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Abstract

Background: Multiple agencies have developed health-based toxicity values for exposure to
perfluorooctanoic acid (PFOA). Although PFOA exposure occurs in utero and through
breastfeeding, current health-based toxicity values have not been derived using fetal or child
dosimetry. Therefore, current values may underestimate the potential risks to fetuses and nursing
infants.

Objective: Using fetal and child dosimetry, we aimed to calculate PFOA maternal human
equivalent doses (HEDSs), corresponding to a developmental mouse study lowest observed adverse
effect level (LOAEL, 1 mg/kg/day). Further, we investigated the impact of breastfeeding duration
and PFOA half-life on the estimated HEDs.

Methods: First, a pharmacokinetic model of pregnancy and lactation in mice was used to
estimate plasma PFOA levels in pups following a maternal exposure to 1 mg PFOA/kg/day for
gestational days 1-17. Four plasma PFOA concentration metrics were estimated in pups: i)
average prenatal; ii) average postnatal; iii) average overall (prenatal and postnatal); and iv)
maximum. Then, Monte Carlo simulations were performed using a pharmacokinetic model of
pregnancy and lactation in humans to generate distributions of maternal HEDs that would result in
fetal/child plasma levels equivalent to those estimated in pups using the mouse model. Median
(HEDs5p) and 1st percentile (HEDg,) of calculated HEDs were calculated.

Results: Estimated PFOA maternal HEDsgs ranged from 3.0 x 1074 to 1.1 x 103 mg/kg/day and
HEDq;s ranged from 4.7 x 107> to 2.1 x 10~ mg/kg/day. All calculated HEDs were lower than
the HED based on adult dosimetry derived by the Environmental Protection Agency (EPA) (5.3 x
1073 mg/kg/day).

Conclusion: Our results suggest that fetal/child dosimetry should be considered when deriving
health-based toxicity values for potential developmental toxicants.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of thousands of chemicals of varying
carbon-chain lengths, degrees of fluorination, and functional groups (Buck et al., 2011).
While humans are usually exposed to a complex mixture of PFAS and their precursors,
specific individual species have historically been singled out for consideration of health
effects and risk assessment. One such species, per-fluorooctanoic acid (PFOA), has been
measured in drinking water, food, and air (Fraser et al., 2012; Mak et al., 2009; Post et al.,
2013; Shoeib et al., 2011; Sinclair et al., 2007; Tittlemier et al., 2007). In developmental
studies of PFOA exposure in mice, pups born to dams administered PFOA during gestation
showed multiple adverse health effects, including elevated leptin and insulin concentrations
(Hines et al., 2009), neurotoxicity (Johansson et al., 2008), reduced bodyweight and changes
in mammary epithelial branching and growth (White et al., 2007), and reduced ossification
and accelerated puberty (Lau et al., 2006). Epidemiological studies of developmental
exposure to PFOA have also reported associations between exposure and a variety of health
outcomes, including reduced birth weight (Johnson et al., 2014), reduced response to
vaccination (Grandjean et al., 2012; Grandjean et al., 2016; Granum et al., 2013), and
behavioral problems (Oulhote et al., 2016).

Monitoring programs have shown widespread PFOA contamination in drinking water in
North America. In Canada, PFOA is not routinely monitored in drinking water supplies
(Health Canada 2016); however, a national survey in 2009-2010 of raw and treated water
samples indicated that between 15% and 68% of samples had PFOA levels above the
detection limits, depending on the season and year (Health Canada 2016). PFOA measured
in five drinking water samples from Niagara-on the-Lake collected between 2006 and 2008
had a mean concentration of 2.1 x 1073 pg/L (Mak et al., 2009). Numerous instances of
PFOA exposure have been documented in the United States through the ingestion of water
from public drinking water systems. PFOA exposure through contaminated municipal
drinking water systems has occurred near the DuPont PFAS manufacturing facilities in Ohio
and West Virginia (Emmett et al., 2006; Steenland et al., 2009), near the 3 M manufacturing
facilities in Minnesota (Minnesota Department of Health, 2008) and Alabama (Agency for
Toxic Substances and Disease Registry, 2013), at the Warminster and Willow Grove Naval
Bases in Pennsylvania (Environmental Protection Agency, 2015), and at the Pease Tradeport
in New Hampshire (New Hampshire Department of Health and Human Services, 2015).
PFOA drinking water concentrations in these communities ranged from non-detect to 3.55
ug/L. The detection of PFOA in drinking water highlights the need for health-based toxicity
values and drinking water guidelines that are protective for the population, including
vulnerable individuals such as pregnant women and children.

