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Disclaimer

This document is a public comment draft for review purposes only. This information is
distributed solely for the purpose of public comment. It has not been formally disseminated by
the U.S. Environmental Protection Agency. It does not represent and should not be construed to
represent any agency determination or policy. Mention of trade names or commercial products
does not constitute endorsement or recommendation for use.
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1 Background

1.1 National Primary Drinking Water Regulation for Per- and
Polyfluoroalkyl Substances under the Safe Drinking Water Act

The U.S. Environmental Protection Agency (EPA) has initiated the process to develop a
Maximum Contaminant Level Goal (MCLG) and National Primary Drinking Water Regulation
(NPDWR) for per- and polyfluoroalkyl substances (PFAS), including perfluorooctanoic acid
(PFOA), under the Safe Drinking Water Act (SDWA). As part of the proposed rulemaking, EPA
prepared Proposed Approaches to the Derivation of a Draft Maximum Contaminant Level Goal
for Perfluorooctanoic Acid (PFOA) (CASRN 335-67-1) in Drinking Water that described the
derivation of candidate oral cancer toxicity values and noncancer toxicity values, a relative
source contribution (RSC), and cancer classification, which could be subsequently used to derive
an MCLG for PFOA. The agency sought peer review from the EPA Science Advisory Board
(SAB) on key scientific issues related to the development of the MCLG, including the systematic
review approach, oral toxicity values, RSC, and cancer classification.

The SAB provided draft recommendations on June 3, 2022 and final recommendations on
August 23, 2022 {U.S. EPA, 2022, 10476098}, and EPA addressed those recommendations in
the development of this updated assessment, Toxicity Assessment and Proposed Maximum
Contaminant Level Goal (MCLG) for Perfluorooctanoic Acid (PFOA) in Drinking Water, which
derives toxicity values and an MCLG for PFOA. To be responsive to the SAB recommendations,
EPA has, for example:

e updated and expanded the scope of the studies included in the assessment;

e expanded the systematic review steps beyond study quality evaluation to include evidence
integration to ensure consistent hazard decisions;

e separated hazard identification and dose-response assessment;

e added protocols for all steps of the systematic review and more transparently described the
protocols;

e evaluated alternative pharmacokinetic models and further validated the selected model;

e conducted additional dose-response analyses using additional studies and endpoints;

e evaluated and integrated mechanistic information;

e strengthened the weight of evidence for cancer and rationale for the cancer classification;

¢ strengthened the rationales for selection of points of departure for the noncancer health
outcomes; and

e clarified language related to the relative source contribution determination including the
relevance of drinking water exposures and the relationship between the reference dose
(RfD) and the relative source contribution.

1.2 Background on PFAS

PFAS are a large group of anthropogenic chemicals that share a common structure of a chain of
linked carbon and fluorine atoms. The PFAS group includes PFOA, perfluorooctane sulfonic
acid (PFOS), and thousands of other chemicals. While the number of PFAS used globally in
commercial products in 2021 was approximately 250 substances {Buck, 2021, 9640864}, the
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universe of PFAS, including parent chemicals, metabolites, and degradants, is greater than
12,000 compounds (https://comptox.epa.gov/dashboard/chemical-lists/PEASMASTER). The
2018 Organisation for Economic Co-operation and Development (OECD) New Comprehensive
Global Database of Per- and Polyfluoroalkyl Substances (PFASs) includes over 4,700 PFAS
{OECD, 2018, 5099062}

PFAS have been manufactured and used in a wide variety of industries around the world,
including in the United States, since the 1950s. PFAS have strong, stable carbon-fluorine (C-F)
bonds, making them resistant to hydrolysis, photolysis, microbial degradation, and metabolism
{Ahrens, 2011, 2657780; Beach, 2006, 1290843; Buck, 2011, 4771046}. The chemical
structures of PFAS enable them repel water and oil, remain chemically and thermally stable, and
exhibit surfactant properties. These properties make PFAS useful for commercial and industrial
applications and make many PFAS extremely persistent in the human body and the environment
{Calafat, 2007, 1290899; Calafat, 2019, 5381304; Kwiatkowski, 2020, 7404231}. Due to their
widespread use, physicochemical properties, persistence, and bioaccumulation potential, many
different PFAS co-occur in environmental media (e.g., air, water, ice, sediment) and in tissues
and blood of aquatic and terrestrial organisms, including humans.

Based on structure, there are many families or classes of PFAS, each containing many individual
structural homologues that can exist as either branched-chain or straight-chain isomers {Buck,
2011, 4771046}. These PFAS families can be divided into two primary categories: non-polymers
and polymers. The non-polymer PFAS include perfluoroalkyl acids (PFAAS), fluorotelomer-
based substances, and per- and polyfluoroalkyl ethers. PFOA and PFOS belong to the PFAA
family of the non-polymer PFAS category and are among the most researched PFAS in terms of
human health toxicity and biomonitoring studies (for review, see Podder et al. (2021, 9640865)).

1.3 Evaluation of PFOA Under SDWA

SDWA, as amended in 1996, requires EPA to publish a list every 5 years of unregulated
contaminants that are not subject to any current proposed or promulgated NPDWRSs, are known
or anticipated to occur in public water systems (PWSs), and might require regulation under
SDWA. This list is known as the Contaminant Candidate List (CCL). PFOA is included on the
third CCL (CCL 3) {U.S. EPA, 2009, 1508321} and on the fourth CCL (CCL 4) {U.S. EPA,

2016, 6115068}.

After PFOA and PFOS were listed on the CCL 3 in 2009, EPA initiated development of health
effects support documents (HESDs) for PFOA and PFOS that provided information to federal,
state, tribal, and local officials and managers of drinking water systems charged with protecting
public health when these chemicals are present in drinking water {U.S. EPA, 2016, 3603365;
U.S. EPA, 2016, 3603279}. The two HESDs were peer-reviewed in 2014 and revised based on
consideration of peer reviewers’ comments, public comments, and additional studies published
through December 2015. The resulting 2016 Health Effects Support Document for
Perfluorooctanoic Acid (PFOA) {U.S. EPA, 2016, 3603279} described the assessment of cancer
and noncancer health effects and the derivation of a noncancer RfD that served as the basis for
the non-regulatory 2016 Drinking Water Health Advisory for Perfluorooctanoic Acid (PFOA)
{U.S. EPA, 2016, 3982042}.
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SDWA requires EPA to make regulatory determinations for at least five CCL contaminants
every 5 years. EPA must begin developing an NPDWR when the agency makes a determination
to regulate based on a finding that a contaminant meets all three of the following criteria:

e The contaminant may have an adverse effect on the health of persons.

e The contaminant is known to occur or there is substantial likelihood the contaminant will
occur in PWSs with a frequency and at levels of public health concern.

¢ In the sole judgment of the Administrator, regulating the contaminant presents a
meaningful opportunity for health risk reductions.

To make these determinations, the agency considers a range of information, including data to
analyze occurrence of these compounds in finished drinking water and data on health effects that
represent the latest science.

In the Final Regulatory Determinations for Contaminants on the Fourth Drinking Water
Contaminant Candidate List {U.S. EPA, 2021, 9640861}, the agency made a determination to
regulate PFOA and PFOS with an NPDWR. The agency concluded that all three criteria were
met—PFOA and PFOS may have adverse health effects; they occur in PWSs with a frequency
and at levels of public health concern; and, in the sole judgment of the Administrator, regulation
of PFOA and PFOS presents a meaningful opportunity for health risk reduction for persons
served by PWSs {U.S. EPA, 2021, 7487276}. As noted above in Section 1.1, EPA prepared
Proposed Approaches to the Derivation of a Draft Maximum Contaminant Level Goal for
Perfluorooctanoic Acid (PFOA) (CASRN 335-67-1) in Drinking Water as part of this
rulemaking.

In June 2022, EPA published an interim Drinking Water Health Advisory for PFOA {U.S. EPA,
2022, 10671184} to supersede the 2016 Drinking Water Health Advisory based on analyses of
more recent data described in the Proposed Approaches to the Derivation of a Draft Maximum
Contaminant Level Goal for Perfluorooctanoic Acid (PFOA) (CASRN 335-67-1) in Drinking
Water, which showed that PFOA can impact human health at exposure levels much lower than
reflected by the 2016 Drinking Water Health Advisory {U.S. EPA, 2016, 3982042; U.S. EPA,
2022, 10671184}.

1.4 Purpose of this Document

Consistent with SDWA Section 1412(b)(3)(A) and (B), the primary purpose of this draft
document is to obtain public comment on EPA’s toxicity assessment and proposed MCLG for
PFOA by describing the best available science on health effects in order to derive an MCLG. To
derive an MCLG, the latest science is identified, described, and evaluated, and then a cancer
classification, toxicity values (i.e., a noncancer RfD and cancer slope factor (CSF)), and RSC are
developed (Section 2.3). The draft cancer and noncancer toxicity values, cancer classification,
and RSC derived in this assessment build upon the work described in the Proposed Approaches
to the Derivation of a Draft Maximum Contaminant Level Goal for Perfluorooctanoic Acid
(PFOA) (CASRN 335-67-1) in Drinking Water, the 2016 PFOA HESD {U.S. EPA, 2016,
3603279}, and the previous 2016 PFOA Drinking Water Health Advisory {U.S. EPA, 2016,
3982042}.
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In addition to documenting EPA’s basis for the proposed MCLG, this document serves the
following purposes:

Transparently describe and document the literature searches conducted and systematic
review methods used to identify health effects information (epidemiological and animal
toxicological studies and physiologically-based pharmacokinetic (PBPK) models) in the
literature.

Describe and document literature screening methods, including use of the Populations,
Exposures, Comparators, and Outcomes (PECO) criteria and the process for tracking
studies throughout the literature screening.

Identify epidemiological and animal toxicological literature that report health effects after
exposure to PFOA (and its associated salts) as outlined in the PECO criteria.

Evaluate and document the available mechanistic information (including toxicokinetic
understanding) associated with PFOA exposure to inform interpretation of findings related
to potential health effects in studies of humans and animals, with focus on five main
health outcomes (developmental, hepatic, immune, and cardiovascular effects, and
cancer).

Describe and document the study quality evaluations conducted on epidemiological and
animal toxicological studies considered potentially useful for point-of-departure (POD)
derivation.

Describe and document the data from high and medium confidence epidemiological and
animal toxicological studies (as determined by study quality evaluations) that were
considered for POD derivation; in cases of health effects with few available studies, data
may be extracted from low confidence studies and used in the evidence syntheses. For
dose-response assessment, only high and medium confidence studies were used to
quantify health effects.

Synthesize and document the adverse health effects evidence across studies, assessing
health outcomes using a narrative approach. The assessment focuses on synthesizing the
available evidence for five main health outcomes—developmental, hepatic, immune, and
cardiovascular effects, and cancer—but also provides secondary syntheses of evidence for
dermal, endocrine, gastrointestinal, hematologic, metabolic, musculoskeletal, nervous,
ocular, renal, and respiratory effects; reproductive effects in males or females; and general
toxicity.

Develop and document strength of evidence judgments across studies (or subsets of
studies) separately for epidemiological and for animal toxicological lines of evidence and
integrate mechanistic analyses into judgments for the five main health outcomes.

Develop and document integrated expert judgments across lines of evidence (i.e.,
epidemiological and animal toxicological lines of evidence) as to whether and to what
extent the evidence supports that exposure to PFOA has the potential to be hazardous to
humans. The judgments will be directly informed by the evidence syntheses and based on
structured review of an adapted set of considerations for causality first introduced by
Austin Bradford Hill {Hill, 1965, 71664}.
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e Describe and document the dose-response analyses conducted on the studies identified for
POD derivation.

e Derive candidate RfDs and/or CSFs and select the RfD and/or CSF for PFOA and
describe the rationale.

e Determine PFOA’s cancer classification using a weight of evidence approach.
e Characterize hazards (e.g., uncertainties, data gaps).

1.5 Chemical Identity

PFOA is a perfluorinated aliphatic carboxylic acid. It is a fully fluorinated organic synthetic acid
that was used in the United States primarily as an aqueous dispersion agent and emulsifier in the
manufacture of fluoropolymers and in a variety of water-, oil-, and stain-repellent products (e.g.,
adhesives, cosmetics, fire-fighting foams, greases and lubricants, paints, polishes) {NLM, 2022,
10369700}. It can exist in linear- or branched-chain isomeric form. PFOA is a strong acid that is
generally present in solution as the perfluorooctanoate anion. Therefore, this assessment applies

to all isomers of PFOA, as well as nonmetal salts of PFOA that would be expected to dissociate

in aqueous solutions of pH ranging from 4 to 9 (e.g., in the human body).

PFOA is water soluble and mobile in water, with an estimated log organic carbon-water partition
coefficient (log Koc) of 2.06 {Zareitalabad, 2013, 5080561}. PFOA is stable in environmental
media because it is resistant to environmental degradation processes, such as biodegradation,
photolysis, and hydrolysis. In water, no natural degradation has been demonstrated, and it
dissipates by advection, dispersion, and sorption to particulate matter. PFOA has low volatility in
its ionized form but can adsorb to particles and be deposited on the ground and into water bodies.
Because of its persistence, it can be transported long distances in air or water, as evidenced by
detections of PFOA in arctic media and biota, including polar bears, ocean-going birds, and fish
found in remote areas {Lindstrom, 2011, 1290802; Smithwick, 2006, 1424802}.

Physical and chemical properties and other reference information for PFOA are provided in
Table 1-1. There is uncertainty in the estimation, measurement, and/or applicability of certain
physical/chemical properties of PFOA in drinking water, including the Ko {Li, 2018, 4238331,
Nguyen, 2020, 7014622}, octanol-water partition coefficient (Kow), and Henry’s Law Constant
(Kr) {ATSDR, 2021, 9642134; NCBI, 2022, 10411459}. For example, for Kow, the Agency for
Toxic Substances and Disease Registry (ATSDR) (2021, 9642134) and Lange et al. (20086,
10411376) reported that a value could not be measured because PFOA is expected to form
multiple layers in octanol-water mixtures.

For a more detailed discussion of the chemical and physical properties and environmental fate of
PFOA, please see the PFAS Occurrence & Contaminant Background Technical Support
Document {U.S. EPA, 2023, 10692764}, the 2016 PFOA Drinking Water Health Advisory
{U.S. EPA, 2016, 3982042}, and the Draft Aquatic Life Ambient Water Quality Criteria for
Perfluorooctanoic Acid (PFOA) {U.S. EPA, 2022, 10671186}.
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Table 1-1. Chemical and Physical Properties of PFOA
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Property

Perfluorooctanoic Acid;
Experimental Average

Source

Chemical Abstracts Service Registry 335-67-1

Number (CASRN)?
Chemical Abstracts Index Name

Synonyms

Chemical Formula
Molecular Weight
Color/Physical State

Boiling Point
Melting Point
Vapor Pressure

Henry’s Law Constant (Ku)
pKa

KOC

2,2,3,3,44,55,6,6,7,7,8,8,8-
pentadecafluorooctanoic acid
PFOA,; pentadecafluoro-1-octanoic

acid; pentadecafluoro-n-octanoic acid,;

octanoic acid, pentadecafluoro-;
perfluorocaprylic acid;
pentadecafluorooctanoic acid;
perfluoroheptanecarboxylic acid
C8HF1502

414.069 g/mol

White to off-white powder (ammonium

salt)
192°C

54.3°C

0.0316 mm Hg at 19°C
0.017 mm Hg at 20°C

0.362 Pa-m®/mol (converts to
3.57E-06 atm-m%/mol)
1.30, 2.80, —0.5-4.2,0.5,0.5

631+ 7.9 L/kg (mean * 1 standard
deviation of selected values)

NLM, 2022, 10369702

EPA CompTox Chemicals

Dashboard

NLM, 2022, 10369702
NLM, 2022, 10369700
NLM, 2022, 10369700

NLM, 2022, 10369700
NLM, 2022, 10369700

NLM, 2022, 10369700
ATSDR, 2021, 9642134
(extrapolated)

ATSDR, 2021, 9642134

NLM, 2022, 10369700
ATSDR, 2021, 9642134

Zareitalabad et al., 2013, 5080561
(converted from log Koc to Koc)

Solubility in Water 2,290 mg/L at 24°C (estimated); NLM, 2022, 10369700
3,300 mg/L at 25°C; 4,340 mg/L at
24.1°C
9,500 mg/L at 25°C; 3,300 mg/L at
25°C

Notes: Koc = organic carbon-water partitioning coefficient; Kow = octanol-water partition coefficient; pKa: negative base-10

logarithm of acid dissociation constant.

