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Abstract
Perfluoroalkyl acid carboxylates and sulfonates (PFAAs) have many consumer and industrial
applications. Developmental toxicity studies in animals have raised concern about potential
reproductive/developmental effects of perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonate (PFOS); however, in humans conflicting results have been reported for associations
between maternal PFAA levels and these outcomes. Risk assessments and interpretation of
available human data during gestation and lactation are hindered due to lack of a framework for
understanding and estimating maternal, fetal, and neonatal pharmacokinetics (PK).
Physiologically-based pharmacokinetic (PBPK) models were developed for PFOA & PFOS for
the gestation and lactation life stages in humans to understand how the physiological changes
associated with development affect pharmacokinetics of these compounds in the mother, fetus,
and infant. These models were derived from PBPK models for PFOA/PFOS that were previously
developed for adult humans and rats during gestation and lactation and from existing human
pregnancy and lactation models developed for other chemicals. The models simulated PFOA and
PFOS concentrations in fetal, infant, and maternal plasma and milk, were compared to available
data in humans, and also used to estimate maternal exposure. The models reported here identified
several research needs, which include: 1) the identification of transporters involved in renal
resorption to explain the multi-year half-lives of these compounds in humans, 2) factors affecting
clearance of PFOA/PFOS during gestation and lactation, and 3) data to estimate clearance of
PFOA/PFOS in infants. These models may help address concerns regarding possible adverse
health effects due to PFOA/PFOS exposure in the fetus and infant and may be useful in comparing
pharmacokinetics across life stages.
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Introduction
Perfluoroalkyl acids (PFAA) are fully fluorinated man-made carboxylates and sulfonates.
The most prevalent PFAA are perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate
(PFOS). The unique chemical properties imparted by the C–F bond allows for their use in a
variety of both industrial and consumer applications, such as surfactants, paper and
packaging treatments for grease and stain resistance, and as processing aids in the
manufacture of fluoropolymers (Olsen et al. 2008; Raymer et al. 2012). Compounds in this
class have been produced since the 1950s, and the use, distribution, manufacture, and
disposal of these and other chemicals that break down to form PFOA and PFOS have
resulted in the widespread exposure of both environmental media and humans (Lindstrom et
al. 2011). Due to the stability of the C–F bond, these compounds are highly resistant to
biodegradation and metabolism and thus are persistent (Lau 2009). The average serum half-
life in humans is estimated at 3.8 years for PFOA and 5.4 years for PFOS (Olsen et al.
2007). Biomonitoring studies detected PFOA and PFOS in serum of both occupationally and
non-occupationally exposed humans, including pregnant and lactating women, fetal cord
blood, and infants (Olsen et al. 2009; 2007). The long half-lives in humans are of particular
concern because this indicates that these compounds are bioaccumulative, which may result
in higher body burdens, allowing for a greater potential for adverse health effects. Pathways
for human exposure to PFAA have not been well-characterized, although it was suggested
that dietary exposure is the main contributing pathway in adults (Fromme et al. 2009;
Vestergren and Cousins 2009). Other exposure sources include drinking water, dust, and
household/consumer products treated with PFOA and PFOS (Trudel et al. 2008; Fromme et
al. 2009). Communities with high levels of PFOA in their drinking water have also been
found to have serum PFOA levels significantly higher than those reported for the general
population (Emmett et al. 2006; Holzer et al. 2008). Exposure to PFOA and PFOS can also
occur as the result of the breakdown of other larger fluoropolymers (Vestergren et al. 2008;
Paul et al. 2009; Prevedouros et al. 2006).

Reviews on the reproductive and developmental outcomes resulting from exposure to PFOA
and PFOS in experimental animals have been published (Lau et al. 2007; 2004). Although
the toxicity observed in the animal studies occurred at much higher doses and higher blood
levels than the levels observed in human serum from biomonitoring studies, maternal
exposure to PFOA and PFOS has resulted in dose-dependent developmental effects in rats,
mice, and rabbits. These effects include reduced birth weight, reduced postnatal survival and
growth of the offspring, and delayed lung maturation (Case et al. 2001; Grasty et al. 2005;
Lau et al. 2003; Luebker et al. 2005a; 2005b; Thibodeaux et al. 2003). Maternal effects
include reduced food intake and reduced weight gain (Thibodeaux et al. 2003). Postnatal
survival is similar for PFOS exposure in rats and mice; however, there are marked
differences in PFOA effects, which may be due to species and gender differences in
pharmacokinetics of PFOA. Most notably, the female rat has a short serum half-life for
PFOA (approximately 2-4 hours), while the half-lives observed in male rats and other
species (e.g., mouse, monkey, and humans) are several days to years (Seacat et al. 2002;
Kudo et al. 2002; Olsen et al. 2007; Lou et al. 2009). The variation in half-life is most likely
due to differences in expression of organic anion transporters in the proximal tubule (Kudo
et al. 2002; Weaver et al. 2009), which are thought to be responsible for renal resorption of
PFOA and thus the long half-lives observed across species (Andersen et al. 2006; Loccisano
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et al. 2011; 2012b). Several renal transporters were found to transport PFOA (Katakura et al.
2007; Kato et al. 2002; Kudo et al. 2002; Nakagawa et al. 2007; Weaver et al. 2009; Yang et
al. 2009), and although no study examined PFOS transport explicitly, PFOS is also ionized
at physiological pH and is most likely subject to uptake by the same transporters.
Elimination kinetics of PFOA and PFOS may also be influenced by branching on the carbon
chain (Beesoon et al. 2011; Benskin et al. 2009) or by binding to plasma proteins (PFOA
and PFOS are >97% bound to plasma albumin in the rat, monkey, and human (Han et al.
2003; Kerstner-Wood et al. 2003)). Animal studies have shown that these chemicals are
well-absorbed orally, poorly eliminated, not metabolized, and that they are distributed
mainly to liver, plasma, and kidney (Johnson et al. 1984; Kuslikis et al. 1992; Ophaug and
Singer 1980; Vanden Heuvel et al. 1991). The pharmacokinetics of PFOA and PFOS have
been reviewed by several authors (Han et al. 2012; Lau et al. 2004; Andersen et al. 2008;
Post et al. 2012).

Due to (1) widespread use, (2) bioaccumulative properties of PFAAs, (3) developmental
effects observed in animals, and because (4) PFOA and PFOS have been found in pregnant
women, cord blood, breast milk, and infants, epidemiologists began to focus on reproductive
and developmental outcomes in humans in relation to exposure to PFOA and PFOS.
Measurement of PFOA and PFOS in cord blood samples confirmed placental transfer, and
measurement in breast milk shows exposure of the infant via this route is also possible.
Epidemiology studies reported associations between PFAA exposure and various
reproductive and developmental outcomes (Olsen et al. 2009), including time-to-pregnancy
and birth weight, though the findings are inconsistent. Many of these outcomes may also be
influenced by or correlated with maternal factors including body mass index (BMI),
maternal size, nutrition, volume expansion, glomerular filtration rate, preexisting maternal
conditions, and other physiological variables.

Pharmacokinetic data for PFOA and PFOS in pregnant and lactating women, the fetus, and
infant are limited. However, the use of a physiologically based pharmacokinetic (PBPK)
model may aid in understanding the determinants of human pharmacokinetics; the model
might also provide an improved understanding of how the physiological changes associated
with development affect tissue distributions of these compounds in the mother, fetus, and
infant, thus improving the scientific basis of age- and life stage-specific risk assessment for
PFAA. In order to estimate maternal exposure from blood or milk concentrations of PFOA
and PFOS and help define the relationship between maternal exposure, internal tissue
concentrations in the mother, fetus, and infant, PBPK models were developed for PFOA and
PFOS for both the gestation and lactation life stages in the human. The gestation and
lactation models also allow for examining integrative exposure and internal dose during both
the in utero and postnatal periods. Not only can the model be used to predict the internal
dose in the fetus or neonate resulting from maternal exposure, but the model can also be
used to examine whether the reproductive associations observed in epidemiologic studies
might be able to be predicted on the basis of pharmacokinetics. The latter application will be
presented in a subsequent manuscript.

Methods
Previously developed adult rat, monkey, and human PBPK models for both PFOA and
PFOS have been described (Loccisano et al. 2011; 2012b). In addition, pregnancy and
lactation models for PFOA and PFOS were developed and described for the rat (Loccisano
et al. 2012a). In this study, the adult human model was extended to the gestation and
lactation life stages in order to provide estimates of maternal, fetal, and infant exposure to
PFOA and PFOS. These have been documented elsewhere (Loccisano et al. 2011;
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Loccisano et al. 2012b; Loccisano et al. 2012a); only the development of the human
gestation and lactation models is described here.

The pregnancy and lactation models retained all the features used to describe PFOA and
PFOS kinetics in the adult human, including a constant free fraction of chemical in plasma
and renal resorption in the filtrate compartment. The pregnancy and lactation models also
retained all the tissue compartments of the adult human, which included plasma, liver,
kidneys, filtrate, fat, skin, and a lumped compartment for the remaining body tissues. The
descriptions for pregnancy and lactation in humans were based on previously published
pregnancy and lactation models (Gentry et al. 2003; Clewell et al. 1999) and physiological
data on the changes that occur during these life stages (Salas et al. 2006; Sims and Krantz
1958; Beall et al. 2007; Dewey et al. 1991; Dunlop 1981; Duvekot et al. 1995; Wosje and
Kalkwarf 2004). The models were coded in the acslX program (version 3.0; AEgis
Technologies Group, Huntsville, AL). The model code can be found in the Supporting
Information.

Model Structures
The human gestation and lactation models simulated environmental exposure to PFAA
during pregnancy and lactation for the mother, fetus, and infant. The basic structures
(Figures 1 and 2) are based on the rat gestation and lactation models for PFAA. The
structural changes made to the adult human model were the addition of mammary tissue,
placenta, and fetal compartments, and a milk compartment for lactation. The physiological
and PFAA-specific parameters are adapted from the adult human model and modified for
the gestation and lactation life stages as outlined below. Only the mother was assumed to
have direct exposure to PFAA, and only the free fraction of chemical in plasma is assumed
to be available for uptake into tissues. Transport into tissues was flow-limited. Clearance of
PFAA in the mother occurs by urinary elimination from the filtrate compartment in both
models; clearance in the infant is described with a generic first-order rate constant from the
central compartment.

Fetal exposure to PFAA is through placental transfer, which is described as a bidirectional
transfer process (from mother to fetus and fetus to mother) between free chemical in the
placenta and fetal plasma. Placental transfer was described as a simple diffusion process
(ktrans1C and ktrans2C; Table 3). However, just because simple diffusion appears to be
sufficient, the possibility that placental transport is also facilitated by an active transport
process cannot be ruled out because PFOA and PFOS will be mostly ionized at
physiological pH. For example, organic anion transporter 4 (OAT4) is expressed in human
kidney proximal tubule cells (apical side) and plays a role in resorption of organic anions
(Nakagawa et al. 2007; 2009). This transporter is also expressed in human placenta (Cha et
al. 2000) and may also play a role in transport of PFOA and PFOS there. However, the
possible roles that these transporters play in placental transport of PFOA and PFOS remains
to be elucidated; thus, a description using simple diffusion was used in the current model.
Data in rats showed that PFAAs are present in amniotic fluid (Hinderliter et al. 2005); thus,
an amniotic fluid compartment was included in the rat models and also in the human models
presented here. Transfer rates between the amniotic fluid compartment and the fetal body
are described as simple diffusion (ktrans3C and ktrans4C; Table 3). Transport of chemical
from fetal plasma into the rest of fetal body compartment was also flow-limited.