In its recent evaluation of PFOA, the U.S. Environmental Protection Agency (EPA)
calculated a reference dose (RfD) of 2.0 x 10> mg/kg/day (Environmental Protection
Agency, 2016) based on a developmental toxicity study in mice in which pups born to dams
administered 1 mg PFOA/kg/day for gestational days 1-17 showed reduced ossification at
birth and accelerated puberty in males as assessed on post-natal day 24 (Lau et al., 2006).
This RfD was used to develop a drinking water health advisory value of 0.07 pg/L using a
water relative source contribution of 20% (Environmental Protection Agency, 2016). The
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Agency for Toxic Substances and Disease Registry (ATSDR) has derived a draft
intermediate oral Minimum Risk Level (MRL) for PFOA of 2.0 x 10> mg/kg/day based on
liver effects in monkeys (Agency for Toxic Substances and Disease Registry, 2015). Health
Canada has proposed a draft Maximum Acceptable Concentration (MAC) for PFOA in
drinking water of 0.2 pg/L based on liver effects in rats (Health Canada 2016). Several states
including Maine (Maine Center for Disease Control and Prevention, 2016), Michigan
(Michigan Department of Environmental Quality, 2015), Minnesota (Minnesota Department
of Health, 2017), New Jersey (New Jersey Drinking Water Quality Institute, 2015), and
Vermont (Vermont Department of Health, 2016) have also proposed or adopted drinking
water guidelines for PFOA.

In general, health-based toxicity values are by definition (e.g., reference doses) protective of
the population at large, including fetuses and nursing infants. However, typical risk
assessment approaches are based on adult/maternal dosimetry rather than fetal/child
dosimetry. This overlooks the fact that fetal plasma levels may be more toxicologically
relevant than adult/maternal levels. It also does not account for the fact that the relationship
between maternal exposure and fetal/child exposure may differ across species. Indeed,
studies have shown that PFOA levels in mouse pups can be similar to levels in dams (Fenton
et al., 2009; Wolf et al., 2007), whereas human infant levels at six months of age were
approximately four times higher than maternal levels at delivery (Fromme et al., 2010).
Therefore, an approach based solely on adult/maternal dosimetry may lead to an
underestimation of risks for potential developmental toxicity.

Risk assessment based on fetal/child dosimetry requires either measuring or estimating
chemical levels in the developing organism (Thompson et al., 2008). Lau et al. (2006)
reported maternal and developmental toxicity of PFOA in the mouse, leading to early
pregnancy loss, compromised postnatal survival, delays in general growth and development,
and sex-specific alterations in pubertal maturation. This study was used by the EPA to
estimate their RfD value; however, this study did not measure PFOA plasma levels in fetuses
or pups. These levels should be estimated in order to assess the potential human risk of
fetuses and nursing infants. In general, there is limited PFOA pharmacokinetic data available
in animals (Butenhoff et al., 2004; Kemper, 2003). Similarly, human data on plasma PFOA
levels in fetuses/children for a given maternal daily dose is limited.