2The CASRN given is for linear PFOA, but the toxicity studies are based on both linear and branched, thus, this assessment

applies to all isomers of PFOA.

ATSDR, 2021, 9642134

1.6 Occurrence Summary

1.6.1 Biomonitoring

The U.S. Centers for Disease Control and Prevention (CDC) National Health and Nutrition
Examination Survey (NHANES) has measured blood serum concentrations of several PFAS in
the general U.S. population since 1999. PFOA and PFOS have been detected in up to 98% of
serum samples taken in biomonitoring studies that are representative of the U.S. general
population. Blood levels of PFOA and PFOS dropped 60% to 80% between 1999 and 2014,
presumably due to restrictions on their commercial usage in the United States {CDC, 2017,
4296146%. In 2006, EPA secured a commitment from the eight major companies in the PFAS
industry to reduce PFOA from facility emissions and product content by 95% no later than 2010,
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and to work toward eliminating PFOA from emissions and product content by 2015
(https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/fact-sheet-20102015-pfoa-
stewardship-program) {U.S. EPA 2006, 3005012}. Manufacturers have since shifted to
alternative short-chain PFAS, such as hexafluoropropylene oxide (HFPO) dimer acid and its
ammonium salt (two “GenX chemicals™). Additionally, other PFAS were found in human blood
samples from recent (2011-2016) NHANES surveys (e.g., perfluorodecanoic acid (PFDA),
perfluorododecanoic acid (PFDoDA), perfluoroheptanoic acid (PFHpA),
perfluorohexanesulfonate (PFHxS), perfluorononanoic acid (PFNA), 2-(N-methyl-
perfluorooctane sulfonamido) acetic acid (Me-PFOSA-AcOH or MeFOSAA)). There is less
publicly available information on the occurrence and health effects of these replacement PFAS
than for PFOA, PFOS, and other members of the carboxylic acid and sulfonate PFAS categories.

1.6.2 Ambient Water

Among the PFAS with established analytical methods for detection, PFOA (along with PFOS) is
one of the dominant PFAS compounds detected in ambient water both in the U.S. and worldwide
{Ahrens, 2011, 2657780; Benskin, 2012, 1274133; Dinglasan-Panlilio, 2014, 2545254;
Nakayama, 2007, 2901973; Remucal, 2019, 5413103; Zareitalabad, 2013, 5080561}. Most of the
current, published PFOA occurrence studies have focused on a handful of broad geographic
regions in the U.S., often targeting sites with known manufacturing or industrial uses of PFAS
such as the Great Lakes, the Cape Fear River, and waterbodies near Decatur, Alabama
{Boulanger, 2004, 1289983; Cochran, 2015, 9416545; Hansen, 2002, 1424808; Konwick, 2008,
1291088; Nakayama, 2007, 2901973; 3M Company, 2000, 9419083}. PFOA concentrations in
global surface waters range over seven orders of magnitude, generally in pg/L to ng/L
concentrations, but sometimes reaching pg/L levels {Jarvis, 2021, 9416544; Zareitalabad, 2013,
5080561}. Figure 1-1 (adapted from {Jarvis, 2021, 9416544}) shows the distribution of PFOA
concentrations (ng/L) measured in surface waters for each U.S. state or waterbody (excluding the
Great Lakes) with reported data in the publicly available literature.
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Figure 1-1. Distribution of PFOA Concentrations in Surface Waters by State/\Waterbody
(excluding Great Lakes) in the U.S.

PFOA concentrations in surface water tend to increase with increasing levels of urbanization.
Across the Great Lakes region, PFOA was higher in the downstream lakes (Lake Erie and Lake
Ontario), which are more heavily impacted by urbanization, and lower in the upstream lakes
(Lakes Superior, Michigan, and Huron), which are located in a relatively rural and forested area
{Remucal, 2019, 5413103}. Similarly, Zhang et al. (2016, 3470830) found measured surface
water PFOA concentrations in urban areas (urban average PFOA concentration = 10.17 ng/L;

n = 20) to be more than three times greater than concentrations in rural areas (rural average
PFOA concentration = 2.95 ng/L; n = 17) within New Jersey, New York, and Rhode Island.
Seasonal variations in PFOA levels in U.S. surface waters remain largely unknown due to a lack
of data.

1.6.3 Drinking Water

Ingestion of drinking water is a potentially significant source of exposure to PFOA. Serum
PFOA concentrations are known to be elevated among individuals living in communities with
drinking water contaminated from environmental discharges.

Data from the third Unregulated Contaminant Monitoring Rule (UCMR 3) are currently the best
available nationally representative finished water occurrence information for PFOA {U.S. EPA,
2017, 9419085; U.S. EPA, 2021, 7487276; U.S. EPA, 2023, 10692764}. UCMR 3 monitoring
occurred recently (between 2013 and 2015) and analyzed 36,972 samples from 4,920 PWSs for
PFOA. The minimum reporting level (MRL)! for PFOA was 0.02 pg/L. A total of 379 samples

! The minimum reporting level is the threshold at or above which a contaminant’s presence or concentration is officially
quantitated. In the case of many of EPA’s nation-wide drinking water studies, the selected reporting level is known officially as
the MRL. The MRL for each contaminant in each study is set at a level that EPA believes can be achieved with specified
confidence by a broad spectrum of capable laboratories across the nation {U.S. EPA, 2021, 9640861}.
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from 117 PWSs had detections of PFOA (i.e., greater than or equal to the MRL). PFOA
concentrations for these detections ranged from 0.02 pg/L (the MRL) to 0.349 pg/L (median
concentration of 0.03 pg/L; 90th percentile concentration of 0.07 pg/L).

Because PFOS and PFOA cause similar types of adverse health effects and their 2016 lifetime
Health Advisory values were the same, EPA recommended an additive approach when PFOA
and PFOS co-occur at the same time and location in drinking water sources {U.S. EPA, 2016,
3603365; U.S. EPA, 2016, 3603279}. This approach was used in the analysis for Regulatory
Determination for Contaminants on the Fourth Drinking Water Contaminant Candidate List
{U.S. EPA, 2021, 7487276; U.S. EPA, 2021, 9640861} and the reported maximum summed
concentration of PFOA and PFOS was 7.22 pg/L? and the median summed value was 0.05 pg/L.
Summed PFOA and PFOS concentrations reported in UCMR 3 exceeded one-half the health
reference level (HRL)® (0.035 pg/L) at a minimum of 2.4% of PWSs (115 PWSs) and exceeded
the HRL (0.07 pg/L) at a minimum of 1.3% of PWSs (63 PWSs). Since the time of UCMR 3
monitoring, some sites where elevated levels of PFOA and PFOS were previously detected may
have installed treatment for PFOA and PFOS, may have chosen to blend water from multiple
sources, or may have otherwise remediated known sources of contamination. However, the
extent of these changes is unknown. The identified 63 PWSs serve a total population of
approximately 5.6 million people and are located across 25 states, tribes, or U.S. territories {U.S.
EPA, 2017, 9419085}.

Data from more recent state monitoring efforts demonstrate occurrence in multiple geographic
locations consistent with UCMR 3 monitoring {U.S. EPA, 2021, 7487276}. In 2021, at the time
of publication of the final regulatory determinations for PFOA and PFOS, the finished water data
available from fifteen states collected since UCMR 3 identified at least 29 PWSs where the
summed concentrations of PFOA and PFOS exceeded the EPA HRL {U.S. EPA, 2021,
7487276}. The agency notes that some of these data are from targeted sampling efforts and thus
may not be representative of levels found in all PWSs within the state or represent occurrence in
other states. The state data demonstrate occurrence in multiple geographic locations and support
EPA’s finding that PFOA and PFOS occur with a frequency and at levels of public health
concern in drinking water systems across the United States.

Likewise, Glassmeyer et al. (2017, 3454569) sampled source and treated drinking water from 29
drinking water treatment plants for a suite of emerging chemical and microbial contaminants,
including 11 PFAS. In this study, PFOA was reported in source water at 76% of systems, at a
median concentration of 6.32 ng/L and maximum concentration of 112 ng/L. Similarly, in treated
drinking water, PFOA was detected in 76% of systems, with a median concentration of 4.15 ng/L
and maximum concentration of 104 ng/L.

2 Sum of PFOA + PFOS results rounded to 2 decimal places in those cases where a laboratory reported more digits.

3 An HRL is a health-based concentration against which the agency evaluates occurrence data when making decisions about
regulatory determinations. The HRL for PFOA that was used to evaluate UCMR 3 results was 0.070 pg/L (equal to the 2016
Drinking Water Health Advisory value).
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2 Summary of Assessment Methods

This section summarizes the methods used for the systematic review of the health literature for
all isomers of PFOA and PFOS, as well as nonmetal salts of PFOA and PFOS that would be
expected to dissociate in aqueous solutions of pH ranging from 4 to 9 (e.g., in the human body).
The purposes of the systematic review were to identify the best available and most relevant
health effects literature, to evaluate studies for quality, and to subsequently identify and consider
studies that can be used for dose-response assessment. A detailed description of these methods is
provided as a protocol in the Appendix (see PFOA Appendix).

The information that was gathered in the systematic review was used to update EPA’s 2016
HESD for PFOA {U.S. EPA, 2016, 3603279} and to derive an MCLG to support a National
Primary Drinking Water Regulation under the Safe Drinking Water Act.

2.1 Introduction to the Systematic Review Assessment
Methods

The methods used to conduct the systematic review for PFOA are consistent with the methods
described in the draft and final EPA ORD Staff Handbook for Developing IRIS Assessments
{U.S. EPA, 2020, 7006986; U.S. EPA, 2022, 10367891} (hereafter referred to as the Integrated
Risk Information System (IR1S) Handbook) and a companion publication {Thayer, 2022,
10259560}. EPA’s IRIS Handbook has incorporated feedback from the National Academy of
Sciences (NAS) at workshops held in 2018 and 2019 and was well regarded by the NAS review
panel for reflecting “significant improvements made by EPA to the IRIS assessment process,
including systematic review methods for identifying chemical hazards” {NAS, 2021, 9959764}.
Furthermore, EPA’s IRIS program has used the IRIS Handbook to develop toxicological reviews
for numerous chemicals, including some PFAS. Though the IRIS Handbook was finalized
concurrently with this assessment, the alterations in the final IRIS Handbook compared to the
draft version did not conflict with the methods used in this assessment. In fact, many of the NAS
recommendations incorporated into the final IRIS handbook (e.g., updated methods for evidence
synthesis and integration) were similarly incorporated into this assessment protocol {NAS, 2021,
9959764}. However, some of the study evaluation refinements recommended by NAS {2021,
9959764}, including clarifications to the procedure for evaluating studies for sensitivity and
standardizing the procedure for evaluating reporting quality between human and animal studies,
were not included in this assessment protocol, consistent with a 2011 NASEM recommendation
not to delay releasing assessments until systematic review methods are finalized {NRC, 2011,
710724%}. The assessment team concluded that implementing these minor changes in study
quality evaluation would not change the assessment conclusions. Therefore, EPA considers the
methods described herein to be consistent with the final IRIS Handbook and cites this version
accordingly.

For this updated toxicity assessment, systematic review methods used were comparable to those
in the IRIS Handbook for the steps of literature search, screening, study quality evaluation, data
extraction, and the display of study quality evaluation results for all health outcomes through the
2020 literature searches {U.S. EPA, 2022, 10476098}. EPA then focused the subsequent steps of
the systematic review process (synthesis of human, experimental animal, and mechanistic data;
evidence integration; derivation of toxicity values) on health effects outcomes with the strongest
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weight of evidence (developmental, hepatic, immune, cardiovascular, and cancer) based on the
conclusions presented in EPA’s preliminary analysis, Proposed Approaches to the Derivation of
a Draft Maximum Contaminant Level Goal for Perfluorooctanoic Acid (PFOA) (CASRN 335-67-
1) in Drinking Water, and consistent with the recommendations of the SAB {U.S. EPA, 2022,
10476098}.

This section provides a summary of methods used to search and screen the literature identified,
evaluate the studies and characterize study quality, extract data, and identify studies that can be
used for dose-response analysis. Extracted data are available in interactive visual formats (see
Section 3) and can be downloaded in open access formats.

The systematic review protocol (see PFOA Appendix) provides a detailed description of the
systematic review methods that were used. The particular focus of the protocol is the description
of the problem formulation and key science issues guiding this assessment.

2.1.1 Literature Search

EPA assembled an inventory of epidemiological, animal toxicological, mechanistic, and
toxicokinetic studies for this updated toxicity assessment based on three data streams: 1)
literature published from 2014 through 2019 and then updated in the course of this review (i.e.,
through February 3, 2022) identified via literature searches of a variety of publicly available
scientific literature databases, 2) literature identified via other sources (e.g., searches of the gray
literature and studies shared with EPA by the SAB), and 3) literature identified in EPA’s 2016
HESDs for PFOA and PFOS {U.S. EPA, 2016, 3603279; U.S. EPA, 2016, 3603365}.

The search strings for the new searches for this updated assessment focused on the chemical
name (PFOA, PFOS, and their related salts) with no limitations on lines of evidence (i.e.,
human/epidemiological, animal, in vitro, in silico) or health outcomes. EPA conducted an
updated literature search in 2019 (covering January 2013 through April 11, 2019), which was
subsequently updated by a search covering April 2019 through September 3, 2020 (2020
literature search) and another covering September 2020 through February 3, 2022 (2022
literature search) using the same search strings used in 2019.

The publicly available databases listed below were searched for literature containing the
chemical search terms outlined in the PFOA Appendix:

Web of Science™ (Wo0S) (Thomson Reuters),

PubMed® (National Library of Medicine),

ToxLine (incorporated into PubMed post 2019), and
TSCATS (Toxic Substances Control Act Test Submissions).

In addition to the databases above, other review efforts and searches of publicly available
sources were used to identify relevant studies, as listed below:

e studies cited in assessments published by other U.S. federal, international, and/or U.S.
state agencies (this included assessments by ATSDR and California Environmental
Protection Agency (CalEPA)),
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e studies identified during mechanistic or toxicokinetic synthesis (i.e., during manual review
of reference lists of relevant mechanistic and toxicokinetic studies deemed relevant after
screening against mechanistic- and ADME-specific PECO criteria), and

o studies identified by the SAB in their final report dated August 23, 2022 {U.S. EPA,

2022, 10476098}.

The details of the studies included from the 2016 PFOA HESD as well as the search strings and
literature sources searched are described in the Appendix (see PFOA Appendix).

EPA relied on epidemiological and animal toxicological literature identified in the 2016 PFOA
HESD to identify studies for this updated assessment on five major health outcomes, as
recommended by SAB and consistent with EPA’s preliminary analysis in the Proposed
Approaches to the Derivation of a Draft Maximum Contaminant Level Goal for
Perfluorooctanoic Acid (PFOA) (CASRN 335-67-1) in Drinking Water. The 2016 HESD for
PFOA contained a summary of all relevant literature identified in searches conducted through
2013. EPA’s 2016 HESD relied on animal toxicological studies for quantitative analyses
whereas epidemiology studies were considered qualitatively, as a supporting line of evidence.
This updated assessment includes the study quality evaluation of epidemiological studies that
were identified and included in the 2016 HESD for the five main health outcomes that had the
strongest evidence. It also includes “key”” animal toxicological studies from the HESD, which
includes studies that were selected in 2016 for dose-response modeling. More details are
provided in the Appendix (see PFOA Appendix).

All studies identified in the literature searches as well as those brought forward from the 2016
PFOA HESD were uploaded into the Health and Environmental Research Online (HERO)
database (https://hero.epa.gov/hero/index.cfm/project/page/project id/2608) and are publicly
available.

EPA has continued to monitor the literature published since February 2022 for other potentially
relevant studies published after the 2022 literature search update. Potentially relevant studies
identified after February 2022 that were not recommended by the SAB in their final report are
not included as part of the evidence base for this updated assessment but are provided in a
repository detailing the results and potential impacts of new literature on the assessment (see
PFOA Appendix A.3).

2.1.2 Literature Screening

This section summarizes the methods used to screen the identified health effects, mechanistic,
and absorption, distribution, metabolism, excretion (ADME) literature. Briefly, PECO statements
were established and detail the criteria used to screen all of the literature identified from
literature searches in this assessment, prioritize the dose-response literature for dose-response
assessment, and identify studies containing potentially important supplemental information that
may inform key science questions described in the protocol. The PECO criteria used for
screening the literature are provided in the Appendix (see PFOA Appendix).

