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ABSTRACT

Physiologically-based pharmacokinetic (PBPK) modetsmathematical representations of
the human body aimed at describing the time codisibution of chemicals in human
tissues. Since parameterization of PBPK modelsaseth on empirical estimation and
experimental data, simulation results may have hdglgree of uncertainty. As a
consequence, the reliability of model validationhighly affected. In this study, the
parametric uncertainty associated with PBPK modidseloped for perfluorooctane
sulfonic acid (PFOS) and perfluorooctanoic acid@Rl were analyzed and the different
validation approaches were discussed for a casly-gturarragona County (NE of Spain).
Physicochemical parameters and dietary intake @3 Bnd PFOA were estimated from
previous investigations performed in Tarragona @puA sensitivity analysis (SA) was
performed to understand the degree of influendemit parameters on the final outcomes.
The uncertainty of the PBPK models’ outcome wasss=d by propagating the parametric
uncertainty using the Latin Hypercube Sampling (LHS8chnique. The elimination
constantsTmandKt) as well as th&ree fractionand theintake,were the most influential
parameters according to the SA results, being 8% for PFOS and 99.9% for PFOA.
The validation of the PBPK model, which was perfednusing different approaches,
showed clear discrepancies in the visual validatidren compared with the statistical

analysis.
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1. INTRODUCTION

Physiologically-based pharmacokinetic (PBPK) mougliis extensively used
nowadays in drug development and human health agdessment (Chiu et al., 2007,
Rowland et al., 2011). PBPK models are aimed atilsitimg the time course concentration
of chemical compounds in the human body (Nesto20@7). In PBPK modeling, tissues
are considered compartments linked by the blood,fleshere the chemical concentrations
are described by mathematical equations that casolwed computationally (Thompson
and Beard, 2011; Thompson and Beard, 2012). Theplexity of the PBPK models
depends on the administration, distribution, meiaboand elimination (ADME) processes
of the chemicals in the human body. Although thet fPBPK model was developed by
Teorell (1937), the mathematical resolution of #wations was not achieved until the
1970s (Bischoff et al., 1970; Jones and Rowland;Y2€13). However, the scarcity of
pharmacokinetic data as well as the implementatifan vivo andin silico tools to estimate
critical model parameters, have delayed an extensse of PBPK models (Mumtaz et al.,
2012; Rowland et al., 2011).

PBPK modeling involves the use of input parametg@serated by experimental
assays. Therefore, it owes a certain degree adiwdity and uncertainty associated with the
measurements. Variability is the inter-individuaiffetences in the anatomical and
physiological characteristics among individuals li#taemper et al., 2009; Linares et al.,
2010), whereas uncertainty give a value of thecipien and accuracy of the parametric
estimates. Although variability cannot be reduaethetter understanding can be provided
by increasing the set of experimental values. @lge allows a reduction of the uncertainty

(Bois et al., 2010). In the past, a number of apphes have been used to estimate the
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variability and uncertainty of PBPK models, such Mente-Carlo simulation, Fuzzy
simulations, and Bayesian Markov chain Monte C&M&MC) (Gueorguieva et al., 2005;
Hack, 2006; Sweeney et al., 2001; Woodruff et1892). Moreover, a clear differentiation
of uncertainty and variability in modelling has healso conducted (Chiu et al., 2009;
Holzkaemper et al., 2009; Huizer et al., 2012; Métkal., 2009). The sensitivity of the
parameters has been identified as a key aspedteirevaluation of the variability and
uncertainty of input parameters. Sensitivity angly$SA) provides a quantitative
assessment of the degree of influence of inputnpaters on the model results (Loizou and
McNally, 2010; McNally et al., 2011).

