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Abbreviations 

Acronym Definition 
AUCss Area under the curve at steady-state 
CTD Characteristic travel distance 
FTOH Fluorotelomer alcohol 
GenX Ammonium 2,3,3,3-tetrafluoro-2-(heptafluoro-

propoxy)-propanoate 
KAW Air–water partition coefficient 
KOA Octanol–air partition coefficient 
KOW Octanol–water partition coefficient 
LFER Linear free energy relationship 
PBT Persistent, bioaccumulative, toxic 
PFAA Perfluoroalkyl acid 
PFAS Per- and polyfluoroalkyl substance 
PFBS Perfluorobutane sulfonic acid 
PFCA Perfluoroalkyl carboxylic acid 
PFOA Perfluorooctanoic acid 
PFHxS Perfluorohexane sulfonic acid 
PFOS Perfluorooctane sulfonic acid 
PFSA Perfluoroalkyl sulfonic acid 
pKa -log10Ka, where Ka is the acid dissociation constant 
PBPK Physiologically-based pharmacokinetic 
PK Pharmacokinetic 
POV Overall persistence 
QSAR Quantitative structure–activity relationships   
QSPR Quantitative structure–property relationships 
REACH Registration, Evaluation, Authorisation and Restriction 

of Chemicals 
SSRW Sum of squared residual weighted 
TE Transfer efficiency 
US EPA US Environmental Protection Agency 
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Abstract 

Produced since the 1950’s, per- and polyfluoroalkyl (PFASs) substances are 
persistent, bioaccumulative and toxic compounds that are ubiquitous in the 
environment. Being proteinophilic with a tendency to partition to protein-rich 
tissues, PFASs have been found in human serum worldwide and in wildlife 
with a predominance of long-chain perfluoroalkyl carboxilic acids (C7-C14 
PFCAs) and perfluoroalkyl sulfonic acids (C6-C9 PFSAs). Due to rising con-
cern regarding their hazardous properties, several regulatory actions and vol-
untary industrial phase-outs have been conducted since early 2000s, shifting 
the production towards other fluorinated alternatives. This thesis explores the 
human exposure to long-chain PFASs and their alternatives using different 
modelling methods and aims to 1) link comprehensively the past and current 
industrial production with the human body burden and 2) assess the potential 
hazardous properties of legacy PFASs replacements, on which information is 
very limited. In Paper I, the historical daily intakes in Australia and USA 
were reconstructed from cross-sectional biomonitoring data of perfluorooc-
tanesulfonic acid (PFOS), perfluorooctanoic acid (PFOA) and perfluorohex-
anesulfonic acid (PFHxS). The results indicate that humans experienced sim-
ilar exposure levels and trends to PFOS and PFOA in both regions, suggesting 
a common historical exposure possibly dominated by consumer products. The 
model could not be fitted to PFHxS concentration in serum. In Paper II, the 
relative contribution of indirect (i.e. subsequent metabolism of precursors into 
legacy PFASs) versus direct exposure was evaluated on occupationally ex-
posed ski wax technicians. The indirect exposure contributed by up to 45% to 
the total body burden of PFOA. In Paper III, the physicochemical properties, 
the persistence and the long-range transport of fluorinated alternatives were 
predicted using different in silico tools. Findings suggest that fluorinated al-
ternatives are likely similar to their predecessors, in terms of physicochemical 
properties and environmental fate. Finally, Paper IV compares the toxic po-
tency of PFOS, PFOA and their alternatives as a function of external and in-
ternal dose. While alternatives are less potent than their predecessors when 
considering the administered dose, they become similarly potent when the as-
sessment is based on levels in the target tissue. This thesis demonstrates that 
pharmacokinetic models are effective tools to comprehensively reconnect the 
body burden to the exposure of phased-out chemicals. More importantly, the 
studies on fluorinated alternatives raise the necessity to provide more infor-
mation and data on the potential hazard of these novel and emerging products. 
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Sammanfattning 

Per- och polyfluorerade (PFASs) ämnen är långlivade, bioackumulerande och 
toxiska ämnen som producerats sedan 1950-talet och återfinns överallt i 
miljön. Då de är proteinfila, har PFAS ämnen hittats i mänskligt serum i hela 
världen och i vilda djur, framförallt i form av långkedjade perfluoralkyl 
karboxylsyror (C7-C14 PFCAs) och perfluoralkyl sulfonsyror (C6-C9 PFSAs). 
På grund av den stigande oron gällande deras skadliga egenskaper har flera 
lagstiftningsåtgärder och frivilliga industriella utfasningar genomförts sedan 
början av 2000-talet, vilket skiftat produktionen mot andra fluorerande 
alternativ. Denna avhandling undersöker människors exponering för 
långkedjade PFASs ämnen och deras ersättare med hjälp av olika 
modelleringsmetoder och syftar till att 1) på ett omfattande sätt länka den 
tidigare och nuvarande industriella produktionen med mänsklig belastning 
och 2) bedöma de potentiellt skadliga egenskaperna hos äldre PFAS alternativ, 
om vilka kunskapen är väldigt begränsad.  I Paper 1, har de historiska dagliga 
intagen i Australien och USA rekonstruerats från tvärsnitts, biologisk 
övervakningsdata av perfluoroktansulfonsyra (PFOS), perfluorkarboxylsyra 
(PFOA) och perfluorhexan sulfonat (PFHxS). Resultaten indikerar att 
människor har upplevt liknande exponeringsnivåer och trender för PFOS och 
PFOA i båda regionerna, vilket tyder på en gemensam historisk exponering 
potentiellt dominerad av konsumentprodukter. Modellen kunde inte anpassas 
till PFHxS koncentrationen i serum. I Paper ll, utvärderas bidraget av indirekt 
(dvs. efterföljande metabolism av prekursorer till äldre PFAS ämnen) kontra 
direkt exponering av yrkesexponerade skidvaxningstekniker. Den indirekta 
exponeringen bidrog med upp till 45 % av den totala kroppsbelastningen av 
PFOA. I Paper lll, förutsågs de fysikalisk-kemiska egenskaperna, 
persistensen, och långdistans transporten av fluorerade alternativ med hjälp av 
olika in silico verktyg. Resultaten tyder på att fluorerade alternativ sannolikt 
liknar sina föregångare när det gäller deras persistens och fysikalisk-kemiska 
egenskaper. Slutligen, Paper lV jämför toxisk potens av PFOS, PFOA och 
deras alternativ som en funktion av yttre och inre dos. Medan alternativen är 
mindre potenta än sina föregångare när man överväger den administrerade 
dosen, blir de lika potenta när bedömningen är baserad på nivåer i 
målvävnaden. Denna avhandling visar att farmakokinetiska modeller är 
effektiva verktyg för att på ett omfattande sätt återkoppla kroppsbelastning till 
exponering av avvecklade kemikalier. Ännu viktigare, studierna av de 
fluorerade alternativen belyser nödvändigheten av att ge mer information och 
data om den potentiella faran med dessa nya och framväxande produkter. 
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Sommaire 

