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EXECUTIVE SUMMARY

Perfluorohexanesulfonic acid (PFHxS, CASRN 355-46-4)1, and its related salts (such as
potassium perfluorohexanesulfonate [PFHxS-K, CASRN 3871-99-6], ammonium
perfluorohexanesulfonate [PFHxS-NH4, CASRN 68259-08-5], and sodium perfluorohexanesulfonate
[PFHxS-Na, CASRN 82382-12-5]), are members of the group per- and polyfluoroalkyl substances
(PFAS). This assessment applies to PFHxS as well as nonmetal and alkali metal salts of PFHxS that
would be expected to fully dissociate in aqueous solutions of pH ranging from 4 to 9 (e.g., in the
human body) and not release other moieties that would cause toxicity independent of PFHxS. The
synthesis of evidence and toxicity value derivation presented in this assessment focuses on the free
acid of PFHxS and its potassium, sodium, and ammonium salts given the currently available toxicity
data.

Concerns about PFHxS and other PFAS stem from the resistance of these compounds to
hydrolysis, photolysis, and biodegradation, which leads to their persistence in the environment.
PFAS are not naturally occurring; they are man-made compounds that have been used widely over
the past several decades in industrial applications and consumer products as many PFAS are
resistant to heat and are used to confer resistance of products (e.g., textiles) to stains by repelling
oil, grease, and water. PFAS are also used in a wide range of other applications, including as
electrical insulation and to confer frictionless coatings onto surfaces. PFAS in the environment are
found at industrial sites, military fire training areas, wastewater treatment plants, and found in
commercial products (see Appendix A, Section 2.1.2).

The Integrated Risk Information System (IRIS) Program is developing a series of five PFAS
assessments (i.e., perfluorohexane sulfonate [PFHxS], perfluorobutanoic acid [PFBA],
perfluorohexanoic acid [PFHxA], perfluorononanoic acid [PFNA], perfluorodecanoic acid [PFDA],
and their associated salts) (see December 2018 [RIS Program Outlook) at the request of EPA
national programs and regions. Specifically, the development of human health toxicity assessments

for exposure to these individual PFAS represents only one component of the broader PFAS strategic

roadmap at the EPA (https://www.epa.gov/pfas/pfas-strategic-roadmap-epas-commitments-

action-2021-2024). The systematic review protocol (see Appendix A) for these five PFAS

assessments outlines the related scoping and problem-formulation efforts, including a summary of

other federal and state assessments of PFHxS. The protocol also describes the systematic review

1 The CASRN given here is for linear PFHxS; the source of PFHxS used in toxicity studies was reported to be
98% pure and reagent grade, generally giving this CASRN. None of the studies referenced in this assessment
explicitly state that only the linear form was used. Therefore, there is the possibility that a minor proportion
of the PFHxS used in the studies were branched isomers and thus observed health effects may apply to the
total linear and branched isomers in a given exposure source.
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and dose-response methods used to conduct this review (see also Section 1.2). In addition to these
ongoing IRIS PFAS toxicity assessments, EPA’s Office of Research and Development is carrying out
several other activities related to PFAS, including the creation of PFAS systematic evidence maps
(SEMs) (Carlson et al., 2022; Radke et al., 2022)and consolidating and updating PFAS data on

chemical and physical properties, human health toxicity, and pharmacokinetics, as well as

ecotoxicity.

Human epidemiological studies have examined possible associations between PFHxS
exposure and health outcomes including immune responses, birth weight, hematopoietic effects,
thyroid hormone effects, liver enzyme effects, serum lipids effects, cardiovascular disease,
hematological effects, reproductive effects, neurodevelopmental effects, and cancer. The ability to
draw conclusions from the epidemiological evidence for the assessed health outcomes is limited
(apart from immune effects) by the overall quality and lack of consistency in the available studies.

Animal studies of PFHXS exposure exclusively examined the oral exposure route; therefore,
no inhalation assessment was conducted nor was an inhalation reference concentration (RfC)
derived (see Section 5.2.3). The available animal studies of oral PFHXS exposure examined a variety
of noncancer endpoints, including those relevant to the thyroid, immune system, developmental
effects, hematopoietic system, hepatic effects, cardiometabolic effects, reproductive (male and
female) system, nervous system, and renal effects. Some limitations in the animal database include
the types of studies identified (e.g., few subchronic studies and no chronic exposure studies were
available), and few studies per health outcome.

Overall, the available evidence indicates that PFHxS exposure is likely to cause thyroid and
developmental immune effects in humans, given sufficient exposure conditions. For thyroid effects,
the primary supporting evidence for this hazard conclusion included evidence of decreased thyroid
hormone levels, abnormal histopathology results, and changes in organ weight in experimental
animals. For immune effects, the primary supporting evidence included decreased antibody
responses to vaccination against tetanus or diphtheria in children. Selected quantitative data from
these identified hazards were used to derive toxicity values (see Table ES-1; see Sections 3.2.1 and
3.2.2 for evidence synthesis and integration analyses).

Evidence primarily from epidemiological studies suggests but is insufficient to infer that
PFHxS exposure might affect fetal development, specifically resulting in decreased birth weight (see
Section 3.2.3). However, due to limitations and uncertainties in the currently available studies, a
hazard could not be clearly identified, and these data were not considered for use in deriving
toxicity values. While no reference dose (RfD) was derived for developmental effects, a point of
departure (POD) was derived and presented for comparison purposes (see Section 5.2.1).

In addition, evidence from human and animal studies suggests but is insufficient to infer
that PFHxS exposure may cause hepatic, neurodevelopmental, and cardiometabolic effects in

humans.
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Lastly, although evidence from humans and or animals was also identified for
hematopoietic, reproductive, renal, and carcinogenic effects, the currently available evidence is
inadequate to assess whether PFHxS exposure may be capable of causing these health effects in

humans, and these outcomes were not considered for use in deriving toxicity values.

Table ES-1. Health effects with evidence available to synthesize and draw
summary judgments and derived toxicity values

Evidence
Organ/ Integration | Toxicity Value UF
System judgment value (mg/kg-d) | Confidence | UFA | UFH [UFS|UFL| D | UFC Basis

Immune (i.e., Evidence Lifetime 2x 10710 Medium 1 10 1 1 3 30 |Decreased serum
developmental |indicates osRfD (RfD) anti-tetanus antibody
immune) (likely) concentration in
children at age 7 yrs
(Budtz-Jgrgensen
and Grandjean,
2018; Grandjean et
al., 2012)

Subchronic 2 x 10710 Medium 1 10 1 1 3 30 |Decreased serum
osRfD anti-tetanus antibody
concentration in
children at age 7 yrs
(Budtz-Jgrgensen
and Grandjean,
2018; Grandjean et
al., 2012)

Thyroid Evidence Lifetime 1x107 Medium 3 10 1 1 3 100 |Decreased serum
indicates osRfD total T4 levels in F1

(likely) Wistar rats (Ramhgj
etal.,, 2018)

Subchronic 1x107 Medium 3 10 1 1 3 100 | Decreased serum
osRfD total T4 levels in

Wistar rats (Ramhgj
et al., 2018)

RfD = reference dose (in mg/kg-d) for lifetime exposure; subchronic RfD = reference dose (in mg/kg-d) for less-
than-lifetime exposure; osRfD = organ-/system-specific reference dose (in mg/kg-d); UFA = animal to human
uncertainty factor; UFC = composite uncertainty factor; UFD = evidence base deficiencies uncertainty factor;

UFH = human variation uncertainty factor; UFL = LOAEL to NOAEL uncertainty factor; UFS = subchronic to chronic
uncertainty factor.
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ES.1 LIFETIME AND SUBCHRONIC ORAL REFERENCE DOSE (RfD) FOR NONCANCER EFFECTS

From the identified hazards with sufficient qualitative and quantitative information to
support the derivation of candidate lifetime values (i.e., immune and thyroid), decreased serum
anti-tetanus antibody concentrations in children (male and female) (Budtz-]Jgrgensen and
Grandjean, 2018; Grandjean et al.,, 2012) was selected as the basis for the oral RfD of 4 x 10-10
mg/kg-day. A BMDLysp of 2.82 x 10-* mg/L in serum was identified for this endpoint and was used
as the PODinternai. The human equivalent dose POD (PODugp) of 1.16 x 10-8 mg/kg-day was derived
by multiplying the PODinternal by the human clearance of 4.1 x 10-5 L/kg-day to estimate human

equivalent doses from an internal dose. The overall RfD for PFHxS was calculated by dividing the
PODuep by a composite uncertainty factor of 30 to account for interindividual differences in human
susceptibility (UFu = 10) and deficiencies in the toxicity evidence base (UFp = 3). The immune
organ-/system-specific osRfD is based on the lowest overall PODugp and UF¢; therefore, the selected
RfD based on decreased serum anti-tetanus antibody concentration in children (a susceptible
lifestage for this effect) is considered protective of the observed health effects associated with
lifetime PFHxXS exposure. The selection considered both available osRfDs as well as the overall
confidence and composite uncertainty for those osRfDs. The thyroid osRfD was based on
application of a composite uncertainty threefold greater than that applied in deriving the immune
osRfD (UF. = 100 for thyroid versus UF.= 30 for developmental immune effects). Further, when
comparing the sensitivity of thyroid and immune osRfDs, the thyroid value is 500-fold higher than
the developmental immune endpoint. Selection of the RfD on the basis of developmental immune
effects is presumed to be protective of possible thyroid and other potential adverse health effects
(including potential effects on birth weight) in humans. Finally, since the developmental immune
osRfD is based on effects observed in males and females, the overall RfD would be protective for

both sexes. The same study (Budtz-]grgensen and Grandjean, 2018; Grandjean etal., 2012)

endpoint (decreased serum anti-tetanus antibody concentration in children) and value were
selected as the basis for the subchronic RfD of 4 x 10-10 mg/kg-day.

ES.2 CONFIDENCE IN THE ORAL REFERENCE DOSE (RFD) AND SUBCHRONIC RFD

The overall confidence in the RfD and subchronic RfD is medium and is driven by medium
confidence in the overall evidence base for immune effects, medium confidence in the Budtz-
Jgrgensen and Grandjean (2018); Grandjean et al. (2012) study (HAWC link), and medium
confidence in quantitation of the POD (see Section 5.2. and Table 5-8).

ES.3 NONCANCER EFFECTS FOLLOWING INHALATION EXPOSURE

No studies that examine toxicity in humans or experimental animals following inhalation
exposure are available and no acceptable physiologically based pharmacokinetic (PBPK) models

are available to support route-to-route extrapolation; therefore, no RfC was derived.
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ES.4 EVIDENCE FOR CARCINOGENICITY

Under EPA’s Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005), EPA concluded
there is inadequate information to assess carcinogenic potential for PFHXS by either the oral or

inhalation routes of exposure. This conclusion is based on the lack of adequate data to inform the
potential carcinogenicity of PFHxS in the database. This precludes the derivation of quantitative
estimates for either oral (oral slope factor [OSF]) or inhalation (inhalation unit risk [I[UR])

exposure.

This document is a draft for review purposes only and does not constitute Agency policy.

Xvii DRAFT—DO NOT CITE OR QUOTE


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6324329

O 00 N O Ul A W N P

e S T S S S g S
o U1 W N R O

17
18
19
20
21
22

23
24
25
26
27

Toxicological Review of Perfluorohexanesulfonic Acid and Related Salts

1. OVERVIEW OF BACKGROUND INFORMATION
AND ASSESSMENT METHODS

A series of five PFAS assessments (Perfluorohexanesulfonic acid [PFHxS],
perfluorohexanoic acid [PFHxA], perfluorobutanoic acid [PFBA], perfluorononanoic acid [PFNA],

perfluorodecanoic acid [PFDA], and their associated salts; see December 2018 IRIS Qutlook) is

being developed by the Integrated Risk Information System (IRIS) Program at the request of the
U.S. Environmental Protection Agency (EPA) national programs and regions. Appendix A is the
systematic review protocol for these five PFAS assessments. The protocol outlines the scoping and
problem-formulation efforts relating to these assessments, including a summary of other federal
and state reference values for PFHxS. The protocol also lays out the systematic review and dose-
response methods used to conduct this review (see also Section 1.2). This systematic review
protocol was released for public comment in November 2019 and was subsequently updated based
on those public comments. Appendix A includes a link to the updated protocol, including a
summary of the updates in the protocol history section (see Section 12). In addition to these
ongoing IRIS PFAS toxicity assessments, EPA’s Office of Research and Development is carrying out
several other activities related to PFAS, including creation of PFAS systematic evidence maps
(SEMs) and consolidating and updating PFAS data on chemical and physical properties, human
health toxicity, and pharmacokinetics, as well as ecotoxicity.

1.1. BACKGROUND INFORMATION ON PERFLUOROHEXANESULFONIC
ACID (PFHxS)

Section 1.1 provides a brief overview of aspects of the physicochemical properties, human
exposure, and environmental fate characteristics of perfluorohexanesulfonic acid (PFHxS; CASRN
335-46-4), and its related salts that might provide useful context for this assessment. This overview
is not intended to provide a comprehensive description of the available information on these topics.
The reader is encouraged to refer to the source materials cited below, more recent publications on

these topics, and authoritative reviews or assessments focused on these topics.

1.1.1. Physical and Chemical Properties

PFHxXS and its related salts such as potasium, sodium, and ammonium PFHxS salts covered
in this assessment are members of the group per- and polyfluoroalkyl substances (PFAS). Buck et
al. (2011) defines PFAS as fluorinated substances that “contain 1 or more C atoms on which all the
H substituents (present in the nonfluorinated analogues from which they are notionally derived)

have been replaced by F atoms, in such a manner that they contain the perfluoroalkyl moiety
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CnF2n+1-).” More specifically, PFHxS is classified as a perfluoroalkane sulfonic acid [PFSA; (OECD,
2015)]. PFSAs containing six or more perfluorinated carbons are considered long-chain PFASs
(ATSDR, 2018b; OECD, 2015; Buck et al., 2011). Thus, PFHxS is a long-chain PFAS. The chemical

structures of PFHxS? and its related salts are presented in Figure 1-1. The physical-chemical

properties of PFHxS and related salts are provided in Table 1-1.

Figure 1-1. Chemical structure of PFHxS and related salts (see
https://comptox.epa.gov/dashboard/). X represents the cations for potassium
(CASRN 3871-99-6), sodium (CASRN 82382-12-5), and ammonium (CASRN
68259-08-5).

2 While this figure shows the linear chemical structures, the assessment may also apply to other non-linear
isomers of PFHXS and related salts as described in the Executive Summary.
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Table 1-1. Physical-chemical properties of PFHxS and related salts=2

Value
PFHxS PFHxS PFHxS
PFHxS Potassium salt Ammonium salt Sodium salt
Property (unit) 355-46-4° 3871-99-6¢ 68259-08-5°¢ 82382-12-5°¢
Molecular weight (g/mol) 400 438 417c* 422%
Melting point (°C) 190 273 111%* 217*
Boiling point (°C) 246 303* 228 * 238*
Density (g/cm3) 1.84% 1.84% 1.84% 1.84%*
Vapor pressure (mm Hg) 8.10x 10° 8.19 x 1079* 8.19 x 1079* 8.19 x 1079*
Henry’s law constant 1.94 x 10710% 1.94 x 10710% 1.94 x 10710% 1.94 x 10710%
(atm-m3/mol)
Water solubility (mol/L) 6.08 x 104 3.52 x 1072* 6.10 x 1074* 7.03 x 10-2*
pKa 0.14* ND ND ND
LogP 2.20d 2.71% 3.48 * 2.91*
Soil adsorption coefficient (L/kg) 2,300%* 2,300* 2,300%* 2,300*
Bioconcentration factor (BCF) 175* 271* 271* 5.94*

0 N O U1 b WN B

2This information is provided as part of a general overview providing background context only and should not be
used for decision purposes. Up-to-date primary references should be consulted.

bCompTox Chemicals Dashboard (U.S. EPA, 2018a) for all values except pKa. The value of pKa was obtained from
ECHA: https://echa.europa.eu/documents/10162/1f48372e-97dd-db9f-4335-8cec7ae55eee. Questions and
corrections to the CompTox Chemicals Dashboard can be submitted at: https://comptox.epa.gov/dashboard/.

¢(U.S. EPA, 2018a). Questions and corrections to the CompTox Chemicals Dashboard can be submitted at:
https://comptox.epa.gov/dashboard/.

4As of April 2023 these values are indicated as ‘experimental’ in the CompTox Chemicals Dashboard (U.S. EPA,
2018a); however, they appear to be predicted values based on the citations provided, and therefore may be more
uncertain. Note that these values are not used for dosimetric extrapolation in this assessment, which was based
on available empirical pharmacokinetic data (see Section 3.1.7).

*Average predicted value. These values are more uncertain and, in general, less reliable than experimental values.

ND= No data

1.1.2. Sources, Production, and Use

PFAS are not naturally occurring in the environment (ATSDR, 2018a). They are man-made
compounds that have been used widely over the past several decades in consumer products and
industrial applications because of their resistance to heat, oil, stains, grease, and water. PFHxS has
been used as a surfactant to make fluoropolymers, and in water- and stain-protective coatings for

carpets, paper, packaging, and textiles (Norwegian Environment Agency, 2018; NTP, 2018c). It may

also be present in certain industrial and consumer products, such as electronics, industrial fluids,
“food-contact papers, water-proofing agents, cleaning and polishing products either for intentional

uses (as surfactants or surface protection agents) or as unintentional impurities from industrial

This document is a draft for review purposes only and does not constitute Agency policy.

1-3 DRAFT—DO NOT CITE OR QUOTE


https://comptox.epa.gov/dashboard/
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4575224
https://echa.europa.eu/documents/10162/1f48372e-97dd-db9f-4335-8cec7ae55eee
https://comptox.epa.gov/dashboard/
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4575224
https://comptox.epa.gov/dashboard/
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4575224
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4575224
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5099057
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4774673
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4309557

O 00 N OO Ul A WIN P

R R R R R R R R R R
O 00 N O U1 D WN R O

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Toxicological Review of Perfluorohexanesulfonic Acid and Related Salts

production processes” (Norwegian Environment Agency, 2018). It has also been used in aqueous

film-forming foam (AFFF) for fire suppression (Laitinen et al., 2014).

EPA has been working with companies in the fluorochemical industry since the early 2000s
to phase out the production and use of long-chain PFAS such as PFHxS

(https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-and-

polyfluoroalkyl-substances-pfass). However, in addition to the environmental persistence of PFHxS

(see below), products containing PFHxS are still in use and may be imported into the United States;
thus, there may continue to be a source of environmental contamination due to disposal or

breakdown in the environment (Kim and Kannan, 2007).

No chemical reporting data on production volume are available in EPA’s ChemView (U.S.
EPA, 2019a) for PFHxS or its salts. As part of the National Defense Authorization Act for Fiscal Year
2020 (see Section 7321), 172 per- and polyfluoroalkyl substances including PFHxS were added to

the EPA’s Toxic Release Inventory (TRI) list (https://www.epa.gov/toxics-release-inventory-tri-

program/tri-listed-chemicals). The reporting requirements apply to a de minimus limit of 1% and a

manufacture, process, or otherwise use threshold of 100 Ibs. Currently, there is incomplete
quantitative information available in EPA’s Toxic Release Inventory or other informational
repositories regarding PFHxS releases to the environment from facilities that manufacture, process,
use imported/previously manufactured products that contain, or dispose of imported/previously

manufactured products containing PFHXS.

1.1.3. Environmental Fate and Transport

PFAS, including PFHXS, are very stable and persistent in the environment (ATSDR, 2018a;

Harbison et al., 2015), and many are found worldwide in the environment, wildlife, and humans

(https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-and-

polyfluoroalkyl-substances-pfass). Long-chain PFAS have been found at sites, including private and

federal facilities, and have been associated with various sources, including AFFF for fire
suppression, and PFAS manufacturers and industries that use PFAS (e.g., textiles) (ATSDR, 2018a).
Various long chain PFAS have estimated half-lives of 2 to 9 years in humans (ATSDR, 2018a).

However, using an average volume of distribution of 255 mL/kg estimated from nonhuman primate

data (see Table 3-1) and weighted geometric mean clearance of 0.031 mL/kg-day in humans (see
Table 3-4), the half-life of PFHxS in humans is estimated by the EPA to be 15.6 years.
PFAS that are released to air exist in the vapor phase in the atmosphere and resist

photolysis, but particle-bound concentrations have also been measured (Kim and Kannan, 2007).

In soil, the mobility of PFHxS depends on the soil adsorption coefficients (see Table 1-1).
Volatilization of PFHxS from moist soil is not expected to be an important transport process (NLM,
2017, 2016, 2013). Furthermore, PFHxS is expected to adsorb to suspended solids and sediments in
water (NLM, 2017, 2016, 2013).
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1.1.4. Potential for Human Exposure and Populations with Potentially Greater Exposure

The general population may be exposed to PFAS via inhalation of indoor or outdoor air,

ingestion of drinking water and food, and dermal contact with PFAS-containing products (ATSDR

2018a; NLM, 2017, 2013). Exposure may also occur via hand-to-mouth transfer of materials

containing these compounds (ATSDR, 2018a). However, the oral route of exposure has been
considered the most important route of exposure among the general population. This conclusion is
based on several studies that have investigated the various routes of PFAS exposure (Sunderland et
al.,, 2019).

The presence of PFHxS in human blood provides evidence of exposure among the general

population. PFHxS has been monitored in the human population as part of the National Health and
Nutrition Examination Survey (NHANES). PFHxS was measured in serum samples collected in
2013-2014 from more than 2,000 survey participants (CDC, 2022). The results of these analyses

are presented in Table 1-2.

Table 1-2. Serum PFHXS concentrations based on NHANES 2013-2014

data (pg/L)
Population group?® Value

Total Population (N = 2,168)

geometric mean 1.35

50th percentile 1.40

95th percentile 5.60
3to5yrs (N=181)

geometric mean 0.715

50th percentile 0.740

95th percentile 1.62
6 to 11 yrs (N = 458)

Geometric mean 0.913

50th percentile 0.850

95th percentile 414
12 to 19 yrs (N = 402)

Geometric mean 1.27

50th percentile 1.10

95th percentile 6.30
20 yrs and older (N = 1,766)

Geometric mean 1.36

50th percentile 1.40

95th percentile 5.50

aThis table provides only general context on serum PFHXS levels from a single study and within a narrow time-
period (environmental PFHXS levels are changing over time). Note that PFHxS is expected to bioaccumulate over a
lifetime (see Sections 1.1.3 and 3.1). Up-to-date information from authoritative bodies should be used in any
decisional context.

Source: CDC (2022). Fourth National Report on Human Exposure to Environmental Chemicals.
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Air and Dust

PFHxS has not been evaluated under the Air Toxics Screening Assessment

(https://www.epa.gov/AirToxScreen). However, PFHxS was measured at concentrations ranging

from less than the limit of detection to 1.56 pg/m3 in the vapor and particle phases of air samples

collected from an urban area of Albany, New York, in 2006 (Kim and Kannan, 2007).