Where relationships between external doses and internal concentrations have not been
determined experimentally, pharmacokinetic models can be employed to perform
estimations. Pharmacokinetic modeling uses mathematical descriptions of absorption,
distribution, metabolism, and excretion of chemicals in the body to estimate plasma or tissue
levels for a given organism and a given dose. Recently, several pharmacokinetic models have
been used to successfully predict early-life plasma PFOA concentrations in early life mice
(Rodriguez et al., 2009), rats (Loccisano et al., 2012), and humans (Loccisano et al., 2013;
Verner et al., 2016).

In our study, we used pharmacokinetic models of gestation and lactation in mice (Rodriguez
et al., 2009) and humans (Verner et al., 2016). The mouse model was selected because it was
the only model available for mice. The human model was selected over other options
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because it was best suited to simulate lifetime exposures for both mother and child. These
models were used to estimate, i) fetal and pup plasma levels resulting from maternal
exposure to the lowest observed adverse effect level (LOAEL) reported by Lau et al. (2006)
and ii) the lifetime daily human equivalent dose (HED) in women leading to fetal and child
levels matching these fetal and pup plasma levels. These estimates can be used as points of
departure (PODs) to calculate health-based toxicity values (e.g., RfDs, MRLs, etc.) and
corresponding drinking water guidelines for PFOA that may be protective of fetuses and
nursing infants.

2. Methods

Two existing pharmacokinetic models of developmental exposure to PFOA were used for
our analyses: a mouse model developed by Rodriguez et al. (2009) and a human model
developed by Verner et al. (2016). Both models include gestation and lactation, and the
human model simulates a woman’s lifetime exposure, including breastfeeding periods up to
30 months. Different terminology is used to describe the offspring in the two published
models. In the mouse model the fetus is referred to as concepti and the postnatal life-stage is
referred to as pup. In the human model all of the developmental stages are integrated under
one term: child. In this paper, we use fetus when referring specifically to the prenatal period
for both mice and human. The term pup is used for the postnatal period in mice (age 0 to 42
days), while the term child'is used for the postnatal period in the human (age 0 to 2).

2.1. Mouse model

The pharmacokinetic mouse model by Rodriguez et al. (2009) describes the distribution of
PFOA in the dam as well as in the fetus and the pups. The model is constructed with several
compartments: the dam (including uterus, mammary tissues, fat, liver, and kidney), the fetus,
the pups, and milk. PFOA administration to the dam occurs via oral ingestion. Elimination
of PFOA from the dam occurs via the kidney compartments, where PFOA transfers to
filtrate through glomerular filtration and is either reabsorbed or excreted in urine. Fetal
growth is initiated at the onset of placental blood flow on gestational day 6. Placental
transfer of PFOA between the dam and fetus is based on placental blood flow and
fetal:maternal plasma partition coefficients. After birth, PFOA intake for the pups occurs
solely through lactation, where the amount ingested is calculated based on the milk:maternal
plasma partition coefficient and milk intake for a litter size of 10 pups. PFOA excretion for
pups is through urine, and this output is recirculated to the dam to reflect maternal
stimulation of pup urine excretion, which involves urine consumption by the dam. The
mouse model is described in detail in Rodriguez et al. (2009).

2.2. Human model

The pharmacokinetic human model by Verner et al. (2016) describes the distribution of
PFOA in both the mother and the child. This two-compartmental model presents all maternal
features in one maternal compartment, and all the fetus/child features in one child
compartment. The volume of these compartments is based on published volumes of
distribution and body weight (which fluctuates during the simulation). Both maternal and
child compartments have an intake route, an elimination route, as well as placental and
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lactational transfer between compartments. PFOA intake for both mother and child was
assumed to be solely through oral ingestion (MVerner et al., 2016). Elimination for both
compartments was based on PFOA half-lives derived from published data (Bartell et al.,
2010; Olsen et al., 2007). Placental transfer is modeled as a two-directional flow in
equilibrium that replicates published cord:maternal plasma ratios. Lactational exposure is
defined as the product of breast milk ingestion, the plasma PFOA concentration in the
mother, and the milk:plasma partition coefficient of PFOA. The precision of this model was
evaluated against levels measured in children participating to two previously published
studies (Fromme et al., 2010; Granum et al., 2013). In short, when using individual-specific
maternal PFOA levels at delivery, anthropometric measurements and duration of
breastfeeding, the model explained 60% of the variability in levels measured in 6-month-
olds, and 62% of the variability in levels measured in 36-month-olds. The human model
development and evaluation are described in detail in Verner et al. (2016).