In the lactation model, no data were available for PFAA partitioning into mammary tissue,
so chemical in plasma was placed in direct contact with the milk compartment, and transfer
from the plasma to the milk compartment was flow-limited. Only the free fraction of
chemical in plasma was available for transfer into milk. The infant was exposed only
through milk, and breastfeeding lasted for 6 months postpartum.
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Gestation model–physiology
The modifications for pregnancy to the adult human model were based on previously
published human pregnancy models for methylmercury (Clewell et al. 1999), isopropanol
(Gentry et al. 2002), and various environmental toxicants (Gentry et al. 2003) well as other
physiological data for changes that occur during pregnancy (Beall et al. 2007; Dunlop 1981;
Duvekot et al. 1995; Salas et al. 2006; Sims and Krantz 1958). Equations were added to the
adult human PFAA model to account for changing volumes of fat, mammary tissue, and
placenta, expanding plasma volume and the growing fetus. The physiological parameters are
given in Table 1; all of the equations used can be found in the model code in the Supporting
Information. Initial fractional tissue volumes for fat and mammary tissue were from Gentry
et al.(2003). The equations describing the expanding fat and mammary tissue, placental
growth, and fetal growth were adapted from Gentry et al. (2003). Plasma volume expansion
during pregnancy was based on Salas et al.(2006). Volumes of liver, kidney, filtrate, and gut
remained constant fractions of the prepregnancy (non-pregnant) maternal body weight
(BWinit); fractional volumes of these tissues for nonpregnant women was taken from Brown
et al. (1997). The filtrate compartment, as in the adult human model, was set at 10% of the
kidney volume (the model is not sensitive to this value). Increasing maternal body weight
(BW) was calculated as the sum of the changing tissue volumes and the prepregnancy (non-
pregnant) body weight. The volume of remaining body tissues (VR) was calculated by
subtracting the sum of all other tissues from the total maternal BW; this takes into account
the increasing BW and other changing tissue volumes.

Increasing maternal cardiac output (QC) was calculated by the method of Gentry et al.
(2003). The prepregnancy (non-pregnant) cardiac output was taken from Clewell et al.
(1999). Because PFOA and PFOS do not partition into red blood cells (Ehresman et al.
2007), the cardiac output was modified for plasma flows by multiplying QC by 1-
hematocrit; the maternal hematocrit was 0.41 (Milman et al. 1999). The fraction of cardiac
output to the liver, gut, and skin were calculated by multiplying the fractional blood flows to
these tissues for nonpregnant women by the prepregnancy (non-pregnant) cardiac output.
Fractional blood flows to these tissues were obtained from Brown et al. (1997). Increasing
blood flows to the fat, mammary tissue, and placenta were calculated by the method of
Gentry et al. (2003). Changing renal plasma flow was adapted from the data of Sims &
Krantz (1958). Increasing glomerular filtration rate (QFil) during pregnancy was adapted
and combined from several data sets (Dunlop 1981; Duvekot et al. 1995; Sims and Krantz
1958). Plasma flow to the rest of body tissues (QR) was calculated by subtracting the sum of
the plasma flows to all other tissues from the total cardiac output.

The fetal part of the model consisted of a fetal plasma compartment, a rest of body
compartment, and an amniotic fluid compartment. Fetal growth was described by the
method of Gentry et al. (2003). Fetal plasma volume was a constant fraction of fetal body
weight and the same as that for the nonpregnant adult human (Davies and Morris 1993). The
volume of fetal tissues was calculated as the total fetal body weight minus the weight of the
plasma compartment. Changing amniotic fluid volume was taken from the data of Beall et
al. (2007), and the data points were interpolated using a TABLE function in acslX. Fetal
cardiac output (QFet) was defined as a function of fetal blood volume (Clewell et al. 1999),
and, as for the maternal cardiac output, the fetal cardiac output was modified for plasma
flows by multiplying QFet by (1-hematocrit) for the fetus (Sisson et al. 1959). The plasma
flow to the fetal tissues was equal to the total fetal cardiac output as no fetal tissues were
explicitly represented.
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Lactation Model–physiology
In order to simulate changing PFAA concentrations in the mother, breast milk, and the
nursing infant, the adult human model was modified in a similar manner to the rat model for
lactation (Loccisano et al. 2012a). The changes were based on those of Gentry et al.(2003),
and other physiological data for changes occurring during lactation in the mother and
growing infant. The structure of the lactation model is in Figure 2. Equations were added to
describe the changing volume of fat tissue, maternal BW and growing infant, and changing
blood flows to tissues. The physiological parameters for the lactation model are given in
Table 2, and all of the equations are in the Supporting Information. Decreasing maternal BW
for up to 6 months postpartum was obtained from Wosje & Kalkwarf (2004), and data points
were interpolated using a TABLE function in acslX. Fractional values for fat as a %
maternal BW for lactating women up to 6 months postpartum were also obtained from
Wosje & Kalkwarf (2004). Fat volume was then calculated by scaling to decreasing
maternal BW. A mammary compartment is not explicitly represented in the lactation model,
as no human data were available for PFAA partitioning from mammary tissue into milk.
Chemical in plasma was placed in direct contact with the milk compartment as there are
human concentration data in plasma and in milk (Fromme et al. 2010; Karrman et al. 2007;
Thomsen et al. 2010). Plasma flow to the milk compartment was assumed to be the same as
the plasma flow to a mammary tissue compartment, which was adapted from Gentry et al.
(2003). Milk:plasma partition coefficients (PMilk) were estimated from three human studies
where the concentrations of PFOA and PFOS were measured in both maternal plasma and
milk (Karrman et al. 2007; Fromme et al. 2010; Haug 2010). Milk production rates (kmilk)
were from Dewey et al (1991) and were assumed to be equal to infant suckling rates.
Residual milk volume was obtained from Gentry et al.(2003). Tissue volumes for liver,
kidney, filtrate, and gut were constant fractions of pre-pregnancy (non-pregnant) BW.
Decreasing plasma volume was adapted from data of Salas et al.(2006). Volume of the
remaining maternal tissues was calculated as the total maternal BW minus the remaining
tissue volumes.

Changing maternal cardiac output (QC) was calculated by the method of Gentry et al.(2003).
As in the gestation model, the cardiac output was modified for plasma flows rather than
blood flows by multiplying QC by (1-hematocrit). The fraction of cardiac output to the liver,
gut, and skin were calculated by multiplying the fractional blood flows to these tissues for
nonpregnant women by the prepregnancy (non-pregnant) cardiac output. Fractional blood
flows to these tissues were obtained from Brown et al. (1997). Increasing blood flows to the
fat and mammary tissue were calculated by the method of Gentry et al. (2003). Although a
separate mammary tissue compartment was not included in the model, a blood flow to the
milk compartment was needed. The blood flow to the milk compartment was assumed to be
the same as what it would be for a blood flow to the mammary tissue; thus, the blood flow to
the mammary tissue (QMam) was still calculated. In order to derive QMam, the volume of
mammary tissue had to be calculated, and this was also done according to the methods of
Gentry et al.(2003). Because the volume of mammary tissue changes during lactation, these
volume changes were accounted for by lumping this change in volume in with the remaining
maternal tissue volume. Changing glomerular filtration rate (QFil) after pregnancy was
adapted from data from Sims & Krantz (1958) and returned to the pre-pregnancy level at 6
weeks postpartum. Since there were no available data on renal plasma flow changes during
lactation, renal plasma flow was assumed to be approximately 5 times that of the GFR (GFR
is normally approximately 20% of renal plasma flow). Plasma flow to the rest of body
tissues (QR) was calculated by subtracting the sum of the plasma flows to all other tissues
from the total cardiac output.

Due to limited data on PFAA in the infant, the infant part of the model was treated as a
single compartment with a volume of distribution. The volume of distribution for PFOA and
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PFOS were the volumes of distribution estimated for compartment models for the monkey
(Tan et al. 2008) and then scaled to infant body weight. Infant growth was obtained from the
CDC's growth charts (CDC 2002), and data points were interpolated using a TABLE
function in acslX.

Gestation and Lactation Models—Chemical Parameters
Chemical-specific parameters used in the human gestation and lactation models for PFOA
and PFOS were the same as those used in the adult human model, with the exception of
those that were calibrated using available biomonitoring data in pregnant and lactating
women, which include the placental transfer rate constants, milk:plasma partition
coefficients, and the elimination rate constant for the infant. Further details on chemical-
specific parameters and model calibration are outlined below.

Mother—Chemical-specific parameters used in the human gestation and lactation models
for PFOA and PFOS are given in Table 3. The chemical-specific parameters for the pregnant
and lactating mother are the same as those used in the adult human model (Loccisano et al.
2011). The parameters from the adult model allowed for good agreement with gestation and
lactation data when they were used in the pregnancy and lactation models, and as there were
no available data on perfluorinated compound (PFC)-specific parameters in pregnant or
lactating women, the adult values were retained in the life stage models presented here. Any
changes made for the fetus or infant are outlined in the text below. Free fractions of
chemical in plasma. Only the free concentration of chemical partitions into tissues. As in the
monkey and rat, PFOA and PFOS are highly bound to plasma proteins in the human (>97%
bound)(Kerstner-Wood et al. 2003; Han et al. 2003). The species differences in half-lives of
these compounds does not appear to be due to differences in protein binding (Han et al.
2003), so the same free fractions estimated for monkeys for PFOA and PFOS were used in
the adult human model (Loccisano et al. 2011), and these values were subsequently used in
the gestation and lactation models reported here. Although the overall concentration of
serum proteins decreases during gestation due to increased plasma volume (Notarianni 1990;
Perucca and Crema 1982; Krauer et al. 1980), there are no data available on PFAA binding
to plasma proteins during pregnancy nor are there available data to provide evidence that the
free fraction of PFAAs change during pregnancy. Thus, explicit binding of PFAAs to
plasma proteins is not simulated (as in the monkey and adult human models (Loccisano et
al. 2011)), but a constant free fraction of chemical in plasma is accounted for, as the free
fraction will determine how much chemical is available for uptake into tissues. Urinary
elimination rate constants were scaled as BW−0.25 and estimated by fitting the model to the
data of Harada et al. (2005), where serum and urine PFOA and PFOS concentrations were
measured.