PFAS, including PFHxS, have also been measured in indoor air and dust and may be
associated with the indoor use of consumer products such as PFAS-treated carpets or other textiles
(ATSDR, 2018a). For example, Kato et al. (2009) analyzed dust samples collected from 39 homes in
the United States, United Kingdom, Germany, and Australia for PFAS, including PFHxS, which was

detected in 79.5% of the samples. Furthermore, indoor air samples (N = 4) from a town in Norway
had PFHxS mean concentrations of <4.1 pg/m3 for PFHXS (Barber et al., 2007).

Water

EPA conducted monitoring for several PFAS in drinking water as part of the third
Unregulated Contaminant Monitoring Rule (UCMR) (U.S. EPA, 2016c). Under the UCMR3, all public
water systems (PWSs) serving more than 10,000 people and a representative sample of 800 PWSs

serving 10,000 or fewer people were monitored for 30 unregulated contaminants between January
2013 and December 2015. PFHxS was among the 30 contaminants monitored and was detected
above the minimum reporting level (MRL) of 0.03 pg/L in 55 of the 4,920 PWSs tested and in 207 of
the 36,971 samples collected. Kim and Kannan (2007) analyzed lake water, rainwater, snow, and
surface water from Albany, New York, and reported concentrations of PFHxS ranging from less than
the LOD to 0.0135 pg/L. PFAS were detected at higher concentrations in groundwater samples from
an industrial site (3M Cottage Grove) in Minnesota. PFHxS was detected in all seven wells that were
sampled at concentrations ranging from 6.47 to 40 pg/L (WS, 2007) as cited in ATSDR (2018b).

Aqueous Film-Forming Foam (AFFF) Training and Military Sites

The levels of PFHxS in soil and sediment surrounding perfluorochemical industrial facilities
has been measured at concentrations ranging from less than the LOD to 3,470 ng/g (ATSDR

2018b). PFHxS was also detected at an Australian training ground where AFFFs had been used
(Baduel et al., 2015). PFHxS was detected at 10 U.S. military sites in 76.9% of the surface soil
samples and 72.7% of sediment samples (ATSDR, 2018b). Table 1-3 shows the concentration of

PFHxS in soil and sediment at these military sites.

Table 1-3. PFHxS levels at 10 military installations

Media Value
Surface Soil
Frequency of detection (%) 76.92
Median (ug/kg) 5.70
Maximum (ug/kg) 1,300
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Media Value

Subsurface Soil

Frequency of detection (%) 59.62

Median (pg/kg) 4.40

Maximum (pg/kg) 520
Sediment

Frequency of detection (%) 72.73

Median (ug/kg) 9.10

Maximum (ug/kg) 2,700
Surface Water

Frequency of detection (%) 88.00

Median (ug/kg) 0.710

Maximum (ug/kg) 815
Groundwater

Frequency of detection (%) 94.93

Median (ug/kg) 0.870

Maximum (ug/kg) 290

Source: Anderson et al. (2016); ATSDR (2018a).

Other Exposures

Schecter et al. (2012) collected 10 samples of 31 food items from five grocery stores in

Texas and analyzed them for persistent organic pollutants, including PFHxS, which was detected in
cod fish at a concentration of 0.07 ng/g wet weight. Stahl et al. (2014) characterized PFAS in

freshwater fish from 164 U.S. urban river sites and 157 Great Lakes sites. PFHxS was detected in
45% of the samples at maximum concentrations of 3.5 ng/g and method detection limit of 0.12
ng/g (Stahl et al., 2014). PFHxS was not detected in U.S. grocery store finfish and shellfish samples
(Ruffle et al., 2020). Apart from fish, overall dietary data for the United States are limited. Data from

other countries (e.g., South Korea, Brazil, Saudi Arabia) suggest that long-chain PFAS such as PFHxS
can sometimes be detected in samples of food products including shellfish, dairy products, meats,
vegetables, food packaging materials, and water (both tap and bottled) (Chen et al., 2018b; Surma
etal, 2017; Heo et al., 2014; Moreta and Tena, 2014; Pérez et al., 2014). The relevance of these
detects (and the associated PFHxS levels) to U.S. products is unknown.

Populations with Potentially Greater Exposures

Populations that may experience exposures greater than those of the general population
may include individuals in occupations that require frequent contact with PFHxS-containing
products, such as individuals who install and treat carpets or firefighters (ATSDR, 2018a). Rotander
etal. (2015a) analyzed serum samples from 149 Australian firefighters at an AFFF training facility.

Mean and median PFHxS concentrations were 10 to 15 times higher than those of the general

population of Australia and Canada. Laitinen et al. (2014) evaluated eight firefighters exposure to

PFHXS after three training sessions in Finland in which AFFF had been used. The authors found that

the firefighters “serum PFHxXS concentrations seemed to increase during the three training sessions
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although it was not the main PFAS used in AFFF.” Populations living near fluorochemical facilities
where environmental contamination has occurred may also be more highly exposed (ATSDR,
2018b).

Populations that rely primarily on seafood for most of their diet, possibly including some

native American tribes (Byrne et al.,, 2017), may also be disproportionately exposed to PFHxS.
Christensen et al. (2017) and Haug et al. (2010) used data on serum PFAS levels and 30-day self-
reported fish and shellfish ingestion rates from NHANES 2007-2014 to explore potential

relationships between PFAS exposures and fish consumption. PFHxS was detected in the serum of

at least 30% of the NHANES participants, and after adjusting for demographic characteristics

shellfish consumption was associated with elevated levels of PFHxS (Christensen et al., 2017).

1.2. SUMMARY OF ASSESSMENT METHODS

The methods used to conduct this systematic review and dose-response analysis are
summarized in the remainder of this section. A more detailed description of the methods for each
step of the assessment development process is provided in the systematic review protocol released
in 2019 (see Appendix A); the literature inventory for PFHXS in the protocol was not updated after
its release (see Section 2.1). The protocol includes additional problem-formulation details,

including the specific aims and key science issues identified for this assessment.

1.2.1. Literature Search and Screening

The detailed search approach, including the query strings and populations, exposures,
comparators, and outcomes (PECO) criteria (see Table 1-4), are provided in Appendix B. The results
of the literature search and screening efforts are documented in Section 2.1. Briefly, a literature
search was first conducted in 2017 and regular yearly updates are performed. The most recent
literate search update that was fully incorporated into the assessment is from April 2022. The
literature from the past year (through March 2023) is in the process of being screened while the
document is undergoing public comment. The results of this literature update and any additional
unscreened studies identified during public comment will be screened against the PECO criteria
and presented in a table that will be included as an Appendix to the assessment. The table will
provide the identified studies that met PECO criteria or certain supplemental evidence categories
(i.e., in vivo mechanistic or MOA studies, including non-PECO routes of exposure and populations;
in vitro and in silico models; and ADME and pharmacokinetic studies) and EPA’s judgment on
whether the studies would have a material impact on the assessment conclusions (i.e., identified
hazards or toxicity values) presented in the public comment draft. The external peer reviewers are
asked to consider EPA’s disposition of these newly identified studies and make recommendations,
as appropriate (see Charge Question 1).

The literature search queried the following databases (no date or language restrictions

were applied):
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e PubMed (National Library of Medicine)

e Web of Science (Thomson Reuters)

e Toxline (National Library of Medicine)

e TSCATS (Toxic Substances Control Act Test Submissions)

In addition, relevant literature not found through database searching was identified by:

o Review of citations in studies meeting the PFHxS PECO criteria or published reviews of
PFHXxS; finalized or publicly available U.S. federal and international assessments (e.g., the
2021 Agency for Toxic Substances and Disease Registry [ATSDR] PFAS toxicity profile).

e Searches of published PFAS Systematic Evidence Maps (SEMs) (Carlson et al., 2022; Pelch et
al., 2022) starting in 2021.

o Review of studies submitted to federal regulatory agencies and brought to the attention of
EPA. For example, studies submitted to EPA by the manufacturers in support of
requirements under the Toxic Substances Control Act (TSCA).

o Identification of studies during literature screening for other EPA PFAS assessments. For
example, epidemiology studies relevant to PFHxS were sometimes identified by searches
focused on one of the other four PFAS currently being assessed by the Integrated Risk
Information System (IRIS) Program.

e Other gray literature (e.g., primary studies not indexed in typical databases, such as
technical reports from government agencies or scientific research groups; unpublished
laboratory studies conducted by industry; or working reports/white papers from research
groups or committees) brought to the attention of EPA.

All literature is tracked in the U.S. EPA Health and Environmental Research Online (HERO)
database (https://heronet.epa.gov/heronet/index.cfm/project/page/project id/2630). The PECO
criteria (see Table 1-4) identify the evidence that addresses the specific aims of the assessment and

to focus the literature screening, including study inclusion/exclusion.

Table 1-4. Populations, exposures, comparators, and outcomes (PECO) criteria

PECO
element Evidence

Populations | Human: Any population and lifestage (occupational or general population, including children and
other sensitive populations). The following study designs will be included: controlled exposure,
cohort, case control, and cross-sectional. (Note: Case reports and case series will be tracked as
potential supplemental material.)

Animal: Nonhuman mammalian animal species (whole organism) of any lifestage (including
preconception, in utero, lactation, peripubertal, and adult stages).
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PECO
element

Evidence

Other: In vitro, in silico, or nonmammalian models of genotoxicity. (Note: Other in vitro, in silico,
or nonmammalian models will be tracked as potential supplemental material.)

Exposures

Human: Studies providing quantitative estimates of PFHxS exposure based on administered dose
or concentration, biomonitoring data (e.g., urine, blood, or other specimens), environmental or
occupational-setting measures (e.g., water levels or air concentrations, residential location
and/or duration, job title, or work title). (Note: Studies that provide qualitative, but not
quantitative, estimates of exposure will be tracked as supplemental material.)

Animal: Oral or inhalation studies including quantified exposure to PFHxS based on administered
dose, dietary level, or concentration. (Note: Nonoral and noninhalation studies will be tracked as
potential supplemental material.) PFHXS mixture studies are included if they employ an
experimental arm that involves exposure to a single PFHxS. (Note: Other PFHXS mixture studies
are tracked as potential supplemental material.)

Studies must address exposure to following: PFHxS (CASRN 355-46-4), PFHXS potassium salt
(CASRN 3871-99-6) or PFHXS ammonium salt (CASRN 68259-08-5).

Comparators

Human: A comparison or reference population exposed to lower levels (or no
exposure/exposure below detection levels) or for shorter periods of time.

Animal: Includes comparisons to historical controls or a concurrent control group that is
unexposed, exposed to vehicle-only or air-only exposures. (Note: Experiments including
exposure to PFHxS across different durations or exposure levels without including one of these
control groups will be tracked as potential supplemental material [e.g., for evaluating key
science issues; Section 2.4 of the protocol].)

Qutcomes

All cancer and noncancer health outcomes. (Note: Other than genotoxicity studies, studies
including only molecular endpoints [e.g., gene or protein changes; receptor binding or
activation] or other nonphenotypic endpoints addressing the potential biological or chemical
progression of events contributing toward toxic effects will be tracked as potential supplemental
material [e.g., for evaluating key science issues; Section 2.4 of the protocol].)

In addition to those studies meeting the PECO criteria and studies excluded as not relevant

to the assessment, studies containing supplemental material potentially relevant to the specific

aims of the assessment were inventoried during the literature screening process. Although these

studies did not meet PECO criteria, they were not excluded. Rather, they were considered for use in

addressing the identified key science issues (see Appendix A, Section 2.4) and other potential

scientific uncertainties identified during assessment development but unanticipated at the time of

protocol posting. Studies categorized as “potentially relevant supplemental material” included the

following:

e Invivo mechanistic or mode of action studies, including nonPECO routes of exposure
(e.g. intraperitoneal injection) and populations (e.g., nonmammalian models)

e Invitro and in silico models
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e Absorption, distribution, metabolism, and excretion (ADME) and pharmacokinetic studies
(excluding models)3
e Exposure assessment or characterization (no health outcome) studies
o Human case reports or case series studies

The literature was screened by two independent reviewers with a process for conflict
resolution, first at the title and abstract level and subsequently the full-text level, using structured

forms in DistillerSR (Evidence Partners; https://distillercer.com/products/distillersr-systematic-

review-software/). Literature inventories for PECO-relevant studies and studies tagged as

“potentially relevant supplemental material” during screening were created to facilitate subsequent

review of individual studies or sets of studies by topic-specific experts.

1.2.2. Evaluation of Individual Studies

The detailed approaches used for the evaluation of epidemiologic and animal toxicological
studies used in the PFHxS assessment are provided in the systematic review protocol (Appendix A,
see Section 6). The general approach for evaluating PECO-relevant health effect studies is the same
for epidemiology and animal toxicological studies, although the specifics of applying the approach
differ; thus, they are described in detail in Appendix A (see Sections 6.2 and 6.3, respectively).
Approaches for study evaluation for mechanistic studies is described in detail in Appendix A (see
Section 6.5).

The key concerns for the review of epidemiology and animal toxicological studies are
potential bias (systematic errors or deviations from the truth related to internal validity that affect
the magnitude or direction of an effect in either direction) and insensitivity (factors that limit the
ability of a study to detect a true effect and can lead to a false negative). For example, any types of
random measurement error that may lead to attenuation of study results (i.e., bias toward the null).
In evaluating individual studies, two or more reviewers independently arrived at judgments
regarding the reliability of the study results (reflected as study confidence determinations; see
below) with regard to each outcome or outcome grouping of interest; thus, different judgments
were possible for different outcomes within the same study. The results of these reviews were
tracked within EPA’s version of the Health Assessment Workplace Collaboration (HAWC). To
develop these judgments, each reviewer assigned a category of good, adequate, deficient (or not
reported, which generally carried the same functional interpretation as deficient), or critically
deficient (listed from best to worst methodological conduct; see Appendix A, Section 6 for
definitions) related to each evaluation domain representing the different characteristics of the

study methods that were evaluated based on the criteria outlined in HAWC.

3Given the known importance of ADME data, this supplemental tagging was used as the starting point for a
separate screening and review of pharmacokinetics data (see Appendix A, Section 9.2 for details).
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Once all evaluation domains were evaluated, the reviewers collectively considered the

identified strengths and limitations to reach a final study confidence classification:

e High confidence: No notable deficiencies or concerns were identified; the potential for bias
is unlikely or minimal, and the study used sensitive methodology.

e Medium confidence: Possible deficiencies or concerns were noted, but the limitations are
unlikely to be of a notable degree or to have a notable impact on the results.

e Low confidence: Deficiencies or concerns were noted, and the potential for bias or
inadequate sensitivity could have a significant impact on the study results or their
interpretation. Low confidence results were given less weight than high or medium
confidence results during evidence synthesis and integration (see Sections 1.2.4 and 1.2.5).

e Uninformative: Serious flaw(s) were identified that make the study results unusable.
Uninformative studies were not considered further, except to highlight possible research

gaps.

Using the HAWC platform (and conflict resolution by an additional reviewer, as needed), the
reviewers reached a consensus judgment regarding each evaluation domain and overall
(confidence) determination. The specific limitations identified during study evaluation were carried
forward to inform the synthesis (see Section 1.2.4) within each body of evidence for a given health

effect (i.e., study confidence determinations were not used to inform judgments in isolation).

Additional Epidemiology Considerations

While the detailed methods for epidemiology study evaluation are described in the
systematic review protocol (see Appendix A, Section 6.2.1), a few considerations have been
developed further; these are described here.

As noted above, study sensitivity is an important consideration given that it could lead to
false negative (i.e., null) results (Type II error) if a study is underpowered or not designed with
adequate sensitivity to detect an association that may exist. A key element for study sensitivity,
along with others described in the systematic review protocol, is whether exposure
contrasts/gradients are sufficient across populations to detect differences in risk. For example, if
measurement error results in inaccurate exposure estimates, this can lead to exposure
misclassification and also influence the ability to detect an association as well as an exposure-
response relationship that may be evident of a biologic gradient.

Confounding across PFAS is a potential source of uncertainty when interpreting the results
of epidemiology studies of individual PFAS (e.g., quantifying the effect of an individual PFAS can
potentially be confounded by other PFAS). For confounding to occur, co-pollutants would have to
be associated with PFAS of interest, associated with the endpoint, and not act as an intermediate in
the causal pathway. One way to begin to assess whether co-exposure is occurring is through

examination of correlations. While some PFAS pairs have correlation coefficients consistently above
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0.6 (e.g., PFNA and PFDA), the correlations for most PFAS, including PFHxS, vary from 0.1 to 0.6
depending on the study (see Appendix A, Section 6). For this reason, it was not considered
appropriate to assume that co-exposure to other PFAS was necessarily an important confounder in
all studies. The potential for confounding across PFAS is incorporated in individual study
evaluations and assessed across studies in evidence synthesis. In most studies, it is difficult to
determine the likelihood of confounding without considering additional information not typically
included in individual study evaluation (e.g., associations of other PFAS with the outcome of
interest and correlation profiles of PFAS within and across studies). In addition, even when this
information is considered or the study authors perform analyses to adjust for other PFAS, it is often
not possible to fully disentangle the associations due to high correlations. This challenge stems
from the potential for amplification bias in which bias can occur following adjustment of highly

correlated PFAS (Weisskopf et al., 2018). Thus, in most studies, there may be some residual

uncertainty about the risk of confounding by other PFAS. A “Good” rating for the confounding
domain is reserved for situations in which there is minimal concern for substantial confounding
across PFAS as well as for other sources of confounding. Examples that would obtain this rating
include results for a PFAS that predominates in a population (such as a contamination event) or
studies that demonstrate robust results following multi-PFAS adjustment (i.e., similar results to
single-PFAS models), which would also indicate minimal concern for amplification bias. Because of
the challenge in evaluating individual studies for confounding across PFAS, this issue is also
assessed across studies during the evidence synthesis phase, as described in the systematic review
protocol (see link in Appendix A, Section 6.2), primarily when there is support for an association
with adverse health effects in the epidemiology evidence (i.e., moderate, or robust evidence in
humans, as described below). Analyses used include comparing results across studies in
populations with different PFAS exposure mixture profiles, considering results of multipollutant
models when available, and examining strength of associations for other correlated PFAS. In
situations for which there is considerable uncertainty regarding the impact of residual confounding
across PFAS, a factor is captured that decreases the overall strength of evidence (see link in
Appendix A, Section 10).

1.2.3. Data Extraction

The detailed data extraction approach is provided in Appendix A, Section 8. Briefly, data
extraction and content management were carried out using HAWC for all health effects for animal
studies and some health effects for epidemiological studies. Data extraction elements collected from
epidemiological, controlled human exposure, animal toxicological, and in vitro studies are
described in HAWC (https://hawcprd.epa.gov/about/). For epidemiological studies not extracted
in HAWC, extraction was performed into Word tables and the extraction elements depended on
information needed for presentation. Not all studies that meet the PECO criteria went through data
extraction: studies evaluated as being uninformative were not considered further and therefore did

not undergo data extraction, and outcomes determined to be less relevant during PECO refinement
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did not go through data extraction. The same was true for low confidence studies when medium and
high confidence studies (e.g., on an outcome) were available. All findings are considered for
extraction, regardless of the statistical significance of their findings. The level of extraction for
specific outcomes within a study may differ (i.e., ranging from a narrative to full extraction of
dose-response effect size information). For quality control, data extraction was performed by one
member of the evaluation team and independently verified by at least one other member.
Discrepancies in data extraction were resolved by discussion or consultation within the evaluation

team.

1.2.4. Evidence Synthesis and Integration

For the purposes of this assessment, evidence synthesis and integration are considered
distinct but related processes (see Appendix A, Sections 9 and 10 for full details). For each assessed
health effect, the evidence syntheses provide a summary discussion of each body of evidence
considered in the review that directly informs the integration across evidence to draw an overall
judgment for each health effect. The available human and animal evidence pertaining to the
potential health effects are synthesized separately, with each synthesis providing a summary
discussion of the available evidence that addresses considerations regarding causation that are
adapted from Hill (1965). Mechanistic evidence is also synthesized as necessary to help inform key
decisions regarding the human and animal evidence; processes for synthesizing mechanistic
information are covered in detail in Appendix A, Section 9.2.

The syntheses of the human and animal health effects evidence focus on describing aspects
of the evidence that best inform causal interpretations, including the exposure context examined in
the sets of studies. The evidence synthesis is based primarily on studies of high and medium
confidence. Low confidence studies could be used if few or no studies with higher confidence are
available to help evaluate consistency, or if the study designs of the low confidence studies address
notable uncertainties in the set of high or medium confidence studies on a given health effect. If low
confidence studies are used, a careful examination of the study evaluation and sensitivity with
potential effects on the evidence synthesis conclusions will be included in the narrative. When
possible, results across studies are compared using graphs and charts or other data visualization
strategies. The synthesis of mechanistic information informs the integration of health effects
evidence for both hazard identification (e.g., biological plausibility or coherence of the available
human or animal evidence; inferences regarding human relevance, or the identification of
susceptible populations and lifestages across the human and animal evidence) and dose-response
evaluation (e.g., selection of benchmark response levels, selection of uncertainty factors).
Evaluations of mechanistic information typically differ from evaluations of phenotypic evidence
(e.g., from routine toxicological studies) primarily because mechanistic data evaluations consider
the support for and involvement of specific events or sets of events within the context of a broader

research question (e.g., support for a hypothesized mode of action; consistency with known
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biological processes), rather than evaluations of individual apical endpoints considered in relative
isolation.

Following the synthesis of human and animal health effects data and mechanistic data,
integrated judgments are drawn across all lines of evidence for each assessed health effect. During
evidence integration, a structured and documented two-step process is used, as follows:

Building from the separate syntheses of the human and animal evidence, the strength of the
evidence from the available human and animal health effect studies are summarized in parallel, but
separately, using a structured evaluation of an adapted set of considerations first introduced by Sir
Bradford Hill (Hill, 1965). This process is similar to that used by the Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) (Morgan et al., 2016; Guyatt et al., 2011;

Schiinemann et al., 2011), which arrives at an overall integration conclusion based on consideration

of the body of evidence. These summaries incorporate the relevant mechanistic evidence (or mode
of action [MOA] understanding) that informs the biological plausibility and coherence within the
available human or animal health effect studies. The terms associated with the different strength of
evidence judgments within evidence streams are robust, moderate, slight, indeterminate, and
compelling evidence of no effect.

The animal, human, and mechanistic evidence judgments are then combined to draw an
overall judgment that incorporates inferences across evidence streams. Specifically, the inferences
considered during this integration include the human relevance of the animal and mechanistic
evidence, coherence across the separate bodies of evidence, and other important information
(e.g., judgments regarding susceptibility). Note that without evidence to the contrary, the human
relevance of animal findings is assumed. The final output is a summary judgment of the evidence
base for each potential human health effect across evidence streams. The terms associated with
these summary judgments are evidence demonstrates, evidence indicates (likely), evidence suggests,
evidence inadequate, and strong evidence of no effect. The decision points within the structured
evidence integration process are summarized in an evidence profile table for each considered
health effect.

As discussed in the protocol (see Appendix A), the methods for evaluating the potential
carcinogenicity of PFAS follow processes laid out in the EPA cancer guidelines (U.S. EPA, 2005);

however, for PFHxS, data relevant to cancer were sparse and did not allow for such an evaluation
(see Appendix A, Section 3.3).