2.3. Model simulations

The step-wise method applied for model simulations is described in Fig. 1.

We used the pharmacokinetic model of pregnant and lactating CD-1 mice (Rodriguez et al.,
2009) to simulate exposure of dams to 1 mg/kg/day from gestational day 1-17. This dose
was obtained from a study by Lau et al. (2006), where pups born to dams exposed to the
LOAEL of 1 mg/kg/day PFOA for gestational days 1-17 showed reduced ossification at
birth and accelerated puberty in males as assessed on post-natal day 24. Lau et al. (2006)
was selected as the critical study for this analysis in order to mirror the critical study
selected by EPA for derivation of the RfD for PFOA (Environmental Protection Agency,
2016). Whereas only prenatal exposure could affect ossification as assessed at birth, either
prenatal exposure, postnatal exposure or both could influence pubertal development. For this
reason, we calculated multiple exposure metrics which could be toxicologically relevant for
pubertal development; we predicted average (prenatal, postnatal, and overall) and maximum
plasma PFOA concentrations in pups. The simulations were run until postnatal day 42 (1000
h), which included the gestation (18 days) and lactation periods (21 days). As litter size in
Lau et al. (2006) ranged from 3 to 10 pups, our simulations were run with litter sizes of 10
pups, as this produces more conservative results. Two renal transport maximum constants
were proposed by Rodriguez et al. (2009). We used the 2.9 mg/h/kg value that was
calibrated against paired dam and pup serum PFOA levels, and provided a better fit to the
pup levels reported more recently (Macon et al., 2011).

We subsequently performed Monte Carlo simulations with the human model to estimate
distributions of maternal HEDs that would result in plasma PFOA concentrations in the child
equivalent to the average (prenatal, postnatal, and overall) and maximum plasma PFOA
concentrations predicted in pups. The goal of these Monte Carlo simulations was to
propagate model error and inter-individual variability through HED calculations. We ran
1000 Monte Carlo simulations per dose metric (average prenatal level, average postnatal
level, average overall level, and maximum level), for half-lives of 2.3 years (Bartell et al.,
2010) and 3.8 years (Olsen et al., 2007), and for breastfeeding durations of 6 months, 12

Environ Int. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kieskamp et al.

Page 6

months, and 24 months. In other words, Monte Carlo simulations were performed for 24
combinations of dose metric, half-life, and breastfeeding duration.

We quantified error in the mouse model by comparing simulated pup levels to pup levels
measured on postnatal days 7, 14, and 21 in a study where dams were exposed to 1 mg/kg/d
from gestational days 1-17, and which was not used for model calibration (Macon et al.,
2011); for each of these three measurements, we calculated measured/simulated level ratios
(postnatal day 7: 0.65; postnatal day 14: 1.22; postnatal day 21: 0.42). These ratios indicate
that the model overestimated mean experimental levels on days 7 and 21, whereas it
underestimated the mean experimental level on day 14 (see Fig. 2). We quantified inter-
individual variability using data from Macon et al. (2011) study by calculating the mean
coefficient of variation in measured pup PFOA levels over the three time points (mean
coefficient of variation: 0.36). Unfortunately, we could not locate studies reporting fetal
PFOA levels for this dosing regimen, so only measured postnatal pup levels were used to
quantify model error and inter-individual variability for the mouse model. At each Monte
Carlo iteration (i), the mouse Fetal/pup PFOA metric;based on which the HED was
calculated was varied as follows:

Fetal/pup PFOA metric; = Simulated PFOA metric; X Error; X Variability, (1)

where the Simulated PFOA metric,;was the fetal/pup level estimated with the model (i.e.,
average prenatal level, average postnatal level, average overall level, or maximum level), the
Error;was randomly sampled from a uniform distribution based on the range described
above (0.42 to 1.22), and the Variability ;was randomly sampled from a normal distribution
with a mean of 1.00 and a standard deviation of 0.36 (coefficient of variation in experimental
pup levels). A uniform distribution was used for the Error because only three data points
were available, which was insufficient to adequately characterize a normal distribution.