Produites depuis les années 1950, les substances per- et polyfluorées (PFASs) 
sont des produits persistants, bioaccumulables, toxiques et omniprésents dans 
l'environnement. Etant protéinophiles avec une forte tendance à migrer dans 
les tissus riches en protéines, les PFASs se retrouvent, à l’échelle mondiale, 
dans le sérum humain et dans la faune, principalement les acides carboxy-
liques perfluorés (PFCAs de 7 à 14 carbones) et les acides sulfoniques per-
fluorés (PFSAs de 6 à 9 carbones) possédant une longue chaîne carbonée. En 
raison de l'inquiétude grandissante suscitée par leurs propriétés dangereuses, 
plusieurs mesures réglementaires ainsi que l'élimination volontaire par les 
principaux producteurs ont été décidées depuis le début des années 2000, en 
orientant, entre autres, la production vers d'autres produits de remplacement 
fluorés. Cette thèse explore l'exposition humaine aux PFASs à longue chaîne 
carbonée et à leurs produits de remplacement en utilisant différentes méthodes 
de modélisation et vise à: 1) associer de façon exhaustive la production indus-
trielle passée et actuelle à la concentration des PFASs dans le sang humain; et 
2) évaluer les propriétés potentiellement dangereuses des produits chimiques 
fluorés remplaçant les PFASs sous règlementation, au sujet desquelles les in-
formations demeurent très limitées. Dans l’Article I, les expositions quoti-
diennes à l'acide perfluorooctanesulfonique (PFOS), à l'acide perfluorocar-
boxylique (PFOA) et à l'acide perfluorohexanesulfononique (PFHxS) subies 
précédemment par les populations australienne et états-unienne ont été esti-
mées à partir de données annuelles sur la concentration dans le sang. Les ré-
sultats indiquent que les niveaux d'exposition au PFOS et PFOA ainsi que les 
tendances temporelles sont relativement similaires dans les deux régions géo-
graphiques, suggérant une exposition historique globalement commune, pro-
bablement dominée par l’exposition aux produits de consommation. Le mo-
dèle n'a pas pu être appliqué au PFHxS. Dans l’Article II, la contribution de 
l’exposition indirecte (i.e. absorption de produits précurseurs suivie par leur 
métabolisme en PFCAs ou PFSAs) par rapport à l'exposition directe a été éva-
luée sur un groupe de techniciens farteurs de skis exposés au PFOA et à l’un 
de ses précurseurs dans le cadre de leur travail. Jusqu'à 45% de la concentra-
tion de PFOA mesurée dans le sang a pu être attribuée à l’exposition indirecte. 
Dans l’Article III, les propriétés physicochimiques des produits de remplace-
ment fluorés ainsi que leur persistance et leur propension à être transportés sur 
de longues distances ont été estimées à l'aide de différents modèles informa-
tiques. Les résultats indiquent que les produits de remplacement fluorés sont 
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probablement semblables à leurs prédécesseurs, en termes de persistance, de 
comportement dans l’environnement et de propriétés physicochimiques. Fina-
lement, l’Article IV compare le potentiel toxique de PFOS, de PFOA et de 
leurs remplacements en fonction de la dose externe et interne. Lorsque l’ana-
lyse se base sur la dose administrée, les produits de remplacements ont un 
potentiel toxique moins élevé que leurs prédécesseurs. Cependant, leur poten-
tiel toxique s’égalise lorsque l'évaluation est basée sur la concentration dans 
le tissu cible. Cette thèse démontre que les modèles pharmacocinétiques sont 
des outils efficaces pour établir exhaustivement un lien connexe entre la con-
centration de PFASs dans le sang humain avec leur niveau d’exposition. De 
plus, les études sur les produits de remplacement fluorés s’accordent sur la 
nécessité de fournir rapidement plus d'informations et de données sur les 
risques potentiels de ces produits émergents. 