1.2.5. Dose-Response Analysis

The details for the dose-response employed in this assessment can be found in Appendix A,
Section 11. Briefly, a dose response assessment was performed for noncancer health hazards,
following exposure to PFHxS via the oral route, as supported by existing data. For oral noncancer
hazards, oral reference doses (RfDs) are derived when possible. An RfD is an estimate, with
uncertainty spanning perhaps an order of magnitude, of an exposure to the human population

(including susceptible subgroups) that is likely to be without an appreciable risk of deleterious
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health effects over a lifetime (U.S. EPA, 2002). The derivation of reference value like the RfD

depends on the nature of the health hazard conclusions drawn during evidence integration. For

noncancer outcomes, a dose response assessment was conducted for evidence integration
conclusions of evidence demonstrates or evidence indicates (likely). In general, toxicity values
are not developed for noncancer hazards with evidence suggests conclusions (see Appendix A,
Section 10.2 for exceptions). Consistent with EPA practice, the PFHxS assessment applied a twostep
approach for dose response assessment that distinguishes analysis of the dose response data in the
range of observation from any inferences about responses at lower environmentally relevant
exposure levels (U.S. EPA, 2012, 2005):

e Within the observed dose range, the preferred approach was to use dose-response
modeling to incorporate as much of the dataset as possible into the analysis. This modeling
to derive a point of departure (POD) ideally includes an exposure level near the lower end
of the range of observation, without significant extrapolation to lower exposure levels.

e Asderivation of cancer risk estimates and reference values nearly always involves
extrapolation to exposures lower than the POD; the approaches to be applied in these
assessments are described in more detail in Appendix A, Section 11.2.

When sufficient and appropriate human and laboratory animal data are available for the
same outcome, human data are generally preferred for the dose-response assessment because use
of human data eliminates the need to perform interspecies extrapolations. For reference values,
this assessment will derive a candidate value from each suitable dataset. Evaluation of these
candidate values will yield a single organ/system-specific value for each organ/system under
consideration from which a single overall reference value will be selected to cover all health
outcomes across all organs/systems. While this overall reference value represents the focus of
these dose-response assessments, the organ/system-specific values can be useful for subsequent
cumulative risk assessments that consider the combined effect of multiple PFAS (or other agents)
acting at a common organ/system. For noncancer toxicity values, uncertainties in these estimates
are characterized and discussed.

For dose-response purposes, EPA has developed a standard set of models

(http://www.epa.gov/bmds) that can be applied to typical datasets, including those that are
nonlinear. In situations for which there are alternative models with significant biological support
(e.g., pharmacodynamic models), those models are included as alternatives in the assessment(s)
along with a discussion of the models strengths and uncertainties. EPA has developed guidance on
modeling dose-response data, assessing model fit, selecting suitable models, and reporting
modeling results [see the EPA Benchmark Dose Technical Guidance (U.S. EPA, 2012)]. For each

modeled response, a POD from the observed data was estimated to mark the beginning of

extrapolation to lower doses. The POD is an estimated dose (expressed in human-equivalent terms)

near the lower end of the observed range without significant extrapolation to lower doses. The POD
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is used as the starting point for subsequent extrapolations and analyses. For noncancer effects, the
POD is used in calculating the RfD.
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2. LITERATURE SEARCH AND STUDY EVALUATION
RESULTS

2.1. LITERATURE SEARCH AND SCREENING RESULTS

The database searches yielded 4,432 records, of these records 162 were identified from

additional sources, such as posted National Toxicology Program (NTP) study tables and during

review of reference lists from other authoritative sources (ATSDR, 2018b) (see Figure 2-1). No
studies were submitted to EPA. After deduplication, 1,935 unique records were identified, 862 were
excluded during title and abstract screening, and 806 were reviewed at the full text level. Of the 806
screened at the full text level, 446 were considered to meet the populations, exposures,
comparators, and outcomes (PECO) eligibility criteria (see Table 1-4). The studies meeting PECO at
the full text level included 415 epidemiologic studies and 20 animal studies. High throughput
screening data on perfluorohexane sulfonate (PFHxS) are currently available from the EPA’s

Chemicals Dashboard (U.S. EPA, 2019b) and relevant information is presented and analyzed in

Appendix D (see Section 3).
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Figure 2-1. Literature search for perfluorohexanesulfonic acid and related
salts.

2.2. STUDY EVALUATION RESULTS

One hundred seventeen epidemiologic studies were identified that met the PECO criteria
and report on the potential association between PFHxS and human health effects. The database of
animal toxicity studies for PFHXS consists of two short-term oral exposure studies using rats (NTP,
2018a; 3M, 2000a), one subchronic study using mice (Bijland et al., 2011), and three
multigenerational studies using rats or mice (Ramhgj et al., 2020; Chang et al., 2018; Ramhgj et al.,
2018; Butenhoff et al., 2009; 3M, 2003).
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Graphical representations of outcome-specific study evaluations are presented and
discussed within the hazard sections (see Sections 3.2.1-3.3.1). In cases for which a study was rated
medium or low confidence for one or more of the evaluated outcomes, the specific limitations are
explained in the synthesis section(s). Detailed rationales for each domain and overall confidence

rating are available in Health Assessment Workspace Collaborative (HAWC).
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3. PHARMACOKINETICS, EVIDENCE SYNTHESIS,
AND INTEGRATION

3.1. PHARMACOKINETICS

The following sections review the scientific evidence for the absorption, distribution,
metabolism, and excretion (ADME) of perfluorohexane sulfuric acid (PFHxS). In general, the
evidence described below demonstrates that PFHxS has ADME characteristics of comparable with
other perfluoroalkyl acids (PFAA) that are readily absorbed in the gastrointestinal tract following

oral exposure irrespective of sex or species.

Multiple PFHXS isomers have been identified. Benskin et al. (2009) found evidence of three
PFHxS isomers as minor fractions in a PFOS standard generated using electrochemical fluorination.
They identified the most prevalent of these as the linear isomer (n-PFHxS), and the two others as
branched isomers. The branched isomers were present as a small fraction relative to the linear
isomer* but were a majority of the PFHxS found in urine 3 days after dosing, as branched isomers
are eliminated more quickly than n-PFHxS. By day 38 the branched isomers, but not n-PFHxS, were
essentially absent in blood (Benskin et al., 2009). Some pharmacokinetic studies specifically

identified the isomer used (e.g., Sundstrom et al. (2012) used the linear isomer), but others did not.

Results from other studies based on measured PFHxS concentrations in blood were therefore
assumed to represent n-PFHxS unless otherwise specified. The current evidence is too sparse to
draw separate judgments for branched and linear isomers, although this review of PFHxS ADME is
interpreted as primarily focused on evidence for n-PFHxS. While branched PFHxS isomers are likely
to have many similar pharmacokinetic (and pharmacodynamic) properties as n-PFHxS, their
contribution to the summary information below (and the toxicity data in Section 3.2) cannot
currently be specified.

Both animal and human data suggest that PFHxXS has a high affinity for protein binding.
Bischel et al. (2011) measured 99% bound in a solution of bovine serum albumin and Kim et al.
(2018b) estimated less than 0.08% free in rat plasma and 0.03% free in human plasma. Significant

sex differences in urinary excretion have been reported, suggesting hormonal regulation of

transporters involved in renal reuptake (Yang et al., 2009). The PFHxS serum concentrations

reported at the end of the 28-day NTP bioassay (NTP, 2019) were in fact strongly suggestive both of

sex differences and of saturable resorption in the elimination of PFHxS by rats (see Figure 3-1).

While the dose range was greater for female rats (0-50 mg/kg-day) than male rats (0-10 mg/kg-

4 Based on peak height in a representative chromatogram shown in Figure 1 of Benskin et al. (2009),
quantified by digitization of the published plot, the two branched isomers had concentrations of about 8%
and 15% of the linear isomer in the dosing solution.
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day), it is still clear that plasma levels in the males at 10 mg/kg-day (198 mg/L) were three times
higher than the plasma concentration in females given 12 mg/kg-day (64 mg/L) at the end of the
28-day study. This sex difference was clearly reflected by the differences in clearance and half-life
for male and female rats seen in multiple studies, discussed subsequently. The NTP (2019) data also
clearly indicated strong pharmacokinetic nonlinearity (see Figure 3-1). If absorption and clearance
were independent of concentration the plasma concentrations in Figure 3-1 would be

approximately linear with dose. The PK data discussed below also indicated nonlinearity in either

or both the absorption and clearance. In particular, Huang et al. (2019a) estimated clearance levels
1.5 to 2 times higher after a 32 mg/kg dose than after 4 and 16 mg/kg and a decrease in
bioavailability of about 50% between 4 and 32 mg/kg in both male and female rats. However,
because those PK experiments only used a single dose, they may not have achieved plasma
concentrations high enough to demonstrate the extent of the difference in clearance that might be
needed to explain the NTP data.
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Figure 3-1. Observed end-of-study of PFHxS in female and male rats in the NTP
bioassay (NTP, 2019) as a function of dose. The plasma concentrations were
measured one day after the final dose, i.e., day 29. While the two data sets look
similar as shown with their respective dose scales, note that significant saturation
occurs in male rats by a dose of 5 mg/kg-day, where the plasma concentration is
80% of that observed at the highest administered dose, while a dose of about 20
mg/kg-day is needed to achieve the same degree of saturation in females, while the
highest concentration in males is twice that in females. The similarity in shape may
occur because binding of PFHXS to the same transporter determines the
nonlinearity in both sexes.
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Serum binding also appears to limit distribution of PFHxS into other tissues, with the
tissue:blood or plasma ratio reported as less than 0.2 for liver and much lower for all other tissues
(Kim et al., 2016b; Benskin et al., 2009). After the liver, the next highest tissue levels were observed
in kidney, lung, heart, and spleen. Similar to other PFAAs, PFHXS has been presumed to be

metabolically inert, but Sundstrom et al. (2012) only recovered 45%-55% of material between

serum, liver, urine, and feces 96 hours after dosing to Sprague Dawley (SD). The majority (~90%)
of PFHxS was excreted in the urine rather than the feces (Kim et al., 2018b).

A pharmacokinetic (PK) approach was used to extrapolate toxicity points of departure from

animal PFHxS doses and human blood PFHxS levels to a human equivalent (external oral) dose. A
review of the ADME information for rats and humans directly informed the PK approach. Although
no endpoints in mice or monkeys were advanced for dose-response modeling, evaluation of ADME
in those species provided a broader context for interpreting the results in rats and humans. For
example, to what extent might significant differences between PK in male and female rats be
predictive of possible sex differences in humans? Differences or similarities between rats and
monkeys can likewise be indicative of the comparison between rats and humans.

Two key parameters determined were clearance (CL; L/kg-day) and volume of distribution
(Vd; L/kg). For convenience, the following analysis of published data used units of mL/kg-day.
Options for PBPK, and PK modeling were evaluated (see Section 3.1.5). That evaluation informed
the specific choice for dose extrapolation, described in Approach for Animal Human Extrapolation
of PFHxS Dosimetry in Section 3.1.7), while the literature used to support the selection of the PK
parameters and rationale for the approach used are discussed in the relevant Pharmacokinetics

sections below.

3.1.1. Absorption

For the most part, PFHxS data showed near complete absorption after oral dosing. Kim et al.
(2016b) estimated total AUC in blood (AUCo-) that was greater after oral compared with IV doses
(4 mg/kg PFHxS) in both male and female rats. This result is counter to general pharmacokinetic
understanding, which assumes that the oral AUC will be lower than the IV AUC due to incomplete
absorption in the gastrointestinal tract. These results may have been an artifact of experimental
variability and the PK analysis used but they indicated complete absorption. Kim et al. (2018b) then

estimated ~90% absorption in female SD rats (92% and 88% absorption at 1 and 4 mg/kg doses,
respectively) and 96% in male SD rats (10 mg/kg dose) based on observations to 14 days
postexposure. While Sundstrém et al. (2012) showed results indicating only 50% oral uptake in SD

rats, this was based on only two animals for the oral PK and observations only to 24-hour post dose,
so are more uncertain. Huang et al. (2019a) estimated a decline in the fraction of PFHXS absorbed
with increasing dose in rats: 98%, 82%, and 52% absorbed in males and apparent values of 142%,
112%, and 71% in females at respective doses of 4, 16, and 32 mg/kg. As noted above, reduced

absorption at higher doses would explain in part the observed dose-dependence seen in Figure 3-1.
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While the results discussed above indicate a decrease in bioavailability at higher doses,
pharmacokinetic extrapolation from animals to humans is focused on low doses for which most of
the available data indicated complete absorption, if not greater bioavailability after oral exposure
than IV dosing. A more comprehensive computational analysis of the PK data was conducted (see
Section 3.1.6), including consideration of less than 100% bioavailability; however, that analysis was
unable to resolve the uncertainty in bioavailability. Therefore, 100% bioavailability was assumed
for the purpose of low-dose extrapolation from rats to humans.

The rate of absorption appeared to be more rapid in female rats than in males. Kim et al.
(2016b) reported a Tmax- of 1.4-1.5 hours (0.06 days) in female rats, but 3 days in male rats and Kim
etal. (2018b) likewise reported 1.4 hours in females and 3.1 days in males. However, this difference
in timing may also be confounded by the much slower clearance in male versus female rats (see

below). Huang et al. (2019a) obtained a Tmax- of 2-3 hours in female rats and 5-7 hours in male rats,

with a decreasing trend as dose increased. Transporter-mediated processes and protein binding
may have caused dose-dependence of Tmax for PFHxS, but the differences in Tmax between dose
groups was not reported as statistically significant by Huang et al. (2019a) and the range of values

for each sex was not large enough to be of consequence for dose extrapolation.
While these results indicated somewhat slower absorption in male than female rats, it is
only by a factor of 2 or 3 (Huang et al., 2019a). Sundstrém et al. (2012) observed a Tmax of only 0.5

hours in female SD rats and could not estimate a value for male rats due to the short 24-hour

window of observation. The cause for the discrepancy from other studies discussed just above was
unclear. Plotted data indicated very rapid initial absorption in both males and females (Kim et al.

2018b; Kim et al., 2016b) and by definition peak concentration occurs when the rate of clearance
equals the rate of absorption (which decreases as the remaining dose in the gastrointestinal tract
declines). So, it may simply be that it took longer for the absorption rate to fall below the slow
clearance rate of PFHXS in male rats than female rats.

In male CD-1 mice Sundstrom et al. (2012) the observed Tmax was 8 hours at a dose of 1

mg/kg and 4 hours at a dose of 20 mg/kg, while Tmax was 2 days in females at 1 mg/kg, but only 4
hours in female mice at 20 mg/kg. Thus, the predominant results indicated that the majority of
absorption occurs in less than 8 hours in mice, consistent with uptake being in the range of 90% or
higher. [t was unclear why Tmax was lower at the higher doses in both males and females. No specific
methodological flaws were identified, but the exact value of Tmax from an experiment depends on
the timing of blood samples (experimental design) and can be affected by experimental variability.
Serum concentrations were measured starting at 2 hours and it is possible that the value of “2” for
female mice dosed with 1 mg/kg PFHxS was actually 2 hours, rather than 2 days. While
bioavailability was not measured in primates, it is reasonable to assume that uptake in monkeys
and humans is likewise fairly efficient.

A study on the toxicological response upon dermal exposure to a technical mixture

containing PFHxS showed the presence of PFHxS in serum during the 28-day dosing period and
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after a 14-day recovery period (3M, 2004). Male and female rats were exposed to the product as a

liquid on cotton gauze or as a solid dried onto cotton gauze. PFHxS from both the liquid and dried
product entered systemic circulation through the skin as determined by measurements of serum
PFHXS levels. Male rats showed higher PFHXS serum levels compared with female rats, which was
likely an effect of differential excretion, rather than differential absorption. Male rats showed a
clear accumulation of PFHxS in serum over the duration of the 28-day dosing period and levels
appeared to decrease during the recovery period in the group exposed to the dried formulation.
Male rats exposed to the liquid formulation had peak levels observed after the recovery period. In
female rats, peak concentrations were seen after 14 days of exposure and lower levels were seen
after 28 days of exposure. Levels were lower still after the recovery period. These data suggested a
concern for dermal exposure to PFHXS in both liquid and dried formulations, but further research is
needed to quantify rates of absorption, the resulting relationship between external and internal
dose, and the extrapolation of this information to human exposure.

No data on absorption of PFHxS through the respiratory tract has been found.

There is no direct quantification of oral absorption of PFHxS in humans. However, an
epidemiological study by Stubleski et al. (2016) identified a qualitative association between PFHxS

concentrations in human serum and concentrations in drinking water. Specifically, a 54% increase
in serum levels was observed during the observation period after a large contamination event, but
serum levels only declined 20% after an intervention that decreased drinking water levels by 60%.
The lack of exact correlation may have been due to the timing of sampling versus the contamination
event, as well as to the long half-life of PFHxS in humans.

Given the generally high absorption reported in rats (e.g., 90% for female rats and 96% for
male rats) by Kim et al. (2018b), humans will be assumed to absorb 100% of ingested PFHxS, which

is slightly more health protective compared with assuming 90%-96%.

3.1.2. Distribution

While PFHxS was found at some level in all tissues evaluated, the largest amounts have been
in the liver, followed by the kidneys and lung, with much lower levels in other tissues. For example,
Benskin et al. (2009) reported tissue:blood ratios in male rats on day 3 of dosing at 0.03 mg/kg as

being 17% for liver, 10% for lungs, 5% for heart and kidney, with other tissues being 4% or lower.

Kim et al. (2016b) measured ratios after 72 days in male and 14 days in female rats from 4 mg/kg

doses and obtained ratios of 17% and 11% for male and female liver, respectively; 13% and 8% for
kidney; 5% and 4% for heart; 4% and 3% for lung (each for males and females, respectively); and

2% for spleen in both sexes. This distribution appears to be fairly rapid compared with the overall

time-course in blood: Huang et al. (2019a) showed essentially constant tissue:plasma ratios in
female rat liver and kidney from day 0 to day 8 and in the male rat kidney from 0 to 50 days after a
16 mg/kg dose. Interestingly, the ratio in the male rat liver quickly rose to 50%-60% but then
gradually increased to over 80% on day 50 (Huang et al., 2019a). This time-dependence may have

been due to slower clearance from the male rat liver than the blood and other tissues which may
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confound interpretation of PK data. If the percent distribution to the liver (relative to plasma)
increased over time, then the observed decline in plasma concentrations was not proportional to
whole-body elimination.

The order of tissue concentrations was observed to be the same in mice as in rats, but with
the mouse liver having 25%-40% of serum levels and the kidney ~10% (Sundstrém et al., 2012).

However, measurements of PFAS levels in human cadavers indicated a different ordering of

concentration, with highest levels in kidney (median 18 ng/g), followed by lung (median 5.7 ng/g),

then brain, liver, and bone (2.3, 1.8, and 1.2 ng/g, respectively) (Pérez et al., 2013). These human
results should be interpreted with some caution since they do not provide ratios from matched
samples and the specific method of collecting tissues likely differed to some extent (details on the
human tissue collection are not available). But the difference between kidney and liver may be large
enough to suggest a difference between human and rodent PFHxXS distribution for these tissues.

Karrman et al. (2010) also examined postmortem liver concentrations in 12 human samples
and compared those to serum concentrations previously observed in the region. This comparison is
severely limited as the serum and liver samples were sourced from different individuals.

Yeung et al. (2013) evaluated PFHxS concentrations in liver versus serum of humans with

hepatocellular carcinoma (HCC) or cirrhosis due to chronic hepatitis C virus (HCV). In these
patients, the liver concentration was 15% of the serum in HCC patients (n = 11) and 9% of the
serum in HCV patients (n = 32). These results need to be interpreted with caution because of the
disease status, but they indicated somewhat lower distribution into the human liver than observed
in rodents. The authors did not have paired liver and serum from healthy individuals for
comparison. In addition to the evidence of distribution to the brain in cadavers, PFHxS has been
observed in the cerebrospinal fluid of neonates, with a median cerebrospinal fluid: blood serum
ratio of 0.0290 from 2 paired samples (Liu et al., 2022b). Based on evidence from other PFAS in

humans and rats that the authors reviewed, this ratio is expected to be higher in neonates
compared to adults due to ongoing development of the blood-cerebrospinal fluid barrier.
Intracellular concentrations of PFHXS in the brain are expected to be much higher than the
concentration in the cerebrospinal fluid due to interactions between PFHxS and cytoplasmic
proteins.

A recent study evaluated levels of several PFAS, including PFHxS, in human serum as a
function of various measures of body composition as well as localized measurements of adipose
content throughout the body generated by dual-energy X-ray absorptiometry (DXA) and whole-

body magnetic resonance imaging (WB-MRI) (Lind et al., 2022). There was not an association with

traditional measures of body composition, such as body-mass index (BMI). PFHxS was however
inversely related to total lean mass, leg lean mass, subcutaneous adipose tissue in the arms, trunk
and thigh, and skeletal muscle volume in the arms and legs in men but not in women. Given the
minimal distribution of PFHxXS to adipose and muscle tissues described above, one might expect

essentially no effect of the volume of these tissues on serum levels. However, one would predict a
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negative correlation between Vd and body fat, the results in men may be consistent with that
prediction if glomerular filtration increases with body mass or surface area. It is also possible that
the correlation was due to variation in exposure related to body fat or muscle volume that occurs
particularly in males. Matched estimates of exposure from dietary surveys or samples, or matched
measures of urinary clearance (PFAS concentrations in urine) are ultimately needed to determine
whether or not the correlations actually reflect PK variation.

Kang et al. (2020) measured the levels of PFAS in the follicular fluid of women undergoing

oocyte retrieval for in vitro fertilization in relation to their serum levels and observed a median
ratio of 0.84, which is much higher than seen for other various tissues described above. This result
suggested that PFHxS can pass readily through the follicular walls (theca and granulosa cells), and
that binding to proteins in the follicular fluid is similar to that in serum.

Zhao etal. (2015) and Zhao et al. (2017) investigated the role of renal transporters known

to be involved in enterohepatic recirculation of bile acids. Zhao et al. (2015) showed that PFHxS is a

substrate for the human and rat Na*/taurocholate co-transporting polypeptide (NTCP) expressed in
vitro and Zhao et al. (2017) showed that multiple human and rat organic anion transporting

polypeptides (OATPs) likewise transported PFHxS. These active transport processes may
contribute to the relatively high distribution of PFHxS observed in the liver and its long half-life in
rats and humans by limiting biliary excretion. Excretion is also limited by protein binding in the
liver, for example observed in interactions with human liver fatty acid-binding protein (hL-FABP)

(Yang et al., 2020a; Sheng et al., 2016), and in serum, discussed subsequently in the Distribution in

Blood/Proteins section. The impact of serum protein binding on renal clearance is also discussed in
the Excretion section (Section 3.1.4) under the Clearance Versus Glomerular Filtration Rate and

Free Fraction in Serum subsection.

