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Adults are mainly exposed to per- and polyfluoroalkyl substances (PFASs) via ingestion of food, inhalation of
air and ingestion of dust, whereas for children the exposure to PFASs is largely unknown. This study aimed to
reconstruct the serum concentrations of perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid
(PFOS) and perfluorohexane sulfonic acid (PFHxS) in children after infancy up to 10.5 years of age and to
test if dietary intake is the major exposure pathway for children to PFOA, PFOS and PFHXxS after infancy.
For this work, a dataset from a Finnish child cohort study was available, which comprised serum
concentrations of the studied perfluoroalkyl acids (PFAAs) and PFAS concentration measurements in dust
and air samples from the children's bedrooms. The calculated PFAA intakes were used in
a pharmacokinetic model to reconstruct the PFAA serum concentrations from 1 to 10.5 years of age. The
calculated PFOA and PFOS intakes were close to current regulatory intake thresholds and diet was the
major exposure medium for the 10.5 year-olds. The one-compartment PK model reconstructed median
PFOA and PFOS serum concentrations well compared to corresponding measured median serum
concentrations, while the modelled PFHxS serum concentrations showed a constant underestimation.
The results imply that children’s exposure to PFOA and PFOS after breastfeeding and with increasing age
resembles the exposure of adults. Further, the children in the Finnish cohort experienced a rather
constant exposure to PFOA and PFOS between 1 and 10.5 years of age. The PFHxS exposure sources
rsc.li/espi and respective pharmacokinetic parameter estimations need further investigation.
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Environmental significance

The exposure of adults to PFASs has been well studied, while children's exposure to PFASs is poorly understood, especially in the period after cessation of
breastfeeding. Nevertheless, understanding childhood exposure is of high importance given that exposure to PFASs is hypothesized to have the most
pronounced negative effects during this period. Mechanistic mass balance models are key to determine which exposure pathways to PFASs are relevant and
where knowledge gaps on exposure to PFAS exist. With the present modelling approach, it was possible to reconstruct the historic exposure to PFASs of a child
cohort. The results imply that individuals have highest PFAS intakes during infancy and that PFAS serum concentrations decrease thereafter on average due to
lower PFAS intakes.

1. Introduction

Long-chained per- and polyfluoroalkyl substances (PFASs) are

detected worldwide in human blood among which per-
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The exposure assessment of young children to PFAAs is
challenging due to rapid physiological changes, based on which
the most prominent phenomenon to consider is growth dilu-
tion, ie. the dilution of a pollutant's concentration in an
organism as a result of an increase in body weight. Besides the
exposure pathways that adults experience, children are addi-
tionally exposed to PFAAs during the prenatal period via
transplacental transfer and during infancy via breastfeeding
(e.g ref. 9). For infants (from birth to 1 year of age) and children
(<11 years of age), dust is hypothesized to be of greater impor-
tance for the exposure to PFAS than for adults. The greater
exposure to dust is argued to be caused by children's different
behaviour, specifically, a higher hand-to-mouth contact and
object-to-mouth frequency compared to adults.' Furthermore,
the exposure to PFAAs via food is unclear for children in later
life stages. Their diet consists of different types of products and
quantities compared to adults' diet. While infant food has been
studied frequently, only one study considered the diet during
later life stages of childhood.™ As a result, current exposure and
monitoring studies give an incomplete picture of children's
exposure to PFAAs,"” which hampers the estimation of their
external and internal exposure (e.g. serum concentrations) to
PFAAs."® An exposure assessment of PFAAs for children
becomes even more relevant in the light of recently published
guidelines on tolerable weekly intakes (TWIs) for PFOA and
PFOS by European authorities.™ A first approximation of the
tolerable daily intake (TDI) from the TWI for PFOS and PFOA
revealed a drastic decrease of the previous threshold values. For
PFOS, the reason to lower the TDI from 150 ng per kg bw per
d down to 1.86 ng per kg bw per d (ref. 14) was the associated
decrease in antibody response to vaccination in children with
PFOS exposure.'*** For PFOA, the TDI was lowered from 1500 ng
per kg bw per d to 0.86 ng per kg bw per d, while for PFHxS
currently no TDIs are available.*