At each Monte Carlo iteration, the Fetal/pup PFOA metric; calculated in Eq. (1) was used as
the basis for HED calculation using the human model. In addition to model error and inter-
individual variability from the mouse model/data, we randomly sampled human model
parameters (i.e., maternal age at delivery, prepregnancy body weight, sex of child, child’s
weight, milk/plasma partition coefficient, volume of distribution, half-life, cord/mother
partition coefficient, volume of breast milk) from the same parameter distributions described
in Verner et al. (2016). This sampling strategy was assumed to account for inter-individual
variability and uncertainty. This assumption was supported by previous Monte Carlo
simulations where measured child/mother level ratios fell within the distribution of
simulated data (\erner et al., 2016). For each Monte Carlo simulation, the maternal dose
(HED) leading to a child PFOA level matching the calculated Fetal/pup PFOA metric;was
determined by iterative simulations using the golden section search approach. Model
simulations were performed using acsIX modeling software (Aegis Technologies Inc.,
Huntsville, AL).

Monte Carlo simulations yielded distributions of HED values for each combination of dose
metric, half-life and breastfeeding duration. For each of these distributions, we extracted the
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1st percentile (HEDg;) and 50th percentile (HEDsg) of HED values. Confidence intervals
around these values were estimated using 1000 bootstrap resamplings. Statistical analyses
were performed using IBM SPSS Statistics for Windows, Version 22.0 (IBM Corp.,
Armonk, NY).

3. Results

3.1. Selection of target PFOA plasma concentrations

Simulations of dams administered 1 mg PFOA/kg/day from gestational day 1-17, resulted in
average (prenatal, postnatal, or overall) or maximum plasma PFOA concentrations in pups
ranging from 6.6 to 18.8 mg/L (Fig. 2). PFOA concentrations of 6.6 mg/L (average prenatal
concentration), 14.2 mg/L (average postnatal concentration) 11.7 mg/L (average overall
concentration), and 18.8 mg/L (maximum concentration) were estimated by the model.

3.2. Estimated maternal exposure doses/HEDs

The estimated maternal HEDs from Monte Carlo simulations for varying breastfeeding
durations and PFOA half-lives are presented in Table 1. Median HEDs (HEDsps) ranged
from 3.0 x 107 to 1.1 x 1073 mg/kg/day, and the 1st percentile of HED distributions
(HEDy;5) ranged from 4.7 x 107 to 2.1 x 10~ mg/kg/day. The lowest predicted HEDs were
obtained when simulating average post-natal and overall PFOA concentration with a
breastfeeding duration of two years and a PFOA half-life of 3.8 years. The highest predicted
HEDs were obtained when simulating average prenatal concentration using a half-life of 2.3
years, regardless of the duration of breastfeeding.

Estimated HEDs based on metrics including postnatal levels were influenced by
breastfeeding duration. Longer durations of breastfeeding were associated with lower HEDs.
For example, the HEDsq based on the average overall PFOA concentration (prenatal and
postnatal) was 1.3 times lower when using a breastfeeding duration of 12 months compared
to a duration of 6 months. Predicted HEDs were also influenced by half-life. For all plasma
PFOA metrics and exposure scenarios, HEDs obtained using a 2.3-year half-life were
approximately 1.5-1.7 times higher than those obtained with a half-life of 3.8 years. Overall,
the HEDs derived from average postnatal PFOA plasma concentrations were approximately
1.5-2.9 times lower than HEDs derived from average prenatal PFOA plasma concentrations.
HEDg; values were approximately 5.0-7.3 times lower than HEDg values.