Renal Resorption—The estimated geometric mean serum elimination half-life in the
human is approximately 3.5 years for PFOA (arithmetic mean 3.8 years) and 4.8 years for
PFOS (arithmetic mean 5.4 years) based on a study of retired fluorochemical workers (Olsen
et al. 2007). A more recent study conducted on a population that had previous exposure to
PFOA in drinking water estimated a median plasma half-life for PFOA of 2.3 years (Bartell
et al. 2010). It is postulated that renal resorption is responsible for the persistence in humans
(Andersen et al. 2006). Renal resorption in the model is described by a transporter maximum
(Tm) and an affinity constant (Kt). For a more detailed discussion of how the Tm and Kt
values were derived for the adult human model, please see Loccisano et al. (2011). Although
renal function is altered during pregnancy (Dunlop 1979; 1981), no data were available on
the changes in renal resorption of PFAA during this life stage. Thus, the same values used
for Tm and Kt in the adult human model were used for the mother in the gestation and
lactation models.
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Partition Coefficients (PC)—For PFOA, the PC for liver, kidney, skin, fat, gut, and rest
of body tissues were estimated from tissue concentration data reported by Kudo et al.(2007)
for a single IV dose of PFOA to male Wistar rats. For PFOS, PC were estimated from tissue
concentration data resulting from 5 days of dietary dosing in male C57Bl/6 mice (DePierre
2009). There was no available data on concentrations of PFAA in the human placenta. For
PFOA, the PC for the placenta was estimated from a developmental study in rats
(Hinderliter et al. 2005). For PFOS, the PC for the placenta was that estimated for rapidly
perfused tissues from mouse feeding data (DePierre 2009). A mammary tissue:plasma PC is
used in the gestation model (PMam). For PFOA, this was estimated from mouse tissue data
from Fenton et al.(2009); for PFOS, this was estimated from concentrations in slowly
perfused tissues from mouse feeding data (DePierre 2009) as no concentration data for
PFOS in mammary tissue could be found. Fiserova-Bergerova (1975), examined partition
coefficients for two compounds (Forane and methylene chloride) in several species (man,
monkey, dog, and rat). Tissue:blood partition coefficients were similar for the tissues
examined across species; thus, it is reasonable to use the same partition coefficients in the
human models. Milk:plasma partition coefficients were calibrated from three human
biomonitoring studies where the concentrations of PFOA and PFOS were measured in both
maternal plasma and milk (Karrman et al. 2007; Fromme et al. 2010; Haug 2010). These
estimates yielded predicted milk or plasma concentrations similar to those observed in
epidemiology studies (Liu et al. 2011; Volkel et al. 2008; von Ehrenstein et al. 2009;
Thomsen et al. 2010; Kim et al. 2011b; Kim et al. 2011a).

Fetus and infant—Transfer of both PFOA and PFOS across the placenta was described as
a simple diffusion process between free chemical in the placenta and free chemical in
plasma. Due to lack of data in humans, the rate constants (ktrans1C and ktrans2C) used in
the human models were the same as those estimated for the pregnant rat (Loccisano et al.
2012a). In the case of PFOS, the rate constants for the transfer of chemical from mother to
fetus and fetus to mother were the same values as those used for the rat (ktrans1C = 0.46 and
ktrans2C = 1.01). When compared to available biomonitoring data, these values yield
predicted maternal:fetal plasma concentration ratios similar to those observed in
epidemiology studies (observed ratios = approximately 2–3; predicted ratios =
approximately 2.2). However, for PFOA, symmetric transfer (ktrans1C = ktrans2C = 0.46),
rather than the asymmetric transfer that was used for PFOS, predicted maternal:fetal plasma
concentration ratios that were more similar to the observed ratios than asymmetric transfer
did (observed ratios = approximately 0.6 – 1.5; predicted ratios = approximately 1.0). The
placental transfer rate constants were adjusted (calibrated) to yield the maternal:fetal ratios
observed in several of the datasets that reported maternal or cord blood PFC levels
(Apelberg et al. 2007; Fei et al. 2007; Midasch et al. 2007; Washino et al. 2009). The
parameters for placental transfer were scaled to fetal body weight0.75. There is no available
human data on concentration of PFAA in amniotic fluid; parameters for transfer to and from
the amniotic fluid (ktrans3c and ktrans4c) for both chemicals were the same as those
estimated for the rat (Loccisano et al. 2012a), and scaled to fetal BW0.75. Fetal tissue:blood
partition coefficients for PFOA and PFOS and the free fraction of chemical in fetal/infant
plasma were the same values as used for the mother (the fetal/infant rest of body
tissues:blood PC was the same as the maternal rest of body tissues:blood PC). Neither the
fetus nor the infant includes a description of renal resorption. The kidneys (GFR, resorption,
and secretion) do not function at the level of the adult (Alcorn and McNamara 2003), and
there are no available data on resorption or secretion of PFAA for these life stages; thus,
resorption was not included for the fetus or infant. The elimination rate constant for the
infant was calibrated by fitting the model to the plasma concentration data of Fromme, et al.
(2010).
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Model simulations
Exposure before pregnancy—Exposure to PFAA started for the mother before
becoming pregnant so that steady-state concentrations of PFAA would have been achieved
in the tissues. To obtain the steady-state tissue concentrations at the start of pregnancy, the
non-pregnant adult human model was run for 30 years in order to reach a steady-state
concentration in plasma. The daily intake used in the adult model in order to achieve the
steady-state concentrations of PFAA in the blood after 30 years of exposure was that
estimated to yield the first concentration reported during pregnancy or lactation (see text
below), and the daily intake was scaled to BW. The tissue concentrations at 30 years were
then used as the starting tissue concentrations of PFAA for the pregnancy model.

Obviously, pregnancy could occur at an age before or after 30, but for simplicity and the
purposes of the simulations reported here, pregnancy was assumed to occur at 30 years old
because the plasma PFAA concentrations reached steady state at 30 years. When running the
adult (pre-pregnancy) human model with exposures that yield the plasma concentrations of
PFOA or PFOS reported for the general population (~1e-04 to 2e-03 ug/kg BW/day), it took
approximately 30 years to reach a steady-state plasma concentration. At exposures near
those of the general population for women much younger than 30, these women's plasma
PFAA concentrations simply would not have reached steady state before they became
pregnant.

For lactation, the tissue concentrations at the delivery/birth of the baby (embryonic week 39)
were used as the starting tissue concentrations for lactation. The daily dose (ug/kg BW/day)
before, during, and after pregnancy stayed the same; however, the daily intake was scaled to
maternal BW; thus, as energy requirements change, so does PFAA intake. During lactation,
the energy requirements remain increased during breastfeeding; however, maternal BW
decreases during this period. To adjust for a higher energy requirement and thus higher daily
intake of PFAA, the daily dose was increased by 25% during the first 6 months postpartum
and then decreased again at 6 months postpartum to the daily dose used before and during
pregnancy (scaled to maternal BW). The energy cost of lactation in the first 6 months after
delivery is 500 kcal/day (Otten et al. 2006). The mean energy intake of US women of
reproductive age in 1999–2000 was 2028 kcal/day (CDC 2004). Thus, the energy intake was
assumed to increase 25% during lactation, and the dose of PFCs was increased
proportionally.

Model Evaluation
The human data where more than one concentration during pregnancy or lactation was
available was used for model evaluation. For example, if a pregnancy study reported a
maternal blood concentration at a time during pregnancy and also at delivery or in cord
blood, the concentration during pregnancy was used for exposure estimation and the model
was evaluated by assessing the consistency between the maternal concentrations at delivery
or cord blood. For the lactation model, if a plasma concentration was reported, the exposure
was estimated to yield this concentration and then the resulting predicted milk or infant
blood concentration was compared to the observed value to evaluate the model structure and
parameters. The goodness of the model fit to the latter data points was considered to reflect
the validity of the model structure and parameterization approach. Agreement of model
predictions with reported data was examined graphically. Exposure estimation was an
iterative process; if the model did not correctly predict the reported concentration at the
specified time during pregnancy or lactation, a new exposure was tried, and the whole
sequence was repeated (the concentrations in the adult model were allowed to reach steady
state, the end concentrations were input to the pregnancy model, and the end pregnancy
tissue concentrations were input to the lactation model) until the model predicted the
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reported mean or median concentration. For exposure estimations, agreement between
predicted and observed concentrations was considered satisfactory if the predicted value was
within 1% of the observed value. If the difference was more than that, exposure was re-
estimated.

Sensitivity Analysis
A normalized sensitivity analysis was performed on the gestation and lactation models for
both chemicals in order to examine the influences of each model parameter on the model
output. The influence of each model parameter on maternal plasma, fetal plasma, and infant
concentrations was examined by calculating the area under the curve (AUC) for maternal,
fetal, or infant plasma PFAA concentration that resulted from increasing each parameter by
1%. Each parameter was increased separately. The normalized sensitivity coefficients (SC)
were calculated by the following equation:

A is the AUC resulting from the 1% increase in parameter value, B is the AUC resulting
from the original parameter value, C is the parameter value increased by 1%, and D is the
original parameter value. Thus, an SC with the absolute value of 1 means that there is a 1:1
relationship between the change in the parameter and the dose metric. For parameters that
describe the growth or changes (and change during the simulation time), a 1% increase in
the parameter was calculated by the following equation:

This equation will allow for the parameter value to increase by 1% of the original value
during the entire simulation.

The relative impact of each model parameter was examined for the dose metrics of interest,
which were the total plasma AUC in the mother and fetus (at embryonic week 39) for the
gestation models or the total maternal plasma AUC and infant body AUC (at 6 months
postpartum) for the lactation models. Normalized SC's were calculated for all model
parameters, but only those with an SC ≥ 1 or SC ≤ −1 are reported here. For PFOA,
sensitivity analysis was performed assuming an estimated maternal exposure of 1.9e-4 ug/kg
BW/day for both gestation and lactation; for PFOS, the analysis was performed assuming an
estimated maternal exposure of 4.0e-4 ug/kg BW/day for both the gestation and lactation
models. These exposures were those estimated for the data of Fromme et al.(2010), which
were the only data available for the mother and infant pairs during both pregnancy and
lactation.

Model Predictions of Exposure
Exposure estimation and predictions of internal dose for general population—
In order to estimate maternal exposure for the various general population studies, maternal
PFOA and PFOS exposure was modeled as a generic input to the plasma compartment
(designated as “IV” in Figures 1 and 2) as contributions of PFAA exposure from different
exposure routes are not well understood (Fromme et al. 2009). When considering IV versus
oral exposure, a first-pass effect will not be an issue with these chemicals. When
administered orally to animals, PFAA are well-absorbed and are not metabolized
appreciably, so most of the compound reaches systemic circulation (Johnson et al. 1984;
Kuslikis et al. 1992; Ophaug and Singer 1980; Vanden Heuvel et al. 1991). Several studies
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were available that reported concentrations of PFAA in maternal plasma, fetal or infant
plasma, and/or milk at specified time points during pregnancy or lactation (Apelberg et al.
2007; Fei et al. 2007; Fromme et al. 2010; Hanssen et al. 2010; Inoue et al. 2004; Kim et al.
2011b; Kim et al. 2011a; Midasch et al. 2007; Monroy et al. 2008; Tittlemier et al. 2004;
Karrman et al. 2007; Liu et al. 2011; Thomsen et al. 2010; von Ehrenstein et al. 2009;
Volkel et al. 2008). For each study, the gestation and lactation models were used to estimate
maternal exposure and the resulting maternal, fetal, or infant internal dose. Some reports
provided paired maternal and fetal observations at delivery (Fei et al. 2007; Fromme et al.
2010; Hanssen et al. 2010; Kim et al. 2011b; Kim et al. 2011a; Midasch et al. 2007; Monroy
et al. 2008; Tittlemier et al. 2004); for these data, the exposure was estimated to yield the
mother's plasma concentration at delivery. If the mother's concentration at a time during
pregnancy was reported (before delivery) (Fei et al. 2007; Fromme et al. 2010; Monroy et al.
2008), the exposure was estimated to yield this concentration. For the lactation model,
maternal exposures were estimated to give the reported mean or median PFAA
concentration in milk or maternal plasma at a specific time point after the birth of the baby.

Two estimates of serum half-lives of PFOA are reported in the literature (3.8 years and 2.3
years) (Olsen et al. 2007; Bartell et al. 2010). Based on model predictions with the adult
human model, either half-life appeared to be likely (Loccisano et al. 2011). For the PFOA
models reported here, when an observed serum concentration was used to estimate maternal
exposures, the exposures were based on both half-lives estimated for PFOA. The renal
resorption parameters (Tm, Kt) control the half-life of the chemical, i.e., the higher Tm is,
the more efficient resorption is and thus, there would be a longer half-life. With a shorter
half-life, a higher exposure would be needed to yield the same plasma concentration at a
specified time point than with a longer half-life. When exposures were estimated using the
pregnancy model, both the 3.8 and 2.3 year half-lives were used in the model (by adjusting
Tm), and an exposure was estimated that would yield the reported plasma concentrations at
the specified time points for each half-life.