Validation is the process of evaluation of a moalgh the reliability and relevance
of a particular approach, which is established witts domain of applicability (Chiu et al.,
2007; WHO, 2010). Although PBPK models can be &éd by using different methods, a
single approach has not been yet accepted by tegulagencies. Uncertainty plays a key
role in the validation of the PBPK models. Validiglates to the correctness of the basic
structure of a model as well as parameter valuasodel can be completely invalid if it is
incorrectly structured, even if it happens to gare answer that is close to correct with
some set of inputs. Although, in general closerissthe most important criteria and
simulations within a factor of 2 of experimentasu#ts may be considered as valid (WHO,
2010). The most common approach is the visual cosgpaof the experimental data with
the simulated results (Chiu et al., 2007; Loccisanhal., 2011). However, this approach is
highly affected by the structural and parametricartainties of the PBPK models.
Normally, high parametric uncertainty can incre#tse range of the model outputs and
most of the experimental values (validation datayrfall within the range of simulation

output and inferred as valid. As a result the madaly be erroneously considered as a
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valid. Since the uncertainty associated to PBPKehpdrameterization is very high (Chiu
et al., 2007; Farrar et al., 1989; Nestorov, 20€Hg,validation of PBPK models without a
proper consideration of uncertainty might be indali

Taking this into account, this study was aimed siingating the uncertainty
associated to PBPK modeling parameterization, ptmrits validation. Parametric
uncertainty in this study represents both varigb#ind uncertainty and “uncertainty” has
been used as a generic term to whole range unugrt@stimated from existing
information. The model for this study comes fromravious study, where PBPK models
for perfluorooctane sulfonate acid (PFOS) and perfioctanoic acid (PFOA) in humans
were developed. and tested for a case-study irmagana County (NE of Spain) (Fabrega et
al., 2014). PFOS and PFOA are the two most wellakngerfluoroalkyl substances
(PFASs), a group of chemical pollutants currently gpeat environmental concern.
Although they are easily absorbed via oral rodteytare not metabolized in human body,
being poorly eliminated. The mechanism of elimioatof PFASs is mainly through urine
elimination in the majority of the congeners. Thxeretion in the feces and the amount that
undergo to enterohepatic circulation is negligibleomparison with the urine elimination
for most of the congeners (Zhang et al., 2013). &él@x, there is a resorption mechanism
from urine to plasma (Andersen et al., 2006; Lamuis et al., 2011; Tan et al., 2008).
Moreover, PFASs strongly bind to serum albumin (€laad Guo, 2009), being only a
small fraction (unbound free fraction) available rfteove to tissues and susceptible to
elimination (Bischel et al., 2010; Chen and Gud2M an et al., 2003).

The objective of the present paper is to assessrtbertainty of a previous PBPK
model developed for PFOS and PFOA and to compaeptbcess of visual validation

(commonly used in development of many published PBRodels) with the statistical
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validation included in this work. In a first step,SA was done and the most sensitive
parameters were identified. Secondly, the uncedstanshthe PBPK model was assessed by
propagating the parametric uncertainty, using ttainL Hypercube Sampling (LHS).
Finally, the uncertainty of PBPK models’ simulatiomas statistically validated with
experimental values collected from the populatiming in the case study area under

evaluation.

2. MATERIALSAND METHODS

2.1. PBPK mode for PFOS and PFOA

In a recent study, we developed a PBPK model tonast the distribution of PFOS and
PFOA within the human body (Fabrega et al., 20I4)e previous model structure,
equation and data set of the PBPK model were maedan the present work. However,
the range of parametric uncertainty derived froevmus study has been included in order
to perform sensitivity analysis and assess thertaiogy of the model. The PBPK model,
whose structure is depicted in Fig.1, is based @nlifferentiated compartments: plasma,
gut, liver, kidney, filtrate, storage, fat, bralangs and rest of the body. The PBPK model
was tested for a case-study in Tarragona County dN&pain). The intake of PFOS and
PFOA was assumed to exclusively occur by the copsom of food and water (Domingo
et al., 2012a; Domingo et al., 2012b), while otpetential exposure pathways, such as air
inhalation or dermal exposure, were consideredegtigible. Experimental data regarding
PFOS and PFOA in human tissues other than plasmaberast milk are very scarce
(Karrman et al., 2010; Maestri et al., 2006; Pé&teal., 2013). For validation purposes,