4. Discussion

PFOA has been detected in drinking water systems across the United States and Canada
(Health Canada 2016; Hu et al., 2016), and the development of health-based toxicity values
and guidelines for PFOA in drinking water is a crucial component of human health risk
assessment. The scientific literature establishes that PFOA crosses the placenta and transfers
from mother to child during lactation (Cariou et al., 2015; Hinderliter et al., 2005; Lee et al.,
2013). Several epidemiological studies have suggested associations between early life PFOA
exposure and health outcomes, including reduced birth weight (Johnson et al., 2014),
reduced response to vaccination (Grandjean et al., 2012; Grandjean et al., 2016; Granum et
al., 2013), and behavioral problems (Oulhote et al., 2016). As a result, questions related to
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the risks associated with breastfeeding are asked frequently in communities with identified
PFOA exposure pathways. In fact, the Minnesota Department of Health recently released a
revised drinking water guideline for PFOA based specifically on exposure to the exclusively
breast-fed infant (Minnesota Department of Health, 2017), thus highlighting the importance
of consideration of lactational PFOA exposures in human health risk assessment.

To date, health-based toxicity values for PFOA have been based on adult dosimetry, even in
cases where the critical effect was developmental toxicity. Not accounting for prenatal or
lactational exposure could potentially result in health-based toxicity values that
underestimate the potential risk of developing fetus and child, especially when the
relationship between maternal levels and levels in the developing organism is known to
differ across species. In this context, applying innovative approaches to improve risk
assessment of early-life exposures to persistent environmental chemicals during gestation
and lactation is essential to better protect vulnerable populations from the potential for
adverse health effects (Lehmann et al., 2014). Prior work in this area has demonstrated that
persistent environmental chemicals have the potential to accumulate in a women’s body in
the years leading up to pregnancy and breastfeeding, and that children’s intake of these
chemicals can be much greater than maternal daily intake (Haddad et al., 2015; Lehmann et
al., 2014; Verner et al., 2016). It is also well established that breastfeeding is an important
source of exposure to PFOA in children (Cariou et al., 2015; Mondal et al., 2014). To
incorporate fetal and child exposures into PFOA risk assessment, we used pharmacokinetic
models of gestation and lactation in mice and humans to derive potential HEDs for PFOA
based on fetal/child dosimetry. Our results suggested that the relationship between maternal
exposure and fetal/child exposure is different in mice and humans for PFOA (both prenatally
and postnatally), a finding that is supported by studies where a much greater child/mother
level ratio was observed in humans (Fromme et al., 2010) than in mice (Fenton et al., 2009;
Wolf et al., 2007). These HEDs can be used to develop health-based toxicity values and
drinking water equivalent levels (DWELS) based on fetal/child dosimetry.

Pharmacokinetic modeling showed that the duration of breast-feeding has a marked effect on
children’s plasma PFOA concentrations (Verner et al., 2016). In our study, the lowest HED
values were obtained for durations of breastfeeding of 24 months. Breastfeeding periods of
24 months may overestimate actual breastfeeding practices for most populations. However,
breastfeeding periods up to, and sometimes longer than 24 months have been documented
(e.g., Mondal et al., 2014). Additionally the World Health Organization (WHO) advises
exclusive breastfeeding for 6 months, and a continuance of breast-feeding combined with
complementary food up to 24 months of age or even beyond (World Health Organization,
2011). HED estimates based on 24 months of breastfeeding are expected to be protective of
most nursing children.

