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ARTICLE INFO ABSTRACT

Exposure to PFASs may result in adverse health effects. This study aimed to characterise the exposure to PFASs
from diet, house dust, indoor air, and dermal contact and the relative contribution from different external
exposure pathways to human serum concentrations. Daily intakes of 18 perfluoroalkyl acids (PFAAs) and 12
PFAA precursors from diet, dust ingestion, inhalation of indoor air and dermal absorption were estimated using a
comprehensive dataset comprising 61 adults from the Oslo area, Norway. Concentrations of PFAAs and PFAA
precursors in house dust, indoor air, hand wipes, foods and drinks were utilised to estimate the daily intakes.
Perfluorooctanesulfonate (PFOS) was the predominant PFAS in serum for this study group. On a median level,
perfluorooctanoate (PFOA) contributed most to the total estimated daily intake of PFAAs, with a median intake
of 280 (range: 72-1810) pgkg bw ™ '-day !, covering both direct and indirect (precursors) exposure. Out of this,
only 3% (range: < 1-48%) of the total PFOA intake came from indirect exposure. Dietary exposure from in-
gestion of food and drinks was in general the predominant exposure pathway, followed by exposure from in-
gestion of house dust, inhalation of indoor air, and dermal absorption, but considerable variations were observed
among individuals. House dust ingestion and indoor air inhalation contributed most to the total intakes for some
participants, for which most of them were among the 20% participants with the highest total estimated intakes.
Some statistical significant associations between concentrations of PFASs measured in serum and estimated
intakes were observed. Measured serum concentrations and modelled serum concentrations based on external
exposure estimates were in the same order of magnitude for PFOS, PFHxS, PFOA, and PFNA, but only PFOA
concentrations were comparable, 1.9 and 2.0ngmL™" for observed and modelled serum concentrations, re-
spectively. The estimated daily intakes of PFASs in this study were lower than the health-based guidance values,
e.g. the tolerable weekly intakes derived by EFSA. This study underlines the importance of performing studies
considering multiple exposure pathways on an individual basis.

Handling Editor: Lesa Aylward

1. Introduction

Poly- and perfluoroalkyl substances (PFASs) are a broad range of
synthetic organofluorine compounds. PFASs have been applied to nu-
merous consumer products as surfactants due to their unique physico-
chemical properties (Prevedouros et al., 2006). The production of
PFASs began around the 1950s. During the last two decades, PFASs
have received increased attention from both the public and the scien-
tific community because they are widespread and persistent in the
environment and several of them bioaccumulate in wildlife and hu-
mans. Further, associations between concentrations of PFASs in human
blood, in particular, perfluoroalkyl acids (PFAAs) such as perfluoroalkyl
sulfonates (PFSAs, C,Fo,+1SO3H) and perfluoroalkyl carboxylates

* Corresponding author.
E-mail address: somrutai.poothong@gmail.com (S. Poothong).

https://doi.org/10.1016/j.envint.2019.105244

(PFCAs, C,F2,+1COOH) and a range of health outcomes have been
observed in epidemiological studies (Bach et al., 2015; Olsen et al.,
2009; Steenland et al., 2010). A range of toxicological effects have also
been observed in animal studies including carcinogenicity, hormonal
disruption, and immunotoxicity (Lau et al., 2007; Rand and Mabury,
2017).

Potential pathways of human exposure to PFASs include dietary and
non-dietary ingestion, inhalation, and dermal absorption. Humans can
be exposed to PFAAs through both direct and indirect exposure. Direct
exposure to PFAAs occur when PFAAs are present in for example the
diet or in house dust, and thus human are exposed to the PFAAs
through, e.g., ingestion. Among the PFSAs and PFCAs, per-
fluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) have
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been restricted and regulated globally or under region legal frameworks
(OECD, 2015; REACH, 2014; Stockholm Convention, 2009; U.S. EPA,
2000). Another group of PFAAs, perfluoroalkyl phosphonates (PFPAs)
has been recognised as emerging due to their occurrence in the en-
vironment such as in wastewater (Llorca et al., 2012), surface water
(Jin et al., 2015) as well as indoor dust (De Silva et al., 2012). Indirect
exposure to PFAAs may occur through the intake of PFAA precursors,
which are biotransformed to PFAAs in our bodies. For example, fluor-
otelomer alcohols (FTOHs), polyfluoroalkyl phosphate esters (PAPs),
perfluoroalkyl sulfonamides (FOSAs) and sulfonamidoethanols (FOSEs)
can be transformed to ionic PFAAs (Dagnino et al., 2016; Martin et al.,
2010; Xie et al., 2009). Previous studies have indicated that indirect
exposure can contribute to human exposure to PFASs (D’eon and
Mabury, 2011b; Gebbink et al., 2015; Vestergren et al., 2008). Many
previous studies have assessed associations between external exposure
to PFASs and serum concentrations including a single source, for ex-
ample, diet (Haug et al., 2010), dust (Fraser et al., 2012), or air (Makey
et al.,, 2017). However, very limited data exist on the relative con-
tribution of various external exposure pathways based on data from the
same individuals. In a previous study from our research group intakes
from multiple external pathways were compared to internal doses for
41 individuals, but only data on PFOS and PFOA are available and this
study only included women in child bearing age (Haug et al., 2011).
Furthermore, dermal exposure was not included.

The aim of this study was to estimate daily intakes of a broad range
of PFASs from various external exposure pathways, including diet and
house dust ingestion, indoor air inhalation, and dermal absorption
through hand wipes, and compare to serum PFAS concentrations.
Furthermore, the relative contribution of each exposure pathway was to
be explored.

2. Materials and methods
2.1. Study group

This study was conducted within the A-TEAM (Advanced Tools for
Exposure Assessment and Biomonitoring) project. The study group
consisted of 61 adults (45 women, 16 men) between 20 and 66 years
old, who were living in the Oslo area, Norway. The sampling campaign
was conducted between November 2013 and April 2014. Details on the
sample collections are described elsewhere (Papadopoulou et al.,
2016). In brief, the set of samples was obtained from each participant
during two consecutive days. The 1-day duplicate diet samples and the
hand wipe samples were collected in accordance with instructions by
the participants themselves, while researchers collected residential in-
door and personal air, house dust (i.e. floor dust, elevated surface dust
at higher than 0.5 m above the floor, and vacuum cleaner bag dust), and
biological samples (serum, plasma, whole blood). Blood samples were
collected at the participants’ convenience but within 1-2 weeks from
the house visit. Detailed information about dietary habits, a variety of
personal characteristics and personal behaviours, and house char-
acteristic of the participant were collected through questionnaires as
well as a food diary.

The Regional Committees for Medical and Health Research Ethics in
Norway (Reference number 2013/1269) reviewed and approved the
study. All participants completed a written consent before partici-
pating.

2.2. Sociodemographic characteristics

The following demographic characteristics collected via ques-
tionnaires were considered potential determinants of serum PFAS
concentrations: gender (woman/man), age (< 41 years/=41 years),
parity (nulliparous/primiparous and multiparous), body mass index
(BMI, < 25kg/m?/=25kg/m?), birth country (Norway/other), and
birth country of participants’ mothers (Norway/other).
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2.3. PFAS intakes from indirect exposure

Estimated total daily individual intakes (described in Section 2.4)
included both direct intakes of PFAAs and indirect intakes of PFAAs
from the biotransformation of PFAA precursors. However, data on the
biotransformation of PFAA precursors to PFAAs are not easily acces-
sible or well understood. Details on biotransformation factors used to
calculate indirect exposure are given in Table S3 of SI.