concentrations of PFOS and PFOA in human tissuee witained in the framework of
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previous biological monitoring studies in Tarragd@aunty (Ericson et al., 2007; Pérez et
al., 2013). Levels of PFOS and PFOA were analymeshimples of plasma from 48 donors,
with an average age of 40 years old (aged 20-60¢4@n et al., 2007). Complementarily,
the concentrations of the same PFASs were preyi@ssiessed in autopsy samples of liver,
brain, lung, bone marrow and kidney from 20 indiats, who at the time of their death
had been living in Tarragona County for at leasyéérs (Pérez et al., 2013). At the time of
death, the average age of the individuals was arsyad, ranging between 28 and 86 years
old.The partition coefficients (Pks), defined as ttoncentration of a chemical in a tissue
over its concentration in plasma, were identifisdtee key parameters of the PBPK model.
Pks values were estimated by using available data @%fnd PFOA in plasma and
human tissues from the previous biological monigrstudies (Ericson et al., 2007; Pérez
et al., 2013). The elimination was based on a pggor mechanism in kidney. Similarly to
Pks the elimination constants, maximum resorption YBmd affinity constant (Kt), were
also calculated according to experimental valuesuiman autopsy tissues (Fabrega et al.,
2014). Tm is the maximum amount of PFOS or PFOA tha be resorbed from urine to
plasma, while Kt is obtained when V (Kt) is equalMmax/2, in the trend of the reaction,
analogous to the Michaelis-Menten curve. Tm andakd analogous parameters to the
maximum velocity (Vmax) and Michaelis-Menten com$tgdKm), respectively, in the
Michaelis-Menten kinetics. While PFOS and PFOA strengly bound to plasma albumin,
the remaining unbound fraction was called Freetivacbeing one of the key parameters in

the distribution of PFOS and PFOA in PBPK modelling

2.2. Case-study
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The mean dietary intake of PFOS in adults living arragona County (Spain) was
previously estimated in 158.2 ng/day, with minimamd maximum values of 109.9 and
316 ng/day, respectively (Domingo et al., 2012b)thWespect to PFOA, the average
intake was 327.6 ng/day, ranging between 58.1 830 hg/day. In addition to food intake,
the contribution of water consumption, as anotr@emtially important exposure pathway
of PFOS and PFOA, was also studied. The concemtisattf PFOS and PFOA in samples
of drinking water were also determined, being Inf 2.4 ng/L, respectively (Domingo et
al., 2012a). Considering a daily consumption ofewvatf 1.23 L day (US EPA, 2011), the
mean intake of PFOS for adults living in Tarrag@aunty was estimated in 0.17ug/day
(range: 0.11-0.32 pg /day), while that of PFOA wakulated in 0.33 pg/day (range: 0.06-
1.33 pg/day) (Domingo et al., 2012a; Domingo et2012b). Due to the lack of lifetime
intake data, the constant rate of intake with d#ifé uncertainty scenarios was considered
along the lifetime of the individual. .

2.3. Sengitivity Analysis (SA)

SA of the PBPK model was performed to identify tegree of influence of input
parameters on the model outputs (Evans and Ek®@fl). SA was carried out by using
the method of sensitivity index (SI), defined as #iosolute value of the difference between
the maximum and minimum output values over the marn output value of the model

output (Hamby, 1994):

_|Dmax- Dmin|

Sl=
| D max | @)

The whole range of PBPK model parameters was edalua the SA, including
body weight (BW), volume of each human tissue, ie@rdutput to liver, brain, lungs, and

kidney, elimination constants (Tm and Kt), Freecfi@n, and Intake. Moreover, the Pk
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value of PFOS and PFOA in gut, liver, kidney, fatain, lungs and the rest of the body,
were also taken into account. These were previoasessed using experimental data
obtained in human tissues (Fabrega et al., 2014esiMaet al., 2006). In addition,
physiological data of tissue volumes and cardiapwuwere obtained from Huizer et al.
(2012) and Brown et al. (1997). The mean and uairgyt range (minimum — maximum)
for the parametric data was assessed using thedsgtoprovided by Fabrega et al., 2014;
Maestri et al., 2006; Huizer., 2012 and Brown et #)97. The values were summarized in
Table 1. Data of elimination constants (Tm and &)l Free fraction were taken from our
previous study (Fabrega et al., 2014) and a coefiicof variation (CV) of 0.3 (30%) was
used for these parameters, according with the G3d uis previous studies (Allen et al.,
1996; Brochot et al., 2007; Sweeney et al., 200hg duration of the simulation exposure
was the maximum age (90 years) where all the pasmbad achieved the convergence.
The contribution of each parameter to the totakdmity was assessed as percentage of
individual sensitivity (SI) of the total sensitiyi{sum of SlIs) of all the parameters. PFOS
and PFOA concentration in plasma/blood is used wpub variable of interest for the

sensitivity analysis.