Published estimates of PFOA biological half-life vary, with reported values being as high as
3.8 years (arithmetic mean) estimated in retired workers exposed to PFOA (Olsen et al.,
2007), and as low as 2.3 years (median) in adults exposed to PFOA in contaminated drinking
water (Bartell et al., 2010). HEDs estimated using a half-life of 2.3 years were
approximately 1.5-1.7 times higher than HEDs estimated using a half-life of 3.8 years. This
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finding highlights the importance of accounting for the uncertainty in half-life estimates in
the calculation of health-based toxicity values.

Overall, the HEDs derived from average postnatal and overall PFOA plasma concentrations
were the lowest. Both metrics include the period during which nursing children are exposed
through breastfeeding, an exposure route that substantially increases plasma PFOA levels. In
the absence of toxicity data to confirm the most appropriate dose metric, postnatal and
overall PFOA plasma concentrations may be more protective metrics for deriving maternal
HEDs for PFOA.

Our findings suggest that current PFOA risk assessment methods could be improved by
applying available pharmacokinetics models to consider fetal and child dosimetry. However,
our study has a few limitations to be accounted for when interpreting or applying our results.
In the case of the Rodriguez et al. (2009) mouse model, some pharmacokinetic parameters
were obtained from rats. Although the model could simulate PFOA plasma concentrations, it
does not allow simulations of tissue levels of PFOA in the maternal system, fetus, or pup.
For both the mouse and the human model milk:plasma partition coefficients were modeled
as constant, even though this parameter may change during lactation. Additional
pharmacokinetic data in animals and humans would shed light on how PFOA partitions into
milk over time and improve estimates of lactational transfer. The elimination rate constant
for the pup was assumed to be equal to the elimination rate in the dam, which might not be
the case (Rodriguez et al., 2009). Although the mouse model was validated against levels
measured in dams from the Lau et al. (2006) study (used to derive the RfDs herein), it was
only validated against pup levels from another study (Wolf et al., 2007) with higher doses
which required a different calibration of renal resorption parameters. Therefore, there is
some uncertainty around estimated pup levels in the Lau et al. (2006) study. While Lau et al.
(2006) provides endpoint and exposure data, it does not report internal levels in the fetus or

pup.

Additional human pharmacokinetic data and reporting of internal PFOA tissue levels over
time will greatly improve the application of the approach proposed in this study, and provide
a better understanding of the transfer of PFOA from mother to fetus/child. Indeed, a greater
emphasis on collection of pharmacokinetic and toxicity data for environmental emerging
contaminants, including PFAS, would allow the approach described here to be applied more
broadly to answer important public health questions. Further, tissue-specific PFOA
measurements as well as measurements of others chemicals in this class in target organs
would allow for derivation of HEDs based on critical effects and potentially more relevant
dose metrics.

Our results suggest that fetal/child dosimetry should be considered when deriving PFOA
health-based toxicity values. In their recent evaluation, the EPA used the LOAEL (1 mg/kg/
day) from the Lau et al. (2006) developmental toxicity study in mice to calculate a HED (5.3
x 1073 mg/kg/day) based on dosimetry in the dam (estimated using the Wambaugh et al.,
2013 pharmacokinetic model) and in the mother (estimated using a simple equation based on
PFOA volume of distribution and half-life, assuming that clearance from the body should
equal dose to the body at steady-state). When using the Rodriguez et al. (2009) and Verner et
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al. (2016) models to calculate a HED based on dam/maternal dosimetry, we obtained a
similar HED of 5.2 x 1073 mg/kg/day. On the other hand, all HEDsgs and HED;s derived
based on pup/child dosimetry were below this value. When EPA’s RfD derivation method
(Environmental Protection Agency, 2016) is applied to our estimated HEDs, alternative
RfDs are also much lower than those previously derived by the EPA and Health Canada.
Using our estimated HEDs5gs as PODs and the 300 composite uncertainty factor (a factor of
10 to account for intraspecies variability [UFy], a factor of 3 to account for interspecies
variability in pharmacodynamics [UFa], and a factor of 10 to account for LOAEL to no
observed adverse effect level (NOAEL) extrapolation [UF]) our estimated health-based
toxicity values range from 1.0 x 1075 to 3.7 x 106 mg/kg/day. When using our estimated
HEDg;s and only using the pharmacodynamics component of the intraspecies variability
uncertainty factor (UFy) because using the 1st percentile of the distribution accounts for
pharmacokinetic variability (composite factor: 90), estimated health-based toxicity values
range from 5.2 x 1077 to 2.3 x 1078 mg/kg/day. To derive a lifetime health advisory for
PFOA, the EPA divided their RfD by the drinking water intake rate reported for lactating
women (0.054 L/kg day) and multiplied by a relative source contribution of 0.2. When this
method is applied to our estimated alternative health-based toxicity values (HEDg;s and
HEDsgs), the resulting drinking water guidelines are also lower than many available
drinking water guidelines for PFOA, ranging from 1.9 x 1078 to 1.4 x 107> mg/L, or 1.9 to
14 ppt.