To date, only a few studies exist that focused on the predic-
tion of PFAA serum trends in infants and children.*®"” The first
applied a physiologically based pharmacokinetic (PBPK) model
to describe the complex interactions between the mother and
the foetus during prenatal stages and the subsequent breast-
feeding period.*® It revealed that the transplacental and the
milk-to-serum transfers are the key factors for infants' exposure
to PFOA and PFOS.'® Thereafter, two more recent studies
successfully applied one-compartment PK models to predict
PFOA and PFOS concentrations in serum based on the trans-
placental and milk-to-serum transfers in addition to the other
exposure pathways such as dietary intake.'”'® Verner et al
(2016) focused on the exposure to PFAAs during foetal devel-
opment, until early childhood and could explain 52-62% of the
measured variability in PFAA serum concentrations of 0.5 and 3
year-old children.'” However, a detailed exposure assessment of
later childhood stages (>3 years of age) is missing so far.

The aim of this project was (1) to reconstruct the serum
concentrations of PFOA, PFOS and PFHxS in children after
infancy up to 10.5 years of age, (2) to test whether dietary intake
is the major exposure pathway for children to PFOA, PFOS and
PFHXS after infancy and (3) to compare the modelled intake of
PFOA and PFOS to the updated regulatory TDIs and other intake
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estimates from literature. To test these objectives, a compre-
hensive biomonitoring dataset on PFAA serum concentrations
in children from a Finnish child cohort was used.” PFAA serum
concentrations of 44 children sampled at 1 year, 6 and 10.5
years of age®® along with dust and air PFAA concentrations, from
the same children's sleeping rooms>*** were combined in this
current work. The children's exposure to PFOA, PFOS and
PFHxS was assessed by linking respective concentrations in
several external exposure media to the children's internal
exposure, ie. the respective PFAA's serum concentration, using
a simple one-compartment pharmacokinetic (PK) model.

2. Methods

2.1. The child cohort and data

For the current modelling approach, serum,” indoor air,*
dust®® and tap water concentrations (unpublished data) of
PFASs from a child cohort study were used. The serum
concentrations of PFOA, PFOS and PFHxS were analysed for
each of the 44 children at the age of 1 year (2005/6), 6 years
(2010/11) and 10.5 years (2014/15).*° The children were
a subgroup of a longitudinal child study (LUKAS 2) from the
Kuopio area in Finland." Within LUKAS 2, the individuals' body
weights were documented as well. The LUKAS 2 study was
approved by the Research Ethics Committee, Hospital District
of Northern Savo, Kuopio, Finland (case number 48/2004). The
serum samples were obtained from the National Institute for
Health and Welfare, Environmental Health Unit, Kuopio,
Finland.

In addition to the PFAA concentrations, PFAA-precursor
concentrations from air and dust samples from the children's
bedrooms were included in the model to estimate the impor-
tance of indirect exposure to PFAAs.*"** The air, dust and tap
water samples were taken when the children were 10.5 years old.
For more information, consult the studies by Winkens et al.****
and Winkens."” For the present exposure assessment, if avail-
able, only the linear isomers, or the sum of isomers of the
studied PFAAs and their precursors were used for intake
calculations and the subsequent modelling.

2.2. Intake calculations

The estimated daily intake (EDI) represents the bodyweight
normalized daily intake (ng per kg bw per d) of one studied
PFAA via the respective direct and indirect exposure pathways.
Due to the available dataset, it was only possible to calculate
a detailed PFAA intake for the children when they were 10.5
years old. The considered PFAA precursors and their corre-
sponding PFAAs are shown in Table 1. In general, the calcula-
tion of the total EDIs of PFAAs for each 10.5 year-old is based on
dust and air concentrations from the child's bedroom and
dietary concentrations from literature. Except for the tap water
samples, there was no data available for the dietary PFAA intake
of the Finnish child cohort. Therefore, the dietary PFAA intake
was estimated from the literature (see Section 2.2.1). Dermal*
and consumer product'® exposure has been estimated to be of
minor relative importance for human exposure assessments for

This journal is © The Royal Society of Chemistry 2019
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Table 1 Occurrence of PFOA and PFOS precursors in external
exposure media available for the present exposure assessment?4222°