Consistent with protocols outlined in the IRIS Handbook {U.S. EPA, 2022, 10476098}, studies
identified in the literature searches and stored in HERO were imported into the Swift-Review
software platform and the software was used to identify those studies most likely to be relevant
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to human health risk assessment. Studies captured then underwent title and abstract screening by
at least two reviewers using DistillerSR or SWIFT ActiveScreener software, and studies that
passed this screening underwent full-text review. Dose-response studies that met PECO inclusion
criteria following both title and abstract screening and full-text review underwent study quality
evaluation as described below. Studies tagged as supplemental and containing potentially
relevant mechanistic or ADME (or toxicokinetic) data following title and abstract and full-text
level screening underwent further screening using mechanistic- or ADME-specific PECO
criteria, and those deemed relevant underwent light data extraction of key study elements (e.g.,
extraction of information about the tested species or population, mechanistic or ADME
endpoints evaluated, dose levels tested; see PFOA Appendix). Supplemental studies that were
identified as mechanistic or ADME via screening did not undergo study quality evaluation.

2.1.3 Study Quality Evaluation for Epidemiological Studies

and Animal Toxicological Studies

For study quality evaluation of the PECO-relevant human epidemiological and animal
toxicological studies identified in the three literature searches (all health outcomes for the 2019
and 2020 searches; the five priority health outcomes for the 2022 search), epidemiological
studies from the 2016 HESD that reported results on one or more of the five priority health
outcomes, and key animal toxicological studies from the 2016 HESD, two or more quality
assurance (QA) reviewers, working independently, assigned ratings about the reliability of study
results (good, adequate, deficient (or “not reported”), or critically deficient) for different
evaluation domains. These study quality evaluation domains are listed below and details about
the domains, including prompting questions and suggested considerations, are described in the
PFOA Appendix.

e Epidemiological study quality evaluation domains: participant selection; exposure
measurement criteria; outcome ascertainment; potential confounding; analysis; selective
reporting; and study sensitivity.

e Animal toxicological study quality evaluation domains: reporting; allocation;
observational bias/blinding; confounding/variable control; reporting and attrition bias;
chemical administration and characterization; exposure timing, frequency, and duration;
endpoint sensitivity and specificity; and results presentation.

The independent reviewers performed study quality evaluations using a structured platform
housed within EPA’s Health Assessment Workplace Collaboration (HAWC;
https://hawcproject.org/). Once the individual domains were rated, reviewers independently
evaluated the identified strengths and limitations of each study to reach an overall classification
on study confidence of high, medium, low, or uninformative for each PECO-relevant endpoint
evaluated in the study. A study can be given an overall mixed confidence classification if
different PECO-relevant endpoints within the study receive different confidence ratings (e.g.,
medium and low confidence classifications).

2.1.4 Data Extraction

Data extraction was conducted for all relevant human epidemiological and animal toxicological
studies determined to be of medium and high confidence after study quality evaluation. Data
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were also extracted from low confidence epidemiological studies when data were limited for a
health outcome or when there was a notable effect, consistent with the IRIS Handbook {U.S.
EPA, 2022, 10476098}. Studies evaluated as being uninformative were not considered further
and therefore did not undergo data extraction. All health endpoints were considered for
extraction, regardless of the magnitude of effect or statistical significance of the response relative
to the control group. The level of detail in data extractions for different endpoints within a study
could differ based on how the data were presented for each outcome (i.e., ranging from a
narrative to a full extraction of dose-response effect size information).

Extractions were conducted using DistillerSR for epidemiological studies and HAWC for animal
toxicological studies. An initial reviewer conducted the extraction, followed by an independent
QA review by a second reviewer who confirmed accuracy and edited/corrected the extraction as
needed. Discrepancies in data extraction were resolved by discussion and confirmation within
the extraction team.

Data extracted from epidemiology studies included population, study design, year of data
collection, exposure measurement, and quantitative data from statistical models. Data extracted
from statistical models reported in the studies included the health effect category, endpoint
measured, sample size, description of effect estimate, covariates, and model comments. Data
extracted from animal toxicological studies included information on the experimental design and
exposure duration, species and number of animals tested, dosing regime, and endpoints
measured. Further information about data extraction can be found in the PFOA Appendix.

2.1.5 Evidence Synthesis and Integration

For the purposes of this assessment, evidence synthesis and integration are considered distinct
but related processes. Evidence synthesis refers to the process of analyzing the results of the
available studies (including their strengths and weaknesses) for consistency and coherence, often
by evidence stream (e.g., human or animal) and health effect outcome. In evidence integration,
the evidence across streams is considered together and integrated to develop judgments (for each
health outcome) about whether the chemical in question poses a hazard to human health.

The evidence syntheses are summary discussions of the body of evidence for each evidence
stream (i.e., human and animal) for each health outcome analyzed. The available human and
animal health effects evidence were synthesized separately, with each synthesis resulting in a
summary discussion of the available evidence. For the animal toxicological evidence stream,
evidence synthesis included consideration of studies rated high and medium confidence. For the
epidemiological evidence stream, evidence synthesis was based primarily on studies of high and
medium confidence, including discussion of study quality considerations, according to the
recommendations of the SAB {U.S. EPA, 2022, 10476098}. Inferences drawn from studies
described in the 2016 PFOA HESD were considered when drawing health effects conclusions.
Epidemiological studies were excluded from the evidence synthesis narrative if they included
data that were reported in multiple studies (e.g., overlapping NHANES studies). Studies
reporting results from the same cohort and the same health outcome as another study were
considered overlapping evidence, and these additional studies were not discussed in the evidence
synthesis narrative to avoid duplication or overrepresentation of results from the same group of
participants. In cases of overlapping studies, the study with the largest number of participants
and/or the most accurate outcome measures was given preference. Consistent with the IRIS
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Handbook {U.S. EPA, 2022, 10476098}, low confidence epidemiological studies and results
were used only in a supporting role and given less weight during evidence synthesis and
integration compared to high or medium confidence studies. Low confidence epidemiological
studies were included in evidence syntheses in order to capture all of the available data for PFOA
in the weight of evidence analyses.

For evidence integration, integrated judgments that took into account mechanistic considerations
for the five priority health outcomes (i.e., cancer, hepatic, immune, cardiovascular, and
developmental) were drawn for each health outcome across human and animal lines of evidence.
The evidence integration provides a summary of the causal interpretations between PFOA
exposure and health effects based on results of the available epidemiological and animal
toxicological studies, in addition to the available mechanistic evidence. Considerations when
evaluating the available studies included risk of bias, sensitivity, consistency, strength (effect
magnitude) and precision, biological gradient/dose-response, coherence, and mechanistic
evidence related to biological plausibility.

The evidence integration was conducted according to guidance outlined in the IRIS Handbook
and the Systematic Review Protocol for the PFBA, PFHXA, PFHXS, PFNA, and PFDA (Anionic
and Acid Forms) IRIS Assessments {U.S. EPA, 2020, 8642427}. The evidence integration
included evidence stream evaluation, in which the qualitative summaries on the strength of
evidence from studies in animals and humans were evaluated, and subsequent inference across
all evidence streams. Human relevance of animal models as well as mechanistic evidence to
inform mode of action were considered. Evidence integration produced an overall judgment
about whether sufficient or insufficient evidence of an association with PFOA exposure exists
for each human health outcome, as well as the rationale for each judgment. The potential
evidence integration judgments for characterizing human health effects are evidence
demonstrates, evidence indicates (likely), evidence suggests, evidence inadequate, and strong
evidence supports no effect.

Details about evidence synthesis and integration are summarized in the Appendix (see PFOA
Appendix).

2.2 Dose-Response Assessment

Evidence synthesis and integration enabled identification of the health outcomes with the
strongest weight of evidence supporting causal relationships between PFOA exposure and
adverse health effects, as well as the most sensitive cancer and noncancer endpoints. Studies
were evaluated for use in POD derivation on the basis of study design, study quality evaluation,
and data availability. For human evidence, all high or medium confidence studies were
considered; for animal evidence, only animal toxicological studies with at least two PFOA
exposure groups and also of high or medium confidence were considered.

2.2.1 Approach to POD and RfD Derivation for Non-Cancer

Health Outcomes

The current, recommended EPA human health risk assessment approach described in EPA’s A
Review of the Reference Dose and Reference Concentration Processes, which is a multistep
approach to dose-response assessment, includes analysis of dose and response within the range

2-15



DRAFT FOR PUBLIC COMMENT March 2023

of observation, followed by extrapolation to lower exposure levels {U.S. EPA, 2002, 88824}.
For non-cancer health outcomes, EPA performed dose-response assessments to define points of
departure (PODs) and extrapolated from the PODs to RfDs.

For PFOA, EPA performed benchmark dose (BMD) modeling of all animal toxicological studies
considered for dose-response to refine the POD in deriving the RfD. The BMD modeling
approach involves dose-response modeling to obtain BMDs (i.e., dose levels corresponding to
specific response levels near the low end of the observable range of the data) and identifies the
lower limits of the BMDs (BMDLs) which serve as potential PODs for deriving quantitative
estimates below the range of observation {U.S. EPA, 2012, 1239433}. EPA used the publicly
available Benchmark Dose Software (BMDS) program developed and maintained by EPA
(https://www.epa.gov/bmds). BMDS fits mathematical models to the data and determines the
dose (benchmark dose or BMD) that corresponds to a pre-determined level of response
(benchmark response or BMR). For dichotomous data, the BMR s typically set at either 5 or
10% above the background or the response of the control group. For continuous data, a BMR of
one half or one standard deviation from the control mean is typically used when there are no
outcome-specific data to indicate what level of response is biologically significant {U.S. EPA,
2012, 1239433}. For dose-response data for which BMD modeling did not produce an adequate
model fit, a no-observed-adverse-effect level (NOAEL) or lowest-observed-adverse-effect level
(LOAEL) was used as the POD.

For the epidemiological studies considered for dose-response assessment, EPA used multiple
modeling approaches to determine PODs, depending upon the health outcome and the data
provided in the studies. For the developmental, hepatic, and serum lipid dose-response studies,
EPA used a hybrid modeling approach that involves estimating the incidence of individuals
above or below a level considered to be adverse and determining the probability of responses at
specified exposure levels above the control {U.S. EPA, 2012, 1239433} for cases in which EPA
was able to define a level considered clinically adverse for these outcomes (see PFOA Appendix
for details). EPA also performed BMD modeling and provided study LOAELS/NOAELSs for the
hepatic and serum lipid dose-response studies as sensitivity analyses of the hybrid approach. For
the immune studies, where a clinically defined adverse level is not well defined, EPA used
multivariate models provided in the studies and determined a BMR according to EPA guidance
to calculate BMDs and BMDLs {U.S. EPA, 2012, 1239433}.

See the PFOA Appendix for additional details on the study-specific modeling.
The general steps for deriving an RfD for PFOA are summarized below.

Step 1: Evaluate the data to identify and characterize endpoints affected by exposure to
PFOA. This step involves selecting the relevant studies and adverse effects to be considered for
BMD modeling. Once the appropriate data are collected, evaluated for study quality, and
characterized for adverse health outcomes, the risk assessor selects health endpoints/outcomes
judged to be relevant to human health and among the most sensitive, defined as effects observed
in the lower exposure range. Considerations that might influence selection of endpoints include
whether data have dose-response information, percent change from controls, adversity of effect,
and consistency across studies.
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Step 1a (for dose-response data from a study in an animal model): Convert administered
dose to an internal dose. A pharmacokinetic model is used to predict the internal dose (in the
animals used in the toxicity studies or in humans) that would correspond to the administered
dose used in the study (see 4.1.3 for additional detail). A number of dose-metrics across life
stages are selected for simulation in a mouse, rat, monkey, or human. Concentrations of PFOA in
blood are considered for all the internal dose-metrics.

Step 2: Conduct dose-response modeling. See above and the PFOA Appendix for study-
specific details.

Step 3: Convert the POD to a human equivalent dose (HED) or point of departure human
equivalent dose (PODwep). The POD (a BMDL, NOAEL, or LOAEL) is converted to an HED
following the method described in Section 4.1.3. Briefly, a pharmacokinetic model for human
dosimetry is used to simulate the HED from the animal PODs from Step 2. Pharmacokinetic
modeling is also used to simulate selected epidemiological studies to obtain a chronic dose that
would result in the internal POD obtained from dose-response modeling (Section 4.1.3). Based
on the available data, a serum PFOA concentration was identified as a suitable internal dosimetry
target for the human and animal endpoints of interest.

Step 4: Select appropriate uncertainty factors (UFs) and provide rationale for UF selection.
UFs are applied in accordance with EPA guidelines considering variations in sensitivity among
humans, differences between animals and humans (if applicable), the duration of exposure in the
critical study compared to the lifetime of the species studied, and the completeness of the
epidemiological or animal toxicological database.

Step 5: Calculate the chronic RfD. The RfD is calculated by dividing PODwep by the
composite (total) UF.

PODHED>

Rﬂ):( UF,

where:

PODhep = calculated from the BMDL, NOAEL, or LOAEL using the human pharmacokinetic
(PK) model presented in Section 4.1.3.2.

UFc = Composite (total) UF calculated by multiplying the selected individual UFs for variations
in sensitivity among humans, differences between animals and humans, duration of exposure in
the critical study compared to the lifetime of the species studied, and completeness of the
toxicology database, in accordance with EPA guidelines {U.S. EPA, 2002, 88824}.

2.2.2 Cancer Assessment

2.2.2.1 Approach for Cancer Classification

In accordance with EPA’s 2005 Guidelines for Carcinogen Risk Assessment, a descriptive
weight of evidence expert judgment is made, based on all available animal, human, and
mechanistic data, as to the likelihood that a contaminant is a human carcinogen and the
conditions under which the carcinogenic effects may be expressed {U.S. EPA, 2005, 6324329}.
A narrative is developed to provide a complete description of the weight of evidence and
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conditions of carcinogenicity. The potential carcinogenicity descriptors (presented in the 2005
guidelines) are:

e Carcinogenic to humans

Likely to be carcinogenic to humans

Suggestive evidence of carcinogenic potential
Inadequate information to assess carcinogenic potential
Not likely to be carcinogenic to humans

More than one carcinogenicity descriptor can be applied if a chemical’s effects differ by dose,
exposure route, or mode of action (MOA)*. For example, a chemical may be carcinogenic to
humans above but not below a specific dose level if a key event in tumor formation does not
occur below that dose. MOA information informs both the qualitative and quantitative aspects of
the assessment, including the human relevance of tumors observed in animals. MOA must be
considered separately for each target organ.

2.2.2.2 Derivation of a Cancer Slope Factor

EPA’s 2005 Guidelines for Carcinogen Risk Assessment recommends a two-step process for the
quantitation of cancer risk. First, a model is used to fit a dose-response curve to the data, based
on the doses and associated tumors observed. For animal toxicological studies, EPA used the
publicly available Benchmark Dose Software (BMDS) program developed and maintained by
EPA (https://www.epa.gov/bmds). For cancer data, BMDS fits multistage models and the model
is used to identify a POD for extrapolation to the low-dose region based on the BMD associated
with a significant increase in tumor incidence above the control. According to the 2005
guidelines, the POD is the lowest dose that is adequately supported by the data. The BMDyo (the
dose corresponding to a 10% increase in tumors) and the BMDL.1o (the 95% lower confidence
limit on that dose) are also reported and are often used as the POD.

In the second step of quantitation, the POD is extrapolated to the low-dose region of interest for
environmental exposures. The approach for extrapolation depends on the MOA for
carcinogenesis (i.e., linear or nonlinear). When evidence indicates that a chemical causes cancer
through a mutagenic MOA (i.e., mutation of deoxyribonucleic acid (DNA)) or the MOA for
carcinogenicity is not known, the linear approach is used and the extrapolation is performed by
drawing a line (on a graph of dose vs. response) from the POD to the origin (zero dose, zero
tumors). The slope of the line (Aresponse/Adose) gives rise to the CSF, which can be interpreted
as the risk per mg/kg/day. In addition, according to EPA’s Supplemental Guidance for Assessing
Susceptibility from Early-Life Exposure to Carcinogens {U.S. EPA, 2005, 88823}, affirmative
determination of a mutagenic MOA (as opposed to defaulting to a mutagenic MOA based on
insufficient data or limited data indicating potential mutagenicity) indicates the potential for
higher cancer risks from a given exposure occurring early in life compared with exposure during
adulthood, and so requires that the application of age-dependent adjustment factors (ADAFs) be
considered in the quantification of risk to account for additional sensitivity of children. The
ADAFs are 10- and 3-fold adjustments that are combined with age specific exposure estimates

4MOA is defined as a sequence of key events and processes, starting with interaction of an agent with a cell, proceeding through
operational and anatomical changes, and resulting in cancer formation. It is contrasted with “mechanism of action,” which
implies a more detailed understanding and description of events.
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when estimating cancer risks from early life (<16 years of age) exposure to a mutagenic
chemical.