Biotransformation of PFOS precursors (i.e. FOSAs and FOSAs) has
previously been observed in animals (Peng et al., 2014; Xie et al.,
2009). However, there is lack of biotransformation data for PFOS pre-
cursors to PFOS in humans. Similar to Vestergren et al (2008) a bio-
transformation factor of 0.1 was assumed for the biotransformation of
all PFOS precursors to PFOS.

Based on previous studies, there is some evidence that FTOH (e.g.,
8:2FTOH) and diPAP (e.g., 8:2diPAP) contribute to body burdens of
PFOA (Butt et al.,, 2014; D’eon and Mabury, 2011a; Dagnino et al.,
2016; Fasano et al., 2006). Gomis et al. (2016) used a biotransformation
factor of 0.003 for the degradation of 8:2FTOH to PFOA. Further, Butt
et al. (2014) has reported lower biotransformation rates of FTOHs to
odd carbon number PFCAs compared to even carbon number PFCAs.
Thus, one order of magnitude lower biotransformation factors was
applied for odd carbon number PFCAs. Biotransformation of 6:2FTOH
to PFHxA and PFHpA, 8:2FTOH to PFOA and PFNA, and 10:2FTOH to
PFDA and PFUnDA have been considered.

For diPAPs, the initial step of biotransformation is degradation to
the respective monoester form (monoPAP), and then further to the re-
spective FTOH (Butt et al., 2014; D’eon and Mabury, 2011a; Dagnino
et al., 2016). The biotransformation of PAPs to FTOHs was assumed to
be 100% and to further follow the same biotransformation path to
PFCAs. The equation below was applied to estimate indirect exposure
from PFAA precursors.

Indirect EDI = EDI X bf

Indirect EDI is the estimated daily intake of the target PFAA through
the biotransformation of PFAA precursors (pgkg bw ™ '-day ~1). bf is the
biotransformation factor of the target PFAA precursor to the PFAA (no
unit).

2.4. Estimation of daily intakes

As a first step, individual intakes of PFASs from each exposure
pathway (ingestion of food and drinks, ingestion of house dust, in-
halation of indoor air and dermal absorption) and assessment method
(described below) were estimated using individual exposure data and
body weight. Data reported in other papers from the A-TEAM study
were used for the exposure assessments. (1) Dietary intakes have pre-
viously been estimated using three different assessment methods as
described in detail in Papadopoulou et al. (2017). In brief, intakes were
estimated based on (a) PFAS concentrations measured in duplicate diet
samples (separate samples for foods and drinks) (b) multiplying con-
sumption data from food diaries with data on concentrations in food
(sixty-eight different kinds of food and drinks) from an extensive da-
tabase on PFAS concentrations in Norwegian food and drinks (including
drinking water) available from previous studies or (c) multiplying
consumption data from food frequency questionnaires (FFQs) with
concentrations in food from the database (2) Intakes of PFASs from
ingestion of house dust were estimated in three ways as described by
Papadopoulou et al. (manuscript). Details on collection of house dust
samples are given in Papadopoulou et al. (2016), and details on the
method used for PFAS determination (e.g. limits of quantification) in
house dust is thoroughly described in Padilla-Sdnchez and Haug (2016).
Intakes were estimated; (a) based on concentrations of PFASs in floor
dust from the participants’ living rooms (b) based on concentrations in
elevated surface dust from the participants’ living rooms or (c) based on
concentrations in the vacuum cleaner bags from the participants’
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houses (3) Exposure to PFASs via inhalation was previously calculated
using concentrations of PFAS precursors in indoor air as described by
Padilla-Sanchez et al. (2017). However, this present study includes one
additional PFASs (i.e., N-ethyl perfluorooctanesulfonamide, Et-
FOSE, < MDL (50 pg m®)-13200 pg m®, median 35 pg m®) compared to
the study by Padilla-Sanchez et al. (2017). Details on the method used
for the PFAS determinations are also described in Padilla-Sanchez et al.
(2017) (4) PFAS daily intakes from dermal absorption were obtained
from the previous study by Poothong et al. (2019). In the previous
study, exposure through dermal absorption and hand-to-mouth contact
were estimated based on the PFAS concentrations in hand wipe sam-
ples. However, only the intake from dermal absorption was used in this
study to avoid overestimation, as PFAS intake from dust ingestion was
considered to cover also dust on the hands.

This study focused on 18 PFAAs and 12 PFAA precursors in the
groups PFSAs, PFCAs, PFPAs, PAPs, FOSAs, FOSEs, and FTOHs. Details
on the target PFASs are given in Table S1 of supporting information
(SI). Concentrations of PFSAs, PFCAs, PFPAs, PAPs, and FOSAs were
available in blood and hand wipes. The same PFASs, as well as FOSEs,
had been determined in house dust samples. Only PFAA precursors
including FTOHs, FOSAs, and FOSEs had been determined in indoor air
samples, while only PFSAs and PFCAs intakes were available from
duplicate diet samples (food and drinks), food diaries, and FFQs. Only
PFASs detected in more than 45% of the samples were included in the
exposure assessments. The serum concentrations and intakes of PFASs
in each exposure media can be seen in Table S2 of SIL.

Equations applied to estimate individual daily intakes are sum-
marised in Table 1. Uptake fractions from the gastrointestinal tract,

Table 1
Equations applied to estimate daily intakes (EDI) of PFASs from different ex-
posure pathways.

Exposure pathways and equations Unit Ref. value
Dietary ingestion: pgkg
EDljg = Cfood X Qfood;}puptake—GIT bw ™ day !
Crooa: the concentration of the target PFAS in food pgg !
Qfood: the amount of food consumed daily g day !
Fyptake-gi: the uptake fraction of PFASs via the No unit 100%"
gastrointestinal tract
Dust ingestion: pgkg
C, X X F — -1, -1
EDIju = dust Qdm[bw uptake—GIT bw ™ -day
Caust: the concentration of the target PFAS in house  pg g~ !
dust
Quust: the daily dust intake g day ! 0.05"
Fuptake-ci7: the uptake fraction of PFASs via the No unit 100%"
gastrointestinal tract
Indoor air inhalation: pgkg
Coi X Owin X F, _ “1,9,0-1
EDIy = S Qair >;Wuptake lung bw™ day
Cair: the concentration of the target PFAS in indoor ~ pg m™>
air
Q.ir: the daily inhalation rate m® day ! 13.3°
Fuptake-lung: the uptake fraction of PFASs via the No unit 100%*
lungs
Dermal absorption:
_ Qnw X texp X Fuptake —dermal pgkg
EDliermal = bw bw‘l-day' 1
Qnw: the mass present on hands based on the pg
amount in hand wipes of the target PFAS
texp: the exposure duration in one day day ™! 1
Faermar: the uptake fraction of PFASs absorbed No unit 48%°

through the skin

bw: individual body weight (kg), uptake fractions:
2 Tian et al. (2016).
b€ U.S. EPA (2011).
4 Kennedy et al. (2004).
€ Franko et al. (2012).
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lung, and skin were assumed to be 100% (Tian et al., 2016), 100%
(Kennedy et al., 2004) and 48% (Franko et al., 2012), respectively.
Although a skin uptake fraction was obtained from the total absorbable
amount of PFOA in acetone to human epidermis. Thus this estimation
might be overestimate for PFOA exposure to human through dermal
absorption.

As a second step, total daily PFAS intakes were estimated. Direct
exposure from PFAAs and indirect exposure from PFAA precursors were
taken into account when estimating total daily intakes. Details on
which PFAA precursors have been considered for each PFAA can be
seen in Table S9 of SI.

For estimation of total daily PFAS intakes one assessment method
had to be selected for each exposure pathway. Exposure from inhalation
of indoor air and exposure from dermal adsorption were already limited
to one assessment method. The total estimated intakes included direct
intakes of PFAAs and indirect intakes of PFAAs from the bio-
transformation of PFAA precursors.