PFAA“
Exposure
medium PFOA PFOS
Indoor 8:2 FTOH MeFOSE,
air EtFOSE
Diet N/AP PFOSA
House 6:2/8:2 diPAP, 8:2/8:2 diPAP, EtFOSAA,
dust 8:2/10:2 diPAP, 8:2/12:2 diPAP, EtFOSE

8:2 FTOH

“ No PFHXS precursors were available from the experimental studies. x:y
refers to a specific FTOH, where x is the number of fluorinated carbon
atoms in the chain and y is the number of non-fluorinated carbon
atoms, i.e. the ethyl moiety. For further acronyms see ESI. ” N/A = not
available.

PFAAs.* These exposure pathways were therefore not consid-
ered in the model.

Eqn (1) shows the calculations for the dust intake. Dietary
ingestion and air inhalation were estimated in a similar way by
using the corresponding exposure media's concentrations and
consumption or inhalation rates (see ESI Section 1.1}).

dust concentration [ng g7!] x ingested dust amount [g d7']
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The PFAA concentrations of the tap water samples from the
child cohort are included in the dietary intake. In detail, the
dietary concentrations of the different foods were grouped and
multiplied with the respective bodyweight normalized daily
consumption rate of that specific food group (gs0a per kg bw
per day). The applied consumption rate was specific to that of
Finnish 3 to <10 year-olds.** In the last step, the intakes of the
different food groups were summed up to receive one value for
the dietary intake of each child.

2.3. Scenario based exposure assessment and parameters

A scenario-based exposure assessment was applied with a low,
intermediate and high exposure scenario, of which the inter-
mediate exposure scenario was considered closest to a realistic
exposure scenario.>'*** The PK parameters used for the EDI
calculations comprised the tissue specific absorption efficien-
cies and biotransformation factors.

The biotransformation factor describes the fraction of
a PFAA precursor that is biotransformed into the respective
PFAA in the human body (e.g. 8:2/8:2 diPAP results in two PFOA
molecules). For 8:2 FTOH (a PFOA precursor), different PK
values for the EDI calculation could be applied, since it is better
studied. Based on estimates made by Trudel et al (2008),
absorption efficiencies in humans used in this study for the low,

EDI [ng (kgbw)™ d'| =

2.2.1. Derivation of dietary PFAA intakes. It was of
importance to consider dietary PFAS concentrations of high
quality with regard to the analytical procedures, as well as
covering the same time period during which the monitoring
study was conducted (2005 to 2015). Some earlier studies are
suspected to have had intermittent blank problems during
the analytical procedure, which potentially led to over-
estimated PFAA intakes.*® Furthermore, earlier studies may
have reported higher levels than more current studies due to
changes in production,? legislation,*® food processing and
packaging.>*?%*° The dataset on dietary PFAA concentrations
by Papadopoulou et al. (2017) fulfilled the set criteria of
having recent and reliable analytical data from a nearby
region, and served to derive PFOA, PFOS and PFHXS concen-
trations of different classes of foods (Table S1%).

body weight [kg] ()

intermediate and high exposure scenarios were 0.66, 0.8 and
0.91, respectively. Next to the scenario dependent variation of
the parameters in Table 2, the dietary PFAA concentration was
varied based on the two sets of dietary concentrations of a lower
and upper bound approach (Table S1f).

2.4. The PK model parameters

A one-compartment PK model was applied to simulate the
serum concentrations of PFOA, PFOS and PFHxS."” The applied
parameters in the PK model are the elimination half-live (¢;,,
d), the volume of distribution (mL kg~ ") and the children’s body
weights. The volume of distribution represents a proportion-
ality factor between the chemical's concentration in blood
relative to its concentration in body tissue. For PFOS and PFOA,
the volume of distribution was set to 235 mL kg~ " and 200 mL

Table 2 Parameters for EDI derivation in the different exposure scenarios. Values are ordered according to low, intermediate and high exposure
scenario. The absorption efficiency from air was assumed to be 1, i.e. 100% in all exposure scenarios