Volume of Distribution

Vd is a pharmacokinetic parameter that quantifies the extent to which a chemical
distributes between the blood and the body as a whole and is effectively an average of tissue-
specific distribution ratios. Vd is key in evaluating internal dose because it quantifies the blood
concentration for a given total amount in the body. See Section 3.1.6, Empirical Pharmacokinetic
Analysis, for details of EPA’s computational analysis. In rats, mean Vd ranged from 123 to 327
mL/kg among studies, doses, and routes of administration, without a clear sex difference (Huang et
al., 2019a; Kim et al., 2018b; Kim et al., 2016b; Sundstréom et al., 2012). Only Sundstrém et al.
(2012) evaluated the Vd in mice at two oral doses, and while the values were approximately 25%

lower in females than in males at a given dose, the value for female mice given 20 mg/kg was
between the values for male mice given 1 versus 20 mg/kg. The overall range of Vd in mice (96-195
mL/kg) strongly overlapped the observed range in rats. The Vd in monkeys was also evaluated by

Sundstrém et al. (2012), though only at a single IV dose (10 mg/kg) and was likewise in the range

reported for rats: 213 mL/kg in female monkeys and 287 mL/kg in male monkeys.
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The fact that reported values of Vd were generally below 300 mL/kg and that most tissue-
specific levels were low compared with blood (see previous section) indicated that PFHxS primarily
distributes with extracellular fluid, with the exception of the liver.

Reported values of Vd are listed in Table 3-1, grouped by species and sex. No data to
determine Vd in humans were found.

The biochemical and physiological factors that determine tissue distribution have been
generally presumed to be evolutionarily conserved among mammalian species, an assumption
which was supported by the overall similarity of values across species seen in Table 3-1. However,
species differences in Vd can occur, especially given that the tissue fraction in the body varies

among species, and as shown by Kim et al. (2018b) the distribution to different tissues varies

several-fold. Since nonhuman primates were expected to be closer to humans in body composition
than rats or mice, the Vd values in human males and females was assumed equal to the values
estimated by Sundstrém et al. (2012) for male and female monkeys, respectively. There is

uncertainty in this assumption, that would be reduced by measurements of the PFHxS Vd in
humans.

A Bayesian PK analysis was conducted that combines data from across studies and doses
listed in Table 3-1 for male and female rats and mice (summary in Section 3.1.6, details provided in
Appendix E). This analysis provided both an overall mean and a credible interval for the Vd for each
of these species and sexes. The analysis for rats was restricted to oral dosimetry data because the
reported PK parameters indicated some discrepancy between the results for IV and oral dosimetry
that were unlikely to be resolved by the empirical modeling approach used here, and the bioassay
results that will be extrapolated using the PK parameters are from oral exposures. Because only [V
route data were available for monkeys, those data were used for that species.
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Table 3-1. Estimated Volume of distribution (Vd) values in rats, mice, and

monkeys
Study Vvd (mL/kg) Notes
Male rats
Sundstrom et al. (2012) 275+ 52 10 mg/kg IV, n = 4, 10 w time-course
269 + 525 4mg/kgIV,n=5,72d
Kim et al. (2016b 278 + 4b

264.4 (255.6-272.6)

4 mg/kgoral,n=5,72d

Kim et al. (2018b

315+23b

10 mg/kg IV, n=5,14d

327 £10°
293.4 (262.9-323.9)

10 mg/kgoral,n=5,14d

Huang et al. (2019a)

224 £ 32¢

4 mg/kg IV, n = 3/time point, 50 d

123 +11d
137.8 (116.2-159.6)

4 mg/kg oral, n = 3/time point, 50 d

137+ 9¢
144.2 (121.1-166.5)

16 mg/kg oral, n = 3/time point, 50 d

192 + 17¢
210.7 (176.9-243.2)

32 mg/kg oral, n = 3/time point, 50 d

Population mean

216.5 (149.2-281.4)

Female rats

278 + 66° 10 mg/kg IV, n =3, 24 h
Sundstrém et al. (2012)

126 + 142 10 mg/kg IV, n=4.10 w

289 + 24b 4mg/kgIV,n=5,14d
Kim et al. (2016b 256 + 18b

286.9 (264.5-309.6)

4 mg/kgoral,n=5,14d

Kim et al. (2018b

196.0(117.2-213.6)

176 + 110 0.5mg/kg IV, n =5, 14 d
191 +7.5b 1mg/kg IV, n=5,14d
130+ 5.5b 4mg/kgIV,n=5,14d
154 + 20b 10 mg/kg IV, n =5, 14d
187 +3.5°

1 mg/kgoral,n=5,14d

159 + 7.8
236.3 (215.5-257.6)

4 mg/kgoral,n=5,14d

Huang et al. (2019a)

144 + 18¢

4 mg/kg IV, n = 3/time point, 22 d

155 + 9d
162.8 (142.9-183.2)

4 mg/kg oral, n = 3/time point, 22 d

186 + 14¢
187.9 (166.5-208.5)

16 mg/kg oral, n = 3/time point, 22 d
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Study vd (mL/kg) Notes

264 + 201

261.9 (231.9-290.2) 32 mg/kg/ oral, n = 3/time point, 22 d

Population mean 224.2 (182.7-266.4)
Male mice
129° 1 mg/kg oral, n = 4/time point, 23 w
Sundstrom et al. (2012)
195P 20 mg/kg oral, n = 4/time point, 23 w
Population mean 154.6 (122.6-185.5)

Female mice

96P 1 mg/kg oral, n = 4/time point, 23 w
Sundstrém et al. (2012)
147> 20 mg/kg oral, n = 4/time point, 23 w
Population mean 123.0(104.5-140.6)

Male monkeys

287 £ 520

Sundstrém et al. (2012) 282.4 (251.9-314.9)

10 mg/kg IV, n=3,171d

Female monkeys

213 + 28
228.5 (204.4-252.5)

Values in italics are the mean (90% credible interval) from the Bayesian analysis described in Appendix E (oral
exposure data).

aV/dSS from two-compartment PK model.

bVd from noncompartmental PK analysis.

¢Sum of central and peripheral compartment volumes obtained with a 2-compartment PK model.

4vd from one-compartment PK model.

Sundstrém et al. (2012) 10 mg/kg IV, n=3,171d
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While Vd in rodents for a number of PFAS have generally been found to be less than 1,000
mL/kg (1 L/kg), reported values do vary considerably. For example, Huang et al. (2019a) reported

respective male and female rat values for total Vd of:

e 170-340 and 170-420 mL/kg for PFBS;
e 300-680 and 220-420 mL/kg for PFOS given doses of 2 mg/kg; but
e 79 and 56 mL/kg for PFOS given a dose of 20 mg/kg

(Dzierlenga et al., 2019) reported respective male and female rat values for total Vd of:

e 300-620 and 223-560 mL/kg for PFHXA;
e 150-200 and 79-340 mL/kg for PFOA; and
e 410-630 and 270-410 mL/kg for PFDA.

In part, these ranges, and differences in reported Vd values between laboratories reflected
both experimental variability and differences in the pharmacokinetic analyses used, which may
have been more or less sensitive to variability in the data. Experimental design, such as the
timepoints selected for measurement and duration of a PK study also impact Vd estimates. But
some of the variability demonstrated here between different PFAS almost certainly represents true
differences in their chemical properties. A comprehensive review of such factors is beyond the
scope of this assessment, but these data indicated that the reported Vd values for PFHxS were well
within the overall range observed for several other PFAS.

The only study to evaluate Vd in humans directly from human data for PFHxXS (vs. using a
value obtained for other PFAS or in other species) was that of Chiu et al. (2022), who applied a one-

compartment PK model in a Bayesian analysis of human serum concentrations matched with
drinking water (DW) concentrations of several PFAS, including PFHxS, from multiple community
studies. The analysis only included adults who were determined unlikely to have occupational
exposure (i.e., for whom DW was likely to be the primary exposure) with corresponding DW
concentrations measured prior to measurement of their serum concentration. The overall approach
and parameter estimation method were considered sound. The value of Vd obtained for PFHxS
(95% CI) was 0.25 (0.15, 0.42) L/kg, which is almost identical to the average of the Vd values

estimated for male and female monkeys (Table 3-1).

Distribution in Blood/Proteins

The low estimated volume of distribution of PFHxS reflects the relatively high amount of the
chemical found in plasma. A major factor in this distribution was attributed to the interaction
between PFHxXS and proteins in plasma, including albumin and transthyretin (Alesio et al., 2022;
Forsthuber et al., 2020; Bischel et al., 2011; Weiss et al., 2009). An investigation of protein binding
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showed that in human plasma PFHxS was 99.98% bound to protein with no sex-specific difference

(Kim et al., 2018b). The same study reported 99.92% binding to protein in male rat plasma and

99.93% binding to protein in female rat plasma (Kim et al., 2018b). Binding to plasma proteins may
also drive the partitioning of PFHxS within blood components for which greater levels of PFHxS

were measured in serum and plasma compared with whole blood. Poothong et al. (2017) found

median ratios of 1.06 between serum and plasma, 1.88 between serum and whole blood, and 1.75

between plasma and whole blood in adult men and women. Hanssen et al. (2013) found a median

ratio of 1.58 between plasma and whole blood in women just after the delivery of a child. Jin et al.
(2016) determined a mass fraction in plasma of 0.87 in adult men and women. Liu et al. (2023)

obtained a similar mean fraction in plasma of 0.84 specifically for n-PFHxS, but higher fractions of

0.9 and 0.93 for two branched isomers.

Fetal Blood and Placenta

Studies of the associations between maternal serum levels and umbilical cord blood levels
of PFHxS demonstrated transfer through the placenta (Kang et al., 2021; Li et al., 2020a; Chen et al.,
2017; Hanssen et al., 2013; Lee et al.,, 2013; Zhang et al., 2013a; Fromme et al., 2010; Monroy et al.,
2008). Lee et al. (2013), Chen etal. (2017), Kang etal. (2021), Li et al. (2020a) and Zhang et al.
(2013a) showed greater concentrations of PFHxS in maternal serum relative to cord serum, a
phenomenon that also has been observed for other PFAS such as PFOA and PFOS (e.g., Li et al.
(2020a)). Lee et al. (2013) analyzed pairwise data to determine a cord serum: maternal serum ratio

0f 0.57 £ 0.29 (mean * SD). Chen et al. (2017) similarly found a geometric mean cord
serum:maternal serum ratio of 0.54. Kang et al. (2021) calculated an arithmetic mean cord

serum:maternal serum ratio of 0.365. Hanssen et al. (2013) observed a median cord:maternal ratio

of 0.53 in plasma and a median cord:maternal ratio of 0.43 in whole blood from pairwise data.

Zhang et al. (2013a) also examined the ratio in whole blood and found a cord:maternal blood ratio

of 0.294. Li et al. (2020a) compared cord: maternal serum ratios from preterm versus full-term

deliveries and reported a median ratio of 0.40 for preterm versus 0.72 for full-term, with the
difference being statistically significant. The authors suggest that this increase in distribution may
be due to placental aging, resulting in a reduced capacity to limit transfer of xenobiotics, though
they also consider simple accumulation with time as a mechanism (Li et al., 2020a). Li et al. (2020a)

also evaluated the role of nine placental transporters, testing for correlation between their
expression and the cord:maternal serum ratio. However, the only significant correlation was with
folate receptor alpha (FRa) in preterm deliveries (i.e., not full term), with a positive correlation
coefficient, indicating that FRa facilitates transfer to the fetus.

In contrast, Monroy et al. (2008) observed cord serum concentrations that were

significantly higher than maternal serum concentrations based on a paired t-test and linear
regression analysis. However, these data were highly censored, with the prevalence of samples

above the level of detection in umbilical cord serum (20%) lower than in maternal serum (45.5%).
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The observed relationship between maternal serum and umbilical cord serum could be an artifact
due to the higher prevalence of umbilical cord samples below the level of detection.

To quantitatively compare the distribution between tissues and maternal blood matrices
among different studies, adjustment were made to correct for the distribution among blood

components. As described above, Poothong et al. (2017) measured a median ratio of 1.88 for

serum: whole blood, 1.75 for plasma: whole blood, and 1.06 for serum: plasma concentrations of
PFHxS. These values were used to adjust subsequent tissue:blood matrix ratios to tissue:serum,
when reported for whole blood or plasma.

Serum and plasma are components of whole blood, with the main other component (by
volume) being red blood cells. Assuming that PFHxS partitions completely into the plasma and not
the red blood cells, a theoretical maximum ratio between the plasma and whole blood was
calculated, that is, as if whole blood is a dilution of plasma with red blood cells. The small additional
volume contribution from other components of whole blood not present in plasma or serum were
assumed to not substantially affect this theoretical ratio. The most common metric for the
composition of whole blood is the hematocrit (Hct), which is the ratio of the volumes of red blood
cells and whole blood. In terms of Hct, the theoretical maximum ratio of plasma:whole blood was
calculated as 1/(1-Hct). The normal range of hematocrit for men is 42-52 % and for women is 37-

48 % (Jordan et al., 1992). Inputting a typical human male Hct of 45% gave a plasma:whole blood

ratio of 1.82. In females, Hct is typically lower, which resulted in a lower estimated maximum
plasma:whole blood ratio. Using the reported plasma:whole blood ratio of 1.7 and a Hct of 45% the
fraction of PFHxS in plasma (Fp) was calculated to be 1.7 x (1-Hct) = 93.5%, which is very high but
consistent with the high level of plasma protein binding described above. The median ratio of 1.88
serum:whole blood reported by Poothong et al. (2017) is greater than the theoretical maximum and

implies a Hct of 246.8%, which is in the normal range for men, but slightly higher than the normal

range for women. The population of Poothong et al. (2017) was approximately 75% women, which

may indicate a deviation from the ideal behavior assumed for the calculation, variation in Hct, or an
experimental error in the measurement of concentrations or in the separation. Partitioning of
PFHxS and other PFAAs between human plasma and blood cells was also investigated by Jin et al.
(2016), who obtained a mean Fp = 91% and report a mean serum:whole blood ratio of 1.6. The
average of serum: blood ratio of 1.6 from Jin et al. (2016) and 1.88 from Poothong et al. (2017) is

1.7. Given Hct = 0.45, this value implies 95.7% of PFHxS is in serum, which is still reasonable.
Therefore, a serum:blood ratio of 1.7 was used to convert tissue partitioning data relative to whole-
blood concentrations to serum-based concentrations below.

The empirical data of Hanssen et al. (2013), although limited by a modest number of

subjects with data over the limit of detection, indicated generally higher serum:whole blood ratios
in cord serum and blood than maternal serum and blood, with ratios for multiple samples
(subjects) reported as 2.2 or higher. This difference can be explained in part by a higher hematocrit

in later gestation and newborns than in adults (mean hematocrit ~51% for gestation week 42 and
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full-term newborns) (Jopling et al., 2009). One study included in Table 3-2 below (Zhang et al.,

2013a) reported concentrations of PFHxS for whole maternal and cord blood, rather than serum

levels. Therefore, the resulting ratios for matched samples (obtained from the supplemental data of
Zhang et al. (2013a)) were adjusted by the ratio 0.55;0.49, that is, (1-Hctadui) /(1-Hctretus) to account
for the expectation that serum:whole blood concentrations will be higher in the fetal cord blood
than in the adult.

With the adjustment noted above, median (mean) values of cord serum:maternal serum

ratios in humans at childbirth were 0.53 on average (see Table 3-2). That the value is roughly 50%
indicated that the placenta may limit transfer of PFHxS from the mother to the fetus, but if
distribution to fetal tissues is increased in proportion to water content of tissue, as discussed
below, then an overall higher concentration in the fetus versus maternal tissue is predicted. There
was not an apparent trend in the ratio related to the maternal sample timing relative to childbirth
(i.e., whether taken before, at, or after childbirth) or the fraction of cord or maternal serum
measurement below the limit of detection, although as described above Li et al. (2020a) reported a
significant increase in the ratio from preterm to full-term deliveries. Examination of the standard

deviation of the mean of medians and mean of means shows that the two values are, on average,
similar, suggesting that the distribution of cord serum:maternal serum ratio is symmetric. However,

it is notable that the reported median value is lower than the mean value in almost every study.

Table 3-2. Measured cord serum: maternal serum ratios

Cord serum: maternal
serum ratio % > LOD
Study Median Mean Cord Maternal Maternal sample timing
Chen et al. (2017) 0.55 0.6 97% 97% Within 3 d prior to delivery
Hanssen et al. (2013) 0.54 0.63 100% 100% 3-5 d after delivery
Kang et al. (2021 0.315 0.365 97% 100% At delivery, exact timing not clear
Kim et al. (2011b 0.65 0.64 100% 100% 20-41st wk of pregnancy, mostly
in 3rd trimester
Lee et al. (2013 0.5 0.57 100% 100% At delivery, exact timing not clear
Liu et al. (2011 0.73 0.95 96% 98% Within 1 wk after delivery
Yang et al. (2016b) 0.35 0.43 100% 100% 1-2 d before delivery
Yang et al. (2016¢)2 0.52 0.63 96% 100% Within 1 wk after delivery
Zhang et al. (2013a) 0.332 0.387 100% 100% Within 1 hr prior to delivery
Li et al. (2020a) preterm 0.40 NR 81% 81% Within 1 wk before delivery
Li et al. (2020a) full-term 0.72 NR 94% 94% Within 1 wk before delivery

This document is a draft for review purposes only and does not constitute Agency policy.

3-15 DRAFT—DO NOT CITE OR QUOTE


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=10074765
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859792
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859792
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859792
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6505874
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859806
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859848
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=9959522
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2919258
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859850
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2919240
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3858535
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3857461
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859792
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6505874
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6505874

O 00 N OO Ul & WIN P

N NN R R R RB R R R R B B
N B O VW NO U WN KL O

23
24
25
26
27
28
29

Toxicological Review of Perfluorohexanesulfonic Acid and Related Salts

Cord serum: maternal
serum ratio % > LOD
Study Median Mean Cord Maternal Maternal sample timing
Overall meanb 0.50+0.14 0.58+0.17

NR = not reported.

2Cord: maternal serum ratios for this study are the ratio of the reported median (mean) values for cord and
maternal serum.

PMean and standard deviation of the set of medians or means.

After correction for the serum:whole blood ratio as described above, comparisons between

maternal serum and placenta were reasonably consistent: Chen et al. (2017) observed median

(mean) placenta:maternal serum = 0.421 (0.429) and applying the serum:whole blood factor of 1.7
to the results of Zhang et al. (2013a) the EPA obtained median (mean) = 0.266 (0.289). Chen et al.
(2017) suggested that the difference between their results and those of Zhang et al. (2013a) was

due to variation in isomeric composition between the two study populations or the greater range in
concentration in the placentas in the study of Zhang et al. (2013a), but with the correction applied

here it appears to be modest. The volume of distribution estimated for PFHxS in female monkeys
was Vd = 0.213 L/kg (Sundstrém et al., 2012), which represents the average of distribution into all

tissues. While the placenta distribution measurements in humans of Chen et al. (2017) and Zhang et
al. (2013a) were 1.5 to 2 times higher than this value for female monkeys, Kim et al. (2018b)

showed greater variability in PFHxS concentrations between specific tissues of rats. Hence, the

reported placenta: serum levels of Chen et al. (2017) and Zhang et al. (2013a) were not outside the

range one would expect for a specific tissue given an overall Vd of 0.213 L/kg, i.e,, if distribution to
adipose and muscle was substantially less than internal organs, as was observed for rats by Kim et
al. (2018b).

As umbilical cord blood followed the same trend as in adult blood, the results from Chen et

al. (2017) and Zhang et al. (2013a) were consistent with a concentration trend of cord

serum > placenta > cord whole blood.

One study that distinguished between isomers of PFHxS found the greatest prevalence of
the linear relative to the branched isomer in cord serum (97% linear), followed by maternal serum
(86% linear) and placenta (77% linear) (Chen et al., 2017).

Distribution in Fetal Tissues and Children
One study provides a relatively unique dataset of PFHxS concentrations in human fetal
tissues obtained from voluntary abortion (gestation week < 12) or after intrauterine fetal death in

the second and third trimester, and in maternal serum collected at these times (Mamsen et al.

2019). However, PFHxS was detected in only 6% of fetal tissues, making it difficult to interpret
these data quantitatively.
Pharmacokinetic modeling of PFOA dosimetry in humans by Goeden et al. (2019) suggested

a reason why observed tissue levels of PFAS in the fetus and young children may have been greater
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than in adults: the greater amount of extracellular water in the tissues of fetuses and children
(Friis-Hansen, 1961) led to a greater distribution of PFAS into these tissues. As noted above, the Vd

values estimated for adult rats, mice, and monkeys are consistent with the assumption of

distribution in body water. The amount of extracellular water in newborns was estimated to be 2.4
times higher than adults (Friis-Hansen, 1961) (see Figure 3-2).

Figure 3-2. Ratio of extracellular water (% of body weight) in children versus
adults. Values (points) were calculated from results in Friis-Hansen (1961) and
plotted at the mid-point for the corresponding age ranges evaluated.

Mamsen et al. (2019) (described briefly above) only detected PFHxXS in 6% of fetal tissue

samples and did not report ratios of fetal tissue to maternal serum for PFHxS. So, while their data

may indicate that average fetal levels are much lower than maternal levels, they cannot be used to
quantify the fetal-maternal relationship. Since PFHxS is amphiphilic, with Vd < 1 in adults, it is not
expected to distribute with or in proportion to body fat and therefore fetal body fat content is not
considered an appropriate predictor of fetal PFHxS distribution. Given the overall lack of data on
fetal distribution of PFHxS, EPA considers any estimate of such distribution to be uncertain. In the
face of this uncertainty, EPA chose the simplest assumption for prediction of fetal body burdens:
that distribution between fetal serum and fetal tissues is the same as the distribution between
serum and tissues in the newborn. The alternative, which would be to assume that there is a
discontinuity (sudden increase or decrease) in the body burden of the offspring at the moment of
birth, would require a more specific assumption about the magnitude and direction of that
discontinuity. Likewise, assuming any other change in Vd over the time of fetal development and
birth would also have no supporting data and therefore involve equal or greater uncertainty. There

are no clear developmental PK data for PFHxS that could be used to guide a choice among these
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alternatives. Hence, EPA simply assumed that the ratio of body water in the newborn versus adults
(2.4) also applies to the fetus.

Since the Vd in a human woman (mother) is assumed to be the same as in monkeys, given
the assumption that Vd in a fetus is 2.4 times higher than an adult, the estimated Vd in a female
fetus relative to fetal serum is 2.4 x 0.213 L/kg = 0.511 L/kg and in a male fetus 2.4 x 0.287
L/kg = 0.689 L/kg. But as described above, the average ratio of PFHxS in cord serum, which is
assumed to be fetal serum, compared with maternal serum was rem = 0.52. Together, these values
and assumptions led to the prediction that relative to maternal serum, the Vd for the fetus as a
whole is 0.52 x 0.511 L/kg = 0.266 L/kg for females and likewise 0.358 L/kg for males, indicating
average fetal tissue concentrations is 25% higher than average maternal tissues for girls and 68%
higher for boys. Hence, the body burden in the newborn can be estimated using the following

equation:

amount of PFHxS in newborn = rem X Cmother X Vdnewborn X BWnewborn, (3-1)

where rem = 0.52 and Vdhewsorn is 0.511 L/Kg for girls and 0.689 L/kg for boys.