Among the three dietary assessment methods, estimated intakes
based on food diaries was selected, as estimates of individual daily
intake through food/drinks. There is several reasons for this; only PFOS
and PFOA concentrations were detected in the duplicate diet samples;
significant correlations for PFOS and PFOA were obtained between all
three assessment methods (Papadopoulou et al., 2017); a significant
correlation between the estimated PFHxXA intakes based on food diaries
and the blood concentration was found (Table S5 of SI); the other ex-
posure pathways represent short-term exposure, i.e. intakes from air,
dust and dermal absorption, and food diaries also represent short-term
exposure.

Estimated intakes based on PFAS concentrations in elevated surface
dust was selected as a proxy for intakes from ingestion of dust, as this
type of dust are considered more relevant for exposure assessment than
floor dust and vacuum cleaner bag dust, as floor dust and vacuum
cleaner bag dust may comprise small pieces of food -etcetera.
Furthermore, similar to dietary intakes based on food diaries, intakes of
indoor air, and dermal absorption based on concentrations in hand
wipes, intakes based on elevated surface dust represent short-term ex-
posure.

As a third step, the estimated total intakes were compared to mea-
sured serum concentrations as described in Section 2.5.

2.5. Modelling serum concentrations based on their estimated daily intakes

A simple one-compartment pharmacokinetic (PK) model with first
order clearance was used to model serum concentrations of PFASs (Cp,
ng mL™1) as a function of the intake, the elimination rate, and the
volume of distribution (Thompson et al., 2010). A steady-state exposure
condition and a constant dose from estimated daily intake of PFASs was
assumed. Serum PFAS concentrations were modelled using the fol-
lowing equation:

CP = DP/(KP * Vd)

CP is the modelled serum concentration of the target PFAS (ng
mL™1). DP is the estimated total daily intake of the target PFAS (ngkg
bw ™ day 1) including both direct and indirect exposure as described
in Sections 2.3 and 2.4. kP is the first order elimination rate of the
target PFAS (In 2 divided by the elimination half-life in days). The
biological elimination half-lives of PFHxS, PFOS, and PFOA were based
on the results of a recent study reporting serum half-lives of 5.3, 3.4,
and 2.7 years for PFHxS, PFOS, and PFOA, respectively (Li et al., 2018).
The elimination half-life of PFNA was set to 3.2years (Zhang et al.,
2013). Vd is the volume of distribution of the target PFAS (mL-kg
bw ™ 1). Volumes of distribution for PFOS and PFOA were set to 230 and
200 mLkg ™%, respectively (Gomis et al., 2017). A previous study on the
toxicokinetics of PFCAs in rats reported that the volumes of distribu-
tions were not different among PFCAs (Ohmori et al., 2003). Thus, to
simplify the estimation, volumes of distribution of 230 and
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200 mLkg ™! were used for all PFSAs and PFCAs, respectively.

Biomonitoring data of PFASs was obtained from a previous study by
Poothong et al. (2017). According to the previous study, whole blood is
a more appropriate matrix than serum/plasma for assessing internal
exposure to PFHxA and PFOSA (Poothong et al., 2017). Thus, PFOSA
and PFHxXA concentrations in whole blood were used when exploring
association to estimated external intakes, while concentrations in serum
were used for the other PFASs.

2.6. Statistical analysis

PFASs with detection frequencies above 45% of the samples were
included in statistical analyses, and values below the MDLs were re-
placed by their MDLs divided by the square root of two. The normality
of the PFAS distributions was assessed statistically by Shapiro-Wilks test
and visually by histograms. A Mann-Whitney U test was used to assess
significant differences in serum PFAS concentrations between two
groups of population characteristics. Spearman’s rank correlation
coefficient (rho) was used to examine bivariate correlations between
PFAS concentrations in serum and estimated PFAS intakes. All statis-
tical tests were performed using the SPSS 24. Statistical significance
was defined as p-value < 0.05.

3. Results and discussion
3.1. Population characteristics

The median age of the participants was 41years (range:
20-66 years). Median body weight of the participants was 69 kg, with a
median body mass index (BMI) of 24 kg m ™2 Most participants (93%)
had an education of more than 12 years. Middle-aged or older partici-
pants (=41 years old) had significantly higher blood concentrations of
PFDS, PFNA, PFDA, PFUnDA, and PFTrDA than younger participants
(Table S4 of SI). Significant higher concentrations of PFHxS, PFHpS,
PFOS, and PFOA were found in men compared to women. Only PFOA
concentrations were significantly lower in parous women than in nul-
liparous women. Significantly, higher concentration of PFUnDA and
PFTrDA were observed in participants with BMI < 25kgm™2 com-
pared to participant with BMI = 25kgm™2. Participants born in
Norway had significantly higher levels of PFDS, PFNA, and PFUnDA
than the ones born aboard. Participants whose mothers were born in
Norway had significantly higher blood concentrations of PFOS, PFDS,
PFNA, PFDA, PFUnDA, PFDoDA, and PFTrDA, compared to those with
mothers born aboard. Understanding the characteristics of the popu-
lation, their behaviours and the relationship between these character-
istics and the internal dose is crucial knowledge when assessing ex-
posure based on human biomonitoring.

3.2. Associations between biomonitoring data and estimated daily intakes

Bivariate correlations between PFAS serum concentrations and daily
intakes (pg’kg bw-1-day —1) were assessed. Association between serum
concentration and dietary intakes using the three different approaches,
i.e. duplicate diet, food diaries, and FFQs can be seen in Table S5 of SI.
Except a significant negative correlation between PFOA in serum and
PFOA intake estimated via the duplicate diet data (r; = —0.33,
p < 0.01), and an interesting positive correlation between PFHXA in
whole blood and PFHXA in food diaries (r; = 0.29, p < 0.05), no sig-
nificant correlations between serum concentrations of PFASs and
dietary intakes of the corresponding compound were observed. This
finding is in agreement with a previous study of Norwegian women
where no significant associations between dietary intakes of PFOS and
PFOA and the corresponding compounds in serum were observed (Haug
et al., 2011). However, it is in contrast to a study from Norway where
the participants had a large variation in consumption of fish and sea-
food, and significant correlations between dietary intakes of PFOA,
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PFOS, and PFUnDA and corresponding serum concentrations were
found (Haug et al., 2010). Although the estimated dietary intakes did
not explain variations in serum concentrations, this does not necessarily
mean that ingestion of food is not a significant exposure pathway for
PFASs. A likely reason is that the estimated dietary intakes do not
sufficiently reflect temporal variations in dietary intakes over several
years. Also, this study group was relatively small.

Associations between PFAS serum concentrations and the corre-
sponding estimated intakes from ingestion of dust were assessed (Table
S6 of SI). Positive correlations between PFOA concentrations in serum
and PFOA intakes based on elevated surface dust (rs = 0.28, p < 0.05)
and vacuum cleaner bag dust samples (rs = 0.33, p < 0.01) were seen.
A significant and positive correlation for PFNA was found between
PFNA in serum and the corresponding intake via floor dust (rs = 0.29,
p < 0.05). In addition, several correlations between intakes of PFAA
precursors from dust and PFAA concentrations in serum, such as serum
PFOS with MeFOSE in floor dust (rs = 0.27, p < 0.05), serum PFOA
and 8:2diPAP in elevated surface dust (rg = 0.3, p < 0.05) were ob-
served. In agreement with a former study from the US (Makey et al.,
2017), no significant correlations between PAP intakes based on va-
cuum cleaner bag dust and serum PFOA concentrations were observed.