Prediction of internal dose for Little Hocking and Arnsberg—There are human
data available for two populations (Little Hocking (LH), Ohio and Arnsberg, Germany)
exposed to high levels of PFOA in their drinking water (Emmett et al. 2006; Holzer et al.
2008); however, there are no data available for pregnant or lactating women or for infants
from these populations. This group constitutes a potentially sensitive subpopulation, and one
use of the model is the prediction of internal dose in the mother, fetus, and infant resulting
from drinking the contaminated water. For women exposed to high levels of PFOA through
drinking water, simulated exposure was from drinking water only. The reported
concentrations for PFOA in drinking water were used (3.55 ppb for Little Hocking)(Emmett
et al. 2006) and 0.519 ppb for Arnsberg (Holzer et al. 2008)), and drinking water rates for
pregnant and lactating women were adapted from the data of Ershow et al. (1991). For non-
pregnant, pregnant, and lactating women, the drinking water rates used were 19.1, 18.3, and
21.4 mL/kg BW/day, respectively. These simulations were performed in the same way as for
the general population: exposure was assumed to start before pregnancy, so the adult human
model was run for 30 years in order to reach steady state, and the resulting tissue
concentrations were used as the starting concentrations for the gestation model. When
simulating the women in these communities, the concentration of PFOA in the water was
held constant while the drinking water intake changed based on life stage. Drinking water
exposure lasted for the entire length of gestation (39 embryonic weeks) and for 6 months
after birth. Breast milk was the only exposure assumed for the infant; no further exposure
was assumed for the child when breastfeeding stopped for these simulations.
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Results
Model Predictions

Figures 3 and 4 illustrate the general features and trends of the gestation and lactation model
predictions for PFOA (Figure 3) and PFOS (Figure 4). The top left plots in each figure show
the PFC concentration in maternal plasma during pregnancy and lactation. As pregnancy
progresses, the maternal PFC concentration decreases, and there is an increase right at the
time of delivery. For the decrease in PFC concentration during pregnancy, the model is line
with existing data (Fei et al. 2007; Fromme et al. 2010; Monroy et al. 2008) where maternal
blood concentration has been measured at 2 time points during pregnancy and the
concentration was observed to decrease. While there are data on the maternal plasma
concentrations of PFCs at delivery and during lactation (see Figures 5 and 6 for these
studies), no data on plasma concentration during the first few hours to days after birth could
be found (the earliest time point found was 7 days postpartum (Liu et al. 2011)). One use of
the model is to be able to use it to predict PFAA concentrations at time points where data is
lacking, such as this one. The fetus and milk are routes of excretion for the mother, and the
increase in PFC concentration predicted by the model could be due to these extra routes of
excretion not being present (the fetus is gone and the mother does not start producing milk
until a few days after birth (Neville and Morton 2001), which is also reflected in the current
models). The mother's PFC concentration decreases during the first 6 months postpartum
when she is breastfeeding, and then increases when breastfeeding stops. Thus, the fetus and
milk are equivalent to routes of excretion for the mother. The top right plots in Figures 3 and
4 show the PFC concentration in the fetus during gestation; as for the mother, the fetal
concentration decreases as gestation progresses. For PFOA, the levels in maternal plasma
are about the same as in the fetus, while for PFOS, maternal blood levels are about twice
fetal levels. The bottom left plots in Figure 3 and 4 show the PFC concentrations in milk for
up to 6 months of breastfeeding. As lactation progresses, the concentration in milk decreases
for both chemicals (0.03 ug/L for PFOA and 0.01 ug/L for PFOS). The plots on the bottom
right in Figures 3 and 4 show the PFC concentration in infant plasma for up to 6 months
after birth. For simulation purposes, lactation lasted 6 months; the infants' only exposure to
PFC was through breast milk. During the first 6 months of life, for infants who are
exclusively breastfed, the rise in PFC concentration during this time is most likely due to
exposure from breast milk.

Evaluation by comparing modeled results with available human data
Figure 5 compares the observed and model-predicted maternal and fetal plasma PFC
concentrations and maternal:fetal (cord blood) PFC plasma concentration ratios. For PFOA,
the observed maternal:fetal ratios range from 0.65 – 1.45. For PFOS, the observed ratios
exhibit more variability than for PFOA and range from 1.03 – 3.5. The larger value of the
PFOS ratio compared to PFOA indicates that there is probably more efficient placental
transfer of PFOA (Olsen et al. 2009). Good agreement between the model-predicted and
reported concentrations (Fei et al. 2007; Fromme et al. 2009; Hanssen et al. 2010; Inoue et
al. 2004; Midasch et al. 2007; Monroy et al. 2008; Tittlemier et al. 2004; Kim et al. 2011a;
Kim et al. 2011b) was observed; the model predicted concentrations and maternal:fetal
ratios are all within a factor of 2 of the reported values. Maternal and fetal predictions were
compared to the reported standard deviations, interquartile ranges, or concentration ranges if
theses data were available; all predicted values were within one standard deviation of the
reported mean, were within the interquartile range, or were within the reported concentration
ranges of the observed data. Thus, based on the model-estimated maternal exposures of
PFOA and PFOS, the model can reasonably predict the internal dose in the fetus.
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Figure 6 compares the predicted and reported milk and plasma concentrations (and
milk:plasma ratios where available) during lactation. Good agreement is observed between
the model and the available human lactation data; the predicted concentrations and ratios for
both PFOA and PFOS are all within a factor of 2.3 of the observed concentrations and
ratios. Not all studies reported observed concentrations for both milk and plasma during
lactation (Thomsen et al. 2010; Volkel et al. 2008; von Ehrenstein et al. 2009; Kim et al.
2011b; Kim et al. 2011a). For some of the studies that examined milk concentration, PFOA
was below the limit of detection (LOD) so no comparison could be made between the model
predictions and data (Fromme et al. 2010; Volkel et al. 2008). All maternal exposure
estimates for the studies listed (Fromme et al. 2010; Karrman et al. 2007; Liu et al. 2011)
were made using maternal plasma concentrations either during pregnancy or lactation; the
agreement between predicted and observed milk concentrations indicates that the model can
reasonably predict the resulting PFAA concentrations in milk. This in turn can provide
information on PFAA exposure in nursing infants. For the studies of von Ehrenstein et al.
(2009) and Thomsen et al. (2010), no plasma concentrations were measured; thus, maternal
exposure estimates had to be made using the observed milk concentrations (first
observation). For both PFOA and PFOS, the model predictions for the second observations
for both studies were within a factor of 2 of the observed milk concentrations, indicating
good agreement with the data (comparison not shown in Figure 6). When predicted plasma
and milk concentrations were compared to any available reported standard deviations,
interquartile ranges, and concentration ranges, all predicted values were within one standard
deviation of the reported mean, were within the interquartile range, or were within the
reported concentration ranges of the observed data.

The only study that provided information on infant plasma concentrations was Fromme et al.
(2010)(they measured infant plasma concentrations at 6 months postpartum); thus, these
were the only data that could be used for comparison of observed and model-predicted data
for the PFAA levels in the infant. The model predictions are in good agreement with the
reported values (within one standard deviation of the mean), indicating that the model can
reasonably predict the internal dose in the infant several months after birth based solely on
exposure through breast milk. The observed concentration for PFOS in infants at 6 months
of age was 3.3 ug/L, and the predicted value is 3.5 ug/L. For PFOA, the observed
concentration is 8.0 ug/L, while the predicted value is 8.2 ug/L.

Sensitivity Analysis
The normalized sensitivity coefficients for both the gestation and lactation models for PFOA
and PFOS are shown in Table 4 (gestation, top; lactation, bottom). Several parameters affect
the maternal and fetal plasma AUC during gestation. For the mother, these include
parameters such as BW, the flow to the filtrate compartment (QFil; analogous to GFR), and
the free fraction of chemical in plasma. All of the tissue volumes in the mother are scaled to
BW (and maternal BW increases by approximately 25 kg during pregnancy); the flow to the
filtrate compartment will affect how quickly the chemical is eliminated; and the free fraction
of chemical controls how much chemical will be available for tissue uptake or filtration. Tm
and Kt, the renal resorption parameters, determine how much chemical will get taken back
into the plasma or eliminated through urinary excretion. Many of the other physiological
parameters to which the maternal plasma AUC exhibits sensitivity determine how much
chemical is available for uptake into tissues. Liver volume (VLC), fat volume (VFatC),
liver:plasma partition coefficient (PL), fat:plasma partition coefficient (PFat), and the rest of
tissues:plasma partition coefficient (PR) also control how much chemical gets into liver, fat,
and rest of body tissues. Fat volume also constitutes a large % BW in humans
(approximately 20% of BW in non-pregnant women), especially in pregnant women
(approximately 30% of BW) as this increases as the pregnancy progresses.
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In the fetus, maternal body weight and flow to the filtrate compartment affect the fetal
plasma AUC in addition to the free fraction of chemical in maternal and fetal plasma (Free
and FreeF) and the bidirectional placental transfer rate constants (ktrans1c and ktrans2c).
The free fraction of chemical in maternal and fetal plasma and the placental transfer rates
determine how much chemical is available for tissue uptake in both mother and fetus and
how quickly chemical is transferred from the mother to the fetus (and from the fetus back to
the mother). Maternal parameters such as liver volume, fat volume, liver:plasma PC,
fat:plasma PC, and rest of body:plasma PC affect how much chemical can get into the
maternal liver and fat versus being transferred to the fetus. The fetal plasma AUC is also
affected by the maternal renal resorption parameters (Tm and Kt) as these will determine
how much chemical is eliminated from the maternal system rather than being available for
transfer to the fetus.

In the lactation model, the maternal plasma AUC at 6 months postpartum is affected by
many of the same maternal parameters as during gestation. BW is still a sensitive parameter
as all of the tissue volumes and cardiac output are scaled to this parameter, and there is a
decrease in BW during the lactation period. QFil (GFR) controls how quickly the chemical
is filtered and is thus eliminated versus staying in the blood and being transferred to breast
milk. Parameters such as liver volume, liver:plasma PC, fat:plasma PC, and rest of
body:plasma PC all determine how much chemical is available for uptake into these tissues
(liver, fat, and rest of body). Two parameters specific to the lactation model that affect the
maternal plasma AUC are the milk:plasma partition coefficient (PmilkP) and the milk
production/suckling rate (kmilkC). Because the model is constructed so that milk is in direct
contact with plasma, and PmilkP will determine how much chemical is available for uptake
into breast milk from maternal plasma. KmilkC will determine how quickly the chemical is
then transferred from breast milk to the nursing infant, and the infant AUC is more sensitive
to this parameter than the mother's plasma AUC. For the infant, some of the parameters that
affect the fetal plasma AUC also affect the infant AUC at 6 months postpartum. These
include the infant BW and several maternal parameters, such as GFR, liver volume,
liver:plasma PC, fat:plasma PC, and rest of body:plasma PC; these maternal factors control
how quickly the chemical is eliminated from the mother or partitioned into other tissues
rather than partitioning into breast milk and transferring chemical to the infant. Parameters
for milk production and partitioning into milk also affect the infant AUC. The infant's only
exposure to PFAA is through milk, and kmilkC and PMilkP will control how much chemical
reaches the breast milk and how much chemical is then received by the infant. The
sensitivity of plasma AUC to PmilkP and kmilkC is in line with observations from
epidemiology studies; milk appears to be a significant route of excretion of PFAA for the
mother and a significant exposure source for the infant.