The average weight of a newborn is only 5% of maternal body weight (3.4 versus 68 kg), so
while distribution into the male fetus was estimated to be 68% higher than maternal tissues, the
effect on Vd of the mother and fetus together (i.e., total amount in the mother and fetus compared
with maternal serum concentration) was thereby estimated to be less than 3.4% (5% x 68%).
Therefore, the Vd for mother and fetus together during pregnancy was simply assumed equal to the
value for the adult woman (0.213 L/kg), although the amount in the newborn child was calculated
as described above. Because the maternal weight just after childbirth is reduced by more than the
weight of the newborn, reflecting the loss of amniotic fluid, placenta, etc., this choice effectively
assumed slightly less PFHxS mass is lost with those fluids than would be calculated if total maternal
and fetal Vd were increased. The interpolation function shown in Figure 3-2 can be multiplied by
the adult Vd (L/kg) to obtain the corresponding value for children under 10 years of age, as was

done by Goeden et al. (2019). However, an opposing factor is the approximately 20% larger blood

volume as a fraction of BW in young children compared with older children and adults (Darrow et
al., 1928), given that a high fraction of PFHxS is bound to blood proteins. More specifically, the mass

of PFHxS bound to blood proteins would increase in proportion to the total mass of those proteins,
which one might expect to increase in proportion to blood volume. Hence, a 20% larger blood
volume could be expected to reduce the PFHxS available for distribution to tissues by 20%. So,
instead of an increase of 2.4-fold in Vd in newborns one might predict an increase of 1.9-fold (i.e.,
80% x 2.4).

Trend in Pregnancy

Four studies investigated how PFHxS levels tend to change during pregnancy and nursing.

Monroy et al. (2008) found that mean maternal serum PFHxS concentration did not change
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between sampling at 24-28 weeks and sampling at delivery. Likewise, Oh et al. (2022) observed

only a slight average decrease in maternal PFHxXS over the course of pregnancy, not statistically

significant. (Varsi et al., 2022) observed PFHXS serum concentrations in pregnant women at 18, 28,
and 36 weeks. Total PFHxS concentrations were relatively constant during this time, but there were
differences observed between PFHxS isomers. Linear PFHxS decreased during pregnancy and was
lower than concentrations observed in women who had never been pregnant at all timepoints.

Branched PFHxS however was highest at the 36 week timepoint, compared to concentrations at 18

and 28 weeks and compared to the non-pregnant women. Glynn et al. (2012) presented data for
other PFAS on the relative serum concentrations during pregnancy and nursing but did not present

that information for PFHxS, although PFHxS was included in other analyses in that study.

Breast Milk

PFHXS has been observed in human breastmilk, indicating that nursing acts as a route of

excretion for the mother and a route of exposure for her infant (Kim et al., 2011b; Karrman et al.,

2010; Kdrrman et al.,, 2007). Blomberg et al. (2023) evaluated longitudinal changes in breast milk

concentrations of PFHxS between delivery and up to 8 months postpartum; while milk
concentrations declined among the women with the highest levels at 0-2 months postpartum (i.e.,
over 500 pg/mL), they were more constant among those with early concentrations of 300 pg/mL or
lower. This decrease can be viewed as supporting this hypothesis, but some caution is needed in
interpreting these data as the drinking water source for the most highly exposed part of the cohort
was switched to a less contaminated source as soon as the contamination was identified, i.e.,
decreased exposure through drinking water could also drive decreased breast milk concentrations,
independent of excretion through breast milk. However, Oh et al. (2022) observed a significant

decline in maternal serum levels (average decline of 5.6%) during the first six months postpartum
in a population with typical PFHxS exposure (with no intervention to reduce exposure). This
provides some additional potential evidence of increased excretion of PFHxS after giving birth,
without an artificial change in PFHxS exposure.

In paired milk and maternal serum samples, the concentrations were highly correlated
(Pearson r2 = 0.8) (Karrman et al., 2007). The concentration of PFHXS in breastmilk was reported to

be lower than the concentration in paired maternal serum, with ratios between milk and maternal
serum of 0.02 (Karrman et al., 2007) and 0.008 (Kim et al., 2011b). Karrman et al. (2010) reported

PFHXS concentrations in breast milk samples but did not have paired maternal blood levels, which

limits the ability to specify the distribution into breast milk compared with other body

compartments. Another study found that PFHxS was below the limit of detection in all breast milk

samples collected (Liu etal., 2011). Mondal et al. (2014) investigated the association between
PFHXS concentration in maternal and infant serum and the length of breastfeeding and found that,
although there were associations consistent with breastfeeding acting as a route of excretion for the
mother and a route of exposure for the infant, none of the associations rose to the level of

significance. Significant associations were found for other PFAS studied and negative associations
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for maternal serum and length of breastfeeding and positive associations for infant serum and

length of breastfeeding were consistent across PFAS. Varsi et al. (2022) observed paired maternal

and infant serum concentrations, with one infant timepoint at 6 months of age, and six maternal
timepoints, three during pregnancy and four postpartum. At 6 months after delivery, the relative
concentrations of PFHXS in the infant and mother differed by isomer, with the infants having a
higher median linear PFHxS concentration and a lower median branched PFHxS compared to the
mothers. Similarly, the branched:linear isomeric ratio was lower in the infant compared to the
mother. This could indicate a preferential transfer of the linear isomer to the infant, either during
gestation or lactation. Potential evidence for gestational transfer is the increase in maternal
branched:linear isomeric ratio that the authors observed between the 28th and 36t week of
pregnancy. Evidence for lactational transfer is the association the authors observed between infant
linear PFHxXS concentration and months of exclusive breastfeeding, a relationship that was not

present for the branched isomer.

3.1.3. Metabolism
Due to the high stability of the perfluoroalkyl bonds, PFHxS is thought to not be metabolized

in mammals, as was seen for similar PFAS (Lau et al., 2007). Studies have examined similar PFAS,

including perfluorooctanoic acid (PFOA) and perfluorodecanoic acid (PFDA) and identified only the

parent compound in excreta (Vanden Heuvel et al.,, 1991a, b). The sulfonate analog of PFOA,

perflurosulfonic acid (PFOS), is also not metabolized (Lau et al., 2007).

3.1.4. Excretion

Animals

Several studies examined the excretion of PFHxS from animals, particularly rats, after a
controlled exposure (Huang et al., 2019a; Kim et al., 2018b; Kim et al., 2016b; Sundstroém et al.,

2012; Benskin et al.,, 2009). Excretion has been observed in urine and feces, with renal excretion

being the most prominent route. Other studies have only indirect observation of excretion through
the decreasing amounts of PFHXS in the serum over time. As PFHXS is not metabolized, decreases in
serum concentration after the distribution phase were attributed to excretion, assuming a constant
serum:tissue ratio. As noted above, the distribution phase may not be complete after a relatively
short time given the shifts in liver: serum ratio observed over 50 days (Huang et al., 2019a). To
quantify the impact of such a shift on estimated excretion would require a PBPK model for PFHxS
that accounts for the time-dependence in specific tissue volumes and distribution, which is not in
the realm of available science. Since the extended time-dependent distribution appears to be
confined to the liver, the analysis based on empirical evaluation of excretion was still assumed to
provide a sufficient approximation for dosimetric extrapolation.

In animal studies, urinary excretion was greater than fecal excretion. There was a strong

sex-dependence in rats and mice in renal excretion with female rats excreting more of the total
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dose in urine. Specifically, Kim et al. (2018b) reported 15.9% of the initial IV dose was excreted in

urine and 1.3% of the dose was excreted in feces in male rats and 39.1% of the dose was excreted in
urine and 3.1% of the dose was excreted in feces in female rats after 14 days. Similarly, after an oral
dose, in male rats 18.5% of the dose was excreted in urine and 2.8% in feces, while in female rats

36.8% of the dose was excreted in urine and 3.3% in feces. In another study Kim et al. (2016b),

reported that female rats excreted 28.02% of an IV dose in urine after 14 days while male rats
excreted 8.26% of the dose in urine after 72 days. Sundstréom et al. (2012) reported that twenty-
four hours after an IV dose, female rats excreted 13.28% of the dose, while male rats excreted
0.70% of the dose.

In mice, the total dose excreted in 24 hours was dose dependent, with 0.882% of a 1 mg/kg
dose and 1.654% of a 20 mg/kg dose excreted in males and 0.317% of a 1 mg/kg dose and 2.552%

of a 20 mg/kg dose excreted in females (Sundstréom et al., 2012). The lower excretion in female

versus male mice for the 1 mg/kg dose was the only situation with a greater male rodent excretion
(Sundstrém et al., 2012). Urinary excretion was slower in monkeys, with 0.102% of an IV dose

excreted in urine in 24 hours in male monkeys and 0.055% of the dose in female monkeys
(Sundstrém et al.,, 2012). Unlike rodents, there was not a clear difference between monkey sexes in

the amount of urinary excretion.

In addition to observations in excreta, multiple studies also estimated the rate of decrease
in serum or plasma levels of PFHxS in the form of a half-life or clearance (CL) in rats (Huang et al.,
2019a; Kim et al., 2018b; Kim et al., 2016b; Sundstrém et al., 2012; Benskin et al., 2009). While all of
these studies appear to have been conducted with appropriate quality, there is significant variation

in the results. For example, Kim et al. (2018b) estimated a CL of 228 mL/kg-day in female rats after
an intravenous (IV) dose of 4 mg/kg, while Huang et al. (2019a) estimated a CL of 46 mL/kg-day in
female rats after an oral dose of 4 mg/kg. Despite the significant variability in the results between
studies, routes of exposure, and to an extent, doses of PFHxS, a quite consistent result is that the CL
in male rats is about an order of magnitude lower than female rats, and so the subsequent analysis
evaluates parameters for male and female rats separately.

An issue found in the PK data is that for some studies that used both IV and oral doses, the
blood AUC was higher after the oral dose than after the same dose given IV, which contradicts
classical PK analysis. For example, given doses of 4 mg/kg Kim et al. (2016b) reported an AUC

almost twice as great after oral dosing than after IV dosing in female rats, and Huang et al. (2019a)

reported an AUC 40% higher after oral dosing than after [V. By classical PK analysis one expects
that only a fraction of an oral dose will be absorbed but that the subsequent distribution and
elimination are otherwise identical to what is observed after IV dosing. In that case, the AUC after
oral dosing would be less than or equal to the AUC after IV dosing, to the extent that there is limited
oral bioavailability. A key assumption in this classical analysis is that distribution and elimination
are independent of the exposure route, and EPA interpreted these discordant empirical results as

suggestive that this assumption is incorrect. EPA’s analysis of PK data supported this possibility,
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with a trend of greater clearance following IV exposure compared to gavage in female rats (see
3.1.6 Empirical Pharmacokinetic Analysis). The mechanistic explanation for this difference is not
obvious. Excretion could be greater after IV dosing if, immediately after dosing, a smaller
proportion of PFHxS is bound to tissue phospholipids and serum proteins compared with the oral
dosing scenario. This could occur if equilibration between bound and free PFHxS takes some time.
Absorption from the GI tract is slower and PFHxS first passes through the liver (where a significant
fraction is retained) before systemic distribution, which would allow for equilibration between free
and bound states as PFHxS enters the blood. Thus, a higher fraction of PFHXS could have been
bound when first reaching general circulation after oral dosing than after IV dosing, such that the
urinary excretion after oral dosing was slower. A similar mechanistic explanation for differences in
protein binding is that passage through the acidic environment of the stomach results in a greater
proportion of the PFHXS anion, which could facilitate binding and thus limit excretion compared to
IV exposure.

Because the toxicological bioassays that will be interpreted with the PK model used oral
administration, it was considered clearly preferable that the PK parameters used should reflect that
route of exposure. Given the oral-IV discrepancies noted above, only results from oral PK
experiments were evaluated for rats and mice. Key PK parameters from these oral PK experiments
are listed in Table 3-3.

A factor to be noted in Table 3-3 and discussed previously was that the data of Huang et al.
(2019a) indicate higher CL in male and female rats given a dose of 32 mg/kg compared with 4 and
16 mg/kg. While the difference was not indicated as statistically significant, it was consistent with a

mechanism of saturable renal resorption (Weaver et al., 2010; Yang et al., 2009) and with the end-
of-study serum concentration data shown in Figure 3-1 (NTP, 2019). Comparing results for the

lower two doses, the CL estimated by Huang et al. (2019a) for 16 mg/kg in female rats was 25%
higher than that estimated at 4 mg/kg and the CL for 16 mg/kg in male rats was 19% higher than
that estimated at 4 mg/kg. Although not statistically significant, this was interpreted as likewise

consistent with some dose-dependence. On the other hand, the CL reported for female rats at 32
mg/kg by Huang et al. (2019a) was below that reported by Kim et al. (2016b) at 4 mg/kg and the CL
for male rats at 32 mg/kg by Huang et al. (2019a) was below that estimated from the results of
Benskin et al. (2009) presumably due to inter-study variability. Hence, subsequent PK analyses

included data for all dose levels from Huang et al. (2019a).

Overall mean CL values and confidence intervals for male and female rats, mice, and
monkeys were obtained by Bayesian PK analysis of all the oral PK data for each sex of rodents and
the IV PK data for each sex of monkeys (summary in in Section 3.1.6, analysis details provided in

Appendix E).
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Table 3-3. Summary of estimated clearance values in animals

Citation Dose (mg/kg) CL? (mL/kg-d) n
Male rats
Benskin et al. (2009) 0.03 9.85b 7
. 7.15
Kim et al. (2016b 4 5.71 (5.46-5.69) 5
. 6.65
Kim et al. (2018b 10 6.58 (3.34-9.68) 5
4.82 .
4 5.37(4.61-6.14) 3
5.74 .
Huang et al. (2019a) 16 5.91 (5.09-6.75) 3
9.02 .
32 9.74 (8.47-11.03) 3
Population mean 7.15(3.73-10.26)
Female rats
. 124.8
Kim et al. (2016b 4 117.8 (110.7-125.3) 5
1 81.1 5
83.02 (77.22-89.38)
Kim et al. (2018b
4 65.3 5
106.3 (98.58-113.8)
4 46.1 5
50.14 (45.03-55.01)
59.0 .
Huang et al. (2019a) 16 61.36 (55.58-67.17) 3
92.2 .
32 94.54 (85.43-103.3) 3
Population mean 84.10 (64.72-103.8)
Male Mice
1 4
Sundstrém et al. (2012)
20 4
Population mean 3.86 (3.27-4.41)
Female mice
1 4
Sundstrém et al. (2012)
20 4
Population mean 3.18(2.83-3.52)
Male monkeys
. 1.33+£0.12
Sundstrém et al. (2012) 10 1.39 (0.94-1.83) 3

Female monkeys

This document is a draft for review purposes only and does not constitute Agency policy.

3-23

DRAFT—DO NOT CITE OR QUOTE


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1617974
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3749289
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4239569
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5387170
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3749289
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4239569
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5387170
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834

O 00 N O U1 b W N B

N B R R R R R R R R R
O L NO UL WN KL O

21
22
23
24

Toxicological Review of Perfluorohexanesulfonic Acid and Related Salts

Citation Dose (mg/kg) CL? (mL/kg-d) n
Sundstrém et al. (2012) 10 2 1129; ;10_';144) 3

Only oral exposure results are shown for rats because there were discrepancies between oral and IV data that
could not be resolved and the oral route was used in the bioassays evaluated for toxicity. Only oral dosimetry
data were available for mice and only IV dosimetry data were available for monkeys (results shown; (Sundstrém
et al., 2012)).

@Values in italics are mean (90% credible interval) from Bayesian analysis (details in Appendix E).

bCalculated from reported half-life (Tos) for n-PFHxS as CL = In(2)*Vd/Tos using the geometric mean of Vd values

for male rats listed in Table 3-1. Serum time-course data were not available from Benskin et al. (2009), so results

from this study were not used in the Bayesian analysis.

‘Number of rats per time point, but each rat had blood taken at no more than two time points, so the total number
of rats used per dose level where much higher (Huang et al., 2019a).

While the results summarized in Table 3-3 were obtained by empirical analysis for total

clearance, it is worth noting the fraction of PFHxS eliminated in feces reported by Kim et al. (2018b)

was used as a means of estimating fecal clearance in humans. These data were used to estimate
total clearance for studies where renal clearance was measured and were deemed most
appropriate as primate and human-specific data were unavailable. The ratio of average PFHxS
excretion in feces versus urine was 8.2% and 7.9% in male and female rats, respectively, after [V

dosing and 15.1% and 9.0%, respectively, after oral dosing (Kim et al., 2018b). The higher fraction

eliminated in feces after oral dosing was attributed in part to incomplete absorption by that route.
Therefore, an average value of 8% from the IV data was used for extrapolation to humans.

The excretion of PFHxS has been observed in humans both directly through measurement
of PFHxS in urine and indirectly through the observation of changes in serum or plasma
concentrations over time. Changes in serum or plasma concentrations are informative of excretion
because PFHxS is not metabolized, thus any observations of decreasing concentrations in blood
after the distribution of the chemical were attributed to excretion. Most observations were within
populations with higher exposure than the general population, either workers in fluorochemical
production (Fu etal., 2016; Gao etal., 2015; Olsen et al., 2007), workers at a fishery where the

waters were contaminated with PFAS (Zhou et al., 2014), or with increased exposure via

contaminated drinking water (Li et al., 2018; Worley et al., 2017). For measures of clearance and

half-life, geometric means were presented unless otherwise specified because geometric means are

less influenced by extreme values that are common in these skewed distributions.

Humans

Half-life estimates

Four studies reported half-life values for PFHxS based on observations of decreasing serum
levels in individual subjects at multiple time points after decreased exposure, either due to

retirement after occupational exposure (Olsen et al., 2007), replacement of the foam used by

firefighters (Nilsson et al., 2022) or to the introduction of drinking water filtration at an
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occupational site (Li et al., 2022b; Li et al., 2018). Li et al. (2022b) is a follow-up analysis of the
population evaluated by Li et al. (2018). All four studies, the Nilsson et al. study and the Olsen et al.

study fit the data for each person separately. Several plots in Olsen et al. (2007) showed declines in

serum levels over time that were very close to log-linear (i.e., showed negligible positive curvature),

which is suggestive of little effect of ongoing exposure for those subjects. However, Li et al. (2022b)

obtained a shorter half-life using data collected between six months and one year after the end of
exposure (mean ti,2 = 3.85 years) compared to using data collected 1-2.5 years after the end of
exposure (mean ti,2 = 4.33 years) or 2.5-4.5 years after the end of exposure (mean ty/2 = 4.62
years). Positive curvature in a serum time-course plot after a decrease in exposure (for example

retirement), which is indicated by these results from Li et al. (2022b), is evidence of background

exposure, as can be observed by examining Eq. 2 in (Bartell, 2012). The differences among half-lives

values for the time periods of evaluation reported by Li et al. (2022b), less than 20%, are not
statistically significant, however. Li et al. (2018) reported a mean half-life of 7.4 years in males
(n=20) and 4.7 years in females (n = 30) aged 15-50 years old while Li et al. (2022b) reported a
median (5th, 95th percentile) half-life of 5.4 (2.34, 9.29) years (n = 114). Olsen et al. (2007) reported
a half-life of 8.5 years in their cohort, which consisted of 2 females and 24 males at retirement.

The population of Li et al. (2022b) included children and the mean half-life for those

participants 1-14 years of age was 3.01 years compared to 5.26 years for participants 15-50 years

of age and 6.41 years in participants over 50 years. The much lower apparent half-life in the 1-14
year old group is almost certainly the result of PFHxS dilution into the growing bodies of the youth.
The intermediate half-life for participants 15-50 years of age may be partly attributed to the
difference between males (mean 5.39 years) and females (mean 4.48 years) which correlates with
the expected higher clearance due to menstrual fluid loss for women in that age range. This
difference of 17% in half-life is in contrast to minimal differences of less than 2% between males
and females aged 1-14 and less than 3.7% between males and females over age 50.

Nilsson et al. (2022) analyzed PFHxS concentrations in firefighters after PFHxS was

removed from the formulation of the foam used for fire suppression. (97.5% of the recruited
population were male and the exact number of women in each sub-cohort was not reported, so the
results will be assumed to represent males.) The subjects had a range of serum concentrations at
the start of the study that overlapped with those found in the general population, which would
come from other exposure sources that are presumed to be shared by the study subjects. Since the
level of these other exposure sources is not precisely known and likely varies over time, the
contribution from them represents an uncertainty that would particularly impact half-life estimates
of subjects with initial concentrations in the general population range. Therefore, EPA chose to use
the results reported for only those subjects who’s initial PFHxS concentration was greater than the
95t percentile of the general population, which ranged from just above that 95th percentile to over
20 times higher. Nilsson et al. (2022) reported a mean (95% CI) half-life of 7.7 (7.1, 8.3) years for
this group without background subtraction and a mean (95% CI) half-life of 6.7 (6.2, 7.2) years after
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subtracting age-specific average concentrations reported for the general Australian population. The
half-life calculation assumes a simple exponential decay, which would only be accurate with no
ongoing exposure or if background exposure is constant, allowing it to be addressed by simple
subtraction, and is reasonable estimated based on results from other study populations, albeit from
the same country. The modest difference in the mean half-lives obtained with and without
background subtraction for the highly exposed group indicates that background exposure had some
impact on the observed changes in serum levels for that group, but less than 15%. Hence, the value
obtained for the highly exposed group with subtraction is considered to be appropriate for
describing the elimination of the PFHxS from occupational exposure of this cohort with a minimal
level of uncertainty due to the assumptions involved.

Worley et al. (2017) estimated a population half-life by fitting a PK model to population

mean serum concentrations at two timepoints with an estimated ingestion rate for that population.

Because Worley et al. (2017) did not evaluate individual elimination, only measured serum levels at

two time points, and relied on an estimated exposure level, their study was considered to have
greater uncertainty than the other studies, with results that are more difficult to interpret in terms
of being a mean or geometric mean of individual values. In particular, it is possible that the drinking

water concentration was not constant as was assumed by Worley et al. (2017) or that there were

other significant sources of ongoing exposure. Because of these methodological concerns, the

results of Worley et al. (2017) were not used in estimating an overall average clearance for humans,

although it is noted that the corresponding clearance (0.031 mL/kg-day) is identical to the
estimated geometric mean across other studies (see Table 3-4).

As described in Volume of Distribution (in Section 3.1.2), Chiu et al. (2022) applied a one-
compartment PK model in a Bayesian analysis of human serum concentrations matched with
drinking water (DW) concentrations of several PFAS, including PFHxS, from multiple community
studies. Since the overall approach and parameter estimation method were considered sufficiently
sound, the resulting clearance was combined with other published human parameters in estimating

overall population clearance and volume of distribution (Table 3-4).