5. Conclusion

This study applied pharmacokinetic modeling approaches to estimate maternal and fetal/
child human equivalent doses which correspond to a mouse dam and pup dosimetry to
evaluate the impact of in utero and breastfeeding PFOA exposure. Overall, human equivalent
doses estimated based on fetal/child dosimetry using pharmacokinetic models were much
lower than the current human equivalent doses values based on adult dosimetry used by the
EPA and Health Canada in the derivation of their health-based toxicity values for PFOA.
This study highlights how future risk assessments, including derivation of health-based
toxicity values (e.g., RfDs, MRLs) and drinking water guidelines for PFOA should consider
the potential impact of in utero and lactational PFOA exposure on the developing fetal/child.
This approach could also be extended to evaluate other potential developmental toxicants
(including other PFAS) which are a current challenge to regulatory government agencies.
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Step 1. Identification of the critical study

Lau et al. (2006) study in CD-1 mice where pups born to dams exposed to 1 mg/kg/day on gestational
days 1-17 showed reduced ossification and accelerated puberty in males (LOAEL).

!

/ Step 2. Estimation of fetal/pup dosimetry in mice \

We used the Rodriguez et al. (2009) pharmacokinetic model to estimate four metrics of fetal/pup
dosimetry for the LOAEL from the Lau et al. (2006) study:
e Average prenatal level
e Average postnatal level
e Average overall level

k e Maximum level /

Step 3. Estimation of human equivalent doses (HEDs)

We used the Verner et al. (2016) pharmacokinetic model to estimate maternal doses (HED)
producing fetal/child levels matching the four metrics of fetal/pup dosimetry estimated in Step 2.
We performed Monte Carlo simulations (n=1,000) to propagate uncertainty and variability in HED
calculations, and calculated the median (HEDso) and 1% percentile (HEDo;) of the HED distributions.

Simulations were carried out for two different half-life estimates (2.3 years and 3.8 years) and
three breastfeeding scenarios (6, 12, and 24 months).

/
HEDo1 HEDso

Fig. 1.
Step-wise method applied for model simulations to derive maternal HEDs.
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Fig. 2.

Si?nulated plasma PFOA concentrations in CD-1 dam/pups and human mother/child. For the
CD-1 dam and pups, lines represent simulated PFOA levels for a maternal PFOA dose of 1
mg/kg/day for gestational days 1-17(litter size of 10). Mean (*) and standard deviation (error
bars) of serum PFOA levels in pups from the Macon et al. (2011) study are also presented.
For the human mother and child, lines represent simulated PFOA levels for a maternal daily
intake (3.2 x 104 mg/kg/d) leading to an average overall concentration in the child
matching that from the simulation for CD-1 pups. Age 0 in both graphs indicates delivery.
Dashed lines represent plasma PFOA concentrations in the dam/mother, thick solid line
represents plasma PFOA concentrations in the pup/child. Simulations for humans start at
maternal age 0, but only the four years prior to delivery are presented in the figure.
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