Estimated exposures to PFOA and PFOS for the general population
Table 5 lists each pregnancy and lactation study used for maternal exposure estimation. For
most gestation studies, exposure was estimated based on the maternal plasma concentration
at delivery, but a few were estimated based on concentrations observed earlier in pregnancy.
During lactation, estimated exposures were based on maternal plasma concentration at a
specified time point during lactation, or if that was not reported, estimated exposures were
based on milk PFAA concentrations.

For PFOA exposure during pregnancy, estimated maternal exposures ranged from 1.1e−04 to
6.9e−04 ug/kg BW/day, and for PFOS, estimated maternal exposures ranged from 1.9e−04 to
4.4e−03 ug/kg BW/day. For PFOA during lactation, estimated exposures ranged from
1.1e−04 to 2.8e−04 ug/kg BW/day. However, PFOA concentrations in milk were < LOD in
some studies (Fromme et al. 2010; Volkel et al. 2008), so no PFOA exposure could be
estimated for the women in these studies based on milk concentrations. PFOS was detected
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in all studies in plasma or milk, and estimated maternal PFOS exposures during lactation
ranged from 3.5e−04 to 2.3e−03 ug/kg BW/day. These estimates were obtained by modeling
exposure as a generic input to the plasma compartment (see Methods) and assuming
constant exposure over a 24 hour time period. Although exposure routes are not well
understood, the women most likely have exposure to PFAAs throughout the day through
food, dust, and in some cases, drinking water, and while exposure could be turned off while
they are sleeping, etc., these compounds have such a long half-life that turning off exposure
for a few hours probably will not make much difference in their blood levels.

Predicted PFOA concentrations in populations exposed via contaminated drinking water
One use of the PBPK models reported here was to predict the maternal, fetal, and infant
PFOA concentrations resulting from high maternal exposure to PFOA in the drinking water.
For the Little Hocking population, it is unknown for how long the residents were exposed to
the contaminated water, but it is thought that some residents may have been exposed for
long periods of time (Emmett et al. 2006). For the Arnsberg population, the exposure
duration is also unknown, but unlike LH, it is suspected that the exposure was for only on
the order of a few years (Holzer et al. 2008). The concentration of PFOA in the drinking
water was approximately 7 times lower than that measured in Little Hocking (0.519 ppb vs.
3.55 ppb). The shorter exposure duration and lower PFOA water concentration is not
sufficient for the plasma PFOA concentration to reach steady state, so when the gestation
model was started, the women from LH had reached steady state but the women from
Arnsberg had not.

Figure 7 (left panel) shows the model predicted PFOA concentrations in maternal and fetal
plasma during gestation for LH (top) and Arnsberg (bottom). For LH, the PFOA plasma
concentrations resulting from drinking water exposure resemble the model predicted
concentrations for the general population (see Figure 3); both the maternal and fetal
concentrations decrease as gestation progresses, and the concentrations are similar in
magnitude in the mother and fetus. In the Arnsberg population, like LH, maternal and fetal
concentrations are similar in magnitude. However, unlike for LH, where the maternal and
fetal concentration decreases as gestation progresses, the concentrations in both mother and
fetus in Arnsberg continue to increase over the course of gestation and then level off around
50 ppb towards the end of pregnancy. This is most likely because the mother's plasma
concentration did not reach steady state before pregnancy, and since she is still exposed
during pregnancy, her plasma concentration is still rising to achieve steady state.

The predicted maternal plasma concentrations for both communities was higher than the
concentrations reported by Emmett et al. (2006) and Holzer et al. (2008) for men and non-
pregnant women (448 ppb reported by Emmett vs. a median of 618 ppb predicted by the
model for LH during the whole length of gestation and 26.7 ± 13.8 ppb reported by Holzer
vs. a median concentration of 48 ppb predicted by the model for Arnsberg during gestation).
This could be due to differences in tap water intake; intake rates reported for pregnant
women by Ershow et al. (1991) may be higher than those for the LH or Arnsberg
populations, resulting in higher model predicted maternal PFOA concentrations. The
reported range for the LH water supply is 1.5 – 7.2 ppb, with a median concentration of 3.55
ppb. If a PFOA water concentration in the range of 2 –3 ppb is used in the pregnancy model
in combination with the mean tap water intake rate reported by Ershow et al. (1991), the
maternal PFOA concentration over the length of pregnancy is within the range of blood
PFOA concentrations reported by Emmett et al. (2006) for the LH cohort (interquartile
range was 221–576 ug/L). In addition to variability in tap water intake rates and PFOA
water concentration, it is likely that there is high variability the serum half-life of PFOA, and
in how much exposure comes from drinking water vs. other sources (Loccisano et al. 2011).
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For lactation in both communities, the tissue concentrations at the end of embryonic week
39 (9 months) were used as starting tissue concentrations for the lactation model. The
reported water concentrations in both communities were used, and the reported tap water
intake rate for lactating women reported by Ershow et al. (1991) was used (21.4 mL/kg BW/
day). The women breast fed the infants for 6 months postpartum and breast milk was the
only exposure source of PFOA for infants. The model-predicted maternal and infant plasma
PFOA concentrations are shown in Figure 7 (right panel). The trends observed in the
concentrations are similar to what is observed in the data of Fromme et al.(2010): the infant
concentration is higher than that of the mother, but then starts to decrease at 6 months
postpartum when breastfeeding stops. Fromme et al.(2010) reported low concentrations of
PFOA in breast milk relative to plasma concentration, but that the intake of breast milk led
to a higher body burden of PFOA in infants than in the mother (Fromme et al. 2010). This
phenomenon is also observed in the LH and Arnsberg mothers and infants. During the first 6
months of life, breast milk intake by infants ranges from approximately 400 – 1200 g/day
(Dewey et al. 1991), so the rise in PFOA concentration during this time is probably due to
exposure from breast milk. Thomsen et al.(2010) showed that even though the
concentrations PFCs in breast milk are low compared to the levels in plasma, the infant
intake through breast milk is comparable to the dietary intake for Norwegian adults
(Thomsen et al. 2010). After 6 months, the intake of breast milk decreases, and thus the
infants' plasma concentration decreases, although they most likely receive PFOA from other
sources as they begin to eat other foods (Fromme et al. 2010; Llorca et al. 2010). At the
same time that the infants' plasma concentrations are rising, the mothers' plasma
concentration decreases, indicating that milk is a source of excretion of PFOA. Once
breastfeeding stops, the mother's concentration starts to rise again because she is no longer
excreting PFOA in milk.

Although the gestation and lactation models appear to yield reasonable predictions of
plasma PFOA concentration in pregnant and lactating women, the fetus, and infants in LH
and Arnsberg, variability exists in several areas, including drinking water intake rates,
variability in other exposure sources, and serum half-lives of PFOA, which all must be
considered when using the model to make predictions. When simulating these populations,
drinking water was assumed to be the only source of exposure, when in reality, the women
and infants are probably receiving additional exposure from food consumed and dust in their
environment. However, because these populations had very high levels of PFOA in their
water, the contribution from food or dust would be very small compared to what they are
exposed to from water and probably would not contribute greatly to their overall blood
PFOA concentration in these cases.

Filtration systems have since been installed in both the LH and Arnsberg communities in
order to reduce PFOA exposure (and subsequently serum PFOA concentrations are not as
high as they once were). However, this exercise demonstrates the predictive ability of the
model and where it can be used where data on potentially susceptible individuals is lacking.

Discussion
Gestation and lactation models enable understanding of how physiologic changes during
development may affect disposition of chemicals in the mother, fetus, and infant. The
models presented here provide a framework for understanding the relationship between
maternal exposure and target tissue dose in the fetus or infant. These human PBPK models
were used to estimate maternal exposure to PFAA for women in the general population, and
based on the estimated exposure the models are also able to simulate PFOA and PFOS
concentrations in the fetus, milk, and infant. Limited data are available on the internal dose
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in the fetus and infant and the models provide indirect estimates in these sensitive
populations where risk is a concern.

Gestation and Lactation Models
The agreement between the predicted and observed concentrations of PFOA and PFOS in
maternal plasma or milk, or in infant or cord plasma was good, with the ratios of predicted
to observed concentrations all within a factor of 2. While this agreement was reassuring, the
predicted values were often based on observed values that were temporally close, thus the
prediction task was only modestly challenging. The observed concentrations of PFCs in
maternal plasma, cord plasma, or milk were reported at time points that were only several
days to weeks apart. Because these chemicals have such long half-lives and exposures
probably will not change appreciably over time periods of this length, the magnitude of the
concentrations in plasma or milk probably will not change greatly; however, if observations
had been reported over several years, exposures and thus plasma levels may change, and it
may be more difficult to obtain model predictions that are in close agreement with the
reported data. Validation data based on paired samples with greater temporal separation or
with greater expected variation, such as in women who did or did not breast feed, would
support a more informative validation.

Another use of the models is the comparison of internal dose in the pregnant mother and
fetus and lactating mother and nursing infant. During gestation, maternal and fetal levels of
PFOA are similar and both decrease as gestation progresses. For PFOS, the same trend of
decreasing concentration is observed; however, the maternal levels of PFOS are about twice
that of what is observed in the fetus (see Figures 5 and 6). During lactation, however, the
concentration of PFAA in the infant is equal to or higher than the mother's concentration
(which decreases during lactation), indicating that milk is a route of excretion for the mother
and also that intake in breast milk is a substantial source of exposure for the infant. This
conclusion is in line with the findings of Haug et al. and Thomsen et al.; they found that
although the concentrations of PFAA in milk are low relative to blood, the intake from milk
by the infant is comparable to dietary intake by adults (Haug et al. 2011; Thomsen et al.
2010).

One application of our human models presented here was to estimate maternal exposure to
PFOA and PFOS using observed maternal blood PFAA concentrations from biomonitoring
studies in pregnant or lactating women. The women in these studies were considered
“general population” in that they were not known to be exposed to unusually high
concentrations of PFOA or PFOS (for example, not occupationally exposed or drinking
water with higher than average concentrations). Because contributions from various
exposure sources were not known, intake for the general population exposure was simulated
as a direct input to blood (effectively an IV dose). For PFOA during pregnancy and
lactation, estimated maternal exposures ranged from 1.1e−04 to 6.9e−04 ug/kg BW/day; for
PFOS, estimated maternal exposures ranged from 1.9e−04 to 4.4e−03 ug/kg BW/day. These
estimates are similar to those estimated for the US general population using the adult human
model (1.3e−04 – 4.4e−04 ug/kg BW/day for PFOA and 8.5e−04 – 1.8e−03 ug/kg BW/day for
PFOS)(Loccisano et al. 2011), and depend on the region in which the women lived or in
which years the blood was collected. These estimates were based on PFAA blood levels
measured in participants in the NHANES 2003–2004 study and in US Red Cross blood
donors (Calafat et al. 2007; Olsen et al. 2008). In 2002, 3M completely ceased production of
PFOS-producing chemicals, but in some of the cohorts, the women's blood was sampled
over a period of several years, including the years before the phase-out. The overall means
or medians reported in these studies may reflect higher past exposure for some women.
From the exposures estimated from the models, it appears that pregnant and lactating
women do not have appreciably higher exposures to PFOA or PFOS than the general
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population, even though the dose was scaled to increasing maternal BW. Increased food
intake due to increased caloric needs in pregnant and lactating women was accounted for by
scaling the daily dose to the increasing maternal BW and then increasing the dose by 25%
during the first 6 months after delivery. For studies that had points during pregnancy and
lactation, the exposure was estimated for pregnancy, increased by 25% during for the first 6
months postpartum, and decreased back to the pre-pregnancy estimate after 6 months.