Several positive and significant correlations between PFCAs in
serum samples and intakes of their precursor compounds from the in-
door air were found (Table S7 of SI). Significant positive correlations
were observed between air intakes of 10:2FTOH and serum PFUnDA
(r; = 0.27, p < 0.05). Intakes of 8:2FTOH from the air was sig-
nificantly correlated with serum PFNA (r; = 0.25, p < 0.05). No cor-
relation was found between intakes of 6:2FTOH and serum PFCA con-
centrations. Also, in previous studies from the US, FTOH concentrations
in indoor air were significantly correlated to serum PFOA concentra-
tions (Fraser et al., 2012; Makey et al., 2017), while this was not the
case in a former Norwegian study (Haug et al., 2011). Moreover, po-
sitive and significant correlations were found between whole blood
PFOSA concentrations and MeFOSE and EtFOSE intakes from indoor air
(rs = 0.4-0.48, p < 0.01), but no correlation between intakes of Me-
FOSE from air and serum PFOS concentrations were observed.

A significant and positive correlation between serum PFDS and
dermal intake of the corresponding compound was found (r; = 0.27,
p < 0.05) (Table S8 of SI), while no significant correlations between
dermal intakes of PFAA precursors and serum concentrations of the
corresponding compounds were observed. Presently no other studies
have reported correlations between PFAS concentrations in human
serum and dermal intakes from hand wipes. The lack of a correlation
between PFAS dermal intakes and serum concentrations of the corre-
sponding compound may relate to low contributions of dermal intakes
to the total intake.

3.3. Total daily intakes of PFASs

Median relative contributions from direct and indirect exposure are
shown in Fig. 1. Direct exposure to PFOA contributed most to intakes
from the diet, house dust, and dermal absorption. While indoor air
inhalation was dominated by indirect exposure from the PFOA pre-
cursor, 8:2FTOH. Previous studies on indoor air have revealed higher
levels of PFAA precursors than PFAAs, and thus highlighted the po-
tential importance of PFAA precursors as a source of PFAA exposure (De
Silva et al., 2012; Eriksson and Kdrrman, 2015; Martin et al., 2010;
Shoeib et al., 2011). However, it should be noted that only PFAA pre-
cursors were included in the measurement of indoor air in this study.
PFOPA was the only PFPA that contributed to the median daily intake
of PFASs. This finding is in agreement with the low concentration of
PFPAs detected in serum/plasma/whole blood of the same study group
(Poothong et al., 2017).

Although indirect exposure pathways contributed minimally to the
total exposure, some significant positive correlations between PFAA
blood concentrations and indirect intakes from biodegradation of PFAA
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Fig. 1. Median relative contributions (%) of estimated direct and indirect (precursor) intakes to the total PFAS intake via multiple pathways.

precursors were observed (Table S5-S8 of SI). These results suggest that
also indirect exposure to certain PFASs may have an impact on the
internal dose of these PFASs over time, even though indirect exposure
does not represent the major part of the present exposure.

Summary statistics for estimated daily intakes of PFASs
(pg'’kg bw ™ “day ') from these route-specific intakes are described in
Table 2. PFOA dominated the total daily intakes of PFASs,
followed by PFOS > PFDA > PFHxA > PFHpA = PFNA >
PFUnDA. The median total PFOA and PFOS intakes (i.e., the sum of the
route-specific intakes for individuals) were 280 (range: 72-1810) pgkg
bw ! day~?!, and 133 (range: 16-1710) pgkg bw ™ 'day !, respec-
tively. While the total intakes for PFDA, PFHxA, PFHpA, PFNA, and
PFUNDA were 88, 77, 42, 42, and 18 pgkg bw ™ "-day~?, respectively.
Total daily intakes below 10 pg'kg bw ™ 1-day ! were found for PFHxS,
PFHpS, PFDS, PFDoDA, PFTrDA, and PFOPA.

Direct exposure to PFOA from diet contributed most to the total

intake of PFASs with a median intake of 248 pgkg bw ™ l-day .

Exposure to PFASs from ingestion of food and drinks was also identified
as the dominant exposure pathway in general populations in previous
studies (Fromme et al., 2009; Trudel et al., 2008; Vestergren and
Cousins, 2009). Haug et al. (2011) reported PFOA intakes of 240 pg-kg
bw~!-day~? for the Norwegian adults. Also, in a Swedish study based
on samples from 1999 to 2010, dietary PFOA intakes between 350 and
690 pg'kg bw ™ -day ~! were reported (Vestergren et al., 2012).

This finding may indicate that the exposure to PFOA from the diet
has decreased in recent years, possibly because of several regulations
being issued, even though such comparisons are difficult due to meth-
odological differences.

The European Food Safety Authority (EFSA) has established toler-
able weekly intakes (TWIs) of PFOA and PFOS of 6 ngkg bw ™ week ~?,
and 13ngkg bw lweek ™!, respectively (EFSA, 2018). Thus, the
median estimated total intakes of PFOA and PFOS in this study were
lower than TWIs, being 2.0 (0.50-13) and 0.93 (0.11-12) ngkg
bw~l-week ~! for PFOA and PFOS, respectively. The US EPA derived

Table 2
Estimated daily intakes of PFASs on an individual body weight basis (pg’kg bw ™~ *day 1), n = 61.
PFHxS PFHpS PFOS PFDS PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFOPA

Dietary intake
Mean 11 156 90 47 269 38 72 45 5.4 10
Median 7.6 100 67 39 248 33 69 11 2.0 3.4
Min 0.90 12 8.8 3.3 41 4.0 11 0.76 0 0
Max 63 845 464 136 866 137 244 792 79 127
P95 24 365 284 100 519 77 131 217 24 29
House dust ingestion
Mean 3.4 27 2.2 14 3 66 15 22 3.9 12 0.39 1.2
Median 0.07 0.40 0.65 2.9 0.27 8.5 2.2 1.0 0.67 0.63 0.04 0.04
Min 0.005 0.005 0.07 0.31 0.05 0.21 0.04 0.01 0.01 0.01 0.01 0.02
Max 192 1480 50 308 109 1570 182 701 94 486 11 22
P95 1.9 17 42 11 177 65 85 13 23 1.0 3.9
Indoor air inhalation
Mean 58 4.7 0.47 17 1.7 7.0 0.70
Median 3.5 1.7 0.17 5.7 0.57 1.8 0.18
Min 1.0 0.38 0.04 0.84 0.08 0.41 0.04
Max 951 46 4.6 217 22 124 12
P95 576 19 1.9 63 6.3 30 3.0
Dermal absorption
Mean 0.33 3.7 0.32 0.17 0.15 0.02 1.4 0.35
Median 0.03 0.13 0.19 0.03 0.03 0.003 0.49 0.06
Min 0.01 0.02 0 0.01 0 0 0 0
Max 13 52 4.0 3.6 3.3 0.33 20 2.5
P95 0.79 19 0.82 0.44 0.46 0.05 3.9 1.5
Total intakes
Mean 14 3.7 241 2.4 109 51 353 55 101 50 18 11 1.2
Median 8.1 0.13 133 0.73 77 42 280 42 88 18 4.2 3.8 0.04
Min 0.96 0.02 16 0.09 25 8.7 72 11 15 1.4 0.01 0.02 0.02
Max 213 52 1710 51 471 138 1810 251 715 795 486 127 22
P95 29 19 849 8.4 334 103 682 130 181 222 42 31 3.9
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Fig. 2. Relative contribution (%) of multiple exposure pathways for PFAAs in individuals.

oral non-cancer reference doses (RfDs) for both PFOA and PFOS of
20ngkg bw 'day ! (U.S. EPA, 2016a, 2016b), and the maximum
estimated individual daily intakes of PFOA and PFOS in this study
group are also considerably lower than these RfDs. A recent report from
the Agency for Toxic Substances and Disease Registry (ATSDR), U.S.
defined the Minimum Risk Levels (MRLs) of PFOA, PFNA, PFOS, and
PFHxS based on laboratory animal data at 3, 3, 2, and 20ngkg
bw~lday ™! (ATSDR, 2018). Interestingly, the maximum PFOS and
PFOA intakes in this study were close to the MRLs.