Ingested dust Air inhalation Absorption efficiency Gastrointestinal absorption Biotransformation
Substance b 1 b3 1-1 . ¢ R . d e

amount’, mg d volume”, m” d from air efficiency from diet & dust factor
8:2 FTOH 60; 60; 100 12.4; 12.4; 18.7 1 0.27; 0.38; 0.56 0.0006; 0.003; 0.01
Other PFASs” 60; 60; 100 12.4; 12.4; 18.7 1 0.66; 0.8; 0.91 0.095; 0.2; 0.32

“ See Table 1. ” Scenario dependent values recommended by the US-EPA.*2 ¢ Ref. 33. ¢ Ref. 5. ¢ For 8:2 FTOH* and for remaining PFASs®
biotransformation factors were applied to PFOA and PFOS precursors, which are biotransformed to PFOA and PFOS after uptake, respectively.

This journal is © The Royal Society of Chemistry 2019
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kg, respectively, which were averaged from animal and human
studies.?” No volume of distribution was available for PFHXS, thus
the one of PFOS was applied, because the volume of distribution
for PFOS and perfluorobutane sulfonic acid were similar (PFSA
homologue with 4-carbon chain length).**** The elimination half-
life represents the time needed in days (d) to eliminate half the
chemical's amount from the body. The elimination half-lives (¢, 5,
d) were intrinsic elimination half-lives as defined by Russell et al.
(2015) (PFOA 2.2 years, PFOS 4.35 years®). As opposed to merely
monitoring the pollutant's elimination from the body (i.e. the
apparent elimination half-life), the intrinsic half-life accounts for
the ongoing exposure while the pollutant is eliminated at the
same time.*” For PFHxS, no intrinsic half-life was available in
literature, thus the commonly applied apparent half-life of PFHXS
was used (ref. 38: 8.5 years). The body weight profiles of the
children are based on the sex-specific median growth curves
obtained from the Center for Disease Control and Prevention.*
The growth curves were adjusted for each individual by a body
weight adjustment factor, which was defined as the ratio of the
body weight of each 10.5 year-old over the corresponding median
value from the growth curve.

2.5. Model calculations

The PFAA EDIs and the model parameters were used to
simulate the PFAA serum concentrations in the 44 Finnish
children in the three exposure scenarios. The key equation of
the model is:

de e 1 1 _ _
N [ng mL™'d '] = 7d[ng mL7d 1] — ¢[ngmL™] X kejim [d 1]
(2)
des . . . .
where — is the change in PFAA serum concentration over time

dt
(ng mL~" d™ "), I the body weight normalized daily PFAA intake
(ng (kg bw)~* d~*) from all considered exposure pathways (see
Section 2.1), V4 the volume of distribution (mL kg™ ") and kejim
the elimination constant (d~') derived from the ratio of In 2
over the respective half-life (¢, d).
First, the model was used to calculate the top-down estimate,
which is defined as the theoretical PFAA intake (I) that is needed
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to result in the measured PFAA serum concentration. It is
calculated by rearrangement of eqn (2) and the use of the
measured PFAA serum concentrations as ¢s. A limitation of the
top-down estimate is that it only gives the total intake from all
possible exposure sources without the possibility to distinguish
among their contributions to the total intake. The top-down
estimate served for comparison to the derived PFAA EDIs in
Table 3. The comparison indicated how close the EDIs were to
the theoretical intake (i.e. top-down estimate).

Secondly, the model was used to simulate the PFAA serum
concentrations of each child from 1 year to 10.5 years of age by
using the derived EDIs of the 10.5 year-olds (see Section 2.2).
The EDI was kept constant over the modelled period from 1 year
to 10.5 years of age, which was justified by the observed
constant body burdens in the studied child cohort®* and the
lack of PFAA concentrations from earlier years (<10.5 years of
age) in the relevant exposure media.*’

The serum concentrations at 1 year of age served as the
initial PFAA serum concentration, from which the model set off
to simulate serum concentrations in the growing children. The
model was run for each child individually and incorporated
individual intakes of dust and air, a generalized dietary intake
(Section 2.2 and 2.2.1) and the child's weight at 10.5 years of age
(i.e. body weight adjustment factor, Section 2.4). Simulated
PFAA serum concentrations of each child were correlated with
the corresponding measured PFAA serum concentrations of
each child at the age of 6 and 10.5 years (Fig. S47). Further, the
median PFAA serum concentrations of the child cohort were
calculated from the simulations of each child and compared to
measured median serum concentrations (Fig. 2). The simulated
median serum concentrations of two groups, females and
males, were calculated in a similar way and compared to the
corresponding measured median PFAA concentrations, to gain
information about sex-specific trends in the PFAA serum
concentrations. However, only the weight could be used to
distinguish between the individuals and the sexes. No further
physiological input parameters, which could have served for the
modelling were available.