For studies with only a plasma or milk observation during lactation, exposure was estimated
to yield this observed concentration. Thus, the estimated intake may not reflect recent
increases that occur with the onset of lactation. These compounds have a long half-life; it
will take some time to reach a steady state plasma concentration. With a higher intake
during this short period, the blood concentration probably has not reached steady state.
However, this is the best exposure estimate that can be obtained without knowing more
specific information about their intake. Because food intake has been suggested to be the
main exposure route to PFAA in adult general populations (Fromme et al. 2009; Trudel et al.
2008; Vestergren and Cousins 2009; Tittlemier et al. 2007), food intake by women in these
life stages is probably the most important exposure route to consider when estimating
exposure.

In LH and Arnsberg the gestation and lactation models yield reasonable predictions of
plasma PFOA concentration in pregnant and lactating women, the fetus, and infants,
although variability exists in several areas, including drinking water intake rates, other
exposure sources, and serum half-lives of PFOA that should be considered when using the
model to make predictions. Also, when simulating these populations, drinking water was the
only source of exposure. Women and infants may receive additional exposure from food and
from dust in their environment; however, because the drinking water levels of PFOA were
so high for these populations, the contribution from food would be very small compared to
what they are exposed to from water and probably would not contribute much to their
overall blood PFOA concentration in these cases. Filtration systems have since been
installed in both the LH and Arnsberg communities to reduce PFOA exposure (and
subsequently serum PFOA concentrations are not as high as they once were). However, this
exercise with only drinking water as an exposure source demonstrates the predictive
capacity of the model and situations where it can be used even though data are lacking on
potentially susceptible individuals.

A recent study on PFAA intake in the Netherlands, based on analysis of PFAA
concentrations in food, estimated the median intake to be 0.2 ng/kg BW/day for PFOA and
0.3 ng/kg BW/day for PFOS (Noorlander et al. 2011). The model-predicted intake of PFOA
is in excellent agreement with their estimate; for a 3.8-yr half-life, our median estimated
intake was 0.15 ng/kg BW/day. For PFOS, the model-estimated intake is high; our median
estimated intake was 0.98 ng/kg BW/day. This discrepancy could arise for several reasons:
the intake was estimated for studies where the samples were taken from a range of years,
some starting in 1994 (before the phase-out of PFOS/PFOS products). The Noorlander et al.
study analyzed food samples from 2009, so it does not reflect the decreasing amount of
PFOS exposure in foods over time. The studies used in the current work were conducted in
several geographic areas (Noorlander was Netherlands only), and this geographic variation
might contribute to the difference. PFOA and PFOS can be created by the breakdown of
fluoropolymers, to which people are exposed. Here only direct exposure to PFOA and PFOS
was considered; a more complete estimate of exposure would include the contribution of
breakdown products in estimates of internal exposure.

The same PFAA-specific parameters that were used in the adult human model were used
when extending the adult model to pregnancy and lactation. Good agreement was observed
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between the model predictions and the observed values for the gestation and lactation
models using the same chemical-specific parameters that worked in the adult model. The
same PFAA-specific parameters that were used in the adult human model could be used in
the pregnancy/lactation models, indicating that tissue partitioning, protein binding, an renal
resorption of these chemicals do not change significantly during pregnancy. Modification of
the physiology to account for the life stage differences appears to be sufficient to describe
the pharmacokinetics of PFAA in pregnant/lactating women, the fetus, and the infant.
Possible physiology changes that may alter the PK of PFAAs during these life stages include
the fat volume increase and growth of the placenta and fetus during pregnancy and the
addition of the milk compartment during lactation. Although PFAAs do not partition
appreciably into fat, this compartment serves as an exclusionary volume that may allow for
higher concentrations or greater distribution in the plasma or other maternal tissues. The
placenta and fetus contain lower concentrations of PFAAs relative to maternal tissues, but
they are additional compartments where PFAAs are found, thus lowering concentrations in
the mother. In addition, the higher GFR during pregnancy may allow for faster excretion of
PFAAs. During lactation, milk serves as a route of excretion for the mother, thus changing
the normal clearance kinetics of PFAAs. Maternal exposures estimated during pregnancy
allow for good model predictions of cord blood concentrations at delivery and maternal
plasma and milk concentrations during lactation. Although some additional physiological
variables are altered during pregnancy such as levels of serum PFAA-binding proteins
(Perucca and Crema 1982), there are no available data on how this modification may affect
PFAA binding during pregnancy, so the non-pregnant values were used.

As in the rat models, placental transfer of chemical was described as a simple diffusion
process, and still provided good agreement between predicted cord blood concentrations and
available data. There is evidence from in vitro data that human organic anion transporter 4
(OAT4) in the kidney can mediate saturable cellular uptake of PFAA (Yang et al. 2010);
there is also evidence that these same transporters are present in the human placenta
(Nakagawa et al. 2009). OAT4 is expressed in the fetal-facing membrane and thought to be
responsible for the elimination and detoxification of harmful anionic substances from the
fetus (Nakagawa et al. 2009; Cha et al. 2000). No data on a Km for hOAT4 in the placenta
were found. Based on the fact that OAT4 can transport PFAA and that OAT4 is found in the
placenta, this may be a possible transport mechanism for removal of PFAA from the fetus in
addition to simple diffusion across the placenta. If this is a detoxification mechanism,
saturation of this transporter may mean that PFAA could accumulate in the fetus and the
fetus would thus experience increased PFAA exposure.

Unlike the rat lactation models, which had simple diffusion for transport of PFAA from
mammary tissue into milk, the human models had flow-limited transport of PFAA into milk.
No human data were found for PFAA concentrations in mammary tissue, and the flow-
limited description appears to be sufficient. However, limited data were available for
estimating the milk:plasma partition coefficient, especially for PFOA. In several of the
available studies that measured the concentration of PFAA in milk, the concentration of
PFOA was below the detection limit; thus, only a limited number of measurements were
available with which to estimate the PFOA milk:plasma partition coefficient. Additional
biomonitoring data on matched serum and milk concentrations may improve the lactation
model predictions.

For renal resorption, the same parameters used in the adult human model were used for the
pregnant and lactating woman. There were no available data on how resorption of PFAA
may be altered during pregnancy; however, use of the non-pregnant adult values gave model
predictions in good agreement with observed data. Similarly, for the fetus or newborn, there
were little available data for PFAA-specific kinetics, such as plasma protein binding or renal
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reabsorption. Additional data on renal resorption of PFAA in the mother, fetus, and infant
(and thus how long the chemicals will be retained in the body) should improve the ability of
the models to recapitulate human studies.

Another factor to be considered in risk assessments for PFAA is the difference in renal
reuptake and half-lives across species. Renal reabsorption is thought to be responsible for
the long half-lives observed in humans and other species (Andersen et al. 2006; Han et al.
2012; Loccisano et al. 2011). The female rat does not express high levels of the renal
transporter (Oatp1a1) thought to be responsible for resorption and has a very short half-life.
In developmental toxicity studies in rats with PFAAs (PFOA especially), no remarkable
findings are observed in the mother or fetuses even at very high maternal doses (a NOAEL
of 150 mg/kg/day PFOA was reported for developmental toxicity by Gortner et al. (1981),
and maternal toxicity at this level was indicated by a decrease in body weight). This species
difference is attributed to the fact that the chemical is eliminated quickly by the female rat
and thus adverse effects are not observed. In mice, the half-life of PFAA is longer (12–20
days (Rodriguez et al. 2009)), a pronounced sex difference in clearance is not observed (Lou
et al. 2009), and developmental effects (increased neonatal mortality, eye opening delays,
and alterations in mammary gland development) have been observed at lower doses than in
rats, indicating that mice may be a more sensitive species than rats (Abbott et al. 2007; Lau
et al. 2006; White et al. 2007). Currently, it is not clear if the diminished sex difference and
slower clearance of PFAA mice (and thus greater sensitivity to PFAA exposure) is related to
renal transporters such as Oatp1a1 for PFAA (Tatum-Gibbs et al. 2011). Although the
mouse half-life is longer than the female rat half-life and mice appear to be a more sensitive
species based on administered dose, both half-lives are much shorter than the multi-year
half-life estimated for humans. The chemical is most likely resorbed much more efficiently
in humans than in the female rat or in mice, and this difference in renal reuptake and
extended half-lives should be considered in risk assessments of PFAAs. Because the PBPK
model described here implements renal resorption and can thus account for the differential
half-lives across species, use of the model can improve the scientific basis of risk assessment
for PFAAs by reducing some of the uncertainty associated with extrapolating rat or mouse
data to humans.

Further efforts to refine the model will require more detailed kinetic studies in pregnant and
lactating women and infants. The sensitivity analysis identified the model parameters for
which additional data would be most helpful. Data on plasma protein binding of PFAA and
how that is affected by pregnancy, placental transfer kinetics, and renal resorption of PFAA
in pregnant and lactating women, the fetus, and infant would improve model predictions.
Also, more data on PFAA concentrations in the fetus and infant would be helpful. The
gestation model currently includes a compartment for amniotic fluid, which was included in
the rat gestation model because concentration data were available for the rat. Amniotic fluid
is a matrix that can be monitored during pregnancy; however, as yet there are no data on
PFAA levels in human amniotic fluid. Concentrations of PFAA in the infant after cessation
of breastfeeding and intake of solid food begins would be helpful in determining how much
exposure infants receive from breast milk vs. other foods. As the child grows and begins to
eat other foods, exposure to PFAA will most likely come from additional sources.