Clearance rates estimated from half-lives

The clearance rate for a single-compartment PK model is related to the half-life and volume

of distribution by the following equation:

CL=1In(2)-Vd/Tos

The approach for Bayesian analysis of PK data described in Appendix E was used to re-

analyze the monkey PK data from Sundstrém et al. (2012), resulting in mean volumes of

distribution of 278 mL/kg for males and 228 mL/kg for females, for which the average is 253

mL/kg. Using either the sex-specific Vd for corresponding segregated human studies, or the average
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Vd for results from mixed populations, values for total human clearance were estimated from the
half-life values:
e Lietal (2018): 0.071 mL/kg-day in males and 0.092 mL/kg-day in females (same
participants as Li et al. (2022b)).
e Lietal (2022b): 0.098 mL/kg-day in male participants aged 15-50 years, 0.064 mL/kg-day
in females aged 15-50 years and 0.075 mL/kg-day in males and females aged > 50 years

(participants below age 15 not included due to impact of growth)
e Nilsson etal. (2022): 0.079 mL/kg-day in adults (age 22-82, 97%-98% males).

e Olsen etal. (2007): the clearance for each subject was calculated as described above for the

24 men and 2 women in the study.
0 The geometric mean (arithmetic mean) of the resulting values is 0.072 (0.077) mL/kg-
day in males.

0 C(Clearance in the two women ranked second and third lowest in the entire set.

e Worleyetal. (2017): 0.031 mL/kg-day in men and women
These total clearance values also incorporate routes of clearance in addition to renal and menstrual
clearance, which could consist of fecal clearance, shedding of skin, and clearance due to childbirth

and lactation, to the extent that these occurred in the study populations.

Urinary clearance estimates

Four studies directly evaluated urinary clearance of PFHXS in humans from matched serum
and urine concentrations (Yao et al., 2023; Fu et al., 2016; Gao etal., 2015; Zhang et al., 2013b). Of
these studies, the ones with occupational cohorts Gao et al. (2015) and Fu et al. (2016) had much
greater exposure than the general population (Yao et al., 2023; Zhang et al., 2013b). Yao et al.

(2023) estimated clearance in infants, while all other studies were in adults. Their results are as
follows:
Fu et al. (2016) measured serum and urine PFHxS concentrations in matched samples from

occupationally exposed workers, and while they converted the results to half-lives for reporting,
the paper states that Vd = 230 mL/kg was used for the estimate. Given a reported geometric mean
(GM) half-life of 19.9 years in men, the corresponding clearance is 0.022 mL/kg-day. The GM
urinary clearance for women in the study (reported in the text) was 0.024 mL/kg-day. That the
overall population GM was reported to be 0.023 mL/kg-day increases confidence in the CL in men
back-calculated here (0.022 mL/kg-day).

Gao et al. (2015) did not distinguish between sexes but did distinguish between isomers of

PFHxS and found much greater clearance for the branched isomer, GM = 0.18 mL/kg-day, compared
with the linear (n-) isomer, GM = 0.04 mL/kg-day, with an overall clearance GM of 0.05 mL/kg-day
for total PFHxS, in a mixed population of men and women. The values for n- and total are between
those estimated from the half-lives of Li et al. (2018) and Olsen et al. (2007) (0.06-0.07 mL/kg-day)
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and the urinary clearance values estimated by Fu et al. (2016) and Zhang et al. (2013b) (0.02-0.03
mL/kg-day).
Zhang et al. (2013b) obtained GM values of 0.018 for men and older women and 0.028 for

younger women, which is in the range of total clearance estimated from Worley et al. (2017). That

the GM values of Zhang et al. (2013b) are within an order of magnitude of the overall population

GM provides confidence that the true value is within an order of magnitude of those reported.

These route-specific clearance estimates do not include fecal elimination. After IV dosing

Kim et al. (2018b) measured fecal/urinary excretion rates of 8.2% and 7.9% in male and female

rats, respectively. Therefore, total excretion for Fu et al. (2016), Gao et al. (2015), and Zhang et al.

(2013b) was estimated as 1.08 times) the estimated urinary excretion rates (i.e., 100% of urinary
excretion plus 8% of urinary excretion for fecal clearance) for the purpose of determining an
overall total clearance in humans. The value estimated from a rat study was deemed appropriate as
there is no human or primate data on the relative amount of fecal and urinary excretion. There is
uncertainty in assuming that relative amount of fecal and urinary excretion in human is similar to
rats, that could be reduced by additional relevant human or primate data.

Yao et al. (2023) estimated urinary clearance of PFHxS and other PFAS in infants, based on

the ratio of the estimated urinary excretion rate to estimated cord serum concentration. Cord blood
was collected at delivery and the concentration multiplied by two to account for the serum-to-
whole-blood ratio. Urine was collected in disposable diapers collected over the first postnatal week
and later extracted for measurements. The methods do not specify how a daily average urine
concentration was then determined from the set of samples for each infant, but it is presumed that
the extracted urine from all diapers collected during the week was mixed prior to analysis, resulting
in a “mixing cup” average concentration for the week. The resulting concentration was then
multiplied by a reported average urine elimination rate in infants of 48 mL/kg-day, rather than
using the actual urine volume collected. Since the serum concentrations and resulting urinary
elimination of breast-fed infants are expected to increase significantly after child-birth based on
reported breast milk: maternal serum distribution and breast milk ingestion rates, while the cord
blood concentration might only match the infant blood concentration at the moment of birth, the
resulting estimate of infant clearance is likely to be an over-prediction of the true clearance rate.
From a population of 20 infants the median (15t, 75th percentile) urinary clearance was 0.270
(0.108, 0.781) mL/kg-day, with a mean value 0.956 mL/kg-day, i.e., an order of magnitude higher
than the rate estimated in adults. The sample distribution is clearly skewed, with a maximum
estimated value of 11.7 mL/kg-day perhaps due to the urine sample timing issue discussed here.
While glomerular filtration is still developing in neonates, the expression of renal OAT1 and OAT3 is

also below adult levels (Bueters et al., 2020), and urinary excretion of PFNA will depend on both of

these opposing factors in a manner that cannot be quantitatively predicted. Given these
uncertainties, the results of this study will not be used quantitatively, though they indicate that

neonates will have lower serum levels of PFNA per unit exposure than adults.
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Sex differences in human PFHxS PK

Zhang et al. (2013b) shows a small quantitative difference in urinary clearance between

men and older women and younger women (i.e., 0.01 mL/kg-day). It is possible that this difference
derives from differences in renal expression of renal transporters between men and women
(Murray, 2017), but it could also be due to random inter-subject variability, given the overall range
of clearance observed across studies, and based on the overall range of clearance in each group, the
difference is not statistically significant. Hence, there does not appear to be a systematic difference
between men and women in the urinary clearance of PFHxS, except to the extent that menstrual
blood loss accounts for the difference reported by Li et al. (2018) and in participants between 15
and 50 years of age reported by Li et al. (2022b). However, a menstrual loss term of 0.033 mL/kg-

day was used for EPA’s analysis for women of reproductive age, based on the analysis of Verner and

Longnecker (2015) of corresponding blood and fluid loss reported by Hallberg et al. (1966).

Applying the Vd values estimated from male and female monkeys (Sundstréom et al., 2012) to men

and women respectively also led to some difference in the corresponding half-life estimates.
Zhang et al. (2013b) calculated a rate for menstrual clearance based on a study of PFOA and

PFOS that estimated menstrual blood loss using measurements of the blood quantity excreted
(Harada et al., 2005). This estimate of menstrual blood loss was not specific to PFOA or PFOS and is
also applicable to PFHxS. However, Harada et al. (2005) cite Hallberg et al. (1966) as the source for
a menstrual blood loss of 70 mL per cycle, but according to Hallberg, “The mean value of the

menstrual blood loss was 43.4 + 2.3 mL in the entire series” [of experimental groups] and “the
upper normal limit of the menstrual blood loss is situated between 60-80 mL.” Thus, 70 mL/cycle
appears to be closer to an upper bound for healthy women. More recently Verner and Longnecker
(2015) reviewed Hallberg et al. (1966), evaluated both blood loss and total fluid loss from

menstruation and concluded that the fluid lost in addition to blood was likely to be serum, with the

corresponding serum binding proteins and associated PFAS. Including this serum loss and

assuming 12.5 menstrual cycles per year, Verner and Longnecker (2015) estimated an average

yearly total serum loss of 868 mL (69.4 mL/cycle or 72.3 mL/month). Assuming an average human

female body weight of 72 kg (mean value for women 21-30 years of age from Table 8-5 of (U.S. EPA
2011a)), the corresponding average rate of clearance is 868 mL/(365 day)/(72 kg) = 0.033 mL/kg-
day.

Lorber et al. (2015) examined the effects of ongoing blood loss through menstruation or

through frequent blood withdrawal as a medical treatment. Male patients with frequent blood
withdrawal had serum concentrations 40%-50% less than males from the general population for
the chemicals observed in the study (PFOA, PFNA, PFDA, PFHxS, and PFOS). Female patients also
had a lower serum concentration than females from the general public. The trend in relation to the
number of recent blood draws or in the recency of the last blood draw was not examined for PFHxS.
It was examined for PFOA and PFOS, and significant associations were observed in PFOS only. This

study’s analysis of the impact of menstrual blood loss was purely a modeling exercise, which was
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performed for PFOA and PFOS. The authors estimated a monthly blood loss of 35 mL (which is close
to the median loss of 43.4 mL reported by Hallberg et al. (1966)), 50% of which was serum,

resulting in a clearance of 17.5 mL/month, or 0.0081 mL/kg-day in a 72 kg woman. This value is

also chemical-independent and could be applied to PFHxS instead of the menstrual clearance

estimated by Verner and Longnecker (2015).

Jain and Ducatman (2022) compared serum levels of PFHxS and other PFAS in US females

and males as a function of age. While serum PFHxS concentrations were similar at age 12-13 and
after age 55, they declined in females compared to males between these ages until the
concentrations in females were approximately one half of those in males between ages 30 and 45.
Qualitatively similar results, though with a smaller magnitude, were seen for PFOA, PFOS and PFNA

(Jain and Ducatman, 2022). Similarly, Li et al. (2022b) estimated a shorter half-life (corresponding

to more rapid clearance) for females than males 15-50 years of age, but not for 1-14 years of age or
over 50 years of age, although the difference between males and females aged 5-50 is only about
15%. These results are strongly suggestive that menstrual clearance is a significant factor in the
clearance of these PFAS. Further, the results of Jain and Ducatman (2022) that for the US population
(rather than a highly exposed Swedish cohort) menstrual clearance results in an approximate
doubling of total clearance, supporting use of the menstrual clearance rate of 0.033 mL/kg-day

estimated from the results of Verner and Longnecker (2015) above.

As mentioned in the distribution section (see Section 3.1.2), PFHXS has been observed in
breast milk, so lactation can act as an excretion route for a nursing mother. One study that
examined the association between maternal serum concentrations and the length of breastfeeding
and found a weak, nonsignificant inverse association. There were stronger inverse associations for
the other PFAS studied, PFOA, PFOS and PFNA, suggesting that there may be less transfer of PFHxS
to breast milk than other PFAS, or that the variation between people in serum level is large

compared with the impact of breastfeeding.

Dosimetry of linear versus branched isomers

Gao etal. (2015) is the only PK study to provide separate estimates of elimination for linear

versus branched isomers in humans. With the clearance of the branched isomer being so much
higher than the linear, the body burden is expected to be much higher for the linear than the
branched isomer, given equal exposures. Using the clearance for the sum of PFHxS accounts for the
relative prevalence of the different isomers in the serum of the participants. Therefore, the result

for mixed or total PFHxS from Gao et al. (2015) will be used in combination with the results of the

other PK studies. The result is interpreted as reasonably health-protective across all forms.

Summary of human PFHxS excretion
A summary of the clearance values reported or estimated from each of the adult human

elimination studies is provided in Table 3-4.
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Table 3-4. Summary of clearance values estimated for humans

Stud Clearance
.y N Notes
(basis) (mL/kg-d)
Chiu et al. (2022) (serum levels vs. drinking 0.068 a1 Geometric mean; 37 individuals and 4 population
water exposure ’ mean results
. i i .
Fu .et al. (2016) (urinary clearance with fecal 0,035 207 | Geometric mean; 136 men, 71 women
estimatea)
Geometric mean for total linear and branched
. ! , i i .
Gap et al. (2015) urinary clearance with fecal 0.054 36 | PFHxS; result based on 57 paired samples from 22
estimate?)
men, 14 women
. Men aged 15-50; CL calculated from mean half-life
Li et al. (2018) (empirical half-life) 0.071 20 using Vd = 278 mL/kg
Women aged 15-50; CL calculated from mean half-
. life using Vd = 228 mL/kg and subtracting 0.033
Li et al. (2018) (empirical half-life) 0.059 30

mL/kg-d for menstrual clearance (Verner and
Longnecker, 2015)

Geometric mean of individual clearance values,
Olsen et al. (2007) (empirical half-life) 0.072 26 | calculated from reported half-lives as described
above; 24 men, 2 women (all 259 yrs)

. . . Males, ages 15-50; CL calculated from mean half-
. = . . .
Li et al. (2022b) (empirical half-life) 0.098 22 life using Vd = 278 mL/kg

Females, ages 15-50; CL calculated from mean
half-life using Vd = 228 mL/kg and subtracting

i . ! ! iri = i .

Li et al. (2022b) (empirical half-life) 0.064 30 0.033 mL/kg-d for menstrual clearance (Verner
and Longnecker, 2015)
. . . Age > 50; CL calculated from mean half-life using
. - .

Li et al. (2022b) (empirical half-life) 0.075 33 vd = 253 ml/kg

. Age 22-82, 97-98% males; CL calculated f
Nilsson et al. (2022) (empirical half-life) 0.079 g9 |Aee 22-82, 97-98% males; CL calculated from

mean half-life using Vd = 278 mL/kg

Worley et al. (2017) (half-life fitted for PK Clearance calculated using Vd = 230 mL/kg (value

modelb) 0.031 45 used in the PK model); 22 men, 23 women
Zhang gt al. (2013b) (urinary clearance with 0.030 19 | Geometric mean; women <50 yrs

fecal estimate?)

Zhang e.t al. (2013b) (urinary clearance with 0.019 64 Geometric mean; all men and women >50 yrs
fecal estimate?)

Weighted geometric mean 0.041¢¢ 447 | Exp Z[log(CLi)-Ni] / Z[Ni]

aReported urinary clearance was multiplied by 1.08 based on observed fecal/urinary elimination in rats after IV
dosing (Kim et al., 2018b).

bHalf-life determined from fitting PK model to geometric mean of serum concentrations measured in 2010 and
2016, accounting for estimated ongoing exposure.

Calculated for all studies except Worley et al. (2017) due to methodological issues identified for that study and Li
et al. (2018) since data for that population are included in the data of Li et al. (2022b) (see “Half-life estimates”).

4Variance around this value can be described by a weighted geometric standard deviation of 1.6, which is a
multiplicative factor, or a weighted geometric coefficient of variance of 22%.
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In Table 3-4, the subset of clearance values estimated from empirical half-lives (Li et al.,
2022b; Li et al.,, 2018; Olsen et al., 2007) are fairly similar to each other after adjustment for

(subtraction of) menstrual blood loss, and similar to the results of Chiu et al. (2022), but are higher

than most of the urinary clearance values and the results of Worley et al. (2017), which were based

on exposure estimated from drinking water concentrations measured at one time point and may

not reflect higher exposure concentrations in preceding years. While Kim et al. (2018b) observed

fecal excretion of PFHxS in rats to be only 8% of urinary excretion after IV exposure, it is possible
that fecal excretion and other routes such as shedding of dead skin contribute enough to the overall
clearance to account for the two- to three-fold difference between those estimated from empirical
half-lives (Li et al., 2022b; Li et al., 2018; Olsen et al., 2007) and the estimates of urinary clearance.

In this case, the weighted geometric mean clearance shown in Table 3-4 will underpredict overall

clearance to that extent. However, it also possible that the empirical half-lives reflect urinary
clearance under conditions of saturated renal resorption, which is not representative of the general
population at lower exposure levels, but Chiu et al. (2022) attempted to exclude very highly

exposed individuals (i.e., with occupational exposure) and also obtained a relatively high clearance.
Data on how clearance may vary as a function of age (i.e., in rat pups or children compared
with adults) and during pregnancy are mostly lacking. Li et al. (2022b) did estimate the half-life in

individuals 1-14 years of age and found it to be about one half of that in older individuals (3 years
vs. 6 years), but this is an apparent half-life that likely includes the impact of growth. As discussed
above, Yao et al. (2023) estimated urinary clearance of PFHxS in infants to be almost an order of

magnitude higher than the estimated clearance rates in adults, 0.27 vs. 0.036 mL/kg-day, but the
approach used may have over-estimated the rate. Renal excretion varies in proportion to body
surface area with age over most of the lifetime but is still developing in newborns along with

expression of organic anion transporters (OATs) (Bueters et al., 2020) that are associated with

renal resorption of PFAS, and the volume of distribution may also vary with age. In the preceding
section, “Distribution in fetal tissues and children,” the possible effect of changes in extracellular
water and blood volume as a fraction of BW in children was discussed. Finally, the absence of a
reliable pharmacokinetic model which can account for these factors and the likely differences in
accumulation of PFHxS in humans exposed chronically versus in experimental animals during
relatively short-term health effects studies creates uncertainty in simpler pharmacokinetic

extrapolation based on clearance. Nevertheless, the results of Jain and Ducatman (2022) indicate

strongly that menstrual fluid loss creates an approximately two-fold difference in clearance
between women of reproductive age and men, which is quite consistent with the weighted
geometric mean clearance of 0.041 mL/kg-day (in the absence of menstrual fluid clearance) and the

average menstrual fluid clearance of 0.033 mL/kg-day from Verner and Longnecker (2015) and the

limited data available for neonates and children indicate that their clearance is higher than adults.
While the range of values in Table 3-4 represent a range of uncertainty of five-fold, given

the number of estimates it seems unlikely that the true clearance in humans would be lower than
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the minimum value of 0.019 mL/kg-day from Zhang et al. (2013b). The weighted geometric mean
clearance of 0.041 mL/kg-day is 2.2 times higher than this minimum and based on the overall
evidence was considered sound for use in estimating human equivalent doses (HEDs) for points of
departure (PODs) estimated from animal toxicity studies or blood concentrations estimated from
epidemiological evaluations, with an additional 0.033 mL/kg-day for menstrual fluid loss in women
of reproductive age.

The clearance values shown in Table 3-4 were compared with species-specific glomerular
filtration rate (GFR), with and without adjustment for serum protein binding, to evaluate the

possible role of those mechanisms. Considering the time period of Davies and Morris (1993), this

comparison used their value for average human BW, 70 kg, which results in an estimated GFR/BW
of 2.57 L /kg-day in humans, 83,000 times greater than the empirically estimated geometric mean

clearance for humans. Kim et al. (2018b) reported an average PFHXS free fractions (fiee) 0of 0.00025

in humans, which led to GFRx ff.. = 0.64 mL/kg-day, which is still almost 16 times greater than the
geometric mean empirical clearance. Thus, it appears likely that there is significant renal resorption
of PFHxS in humans.

Comparing the human CL values to those predicted from allometric scaling of mouse and
rodent CL values shows that allometric scaling appears to overpredict human clearance rats. BW3/4
allometric scaling suggested that CL in an 80 kg human should be 4.2 times lower than in a 0.25 kg
rat and 7.2 times lower than in a 30 g mouse. Applying a factor of 4.2 to the population mean CL
values for male and female rats in Table 3-3, resulted in predictions of human male CL of 1.7
mL/kg-day and female CL of 20 mL/kg-day, one to three orders of magnitude higher than the
values estimated from human data in Table 3-4. Likewise using the CL in mice and the allometric
factor of 7.2 resulted in an estimated human male CL of 0.54 mL/kg-day and female CL of 0.44
mL/kg-day, roughly an order of magnitude higher than observed. Performing this analysis for a 6
kg male monkey or a 4 kg female monkey produces a similar overprediction, with extrapolated
clearance values of 0.73 and 1.0 mL/kg-day after applying scaling factors of 1.9 and 2.1. In
summary, this analysis indicated that use of BW3/4 scaling would have led to an overprediction of
HEDs (effectively an underprediction of risk) by one to three orders of magnitude, depending on
the animal species and sex in which a POD was identified. Hence, the use of BW3/4 scaling was
avoided for PFHxS, but comparisons of BW3/4 scaling to the selected approach (see Section 3.1.6)

was provided for context.

Excretion Summary

The estimated average clearance values for adult humans are listed in Table 3-5. Since
menstrual blood loss was subtracted as appropriate from the data in Table 3-4 when estimating the
general, nonspecific clearance in humans, a corresponding rate should be added for women of

childbearing age. In particular, the higher estimate of Verner and Longnecker (2015) (0.033 mL/kg-

day) appears to be consistent with the empirical comparison of PFHxS serum concentrations in

men and women (Jain and Ducatman, 2022). This additional term is considered appropriate for
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deriving HEDs for reproductive effects in women. Since newly available data show that maternal
serum levels remain constant or decline during pregnancy and the early postpartum period, the
additional clearance term for menstrual loss is also considered appropriate for estimating HEDs for
effects occuring in-utero or otherwise correlated with maternal serum concentrations measured
during pregnancy and post-partum.

However, since the current analysis should protect younger children, men and older
women, it was considered appropriate not to include menstrual clearance when evaluating
dosimetry in humans for health effects that can occur at any point in life, even though they may
have been observed in laboratory animals of reproductive age. This choice follows the typical

approach when assessing susceptible sub-populations.

Table 3-5. Summary clearance values for humans

Population Clearance (mL/kg-d) References

(Chiu et al., 2022; Li et al., 2022b; Nilsson et al., 2022;
0.0412> Fu et al., 2016; Gao et al., 2015; Zhang et al., 2013b;
Olsen et al., 2007)

Human geometric mean
(general population)

With menstrual fluid loss 0.074 Includes average menstrual fluid loss of 0.033 mL/kg-
(women of reproductive age) ) day from Verner and Longnecker (2015)

2Human clearance estimates also depend in part on volumes of distribution estimated for monkeys by Sundstrém
et al. (2012); does not include estimated clearance due to menstrual fluid loss.

bMeasurements of urinary clearance only were corrected for estimated fecal/urinary clearance ratio of 1.08 based
on observations in rats by Kim et al. (2018b).

3.1.5. Evaluation of PBPK and PK Modeling

The PFAS protocol (Supplemental Information document, Appendix A) recommends the use
of scientifically sound and validated physiologically based pharmacokinetic (PBPK) models as the
preferred approach for dosimetry extrapolation from animals to humans, while allowing for the use
of data-informed extrapolations (such as the ratio of serum clearance values) for PFAS that lack a
scientifically sound and sufficiently validated PBPK model. If chemical-specific information is not
available or too uncertain, the protocol then recommends that doses be scaled allometrically using
body weight (BW)3/4 methods. Selection from among this hierarchy of decisions considered both
the inherent and chemical-specific uncertainty (e.g., data availability) for each approach option.
This hierarchy of recommended approaches for cross-species dosimetry extrapolation is consistent
with EPA’s recommendations on using allometric scaling for the derivation of oral reference doses

(U.S. EPA, 2011b). This hierarchy preferentially prioritizes adjustments that result in reduced

uncertainty in the dosimetric extrapolation.
A PBPK model was identified for PFHxS in rats and humans (Kim et al., 2018b). The

computational code for this model was obtained from the model authors and evaluated for

consistency with the written description in the published paper, the PK data for PFHxS, known

physiology, and the accepted practices of PBPK modeling. Unfortunately, several flaws were found

This document is a draft for review purposes only and does not constitute Agency policy.