The model's performance was assessed by several statistical
metrics, which comprised the coefficient of determination (R?),

Table 3 EDIs derived from diet (incl. drinking water), dust and air exposure for Finnish children at 10.5 years of age for the low, intermediate and

high exposure scenario

Exposure scenario

PFAA (ng (kg bw) ' d ™) Exposure Low Intermediate High Top-down estimate®
PFOA Direct 0.16 0.19 0.53 —
Indirect 0.00064 0.0038 0.015 —
Total 0.16 0.19 0.55 0.26
PFOS Direct 0.15 0.19 0.53 —
Indirect 0.0050 0.011 0.015 —
Total 0.16 0.20 0.55 0.16
PFHxS? Direct 0.0026 0.0032 0.19 —
Indirect — — — —
Total 0.0026 0.0032 0.19 0.011

@ Top-down EDIs were derived from serum measurements of the studied children at 10.5 years of age. ” For PFHxS, only direct exposure could be

assessed.
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the Student's ¢-test for significant deviations of the slopes of
linear regressions (Tables 4 and S7, Fig. S41) and the root mean
square deviation (RMSD).

2.6. Model sensitivity and uncertainty analysis

A sensitivity and uncertainty analysis in the form of a first order
error propagation was conducted to explore the model's limi-
tations and determine the most influencing model input
parameters.*" First, the sensitivity S of each model input
parameter was assessed (Fig. S1-S3}). The model input
parameters I are defined as all variables applied in the EDI
derivations and the parameters used in the PK model (Table
S21). The model's sensitivity to each input parameter I was

AO
calculated as the ratio of the change in the model output o (ie

PFAA serum concentration) after increasing each I by a fixed

AT
amount A7, set to 0.1% 5 :

AO /Al
S=3o/T 3)

The sensitivity and uncertainty analyses were conducted at
different child ages (2, 6 and 10.5 years of age) to assess the
impact of model input parameters and the EDIs on the model
results. Since the serum concentrations of the 1 year-olds
were used as a model input (i.e. initial serum concentra-
tion), the sensitivity and uncertainty analysis was conducted
at 2 years of age instead. This enabled the observation of
changes in the impact of input parameters on early childhood
(2 years of age) relative to later childhood (6 and 10.5 years of
age).

Putative variance distributions for each input parameter,
termed confidence factors Cfyj, were assigned dependent on
available data and expert judgement (Table S2}) to obtain
a measurable impact of each input parameter's variation on the
modelled serum concentrations. Cf;; is a measure of variance
and uncertainty, which states that 95% of the values X lie within
the margins around the median u.** The relation between Cfy;
and X is expressed as:

Table 4 Statistical metrics for model evaluation of the intermediate
scenario at 6 and 10.5 years of age. R? = coefficient of determination,
RMSD = root mean square deviation, statistical significance was esti-
mated based on the linear regression’s slope and Student's t-test at the
95% confidence interval (@ = 0.05). The t-statistic and corresponding
probability estimates presented in Table S7

RMSD (£ng  Slope significantly

PFAA Age (years) R* mL ) different from 1:1 line
PFOA 6 0.21 0.99 No

10.5 0.08 0.55 No
PFOS 6 0.57 1.6 Yes

10.5 0.24 0.68 Yes
PFHXS 6 0.49 0.26 No

10.5 0.15 0.15 No

This journal is © The Royal Society of Chemistry 2019
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I
Cfy;

Probability{ <X <Cfy; x ,u} =095 (4)

For instance, a Cfy; of 3 means that the variance of input
parameterjis 1/3 and 3 times the median u. The contribution of
each input parameter to the variance in model output
(expressed as percentage) was calculated as:

(In Cfy;)7S) 2

1
37 (in Cfyy) s,

J=1

(5)

The results of eqn (5) are presented in Fig. 3 and are dis-
cussed, since they were considered to be most explanative
compared to the calculated sensitivities that do not incorporate
the parameters' putative variances (Cfi;). The model's sensitiv-
ities Sy, and the assigned confidence factors Cf; were used to
derive the variance of the model output represented as margin
of error of Cf, (Table S3}). The margin of error is directly
comparable to the measured variances in the serum samples
and is based on the relation expressed in eqn (4), where Cfj; is
substituted with Cfy,. Cfy, of the modelled PFAA serum
concentrations was calculated as follows:

Cfo = exp[(In Cfy1)*S11? +...+ (In Cfy,)2S;, "> (6)

3. Results

3.1. Calculated PFOA, PFOS and PFHXS intakes

The calculated EDIs of PFOA, PFOS and PFHXxS for the Finnish
10.5 year-olds are shown in Table 3 for the low, intermediate
and high exposure scenarios. The indirect exposure through
the intake and biotransformation of precursors contributed
between 0.4% and 3% to the total PFOA exposure and between
3% and 6% to the total PFOS exposure. The contribution of
indirect PFHxS exposure could not be assessed due to the lack
of precursor data. The total EDI of PFOA and PFOS in the high
exposure scenario (both 0.55 ng per kg bw per d) was approx-
imately three-fold greater than the EDI in the low or inter-
mediate exposure scenario (PFOA: 0.16-0.19 ng per kg bw per
d, PFOS: 0.16-0.20 ng per kg bw per d). The total EDI of PFHxS
in the high exposure scenario was 61- and 73-times greater
than in the intermediate and low exposure scenario, respec-
tively. The top-down estimates of the PFOA and PFOS intake
were 1.3-times higher and 0.8-times lower compared to the
EDIs of the intermediate exposure scenario, respectively. In
contrast, the top-down estimate of PFHXS was 3.4-times
higher, compared to the EDI in the intermediate exposure
scenario.

Overall, the dietary intake was the major exposure pathway
of the studied PFAAs in all exposure scenarios (Fig. 1). The air
and dust exposure contributed up to 5% to the total EDI of

Environ. Sci.. Processes Impacts, 2019, 21, 1875-1886 | 1879
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Fig.1 Contribution of direct and indirect diet, dust and air EDIs to total
EDIs of 10.5 year-olds at different exposure scenarios. Int. = inter-
mediate; direct = intake of the respective PFAA, Indirect = intake of the
respective PFAA intake through precursor biotransformation and the
direct intake, for PFHxS, no precursor data were available #2225

PFOA and PFOS. For PFHXS, the dust exposure contributed 38%
to the total EDI in the low and intermediate scenario.

3.2. Dynamic modelling

The model's results of the median serum concentrations of the
Finnish child cohort are presented in Fig. 2. The curves of
modelled PFOA and PFOS concentrations in the low and
intermediate exposure scenario were within the range of
measured concentrations (box plots, Fig. 2). At 6 and 10.5 years
in the intermediate exposure scenario, the simulations were 0.8-
fold lower each for PFOA and 1.3- and 1.4-fold higher for PFOS
compared to measured serum concentrations. In contrast, the
serum concentrations in the low and intermediate scenarios of
PFHXS were 0.5- and 0.6-times lower compared to the measured
serum concentrations at 6 and 10.5 years of age. Increasing the
PFHXS intake by a factor of 5, the model showed a better
agreement with the measured PFHxS serum levels. In contrast,
changing the volume of distribution or the half-life barely
affected the model output (Fig. S51).
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The serum concentrations of all PFAAs in the high exposure
scenario exceeded the measured serum concentrations, which
was caused by the high dietary concentrations applied in that
scenario (see Section 2.3, Table S1}). The curve shape of the
modelled serum concentrations of PFAAs was owed to both the
constant elimination and growth dilution. At 1 and 10.5 years of
age, growth dilution contributed from 63 to 77% and 24 to 55%,
respectively, to the total loss of PFOA, PFOS and PFHxS. Elimi-
nation caused the remaining losses. It was not possible to
reconstruct the observed sex-specific trends in PFOA and PFOS
serum concentrations that were found among the children of the
cohort.*® The median body burden (i.e. the total amount of
a pollutant in an organism) of PFOA decreased with age in the
females, whereas it increased with age in the males.*