3.4. Relative importance of multiple external exposure pathways

The relative contribution of specific exposure routes for individuals
is shown for PFASs in Fig. 2. The participants have been organised with
increasing estimated total daily intakes from left to right of the figure
(222-4480 pgkg bw ~-day 1.

The estimated total individual PFAS intakes of each participant can
be seen in Fig. S1 of SIL In general, dietary intakes contributed most to
the total intake of PFASs, followed by house dust ingestion, indoor air
inhalation, and dermal absorption. On a median level, dietary intakes
represented 91% of the total intake for PFAAs, but the range was from
4% to 98%. In comparison, ingestion of house dust and inhalation of
indoor air contributed 3% (range: < 1%-95%) and 2% (range: <

1%-72%) of the total estimated intake, respectively. Only 0.3%
(< 1%-7%) of the total intake originated from dermal absorption.

Previous studies have suggested that human exposure to PFASs
occur primarily through the diet (Fromme et al., 2007; Haug et al.,
2011; Trudel et al., 2008; Vestergren and Cousins, 2009). However,
results presented in this study also showed that other exposure path-
ways might be of importance. Interestingly, house dust ingestion and
indoor air inhalation contributed most to the total intakes for some
participants, and most of them were among the 20% participants with
the highest total estimated intakes. This result is similar to Haug et al.
(2011) where significant positive association between serum and house

dust highlighted the importance of indoor environment as an exposure
pathway for PFASs. Also on an individual level, ingestion of food,
drinks, and dust as well as inhalation of air appear to be more dominant
exposure routes than dermal absorption in this study.

When looking at the individual exposure pathways, diet contributed
to 92% of the PFOA total intake, while house dust, indoor air, and
dermal absorption contributed to 4%, 3%, and less than 1% of the total
PFOA intake (Fig. S2 of SI). For PFOS 95% and 3% of the total PFOS
intake came from dietary intakes and air inhalation, respectively. Dust
ingestion and dermal absorption contributed less than 1% of the PFOS
total intake. This finding is in agreement with a previous study from
Norway, where ingestion of food was the primary exposure pathway for
PFOA and PFOS, and the intakes from food and drinking water re-
presented more than 90% of the total intakes (Haug et al., 2011).

3.5. Comparison between modelled serum concentrations and biomonitoring
data

For the four most prevalent compounds in serum (PFHxS, PFOS,
PFOA and PFNA), a comparison between the measured serum con-
centrations and the estimated daily intakes was performed using a one-
compartment PK model. Estimated daily intakes were used to model
serum concentration using the PK model, and these modelled con-
centrations were further compared to the corresponding concentrations
determined in serum. Despite uncertainties in the parameters included,
this model has previously been successfully applied to estimate total
intakes of PFOS and PFOA in amongst others the Australian population
(Thompson et al., 2010). Bivariate correlations between the observed
and modelled serum concentrations were assessed, a significant positive
correlation between the observed and modelled serum concentrations
was seen only in PFOS (r; = 0.29, p < 0.05). Scatter plots illustrating
the observed and modelled serum concentrations are presented in
Fig. 3. The observed and modelled serum PFOA concentrations were
comparable, being 1.9 and 2.0 ng mL ™}, respectively. This finding is in
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agreement with what was found in the study by Haug et al. (2011).
Based on the estimated daily intakes, the model underestimated the
serum concentrations of PFHxS, PFOS, and PFNA by a factor of 7, 4, and
3, respectively. Finding higher observed serum concentrations of
PFHxS, PFOS, and PFNA than modelled concentrations is reasonable, as
the modelled concentrations only consider present intakes, which are
thought to be lower than a few years ago, while the observed serum
concentrations reflect past exposure due to the long elimination half-
life of these compounds in humans. The finding indicates that the ex-
posure to some PFAAs has decreased in recent years.

The difference between the observed and modelled serum con-
centrations for PFOS found in the present study is in contrast to what
was seen in a previous Norwegian study where comparable con-
centrations were reported (Haug et al., 2011). This contrast could be
due to the fact that the estimated intakes in the previous study were
based on samples collected closer to the phase-out of PFOS in the year
2000 (U.S. EPA, 2000), which resulted in higher estimated intakes
compared to the present study.

4. Study limitations

The sample size of the study group was relatively small (n = 60),
which limits the statistical power. Several uncertainties are associated
with the estimated intakes due to lack of knowledge on absorption
rates, biotransformation rates, etcetera. In this study, only dermal ex-
posure through the hands was considered, but it is likely the most ex-
posed human skin area. However, this study has assessed multiple
methods for assessment of each exposure pathway, and compared to
biomonitoring data from the same individuals.

5. Conclusions

As PFASs are ubiquitously distributed throughout the environment,
general populations are exposed to PFASs through several exposure
pathways including dietary and non-dietary ingestion, inhalation, and
dermal absorption. In this study, biomonitoring data and estimated
intakes including several exposure pathways for adults in Norway are
presented. To our knowledge, this is the first study that assesses mul-
tiple methods for assessment of exposure from the same exposure
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pathway, and both direct and indirect exposure has been considered.
On average, ingestion of food and drinks is the most significant ex-
posure pathway for PFASs. However, we observed considerable varia-
tion in the contribution of each exposure pathway between individuals,
and this was most pronounced for the individuals with the 20% highest
estimated PFAS intakes. Modelled serum concentration based on in-
takes was comparable to measured serum concentration for PFOA. For
PFNA, PFHxS, and PFOS the modelled serum concentrations were lower
than the measured concentrations in blood, suggesting a higher past
than present exposure. The estimated daily intakes of PFASs in this
study group were lower than the present health-based guidance values,
e.g. the TWIs derived by EFSA (when converted to TWIs) and the
Minimum Risk Levels in the recent ATSDR report from the U.S.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

The research leading to these results has received funding from the
European Union Seventh Framework Programme FP7,/2007-2013 for
research, technological development and demonstration under grant
agreement number 316665 (A-TEAM project). We also acknowledge
the Research Council of Norway for financial support (project number:
236502). All participants are acknowledged for their contribution. The
authors would also like to acknowledge A-TEAM’s PhD fellows for their
contribution during the A-TEAM sampling campaign.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.105244.

References

ATSDR, 2018. Toxicological Profile for Perfluoroalkyls Retrieved from https://www.
atsdr.cdc.gov/toxprofiles/tp200.pdf.

Bach, C.C., Bech, B.H., Brix, N., Nohr, E.A., Bonde, J.P.E., Henriksen, T.B., 2015.
Perfluoroalkyl and polyfluoroalkyl substances and human fetal growth: a systematic
review. Crit. Rev. Toxicol. 45 (1), 53-67. https://doi.org/10.3109/10408444.2014.
952400.

Butt, C.M., Muir, D.C.G., mabury, S.A., 2014. Biotransformation partways of fluor-
otelomer-based polyfluoroalkyl substances: a review. Environ. Toxicol. Chem. 33 (2),
243-267.

D’eon, J.C., Mabury, S.A., 2011a. Exploring Indirect sources of human exposure to per-
fluoroalkyl carboxylates (PFCAs): evaluating uptake, elimination, and bio-
transformation of polyfluoroalkyl phosphate esters (PAPs) in the rat. Environ. Health
Perspect. 119 (3), 344-350. https://doi.org/10.1289/ehp.1002409.