2.4. Uncertainty analysis

The uncertainty of the PBPK model was assessedtHer most contributive
parameters, according to the SA results. Uncegtantlysis was performed using Latin
Hypercube Sampling (LHS) method. LHS is a stralifampling methodology used to
reduce the number of runs necessary for a Monte @sIC) simulation, thus achieving a
distribution with an acceptable number of calcolatiMcKay et al., 1979). In the LHS, the

range of each variable is divided into N intervalbere N is the number of iterations of the
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MC simulation. Then, a random value is obtained dach segment following uniform

distributions which are randomly grouped for eac Bimulation. The 1000 parametric
samples of Tm, Kt, Free fraction and Intake wenmgad using LHS method assuming
lognormal distribution (Table 2) and used to sinteiléhe concentrations of PFOS and
PFOA in human tissues using respective PBPK madelthe given set of parameters, we
assumed that there ware no correlation betweewdlues of different uncertain parameters
used in the model simulation. The input paramesetsfrom stratified sampling exercise
were used to simulate the minimum and maximum aumagons of PFOS and PFOA in

the selected human tissues (plasma, liver, braing land kidney). In case of non-

convergence simulation, Tm, Kt and Free were rbcatied to get a stable solution. The
minimum and maximum simulation bands were usedhtiolate the experimental results by
comparing the experimental data with the simulatiesults obtained through the PBPK

model (Chiu et al., 2007).

2.5, Statistical analysis

To assess the statistical validity of the PBPK nhéaolethe given case study data, a
Student’st-test was performed between the simulated resbttsred by the PBPK model
and the experimental data. This test is used termhate if the means of two populations

are equal (Snedecor and Cochran, 1989), accorditigetfollowing expression:

f=— 2
o @)
Sc 4y
n m

where x and y are the meangaad § are the standard deviations, and “n” and “m”

are the size of the samples. When data varianeedifferent, the statistical test under the
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null hypothesis has a Student’s distribution. Tferes the sample standard deviation is

replaced by the pooled standard deviation, follgaimns equation:

] _\/(n -Ds,” +(m-Ds,’
= (3)

n+m-2

To test the validity of the statistical hypothe@isthis case the model validity for a
given case study data), test output as p-valuengpared witha-value. The p-value is a
probability function derived from the observed s&ngesults that the observed statistic
occurred by chance alone. A level of significangbich is called alphan(), need to be set.
Alpha explains how the observed extreme resultstrbasin order to reject the null
hypothesis of thétest. Alpha is associated to the confidence leféhet-test. Commonly,
alpha has a value of 0.05 or 0.01, indicating ellexf confidence of 95% or 99%,
respectively. . To test the significaneejs compared with the p-value to accept or reject

the null hypothesis.
3. RESULTSAND DISCUSSION

3.1 Sengitivity analysis

SA was performed to identify the degree of influerd input parameters on the
model outputs. SA outcomes are summarized in Tablen which the parameters are
ranked according to their sensitivity. For PFO$, ltighest values of SA were obtained for
cardiac output to kidney (Q. kidney), Free Fractiaffinity constant (Kt), followed by
maximum resorption (Tm), Partition Coefficient (Pior the rest of the body, and oral