5 
 

Resumen 

Producidas desde la década de 1950, las sustancias per- e polifluoroalquilo 
(PFASs) son compuestos persistentes, bioacumulativos y tóxicos que son ubi-
cuos en el medio ambiente. Al ser proteinófilico con tendencia a repartirse en 
tejidos ricos en proteínas, PFASs se han encontrado en el suero humano y en 
la fauna en todo el mundo, con un predominio de ácido perfluoroalkyl carbo-
xílico de cadena larga (PFCAs con C8 hasta C14) y ácidos perfluoroalkyl sul-
fónicos (PFSAs con C6 hasta C9). Debido a la preocupación creciente por las 
propiedades nocivas de estos componentes, desde principios de la década del 
2000, tanto la normativa adoptada oficialmente como las medidas voluntarias 
aplicadas por parte de la industria han desplazado la producción hacia otras 
alternativas fluoradas. Esta tesis explora la exposición humana a los PFASs 
de cadena larga y sus alternativas utilizando diferentes métodos de modeliza-
ción y tiene como objetivo de 1) vincular integralmente la producción indus-
trial pasada y actual con el nivel de PFASs en el cuerpo humano y 2) evaluar 
las potenciales propiedades peligrosas de las alternativas fluoradas reempla-
zando los PFASs bajo regulación, cuya información es muy limitada. En el 
Artículo I, se reconstruyeron la exposición diaria historica al ácido perfluo-
rooctanosulfónico (PFOS), al ácido perfluorocarboxílico (PFOA) y al ácido 
perfluorohexanosulfónico (PFHxS) en Australia y en los Estados Unidos a 
partir de datos de corte transversal. Los resultados indican que los seres hu-
manos experimentaron niveles similares de exposición al PFOS y PFOA en 
ambas regiones, lo que sugiere una exposición histórica común posiblemente 
dominada por el contacto con productos de consumo. El modelo no pudo ajus-
tarse a las concentraciónes de PFHxS en el suero. En el Artículo II, se evaluó 
la contribución de la exposición indirecta (i.e. metabolismo de los precursores 
en los PFCAs y PFSAs) frente a la exposición directa en un grupo de especia-
listas en tratamientos con ceras a los esquís de alta competición expuestos por 
su profesión al PFOA y a uno de sus precursores. Hasta un 45% de la concen-
tración de PFOA medida en el suero fue atribuida a la exposición indirecta. 
En el Artículo III, se predijeron las propiedades fisicoquímicas, la persisten-
cia y el transporte de largo alcance de varias alternativas fluoradas utilizando 
diferentes metodos in silico. Los resultados sugieren que las alternativas fluo-
radas son probablemente similares a sus predecesores, en términos de su per-
sistencia, transporte de largo alcance y propiedades físicoquímicas. Por úl-
timo, el Artículo IV compara la potencia tóxica de PFOS, PFOA y sus alter-
nativas en función de la dosis externa e interna. Aunque las alternativas son 
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menos potentes que sus predecesores al considerar la dosis administrada, se 
vuelven similarmente potentes cuando la evaluación se basa en los niveles 
obtenidos en el tejido objeto de estudio. Esta tesis demuestra que los modelos 
farmacocinéticos son herramientas eficaces para reconectar exhaustivamente 
el nivel de PFASs en el cuerpo humano con la exposición a productos quími-
cos eliminados y regulados. Más importante aún, los estudios sobre las alter-
nativas fluoradas plantean la necesidad de proveer más información y datos 
sobre el peligro potencial de estos productos emergentes. 
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Because the fluorine-carbon bond is extremely stable and hardly polarizable, 
PFAAs are highly resistant to degradation under even extreme laboratory con-
ditions (e.g. high temperature), and they display lower surface tensions com-
pared to their non-fluorinated analogues.2 Due to these unique physico-chem-
ical properties, PFASs have been used in both industrial and commercial ap-
plications. Examples include surface treatment of textile, carpet, and food 
packaging, fire-fighting foams, cookware but also as processing aid in fluor-
opolymer manufacture, as mist suppressants for metal plating and in the pro-
duction of semi-conductors.3 The extensive use for over 5 decades coupled 
with the persistent nature of the perfluorinated moieties has resulted in the 
accumulation of PFASs in the environment and distribution to remote regions 
far away from emitting sources.4 Despite that organofluorine compounds were 
detected already in human serum in the late 60’s,5 the first compound-specific 
analysis of PFAAs in human serum occurred only in 2001, thanks to refined 
mass spectrometry methods.6 Since then, PFASs, more specifically perfluo-
rooctane sulfonic acid (PFOS), perfluorooctanoic acid (PFOA) and longer 
chain PFCAs and PFSAs, have been globally measured in wildlife and hu-
mans,7–10 highlighting their bioaccumulation potential.11 Concerns over the 
possible hazard of these substances resulted in a joint effort by industry and 
regulatory authorities to gradually phase out long-chain PFCAs (≥C7), PFSAs 
(≥C6) and their precursors. As a result, 3M, the major PFOS and perfluorooc-
tanesulfonyl fluoride (POSF)-derivative manufacturer, voluntarily discontin-
ued the production and use of perfluorohexyl, -octanyl and -decyl chemistry 
in 2002.12 In 2006, eight major manufacturers made an agreement with the US 
Environmental Protection Agency (US EPA) to remove PFOA and long-chain 
PFCAs from their products and to eliminate point-source emissions by 2015.13 
In 2009, PFOS was listed in Annex B (i.e. restricted use) of the Stockholm 
Convention on Persistent Organic Pollutants.14 Additionally, PFOA, C9, C10, 

C11-C14 PFCAs and their sodium and ammonium salts were included in the 
Candidate List of Substances of Very High Concern for Authorisation under 
the European Chemicals Regulation on the Registration, Evaluation, Author-
ization, and Restriction of Chemicals (REACH).15  

This shift in production initiated in the beginning of the 21st century resulted 
in the replacement of the legacy PFAAs and their precursors with shorter-
chain homologues. The rationale behind these substitutions is motivated by 
the lower bioaccumulation potential and lower toxicity of shorter-chain 
PFCAs and PFSAs,16 despite a similar tendency for environmental persis-
tence. Other fluorinated substances (hereafter referred to as “alternatives”) 
have been recently identified as being used as surrogates for PFOA and 
PFOS.17  
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1.2 The role of human exposure in the risk assessment of 
chemicals 

Achieving performant products and cost-effective manufacturing processes 
are two important objectives of the chemical industry in terms of chemical 
design. Nevertheless, the chemical properties displaying unique performance 
capabilities can also be potentially hazardous and pose a risk for the environ-
ment, humans and animals, if exposure occurs. In terms of human health, the 
risk, defined as the probability of a hazardous chemical to cause harm, is char-
acterized by 1) the potential toxicity of the chemical at a given concentration 
and 2) the magnitude of exposure experienced by the individual. Under 
REACH, a hazard assessment of industrial chemicals based on their persis-
tence (P), bioaccumulation potential (B) and toxicity (T) is required.18 How-
ever, since hazardous properties are inherent to the molecular structure, ad-
dressing the potential risk is usually done by reducing the exposure through 
phase-outs or mitigation actions. In this respect, comprehensively linking the 
chemical emissions and the human body burden is of paramount importance 
for introducing effective, preventive and mitigative steps. Assessing the hu-
man exposure should therefore integrate both the external (i.e. levels in the 
environmental media) and internal (i.e. levels in the human body) exposure. 
The external exposure aims to identify and quantify the sources and potential 
exposure pathways which, in the case of industrial chemicals, can be grouped 
in two categories, namely, the contact to consumer products containing the 
chemical or the contact to contaminated environmental media. The internal 
exposure is defined as the amount of chemical in the human body, from its 
total body burden to the concentration in target tissues, resulting from the ex-
ternal exposure and subsequent intake of a substance. 