In cases for which a chemical is shown to cause cancer via an MOA that is not linear at low
doses, and the chemical does not demonstrate mutagenic or other activity consistent with
linearity at low doses, a nonlinear extrapolation is conducted. EPA’s 2005 Guidelines for
Carcinogen Risk Assessment state that “where tumors arise through a nonlinear MOA, an oral
RfD or inhalation reference concentration, or both, should be developed in accordance with
EPA’s established practice of developing such values, taking into consideration the factors
summarized in the characterization of the POD.” In these cases, an RfD-like value is calculated
based on the key event® for carcinogenesis or the tumor response.

Once a POD is determined, a PK model is used to calculate the HED for animal oral exposures
(PODwep). The CSF is then calculated by dividing the selected BMR by the PODwep.

For epidemiological data, EPA used linear regression between PFOA exposure and cancer
relative risk to estimate dose-response as well as the generalized least-squares for trend (glst)
modeling {Greenland, 1992, 5069} using STATA v17.0 (StataCorp. 2021. Stata Statistical
Software: Release 17. College Station, TX: StataCorp LLC). The CSF was then calculated as the
excess cancer risk associated with each ng/mL increase in serum PFOA. The internal serum CSF
was converted to an external dose CSF, which describes the increase in cancer risk per 1 ng/kg-
day increase in dose. EPA also considered evaluating the dose-response data using the BMDS;
however, categorical data from case-control studies cannot be used with the BMDS since these
models are based on cancer risk, and the data needed to calculate risks (i.e., the denominators)
were not available.

See the PFOA Appendix for additional details on the study-specific modeling.

2.3 MCLG Derivation

As provided in SDWA Section 1412(b)(4)(A), EPA establishes the MCLG at the level at which
no known or anticipated adverse effects on the health of persons occur and which allows an
adequate margin of safety. EPA assesses the available science examining cancer and noncancer
health effects associated with oral exposure to the contaminant. Consistent with the statutory
definition of MCLG, EPA establishes MCLGs of zero for carcinogens classified as Carcinogenic
to Humans or Likely to be Carcinogenic to Humans® for which there is insufficient information

5The key event is defined as an empirically observed precursor step that is itself a necessary element of the MOA or is a
biologically based marker for such an element.
5The MCLG is derived depending on the available noncancer and cancer evidence for a particular chemical. Establishing the
MCLG for a chemical has typically been accomplished in one of three ways depending upon a three-category classification
approach {U.S. EPA, 1985, 9207; U.S. EPA, 1991, 5499}. The categories are based on the available evidence of carcinogenicity
after exposure via ingestion. The starting point in categorizing a chemical is through assigning a cancer descriptor using EPA’s
current Guidelines for Carcinogen Risk Assessment {U.S. EPA, 2005, 6324329}. The descriptors in the 2005 Guidelines
replaced the prior alphanumeric groupings, although the basis for the classifications is similar. In prior rulemakings, the agency
typically placed Group A, B1, and B2 contaminants into Category |, Group C into Category Il, and Group D and E into Category
I1I based on the agency’s previous cancer classification guidelines (i.e., Guidelines for Carcinogen Risk Assessment, published in
51 FR 33992, September 24, 1986 {U.S. EPA, 1986, 199530} and the 1999 interim final guidelines {U.S. EPA, 1999, 41631;
U.S. EPA, 2001, 10442464}):

e Category I chemicals have “strong evidence [of carcinogenicity] considering weight of evidence, pharmacokinetics, and

exposure {U.S. EPA, 1985, 9207; U.S. EPA, 1991, 5499}.” EPA’s 2005 cancer descriptors associated with this category
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to determine that a carcinogen has a threshold below which there are no carcinogenic effects
{U.S. EPA, 1998, 10442462; U.S. EPA, 2000, 10442463; U.S. EPA, 2001, 10442464}.

For nonlinear carcinogenic contaminants, contaminants that are suggestive carcinogens, and non-
carcinogenic contaminants, EPA establishes the MCLG based on a toxicity value, typically an
RfD, but a similar toxicity value (e.g., ATSDR Minimal Risk Level) may also be used when it
represents the best available science. A noncancer MCLG is designed to be protective of
noncancer effects over a lifetime of exposure with an adequate margin of safety, including for
sensitive populations and life stages consistent with SDWA 1412(b)(3)(C)(i)(V) and
1412(b)(4)(A). The calculation of a noncancer MCLG includes an oral toxicity reference value
such as an RfD, body weight-based drinking water intake (DWI-BW), and RSC as presented in
the equation below:

Oral RfD
MCLG = (

DWI-BW) *RSC

Where:

RfD = chronic reference dose—an estimate (with uncertainty spanning perhaps an order of
magnitude) of a daily oral exposure of the human population to a substance that is likely to be
without an appreciable risk of deleterious effects during a lifetime. The RfD is equal to a
PODwep divided by a composite uncertainty factor.

DWI-BW = An exposure factor in the form of the 90th percentile body weight-adjusted drinking
water intake value for the identified population or life stage, in units of liters of water consumed
per kilogram body weight per day (L/kg bw-day). The DWI-BW considers both direct and
indirect consumption of drinking water (indirect water consumption encompasses water added in
the preparation of foods or beverages, such as tea or coffee). Chapter 3 of EPA’s Exposure
Factors Handbook {U.S. EPA, 2019, 7267482} provides DWI-BWs for various populations or
life stages within the general population for which there are publicly available, peer-reviewed
data such as NHANES data.

RSC = relative source contribution—the percentage of the total exposure attributed to drinking
water sources {U.S. EPA, 2000, 19428}, with the remainder of the exposure allocated to all
other routes or sources. The purpose of the RSC is to ensure that the level of a contaminant (e.g.,
MCLG value), when combined with other identified sources of exposure common to the
population of concern, will not result in exposures that exceed the RfD. The RSC is derived by
applying the Exposure Decision Tree approach published in EPA’s Methodology for Deriving

are: “Carcinogenic to Humans” or “Likely to be Carcinogenic to Humans” {U.S. EPA, 2005, 6324329}. EPA’s policy
under SDWA is to set MCLGs for Category | chemicals at zero, based on the principle that any exposure to known or
likely human carcinogens might represent some finite level of risk. In cases when there is sufficient evidence to
determine a nonlinear cancer mode of action, the MCLG is based on the RfD approach described below.

e Category II chemicals have “limited evidence [of carcinogenicity] considering weight of evidence, pharmacokinetics,
and exposure {U.S. EPA, 1985, 9207; U.S. EPA, 1991, 5499}.” EPA’s 2005 cancer descriptor associated with this
category is: “Suggestive Evidence of Carcinogenic Potential” {U.S. EPA, 2005, 6324329}. The MCLG for Category II
contaminants is based on noncancer effects {U.S. EPA, 1985, 9207; U.S. EPA, 1991, 5499}.

e Category IIT chemicals have “inadequate or no animal evidence [of carcinogenicity] {U.S. EPA, 1985, 9207; U.S. EPA,
1991, 5499}.” EPA’s 2005 cancer descriptors associated with this category are: “Inadequate Information to Assess
Carcinogenic Potential” and “Not Likely to Be Carcinogenic to Humans” {U.S. EPA, 2005, 6324329}. The MCLG for
Category Il contaminants is based on noncancer effects.
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Ambient Water Quality Criteria for the Protection of Human Health {U.S. EPA, 2000, 19428}.
Further description of the RSC for PFOA can be found in the Appendix (see PFOA Appendix).
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3 Results of the Health Effects Systematic

Review and Toxicokinetics Methods

3.1 Literature Search and Screening Results

Studies referenced in this assessment are cited as “Author Last Name, Publication Year, HERO
ID” and are available in EPA HERO: A Database of Scientific Studies and References. The
HERO ID is a unique identifier for studies available in HERO. Additional study metadata are
publicly available and can be obtained by searching for the HERO ID on the public facing
webpage available here: https://hero.epa.gov/.

The three database searches yielded 6,007 unique records prior to running SWIFT Review. Table
3-1 shows the results from database searches conducted in April 2019, September 2020, and
February 2022.

Table 3-1. Database Literature Search Results

Database Date Run: Results

WoS 4/10/2019: 3,081 results
9/3/2020: 1,286 results

2/2/2022: 1,021 results

PubMed 4/10/2019: 2,191 results
9/3/2020: 811 results

2/2/2022: 1,728 results

TOXLINE 4/10/2019: 60 results
TSCATS 4/11/2019: 0 results
Total number of references from all databases for all 4/2019: 3,382 results
searches® 9/2020: 1,153 results

2/2022: 1,858 results
Total number of references after running SWIFT 4/2019: 1,977 results
Review? 9/2020: 867 results

2/2022: 1,370 results
Total number of unique studies moved to screening® 3,921

2 The number of studies includes duplicate references across search dates due to overlap between search years.
® Duplicates across search dates removed.

The additional sources of literature outlined in Section 2.1.1 (i.e., assessments published by other
agencies, studies identified during mechanistic or toxicokinetic syntheses, and studies identified
by the SAB) yielded 200 unique records.

The 3,921 studies captured with the SWIFT Review evidence streams filters and the 200 records
identified from additional sources yielded a total of 4,121 unique studies. These 4,121 studies
were moved to the next stage of screening—title and abstract screening (using either DistillerSR
or SWIFT ActiveScreener). Of the 4,121 unique studies, 918 moved on to full-text level review,
1,589 were excluded during title and abstract screening, and 1,614 were tagged as containing
potentially relevant supplemental material. Of the 918 screened at the full-text level, 618 were
considered to meet PECO eligibility criteria (see PFOA Appendix) and included relevant
information on PFOA. The 618 studies that were determined to meet PECO criteria after full-text
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level screening included 443 epidemiological (human) studies, 37 animal toxicological studies, 9
PBPK studies (2 of which were also relevant epidemiological studies), and 131 studies that were
not extracted (e.g., low confidence studies, meta-analyses, studies that did not evaluate effects on
one of the priority health outcomes). An additional 20 PBPK studies were identified during the
toxicokinetic screening for a total of 29 PBPK studies. Details of the literature search and
screening process are shown in Figure 3-1.

The 443 epidemiological studies and 37 animal toxicological studies underwent study quality
evaluation and were subsequently considered for data extraction as outlined in Sections 2.1.3 and
2.1.4 (see PFOA Appendix for more details). The results of the health outcome-specific study
quality evaluations and data extractions are described in Sections 3.4 and 3.5.

Additionally, the 29 studies tagged as containing relevant PBPK models were reviewed by PK
subject matter experts for inclusion consideration. The included studies are summarized in
Section 3.3.2 and parameters described in these studies were considered for incorporation into
the animal and human PK models, which are summarized in Section 4.1.3.

Finally, the 113 toxicokinetic and 270 mechanistic studies identified as relevant for PFOA
moved on to a limited data extraction as described in the Appendix (see PFOA Appendix). The
toxicokinetic studies pertaining to ADME are synthesized in Section 3.3.1. The mechanistic
studies relevant to the 5 prioritized health outcomes are synthesized in Sections 3.4 and 3.5 and
were considered as part of the evidence integration.
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Figure 3-1. Summary of Literature Search and Screening Process for PFOA

Interactive figure and additional study details available on Tableau.
Interactive figure based on work by Magnuson et al. (2022, 10442900).

“Other sources” include assessments published by other agencies, studies identified during mechanistic or toxicokinetic
syntheses, and studies identified by the SAB.
2 Includes number of unique references after deduplication of studies captured with the SWIFT Review evidence streams filters
and records identified from additional sources.
b Includes number of unique references considered to meet PECO eligibility criteria at the full text level and include relevant

information on PFOA.

¢ Includes number of unique references identified during title/abstract screening, full text screening, and data extraction assessed
for toxicokinetic and/or mechanistic eligibility.
4 Only includes studies with relevant information on PFOA.
¢ Includes 9 PBPK studies (2 of which were also relevant epidemiological studies) determined to meet PECO criteria plus an
additional 20 PBPK studies identified during the toxicokinetic screening.
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3.1.1 Results for Epidemiology Studies of PFOA by Health

Outcome

Of the 443 epidemiological studies that met the inclusion criteria, 189 had a cohort study design,
175 had a cross-sectional design, 40 had a case-control design, and 39 had other study designs
(e.g., nested case-control). Epidemiological studies were categorized into 18 health outcomes.
Most studies reported on the cardiovascular (n = 93), developmental (n = 92), metabolic

(n = 78), or immune systems (n = 64). Studies that reported outcomes spanning multiple health
outcomes were not counted more than once in the grand totals shown in Figure 3-2.

Study Design

Health System Case-control Cohort Cross-sectional Other Grand Total
Cancer (-] 6 3 5 20
Cardiovascular 5 21 “ 7 a3
Dermal 0 1 0 0 1
Developmental 4 20 7 a2
Endocrine 1 8 18 8 35
Gastrointestinal 1 6 0 0 7
Hematologic 0 0 7 1 8
Hepatic 1 6 20 4 31
Immune 5 33 17 g 64
Metabolic 7 30 5 78
Musculoskeletal 0 1 6 2 9
Nervous 3 26 5 3 a7
Ocular 0 0 1 0 1
Renal 0 [ 18 2 26
Reproductive, Male 0 7 14 1 22
Reproductive, Female 4 24 22 4 59
Respiratory 1 4 1 0 ]
Other 0 3 3 0 [
Grand Total 40 189 175 39 443

Figure 3-2. Summary of Epidemiology Studies of PFOA Exposure by Health System and
Study Design@

Interactive figure and additional study details available on Tableau.
@ A study can report on more than one health system. Column grand totals represent the number of unique studies and are not a
sum of health system tags.

3.1.2 Results for Animal Toxicological Studies of PFOA by

Health Outcome

Of the 37 animal toxicological studies that met the inclusion criteria, most studies had either
short-term (n = 16) or developmental (n = 13) study designs and most were conducted in mice (n
= 30). The mouse studies had short-term (n = 15), developmental (n = 13), and subchronic

(n = 2) study designs. The remaining studies reported results for rats (n = 7) using chronic

(n = 3), short-term (n = 2), subchronic (n = 1), or reproductive (n = 1) study designs, or monkeys
(n =1) using a chronic study design. Animal toxicological studies were categorized into 15


https://public.tableau.com/views/EpidemiologyStudiesonPFOAandPFOS/EpiLitInventory?:language=en-US&:display_count=n&:origin=viz_share_link

DRAFT FOR PUBLIC COMMENT March 2023

health outcomes. Most studies reported results for the hepatic (n = 27), whole body (n = 23; i.e.,
systemic effects such as bodyweight), reproductive (n = 18), or developmental (n = 14) systems.
Studies that reported outcomes spanning multiple health outcomes, study designs, or species
were not counted more than once in the grand totals shown in Figure 3-3.

Study Design & Species

Shart-term Subchronic Chronic Developmental Reproductive
Grand Total

Health System Mouse Rat Mouse Rat Monkey Rat Mouse Rat

Cancer 1] 0 0 0 1] 3 1] 0 3
Cardiovascular 2 2 0 0 ] 2 2 0 7
Developmental 0 ] ] i) 4] 1 1 14
Endocrine 3 2 0 0 0 3 2 1 10
Gastrointestinal 0 0 0 o 1 2 0 0 3
Hematologic 1 1 0 o 0 1 0 Q 3
Immune 5 2 2 0 1] 2 2 1 13
Metabolic ] 1 0 0 ] 2 2 0 5
Musculoskeletal 1 0 0 0 ] ] 0 0 1
Nervous 2 0 0 ] 0 1 2 1 8
Renal 1 1 1 o 1] 2 1 1 7
Reproductive 3 1 1 1 ] 3 “ 1 18
Respiratory 0 1 0 0 0 1 0 0 2
Whole Body “ 2 2 1 0 3 5 1 23
Grand Total 15 2 2 1 1 3 13 1 ar

Figure 3-3. Summary of Animal Toxicological Studies of PFOA Exposure by Health
System, Study Design, and Species??

Interactive figure and additional study details available on Tableau.

@ A study can report on more than one study design and species. Row grand totals represent the number of unique studies and are
not a sum of study design and species tags.

b A study can report on more than one health system. Column grand totals represent the number of unique studies and are not a
sum of health system tags.