intake. For PFOA, the parameter with the highestrdaution to the SA was Free fraction,
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and Kt followed by oral intake, Tm, Q. kidney, alRl for the rest of the body. In general
terms, cardiac output and volumes of tissues shawedsmallest contribution, with the
only exception of Q. kidney. The reason of the tsghsitivity of Q. kidney might be due
to the fact that kidney is the elimination tissaed it has been reported that Q. kidney is a
physiological parameter with a low uncertainty (kriet al., 2012). Similarly, Pk of all the
individual tissues showed a relatively low sengiiwvith the only exception of the rest of
the body. This could be due to the fact that tlsgartment is a lumped tissue, which
receives all the uncertainty of all other tissuésompson and Beard, 2012). There is no
plausible kinetic mechanism can be found for higsensitivity of Free fraction and Kt in
PFOA than in PFOS. We believe that this may betdubfferent uncertainty range of data
for these four parameters for PFOS and PFOA. Inta&e also identified as a sensitive
parameter for PFOS and PFOA. The study of the teiogy was focused on the most
sensitive parameters (or the parameters with thleelst contribution to the model output),
namely elimination constants (Tm and Kt), Free tfoag as well as Intake. Though
Q.kidney is one of the most sensitive parameterFBOS and PFOA, it most was not
considered for general uncertainty analysis as ilinked to particular organ and may
influence the results only for particular organr RFOS, around 83% of the uncertainty
comes from these four parameters. Regarding PH@Apércentage of SA contribution of

these four parameters was 99.9%.

3.2. Uncertainty assessment of parametric data
The mean, minimum and maximum concentrations of BGd PFOA in plasma,
liver, brain, lung and kidney were simulated anchpared with experimental data (Fig. 2-

6). The parameters under study were selected fh@en8A outcomes with higher Sl score

13



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

and representing the influential input parametdts more than 80% contribution to output
uncertainty. These parameters were elimination teots Tm andKt), Free fraction and
Intake. In many cases, the result was a set ofcoonerging simulations. For those set of
unconverged simulation, recalibrations of Tm, Kted- Fraction and intake values were
performed to get a stable solution. These multapeaters calibrations were performed in
the reported uncertainty range of these paramef@ns process of calibration may
underestimate the final value for the true rangeraertainty. However, it allows obtaining
simulations that converges (more stable) with clapproximation to the true range of
uncertainty.

The behaviour of the elimination parameters, Tm &tdare analogous to the
maximum velocity of reaction (Vmax) and the Michaé¥enten constant (Km),
respectively, in the Michaelis-Menten reactions ({Ket al., 2005). Tm is the maximum
amount of PFOS or PFOA that can be resorbed frone uo plasma, while Kt is obtained
when V (Kt) is equal to Vmax/2, in the trend of tfeaction, analogous to the Michaelis-
Menten curve. When Tm increases, the final cona#iotr values in tissues also increase.
In turn, the concentration in tissues decreaseswheéncreases. Free Fraction (or unbound
chemical) is available for passive diffusion to raxaiscular or tissue sites where the
toxicological effects of the chemical take placdefiefore, theFree Fraction typically
determines chemical concentration at the actiweasid, thus, efficacy. On the other hand,
when the intake is high, the amount of bound chemapproaches an upper limit
determined by the number of available binding sik&s a highly tissue-bound chemical, a
higher intake results in a higher concentratiohuman.

The degree of influence dPks on the tissue concentrations was very high. A

number of mathematical algorithms were used to idewa good estimation dPks for
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different chemicals. Unfortunately, the amphiphsgicucture of PFOS and PFOA makes it
difficult to predict the Pks, because the algorsghare not optimized for amphiphilic
substances(Peyret et al., 2010). This left us Withuse of experimental data as the only
way to estimate th&ks for PFOS and PFOA. ThBks value used in this study were
previously calculated by dividing the concentrasion each tissue by the level in plasma
(Fabrega et al., 2014; Maestri et al., 2006). Satad concentrations found in some tissues
were far from experimental values. For instanceamBFOS concentration estimated in
lung and kidney tissue was much lower than thahdoexperimentally. It demonstrated that
thesePks should be better estimated by an improved matheahalgorithm and more
experimental data. Considering the high sensitigityPks and the relatively good fitting
between simulation and experimental results inm&st can be safely assumed that one of
the main factors responsible for the relatively rpoesults obtained in tissues, other than
plasma, were thePks being added to the small contribution of othemrapaetric

uncertainties.