1.3 Knowledge gaps in the state-of-the-science  
Since their identification in human serum in 2001, the subsequent intense sci-
entific attention on PFASs, especially long-chain PFCAs and PFSAs, has shed 
much light on the origins of human exposure. Nevertheless, the numerous flu-
orochemicals produced for various applications,3 the historical and ongoing 
changes in production,19–21 the existence of multiple potential exposure path-
ways22 combined with the scarcity of information provided by industry23 
makes exposure assessment of PFASs a challenging task. The following sub-
sections introduce the state of the science and knowledge gaps in the field of 
human exposure to legacy PFAAs and their alternatives when this doctoral 
thesis work was initiated. 
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the origin of PFOS and PFOA levels in serum prior to the phase out and their 
exceptionally rapid decline since the early 2000’s was still poorly understood.  

1.3.2 Direct versus indirect sources of human exposure 

Some fluorochemicals, such as perfluoroalkylsulfonamidoalcohols and 
fluorotelomer alcohols, have been found to undergo abiotic and biotic degrad-
tion into PFOS and PFOA.33,34 This has led to a discussion of the presence of 
PFOS and PFOA in the environment in terms of the relative contribution of 
indirect (i.e. degraded precursors) versus direct emission sources.35,36 A re-
lated debate has been ongoing concerning the body burden of PFOS and 
PFOA. Various species including rat, mice and trout have been found to me-
tabolise FTOHs and polyfluoroalkyl phosphoric acids into PFOA, as well as 
perfluorooctanesulfonamide into PFOS, as the stable end-metabolites.37–42 In 
vitro experiments also demonstrated the ability of human microsomes and 
hepatocytes to metabolise precursors.41,43,44 These findings suggest that the bi-
otransformation of precursors subsequent to their absorption (i.e. “indirect” 
exposure) could contribute to the total body burden of PFOS and PFOA in 
humans. The relative importance of indirect and direct exposure has however 
been widely debated in the scientific literature.22,45–47 Several total intake stud-
ies using concentrations in exposure media as a point of departure (i.e. bottom-
up approach) combined with biotransformation factors estimated the contri-
bution of indirect exposure. Values ranged between <1 and 27% for PFOA 
and 2-34% for PFOS, for low and intermediate exposure scenarios and up to 
80% for PFOA and 55% for PFOS for high exposure scenario.28,48,49 The dif-
ficulty in quantifying the indirect pathway for humans is partly due to the scar-
city of data on precursor concentration in exposure media, the interspecies 
variability in metabolism rates (which increases uncertainty from extrapola-
tion to humans), the lack of knowledge on the pharmacokinetics of precursors 
and, finally, the multiple exposure pathways that may contribute to the internal 
exposure. Precursors can be found in various consumer products such as food 
packaging, treated carpet and outdoor equipment,47,50,51 and, as a consequence, 
human exposure can potentially occur. When this thesis work was initiated, 
there was a need to quantify accurately the contribution of indirect exposure 
in order to, if non-negligible, address this ongoing source of legacy PFAAs. 
By studying a highly exposed population with a well characterized external 
exposure it would be possible to better constrain the metabolism yield of pre-
cursor in human. 
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1.3.3 Are fluorinated alternatives an improvement on legacy 
PFASs? 

Historical examples of chemical substitution with structurally similar products 
have demonstrated that, by keeping the similar desired functionalities, the haz-
ardous and adverse properties are often maintained, leading to a “lock-in” 
problem in the substitution process.52 Because industry-generated data are of-
ten classified as “confidential business information”, vital information con-
cerning the identity of fluorinated alternatives, their properties, their toxico-
logical profile, their production and their emissions are often unavailable in 
the public domain, which hinders risk assessment. Though their physicochem-
ical properties and production volumes are unknown, Wang et al. (2013) iden-
tified more than 20 novel and emerging fluorinated alternatives, among which, 
functionalized perfluoropolyethers.17 Despite the claim of a lower bioaccumu-
lation potential for many fluorinated alternatives, screening of 2930 chemicals 
highlighted the general tendency of poly- and perfluorinated structures to be 
PBT.18 Perfluoroalkyl moieties are not expected to degrade in the environ-
ment. Furthermore, according to several toxicity studies on rats, fluorinated 
alternatives have a lower toxic potency, a parameter that allows the compari-
son of substances according to their ability in triggering a specific effect, com-
pared to their predecessors.53–55 However, the potency ranking is usually based 
on the administered dose (i.e. the need of a lower dose to trigger a toxic effect 
indicates a higher potency), which integrates the toxicokinetics of the sub-
stance within the toxic response. The affinity of PFASs to proteins,56 which 
appeared to increase with chain-length,57,58 plays an important role in their 
distribution and elimination. It is therefore not clear to what extent of the tox-
icity of short-chain alternatives is confounded by their distribution and fast 
elimination kinetics.59–62 

Due to this lack of transparency and the limited knowledge about the environ-
ment and the human health risk, the scientific community, through the Hel-
singør and Madrid statement, brought attention to the potential issues linked 
to the extensive use of fluorinated chemicals.63,64 Similar to long-chain PFCAs 
and PFSAs in the past, some of these alternatives have recently been detected 
in American, German and Chinese rivers, leading to a potential exposure 
source for humans.65–69 As a result, it is urgent to generate data and properly 
analyse them to facilitate the assessment of the environmental fate and toxicity 
of these alternatives and to evaluate if the hazard has been reduced compared 
to the legacy PFASs that they replace. 