3.2 Data Extraction Results

Data extracted from the 443 epidemiological studies are available via Tableau Public and data
extracted from the 37 animal toxicological studies are available in the public HAWC site,
displayed as exposure-response arrays, forest plots, and trees. See Sections 3.4 and 3.5 for health
outcome-specific data extracted for synthesis development. Additionally, the limited data
extractions from the ADME and mechanistic studies can be found via Tableau Public here and
here, respectively.

3.3 Toxicokinetic Synthesis

As described in Section 3.1, EPA identified 113 and 29 studies containing information relevant
to the toxicokinetics and PBPK modeling of PFOA, respectively. The results of these studies are
described in the subsections below and additional information related to toxicokinetic
characteristics of PFOA can be found in Appendix B.

3.3.1 ADME

PFOA is resistant to metabolic and environmental degradation due to its strong carbon-fluorine
bonds. It also is resistant to metabolic biotransformation. Thus, the toxicity and
pharmacodynamics of the parent compound (the anion when dissociated in water or the body)
are the concern. Because of its impacts on cellular receptors and proteins, PFOA can influence
the biotransformation of dietary constituents, intermediate metabolites, and other xenobiotic
chemicals by altering enzyme activities and transport kinetics. PFOA is known to activate

3-5


https://public.tableau.com/app/profile/pfoapfos2021/viz/ToxicologyStudiesonPFOAandPFOS/ToxLitInventory
https://public.tableau.com/views/PFOAPFOSForestPlots_16369970924200/ForestPlotDashboard?:language=en-US&:display_count=n&:origin=viz_share_link
https://hawcprd.epa.gov/assessment/100500248/
https://public.tableau.com/views/ToxicokineticStudiesonPFOAandPFOS/Overall?:language=en-US&publish=yes&:display_count=n&:origin=viz_share_link
https://public.tableau.com/views/MechanisticStudiesonPFOAandPFOS/MechanisticDashboard?:language=en-US&:display_count=n&:origin=viz_share_link

DRAFT FOR PUBLIC COMMENT March 2023

peroxisome proliferator activated receptor (PPAR) pathways by increasing transcription of
mitochondrial and peroxisomal lipid metabolism, sterol, and bile acid biosynthesis and retinol
metabolism genes. Findings of transcriptional activation of many genes in peroxisome
proliferator activated receptor alpha (PPARa)-null mice after PFOA exposure, however, indicate
that the effects of PFOA are mediated by other MOAs in addition to PPAR activation and
consequent peroxisome proliferation {Wen; 2019, 5080582; Oshida, 2015, 2850125; Oshida,
2015, 5386121; Rosen, 2017, 3859803; U.S. EPA, 2016, 3603279}. The available data indicate
that PFOA exposure can also activate the constitutive androstane receptor (CAR), farnesoid X
receptor (FXR), and pregnane X receptor (PXR), and can affect metabolic activities linked to
these nuclear receptors {Oshida, 2015, 2850125; Oshida, 2015, 5386121; Rosen, 2017, 3859803,;
U.S. EPA, 2016, 3603279}. Activation of these receptors resulting from PFOA exposure could
in turn impact the toxicokinetics of PFOA itself {Andersen, 2008, 3749214}.

PFOA is not readily eliminated from humans and other primates. Toxicokinetic profiles and the
underlying mechanism for half-life differences between species and sexes are not completely
understood, although many of the differences appear to be related to elimination Kinetics and
factors that control membrane transport. Thus far, three transport families appear to play a role in
PFOA absorption, distribution, and excretion: organic anion transporters (OATS), organic anion
transporting polypeptides (OATPSs), and multidrug resistance-associated proteins (MRPs)
{Klaassen, 2010, 9641804; Launay-Vacher, 2006, 9641802}. These transporters are critical for
gastrointestinal absorption, uptake by the tissues, and excretion via bile and the kidney. These
transport systems are located at the membrane surfaces of the kidney tubules, intestines, liver,
lungs, heart, blood brain barrier (BBB), blood placental barrier, blood testes barrier (BTB), and
mammary glands where they function to protect the organs, tissues, and fetus through active
removal of foreign compounds {lIto, 2003, 9641803; Klaassen, 2010, 9641804, Zair, 2008,
9641805}. However, luminal transporters in the kidney may cause reuptake of PFOA from the
proximal tubule resulting in decreased excretion from the body {Weaver, 2009, 2010072}. This
reuptake would lead to PFOA persisting in the body over time. Transporters involved in
enterohepatic circulation have also been identified that may facilitate uptake and reuptake of
PFOA from the gut {Ruggiero, 2021, 9641806}.

There are differences in transporters across species, sexes, and individuals. In addition, more
PFOA-specific information is available for the OAT and OATP families than for the MRPs.
These data limitations have hindered the development of PK models for use in predicting effects
in humans based on the data from animal toxicological studies.

3.3.1.1 Absorption

PFOA absorption data are available in laboratory animals for oral, inhalation, and dermal
exposures, and extensive data are available from humans demonstrating the presence of PFOA in
serum (descriptions of available studies are provided in the PFOA Appendix). In vitro absorption
data indicate that uptake is influenced by pH, temperature, and concentration as well as OATP
activity (see PFOA Appendix).

3.3.1.1.1  Cellular Uptake

The available information indicates that the absorption process requires transport from the
external environment across the interface of the gut, lung, or skin. Uptake in cells cultured in
vitro is fast and saturable, consistent with a role of transporters. Cellular transfection of cells
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with vectors coding for organic ion transporters have confirmed their role in uptake of PFOA
{Kimura, 2017, 3981330; Nakagawa, 2007, 2919370; Nakamura, 2009, 2919342; Yang, 2009,
2919328; Yang, 2010, 2919288}. Several studies suggest involvement of OATs, OATPs, and
MRPs in enterocytes in the uptake of PFOA {Klaassen, 2010, 9641804; Zair, 2008, 9641805}.
Few studies have been conducted on the intestinal transporters for PFOA in humans or
laboratory animals, although one study supports a role for OATPs in PFOA uptake by
immortalized intestinal cells {Kimura, 2017, 3981330}. Most of the research has focused on
transporters in the kidney that are relevant to excretion and were carried out using cultured cells
transfected with the transporter proteins.

In addition to facilitated transport, there is evidence supporting passive diffusion in cells cultured
in vitro {Yang, 2009, 2919328} and in placenta in vivo {Zhang, 2013, 3859792}. Since PFOA is
moderately soluble in aqueous solutions and oleophobic (i.e., minimally soluble in body lipids),
movement across interface membranes was thought to be dominated by transporters or
mechanisms other than simple diffusion across the lipid bilayer. Recent mechanistic studies,
however, support transporter-independent uptake through passive diffusion processes. Ebert et
al. (2020, 6505873) determined membrane/water partition coefficients (Kmemmw) for PFOA and
examined passible permeation into cells by measuring the passive anionic permeability (Pion)
through planar lipid bilayers. In this system, the partition coefficients (PCs) were considered
high enough to explain observed cellular uptake by passive diffusion in the absence of active
uptake processes.

Uptake by cells may be influenced by interactions with lipids and serum proteins. PFOA
exhibited lower levels of binding to lipids and phospholipids relative to PFOS, which correlated
with uptake into lung epithelial cells {Sanchez Garcia, 2018, 4234856%}. Phospholipophilicity
correlated to cellular accumulation better than other lipophilicity measures. The extent to which
PFOA phospholipophilicity influences absorption through the gastrointestinal tract, lungs, or
skin is unknown.

3.3.1.1.2  Absorption and Bioavailability in Humans and Animals

In vivo, PFOA is well-absorbed following oral exposure, as evidenced by the presence of PFOA
in serum of humans following exposure to contaminated drinking water {Xu, 2020, 6781357,
Worley, 2017, 3859800}. Studies on male rats administered PFOA by gavage using a single or
multiple dose regimen estimated dose absorption of at least 92.3% {Gibson, 1979, 9641813; Cui,
2010, 2919335}. In rats, the time to reach the maximum PFOA plasma concentration (Tmax)
following oral exposure is very fast and varies by sex {Kim, 2016, 3749289; Dzierlenga, 2019,
5916078}. For example, the study by Kim and colleagues estimated Tmax after a single oral dose
of 1 mg/kg to be 1.44 hours in female rats vs. 2.07 days in males.

Recent studies confirm that bioavailability of PFOA after oral exposure is very high in rats.
Serum concentrations after oral dosing ranged from 82—-140% of levels measured after
intravenous (IV) dosing, which may reflect increased reabsorption by intestinal transporters by
the oral route relative to the IV route of exposure {Kim, 2016, 3749289; Dzierlenga, 2019,
5916078}. Bioavailability of PFOA appears to be modified by diet. Using in vitro and in vivo
(BALB/c mice) systems, Li et al. (2015, 2851033) found that PFOA bioavailability is strongly
influenced by diet, with high fat diets associated with reduced absorption. The authors suggest
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that colloidal stability in intestinal solutions may be an important factor influencing PFOA
bioaccessibility.

The available data, although limited, also support PFOA absorption through both inhalation
{Hinderliter, 2006, 135732} and dermal routes {Fasano, 2005, 3749187, O’Malley, 1981,
4471529; Kennedy, 1985, 3797585}.

3.3.1.2 Distribution

33.1.2.1 PFOA Binding to Blood Fractions and Serum Proteins

Detailed study descriptions of literature regarding the distribution of PFOA in humans and
animals are provided in the Appendix (see PFOA Appendix). Distribution of absorbed material
requires vascular transport from the portal of entry to receiving tissues. Distribution of PFAS to
plasma has been reported to be chain length-dependent {Jin, 2016, 3859825}. Increasing chain
length (from C6 to C11) correlated with an increased mass fraction in human plasma. Within the
blood cell constituents, PFOA preferentially accumulates in platelets over red blood cells and
leukocytes {De Toni, 2020, 6316907}. Among different kinds of human blood samples, PFOA
accumulates to highest levels in plasma, followed by whole blood and serum {Forsthuber, 2020,
6311640; Jin, 2016, 3859825; Poothong, 2017, 4239163}. Poothong et al. (2017, 4239163)
found that median PFOA concentrations in plasma, serum, and whole blood were 1.90, 1.60, and
0.93 ng/mL, respectively. These findings suggest that the common practice of multiplying by a
factor of 2 to convert the concentrations in whole blood to serum {Ehresman, 2007, 1429928}
will not provide accurate estimates for PFOA.

PFOA is distributed within the body by noncovalently binding to plasma proteins. Many studies
have investigated PFOA interactions with human serum albumin (HSA) {Wu, 2009, 536376;
MacManus-Spencer, 2010, 2850334; Qin, 2010, 3858631; Salvalaglio, 2010, 2919252; Weiss,
2009, 534503; Luebker, 2002, 1291067; Zhang, 2013, 5081488; Cheng, 2018, 5024207; Gao,
2019, 5387135; Yue, 2016, 3479514}. In vitro analyses found that plasma proteins can bind
97%—-100% of the PFOA in plasma from humans, cynomolgus monkeys, and rats {Kerstner-
Wood, 2003, 4771364}.

HSA is the primary PFOA binding protein in plasma {Han, 2003, 5081471} and intermolecular
interactions are mediated through van der Waals forces and hydrogen bonds {MacManus-
Spencer, 2010, 2850334; Chen, 2020, 6324256}. Beesoon and Martin (2015, 2850292)
determined that linear PFOA molecules bound more strongly to calf serum albumin than the
branched chain isomers in the order of 4m < 3m < 5m < 6m (iso) < linear. PFOA-mediated
conformational changes may interfere with albumin’s ability to transport its natural ligands and
pharmaceuticals {Wu, 2009, 536376} such as fatty acids, thyroxine (T4), warfarin, indole, and
benzodiazepine.

Binding to albumin and other serum proteins may affect transfer of PFOA from maternal blood
to the fetus {Gao, 2019, 5387135}. Since there is effectively a competition between PFOA
binding in maternal serum vs. cord blood, lower cord blood albumin levels compared to maternal
blood albumin levels are likely to reduce transfer from maternal serum across the placenta.
Consistent with this hypothesis, Pan et al. (2017, 3981900) found that high concentration of cord
serum albumin was associated with higher PFOA transfer efficiencies, whereas high maternal
serum albumin concentration was associated with reduced transfer efficiency.
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Other plasma proteins that bind PFOA, albeit with lower affinity than HSA, include low-density
lipoproteins (LDLs), alpha-globulins (alpha-2-macroglobulin), gamma-globulins, transferrin, and
fibrinogen {Kerstner-Wood, 2003, 4771364}. PFOA also binds the serum thyroid hormone
transport protein, transthyretin (TTR), causing up to a 50% inhibition of T4 binding to TTR
{Weiss, 2009, 534503}. In contrast to serum proteins, little is known regarding PFOA binding to
proteins in the gut. One study found that PFOA can bind to and cause a conformational change in
pepsin {Yue, 2016, 3479514}, though it is unclear whether PFOA-pepsin interactions impact
absorption from the gut or distribution to other compartments in the body.

3.3.1.2.2 PFOA Binding to Subcellular Fractions, Intracellular Proteins, and
Transporters

Han et al. (2005, 5081570) observed a sex-dependent subcellular distribution of PFOA in the
liver and kidney of male and female adult rats necropsied 2 hours after oral gavage dosing. The
proportion of PFOA in the liver cytosol of female rats was almost twice that of the male rats.
They hypothesized that females might have a greater amount than males of an unknown liver
cytosolic binding protein with an affinity for perfluorinated acids. In the kidney, the subcellular
distribution did not show a sex difference comparable to the one seen for liver; however, the
protein-bound fraction in males (42%) was about twice that of females (17%), which differs
from the sex differences found for the liver.

In a study of human cells {Zhang, 2020, 6316915}, PFOA preferentially distributed to cytosol
followed by nuclei and mitochondria in human colorectal cancer cells, human lung epithelial
cells, and human normal liver cells. In liver cells, PFOA binds to the liver fatty acid binding
protein (L-FABP) through polar and hydrophobic interactions {Luebker, 2002, 1291067; Zhang,
2013, 5081488; Yang, 2020, 6356370}. L-FABP is an intracellular lipid carrier protein that
reversibly binds long-chain fatty acids, phospholipids, and an assortment of peroxisome
proliferators {Erol, 2004, 5212239} and constitutes 2%-5% of the cytosolic protein in
hepatocytes.

PFOA interactions with various protein transporters play a role in the tissue uptake of orally
ingested PFOA.. The transporters are located at the interface between serum and a variety of
tissues (e.g., liver, kidneys, lungs, heart, brain, testes, ovaries, placenta, uterus) {Klaassen, 2010,
9641804}. The liver is an important uptake site for PFOA. OATPs and MRPs, at least one OAT,
and the sodium-taurocholate cotransporting polypeptide (NTCP)—a hepatic bile uptake
transporter—have been identified at the boundary of the liver at the portal blood and/or the
canalicular membranes within the liver {Kim, 2003, 9641809; Kusuhara, 2009, 9641810; Zair,
2008, 9641805}. Transporters responsible for PFOA transport across the placenta are not well
understood, though preliminary studies examining transporter expression identified OAT4 as a
candidate receptor {Kummu, 2015, 3789332}. The expression of 9 transporter genes was found
to vary at different stages of gestation {Li, 2020, 6505874}, though direct experimental evidence
for these transporters in mediating transfer of PFOA to the fetus is lacking.

3.3.1.2.3 Tissue Distribution in Humans and Animals

Evidence from human autopsy and surgical tissues demonstrates that PFOA distributes to a wide
range of tissues, organs, and matrices throughout the body. Although blood and liver are major
sites of PFOA accumulation {Olsen, 2001, 9641811}, recent findings confirm PFOA
accumulation in other tissues and fluids including brain and cerebral spinal fluid {Fujii, 2015,
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2816710; Wang, 2018, 5080654}, thyroid gland {Pirali, 2009, 757881}, and follicular fluid
{Kang, 2020, 6356899}. Pérez et al. (2013, 2325349) measured PFOA levels in autopsy tissue
samples (liver, kidney, brain, lung, and bone) collected within 24 hours of death and found
PFOA in bone (60.2 ng/g), lung (29.2 ng/g), liver (13.6 ng/g), and kidney (2.0 ng/g), with levels
below the limit of detection (LOD) in the brain. It should be noted, however, that autopsy and
surgical tissues may not necessarily accurately reflect PFAS tissue distribution in the living body
{Cao, 2021, 9959613}

Most whole animal toxicological studies that measured PFOA distribution were conducted in rats
and mice by oral dosing. Studies in primates measured PFOA in blood and liver following oral
administration {Butenhoff 2002, 1276161; Butenhoff, 2004, 3749227}. PFOA primarily
distributes to serum, liver, lungs, and kidney across a range of dosing regimens and durations
{Ylinen, 1990, 5085631; Kemper, 2003, 6302380; NTP, 2020, 7330145; NTP, 2019, 5400977}
in rats and in mice {Lau, 2006, 1276159; Lou, 2009, 2919359; Burkemper, 2017, 3858622; L,
2017, 4238518; Guo, 2019, 5080372}. Sex-specific differences in PFOA levels were observed in
several rat studies. For example, in a 28-day study {NTP, 2019, 5400977}, PFOA plasma
concentrations were higher in males than in females across all dose groups even though females
were administered a 10-fold higher dose of PFOA, suggesting that female rats excrete PFOA
more efficiently than males. Sex-specific differences were less striking in studies conducted in
mice compared to rats {Lau, 2006, 1276159; Lou, 2009, 2919359}.