D’eon, J.C., Mabury, S.A., 2011b. Is indirect exposure a significant contributor to the
burden of perfluorinated acids observed in humans? Environ. Sci. Technol. 45 (19),
7974-7984. https://doi.org/10.1021/es200171y.

Dagnino, S., Strynar, M.J., McMahen, R.L., Lau, C.S., Ball, C., Garantziotis, S., Lindstrom,
A.B., 2016. Identification of biomarkers of exposure to FTOHs and PAPs in humans
using a targeted and nontargeted analysis approach. Environ. Sci. Technol. 50 (18),
10216-10225. https://doi.org/10.1021/acs.est.6b01170.

De Silva, A.O., Allard, C.N., Spencer, C., Webster, G.M., Shoeib, M., 2012. Phosphorus-
containing fluorinated organics: polyfluoroalkyl phosphoric acid diesters (diPAPs),
perfluorophosphonates (PFPAs), and perfluorophosphinates (PFPIAs) in residential
indoor dust. Environ. Sci. Technol. 46 (22), 12575-12582. https://doi.org/10.1021/
es303172p.

EFSA, 2018. Risk to human health related to the presence of perfluorooctane sulfonic acid
and perfluorooctanoic acid in food 16(12), e05194. https://doi.org/10.2903/j.efsa.
2018.5194.

Eriksson, U., Kdrrman, A., 2015. World-wide indoor exposure to polyfluoroalkyl phos-
phate esters (PAPs) and other PFASs in household dust. Environ. Sci. Technol. 49
(24), 14503-14511. https://doi.org/10.1021/acs.est.5b00679.

Fasano, W.J., Carpenter, S.C., Gannon, S.A., Snow, T.A.,, Stadler, J.C., Kennedy, G.L.,
Kemper, R.A., 2006. Absorption, distribution, metabolism, and elimination of 8-2
fluorotelomer alcohol in the rat. Toxicol. Sci. 91 (2), 341-355. https://doi.org/10.
1093/toxsci/kfj160.

Franko, J., Meade, B.J., Frasch, H.F., Barbero, A.M., Anderson, S.E., 2012. Dermal

Environment International 134 (2020) 105244

penetration potential of perfluorooctanoic acid (PFOA) in human and mouse skin. J.
Toxicol. Environ. Health Part A 75 (1), 50-62. https://doi.org/10.1080/15287394.
2011.615108.

Fraser, A.J., Webster, T.F., Watkins, D.J., Nelson, J.W., Stapleton, H.M., Calafat, A.M.,
McClean, M.D., 2012. Polyfluorinated compounds in serum linked to indoor air in
office environments. Environ. Sci. Technol. 46 (2), 1209-1215. https://doi.org/10.
1021/es2038257.

Fromme, H., Schlummer, M., M6ller, A., Gruber, L., Wolz, G., Ungewiss, J., Twardella, D.,
2007. Exposure of an adult population to perfluorinated substances using duplicate
diet portions and biomonitoring data. Environ. Sci. Technol. 41 (22), 7928-7933.
https://doi.org/10.1021/es071244n.

Fromme, H., Tittlemier, S.A., Volkel, W., Wilhelm, M., Twardella, D., 2009.
Perfluorinated compounds — exposure assessment for the general population in
western countries. Int. J. Hyg. Environ. Health 212 (3), 239-270. https://doi.org/10.
1016/j.ijheh.2008.04.007.

Gebbink, W.A., Berger, U., Cousins, I.T., 2015. Estimating human exposure to PFOS
isomers and PFCA homologues: the relative importance of direct and indirect (pre-
cursor) exposure. Environ. Int. 74, 160-169. https://doi.org/10.1016/j.envint.2014.
10.013.

Gomis, M.L, Vestergren, R., MacLeod, M., Mueller, J.F., Cousins, I.T., 2017. Historical
human exposure to perfluoroalkyl acids in the United States and Australia re-
constructed from biomonitoring data using population-based pharmacokinetic
modelling. Environ. Int. 108 (Supplement C), 92-102. https://doi.org/10.1016/j.
envint.2017.08.002.

Gomis, M.L, Vestergren, R., Nilsson, H., Cousins, I.T., 2016. Contribution of direct and
indirect exposure to human serum concentrations of perfluorooctanoic acid in an
occupationally exposed group of ski waxers. Environ. Sci. Technol. 50 (13),
7037-7046. https://doi.org/10.1021/acs.est.6b01477.

Haug, L.S., Huber, S., Becher, G., Thomsen, C., 2011. Characterisation of human exposure
pathways to perfluorinated compounds — comparing exposure estimates with bio-
markers of exposure. Environ. Int. 37 (4), 687-693. https://doi.org/10.1016/j.
envint.2011.01.011.

Haug, L.S., Thomsen, C., Brantseter, A.L., Kvalem, H.E., Haugen, M., Becher, G., Knutsen,
H.K., 2010. Diet and particularly seafood are major sources of perfluorinated com-
pounds in humans. Environ. Int. 36 (7), 772-778. https://doi.org/10.1016/j.envint.
2010.05.016.

Jin, H., Zhang, Y., Zhu, L., Martin, J.W., 2015. Isomer profiles of perfluoroalkyl sub-
stances in water and soil surrounding a Chinese Fluorochemical Manufacturing Park.
Environ. Sci. Technol. 49 (8), 4946-4954. https://doi.org/10.1021/acs.est.5b00212.

Kennedy, G.L., Butenhoff, J.L., Olsen, G.W., O’Connor, J.C., Seacat, A.M., Perkins, R.G.,
Farrar, D.G., 2004. The toxicology of perfluorooctanoate. Crit. Rev. Toxicol. 34 (4),
351-384. https://doi.org/10.1080,/10408440490464705.

Lau, C., Anitole, K., Hodes, C., Lai, D., Pfahles-Hutchens, A., Seed, J., 2007. Perfluoroalkyl
acids: a review of monitoring and toxicological findings. Toxicol. Sci. 99 (2),
366-394. https://doi.org/10.1093/toxsci/kfm128.

Li, Y., Fletcher, T., Mucs, D., Scott, K., Lindh, C.H., Tallving, P., Jakobsson, K., 2018. Half-
lives of PFOS, PFHxS and PFOA after end of exposure to contaminated drinking
water. Occup. Environ. Med. 75 (1), 46-51. https://doi.org/10.1136/0emed-2017-
104651.

Llorca, M., Farré, M., Picé, Y., Miiller, J., Knepper, T.P., Barceld, D., 2012. Analysis of
perfluoroalkyl substances in waters from Germany and Spain. Sci. Total Environ. 431,
139-150. https://doi.org/10.1016/j.scitotenv.2012.05.011.

Makey, C.M., Webster, T.F., Martin, J.W., Shoeib, M., Harner, T., Dix-Cooper, L., Webster,
G.M., 2017. Airborne precursors predict maternal serum perfluoroalkyl acid (PFAA)
concentrations. Environ. Sci. Technol. https://doi.org/10.1021/acs.est.7b00615.

Martin, J.W., Asher, B.J., Beesoon, S., Benskin, J.P., Ross, M.S., 2010. PFOS or PreFOS?
Are perfluorooctane sulfonate precursors (PreFOS) important determinants of human
and environmental perfluorooctane sulfonate (PFOS) exposure? J. Environ. Monit. 12
(11), 1979-2004. https://doi.org/10.1039/c0em00295j.