3.3. Moddl validation

3.3.1 Visual validation

The most common process of model validation inRB&PK models is the visual
comparison of the simulation results with experitakivalues (Chiu et al., 2007). The
simulation of the mean, minimum and maximum valwas conducted in plasma, liver,
brain, lung and kidney for PFOS and PFOA, and costgpavith the experimental values
found in Tarragona Country (Ericson et al., 200&eR et al., 2013). The comparison of

experimental and simulation data are depicted gn Zi4. The simulations were run for 90
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years, being this the maximum age among all théuated subjects. All the simulation
trends followed a hyperbolic profile, similar teetMichaelis-Menten saturation curve (Kou
et al., 2005). It reaches convergence when theohgee population is between 10 and 60
years old. Simulation for the minimum concentratrange converges earlier (close to 10
years old), whereas the maximum concentration rangeergence is at an older age (close
to 60). Most modelled results were within the ranf@experimental data. The differences
between the minimum and maximum values of the éxygental results were statistically
significant (p<0.05). The minimum and maximum cartcations levels in the steady state
for PFOS ranged 0.03-150, 0.002-14.32, 0.001-8d70a1-84.57 ng/g w.w. and for PFOA
ranged 0.0005-47, 0.0001-7.74, 0.0006-57.84 an@08-:84 ng/g w.w. in liver, brain, lung
and kidney, respectively. A visual validation wastablished considering that the
experimental values should be between the minimuehtiae maximum values found in the
simulations. In plasma, all the experimental resswere between the maximum and
minimum estimated levels of PFOS and PFOA (Figa@)l most of them being close to the
mean. With respect to PFOA, the distribution of éxperimental plasma concentrations
was more aligned to the mean than PFOS, for whigiglzer dispersion was noted. Results
for the other tissue compartments are shown in3-#. In case of PFOS, results are varied
with liver, brain and kidney are showing good agmeat with experimental values,
whereas in lung, most experimental samples arefoilte simulated range (Fig. 3). In case
of PFOA, the experimental concentrations for theolhset of samples were in the
uncertainty range of simulated levels except IUfg.(4). In both cases, lung has shown
poor agreement with experimental data. Overalljalisnspections confirm that simulations

results are in accordance with experimental dedidating the PBPK model. Moreover,
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PFOA results were slightly better than the estioreifor PFOS, because most of the
experimental results are within the range of th&®RBimulations.

A second visual validation was performed by depirthe results in box plots (Fig.
5-6). A box plot is a tool to graphically depicsat of numerical data using their quartiles.
Box plots in Fig.5-6 are constructed using a boxemtthe lower and upper ends of the box
represents the first and third quartile (Q1 and,@8) the vertical line within the box
represent the median. Moreover, two horizontalsliage constructed in the ends of the box
that represent the minimum and maximum values.ldsnpa, experimental data of both
PFASs were grouped in two clusters, according éoage of the subjects: 1) population
from 20 to 30 years old, with an average age oy&&s, and 2) population from 50 to 60
years old, aging 54 years old as a mean. An impbrtamber of outliers were found in the
simulation box plots of plasma. However, the sirtedaand experimental box plots were
very coincident in the ranges. In the other tisstles box plots showed, in general terms, a
larger dispersion of the results when comparedntoilation results. This spread higher in
lungs for both compounds, as well as in kidneyR&OS. The analysis of the box plots
were in agreement with the above-shown simulatiends, however it reveals some more

statistical facts than previous visual validation.

3.3.2. Statistical validation

To assure the statistical validity of the final uks, the Student'd-test was
performed between steady state simulated resultegperimental data. Results for plasma
are summarized in Table 3, while those correspanttirother human tissues are shown in

Table 4. Two levels of statistical significance=01% anda=5%) were established. In
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plasma, two subpopulation groups were differerdi@ecording to the mean age, either 25
or 54 years old. The values were 0.69 and 0.86 for PFOS and PFOA, césphb,
assuming an equal variance. Therefore, there wergigmificant differences between the
experimental and the simulated results. Similaiflyan unequal variance is assumed,
values ranged from 0.53 to 0.73 for PFOS and PF@8pectively, showing a lack of
significant differences between the experimentah dand the simulation results. In other
tissues, the validity of the model was dependanthenlevel of significance. Far=1%,
significant differences for PFOS were found in luagd kidney, as well as in brain and
lung for PFOA. Foin=5%, significant differences were observed in lidang and kidney
for PFOS, and in liver, brain and lung, for PFOA.cbntrast with the visual validation, it
seems that the PBPK model was only validated ferdimulation of PFASs in plasma,
while varied degrees of disagreement were regtinedata in other tissues. The results
of the model validation, either visual or statiatjadiffered notably. It must be highlighted
that, in a visual validation, most of the simulatiesults are considered valid when most
experimental values fall in the range of simulatr@sults. In contrast, in the statistical
analysis that avoids human biases in judgmentieblts may significantly differ in many
tissue compartments and put the PBPK model vatidain question. Although visual
analysis is the predominant method in PBPK modgllistatistical analysis should be