These models may help to compare doses and observed effects in animals to the human
setting and support risk assessments. By incorporating known developmental physiology
changes and chemical transport processes that are capable of describing the kinetics of
PFAA, it is possible to estimate the levels of PFAA in susceptible populations where these
data are limited or not easily measured, such as the fetus and infant. Given that these
populations are exposed to PFAA through food intake, drinking water, etc., an approach to
determine their internal dose and how that relates to the observed effects in animals is
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needed. In this work, a set of models of describing PFAA kinetics that incorporate the
necessary physiology and processes to address a variety of species and life stages has been
developed.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PBPK model structure for simulating PFOA and PFOS exposure during pregnancy in
humans (maternal, left; fetal, right). Fetal plasma circulation is separate from the maternal
circulation. Only the mother is exposed directly; chemical is transferred to the fetus through
the placenta. Placental transfer is described by a simple diffusion process (ktrans1 and
ktrans2). Q's represent blood flows to and from the tissues; only the free fraction of chemical
in plasma is available for uptake into tissues. Because contributions to various exposure
sources are unknown, the IV route is used as a generic input to plasma; maternal exposure
can also be through drinking water.
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Figure 2.
PBPK model structure for simulating PFOA/PFOS exposure during lactation in humans
(maternal, left; infant, right). Maternal exposure is by direct intake; the infant exposure is
through milk. No data were available for PFOA or PFOS partitioning into mammary tissue;
chemical in plasma was assumed to be in direct contact with the milk compartment. Transfer
from the plasma to the milk compartment was assumed to be flow-limited. Limited data was
available for concentrations of PFAAs in the infant; thus, the infant was treated as a single
compartment. Only the free fraction of chemical in plasma was available for uptake into
tissues or milk.
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Figure 3.
Example of the general features/trends of the model predictions for PFOA during gestation
and lactation (maternal exposure was 1.5e-4 ug/kg BW/day). The plots show the model
predictions in maternal plasma during pregnancy and lactation, fetal plasma, milk, and infant
plasma at up to 6 months after birth. Infant exposure to PFCs was assumed to be only
through milk and breastfeeding was assumed to last 6 months postpartum.
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Figure 4.
Example of the general features/trends of the model predictions for PFOS during gestation
and lactation (maternal dose was 1.35e-3 ug/kg BW/day). The plots show the model
predictions in maternal plasma during pregnancy and lactation, fetal plasma, milk, and infant
plasma at up to 6 months postpartum. Infant exposure to PFCs was through milk and
breastfeeding lasted 6 months postpartum.
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Figure 5.
Comparison of model-predicted and observed values for PFAAs in maternal and fetal
plasma during gestation. The figure compares the predicted and observed concentrations and
maternal:fetal plasma concentration ratios for PFOA (top) and PFOS (bottom) from several
pregnancy studies in which there were paired maternal and fetal observations available.
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Figure 6.
Comparison of model-predicted and observed values for PFAAs in maternal plasma and
milk during lactation. The figure compares the predicted and observed concentrations and
the plasma:milk concentration ratios for PFOA (top) and PFOS (bottom) from several
lactation studies.
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Figure 7.
Predicted PFOA concentrations in maternal, fetal, and infant plasma in Little Hocking (top)
and Arnsberg, Germany (bottom) through pregnancy (left panel), lactation, and up to 5 years
after birth (right panel).
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Table 1

Physiological parameters for PBPK models for PFOA and PFOS in pregnant woman and fetus.

Parameter Mother Fetus source

Maternal body weight (BW; kg) and fetal weight
(VFet; kg)

56.9 – 70 (initial); 65.3
– 79.6 (increasing) 0 – 3.8* Clewell, et al 1999; Gentry, et al 2003

Tissue volumes (fraction of BW or VFet)

Gut, VGutC 0.0171 - Brown, et al 1997

Liver, VLivC 0.026 - Brown, et al 1997

Kidney, VKidC 0.004 - Brown, et al 1997

Filtrate, VFilC 0.0004 - 10% of kidney volume

Fat, VFatC (initial volume) 0.214 - Brown, et al 1997

Mammary tissue, VMamC (initial volume) 0.0062 - Gentry, et al 2002

Fetal plasma, VPIasFC - 0.0428 Davies & Morris, 1993

Tissue volume (L, age-dependent)

Fat, VFat 14.0 – 19.5* - Gentry, et al 2002

Mammary tissue, VMam 0.41 – 0.79* - Gentry, et al 2002

Placenta, VPIa 0 – 0.63* - Gentry, et al 2002

Plasma, VPIas 2.7 – 3.2* - Salas, et al 2006

Remaining tissues, VR 34.5 – 31.9* difference between BW and sum of other tissues

Amniotic fluid (L, one fetus) - 0 – 0.51* Beall, et al 2007

Blood flows (fraction of QC)

Cardiac output (QCC, L/h/kg0.75; initial) 20.0 - Clewell, et al 1999

fetal cardiac output (L/h/kg blood) - 54.0 Clewell, et al 1999

Gut, QGutC 0.181 - Brown, et al 1997

Liver, QLivC 0.25 - Brown, et al 1997

Skin, QSkC 0.058 - Brown, et al 1997

hematocrit, Htc 0.38 – 0.367* 0.5 Milman, et al 1999 (maternal); Sisson, et al 1959
(value for newborn)

Blood flows (L/h, age-dependent)

Cardiac output, increasing, QC 295 – 355* 0 – 4.8* Gentry, et al 2003

Fat, QFat 14.8 – 21.2* - Gentry, et al 2002

Mammary tissue, QMam 7.7 – 15.4* - Gentry, et al 2002

Placenta, QPIa 0 – 23.4* - Clewell, et al, 2002

Kidney, QKid ; plasma flow 24.4 – 40.3* - Sims & Krantz, 1958

Filtrate, QFilC—glomular filtration rate (L/h) 6.0 – 9.1* - Sims & Krantz 1958; Dunlop 1981; Duvekot 1995

Remaining tissue, QR 108 – 115* 0 – 4.0* difference between total CO and flows to other
tissues

*
range of values from beginning to end of gestation

J Toxicol Environ Health A. Author manuscript; available in PMC 2014 January 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Loccisano et al. Page 36

Table 2

Physiological parameters for PBPK models for PFOA and PFOS in lactating woman and nursing infant.

Parameters Mother Infant source

BW (kg) (changing) 72 – 67.5* 3.5 – 8* Wosje, et al, 2004 (maternal); CDC, 2002 (infant)

Tissue volume (fraction of BW)

Gut, VGutC 0.0171 - Brown, et al 1997

Liver, VLivC 0.026 Brown, et al 1997

Fat, VFatC 0.30 – 0.285* - Wosje, et al 2004

Kidney, VKidC 0.004 - Brown, et al 1997

Filtrate, VFilC 0.0004 - 10% of kidney volume

Remaining tissues, VR (L) 31.4 – 30.2* difference between BW and sum of other tissues

Residual milk volume, Vmilk (L) 0.25 - Gentry, et al 2003

Plasma, VPIas (L) 3.2 – 2.4* - Salas, et al 2006 (mother)

Mammary tissue (L) 0.82 – 1.37* - Gentry, et al 2003

Cardiac output

Maternal (QCC; L/h/kg0.75; nonpregnant) 20.0 Gentry, et al 2003

Maternal (changing; L/h) 335–330*

Blood flows (fraction of cardiac output)

Gut, QGutC 0.181 - Brown, et al 1997

Liver, QLivC 0.25 Brown, et al 1997

Skin, QSkC 0.058 - Brown, et al 1997

Kidney, QKid (L/h) 38.5 – 30* - GFR ~20% of renal plasma flow

Filtrate, QFilC (glomerular filtration rate; L/h) 7.7 – 6.0* - Sims & Krantz, 1958

Fat, QFat (L/h) 21.4 – 20.3* - Gentry, et al 2003

Mammary, QMam (L/h) 13.7 – 21.0* Gentry, et al 2003

Remaining tissues, QR (L/h) 96.7 – 96.6* - difference between total CO and flows to other tissues

Hematocrit 0.38 - Davies & Morris 1993

Milk production rate, kmilk (L/hr) 0.0 – 0.037* milk production
rate = suckling rate Dewey, et al 1983

*
range of values from start of lactation to 6 months postpartum

J Toxicol Environ Health A. Author manuscript; available in PMC 2014 January 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Loccisano et al. Page 37

Ta
bl

e 
3

C
he

m
ic

al
 p

ar
am

et
er

s 
fo

r 
PB

PK
 m

od
el

s 
fo

r 
PF

O
A

 a
nd

 P
FO

S 
in

 p
re

gn
an

t a
nd

 la
ct

at
in

g 
w

om
en

, f
et

us
, a

nd
 in

fa
nt

.

P
F

O
A

P
F

O
S

P
ar

am
et

er
m

ot
he

r
fe

tu
s

in
fa

nt
m

ot
he

r
fe

tu
s

in
fa

nt

Fr
ee

 f
ra

ct
io

n 
of

 c
he

m
ic

al
 in

 p
la

sm
a 

(F
re

e)
0.

02
0.

02
0.

02
0.

02
5

0.
02

5
0.

02
5

V
ol

um
e 

of
 d

is
tr

ib
ut

io
n 

(V
dc

; i
nf

an
t o

nl
y,

 s
ca

le
d 

to
 B

W
K

id
)

-
-

0.
17

-
0.

22

R
en

al
 r

es
or

pt
io

n 
P

ar
am

et
er

s

tr
an

sp
or

te
r 

m
ax

im
um

, T
m

c 
(u

g/
h/

kg
0.

75
)

10
-

-
3.

5
-

-

af
fi

ni
ty

 c
on

st
an

t, 
K

t (
ug

/L
)

0.
05

5
-

-
0.

02
3

-
-

P
ar

ti
ti

on
 C

oe
ff

ic
ie

nt
s

G
ut

:p
la

sm
a 

(P
gu

t)
0.

05
-

-
0.

57
-

-

L
iv

er
:p

la
sm

a 
(P

liv
)

2.
2

-
-

3.
72

-
-

K
id

ne
y:

 p
la

sm
a 

(P
ki

d)
1.

05
-

-
0.

8
-

-

Fa
t: 

pl
as

m
a 

(P
fa

t)
0.

04
-

-
0.

13
-

-

M
am

m
ar

y 
T

is
su

e:
 p

la
sm

a 
(P

m
am

; g
es

ta
tio

n 
on

ly
)

0.
13

-
-

0.
16

-
-

R
es

t o
f 

bo
dy

 ti
ss

ue
s:

 p
la

sm
a 

(P
tis

)
0.

12
0.

12
-

0.
20

0.
20

-

Pl
ac

en
ta

:P
la

sm
a 

(P
pl

a)
0.

28
-

-
0.

41
-

-

Sk
in

: p
la

sm
a 

(P
Sk

)
0.

1
-

-
0.

29
-

-

M
am

m
ar

y 
tis

su
e:

pl
as

m
a 

(P
M

am
; g

es
ta

tio
n 

on
ly

)
0.

13
-

0.
16

-
-

M
ilk

: p
la

sm
a 

(P
M

ilk
; l

ac
ta

tio
n 

on
ly

)
0.

03
8

-
-

0.
01

22
-

-

U
pt

ak
e/

E
lim

in
at

io
n 

R
at

e 
C

on
st

an
ts

ur
in

ar
y 

el
im

in
at

io
n 

ra
te

 c
on

st
an

t, 
ku

ri
ne

c 
(/

h/
kg

-0
.2

5)
; k

el
im

l f
or

 in
fa

nt
 (

/h
)

0.
1

-
0.

00
5

0.
00

5
-

0.
00

1

P
la

ce
nt

al
 t

ra
ns

fe
r 

(g
es

ta
ti

on
 o

nl
y)

m
ot

he
r 

to
 f

et
us

, k
tr

an
s1

C
 (

L
/h

/k
g0.

75
)

0.
46

-
-

0.
46

-
-

fe
tu

s 
to

 m
ot

he
r,

 k
tr

an
s2

C
 (

L
/h

/k
g0.

75
)

-
0.

46
-

-
1.

01
-

A
m

ni
ot

ic
 f

lu
id

 t
ra

ns
fe

r 
(g

es
ta

ti
on

 o
nl

y)

fe
tu

s 
to

 f
lu

id
, k

tr
an

s3
C

 (
L

/h
/k

g0.
75

)
-

0.
00

8
-

-
0.

00
6

-

fl
ui

d 
to

 f
et

us
, k

tr
an

s4
C

 (
L

/h
/k

g0.
75

)
-

0.
00

1
-

-
0.