OECD, 2015. Risk Reduction Approaches for PFASs; Publications Series on Risk
Management No. 29. Retrieved from https://www.oecd.org/chemicalsafety/risk-
management/Risk_Reduction_Approaches%20for%20PFASS.pdf.

Ohmori, K., Kudo, N., Katayama, K., Kawashima, Y., 2003. Comparison of the tox-
icokinetics between perfluorocarboxylic acids with different carbon chain length.
Toxicology 184 (2), 135-140. https://doi.org/10.1016/S0300-483X(02)00573-5.

Olsen, G.W., Butenhoff, J.L., Zobel, L.R., 2009. Perfluoroalkyl chemicals and human fetal
development: an epidemiologic review with clinical and toxicological perspectives.
Reprod. Toxicol. 27 (3-4), 212-230. https://doi.org/10.1016/j.reprotox.2009.02.
001.

Padilla-Sanchez, J.A., Haug, L.S., 2016. A fast and sensitive method for the simultaneous
analysis of a wide range of per- and polyfluoroalkyl substances in indoor dust using
on-line solid phase extraction-ultrahigh performance liquid chromatography-time-of-
flight-mass spectrometry. J. Chromatogr. A 1445, 36-45. https://doi.org/10.1016/j.
chroma.2016.03.058.

Padilla-Sénchez, J.A., Papadopoulou, E., Poothong, S., Haug, L.S., 2017. Investigation of
the best approach for assessing human exposure to poly- and perfluoroalkyl sub-
stances through indoor air. Environ. Sci. Technol. 51 (21), 12836-12843. https://doi.
org/10.1021/acs.est.7b03516.

Papadopoulou, E., Padilla-Sanchez, J.A., Collins, C.D., Cousins, L.T., Covaci, A., de Wit,
C.A., Haug, L.S., 2016. Sampling strategy for estimating human exposure pathways to
consumer chemicals. Emerg. Contam. https://doi.org/10.1016/j.emcon.2015.12.
002.

Papadopoulou, E., Padilla-Sanchez, J.A., Poothong, S., Haug, L.S., manuscript. What is the
best approach for monitoring of per- and polyfluoroalkyl substances in house dust?.

Papadopoulou, E., Poothong, S., Koekkoek, J., Lucattini, L., Padilla-Sanchez, J.A.,
Haugen, M., Haug, L.S., 2017. Estimating human exposure to perfluoroalkyl acids via


https://doi.org/10.1016/j.envint.2019.105244
https://doi.org/10.1016/j.envint.2019.105244
https://www.atsdr.cdc.gov/toxprofiles/tp200.pdf
https://www.atsdr.cdc.gov/toxprofiles/tp200.pdf
https://doi.org/10.3109/10408444.2014.952400
https://doi.org/10.3109/10408444.2014.952400
http://refhub.elsevier.com/S0160-4120(19)32057-4/h0015
http://refhub.elsevier.com/S0160-4120(19)32057-4/h0015
http://refhub.elsevier.com/S0160-4120(19)32057-4/h0015
https://doi.org/10.1289/ehp.1002409
https://doi.org/10.1021/es200171y
https://doi.org/10.1021/acs.est.6b01170
https://doi.org/10.1021/es303172p
https://doi.org/10.1021/es303172p
https://doi.org/10.2903/j.efsa.2018.5194
https://doi.org/10.2903/j.efsa.2018.5194
https://doi.org/10.1021/acs.est.5b00679
https://doi.org/10.1093/toxsci/kfj160
https://doi.org/10.1093/toxsci/kfj160
https://doi.org/10.1080/15287394.2011.615108
https://doi.org/10.1080/15287394.2011.615108
https://doi.org/10.1021/es2038257
https://doi.org/10.1021/es2038257
https://doi.org/10.1021/es071244n
https://doi.org/10.1016/j.ijheh.2008.04.007
https://doi.org/10.1016/j.ijheh.2008.04.007
https://doi.org/10.1016/j.envint.2014.10.013
https://doi.org/10.1016/j.envint.2014.10.013
https://doi.org/10.1016/j.envint.2017.08.002
https://doi.org/10.1016/j.envint.2017.08.002
https://doi.org/10.1021/acs.est.6b01477
https://doi.org/10.1016/j.envint.2011.01.011
https://doi.org/10.1016/j.envint.2011.01.011
https://doi.org/10.1016/j.envint.2010.05.016
https://doi.org/10.1016/j.envint.2010.05.016
https://doi.org/10.1021/acs.est.5b00212
https://doi.org/10.1080/10408440490464705
https://doi.org/10.1093/toxsci/kfm128
https://doi.org/10.1136/oemed-2017-104651
https://doi.org/10.1136/oemed-2017-104651
https://doi.org/10.1016/j.scitotenv.2012.05.011
https://doi.org/10.1021/acs.est.7b00615
https://doi.org/10.1039/c0em00295j
https://www.oecd.org/chemicalsafety/risk-management/Risk_Reduction_Approaches%2520for%2520PFASS.pdf
https://www.oecd.org/chemicalsafety/risk-management/Risk_Reduction_Approaches%2520for%2520PFASS.pdf
https://doi.org/10.1016/S0300-483X(02)00573-5
https://doi.org/10.1016/j.reprotox.2009.02.001
https://doi.org/10.1016/j.reprotox.2009.02.001
https://doi.org/10.1016/j.chroma.2016.03.058
https://doi.org/10.1016/j.chroma.2016.03.058
https://doi.org/10.1021/acs.est.7b03516
https://doi.org/10.1021/acs.est.7b03516
https://doi.org/10.1016/j.emcon.2015.12.002
https://doi.org/10.1016/j.emcon.2015.12.002

S. Poothong, et al.

solid food and drinks: implementation and comparison of different dietary assess-
ment methods. Environ. Res. 158, 269-276. https://doi.org/10.1016/j.envres.2017.
06.011.

Peng, H., Zhang, S., Sun, J., Zhang, Z., Giesy, J.P., Hu, J., 2014. Isomer-specific accu-
mulation of perfluorooctanesulfonate from (N-Ethyl perfluorooctanesulfonamido)
ethanol-based phosphate diester in Japanese Medaka (Oryzias latipes). Environ. Sci.
Technol. 48 (2), 1058-1066. https://doi.org/10.1021/es404867w.

Poothong, S., Padilla-Sanchez, J.A., Papadopoulou, E., Giovanoulis, G., Thomsen, C.,
Haug, L.S., 2019. Hand wipes: a useful tool for assessing human exposure to poly- and
perfluoroalkyl substances (PFASs) through hand-to-mouth and dermal contacts.
Environ. Sci. Technol. https://doi.org/10.1021/acs.est.8b05303.

Poothong, S., Thomsen, C., Padilla-Sanchez, J.A., Papadopoulou, E., Haug, L.S., 2017.
Distribution of novel and well-known poly- and perfluoroalkyl substances (PFASSs) in
human serum, plasma, and whole blood. Environ. Sci. Technol. 51 (22),
13388-13396. https://doi.org/10.1021/acs.est.7b03299.

Prevedouros, K., Cousins, I.T., Buck, R.C., Korzeniowski, S.H., 2006. Sources, fate and
transport of perfluorocarboxylates. Environ. Sci. Technol. 40 (1), 32-44. https://doi.
org/10.1021/es0512475.

Rand, A.A., Mabury, S.A., 2017. Is there a human health risk associated with indirect
exposure to perfluoroalkyl carboxylates (PFCAs)? Toxicology 375, 28-36. https://
doi.org/10.1016/j.tox.2016.11.011.

REACH, 2014. PROPOSAL FOR A RESTRICTION - Perfluorooctanoic acid (PFOA), PFOA
salts and PFOA-related substances. Retrieved from https://echa.europa.eu/
documents/10162/e9cddee6-3164-473d-b590-8fcf9caa50e7.