Liver PFOA levels are regulated in part by PPARa. In human and rodent hepatocytes, PPARa
activation induces expression of genes involved in lipid metabolism and cholesterol homeostasis.
PFOS and PFOA structurally resemble fatty acids and are well-established ligands of PPARa in
the rat and mouse liver. As PPARa agonists, PFOS and PFOA can induce R-oxidation of fatty
acids, induce fatty acid transport across the mitochondrial membrane, decrease hepatic very low-
density lipoprotein (VLDL)-triglyceride and apolipoprotein B (apoB) production, and promote
lipolysis of triglyceride-rich plasma lipoproteins {Fragki, 2020, 8442211}. The liver can
transport PFOA from hepatocytes to bile ducts, which is mediated at least partly by PPARa
{Minata, 2010, 1937251}. PFOA levels were significantly lower in PPARa-null mice than in
wild-type mice exposed to doses of 25 and 50 pmol/kg, supporting a role for PPARa in PFOA
clearance in the liver {Minata, 2010, 1937251} but not excluding other factors regulating PFOA
levels. It is unclear what role PPARa plays in PFOA clearance in the liver of humans.

Studies administering radiolabeled PFOA to whole animals demonstrate the range of tissue
distribution in rats {Kemper, 2003, 6302380} and mice {Burkemper, 2017, 3858622;
Bogdanska, 2020, 6315801} that includes the central nervous system (CNS), cardiovascular,
gastrointestinal, renal, immune, reproductive, endocrine, and musculoskeletal systems. PFOA
crossed the BBB in males an order of magnitude more efficiently than in females {Ylinen, 1990,
5085631}. Fujii and colleagues (2015, 2816710) found that PFOA can cross the BBB in mice,
although a relatively small amount of administered PFOA was measured in the brains (0.1%).
Also in mice, Burkemper et al. (2017, 3858622) observed the highest PFOA levels in bone, liver,
and lungs. Bogdanska et al. (2020, 6315801) also observed PFOA in testes of C57BL/6 mice at
levels similar to those observed in epididymal fat and in intestines. In BALB/c mice exposed to
PFOA for 28 days, PFOA levels in the testes increased with increasing dose {Zhang, 2014,
2850230}, and PFOA accumulated in the epididymis of BALB/c mice in a dose-dependent
manner {Lu, 2016, 3981459}.
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Fujii and colleagues (2015, 2816710) observed that perfluoroalkyl carboxylic acids (PFCASs) (C6
and C7) were excreted rapidly through urine in mice, whereas longer-chained PFCAs (> C8)
accumulated in the liver. Moreover, PFAS with longer chain lengths were found to exhibit
increasing affinity for serum and L-FABPs. The authors suggest that differential lipophilicity
driven by chain length may account for the distribution patterns of PFAS, which is consistent
with the findings of high levels of PFOA accumulation in serum and liver. These large
sequestration volumes of PFOA observed in the liver seem to be attributable to the liver’s large
binding capacity in mice.

3.3.1.2.4  Distribution During Reproduction and Development

Several studies have confirmed PFOA distribution from rat and mouse dams to fetuses and pups,
as well as variable PFOA levels across many fetal tissues {Han, 2003, 5081471; Hinderliter
2006, 3749132; Butenhoff, 2004, 1291063; Mylchreest, 2003, 9642031; Fenton, 2009, 194799;
Macon, 2011, 1276151; White, 2011, 1276150; Blake, 2020, 6305864} . Interestingly, Fujii et al.
(2020, 6512379) found that the milk/plasma (M/P) concentration ratio for PFOA also exhibited a
U-shaped curve with increasing chain length but it did not correlate to lipophilicity of PFAS in
FVB/NJcl mice. These findings suggest that the amount transferred from mother to pup during
lactation may also relate to chain length-dependent clearance.

Many recent human studies have quantified the distribution of PFOA from pregnant mothers to
their fetuses and from mothers to their infants. Distribution from pregnant mother to fetus has
been confirmed by measuring PFOA levels in placenta, cord blood, and amniotic fluid during
gestation and at birth. The ratio of PFOA in placenta relative to maternal serum during
pregnancy (Rewm) ranged from 0.326 to 0.460 {Zhang, 2013, 3859792; Chen, 2017, 3859806}
Gestational age and PFOA branching characteristics influence transport across the placenta.
PFOA concentrations within the placenta increase during gestation from the first to third
trimester {Mamsen, 2019, 5080595}. Linear PFOA is detected at a higher frequency and at
higher concentrations in maternal serum than branched PFOA isomers. However, branched
PFOA is more efficiently transported into the placenta than linear PFOA {Cai, 2020, 6318671,
Chen, 2017, 3859806}.

Several studies reported a strong positive correlation between maternal and cord serum PFOA
levels in humans {Kato, 2014, 2851230; Porpora, 2013, 2150057}. The ratio of PFOA in cord
serum relative to maternal serum ranged from 0.55 to 1.33 (see PFOA Appendix) and generally
increased with gestational age {Li, 2020, 6505874}. Factors such as exposure sources, parity,
and other maternal demographics are postulated to influence variations in maternal serum PFAS
concentrations and cord:maternal serum ratios {Kato, 2014, 2851230; Brochot, 2019, 5381552}.
Cord:maternal serum ratios represent transplacental efficiencies (TTES), which exhibit a U-
shaped curve with PFAS chain length {Zhang, 2013, 3859792} and generally increase as the
PFAS branching point moves closer to the carboxyl or sulfonate moiety {Zhao, 2017, 5085130}.

Lower levels of PFOA were measured in amniotic fluid compared to the placenta and cord blood
(all collected at delivery) {Zhang, 2013, 3859792}. The mean concentration ratio between
amniotic fluid and maternal blood (collected no more than one hour before delivery) was higher
for PFOA (0.13) than for PFOS (0.0014). The mean concentration ratio between amniotic fluid
and cord blood was higher for PFOA (0.023) than for PFOS (0.0065). Authors attributed the
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differences in ratios between the two compartments to the solubilities of PFOS and PFOA and
their respective protein binding capacities in the two matrices.

PFOA also distributes widely in human fetal tissues. Mamsen et al. (2017, 3858487) measured
the concentrations of five PFAS in fetuses, placentas, and maternal plasma from a cohort of 39
pregnant women in Denmark. PFOA was detected in placenta and fetal liver, extremities, heart,
intestines, lungs, connective tissues, spinal cord, and ribs, and concentrations were highest in the
placenta and lung. Different patterns of PFOA distribution were observed in fetal tissues
depending on fetal age {Mamsen, 2019, 5080595}. Fetal tissue:maternal serum ratios of PFAS
were calculated by dividing the fetal tissue concentration by the maternal serum concentration. In
general, fetal tissue:maternal serum ratios of PFOA increased from the first trimester to the third
trimester, except for the liver and heart, which showed the highest fetal tissue:maternal serum
ratios in the second trimester compared with the third trimester.

New studies in humans also confirm that the distribution of PFOA from nursing mothers to their
infants via breastmilk correlates with duration of breastfeeding {Mondal, 2014, 2850916; Cariou,
2015, 3859840, Mogensen, 2015, 3859839, Gyllenhammar, 2018, 4778766}. Distribution is
influenced by the chemical properties of PFAS including length, lipophilicity, and branching. In
the Mondal study {Mondal, 2014, 2850916}, the mean maternal serum PFOA concentrations
were lower in breastfeeding mothers vs. non-breastfeeding mothers. Conversely, breastfed
infants had higher mean serum PFOA than infants who were never breastfed. Maternal serum
concentrations decreased with each month of breastfeeding {Mondal, 2014, 2850916; Mogensen,
2015, 3859839}. Cariou et al. (2015, 3859840) reported that PFOA levels in breastmilk were
approximately 30-fold lower relative to maternal serum and the ratio between breastmilk and
maternal serum PFOA was 0.038 £ 0.013. The authors noted that the transfer rates of PFAS from
serum to breastmilk were lower compared to other lipophilic persistent organic pollutants such as
polychlorinated biphenyls.

3.3.1.2.5 Volume of Distribution in Humans and Animals

In humans, the volume of distribution (V) for PFOA has been assigned values between 170 and
200 mL/kg (see PFOA Appendix). Vg values may be influenced by differences in distribution
between males and females, between pregnant and non-pregnant females, and across serum,
plasma, and whole blood.

Vg estimates derived in mice and rats vary by species, age, sex, and dosing regimen. For
example, Dzierlenga et al. (2019, 5916078) calculated the apparent volume of central and
peripheral distribution in male and female adult rats after oral dosing. A one-compartment model
for males and a two-compartment model for females was used to characterize PFOA levels.
Peripheral Vg4 values were dramatically lower than central V¢4 values at all doses after oral
administration and, interestingly, also after IV administration. While peak tissue levels were
reached readily in both males and females, tissue levels in males were steady over the course of
several days whereas tissue levels in females dropped quickly, in the span of hours. Further
discussion on the Vg4 for PFOA can be found in Section 6.6.2.
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3.3.1.3 Metabolism

Consistent with other peer-reviewed, published reports and reviews {U.S. EPA, 2016, 3603279;
ATSDR, 2021, 9642134, Pizzurro, 2019, 5387175}, the available evidence demonstrates that
PFOA is not metabolized in humans, primates, or rodents.

3.3.1.4 Excretion

Excretion data are available for oral exposure in humans and laboratory animals. Most studies
have investigated the elimination of PFOA in humans, cynomolgus monkeys, and rats. Fewer
studies measured elimination in mice, hamsters, and rabbits. Available evidence supports urine
as the primary route of excretion in most species, though fecal elimination is prominent in rats.
In rats, hair is another route of elimination in both males and females. In female humans and
animals, elimination pathways include menstruation, pregnancy (cord blood, placenta, amniotic
fluid, and fetal tissues) and lactation (breast milk) (see PFOA Appendix). Results of elimination
half-life determination studies in mammals suggest that PFOA elimination time is longest in
humans (years), intermediate in monkeys (days to weeks), and shortest in rodents (hours to
days).

33.14.1 Urinary and Fecal Excretion

Studies in laboratory animals provide evidence that urine is typically the primary route of
excretion but that sex impacts excretion by both routes, and these sex differences appear to be
species-specific. Limited evidence supports excretion via the fecal route in laboratory animals
and humans and via hair in animals. Most studies in all species indicate that excretion by the
fecal route is substantially lower than that observed by the urinary route. Excretion through the
fecal route appears to be more prominent in males compared to females and in rodents compared
to humans. Nevertheless, a comprehensive set of principles governing resorption by renal,
hepatic, and enteric routes and how these impact excretion and retention of PFOA has not been
established in either humans or animals.

Human studies examined PFOA excretion after oral exposure, primarily through the urinary
route. The urinary excretion of PFOA in humans is impacted by the isomeric composition of
the mixture present in blood and the sex and age of the individual. The half-lives of the
branched-chain PFOA isomers are shorter than those for the linear molecule, indicating that
renal resorption is less prevalent for the branched-chain isomers {Zhang, 2014, 2851103,
Fu, 2016, 3859819}.

Fujii et al. (2015, 2816710) measured PFOA clearance in mice and humans. Male and
female FVVB/NJcl mice were administered PFOA by IV (0.31 umol/kg) or gavage

(3.13 pmol/kg) and serum concentration data were analyzed using a two-compartment
model. Mouse urinary clearance was analyzed by dividing the total amount excreted in the
urine during a 24-hour period with the area under the curve (AUC) of the serum
concentration. Human data were analyzed from paired (bile-serum) archived samples from
patients undergoing nasobiliary drainage, percutaneous transhepatic biliary drainage, or
percutaneous transhepatic gallbladder drainage for 24 hours. Urine-serum pairs were
collected from healthy donors. Urinary and biliary clearance was determined by dividing the
cumulative urine or bile excretion in a 24-h period with the serum concentration. Fecal
clearance was calculated using the estimated biliary resorption rate.
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The authors estimated that the total human clearance for PFOA was 0.096 mL/kg/day;
PFOA clearance rates via urinary, biliary, and fecal routes were estimated to be 0.044, 2.62,
and 0.052 mL/kg/day, respectively. The reabsorption rate of bile excreting PFOA was
estimated to be 0.98 (derived by assigning a V4 of 200 mL/kg, a serum half-life of 3.8 years,
and the presumption that PFOA could only be excreted into the urine and feces via the bile).
The authors also noted that estimated total human clearance was 50-100 times lower than
the estimated PFOA clearances in mice after oral gavage dosing

In rats, urine PFOA concentrations differed with age, dose, and sex {Hinderliter, 2006,
3749132}. For all rats dosed between 3 and 8 weeks of age, urinary excretion of PFOA was
substantially higher in females than in males, and this difference increased with age. Several
additional studies in rats found that females excreted much higher levels in urine compared to
males and compared to feces {Kim, 2016, 3749289; Benskin, 2009, 1617974; Cui, 2010,
2919335}.

3.3.14.2 Renal and Enterohepatic Resorption

Several studies have been conducted to elucidate the cause of the sex difference in the
elimination of PFOA by rats {Kudo, 2002, 2990271; Cheng, 2006, 6551310; Hinderliter, 2006,
3749132}. Many of the studies have focused on the role of transporters in the kidney tubules,
especially the OATs and OATPs located in the proximal portion of the descending tubule
{Nakagawa, 2007, 2919370; Nakagawa, 2009, 2919342; Yang, 2009, 2919328; Yang, 2010,
2919288}%.

The results of in vitro studies were consistent with an in vivo analysis of OATPs gene and
protein expression in rat kidneys {Yang, 2009, 2919328}. Organic anion transporters
polypeptide 1al (OATP1al) is located on the apical side of proximal tubule cells and is a
potential mechanism for renal reabsorption of PFOA in rats. The level of messenger ribonucleic
acid (mMRNA) of OATP1al in male rat kidney is 5-20-fold higher than in female rat kidney and
is regulated by sex hormones. Thus, higher expression of OATP1al in male rats would favor
resorption of PFOA in the glomerular filtrate which is consistent with reduced excretion in
males.

Fewer studies have investigated enterohepatic resorption of PFOA. Gastrointestinal elimination
of PFOA was reported in a case report of a single human male with high serum levels of
perfluorinated chemicals who was treated with a bile acid sequestrant (cholestyramine (CSM))
{Genuis, 2010, 2583643}. Before treatment, PFOA was detected in urine (3.72 ng/mL) but not in
stool (LOD = 0.5 ng/g) or sweat samples. After treatment with CSM for 1 week, the serum
PFOA concentration decreased from 5.9 ng/g to 4.1 ng/g, and stool PFOA levels increased to
0.96 ng/g. This observation suggests that PFOA is excreted in bile and that enterohepatic
resorption via intestinal transporters limits the loss of PFOA via feces.