1.4 Objectives 
This thesis is a model-based exposure assessment of PFASs that aims to con-
nect comprehensively the industrial production to the human body burden of 
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legacy PFAAs, as well as to fill current knowledge gaps in the human expo-
sure of these legacy substances and their replacements.  

The following questions on human exposure to PFASs were addressed in four 
studies, which directly reflect the knowledge gaps in the state of the science 
outlined in section 1.3:   
 

1) How did the human exposure to legacy PFAAs globally and histori-
cally evolve? (Paper I) 

2) What is the relative contribution of direct and indirect (i.e. metabo-
lized precursors) exposure to the human body burden for PFAAs? 
(Paper II) 

3) Are the fluorinated alternatives less hazardous than their predeces-
sors? (Paper III) 

4) Are PFOS and PFOA replacements less potent than their predeces-
sors? (Paper IV) 

The thesis explores various modelling methods, including quantum-chemistry 
based models, linear free energy-based models and pharmacokinetic (PK) 
models to investigate the different questions. The specific objectives of each 
paper are listed below. 
 
Paper I  

The main objective of this study was to recreate the historical intake of legacy 
PFAAs (PFOS, PFOA and PFHxS) in the American and Australian population 
by fitting a population PK model to cross-sectional biomonitoring data. The 
secondary objectives were to estimate their elimination half-lives and investi-
gate the contribution of menstruation as an additional elimination pathway for 
women.  

Paper II 
This paper aimed to investigate the contribution of direct (i.e. exposure to 
PFOA) and indirect (i.e. exposure to 8:2 fluorotelomer alcohol (8:2 FTOH) 
further metabolised into PFOA) exposure in occupationally exposed ski wax-
ers. The metabolism yield, as a measure of the amount of PFOA originating 
from 8:2 FTOH, was estimated using a dynamic one-compartment PK model. 
The elimination half-life of PFOA was also estimated. 

Paper III  

The primary objective of this project was to predict the physicochemical prop-
erties of 16 emerging and novel fluorinated alternatives using in-silico tools. 
In a second step, the likely environmental fate, characterised by the overall 
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persistence and long-range transport potential, was predicted using a multime-
dia environmental fate model.  

Paper IV  

The primary objective was to assess the potency of legacy PFAAs and their 
replacements by comparing dose-response curves from sub-chronic oral tox-
icity studies in male rats with the doses expressed as 1) administered dose, 2) 
serum concentrations and 3) liver concentrations. A dynamic one-compart-
ment PK model was used to convert administered doses into the corresponding 
concentrations in serum and measured liver:serum concentration ratios were 
used to convert the estimated concentration in serum into concentrations in 
liver. 
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2 Methods 

2.1 Predicting physicochemical properties of organic 
contaminants 

Determining the physicochemical properties of contaminants is essential as a 
preliminary step toward the identification of a potential hazard. In terms of 
environmental fate, physicochemical properties control the partitioning be-
haviour and thus the transport and the degradation of the chemical once it is 
released in the environment. In this respect, they are often used as input pa-
rameters in environmental fate models. In addition, comparing chemicals on 
the basis of their physicochemical properties allow the identification of poten-
tial structural and functional similarities. This becomes crucial when assessing 
the reduction of inherent hazard between legacy industrial contaminants and 
their replacements. Because experimental data are often not available, espe-
cially for novel and emerging contaminants, the physicochemical properties 
have to be predicted using in silico tools. Several quantitative or qualitative 
structure-based predictive methods exist such as quantitative structure–prop-
erty/activity relationships (QSPRs/QSARs), linear free energy relationships 
(LFERs) and quantum-chemistry based models. Selecting the proper method 
depends on its applicability to the chemical considered but also on the availa-
bility of predictive tools.  

In Paper III, two predictive models were used to estimate the physicochemi-
cal properties of legacy PFASs and their replacements. First, the quantum-
chemistry based model, COSMOtherm, was used to estimate the air–water, 
octanol–water, and octanol–air partition coefficients (KAW, KOW and KOA), 
which determine the preferential distribution of the chemical between two dif-
ferent phases. Briefly, energetically favoured conformers were predicted with 
COSMOconf from the chemical structure of interest (Figure 3). Their surface 
charge densities were then converted into chemical potential in different bulk 
phases (i.e. octanol, water, gas) which were further used to calculate the KAW, 
KOW and KOA of each conformer. The final coefficient value corresponded to 
the weighted average of all conformers, based on their probability of occur-
rence. Second, the LFER-based model SPARC was used to predict the acid 
dissociation constant (pKa) of PFOS, PFOA and the acidic fluorinated alter-
natives. 
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Tool predicts the overall environmental persistence under steady-state condi-
tions (POV, in days), which corresponds to the overall lifetime of the substance 
under consideration in the unit world, and two long range transport potential 
indicators, namely, the characteristic travel distance (CTD, in km) and the 
transfer efficiency (TE, in %). CTD represents the distance at which the chem-
ical concentration at the source has dropped by 63% and TE is the targeted 
transfer of the chemical from the air compartment into the soil or water com-
partment. 

The input parameters required were KAW and KOW, estimated with COS-
MOtherm (see section 2.1), and the degradation half-life (t1/2, in hours) in air, 
water and soil. The degradation parameters were estimated using the EPISuite 
package applying QSPR/QSAR methods. Because the deprotonated form of 
acidic PFASs influences their environmental fate, KAW and KOW, which could 
only be predicted for the neutral forms, were adapted to represent the air–wa-
ter and octanol–water distribution ratios of the corresponding anion. This ma-
nipulation could not be carried out for the estimated degradation half-lives.  