Shoeib, M., Harner, T., Webster, M.G., Lee, S.C., 2011. Indoor sources of poly- and per-
fluorinated compounds (PFCS) in Vancouver, Canada: implications for human ex-
posure. Environ. Sci. Technol. 45 (19), 7999-8005. https://doi.org/10.1021/
es103562v.

Steenland, K., Fletcher, T., Savitz, D.A., 2010. Epidemiologic evidence on the health ef-
fects of perfluorooctanoic acid (PFOA). Environ. Health Perspect. 118 (8),
1100-1108. https://doi.org/10.1289/ehp.0901827.

Stockholm Convention, 2009. United Nations Environment Program's Stockholm
Convention on Persistent Organic Pollutants. Retrieved August 2018 http://chm.
pops.int/TheConvention/ThePOPs/ListingofPOPs/tabid/2509/Default.aspx.

Thompson, J., Lorber, M., Toms, L.-M.L., Kato, K., Calafat, A.M., Mueller, J.F., 2010. Use
of simple pharmacokinetic modeling to characterize exposure of Australians to per-
fluorooctanoic acid and perfluorooctane sulfonic acid. Environ. Int. 36 (4), 390-397.

Environment International 134 (2020) 105244

https://doi.org/10.1016/j.envint.2010.02.008.

Tian, Z., Kim, S.-K., Shoeib, M., Oh, J.-E., Park, J.-E., 2016. Human exposure to per- and
polyfluoroalkyl substances (PFASs) via house dust in Korea: implication to exposure
pathway. Sci. Total Environ. 553, 266-275. https://doi.org/10.1016/j.scitotenv.
2016.02.087.

Trudel, D., Horowitz, L., Wormuth, M., Scheringer, M., Cousins, I.T., Hungerbiihler, K.,
2008. Estimating consumer exposure to PFOS and PFOA. Risk Anal. 28 (2), 251-269.
https://doi.org/10.1111/j.1539-6924.2008.01017 .x.

U.S. EPA, 2000. Perfluorooctyl Sulfonates; Proposed Significant New Use Rule. 2017(31
Jan 2017). Retrieved from https://www.gpo.gov/fdsys/pkg/FR-2000-10-18/pdf/00-
26751.pdf.

U.S. EPA, 2011. Exposure Factors Handbook: 2011 Edition Vol. EPA/600/R-09/052F.
U.S. EPA, 2016. Health Effects Support Document for Perfluorooctane Sulfonate (PFOS).
Retrieved August 2018 https://www.epa.gov/ground-water-and-drinking-water/

supporting-documents-drinking-water-health-advisories-pfoa-and-pfos.

U.S. EPA, 2016. Health Effects Support Document for Perfluorooctanoic Acid (PFOA).
Retrieved August 2018 https://www.epa.gov/ground-water-and-drinking-water/
supporting-documents-drinking-water-health-advisories-pfoa-and-pfos.

Vestergren, R., Berger, U., Glynn, A., Cousins, I.T., 2012. Dietary exposure to per-
fluoroalkyl acids for the Swedish population in 1999, 2005 and 2010. Environ. Int.
49, 120-127. https://doi.org/10.1016/j.envint.2012.08.016.

Vestergren, R., Cousins, I.T., 2009. Tracking the pathways of human exposure to per-
fluorocarboxylates. Environ. Sci. Technol. 43 (15), 5565-5575. https://doi.org/10.
1021/es900228k.

Vestergren, R., Cousins, I.T., Trudel, D., Wormuth, M., Scheringer, M., 2008. Estimating
the contribution of precursor compounds in consumer exposure to PFOS and PFOA.
Chemosphere 73 (10), 1617-1624. https://doi.org/10.1016/j.chemosphere.2008.08.
011.

Xie, W., Wu, Q., Kania-Korwel, 1., Tharappel, J.C., Telu, S., Coleman, M.C., Lehmler, H.-J.,
2009. Subacute exposure to N-ethyl perfluorooctanesulfonamidoethanol results in the
formation of perfluorooctanesulfonate and alters superoxide dismutase activity in
female rats. Arch. Toxicol. 83 (10), 909-924. https://doi.org/10.1007/s00204-009-
0450-y.

Zhang, Y., Beesoon, S., Zhu, L., Martin, J.W., 2013. Biomonitoring of perfluoroalkyl acids
in human urine and estimates of biological half-life. Environ. Sci. Technol. 47 (18),
10619-10627. https://doi.org/10.1021/es401905e.


https://doi.org/10.1016/j.envres.2017.06.011
https://doi.org/10.1016/j.envres.2017.06.011
https://doi.org/10.1021/es404867w
https://doi.org/10.1021/acs.est.8b05303
https://doi.org/10.1021/acs.est.7b03299
https://doi.org/10.1021/es0512475
https://doi.org/10.1021/es0512475
https://doi.org/10.1016/j.tox.2016.11.011
https://doi.org/10.1016/j.tox.2016.11.011
https://echa.europa.eu/documents/10162/e9cddee6-3164-473d-b590-8fcf9caa50e7
https://echa.europa.eu/documents/10162/e9cddee6-3164-473d-b590-8fcf9caa50e7
https://doi.org/10.1021/es103562v
https://doi.org/10.1021/es103562v
https://doi.org/10.1289/ehp.0901827
http://chm.pops.int/TheConvention/ThePOPs/ListingofPOPs/tabid/2509/Default.aspx
http://chm.pops.int/TheConvention/ThePOPs/ListingofPOPs/tabid/2509/Default.aspx
https://doi.org/10.1016/j.envint.2010.02.008
https://doi.org/10.1016/j.scitotenv.2016.02.087
https://doi.org/10.1016/j.scitotenv.2016.02.087
https://doi.org/10.1111/j.1539-6924.2008.01017.x
https://www.gpo.gov/fdsys/pkg/FR-2000-10-18/pdf/00-26751.pdf
https://www.gpo.gov/fdsys/pkg/FR-2000-10-18/pdf/00-26751.pdf
https://www.epa.gov/ground-water-and-drinking-water/supporting-documents-drinking-water-health-advisories-pfoa-and-pfos
https://www.epa.gov/ground-water-and-drinking-water/supporting-documents-drinking-water-health-advisories-pfoa-and-pfos
https://www.epa.gov/ground-water-and-drinking-water/supporting-documents-drinking-water-health-advisories-pfoa-and-pfos
https://www.epa.gov/ground-water-and-drinking-water/supporting-documents-drinking-water-health-advisories-pfoa-and-pfos
https://doi.org/10.1016/j.envint.2012.08.016
https://doi.org/10.1021/es900228k
https://doi.org/10.1021/es900228k
https://doi.org/10.1016/j.chemosphere.2008.08.011
https://doi.org/10.1016/j.chemosphere.2008.08.011
https://doi.org/10.1007/s00204-009-0450-y
https://doi.org/10.1007/s00204-009-0450-y
https://doi.org/10.1021/es401905e

	Multiple pathways of human exposure to poly- and perfluoroalkyl substances (PFASs): From external exposure to human blood
	Introduction
	Materials and methods
	Study group
	Sociodemographic characteristics
	PFAS intakes from indirect exposure
	Estimation of daily intakes
	Modelling serum concentrations based on their estimated daily intakes
	Statistical analysis

	Results and discussion
	Population characteristics
	Associations between biomonitoring data and estimated daily intakes
	Total daily intakes of PFASs
	Relative importance of multiple external exposure pathways
	Comparison between modelled serum concentrations and biomonitoring data

	Study limitations
	Conclusions
	mk:H1_17
	Acknowledgement
	Supplementary material
	References