3-34 DRAFT—DO NOT CITE OR QUOTE


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=10622417
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=10410709
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=10587059
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859819
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2850134
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859849
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1429952
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2850226
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4239569
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=752972
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4239569

O 00 N OO Ul A WIN P

N NN R R R R R R R R R B
N B O V0 NGO U WN KL O

Toxicological Review of Perfluorohexanesulfonic Acid and Related Salts

in the model. One flaw, an error in the balance of blood flow through the liver, had only a moderate
impact on model predictions. A much larger issue identified is that the model had only been
calibrated to fit the oral PK data for rats and the set of model parameters selected by the model
authors to match those data included an oral bioavailability (BA) lower than is otherwise supported
by the empirical PK data. For example, the fraction absorbed by the male rat was effectively set to
39% in the model when the empirical PK analysis showed 88%-92% bioavailability. Further, when
the model was used to simulate the intravenous PK data, data to which a PK model should be
calibrated, the parameters were found to be completely inconsistent with these data. Figure 3-3
compares results obtained with a replication of the PBPK model, which exactly matches the
published PBPK model results for oral dosimetry, to the data and empirical PK fit for a 10 mg/kg IV
dose to male rats.

The overprediction (approximately three to four times higher than the data for male rats) of
the IV data by the Kim et al. (2018b) model indicated that distribution into the body is significantly
underpredicted by the model, which was offset in the simulations of oral dosimetry data by use of

an unrealistically low oral bioavailability. Initial efforts to refit the model to the data did not
produce acceptable fits to both the IV and oral dose PK data and involved changing model
assumptions in a way that would require separate experimental validation before use. In particular,
to match the observed rate of decline in the blood as well as the observed accumulation in urine
and feces required an assumption of another route of excretion, for which there are no data. It was
therefore determined that the published model structure and underlying assumptions did not allow
a sufficiently sound calibration of the model to the PK data, given the currently available
understanding of PFAS pharmacokinetics.
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Figure 3-3. Comparison of PFHxS PBPK model predictions to IV dosimetry data
(circles) of Kim et al. (2018b) for a 10 mg/kg dose. The red, solid line was the
result of an empirical PK analysis shown by Kim et al. (2018b) (digitized). EPA’s
replication of the PBPK model (solid black line) exactly reproduced the PBPK model
results of Kim et al. (2018b) for oral dosimetry (results not shown - simulation
shown here was for IV dose) hence was considered an accurate reproduction of the
model. The blue dashed line shows model results after correction of the blood flow
rate exiting the liver. The discrepancy between the PBPK model prediction for a 10
mg/kg dose and the data demonstrated that the published model structure and
parameters are very inconsistent with the empirical data, hence that there was a
significant flaw in the model.

Fabrega et al. (2015) developed a PBPK model describing the dosimetry of multiple PFAS in
humans, including PFHxXS. A concern with this model is that the tissue:blood partition coefficients

were estimated by comparing tissue concentrations measured in cadavers with blood
concentrations from different (living) subjects, albeit from the same geographic region. Also, the
brief description provided for the estimation of the parameters for saturable renal resorption was
considered not sufficient to allow for independent reproduction of that process and it was unclear

how the two constants can be independently identified from such data. Finally, model results for

PFHxXS shown by the authors underpredict an epidemiological dataset (Rylander et al., 2009) by
about an order of magnitude. Therefore, the model was not considered further for use in this
review.

Verner et al. (2016) developed a coupled classical PK model, wherein single-compartment

models represented the mother and fetus or child, which incorporated growth of the fetus and
child, maternal body weight changes, and a time-varying rate of milk intake to account for the
decline in g/kg-day ingested with the child’s age. With parameter samples selected from
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distributions by Monte Carlo sampling, maternal exposure levels for individuals from two studies
were selected to match the observed maternal serum concentration at delivery (i.e., given the
sample set of parameter values) and the PFAS concentrations in the mother and child simulated for
the first three years of the child’s life. Measured plasma levels in children at 6 months of age were
fairly well predicted, though the model tended to under-predict the plasma levels at age three, with
many observations more than two-fold higher than predicted. A version of the PK model was
implemented and its ability to predict rat PK data was evaluated as described in Appendix E.2.
Unfortunately, based on the under-prediction of PFHXS concentrations in three-year-old children

shown by Verner et al. (2016) and the poor performance of the model in predicting rat PK data

using parameter values estimated for that species (Appendix E.2), model predictions were not
considered sufficiently reliable for use in this assessment.

It is also noted that EPA’s high throughput toxicokinetics (httk) computational model
package (Pearce et al., 2017) predicts dosimetry for PFHxS. However, this model currently does not

account for the activity of transporters, in particular those involved with renal resorption, so
clearance (in the absence of metabolism) is estimated as the free fraction in blood times the
glomerular filtration rate. The httk package estimates the half-life of PFHXS in humans to be 38 days
or 0.11 years, corresponding to CL = 3.9 mL/kg-day (using Vd for female monkeys), over two orders
of magnitude higher than that estimated from the empirical in vivo human data. Hence, the httk
model was also not considered further for use in this review.

Bil et al. (2022) used a classical two-compartment PK model structure to estimate internal

dose relative potency factors for liver toxicity observed in male rats for nine PFAS, including PFHxS.
Since the PK model parameter estimation was performed separately for each PFAS, only the results
for PFHxXS need to be discussed here, but it is noted that the objective of the paper was to develop a
method for prediction of toxicity from exposure to PFAS mixtures. For, PFHxS, Bil et al. (2022) used
the PK data of Huang et al. (2019a), one of the studies included in EPA’s analysis, and obtained

results for a single compartment (monophasic clearance) with a volume of distribution of 137

mL/kg and a half-life of 16.5 days using the data for the 16 mg/kg dose. These values are similar to
those reported by Huang et al. (2019a) for that dose (144 mL/kg and 16.9 days, respectively), but

somewhat lower than the results of EPA’s analysis of multiple data sets including Huang et al.
(2019a) (mean values of 217 mL/kg and 21 days). Because EPA’s clearance value is obtained from

analyzing data from all three dose levels used by Huang et al. (2019a) and data from two other

studies (Kim et al., 2018b; Kim et al., 2016b), it is considered superior for use in pharmacokinetic
extrapolation from animal to human points of departure.

Sweeney (2022) developed a PBPK model for PFHxS in humans. Model simulations were

conducted for individuals from 0-70 years of age and results analyzed (compared with data) for
individuals from 12-70 years of age. The text indicates that an adjustment factor for ingestion in
children 0-10 years of age was employed, but gestational and lactational exposure are not

mentioned and pregnancy was not simulated. The model structure and assumptions and
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adjustments for physiological changes with age appear to be sound and the author has compared

model results to a comprehensive set of human PK data.

Unfortunately, the model code for Sweeney (2022) contains a mass-balance error in which
the unbound fraction in plasma (CAFREE) is calculated as the total amount in plasma (APLAS)
divided by the plasma volume, which effectively means that distribution to tissues and urinary
elimination are not restricted by the plasma protein binding. If instead one interprets APLAS as
only being the amount free in plasma, then the corresponding total amount in plasma
(APLAS/FREE) is not included in the mass balance check for the model code. EPA’s review of the
model code suggested that the variable APLAS is consistent with the total amount in the plasma, not
the free amount. For example, the differential equation for APLAS sums all the PFHxS that
distributes out of the liver after absorption from the stomach (based on the amount free in the
liver), rather than being only assigned the fraction that is free in blood. However, if the total amount
in blood is APLAS/FREE, making this correction would add an amount approximately 40 times
APLAS to the overall mass balance equation, which would then likely demonstrate an overall mass
balance error.

It is possible that the mass balance error in Sweeney (2022) is related to the inability of Kim
etal. (2018b) to correctly replicate the [V dosimetry in rats, noted above, in that both point to a

central assumption that appears to be incorrect. Kim et al. (2018b]) correctly calculates the mass

balance in the plasma based on the assumption that only the free fraction in the plasma can
distribute to tissues, but then fails to predict that tissue distribution after IV dosing. The central
model code used by Sweeney (2022) was originally developed by Loccisano et al. (2011), who may

have inadvertently introduced the mass balance error in an attempt to correct for an inability of the
model to predict tissue distribution and urinary elimination. The resolution of this issue may
require relaxing the assumption that the free fraction and bound fraction in the serum are strictly at
equilibrium at all times, as opposed to being treated as a dynamic equilibrium with distinct rates of
association and dissociation. In the latter case, the rate of distribution to tissues and urinary
elimination would be limited by the rate of dissociation, which may be more rapid than the
equilibrium fraction free multiplied by the blood flow rate to the tissues (or glomeruli). A
mathematical model that incorporates the kinetics of plasma binding and release to describe
uptake of drugs by the brain has been previously described by Robinson and Rapoport (1986), but

adaptation of this model to the tissue distribution of PFHxS would require measurement of the
separate rates of association and dissociation, data which have not been reported. Hence,
appropriate revision of the PBPK models was not possible for use in this assessment.

Irrespective of the potential impact of the mass balance error, from Table 1 of Sweeney
(2022), the model predicts urine concentrations around 2.5 times higher than Fu et al. (2016) and
3.75 times higher than measured by Zhang et al. (2013b), indicating an overall predicted clearance
of 0.06-0.07 mL/kg-day, consistent with the results of Li et al. (2018), whose data were used for

calibration. However, the result means that application of the Sweeney (2022) would be less health-
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protective than use of the weighted geometric mean clearance, 0.041 mL/kg-day (Table 3-5) and
would not address some of the other uncertainties noted here. For both this reason and the mass
balance issue, the model was not further considered for use in the current analysis.

Most recently, Chiu et al. (2022) applied a one-compartment PK model in a Bayesian

analysis of human serum concentrations matched with drinking water (DW) concentrations of
several PFAS, including PFHxS, from multiple community studies. Since the one-compartment
model structure is essentially identical to that already evaluated by the EPA and only addresses
exposure of adults, for whom body weight is presumed fixed, it was not considered further for use
as a PK model, but the overall approach and parameter estimation method were considered
sufficiently sound that the resulting parameters were combined with other published human
parameters in estimating overall population clearance and volume of distribution (Table 3-4).

Yao et al. (2023) used a one-compartment PK model to estimate the time-course of multiple

PFAS, including PFHxS, in human children from birth to one year of age. However, the model used a
constant level of intake by the child, based on the breast milk concentration measured just after
birth and the volume of breast milk ingested per day for infants < 1 month of age, and did not
account for the dilution due to growth of the child over that time. Breast milk intake is expected to
peak between 3 and 6 months of age and the intake per kg BW of the infant to decline from the first
month of age through the first year (https://www.epa.gov/expobox/exposure-factors-handbook-
chapter-15), while concentrations of PFHxS in maternal serum declined on average in the first
month after birth (Oh et al., 2022). Hence, the simulations of Yao et al. (2023) likely over-predict
the actual PFHxS time-course in children after the first month of life.

3.1.6. Empirical Pharmacokinetic Analysis

To estimate sex-specific PK parameters with measures of uncertainty for male and female

rats based on all of the published studies, including Kim et al. (2018b), a hierarchical Bayesian

analysis was conducted using either a one- or a two-compartment empirical PK model. Details of
the analysis are provided in Appendix E. Results for a one-compartment model are described here

for mice and rats and results for a two-compartment model for monkeys.

Estimation of Pharmacokinetic Parameters

In classical PK theory, it is expected that once a chemical is absorbed or distributed to the
blood, its excretion (clearance) is then independent of the route of administration. With IV
administration, 100% of the dose is delivered directly to the blood, while only a fraction of an oral
dose may be absorbed. Therefore, the area-under-the-curve (AUC) for blood or serum
concentration after an oral dose should be less than or at most equal to the AUC after the same dose
administered IV, and the fraction absorbed, or bioavailability, is estimated as AUCorai/AUCyv.
However, when both the IV and oral PFHXS exposure data for rats (at identical doses) were
analyzed from Kim et al. (2016b), Kim et al. (2018b) and Huang et al. (2019a) by EPA, the estimated

serum concentration AUC was consistently lower for the IV-dose data than the oral dose data for a
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number of the datasets, with the result that the corresponding CL values were quite different, in
some cases with non-overlapping data-set-level credible intervals (see Figure 3-4). This difference
was especially evident in the female, where CL after IV dosing was higher in all cases examined.
This outcome does not match general pharmacokinetic theory, which depends on a number of

assumptions, including that distribution into body tissues is independent of dose route.

Figure 3-4. Comparison of Female (left) and Male (right) CL values for IV and
gavage exposure of equivalent dose levels from Kim et al. (2016b), Kim et al.
(2018b) and Huang et al. (2019a). The central point, a triangle for IV and a circle
for gavage, denotes the mean CL, the thicker portion of the lines are the quartiles,
and the thinner extent of the lines denote the 95th confidence interval. Note that
these clearance values are slightly different than presented in Table 3-6, because
those values were based on an analysis of only the gavage datasets, whereas the
values in the figure above are based on analysis of the gavage and IV data together
in a hierarchical Bayesian framework.

Since data of Kim et al. (2018b) show nearly identical urinary and fecal excretion after IV
versus oral dosing, it is possible that distribution into body tissues was much greater after IV
dosing, perhaps because more of the IV-infused PFHxS could distribute to various tissues before it
became bound to serum proteins, while the slower absorption from oral dosing led to lower tissue
distribution. Tissue dosimetry data after both IV and oral doses, which could be used to evaluate
this hypothesis, were not available and resolution of the apparent discrepancy was considered
beyond the scope of this analysis. Because the objective was to extrapolate dosimetry from oral
exposures in animal toxicity studies to humans, given the unusual quantitative results from
classical PK analysis for IV versus oral dosimetry, only the oral dosimetry data were included in the
final analysis for rats and mice. Only IV dosimetry data were available for monkeys, so those data
were analyzed recognizing that it may not exactly represent oral kinetics. Because the empirical
data indicted the blood AUC after IV exposure was less than after oral exposure to the same dose for
most of the experiments, it was assumed that oral bioavailability was 100% and that was assumed
in subsequent analyses.

A single study reported PK data that could be used for parameter estimation for mice and
monkeys (Sundstréom et al., 2012). While Sundstrém et al. (2012) did collect PK data after both [V

This document is a draft for review purposes only and does not constitute Agency policy.

3-40 DRAFT—DO NOT CITE OR QUOTE


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3749289
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4239569
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5387170
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4239569
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834

O 00 N OO Ul A WIN P

N NN NNNNNRRRRRRR R R B
N OO U WN R O WOWOWNO UM WNINRO

Toxicological Review of Perfluorohexanesulfonic Acid and Related Salts

and oral administration in mice, they did not estimate a bioavailability for male mice and the
estimate of 50% availability in female mice was based on only two animals for oral dosimetry.
Therefore, the more complete datasets for 1 and 20 mg/kg oral doses provided separately were
analyzed similarly to the analysis for rats described above, assuming 100% bioavailability. The
resulting PK model fits (see Appendix E, Figure E-5) were quite good, showing that the oral PK data
for mice were consistent with this assumption; the model did not over-predict the serum

concentration time-course.

Only IV data were available for monkeys (Sundstrém et al., 2012), so those data were
analyzed for that species, recognizing the resulting uncertainty in bioavailability and that there may
be differences in distribution and clearance between the two routes of administration. While the
mouse and rat PK data were adequately fit with a one-compartment model (see Appendix E, Figures
E-1 to E-5), the monkey PK clearly showed biphasic clearance from the serum, requiring a two-
compartment model, that is, one including both central and a deep tissue compartment (see
Appendix E, Figure E-6). No critical dose-response endpoints were identified in monkey, so no
determination needed to be made considering the best approach for pharmacokinetic extrapolation
from monkeys.

Values for the volume of distribution (Vd, mL/kg) and clearance (CL, mL/kg-day) were also
estimated from the Bayesian analysis for each study and dose, as well as overall population mean
values (Appendix E). An average half-life (T1,2) was calculated from these results using the formula,
T1/2 =In(2) x Vd/CL. Interestingly, while the analysis showed a clear, large sex difference in
clearance and the corresponding half-life between male and female rats, almost no difference
appeared between male and female mice. The monkey results should be interpreted with some
caution, as they were based on only three animals per sex, but they suggest an intermediate case
between rats and mice, with clearance in male monkeys being 73% of female monkeys. The much
slower clearance in male rats compared with female rats is assumed to result from higher
expression of renal transporters that resorb PFHxS. The data for mice and monkeys suggest that

expression of the transporters is much less sex-dependent in those species.

Table 3-6. Pharmacokinetic parameters for rats, mice, monkeys, and humans

Volume of
Dose Clearance (mL/kg- L T1/2°
Study (mg/ke) n dy? distribution (d)
8Ie (mL/kg)’
Male rats
Kim et al. (2016b) 4 5 5.71 (5.46-5.69) 264.4 (255.6-272.6) 32.1
Kim et al. (2018b) 4 5 6.58 (3.34-9.68) 293.4 (262.9-323.9) | 30.9
4 3¢ 5.37 (4.61-6.14) 137.8 (116.2-159.6) | 17.8
Huang et al. (2019a)
16 3¢ 5.91 (5.09-6.75) 144.2 (121.1-166.5) | 16.9
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Volume of
Dose Clearance (mL/kg- L T1/2°
Study (ma/kg) n d)? distribution (d)
&/ke (mL/kg)?
32 3¢ | 9.74(8.47-11.03) | 210.7(176.9-243.2) | 15.0
Population mean - - 7.15(3.73-10.26) | 216.5(149.2-281.4) | 21.0°
Female rats
Kim et al. (2016b 4 5 117.8 (110.7-125.3) 286.9 (264.5-309.6) 1.7
1 5 83.02 (77.22-89.38) 196.0 (117.2-213.6) 1.6
Kim et al. (2018b
4 5 106.3 (98.58-113.8) 236.3 (215.5-257.6) 1.5
4 3¢ 50.14 (45.03-55.01) 162.8 (142.9-183.2) 2.3
Huang et al. (2019a) 16 3¢ 61.36 (55.58-67.17) 187.9 (166.5-208.5) 2.1
32 3¢ 94.54 (85.43-103.3) 261.9 (231.9-290.2) 1.9
Population mean - —- | 84.10(64.72-103.8) | 224.2 (182.7-266.4) | 1.8°
Male mice
Sundstrém et al. (2012) (all data) 18&20 | 4° 3.86 (3.27-4.41) 154.6 (122.6-185.5) | 27.8
Female mice
Sundstrom et al. (2012) (all data) 1&20 4° 3.18 (2.83-3.52) 123.0 (104.5-140.6) 26.8¢
Male monkeys
Sundstrém et al. (2012) 10 3 1.39 (0.94-1.83) 282.4 (251.9-314.9)¢ 141
Female monkeys
Sundstrém et al. (2012) 10 3 2.12 (1.81-2.44) 228.5(204.4-252.5)¢ 75
Human
3,855
All males and females below age 12.4y and 0.041 228 (women)' (10.6y)
above age 50y ' 278 (men)f 4,700
- 577 (12.6y)
) 2,136
Women 12.4-50 years of age 0.074 228 (women) (5.9)

@Values are mean (study-level 90% credible interval) or population mean (90% credible interval).

bT1/2 = ([mean] volume of distribution [mL/kg]) x In (2) / ([mean] clearance [mL/kg-d]).

‘Number of animals per time point.

dRats displayed a large difference in half-life between sexes that mice did not. This sex-dependence was seen in
rats for many PFAS and has been linked to sex-hormone dependent changes in renal transporters (Kudo et al.,

2002). It is not fully understood why this phenomenon is different between species.
€Sum of central and peripheral compartment volumes from a 2-compartment PK model.
fVd in women assumed equal to the value for female monkeys, Vd in men assumed equal to male monkeys.

While the results for rats showed a fair degree of variability in CL between studies (see

Table 3-6), the range in mean values is 1.8-fold for males and 2.3-fold for females is modest and the

This document is a draft for review purposes only and does not constitute Agency policy.

DRAFT—DO NOT CITE OR QUOTE

3-42



https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3749289
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4239569
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5387170
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1289834
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2990271
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2990271

O 00 N OO Ul A WIN P

S = N S Y
A WN PR O

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Toxicological Review of Perfluorohexanesulfonic Acid and Related Salts

overall population means were obtained via a Bayesian analysis that addressed the variability both
within and among the datasets (see details in Appendix E, Section 1). Hence, these values provided
an estimate of the relationship between dose and mean serum concentration levels in rats that
appeared to be accurate to within a factor of two, which was set as an acceptable degree of
discrepancy between PK model simulations and data in EPA’s Umbrella Quality Assurance Project
Plan (QAPP) for Dosimetry and Mechanism-Based Models (U.S. EPA, 2018b), and so were

considered sufficiently sound for use in cross-species extrapolation.

The assumption that the Vd derived from monkeys is a suitable surrogate for the human Vd
introduces some uncertainty to the calculated human half-life. However, Chiu et al. (2022) obtained
amean (95% CI) Vd of 0.25 (0.15, 0.42) L/kg from their analysis of human data, which is essentially

the average of the values from male and female monkeys, 0.287 and 0.213 L/kg, respectively.

Hence, the extent of the uncertainty is judged to be minimal. Use of the value from Chiu et al. (2022)

would only change some of the estimated clearance values in Table 3-5 by less than 20%, so would

have a minimal impact on the geometric mean clearance obtained.

Clearance Versus Glomerular Filtration Rate and Free Fraction in Serum

Some mechanistic insight could be gained by comparing the clearance values shown in
Table 3-6 with species-specific glomerular filtration rate (GFR), with and without adjustment for
serum protein binding. Davies and Morris (1993) summarized GFR for multiple species. Using 0.25
kg as the species average BW for the rat, the GFR/BW for rats is 7.55 L/kg-day, which is
approximately 1,100 and 90 times higher than the population mean clearance estimated in male

and female rats, respectively.

Binding to serum proteins plays a likely role in these very large differences. As discussed
above in the context of distribution, PFHxS binds to albumin with high affinity and it is the major
carrier of PFHxS in blood (Forsthuber et al., 2020; Bischel et al., 2010; Weiss et al., 2009). This

binding may play a role in the limiting the rate of the renal excretion of PFHxS, in addition to the

role played by renal transporters. Kim et al. (2018b) measured reported PFHxS free fractions (ffree)
0f 0.00076 and 0.00069 in male and female rat plasma. Using these values, GFRx fiee = 5.7 and 5.2
mL/kg-day in male and female rats. This alternative estimate of clearance for male rats is close to

the population mean in Table 3-6 (7.15 mL/kg-day), which could be interpreted as showing
minimal renal resorption in males. However, for female rats GFRx fiee is more than order of
magnitude lower than the population mean clearance of 84.1 mL/kg-day. Section 3.1.5 provided
further discussion of the fact that the PBPK model of Kim et al. (2018b), which assumed that tissue

distribution was similarly limited by the free fraction, underpredicted the observed short-term

distribution of PFHXS in rats. Hence, while it is expected that serum protein binding limits renal
excretion (and tissue distribution) to some extent, the reduction appears to be less than predicted
by assuming that clearance is strictly limited to the equilibrium free fraction. As noted above,

Robinson and Rapoport (1986) used a mathematical model that incorporates the kinetics of plasma
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binding and release in order to describe uptake of drugs by the brain, supporting this conclusion.
Alternately, there could be an error in the measured free fraction.