2.3 Pharmacokinetic modelling 
PK models describe in a relatively simple way complex physiological pro-
cesses that control the absorption, distribution, metabolism and excretion of 
exogenous chemicals in an organism. Initially developed to characterize the 
fate of therapeutic drugs in animals and humans, this mathematical approach, 
when combined with biomonitoring data, has been successfully used in the 
exposure assessment of organic contaminants.71–73 The type of biomonitoring 
data, namely cross-sectional (i.e. various individuals are monitored at one 
point in time) and longitudinal (i.e. the same individual is monitored over 
time) determine the nature of information that can be assessed. With cross-
sectional data from various points in time, the past and contemporary intake 
trends of PFASs within a population can be back-calculated by a PK model, 
that is, in this case, referred as “population-based PK model”. In contrast, lon-
gitudinal data give a better insight on the physiological response to a specific 
exposure over time.  

Two main categories of PK model exists: the one-compartment models, where 
the organism is described as one central reservoir, and the multi-compartment 
models (known as physiologically-based (PB)PK models), where the central 
compartment is connected to one or several peripheral compartments repre-
senting organs. Despite being more descriptive than one-compartment PK 
models, PBPK models are more complex and require a proportionally larger 
number of kinetic input parameters, which, if they are not well constrained, 
increase the uncertainty of the predicted results. For Paper I, II and IV, a 
parsimonious one-compartment PK model was favoured and its applicability 
within the objectives of the papers was justified by the following reasons: 
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Following this model definition, the mass balance of an individual exposed to 
a specific PFAS can be generally expressed as a first-order differential equa-
tion (Eq. 1): 
 

             [1] 
 
Where Cserum (ng/ml) is the concentration of PFAS in serum, I (ng/day) is the 
intake of PFASs, Ea (dimensionless) is the absorption efficiency dependent on 
the uptake route considered (i.e. oral, inhalation, dermal), Vd (ml/kg) is the 
volume of distribution, BW (kg) is the body weight of the individual and ke 
(1/day) is the elimination rate calculated from the elimination half-life (i.e. ke 
= ln(2)/t1/2). For the three studies, the equation was solved under dynamic con-
ditions to integrate in the predictions the frequency (Papers II and IV) and 
change in magnitude (Papers I and II) of intake over time. Depending on the 
objective of the study, the model as presented in Eq. 1 required further para-
metrization and assumptions to improve the accuracy of the output results. In 
Paper I, modelling the exposure in a population required the implementation 
of age- and gender-dependent factors influencing the body burden of PFASs, 
such as the intake from breast feeding, mother-to-foetus chemical transfer and 
elimination from growth dilution and menstruation. Paper II dealt with lon-
gitudinal data obtained from an occupational exposure study that provided de-
tailed quantitative information about the exposure. Therefore, The PK model 
included the working hours, to characterize the extent of exposure, as well as 
the inhalation and ingestion exposure of dust. Paper IV differed from the two 
other studies as the model was applied to rats and required to predict accu-
rately the concentrations in rat serum under sub-chronic exposure conditions. 
In this respect, biphasic trends in serum, where the decline of concentration in 
serum after dosing is first attributable to the distribution of the chemical into 
peripherical tissues, and second, when steady state is reached, to elimination, 
had to be considered in the parametrization of the model. 

After parametrization, the models were fitted to the biomonitoring data to ob-
tain, for Paper I, the reference adult daily intake and the elimination half-life, 
and, for Paper II, the metabolism yield of 8:2 FTOH and the elimination half-
life. The least-square optimization method71 was used to minimize the sum of 
squared residual weighted (SSRW), with the best estimate corresponding to 
the simulation with the closest coefficient of determination (= 1-SSRW) to 1. 
In contrast with the two other studies, in Paper IV the model predicted the 
concentration in serum with the objective to estimate the internal exposure in 
in vivo subchronic experiments. The predicted results were expressed as area 
under the serum concentration curve (AUCss) calculated at the interval be-
tween two doses when steady-state was reached. In addition, the internal ex-
posure in liver was also calculated from liver:serum concentration ratios. Ta-
ble 1 summarizes the type of biomonitoring data and model used in the three 
studies as well as the PFASs and outputs that were assessed. 
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Table 1: Summary of the modelling approach in Paper I, II and IV.   

 Paper I Paper II Paper IV 

PFASs PFOS / PFHxS / PFOA PFOA / 8:2 FTOH C5-C9 PFCAs /GenX / 
PFOS / PFBS 

Data Cross-sectional Longitudinal Longitudinal 

Model Dynamic one-compart-
ment population-based 
PK model 

Dynamic one-compart-
ment PK model 

Dynamic one-compart-
ment PK model 

Output Fitted adult daily intake  
Fitted elimination half-
life 

Fitted metabolism yield 
Fitted elimination half-
life 

Predicted AUCss in se-
rum 
 

 

2.4 Sensitivity and uncertainty analysis 
The sensitivity analysis of the model identifies which input parameter has the 
highest impact on the predicted results. The uncertainty analysis quantifies the 
uncertainty propagated in the output results by the error in the input parame-
ters. Conducting both analyses systematically is encouraged for a better un-
derstanding of model limitations and for a more transparent communication 
of the results.78 Several methods were used in this thesis. In Paper III, due to 
the nature of the predictive tool used and the lack of validation data, the un-
certainty of the predictions was qualitatively evaluated and discussed based 
the potential application domain of the tools on perfluorinated chemical struc-
tures. In Paper I and IV, the sensitivity and uncertainty analysis was carried 
out by applying the Monte Carlo method. Briefly, the technique consists in 
running numerous simulations based on input data that are randomly varied 
along a defined distribution. In Paper II, the first-order analytical sensitivity 
and error propagation method proposed by MacLeod et al. (2002) was used to 
calculate the margin of error of the fitted results.79  
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3 Results and discussion 