incorporated to avoid biases in the visual valwiati

4. CONCLUSIONS
The parametric uncertainty and the statisticaldedion of a specific PBPK model

were studied and applied to a case-study, wheréddg burdens of PFOS and PFOA in
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the adult population of Tarragona County (Spain)revestimated. The elimination
constantsTmandKt) as well as th&ree fractionand theintake,were the most influential
parameters according to the SA results, being 8% for PFOS and 99.9% for PFOA.
The validation of the PBPK model, which was perfednusing different approaches,
showed clear discrepancies in the visual validatidren compared with the statistical
analysis. According to the visual validation, tlecentrations of both, PFOS and PFOA,
fell within the range of the model simulations, ukisg in the PBPK model being
considered valid. In turn, according to the Studetstest, the model was not validated for
PFOS in lungs and kidney, as well as for PFOA airband lungs. It clearly indicates that
the statistical analysis is an important step a\hlidation process of PBPK modelling to
avoid potential biases. The study of the uncernyailejppends on the parametric data and the
structure of the model, becoming then model-depeindéderefore, the conclusions cannot
be extrapolated to all the PBPK models. However,fimaings may help PBPK modelers
to know the most uncertain parameters and theantia of the uncertainty in their models.
Further, greater confidence in uncertainty and amlity analyses will result if the
parameter distributions, correlations among pararagetc., are based on the best available
biological understanding of the systems. Thereftre,real uncertainty associated to the
PBPK parameters may be underestimated. There ammens possibilities of
improvement. However, the present study has predediscrepancies in our scientific
reporting of model validation, putting forward arostg argument to consider the
uncertainty in the PBPK modelling and need of statal analysis to be incorporated or

substituted for the predominant visual validationhe process of PBPK model validation.
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539 Table 1. Mean, range and sensitivity of the parameters sttt PBPK model

PFOS PFOA

Parameter Mean Range Sensitivity ~ Parameter Mean Range Sensitivity
Free 0.03  9.45E-7-7.0E-2 0.999  Free 0.03  9.46E-7-7.0E-2 0.999
Kt 0.018 3.30e-7-5.0E-5 0.999 Kt 0.116  1.12E-4-3.0E-2 0.998
Q. kidney 0.17 0.118-0.265 0.999 Intake 0.331 0.061-1.33 0.952
Tm 3.50 0.617-17.2 0.957 m 6 1.46-20.9 0.929
Pk Rest body 0.2 0.0007-17.9 0.781 Q. kidney 0.177 0.118-0.265 0.801
Intake 0.161 0.109-0.316 0.624 Pk Rest body 0.12 0.0002-40.2 0.664
Pk fat 0.033 0.004-15.0 0.438 BW 71.4 64.7-79.1 0.139
BW 71.4 64.7-79.1 0.136 Pk fat 0.467 0.008-16.2 0.055
Pk gut 0.57 0.013-17.7 0.073 Pk gut 0.05 9.97E-6-33.7 0.025
Pk brain 0.255 0.002-16.8 0.017 Pk liver 1.03 0.077-14.1 0.002
Pk lung 0.155 0.0003-24.8 0.017 Pk brain 0.17 0.0005-20.8 0.0008
Pk liver 2.67 0.494-13.6 0.007 Pk kidney 1.17 0.096-11.5 0.0006
Pk kidney 1.26 0.105-14.7 0.003 Volume plasma  0.04 0.026-0.059 0.0004
Volume brain 0.021 0.014-0.032 0.001  Volume lung 0.014 0.009-0.021 0.0003
Q. brain 0.117 0.078-0.176 0.0008  Volume liver 0.023 0.015-0.034 0.0003
Volume liver 0.023 0.015-0.034 0.0007  Pklung 1.27 0.105-13.723 0.0002
Q. liver 0.189 0.126-0.283 0.0005 Q. liver 0.189 0.126-0.283 0.0002
Q. lung 0.034 0.023-0.051 0.0002 Volume kidney  0.004 0.003-0.006 0.0002
Volume plasma  0.04 0.026-0.059 0.0002 Q. brain 0.117 0.078-0.176 0.0002
Volume kidney  0.004 0.003-0.006 0.0001 Q. lung 0.034 0.023-0.051 0.0002
Volume lung 0.014 0.009-0.021 0.0001  Volume brain 0.021 0.014-0.032 0.0001

