.6%, p = 0.023)

Nested case- con(ral

Madrigal Ji

van Gerwen M

Subgroup, REML (I2—21 1%, p = 0.260)

Heterogeneity between groups: 0p 0.024
Overall, REML (12 = 86.0%, p < 0.000)
PFNA
Case-control
H 2023
Subgroup, REML (12 =31.3%, p = 0.228)
Nested case-control
van Gerwen M, 2023
Madrigal JM, 2024
Subgroup, REML (12=56.7%, p=0. 128)
Heterogeneity between groups: p = 0.0
Overall, n?L(P—sg %, pp<dJ 000)

PFHxS
Case canlrol
H, 2023

L2, [ —

Environmental Research 266 (2025) 120606

RR (95% Cl)

|

Subgroup REML (> = 98.1%, p < 0.000)

Nested case-control

van Gerwen M, 2023

Madrigal JM, 2024

Subgroup, REML (12=37.1%, p = 0.207)

Heterogeneity between groups: éa 0.299
Overall, REML (I? = 95.7%, p < 0.000)
PFDA
Case-control
H 2023
Subgroup, REML (12 =90.7%, p = 0.001)
Nested case- con!ral
Madrigal JM, 2
Subgroup, REML (IE =0.0%, p <0.000)
Heterogeneity between groups: OD 0.926
Overall, REML (I? = 86.1%, p < 0.000)
PFUNDA
Case-control
iH, 2023
Liu M, 2
Subgroup REML (12=73.1%, p = 0.054)
Nested case-control
Madrigal JM, 2024
Subgroup, REML (I?=0.0%, p < 0.000)

Hetero enel between roups =0.669
Overall, (12 =80. 005)

1.03 (0.81, 1.32
1.03 (0.81, 1.32

A
i

0.88 (0.55, 1.42)

! I I
3 1 3 10

Fig. 4. Pooled relative risks (RRs) and corresponding 95% confidence intervals (CIs) for the association between a natural log-unit increase in measured concen-
trations of per- and polyfluoroalkyl substances and thyroid cancer, overall and by study design.
PFOA: perfluorooctanoic acid, PFOS: perfluorooctanesulfonic acid, PFNA: perfluorononanoic acid, PFHxS: perfluorohexanesulfonic acid, PFDA: perfluorodecanoic

acid, PFUnDA: perfluoroundecanoic acid.

previous meta-analysis on thyroid cancer incidence reported no clear
associations for different types of PFAS (van Gerwen et al., 2024). Our
overall results are in agreement with the previous meta-analysis (van
Gerwen et al., 2024), which however did not carry out subgroup ana-
lyses by study design.

Among the limitations of our meta-analysis is the lack of information
on potential confounders in the relationship between PFAS exposure and
the cancers included in the analysis. For instance, tobacco smoking is a
relevant risk factor for both lung cancer and HNC, yet most occupational
studies included in our review did not take it into account in the anal-
ysis. In this context, tobacco smoking may be a mediator of socioeco-
nomic status, which may be related to both PFAS exposure and cancer.
Indeed, individuals with poor socioeconomic conditions, such as blue-
collar workers, may have higher PFAS exposure compared with those
with higher socioeconomic status, such as white-collar workers or
workers with managerial or organizational tasks. Workers with worse
living conditions may also experience higher PFAS exposure outside of
work, since socioeconomic and racial disparities have also been reported
for environmental exposure through drinking water (Smalling and
Bradley, 2024). Also, most studies did not take into account co-exposure
with potential carcinogens other than PFAS, which might be relevant
both in occupational settings and in communities close to industrial
areas. Another limitation stems from the lack of detailed environmental
monitoring data in occupational studies included in our review. A

similar limitation may affect also studies on environmental or commu-
nity exposure, since they did not actually measure individuals’ PFAS
intake, or did only for a limited number of study participants. In both
cases, inter-individual differences in PFAS exposure were overlooked,
potentially leading to exposure misclassification, likely nondifferentially
according to the outcome status, which could be expected to bias esti-
mates towards the null. However, when study-specific estimates were
reported according to different levels of intensity of exposure, catego-
rization of an otherwise nondifferentially biased linear exposure (e.g.,
airborne PFAS levels) could have also led to differential misclassifica-
tion, which may bias estimates away from the null (Flegal et al., 1991).
Furthermore, due to lack of related data, we could not quantitatively
assess the role of duration and level of environmental or occupational
PFAS exposure. The limited number of studies also did not allow us to
conduct subgroup analyses according to study or participants’ charac-
teristics for HNC and thyroid cancer. Additionally, although we were
able to conduct a meta-analysis on measured serum PFAS levels and
thyroid cancer, it included only four studies, and the number of studies
in each subgroup in the analysis by study design was thus very low,
suggesting the need for confirmation of our findings for PFOS. Also,
cross-sectional or case-control studies on measured serum PFAS levels
and cancer may be affected by reverse causality, which might have
influenced our results. As for lung cancer and HNC, conversely, available
data on measured serum PFAS levels did not allow a meta-analysis,
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suggesting the need for substantial further research in this area. Addi-
tionally, our analysis on incidence and mortality combined may be
appropriate for cancers with high case-fatality rates (Hamra et al.,
2014), such as lung cancer (5-year survival rate in the USA for the years
2014-2020: 26.7%) (Surveillance Research Program - National Cancer
Institute, 2024), while mortality may not be a valid indicator for inci-
dence for cancers with lower rates, such as thyroid cancer and some
types of HNC (Surveillance Research Program - National Cancer Insti-
tute, 2024). Also, we observed generally high degrees of heterogeneity
in the analyses on thyroid cancer, suggesting differences between
including studies and limiting generalizability of our findings, albeit
observed high heterogeneity may be mainly due to differences in study
designs (e.g., case-control study design nested or not within a cohort) or
to timing of measurement of serum PFAS levels (e.g., pre- or
post-diagnostic). Eventually, another limitation of our review is the
limited geographic variability of included studies, with most of them
being conducted in the USA. This may potentially limit the generaliz-
ability of our findings to other countries or contexts with different PFAS
exposure levels and further highlights the need for new studies, espe-
cially from developing countries where lung cancer incidence is
increasing (Bray et al., 2024; Leiter et al., 2023).

In conclusion, the results of our meta-analysis of available epide-
miological studies suggest that PFAS exposure may be associated with
lung cancer incidence, while they do not support an association for HNC.
As for thyroid cancer, there may be an association with PFOS exposure,
based on results from nested case-control studies. These findings, how-
ever, should be taken cautiously due to the limited number of available
studies on the topic, as well as for their limitations, including potential
residual confounding and exposure misclassification. Future research
should account for co-exposure with other potential carcinogens and
detailed assessment of study participants’ exposure, either through
environmental monitoring data or through complete serum measure-
ments. As for the latter, in particular, prospective studies are urgently
needed to establish the causality of observed associations.
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