3.1 Past and current exposure to PFAAs 
The American and Australian adult daily intakes for PFOS estimated in Paper 
I peaked in the 1980’s in both regions and reached levels of 4.5 and 4.0 ng/kg-
bw/day, respectively. The intakes started to decrease in the second half of 
1990’s with a halving-time of 2.3 years for USA and 4.5 years for Australia. 
For PFOA, the peak occurred later, in 1992 (3.6 ng/kg-bw/day) for Australia 
and 1995 (1.1 ng/kg-bw/day) in USA and started to decline in 1995 with a 
halving time of 5.9 years for Australia and in 2000 with a halving time of 5.8 
years for USA. Even though the predictive power for PFOA in USA was 
weaker compared to the other simulations, the similar time-trends observed in 
both regions for PFOS and PFOA suggest a common historical exposure 
source. Since levels in the environment are higher in the Northern compared 
to the Southern hemisphere,21,80 the results converge towards an exposure 
linked to consumer products rather than environmental exposure. In addition, 
the decline of the fitted daily intakes in the 1990’s before the phase out coin-
cides with the drastic decrease in concentrations of several POSF-derivatives 
around year 1998 measured in food packaging materials.81 These results cor-
roborate the hypothesis of Vestergren and Cousins (2009)32 stating the histor-
ical existence of an exposure pathway dominated by consumer products (see 
Figure 2). While the model was successfully applied to PFOS and PFOA, the 
model could not be fitted to PFHxS concentrations in serum of both the Amer-
ican and Australian population. The biomonitoring data of PFHxS suggest a 
potential age-dependent exposure pattern, with a higher intake for individuals 
below 20 years old. Specific age-dependent exposure such as dust intake for 
toddlers and kids was not considered in the model. Furthermore, exposure to 
PFHxS appears to still be ongoing at a similar magnitude to the pre-phase out 
exposure conditions, even though, like PFOA and PFOS, it was phased-out by 
the 3M Company in 2000-2002.  

Since the phase out, emissions of precursors may have become more im-
portant.82 Exposure to precursors and subsequent metabolism (i.e. indirect ex-
posure) has been hypothesised as a potential exposure route for PFOA and 
PFOS, but has never been investigated on a human cohort.49,83 In Paper II, 
the metabolism yield (Ymeta) of 8:2 FTOH to PFOA was estimated as a quan-
titative measure of indirect exposure on six ski wax technicians highly ex-
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at steady state. Considering the current PFOA levels in serum of the back-
ground population, that average 2 ng/ml (range 0.95-3.48 ng/ml),91 the contri-
bution of indirect exposure, in the case of 8:2 FTOH, is likely negligible. It 
should be however noted that Ymeta has been extrapolated on two individuals 
only, which does not provide a high level of confidence in the estimated value.  

3.2 Response of the body burden to exposure dynamics 
As a result of their long elimination half-lives, the body burden of bioaccumu-
lative chemicals such as PFAAs keeps a “memory” of the past exposure con-
ditions and displays a slower response to changes in the magnitude of expo-
sure compared to more readily-excreted contaminants. Paper I and II provide 
good examples to illustrate the impact of exposure dynamics on the human 
body burden of PFAAs. As mentioned in section 3.1, the six ski wax techni-
cians displayed different PFOA levels and sensitivity to the ongoing exposure: 
while the PFOA body burden of technicians with low concentrations was 
building up over time, technicians with high concentrations were depurating. 
Simulating the past and future concentration time trends in serum of both tech-
nician groups helps to understand the general connection between body bur-
den and exposure (Figure 7). When a sudden shift in exposure occurs, the 
concentration in serum needs to readjust to reach steady state with the new 
exposure conditions. For individuals who experience a reduced exposure, 
which could be illustrated by the use of protective equipment for ski wax tech-
nicians or by a phase-out event for the general population (Paper I), the con-
centration in serum decreases over time. In turn, for individuals for which the 
exposure levels shift upwards, the concentration in serum increases. As shown 
in Figure 7, if the exposure level is constant over a certain period of time, the 
concentration in serum at steady state will be the same in all technicians. 
Therefore, the duration of exposure combined with higher past occupational 
exposure conditions likely lead to the discrepancies in PFOA body burden.92,93  
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3.4 The lock-in problem of structurally similar 
replacements 

Since the desired performance and properties of a chemical are obtained from 
its chemical structure, replacing phased-out products with structurally similar 
ones is a common practice to maintain the requirements of industry. Never-
theless, hazardous properties are also inherent to the chemical structure and 
substitution with similar products may, therefore, pose the same risk as their 
predecessors.103,104 Paper III and IV provide a preliminary assessment on the 
similarity between PFOS, PFOA and 8:2 FTOH and their alternatives in terms 
of physicochemical properties, environmental fate and toxicity.  

3.4.1 Persistence (P) and long-range transport potential (LRTP) 

Despite some limitations, the modelling methods presented in Paper III al-
lowed a preliminary comparative assessment between PFOS, PFOA, 8:2 
FTOH and their replacements based on their predicted physicochemical prop-
erties, persistence and long-range transport. Overall, estimated log Kaw values 
differed by less than 1.6 log unit. Estimated log Kow values between PFOS and 
its replacements were less than 0.6 log units apart, while for PFOA, four of 
the six replacement had log Kow within less than 2 log units. For 8:2 FTOH 
replacements as well as two PFOA replacements, log Kow values were differ-
ent by 4 log units compared to the legacy PFASs. Hydrophobicity is likely 
linked to the molecular sizes since bigger molecules require higher energy to 
create a cavity among strongly-bonded water molecules. The inclusion of 
ether linkage(s) appeared to have a steric effect on the perfluorinated mole-
cules, but had a negligible impact on its polarity. Concerning their behaviour 
in the environment, only two replacements were predicted to be less persistent 
(POV<1030 days) and mobile (CTD <1700km) than PFOS and PFOA and 8:2 
FTOH replacements were estimated to be less persistent (POV<350days) but 
more mobile (CTD>1900km) than 8:2 FTOH. These results suggest similar 
properties and environmental fate between the alternatives and their predeces-
sors.  