It can be seen that the model is in better agreement with the
measured serum concentrations when the median serum
concentrations at 6 and 10.5 years of age were reconstructed in
comparison to the modelled serum concentrations of each
individual (Table 4 and Fig. S4%). RMSDs were higher for 6 year-
olds than for 10.5 year-olds, which also applied to R*. Between
21 and 57% of the variability in PFAA serum measurements in 6
year-olds could be explained by the model, while for the 10.5
year-olds, only between 8 and 24% of the variability could be
explained. For PFOS, fitted linear regressions of the interme-
diate exposure scenario significantly deviated from the 1:1 line
as a result of the spread in the data (blue and red lines, Fig. S41).

Unexpectedly the model explained 49% of the observed
variability in the individual's PFHXS serum concentrations at 6
years of age (Table 4). This was likely owed to the larger vari-
ability in measured PFHXS serum concentrations at this age

(Fig. 2).

3.3. Sensitivity and uncertainty analysis

For PFOA and PFOS, the contribution to the variance in model
output (eqn (5)) at two years of age was mainly caused by the
serum concentration, while the contribution to the variance in
model output at later childhood (6 and 10.5 years of age) was
mainly caused by the dietary consumption rate (Fig. 3). In the

PFOS
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Fig. 2 Modelled serum concentrations compared to serum measurements in Finnish children at 1 year, 6 and 10.5 years of age. Box plots
represent serum measurements with the boxes marking the first, the second (median) and the third quantile and the whiskers marking maximal
1.5-times the interquartile range; one PFOS measurement of the children aged 1 year (40 ng mL™) was excluded from the figure as it was an

obvious outlier.
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case of PFHXS, the serum concentration was by far the biggest
contributor to the variance in the model output (=92%)
throughout childhood. The range in modelled serum concen-
trations, represented as the margin of error, was in good
agreement with the observed variability in measured PFAA
serum concentrations (Table S31).

4. Discussion

4.1. Results summary

Except for the high exposure scenarios, the model accurately
reconstructed the median PFOA and PFOS serum concentra-
tions of the Finnish child cohort. For PFHxS, the modelled
serum concentrations in the intermediate and low exposure
scenario were consistently underestimated compared to the
measured serum concentrations. The potential reasons for the
model's underestimation of median PFHxS serum concentra-
tions are discussed separately (see Section 4.5).

In contrast to the simulation of median serum concentra-
tions, the model showed less accurate results when PFOA and
PFOS serum concentrations were reconstructed for each
individual (Fig. S4%), as indicated by the root-mean-square
deviation of the model's predictions (RMSD) and R>. The
RMSDs ranged between 35 and 75% compared to measured
median PFAA serum concentrations (Table 4). R values were
higher for 6 year-olds than for the 10.5 year-olds, which means
that the model could explain less of the observed variability in
PFOA, PFOS or PFHXS serum concentrations for older chil-
dren (Table 4).

The model inputs with the highest contribution to the vari-
ance of the modelled serum concentrations were the initial
PFOA, PFOS or PFHxS serum concentration and the respective
dietary consumption rate, while the margin of error in modelled
PFAA serum concentrations was comparable to the variance of
the measured concentrations (Table S31).
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4.2. EDI study comparison

Although dietary intakes of the child cohort were unknown, the
present model approach successfully reconstructed the median
PFOA and PFOS serum concentrations of the Finnish child
cohort. A comparison of the derived EDIs of PFOA and PFOS to
the EDIs derived in other studies (Fig. 4) revealed that the EDI
ranges were relatively small. All EDIs of the studies' interme-
diate exposure scenarios ranged from 0.19 to 0.29 ng per kg bw
per d for PFOA and from 0.19 to 0.63 ng per kg bw per d for PFOS
(dots, Fig. 4). In fact, the EDIs of these different studies were
within a much lower range compared to EDIs of studies from
before 2011. For example, among these studies is one highly
cited work 