Studies in mice {Maher, 2008, 2919367; Cheng, 2008, 758807} suggest that increased expression
of MRP3 and MRP4, coupled with decreased OATP levels, leads to increased biliary excretion
of bile acids, bilirubin, and potentially toxic exogenous substances, including PFOA. Based on
the greater observed downregulation of OATP-encoding genes in wild-type mice exposed to
PFDA compared to PPARa-null mice exposed to PFDA, the authors concluded that the changes
in receptor proteins were primarily linked to activation of PPARa {Cheng, 2008, 758807}.
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Zhao et al. (2017, 3856461) demonstrated that PFOA was a substrate for human OATP1B1,
OATP1B3, and OATP2BL1 transporters expressed in liver using in vitro studies of Chinese
hamster ovary (CHO) and human embryonic kidney (HEK-293) cells transfected with
transporter complementary DNA (cDNA). Under these conditions, the three OATPs expressed in
human hepatocytes can transport the longer chain PFOA (C8) and perfluorononanoate (C9), but
not the shorter chain perfluoroheptanoate (C7). Preliminary evidence suggests that enterohepatic
resorption could limit elimination of PFOA by the fecal route, including the recent observation
that PFOA binds to NTCP, a transporter that mediates the uptake of conjugated bile acids
{Ruggiero, 2021, 9641806}. The extent to which this pathway operates in vivo and whether
enterohepatic resorption plays a substantial role in the retention of PFOA in humans and animals
is still unknown,

3.3.1.4.3  Maternal Elimination through Lactation and Fetal Partitioning

In humans, PFOA can readily pass from mothers to their fetuses during gestation and through
breast milk during lactation. In conjunction with elimination through menstruation, discussed in
Section 3.3.1.4.4, human females clearly eliminate PFOA through routes not available to males.
The total daily elimination of PFOA in pregnant human females was estimated to be 11.4 ng/day,
lower than the 30.1 ng/day estimated for PFOS {Zhang, 2014, 2850251}. Mamsen et al. (2019,
5080595) estimated a placenta PFOA accumulation rate of 0.11% increase per day during
gestation and observed that the magnitude of elimination may be influenced by the sex of the
fetus. A human study by Zhang et al. (2013, 3859792) observed that the mean levels in the cord
blood, placenta, and amniotic fluid were 58%, 47%, and 1.3%, respectively, of those in the
mother’s blood, demonstrating that cord blood, placenta, and amniotic fluid are additional routes
of elimination in pregnant females. Blood loss during childbirth could be another source of
excretion. Underscoring the importance of pregnancy as a life-stage when excretion is altered,
Zhang et al. (2015, 2851103) observed that the partitioning ratio of PFOA concentrations
between urine and whole blood in pregnant women (0.0011) was lower than the ratios found in
non-pregnant women (0.0028). The rate and extent of elimination through these routes are
affected by parity {Lee, 2017, 3983576; Jusko, 2016, 3981718} and may be affected by the
increase in blood volume during pregnancy {Pritchard, 1965, 9641812}.

Women can also eliminate PFOA via lactation {Tao, 2008, 1290895; Thomsen, 2010, 759807;
Kang, 2016, 3859603}. Cariou et al. (2015, 3859840) measured PFOA in maternal serum, cord
serum, and breast milk from females with planned Cesarean births. The observed mean ratio of
cord serum to maternal serum PFOA was 0.78 in this study. However, the mean ratio between
breast milk and maternal serum was 0.038, suggesting transfer from maternal blood to breast
milk is lower than transfer from maternal blood to cord blood.

Studies in laboratory animals support elimination through pregnancy and lactation similar to
what has been observed in humans. Fujii et al. (2020, 6512379) used the M/P concentration ratio
as a measure of chemical transferability in FVB/NJcl mice. Maternal plasma PFOA
concentrations were significantly higher than in milk (M/P ratio was 0.32). The M/P ratios were
similar for C8, C9, C12, and C13, arguing against a direct relationship with lipophilicity.
Potential roles for binding proteins in breast milk or transporters in breast tissue have not been
investigated.
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In summary, partitioning to the placenta, amniotic fluid, fetus, and breast milk represent
important routes of elimination in humans, and may account for some of the sex differences
observed for blood and urinary levels of PFOA by sex and life stage.

3.3.1.4.4 Other Routes of Elimination

Menstruation may be an important factor in the sex-specific differences observed in PFOA
elimination. Zhang et al. (2013, 3859849) estimated a menstrual serum PFOA clearance rate of
0.029 mL/day/kg. The link between menstruation and PFOA elimination is based on several
observations. First, postmenopausal females and adult males have longer PFOA elimination half-
lives than premenopausal adult females {Zhang, 2013, 3859849}. Challenging the assumption
that this is due to menstruation, Singer et al. (2018, 5079732) failed to find evidence of
associations between menstrual cycle length and PFAS concentrations. Second, several studies
reported on an association between increased serum concentrations of PFOA and PFOS and
early menopause {Knox, 2011, 1402395; Taylor, 2014, 2850915}. However, a reanalysis of
these data {Ruark, 2017, 3981395} suggested that the association between increased serum
PFAS and early menopause could be explained by reversed causality, and more specifically, that
pharmacokinetic bias could account for the observed association with epidemiological data.
Ruark et al. (2017, 3981395) thus highlight the importance of considering menstrual blood loss
as a PFAS elimination pathway. Additional studies may be needed to clarify the significance of
the menstruation in PFOA elimination.

One study, Gao et al. (2015, 2851191), found that hair is a potential route of PFAS elimination in
rats. A dose-dependent increase in hair PFOA concentration was observed in all exposed
animals. Interestingly, hair PFOA concentrations for all treatment doses were significantly
higher in males than in females. The sexually dimorphic difference in hair concentrations may be
attributed to the sex differences observed in PFOA elimination rate and the transfer from serum
to hair.

3.3.14.5 Half-Life Data

Because there is no evidence that PFOA is metabolized in mammals, half-life determinations are
governed by excretion. There have been several studies of half-lives in humans all supporting a
long residence time for serum PFOA with estimates measured in years rather than months or
weeks (see PFOA Appendix). The calculated PFOA half-lives reported in the literature vary
considerably, which poses challenges in predicting both the routes and rates of excretion. Half-
life estimates vary considerably by species, being most rapid in rodents (measured in hours to
days), followed by primates (measured in days to weeks) and humans (measured in years). Half-
life estimates were shorter in human and rodent females relative to males. In the single primate
study discussed below, half-lives were shorter in males compared to females.

PFOA half-life values in humans ranged from 0.53 years for a branched PFOA in young adult
females {Zhang, 2013, 3859849} to 22 years in a study of primiparous women in Sweden
{Glynn, 2012, 1578498} and varied by geographical region {Gomis, 2017, 3981280} (see PFOA
Appendix). Age, lifestage, and sex differences in PFOA half-lives have not been rigorously
evaluated, though estimates in males are generally longer than those in females {Fu, 2016,
3859819; Gomis, 2017, 3981280; Li, 2017, 4238434} and exhibit an age-related increase in
adults {Genuis, 2014, 2851045, Zhang, 2013, 3859849}. While most studies were conducted in
adults and/or adolescents, one study in newborns {Spliethoff, 2008, 2919368} calculated a half-
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life for PFOA of 4.4 years. Linear isomers exhibit longer half-lives than branched isomers
{Zhang, 2013, 3859849}.

Half-life estimates in humans rely on measured serum and/or urine concentrations. However,
relatively few studies calculated PFOA half-lives along with measured intake and serum and
urine PFOA concentrations {Xu, 2020, 6781357; Worley, 2017, 3859800; Fu, 2016, 3859819;
Zhang, 2013, 2639569} (see PFOA Appendix). PFOA half-life values among these 4 studies
varied from 1.7 years in Xu et al. (2020, 6781357) to 4.7 years in Fu et al. (2016, 3859819).
These comparisons support principles suggested by the broader literature. First, sex related
differences with males exhibiting somewhat longer half-lives compared to females (especially
females of reproductive age) may relate, at least in part, to menstruation as a route of elimination
{Zhang, 2013, 3859849}. Second, blood and urine concentrations varied by several orders of
magnitude across these four studies. While blood and urine PFOA concentrations varied by two
orders of magnitude across these studies, half-life estimates were similar, ranging from 1.77 to
4.70 years. This variability in serum and urine concentrations may reflect the role of non-urinary
routes of PFOA excretion; the variability in concentrations may also reflect the difficulty in
measuring renal resorption. Finally, only two studies estimated PFOA intake in subjects {Xu,
2020, 6781357; Worley, 2017, 3859800}. Altogether, there is insufficient data to correlate PFOA
intake measurements to serum/plasma and urine concentrations. These factors, as well as age and
health status of subjects, likely contribute to the reported variability in PFOA half-life estimates
in humans.

In experimental animals, half-life values are reported in days rather than in years. Values in
cynomolgus monkeys ranged from 13.6 to 41.7 days {Butenhoff, 2004, 3749227} and were
generally longer than those observed in rodents, but much shorter than values observed in
humans. Depending on the experimental conditions, half-lives in rats ranged from 0.03 days in
females exposed to a high dose of 40 mg/kg {Dzierlenga, 2019, 5916078} to 13.4 days in males
exposed to a relatively low dose of 0.4 mg/kg {Benskin, 2009, 1617974}. Rats exposed by the
IV route exhibited shorter half-lives than rats administered the same dose by the oral gavage
route {Kim, 2016, 3749289; Dzierlenga, 2019, 5916078}. Similar to humans and mice, half-life
estimates were shorter in adult female rats compared to male rats. In contrast, female half-life
values exceeded male values in cynomolgus monkeys, suggesting that species-specific factors
impact elimination across sexes. Similar to findings in humans, PFOA branched isomers
exhibited shorter half-lives compared to linear forms.

3.3.2 Pharmacokinetic Models

Pharmacokinetic (PK) models are tools for quantifying the relationship between external
measures of exposure and internal measures of dose. For this assessment, PK models were
evaluated for their ability to allow for 1) cross-species PK extrapolation of animal studies of both
cancer and noncancer effects and 2) the estimation of the external dose associated with an
internal dose metric that represents the POD calculated from either animal toxicological or
epidemiological studies. The following sections first describe and evaluate published PK
modeling efforts and then present conclusions from analyses that assessed the utility of the
models to predict internal doses for use in dose-response assessment.

Numerous PK models for PFOA have been developed and published over the years to
characterize the uniqgue ADME described in Section 3.3.1. These approaches can be classified
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into three categories: classical compartmental models, modified compartmental models, and
PBPK models. With classical compartmental modeling, the body is defined as either a one- or
two-compartment system with volumes and intercompartmental transfer explicitly fit to the
available PFAS PK dataset. Modified compartmental models are more physiologically based in
that they attempt to characterize unique aspects of in vivo ADME through protein binding,
cardiac output, and known renal elimination from the published literature. However, these
models still rely on explicit fitting of data to the non-physiological parameters. Finally, PBPK
models describe the tissues and organs of the body as discrete, physiologically-based
compartments with transport between compartments informed by the available data on
physiologically relevant quantifications of blood flow and tissue perfusion. Determining
additional, non-physiological parameters typically requires explicitly fitting the PBPK model to
time-course concentration data. However, the number of parameters estimated through data
fitting is generally fewer than for classical PK or modified compartmental models. A review of
the available PK models regarding their ability to predict PFOA ADME is provided below.

3.3.2.1 Classical Compartmental Analysis

The most common approach for the prediction of serum levels of PFOA is to apply a relatively
simple one-compartment model. This type of model describes the toxicokinetics of the substance
with a single differential equation that describes the rate of change in the amount or
concentration of the substance over time as a function of the exposure rate and the clearance rate.
This type of model describes the relationship between exposure, serum concentration, and
clearance and can be used to predict one of these values when the other two values are set.
Additionally, because the model can produce predictions of changes in exposure and serum
concentration over time, these models can be applied to fill the temporal gaps around or between
measured serum concentrations or exposures.

The most common use for these models in human populations is to predict serum concentrations
from estimated exposures. Some examples of this include the work by Shin et al. (2011,
2572313) who evaluated the exposure predictions from an environmental fate and transport
model by comparing the predicted serum PFOA concentrations to observed values and by
Avanasi et al. (2016, 3981510) who extended the work of Shin et al. (2011, 5082426) by
applying a population model to investigate how variability and uncertainty in model parameters
affect the prediction of serum concentrations.

Some examples of one-compartment models used to predict human exposure from serum
concentrations include the work of Dassuncao et al. (2018, 4563862) who used a model to
describe historical changes in exposure in seafood and consumer products, Hu et al. (2019,
5381562) who used paired tap water and serum concentration to estimate the proportion of total
exposure that originates from drinking water, and Balk et al. (2019, 5918617) who used
measured concentrations in drinking water, dust and air samples, and serum concentrations in
developing children (measured at several time points) to assess the relative proportion of
exposure that originates from dietary exposure. Zhang et al. (2019, 5080526) performed a similar
study using community tap water measurements and serum concentrations to estimate the
proportion of PFOA exposure in humans that originates from drinking water.

Other applications are used to better understand the toxicokinetics of PFOA in humans by
combining estimated exposure values and serum values to estimate clearance and half-life in a
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population of interest. One example of this type of model application was presented by Gomis et
al. (2016, 3749264) who used measurements of serum and exposure, in the form of air
concentrations during occupational exposure, to estimate an elimination half-life for PFOA.
Those authors were also able to identify the relative contributions of direct occupational
exposure to PFOA, indirect occupational exposure to PFOA precursors, and background, non-
occupational PFOA exposure. Another example was presented by Worley et al. (2017, 3859800)
who estimated the half-life of PFOA using exposure predicted from drinking water PFAS
concentration in a community with contaminated drinking water. Fu et al. (2016, 3859819) used
paired serum and urine samples from an occupational cohort to estimate the half-life separately
from renal clearance (CLR) (in urine) and in the whole body (in serum). One challenge in the
estimation of half-life is the problem of estimating exposure to PFOA. Russell et al. (2015,
2851185) addressed this problem by estimating the amount of bias in elimination half-life that is
introduced when the ongoing background exposure is not taken into account, with application to
PFOA as an example.

One common modification of the one-compartment model is to perform a “steady-state
approximation” (i.e., to assume that the rate of change of the serum concentration is zero). This
scenario occurs when an individual experiences constant exposure, constant body habitus, and
constant clearance over a timespan of several half-lives. Due to the long half-life of PFOA,
steady state is a reasonable assumption for adults starting from the age of 25 and above.
However, the steady state approximation cannot be applied for ages younger than 21 years of age
(EPA defines childhood as < 21 years of age; {U.S. EPA, 2021, 9641727}) due to ongoing
development during childhood and adolescence. This growth dilutes the concentration of the
chemical in the body and results in lower levels than would be seen in its absence. Even though
pubertal development including skeletal growth typically ends several years prior to the age of
25, there is a period after growth ceases during which PFOA levels increase until the adult
steady-state level is reached. The general acceptability of the steady-state assumption in adults
has the caveat that pregnancy or breastfeeding will result in changes in serum concentration and
will not be accounted for in the steady-state approximation.

When adopting a steady-state assumption, the rate of change in serum levels over time is zero. It
follows that the ratio between exposure to the substance and clearance determines the serum
concentration. This is the approach used in the 2016 PFOA HESD to determine the constant
exposure associated with a serum concentration {U.S. EPA, 2016, 3603279}. A similar approach
was used in the recent risk assessment performed by CalEPA {CalEPA, 2021, 9416932}.
Publications reporting applications of similar models include the work of Zhang et al. (2015,
2851103) who used paired human urine and serum data to estimate the total intake of PFOA and
compared it to the rate of urinary elimination, and Lorber et al. (2015, 2851157) who examined
the effects of regular blood loss due to phlebotomy on PFOA levels and extrapolated that finding
to clearance via menstruation.

In animals, three classical PK models for PFOA have been published since the 2016 HESD for
PFOA. In Dzierlenga et al. (2020, 5916078), male Sprague-Dawley rats were dosed with PFOA
via oral gavage at 6, 12, and 48 mg/kg, or intravenously at 6 mg/kg. Female Sprague-Dawley rats
were dosed with PFOA via oral gavage at 40, 80, 320 mg/kg or intravenously at 40 mg/kg.
Following the administration of PFOA, rats were sacrificed from five minutes to 50 days post-
dosing for males and from five minutes to 12 days post-dosing in females. Differences in length
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of study for each sex represent the sex-dependent difference in half-lives for which adult female
rats eliminate PFOA more rapidly than adult males. For both sexes, measured plasma
concentrations characterized the biphasic PK curve. From these exposure scenarios, Dzierlenga
et al. (2020, 5916078) developed a two-compartment model to characterize PK parameters of
interest such as the alpha- and beta-phase half-life, central and peripheral compartment volumes,
and total PFOA clearance. For each dosing scenario, a single set of PK parameters were fit,
making extrapolation to other dosing scenarios difficult. However, the authors demonstrate a
significant difference between males and females in beta-phase half-life and overall clearance.
This difference in half-life is critical when considering internal dosimetry for a pregnant dam
during developmental PK studies.