3.4.2 Potency ranking of legacy PFCAs and alternatives 

The rationale behind the use of shorter chain homologues and other fluori-
nated alternatives to replace PFOA is based on a lower B and T.105 In terms of 
potency, the following ranking has been established based on administered 
dose and its effect on the liver weight of male rats: PFNA>PFOA>GenX> 
PFBA>PFHxA (see Figure 8). Paper IV investigated to what extent this rank-
ing is attributed to differences in pharmacokinetics among the substances. As 
shown in Figure 8, the ranking changes to 
PFNA≈GenX>PFOA>PFHxA>PFBA when considering serum AUCss and 
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4 Conclusion  

This work provides an insight on different aspects of the broad field of human 
exposure to PFASs. The past and current exposure to legacy PFASs as well as 
the propensity of novel and emerging PFASs to be hazardous were investi-
gated.  

In Paper I, the daily intakes of PFOS and PFOA were successfully estimated 
from cross-sectional data of two geographically distant populations. The time-
trends in exposure were, within the uncertainty range, similar in both regions, 
suggesting a common historical exposure dominated by consumer products 
and, upon removal, replaced nowadays by a lower but dominating diet expo-
sure. Furthermore, the declining daily intake prior to 2000 suggests that the 
industry phase out could have been initiated earlier than the official announce-
ment in 2002. Finally, the relatively fast response to the shift in production 
reinforces the idea of a direct correlation between the industrial phase-out ac-
tions and the decline in serum concentrations.  

In Paper II, the metabolism yield, representing the amount of 8:2 FTOH ab-
sorbed that is metabolised to PFOA, was successfully fitted to longitudinal 
biomonitoring data of occupationally exposed ski wax technicians. However, 
while the contribution of indirect exposure to the body burden of PFOA was 
important for ski waxers, it is probably a negligible exposure pathway for the 
general population. Nevertheless, this study could only investigate the expo-
sure to 8:2 FTOH and, therefore, the same conclusions might not stand for 
other precursors.  

In Paper III, the physicochemical properties including the persistence and 
long-range transport of fluorinated alternatives were predicted using different 
in silico tools, and compared with the legacy PFASs they are currently replac-
ing. Despite different molecular structures (e.g. inclusions of new atomic moi-
eties), a majority of fluorinated alternatives displayed similar properties, per-
sistence and long-range transport as their predecessors. This implies that the 
hazardous characteristics of legacy PFASs could also be inherent to some 
fluorinated alternatives.  

In Paper IV, the potency ranking among the legacy PFAAs and their alterna-
tives was gradually disappearing as when concentrations closer to the target 
tissues were used for the assessment. This indicated that toxicokinetics are an 
important factor in determining the toxicity of PFAAs. 
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5 Future perspectives 

Despite the decrease in production of legacy PFASs, (bi)annual biomonitoring 
of the population should be maintained in the future, especially for long-chain 
PFCAs, for which serum concentrations are still increasing despite the recent 
regulation. Every additional year further away from the phase-out brings new 
insights on the exposure and depuration trends (e.g. estimated elimination 
half-lives). Furthermore, we may be able to perform population-scale PK-
modelling on the longer-chain PFCAs in the future, which could not be studied 
in this thesis since population-based model are suited for declining chemical 
body burden. If possible in the future, it would be an opportunity to estimate 
the elimination half-lives of long-chain PFCAs, which are currently unknown 
but expected to be long. Furthermore, future research should investigate the 
potential age-dependency in exposure to PFHxS, especially for toddlers and 
kids. To date, the apparent elimination half-life of PFHxS in humans has been 
estimated only once.96 Additional biomonitoring, cross-sections in the future 
could help establishing the intrinsic elimination half-life of PFHxS. Overall, 
even though the long-chain PFASs are now regulated, research towards inves-
tigating the link between their emissions and their body burden should con-
tinue with the objective to identify the effectiveness of chemical phase-outs 
and production shifts. Recent biomonitoring studies have shown that humans 
are being exposed to a wide range of organofluorine compounds, with increas-
ing ratios of unidentified ones. As non-target analytical methods identify 
novel PFASs in human serum there may be further candidates for long-term 
human biomonitoring.24  

The exposure study on exposed ski waxers was a unique opportunity to study 
the relative contribution of indirect versus direct exposure. Because occupa-
tional exposure studies raise awareness of working conditions and promote 
the use of protective equipment, future work on ski waxer exposure is likely 
to be of limited value. Ski waxers now wear protective face masks and work 
in highly ventilated workspaces, which has likely reduced their exposure. 
Even though precursors are being regulated along with their predecessors in 
Europe and USA, high exposure to precursors could still occur regionally in 
other production centres such as China and Brazil.108 Occupational cohorts in 
these regions could provide elevated exposure conditions to further study the 
indirect exposure to other volatile precursors. There can, however, be political 
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and industry resistance to conduct such studies in these emerging economic 
regions where chemical regulation is currently lower than in Europe.  

One of the major findings of this thesis was, despite some uncertainties, the 
similarities between legacy PFAAs and their fluorinated alternatives in terms 
of properties, environmental fate and potency (albeit only for one toxic end-
point). These preliminary hazard assessments should be refined in the future 
as more information and monitoring data become available. Nevertheless, fu-
ture research should be efficiently structured and organised to first prioritise 
the important data gaps and provide comparable data. A more precautionary 
approach that would limit the necessity of further research on the >3000 
PFASs in society would be to follow the recommendation of the Madrid State-
ment, and eliminate PFASs from non-essential uses. In parallel to such strict 
regulation of PFASs, sustainable non-PFAS alternatives that are both func-
tional and non-hazardous should be developed. Regardless of how strictly 
PFAS are regulated in the future, resource-effective methods to regulate the 
large number of PFASs are needed. Society cannot afford to continue to re-
search and regulate each PFAS individually and therefore grouping PFASs 
according to their similarities (e.g. toxic mode of action)109 may be a feasible 
alternative that deserves future consideration.  
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