00
1

-

J Toxicol Environ Health A. Author manuscript; available in PMC 2014 January 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Loccisano et al. Page 38

Ta
bl

e 
4

C
al

cu
la

te
d 

m
at

er
na

l, 
fe

ta
l, 

an
d 

in
fa

nt
 s

en
si

tiv
ity

 c
oe

ff
ic

ie
nt

s 
fo

r 
PB

PK
 m

od
el

 p
ar

am
et

er
s 

fo
r 

PF
O

A
 a

nd
 P

FO
S 

m
od

el
s 

fo
r 

hu
m

an
 g

es
ta

tio
n 

(t
op

) 
an

d
la

ct
at

io
n 

(b
ot

to
m

) 
w

ith
 r

es
pe

ct
 to

 p
la

sm
a 

PF
O

A
 o

r 
PF

O
S 

A
U

C
. F

or
 g

es
ta

tio
n,

 th
e 

A
U

C
 w

as
 c

al
cu

la
te

d 
at

 e
m

br
yo

ni
c 

w
ee

k 
39

; f
or

 la
ct

at
io

n,
 th

e 
A

U
C

 w
as

ca
lc

ul
at

ed
 a

t 6
 m

on
th

s 
po

st
pa

rt
um

. O
nl

y 
pa

ra
m

et
er

s 
th

at
 h

av
e 

SC
s 

>
 0

.0
7 

or
 <

−
0.

07
 f

or
 th

e 
m

ot
he

r,
 f

et
us

, o
r 

in
fa

nt
 a

re
 s

ho
w

n 
in

 th
e 

ta
bl

e.

P
F

O
A

 g
es

ta
ti

on
P

F
O

S 
ge

st
at

io
n

pa
ra

m
et

er
m

at
er

na
l S

C
fe

ta
l S

C
pa

ra
m

et
er

m
at

er
na

l S
C

fe
ta

l S
C

in
iti

al
 B

W
 (

m
at

er
na

l)
−

0.
75

−
0.

74
in

iti
al

 B
W

 (
m

at
er

na
l)

−
0.

79
−

0.
79

liv
er

 v
ol

um
e 

(f
ra

ct
io

n 
of

 B
W

)
−

0.
36

−
0.

37
liv

er
 v

ol
um

e 
(f

ra
ct

io
n 

of
 B

W
)

−
0.

34
−

0.
33

liv
er

: p
la

sm
a 

PC
−

0.
38

−
0.

39
liv

er
:p

la
sm

a 
PC

−
0.

34
−

0.
34

re
st

 o
f 

bo
dy

:p
la

sm
a 

PC
−

0.
39

−
0.

39
fa

t:p
la

sm
a 

PC
−

0.
12

−
0.

13

re
so

rp
tio

n 
m

ax
im

um
 (

T
m

c)
0.

35
−

0.
35

re
st

 o
f 

bo
dy

: p
la

sm
a 

PC
−

0.
32

−
0.

32

af
fi

ni
ty

 c
on

st
an

t (
K

t)
−

0.
35

−
0.

35
re

so
rp

tio
n 

m
ax

im
um

 (
T

m
c)

0.
07

0.
07

fr
ee

 f
ra

ct
io

n 
in

 p
la

sm
a

−
0.

11
0.

88
af

fi
ni

ty
 c

on
st

an
t (

K
t)

−
0.

07
−

0.
07

fr
ee

 f
ra

ct
io

n 
(f

et
us

)
--

−
0.

98
fr

ee
 f

ra
ct

io
n 

in
 p

la
sm

a
−

0.
08

0.
92

pl
ac

en
ta

l t
ra

ns
fe

r 
ra

te
 c

on
st

an
t (

m
 to

 f
)

−
0.

01
0.

98
fr

ee
 f

ra
ct

io
n 

(f
et

us
)

--
−

0.
98

pl
ac

en
ta

l t
ra

ns
fe

r 
ra

te
 c

on
st

an
t (

f 
to

 m
)

0.
01

−
0.

98
pl

ac
en

ta
l t

ra
ns

fe
r 

ra
te

 c
on

st
an

t (
m

 to
 f

)
--

0.
99

G
FR

−
0.

19
−

0.
19

pl
ac

en
ta

l t
ra

ns
fe

r 
ra

te
 c

on
st

an
t (

f 
to

 m
)

--
−

0.
98

fa
t v

ol
um

e
0.

10
0.

10
G

FR
−

0.
15

−
0.

15

fa
t v

ol
um

e 
(f

ra
ct

io
n 

of
 B

W
)

0.
11

0.
10

fa
t v

ol
um

e
−

0.
16

−
0.

16

P
F

O
A

 la
ct

at
io

n
P

F
O

S 
la

ct
at

io
n

pa
ra

m
et

er
m

at
er

na
l S

C
in

fa
nt

 S
C

pa
ra

m
et

er
m

at
er

na
l S

C
in

fa
nt

 S
C

liv
er

 v
ol

um
e 

(f
ra

ct
io

n 
of

 B
W

)
−

0.
18

−
0.

22
liv

er
 v

ol
um

e 
(a

s 
fr

ac
tio

n 
of

 B
W

)
−

0.
23

−
0.

28

liv
er

:p
la

sm
a 

PC
−

0.
19

−
0.

23
liv

er
:p

la
sm

a 
PC

−
0.

24
−

0.
30

re
st

 o
f 

bo
dy

: p
la

sm
a 

PC
−

0.
21

−
0.

22
fa

t:p
la

sm
a 

PC
−

0.
03

−
0.

12

m
ilk

:p
la

sm
a 

PC
−

0.
38

0.
56

re
st

 o
f 

bo
dy

: p
la

sm
a 

PC
−

0.
34

−
0.

28

Fr
ee

 f
ra

ct
io

n 
in

 p
la

sm
a

−
0.

17
−

0.
04

m
ilk

:p
la

sm
a 

PC
−

0.
07

0.
79

re
so

rp
tio

n 
m

ax
im

um
 (

T
m

c)
0.

16
0.

04
Fr

ee
 f

ra
ct

io
n 

in
 p

la
sm

a
−

0.
28

−
0.

03

af
fi

ni
ty

 c
on

st
an

t (
K

t)
−

0.
16

−
0.

04
R

es
or

pt
io

n 
m

ax
im

um
 (

T
m

c)
0.

13
0.

03

m
ilk

 p
ro

du
ct

io
n 

ra
te

−
0.

38
0.

56
A

ff
in

ity
 c

on
st

an
t (

K
t)

−
0.

13
−

0.
03

m
at

er
na

l B
W

 (
de

cr
ea

si
ng

)
−

0.
20

−
0.

40
m

ilk
 p

ro
du

ct
io

n 
ra

te
−

0.
07

0.
77

J Toxicol Environ Health A. Author manuscript; available in PMC 2014 January 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Loccisano et al. Page 39

P
F

O
A

 la
ct

at
io

n
P

F
O

S 
la

ct
at

io
n

pa
ra

m
et

er
m

at
er

na
l S

C
in

fa
nt

 S
C

pa
ra

m
et

er
m

at
er

na
l S

C
in

fa
nt

 S
C

B
W

 o
f 

in
fa

nt
--

−
0.

98
m

at
er

na
l B

W
 (

de
cr

ea
si

ng
)

−
0.

61
−

0.
70

In
fa

nt
 e

lim
in

at
io

n 
ra

te
 c

on
st

an
t (

ke
lim

l)
--

−
0.

59
B

W
 o

f 
in

fa
nt

--
−

0.
98

V
ol

um
e 

of
 d

is
tr

ib
ut

io
n 

in
 in

fa
nt

 (
V

dc
)

--
−

0.
99

V
ol

um
e 

of
 d

is
tr

ib
ut

io
n 

in
 in

fa
nt

 (
V

dc
)

--
−

0.
99

fr
ee

 f
ra

ct
io

n 
in

 in
fa

nt
 c

om
pa

rt
m

en
t

--
−

0.
72

G
FR

−
0.

25
−

0.
06

G
FR

−
0.

33
−

0.
08

J Toxicol Environ Health A. Author manuscript; available in PMC 2014 January 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Loccisano et al. Page 40

Table 5

Estimated maternal PFOA and PFOS exposures for pregnant and lactating women. The women in these
studies were considered “general population” in that they were not known to be exposed to unusually high
concentrations of PFOA or PFOS (i.e., not occupationally exposed or drinking water with high
concentrations). Because contributions from various exposure sources are not known, intake for the general
population exposure was simulated as a direct input to blood. Exposures of the women were estimated to yield
the plasma PFAA concentration at delivery or a point during pregnancy or lactation (noted in table). The adult
human model was run for 30 years in order to reach steady state at each estimated exposure, and the tissue
concentrations at 30 years were used as starting concentrations in the pregnancy model. The tissue
concentrations at the end of pregnancy were then used as starting concentrations for the lactation model.
Women were assumed to be exposed for the entire length of pregnancy and lactation. For comparison, the
exposures estimated for the general population from our previously developed adult human model are shown
at the bottom of the table.

Studies used for exposure estimation (media;
time for which exposure was estimated)

estimated PFOA exposure
(ug/kg/day); 3.8 yr half-life

estimated PFOA
exposure (ug/kg/

day); 2.3 yr half-life

estimated PFOS exposure
(ug/kg/day); 5.4 yr half-life

gestation

Fromme, et al 2010 (plasma; week 34) 1.9E-04 3.0E-04 3.8E-04

Apelberg, et al 2007 (plasma; delivery) 1.2E-04 2.0E-04 5.8E-04

Inoue, et al 2004 (plasma; delivery) 1.15E-04 1.9E-04 1.2E-03

Midasch, et al 2007 (plasma; delivery) 2.0E-04 3.4E-04 1.35E-03

Fei, et al 2007 (plasma; week 7) 3.60E-04 6.9E-04 3.7E-03

Washino, et al 2009 (plasma; delivery) 1.25E-04 2.2E-04 7.4E-04

Monroy, et al 2008 (plasma; week 26) 1.8E-04 3.0E-04 2.0E-03

Hanssen, et al 2010 (plasma; delivery) 1.15E-04 1.7E-04 1.9E-04

Kim, et al 2011 (plasma; delivery) 1.3E-04 2.3E-04 6.9E-04

Kim, et al 2011 (plasma; 3rd trimester) 1.15e-04 2.05E-04 3.5e-04

Tittlemier, et al 2004 (plasma; delivery) 1.6E-04 2.8E-04 4.4E-03

lactation

Karrman, et al 2007 (plasma; 3 weeks postpartum) 2.8E-04 2.3E-03

von Ehrenstein, et al 2009 (plasma; 4 weeks
postpartum) 2.4E-04 2.25E-03

Volkel, et al 2008 (milk; 4 weeks postpartum) NA (PFOA < LOD in milk) 3.5E-04

Fromme, et al 2010 (plasma; 6 months postpartum)
2.4e-4 (1st 6 months

postpartum); PFOA < LOD in
milk

4.75e-4 (1st 6 months);
3.8e-04 (after 6 months)

Kim, et al 2011 (milk; 7 days postpartum) 1.63e-4 (1st 6 months); 1.3e-4
(after 6 months)

8.6e-4 (1st 6 months); 6.9e-4
(after 6 months)

Kim, et al 2011 (plasma during pregnancy; milk
collected 1 month postpartum)

1.44e-04 (1st 6 months
postpartum); 1.15e-04 (after 6

months)

4.4e-04 (1st 6 months);
3.5e-4 (after 6 months)

Thomsen, et al 2010 (milk; birth) 1.7E-04 1.4E-03

Liu, et al 2011 (plasma; 1 week postpartum) 1.4e-4 (1st 6 months); 1.1e-4
(after 6 months)

4.6e-4 (1st 6 months);
3.7e-4(after 6 months)

General population (estimated using adult
human model)

Calafat, et al 2007 (NHANES 2003–04) 2.50E-04 4.20E-04 1.75E-03

Olsen, et al 2008 (Red Cross blood donors) 2.2e-04-4.4e-04 1.3e-04-2.65e-04 8.5e-04-1.8e-03
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