Fujii et al. (2015, 2816710) conducted a PK analysis in mice by dosing male and female mice
either intravenously with 0.313 umol/kg or through oval gavage with 3.13 pmol/kg. Following
administration of PFOA, blood concentrations were collected through tail veins beginning
immediately following dosing up to 24 hours post-dosing. Fujii et al. (2015, 2816710) used these
data to develop a two-compartment model to describe sex-dependent PK in mice. Unfortunately,
the follow-up time of 24 hours post-dosing is not long enough to accurately characterize the
beta-phase elimination of PFOA, which the authors predicted was 627 days. The small amount of
change in PFOA levels within a 24-hour timespan will make the estimated terminal half-life
from a two-compartment model unreliable because PFOA will still be in the distribution phase.
In addition, the functional form fit for the oral gavage data in Fujii et al. (2015, 2816710) reflects
a one-compartment model with gavage dosing making it not possible to compare the predicted
half-lives between the two routes of exposure. While the reported data could be used for
characterizing absorption and distribution of PFOA, it cannot be used for characterizing the
elimination phase. Additionally, a study with a much longer follow-up time of 80 days post-
dosing reported a half-life of 15.6 — 21.7 days {Lou, 2009, 2919359}.

Finally, Gomis et al. (2016, 3749264) utilized the functional form of a two-compartment model
with oral gavage to predict internal dosimetry of PFOA in rats using PK data from Perkins et al.
(2004, 1291118). However, because the scope of the Gomis et al. (2017, 3981280) study
involved predicting internal dose points-of-departure, PK parameters are not presented.

3.3.2.2 Modified Compartmental Models

In addition to the common one-compartment models described above, several models for
humans have been developed to extend the simple one-compartment model to describe the PK
during pregnancy and lactation. The key factors that must be introduced into the model are the
changes in body habitus that occur during pregnancy (e.g., increases in blood plasma volume and
body weight), the distribution and transfer of the substance between the maternal and fetal
tissues, the transfer from the mother to the infant during nursing, and postnatal development,
including growth of the infant during the early period of life. The mathematical formulation of
this type of model requires two differential equations, one describing the rate of change in
amount or concentration in the mother and one describing the rate of change in infants. One such
developmental model with a lactational component was used to predict the maternal serum
concentrations and exposure from measurements of PFOA concentrations in breast milk
{Abdallah, 2020, 6316215}. Verner et al. (2016, 3299692) presented another developmental
model to predict PFOA serum concentrations in the mother and child and predict previous
exposure using mother/child paired serum measurements at different times. This model included
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all the key aspects previously mentioned for developmental PK models. Another developmental
model was developed by Goeden et al. (2019, 5080506) to evaluate the relationship between
drinking water concentrations and infant serum levels during breastfeeding resulting from
gestational and lactational transfer of PFOA that had accumulated within the mother. A
distinguishing feature of the Goeden et al. (2019, 5080506) model is that it incorporates an
adjustment for the increased intracellular water in infants and young children compared to adults,
under the assumption that PFAS distribution into tissues, quantified by the Vg4, will increase
proportionally to intracellular water content. This life stage difference in intracellular water
content may explain why the ratio of PFOA in cord blood vs. maternal blood at childbirth tends
to be less than one. Monroy et al. (2008, 2349575) reported median cord blood PFOA
concentration to be 87% of maternal serum, while the median ratio of fetal tissue to placenta
PFOA concentration was found to be generally greater than one {Mamsen, 2019, 5080595}. One
oversight of this model is that the rate equations take concentration into account, but they do not
account for decreases in concentration due to increasing body weight (growth dilution). This is a
significant factor for infants who grow quickly.

Other unigue analyses that extended the one-compartment framework were publications by Shan
et al. (2016, 3360127), who estimated the exposure to specific isomers of PFOA using
measurements in food, tap water, and dust to estimate the isomeric profiles of the substances in
human serum, and Convertino et al. (2018, 5080342) who used a two-compartment PK-
pharmacodynamic model to describe changes in serum concentration during a dose-escalation,
phase one clinical trial with PFOA and describe how those serum changes are correlated with
changes in serum total cholesterol (TC) and free thyroxine (FT4).

Some other models have added features to accommodate longer half-life values and allow for
dose-dependent changes in excretion rate compared to the classic 1- or 2- compartment
approaches {Andersen, 2006, 818501; Wambaugh, 2013, 2850932; Loccisano, 2011, 787186;
Loccisano, 2012, 1289830; Loccisano, 2012, 1289833; Loccisano, 2013, 1326665}. The
underlying assumption for all the models is saturable resorption from the kidney filtrate, which
consistently returns a portion of the excreted dose to the systemic circulation and prolongs both
clearance from the body (e.g., extends half-life) and the time needed to reach steady state. These
more complex models have been developed for humans, monkeys, mice, and rats.

One of the earliest PK models {Andersen, 2006, 818501} was created using the post-dosing
plasma data from the Butenhoff et al. (2004, 3749227) study in cynomolgus monkeys. In this
study, groups of six monkeys (three per sex per group) were dosed for 26 weeks with 0, 3, 10, or
20 mg/kg PFOA (and also a high dose of 30 mg/kg PFOA for only the first 12 days) and
followed for more than 160 days after dosing. Metabolism cages were used for overnight urine
collection. Since urine specimens could only account for overnight PFOA excretion, total
volume and total PFOA were extrapolated to 24-hour values based on the excretion rate (volume
per hour) for the volume collected and the hours of collection.

The Andersen et al. (2006, 818501) model was based on the hypothesis that saturable resorption
capacity in the kidney would possibly account for the unique half-life properties of PFOA across
species and sexes. The model structure was derived from a published model for glucose
resorption from the glomerular filtrate via transporters on the apical surface of renal tubule
epithelial cells {Andersen, 2006, 818501}.
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The renal-resorption model includes a central compartment that receives the chemical from the
oral dose and a filtrate compartment for the glomerular filtrate from which resorption with
transfer to the central compartment can occur. Transfer from the filtrate compartment to the
central compartment decreases the rate of excretion. The resorption in the model was saturable,
meaning that there was proportionally less resorption and greater excretion at high serum PFOA
concentrations than at low concentrations. In addition to decreased renal excretion due to the
renal resorption, excretion is also reduced in the model by implementing a constant proportion of
PFOA that is bound to protein in plasma and is not available for renal filtration.

The model was parameterized using the body weight and urine output of cynomolgus monkeys
{Butenhoff, 2004, 3749227} and a cardiac output of 15 L/h-kg from the literature {Corley, 1990,
10123}. A 20% blood flow rate to the kidney was assumed based on data from humans and dogs.
Other parameters were optimized to fit the data for plasma and urine at lower concentrations and
then applied for the 20 mg/kg/day dose, which was assumed to represent a concentration at
which renal resorption was saturated. Based on the data for the dose of 20 mg/kg/day, the model
was able to predict the decline in plasma levels after the cessation of dosing. The predictions
were adequate for one of the three modeled monkeys; for the other two monkeys, the model
predicted higher serum concentrations than were observed. That discrepancy between model
prediction and observations could have occurred because the model did not allow for efflux of
PFOA into the glomerular filtrate through transporters on the basolateral surface of the tubular
cells. The authors also observed that three of the monkeys had faster CLg of PFOA than the other
three monkeys, indicating interindividual variability in clearance.
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Figure 3-4. Schematic for a Physiologically Motivated Renal Resorption PK Model for
PFOA

Adapted from Wambaugh et al. (2013, 2850932).

Building on the work of other researchers, Wambaugh et al. (2013, 2850932) developed and
published a PK model to support the development of an EPA RfD for PFOA {U.S. EPA, 2016,
3603279}. The model was applied to data from studies conducted in monkeys, rats, or mice that
demonstrated an assortment of systemic, developmental, reproductive, and immunological
effects. A saturable renal resorption term was used. This concept has played a fundamental role
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in the design of all of the published PFOA models summarized in this section. The model
structure is depicted in Figure 3-4 (adapted from Wambaugh et al. (2013, 2850392)).

Wambaugh et al. (2013, 2850932) placed bounds on the estimated values for some parameters of
the Andersen et al. (2006, 818501) model to support the assumption that serum carries a
significant portion of the total PFOA body load. The Andersen et al. (2006, 818501) model is a
modified two-compartment model in which a primary compartment describes the serum and a
secondary deep tissue compartment acts as a specified tissue reservoir. Wambaugh et al. (2013,
2850932) constrained the total V4 such that the amount in the tissue compartment was not greater
than 100 times that in the serum. As a result, the ratio of the two volumes (serum vs. total) was
estimated in place of establishing a rate of transfer from the tissue to serum, but the rate of
transfer from serum to tissue was also estimated from the data. A nonhierarchical model for
parameter values was also assumed. Under this assumption, a single numeric value represents all
individuals of the same species, sex, and strain. This sex assumption was applied to male and
female rats to determine sex-specific parameters because of established sex-specific
toxicokinetic differences. Conversely, monkeys and mice were only grouped by species and
strain with only female parameters available for mice and male/female monkey data pooled
together for a single set of parameters. Body weight, the number of doses, and magnitude of the
doses were the only parameters varied for different studies. Measurement errors were assumed to
be log-normally distributed. Table 4-3 in Section 4.1.3.1.1 provides the estimated and assumed
PK parameters applied in the Wambaugh et al. (2013, 2850932) model for each of the species
evaluated.

The PK data that supported the Wambaugh et al. (2013, 2850932) analysis were derived from
two in vivo PFOA PK studies. The monkey PK data were derived from Butenhoff et al. (2004,
3749227), and the data for the rats (M/F) were from Kemper et al. (2003, 6302380). Two strains
of female mice were analyzed separately, with CD1 information derived from Lou et al. (2009,
2919359) and C57BL/6 information derived from DeWitt et al. (2008, 1290826). The data were
analyzed within a Bayesian framework using Markov Chain Monte Carlo sampler implemented
as an R package developed by EPA to allow predictions across species, strains, and sexes and to
identify serum levels associated with the NOAEL and LOAEL external doses. Prior distributions
for the parameters were chosen to be broad, log-normal distributions, allowing the fitted
parameters to be positive and for the posterior distribution to be primarily informed by the data
likelihood rather than by the priors.

3.3.2.3 PBPK Models

An alternative approach to the use of a classical or modified compartmental model is a PBPK
model, which describes the changes in substance amount or concentration in a number of
discrete tissues. One of the main advantages of a PBPK model is the ability to define many
parameters based on physiological data, rather than having to estimate them from chemical-
specific data. Such physiological parameters include, for example, organ volumes and the blood
flow to different organs; they can be measured relatively easily and are chemical independent.
Another advantage is that amount and concentration of the substance can be predicted in specific
tissues, in addition to blood. This can be valuable for certain endpoints where it is expected that a
tissue concentration would better reflect the relevant dosimetry compared to blood concentration.
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The first PBPK model developed for this chemical was reported in a series of publications by
Loccisano et al. which together describe the PK of PFOA in rats, monkeys, and humans, in both
adult and developmental (for rat and human) scenarios {Loccisano, 2011, 787186; Loccisano,
2012, 1289830; Loccisano, 2012, 1289833; Loccisano, 2013, 1326665}. These models were
developed based on an earlier “biologically motivated” model that served as a bridge between a
one-compartment model and PBPK by implementing a tissue compartment (similar to a 2-
compartment model), an absorption compartment, and a renal filtrate compartment with
saturable renal resorption {Tan, 2008, 2919374}. The work of Tan et al. (2008, 2919374) was a
development of the earlier work of Andersen et al. (2006, 818501) previously discussed. The
PBPK model of Loccisano and colleagues then extended this “biologically motivated” model by
the addition of discrete tissue compartments, rather than a single compartment representing all
tissues.

A series of follow-up studies applied the Loccisano and coauthors’ model structure, with
extensions, to address how PK variation in human populations could bias the result of the study.
This consisted of the work of Wu et al. (2015, 3223290) who developed a detailed model of
adolescent female development during puberty and menstrual clearance of PFOA to investigate
the interaction between chemical levels and the timing of menarche, Ruark et al. (2017,
3981395) who added a detailed description of menopause to evaluate how that affects serum
levels and the epidemiological association between early menopause and PFOA levels, Ngueta et
al. (2017, 3860773) who implemented a reduction in menstrual clearance in individuals using
oral contraceptives and the interaction between oral contraceptive use, endometriosis, and serum
PFOA levels, and Dzierlenga et al. (2020, 6315786; 2020, 6833691) who applied a model of
thyroid disease {Dzierlenga, 2019, 7947729} to describe changes in PFOA and PFOS urinary
clearance due to disease state.

In addition to this set of studies, Fabrega et al. (2014, 2850904) updated the model of Loccisano
et al. (2013, 1326665) for humans by modeling a human population using regional food and
drinking water measurements and human tissue data collected from cadavers in a region of
Spain. The use of human tissue data is relatively rare due to the challenges in sourcing human
tissue but may prove preferable to the assumption that human distribution is similar to
distribution in an animal model. However, Fabrega et al. (2014, 2850904) estimated their tissue
to blood partition coefficients from the ratio of tissue concentrations in the cadavers to the
average serum concentrations in live volunteers who lived in the same region but were sampled
several years earlier {Ericson, 2007, 3858652} and they provided no details on how their renal
resorption parameters were estimated from the human blood concentrations. This model was
further applied to a population in Norway and extended to other PFAS {Fabrega, 2015,
3223669}.

Brochot et al. (2019, 5381552) presented the application of a PBPK model for PFOA with
gestation and lactation life stages to describe development and predicted maternal, infant, and
breastmilk concentrations over a variety of scenarios including the prediction of maternal levels
across multiple pregnancies.

One of the major challenges in the parameterization of PBPK models for PFOA is the estimation
of the chemical-dependent parameters such as those involved in protein binding and renal
clearance. One way to investigate this issue is to perform in vitro experiments to help inform the
parameters. Worley et al. (2015, 3981311) used in vitro measurements of renal transporter
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activity to describe in detail the various steps involved in the renal filtration, resorption, and
excretion of PFOA. Cheng et al. (2017, 3981304) went farther in their use of in vitro data and
used measurements of PFOA interactions with binding proteins, as well the measured rates of
several transporters, to parameterize a rat PBPK model.

No new animal PBPK models for PFOA have been published since the 2016 PFOA HESD {U.S.
EPA, 2016, 3603279}. See the 2016 HESD {U.S. EPA, 2016, 3603279} for a more in-depth
review of PFOA PBPK models.

3.4 Non-Cancer Health Effects Evidence Synthesis and
Integration

3.4.1 Hepatic

EPA identified 32 epidemiological studies (reported in 38 publications)’® and 28 animal
toxicological studies that investigated the association between PFOA and hepatic effects. Of the
epidemiological studies, 21 were classified as medium confidence, 8 as low confidence, 1 as
mixed (medium/low) confidence, and 8 were considered uninformative (Section 3.4.1.1). Of the
28 animal toxicological studies, 5 were classified as high confidence, 19 as medium confidence,
2 as low confidence, and 2 were considered mixed (medium/uninformative and
medium/low/uninformative) (Section 3.4.1.2). Studies have mixed confidence ratings if different
endpoints evaluated within the study were assigned different confidence ratings. Though low
confidence epidemiology and animal toxicological studies are considered qualitatively in this
section (e.g., to inform the weight of the evidence for hazard assessment), they were not
considered quantitatively for the dose-response assessment (Section 4).

3.4.1.1 Human Evidence Study Quality Evaluation and Synthesis

341.1.1 Introduction and Summary of Evidence from the 2016 PFOA HESD

Serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are
considered reliable markers of hepatocellular function/injury, with ALT considered more
specific and sensitive {Boone, 2005, 782862}. Bilirubin and y-glutamyltransferase (GGT) are
also routinely used to evaluate potential hepatobiliary toxicity {Boone, 2005, 782862; EMEA,
2008, 3056793; Hall, 2012, 2718645}. Elevated liver serum biomarkers are frequently an
indication of liver injury, though not as specific as structural or functional analyses such as
histology findings and liver disease.

There are 12 epidemiological studies (13 publications)® from the 2016 PFOA HESD {U.S. EPA,
2016, 3603279} that investigated the association between PFOA exposure and hepatic effects,
and study quality evaluations are shown in Figure 3-5.Error! Reference source not found.
Emmett et al. {2006, 1290905} was rated as uninformative and will not be further discussed.
Nine out of the twelve remaining studies were rated as medium quality and all investigated
changes in serum liver enzymes.

7 Multiple publications of the same data: Jain and Ducatman (2019, 5381566); Jain and Ducatman (2019, 5080621); Jain (2019,
5381541); Jain (2020, 6833623); Omoike et al. (2020, 6988477); Liu et al. (2018, 4238514); Gleason et al. (2015, 2966740) all
used NHANES data from overlapping years.

8 QOlsen (2003, 1290020) is the peer-review paper of Olsen (2001, 10228462); however, data for PFOA and hepatic outcomes is
reported in Olsen (2001, 10228462).
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