540 BW: Body weight (kg); Tm: Resorption maximumg(h); Kt: Affinity constant ig/L); Free: free fraction (unitless); Pk: partitionefficient (unitless); Intake
541 (Hg/day), Q: cardiac output. Cardiac output to tissared tissue volumes are given according to tltidraof total cardiac output and total volume.
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542  Table 2. Parametric Distributiodata for PFOS and PFOA used in the PBPK modelrfoertainty
543  assessment.

Parameters Distribution PFOS PFOA
Mean  Std. Mean Std.
m? Lognorma 3.5 1.03 6 1.34
Kt? Lognorma 0.02 0.08 0.12 0.20
Freé Lognorma 0.03 0.09 0.03 0.09
Intake’ Lognormal 016 0.11 0.33 0.67

544

545 Tm: Maximum Resorptionug/h); Kt: Affinity constant gg/L); Free: Unbound Free Fraction (unitless);
546 Intake (1g/day); Std: Standard Deviatiohbased on assumption of CV=0.3 from previous stuidlen et
547 al., 1996; Brochot et al., 2007; Sweeney et aD130 Intake of PFOS and PFOA was based on previous
548  study of Domingo et al., (2012a) & Domingo et €012b)
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569
570
571

572  Table 3: Two samplé&- test of simulated and experimental concentratmBFOS and PFOA in
573  plasma for different age subpopulation groups, mgsyequal and unequal variances.

Equal variances Unequal variances

Mean age L1  Ho=s5% P H=1% Hu=5% P
PFOS 25 years 0 0 0.69 0 0 0.61
54 years 0 0 0.69 0 0 0.53
PFOA 25 years 0 0 0.86 0 0 0.72
54 years 0 0 0.85 0 0 0.73
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Table 4: Two sampld- test of simulated and experimental concentratiorFOS and PFOA.

PFOS PFOA
Tissue H= 10 Ha = 5% P H, = 1% Ho =50 P
Liver 0 1 0.027 0 1 0.05
Brain 0 0 0.34 1 1 1.56E-15
Lung 1 1 5.42E-07 1 1 0.003
Kidney 1 1 5.23E-04 0 0 0.162
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Fig. 1. Compartmental Physiologically-based pharmacokinetic (PBPK) model structure.

Fig. 2. Time course simulated concentrations (mean, minimum and maximum) vs.
measured concentrations of PFOS and PFOA in plasma.

Fig. 3. Time course Simulated concentrations (mean, minimum and maximum) vs.
measured concentrations of PFOS in liver, brain, lung and kidney.

Fig. 4. Time course simulated concentrations (mean, minimum and maximum) vs.
measured concentrations of PFOA in liver, brain, lung and kidney.

Fig. 5. Box plots showing the Simulated vs. experimental concentrations of PFOS and
PFOA in plasmain two groups of data samples with age range of 20- 30 and 50-60
yearsold.

Fig. 6. Box plots showing the Simulated vs. experimental concentrations of PFOS and
PFOA in liver, brain, lung and kidney in two groups of data samples with age range of
20- 30 and 50-60 years old.



Highlights

* PBPK modelsfor PFOA and PFOS wer e validated.

» Different validation techniques were compar ed.

» Visual validations of models ar e often erroneous.

e Validation of PBPK models are highly influenced by parametric
uncertainty.

* Model validation should increase transparency and reduce discrepanciesin
scientific reporting.