More qualitatively, the fact that the measured free fraction is similar in male versus female
rats indicates that it cannot explain the large sex difference in empirical clearance, and hence that

sex differences in renal resorption are likely to be a factor.

3.1.7. Model Evaluation Conclusion and Extrapolation Approach

The clearance in rats is sufficiently slow that PFHxS is expected to accumulate throughout
the course of the 28-day NTP bioassay (NTP, 2019) in male rats and for about 10 days in female

rats, as illustrated in Appendix E, Section 2. For this reason, the preferred approach would be to

perform an interspecies dose extrapolation that accounts for the time-dependence of the internal
dose (i.e., bioaccumulation). Further, given the slow clearance of PFHxS in male rats, the growth of
rats during these toxicity studies could be a significant factor as increases in BW are expected dilute
the body burden from earlier exposures. Therefore, a computational model for a single-
compartment PK model was developed to describe the accumulation and elimination of PFHxS
during these experiments, with time-dependence in BW based on the empirical data for BW. Details
of the model and its evaluation against serum concentration data from NTP (2019) were provided
in Appendix E, Section 2. While the period of accumulation was much longer for male rats, female
rats were modeled in the same way as males for consistency. However, application of the single-
compartment PK model revealed that this simple approach was not suitable for PFHxS due to an
observed nonlinear relationship between dose and plasma concentration, which the single-
compartment model was not able to replicate.

As noted in the Summary of Human PFHxS Excretion section, uncertainties also exist in the
potential extrapolation of such a model to developmental or other early-lifestage effects. Even
though the results for the one-compartment PK model indicated that the model may be adequate
for low-dose extrapolation of dosimetry in adult animals, the failure of this model (see Appendix E,
Section 2) and the issues identified with the published PBPK models (see Section 3.1.5)
demonstrated an incomplete understanding of PFHxS pharmacokinetics. Additional research, which
may be extensive, is needed to resolve the existing inconsistencies between the various models and
the data. Thus, a reliable PK model for PFHxS is not considered to be in the realm of available
science. Further, use of the empirical one-compartment PK model for some endpoints and a of data-
derived extrapolation factor (DDEF) for others would create inconsistency in the extrapolation
approach. This inconsistency would hinder the comparison between different candidate points of
departure and the failure of the model in some instances lowers the confidence in model
predictions, even for dose ranges where the model appears to be performing well. Therefore, a PK

model was not used for dosimetric extrapolation.
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Approach for Animal-Human Extrapolation of PFHXS Dosimetry

After evaluation of three published PBPK models and a one-compartment PK model for
PFHxS, it was determined that none of these options could reliably predict PFHxS dosimetry. An
alternative to use of PK (or PBPK) models for dosimetric extrapolation is use of data-derived
extrapolation factors (DDEFs). As stated in EPA’s guidance for DDEFs (U.S. EPA, 2014), use of these

factors “maximize the use of available data and improve the scientific support for a risk

assessment.” As discussed above in the Evaluation of Pharmacokinetic Modeling and Summary of
Human PFHxS Excretion sections, the estimated population average values of total CL for male and
female rats and for humans were considered sufficiently sound for use in such extrapolation, while

use of BW3/4 scaling (the least preferred option; see U.S. EPA (2011b)) could lead to over-prediction

of HEDs by as much as three orders of magnitude. Therefore, DDEFs calculated from the clearance
values listed in Table 3-5 and Table 3-6, were used as the next preferred option. Specifically, the
ratio of human clearance to clearance in the animal species and sex in which a given POD was
identified was used to estimate the HED for that POD. For example, to extrapolate from a POD from
the NTP bioassay for an endpoint in male rats to humans,

HED = POD x CL#/CLratm,

where CLyis the clearance in humans for the appropriate population, CLram is the clearance in male
rats and CLu/CLratm is the DDEF. This calculation assumed the same fraction absorbed or
bioavailability in human and rats, which is taken to be 100% as described in Section 3.1. In
particular, the computational PK analysis summarized in Section 3.1.6 found that the published PK
data showed serum AUC after oral exposures were higher than serum AUCs after matching IV
exposures for several key studies rather than results consistent with less than 100% oral
bioavailability.

For gestational effects, the clearance in the female animal (dam) was assumed to determine
dosimetry to the fetus. However, for effects observed in rat pups at PND 22, the clearance for the
same sex adult rat was used.

While menstruation does not occur during pregnancy and may not resume until after
weaning of the child, as described in the subsections Trend in Pregnancy and Breast Milk in 3.1.2
Distribution, studies of longitudinal changes in during and after pregnancy show maternal serum
levels remaining fairly constant or constant or declining through this lifestage. This likely occurs
because the long half-life of PFHxS results in slow accumulation as well as elimination, while the
increase in total body mass during pregnancy (including the fetus and placenta) is expected to
result in a dilution of the body burden as the PFHxS distributes into those growing tissues.
Therefore, the serum levels in the pregnant and postpartum woman are expected to be consistent

with her serum levels at the start of pregnancy, which are determined by her total clearance prior
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to pregnancy, including menstrual fluid loss. Thus, HEDs for developmental endpoints that occur in-
utero such as reduced birthweight or are based on measures of maternal serum concentration will
be calculated using the higher clearance estimated for women of childbearing age (12.4-50 years)
in Table 3-6.

However, this additional clearance clearly does not occur in young children, and as
described in Summary of Human PFHxS Elimination in Section 3.1.4, there may be differences in PK
among human lifestages that cannot be quantified because of a lack of empirical PK data during
childhood. While effects in adults do not involve extrapolation across lifestages, the degree of
accumulation of PFHXS in rats during a 28-day bioassay could be less than the accumulation during
a comparable portion (4%) of the human life span. Therefore, HEDs for effects observed in
experimental animals more than a few days after birth, where dosimetry in the pups or human
child may be a significant factor, and immune effects correlated with serum concentrations
measured 5 years after birth, for which the exposure and clearance of the offspring are significant
factors, have been calculated using the population-average CLy from Table 3-6.

The key assumption made in calculating a DDEF for a given endpoint evaluated was that for
effects observed in adult male and female rats, the CL and Fays for the corresponding rat sex from
Table 3-6 were used to calculate the DDEF. Table 3-7 shows the resulting DDEFs.

Table 3-7. Data-derived extrapolation factor (DDEF) calculations

Sex and species of observation (lifestage) CLA (mL/kg-d) DDEF?
Male rats (adult and male pups > PND 7) 7.15 5.73x1073
Female rats (adu!t and female pups > PND 7), 841 4.88 x 10-4
non-reproductive/developmental effects
Female rats (adult), reproductive effects and effects in 841 8.80 x 10-*

pups < PND 7

3DDEF = (CLu/CLa) with CLn = 0.041 mL/kg-d for effects in all males and females outside of reproductive age, except
for those occurring in-utero or correlated with maternal serum levels during or after pregnancy. For reproductive
effects in females and developmental effects associated with maternal serum levels, CLs = 0.074 mL/kg-d was
used. These DDEF values assume equal oral bioavailability in rats and humans. Rat CL values from Table 3-6. No
data exist showing that CL in juveniles is different from adults.

When an internal dose POD, specifically a serum concentration, is obtained from human

epidemiological studies, the HED will likewise be calculated as:

HED = PODjn x CLy,

using the geometric mean estimate for human clearance from Table 3-5, CLy = 0.041 mL/kg/d = 4.1

x 10-5 L/kg-day for effects associated with serum levels in children (e.g., immune effects associated
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with serum levels measured at age 5) and 0.074 mL/kg-day = 7.4 x 10-5 L./kg-day for

developmental effects associated with maternal serum levels.

Uncertainty in HED Calculations

The ranges in population mean parameter Table 3-6 can be used as a measure of
uncertainty in the CL for male and female rats. The upper end of the 90% credible intervals is only
43% higher than the mean for male rats and 23% higher than the mean for female rats, indicating
that concentrations during the bioassays were unlikely to be much lower than effectively estimated
using the DDEF, hence that the corresponding HEDs were also judged unlikely to be more than 1.5-

fold lower. Applying the DDEF, however, effectively assumed the rats were at steady state, when

this was not likely the case, especially for male rats used in the NTP bioassay (NTP, 2018a), which
could lead to an over-prediction of the HEDpop. The non-menstrual clearance value used for humans
was approximately two-fold higher the lowest from among those reported by or estimated from
multiple studies of PFHxS dosimetry in humans. Only a modest correction for fecal absorption
(using the ratio of fecal/urinary elimination observed in rats after IV dosing) was applied. Hence,
the average human clearance is unlikely to be more than two-fold lower than the value used for
HED calculation. The relative values of non-menstrual and menstrual clearance correlate strongly
with differences between PFHxS serum levels found in the U.S. population (NHANES data) (Jain and

Ducatman, 2022), reducing the qualitative uncertainty. While uncertainties in the extrapolation to

developmental exposure and dosimetry in children remain, there are currently no data to indicate
that these are greater than is accounted for by application of the standard human interindividual
uncertainty factor (UFy), of which a factor of 3 is typically attributed to pharmacokinetic differences

across individuals.

3.2. NONCANCER HEALTH EFFECTS

For each potential health effect discussed below, the synthesis describes the evidence base
of available studies. Arrays or tables summarizing endpoint results across studies within each
evidence stream are also provided. The effect levels presented in these arrays and tables are based
on statistical significances or biological significance, or both. Examples relevant to interpretations of
biological significance include consideration of the directionality of effect (e.g., statistically
significantly decreased cholesterol/triglycerides is of unclear toxicological relevance), tissue-
specific magnitude of effect (e.g., statistically nonsignificant increase of 210% in liver weight may
be considered biologically significant), and dose-dependence (e.g., a significant finding at a single,
lower dose level but not at multiple, higher dose levels may be interpreted as potentially spurious).

For this section, evidence to inform organ-/system-specific effects of PFHxS in animals following

ZThroughout the assessment, the phrase “statistical significance” indicates a p-value < 0.05, unless otherwise
noted.
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developmental exposure are discussed in the individual organ-/system-specific sections (e.g., liver
effects after developmental exposure are discussed in the hepatic effects section and so on,
although they are generally cross-referenced to the Developmental Effects section; Section 3.2.3).
Evidence on other developmental effects (e.g., fetal growth) is only discussed in the Developmental
Effects section. Lastly, overt toxicity was not observed at any of the highest doses tested in any of
the available studies (in contrast to data available for some of the other PFAS being assessed by the
IRIS Program), and thus the potential for overt toxicity to complicate interpretation of the health

effect-specific PFHxS evidence is not a factor discussed in any of the following sections.

3.2.1. Thyroid Effects

Under normal physiologic conditions, neurons in the hypothalamus release thyroid
releasing hormone (TRH) to stimulate epithelial cells of the anterior pituitary gland to release
thyroid stimulating hormone (TSH) (Irizarry, 2014). TSH plays a number of important metabolic
functions including stimulation of the thyroid gland to release thyroxine (T4), which is converted to
triiodothyronine (T3). When increased T3 and T4 serum levels exceed a blood concentration
threshold, secretion of TRH from the hypothalamus is inhibited via a negative feedback loop
(Irizarry, 2014; Pilo et al., 1990). In adults, T3 and T4 play important metabolic functions; for

example, decreases in T3 and T4 serum levels, a condition known as hypothyroidism, result in
increased weight gain, fatigue, and dry skin, as well as effects on the memory and a difficulty to

concentrate. Conversely, increased levels of T3 and T4, otherwise known as hyperthyroidism, result

in increased rate of metabolism, weight loss and increased heart rate (Mullur et al., 2014). During
fetal development and throughout early childhood, thyroid hormones play an important role in
somatic growth and development. Thyroid hormones have been shown to play a critical role in
neurogenesis, neuronal migration, and synaptogenesis, as well as shifting neuronal cells from a

proliferative state to a differentiation state and myelination (Gilbert et al., 2016). In humans,

alterations of prenatal maternal T4 have been linked to declines in cognitive function in children

(Korevaar et al., 2016; Haddow et al., 1999). Importantly, changes in prenatal and maternal T4 have

been shown to be biologically important in the absence of changes in TSH reviewed in (Vansell
2022; Moog et al,, 2017; Stagnaro-Green and Rovet, 2016; Dong et al., 2015; Navarro et al., 2014;
Rovet, 2014; Patel et al., 2011; Berbel et al., 2010; Morreale de Escobar et al., 2008; Cuevas et al.,
2005; Rovet, 2005; Zoeller and Rovet, 2004; Hood and Klaassen, 2000; Hood et al., 1999a; Hood et
al., 1999b).

Human Studies

Thirty-nine studies (reported in 44 publications) have investigated the relationship
between PFHxS exposure and thyroid hormones and/or thyroid disease in humans. All of the
available human studies examined the association between PFHxS exposure measured in blood and

thyroid hormones (see Figure 3-5).
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There were multiple outcome-specific considerations that were influential on the study
evaluations. First, for outcome ascertainment, collection of blood during a fasting state and at the
same time of day for all participants (or adjustment for time of collection) is preferred for
measurement of thyroid hormones to avoid misclassification due to diurnal variation (van Kerkhof
etal, 2015). Studies that did not consider these factors (e.g., by study design or adjustment) were
not excluded but were considered deficient for the outcome ascertainment domain. This is expected
to result in nondifferential outcome misclassification, and thus, bias toward the null on average. For
participant selection, it was considered important to account for current thyroid disease and/or use
of thyroid medications; studies that did not consider these factors by exclusion or another method
were considered deficient for the participant selection domain. Concurrent measurement of
exposure with the outcome was considered acceptable for this outcome since thyroid hormones
can be up- or downregulated relatively quickly in relation to the long half-life of PFHxS (half-life of
T3 and T4 are in the order of hours/days, respectively (Leboff et al., 1982) versus years for PFHxS

(Lietal., 2018); see Section 3.1.3); thus, exposure measurement ratings were not downgraded for

timing of measurement. All of the available studies analyzed PFHxS in serum or plasma using
appropriate methods as described in the systematic review protocol (see Appendix A). Thyroid
hormones were analyzed using standard methods (e.g., immunoassays, HPLC-MS/MS) in all studies.
The medium confidence studies generally were not downgraded for participant selection, but most
did not account for time of day of blood collection and fasting, which is considered likely to result in
nondifferential outcome misclassification (expected to be toward the null on average) for thyroid
hormone measures. The low confidence studies were generally downgraded for both the
participant selection issues and outcome ascertainment issues described above, though Liu et al.
(2018) did not account for thyroid medication use but was unique in the set of available studies in
that data were collected prospectively, and the analysis was based on change in outcome, so there
was less concern for the lack of adjustment impacting the results.

In summary, 26 studies were medium confidence (Cakmak et al.,, 2022; Gallo et al., 2022; Li
etal, 2021b; Sarzo et al., 2021; Aimuzi et al., 2020; Kim et al., 2020a; Lebeaux et al., 2020; Liang et
al., 2020; Aimuzi et al., 2019; Caron-Beaudoin et al., 2019; Inoue et al., 2019; Reardon et al., 2019;
Blake et al., 2018; Dufour et al., 2018; Kang et al., 2018; Liu et al., 2018; Preston et al., 2018; Berg et
al., 2017; Crawford et al., 2017; Shah-Kulkarni et al., 2016; Yang et al., 2016a; Wang et al., 2014;
Webster et al., 2014; Wang et al., 2013; Wen et al., 2013) and ten were low confidence (Liu et al.,
2021b; Itoh et al., 2019; Heffernan et al., 2018; Khalil et al., 2018; Zhang et al., 2018b; Li et al.,
2017c; Lewis etal., 2015; Ji et al., 2012; Chan et al., 2011; Bloom et al., 2010). Three studies were
uninformative in study evaluation (Seo et al.,, 2018; Kim et al.,, 2016a; Kim et al., 2011a). Sensitivity

was a concern across studies due to narrow exposure contrasts in several studies (see sensitivity
domain in Figure 3-4), combined with the expected bias toward the null due to outcome
misclassification. Thus, null results are difficult to interpret. The medium confidence studies were

the focus of evidence synthesis; low confidence studies did not undergo data extraction but were
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1  still considered for consistency in the direction of association. The domain ratings, populations, and

2  thyroid measures for each study are presented in Figure 3-5.
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Figure 3-5. Study evaluation results for epidemiology studies of PFHxS and thyroid effects. Full
details available by clicking H AWC link. Multiple publications of the same study: Preston et al.

(2018) also includes Preston et al. (2020).

G: good; A: adequate; D: deficient; CD: critically deficient; Un: uninformative.
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The results for the association between PFHxS exposure and thyroid effects in medium
confidence studies are presented in Tables 3-8 and 3-9. Twenty-eight studies examined
associations with thyroid hormones in adults, including 13 focused on pregnant women (see Table
3-8). For T4, out of 27 studies, the results are mixed. In the 15 medium confidence studies, a few
statistically significant associations were reported (positive associations in both sexes in Cakmak et

al. (2022), positive association in women but inverse in men in Wen et al. (2013), positive

association in men >50 years of age in Li et al. (2021b), positive association in pregnant women in

Aimuzi et al. (2020), and inverse association in pregnant women in Reardon et al. (2019). Other

non-significant results were also in both directions or showed no association. The low confidence
studies were also inconsistent in direction of association for T4. Many of the inverse associations
had small magnitudes of effect and some estimates, particularly for total T4, were imprecise, both
of which decrease certainty in the evidence. There is no clear pattern by exposure level or
population. Nineteen studies examined associations with T3. In the 12 medium confidence studies,
most reported no association with the exception of three studies (Aimuzi et al., 2020; Crawford et

al., 2017; Wen et al.,, 2013) in women that reported higher levels of T3 with higher exposure to

PFHxS (statistically significant in latter two studies). Twenty-seven studies reported on TSH, and of
the 16 medium confidence studies, one reported statistically significant higher TSH with higher

exposure (Reardon et al., 2019) and one study reported a statistically significant inverse

association (Aimuzi et al., 2020), both in pregnant women, but the remaining studies reported no

clear association.
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Table 3-8. Associations between PFHxS exposure and thyroid hormone levels
in medium confidence studies of adults.

Median
exposure
(IQR) or as
specified Effect
Reference Population (ng/mL) | estimate T4 T3 TSH
General population, adults
Cakmak et al.| CHMS cross-sectional 1.5 (GM) Percent Total T4 NR -1.1(-4.9, 2.9)
(2022) study (2007-2011), change for 0.9 (0.1, 1.8)*
Canada, 6,045 GM
participants (all ages) equivalent
increase
Crawford et | Time to Conceive 1.6 (GM) | B (p-value) Total T4 Total T3 -0.03 (0.7)
al. (2017) cross-sectional study for log- -0.15(0.5) 2.8(0.2)
(2008-2009), U.S., 99 unit Free T4
women increase 0.01 (0.8)
Wen et al. NHANES cross- 2.0 (GM) | B (95% CI) Total T4 Total T3
(2013) sectional study (2007- for In-unit Women Women Women
2010), U.S., 1,181 increase 0.26 (0.11, 0.41)* 4.07 (2.23,5.92)* -0.02 (-0.13, 0.09)
adults (672 men, 509 Men Men Men
women) -0.03 (-0.18,0.11) | -0.08(-1.70,1.54) | 0.02(-0.06, 0.52)
Free T4 Free T3
Women Women
0.003 (-0.02, 0.03) | 0.003 (-0.02, 0.03)
Men Men
-0.02 (-0.03, -0.003)* | 0.005 (-0.003, 0.01)
Blake et al. Fernald Community 2.7 (1.7-4.1)| Percent Total T4 NR 1.97 (-7.73, 12.7)
(2018) Cohort (1990-2008), change for | 1.74(-1.73,5.33)
U.S., 210 adults (81 IQR
men, 129 women) increase
Liu et al. POUNDS Lost trial of |3.1(2.3—4.4)| Spearman 0-6 months 0-6 months NR
(2018) weight loss treatment correlatio 0.04 0.01
(2004-2007) 621 n 6-24 months 6—24 months
adults (237 men, 384 coefficient -0.02 -0.05
women) s for
change in
hormone
Gallo et al. Veneto cross-sectional | 6.5 (3-12) Percent NR NR Women
(2022) study in high exposure change for 1.1(-1.8, 4)
area (2017), Italy, IQR Men
14,888 adults increase -5.5(-11, 0.3)
Li et al. Ronneby cross- 93 in women| Percent Free T4 Free T3
(2021b) sectional study in high | age 20-50 change Women 20-50yrs | Women 20-50yrs | Women 20-50 yrs
exposure area (2014— yrs 0.43 (-0.08, 0.94) 0.08 (-0.41, 0.57) -0.47 (-2.52, 1.62)
2015), Sweden, 2,687 Women >50 yrs Women >50 yrs Women >50 yrs
participants (all ages) 0.01 (-0.57, 0.6) 0.05 (-0.47,0.57) 0.63(-1.88,3.2)
Men 20-50 yrs Men 20-50 yrs Men 20-50 yrs
0.51(-0.14, 1.16) 0.29 (-0.29, 0.88) -0.37(-2.7,2.01)
Men >50 yrs Men >50 yrs Men >50 yrs
0.73 (0.02, 1.45)* 0.26 (-0.36, 0.89) -0.14 (-2.79, 2.58)
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Median
exposure
(IQR) or as
specified Effect
Reference Population (ng/mL) | estimate T4 T3 TSH
Pregnant women
Yang et al. Beijing Prenatal 0.5 Spearman Total T4: 0.08 Total T3: 0.08 -0.15
(2016b) Exposure cross- correlatio Free T4: 0.04 Free T3:0.12
sectional study (2013) n
157 mother-infant coefficient
pairs S
Wang et al. | Cross-sectional 0.6 (0.4-0.8)| B (95% CI) NR NR 0.01 (-0.04, 0.07)
(2013) analysis within for In-unit
Norwegian Mother increase
and Child Cohort Study
(2003-2004), Norway,
903 pregnant women
Aimuzi et al. | Cross-sectional 0.6 (0.4-0.7)| B (95% CI) Free T4 Free T3 -0.12 (-0.22, -0.01)*
(2020) analysis within for In-unit | 0.12 (0.02, 0.22)* 0.2 (0.05, 0.34)*
Shanghai Birth Cohort increase
(2013-2016), China,
1,885 pregnant
women
Sarzo et al. Cross-sectional 0.6 (0.4-0.9)| Percent Free T4 Total T3 6.09 (-0.71, 13.4)
(2021) analysis within INMA change for -1.6 (-7.56, 4.75) 0.52 (-6.05, 7.54)
(2003-2008), Spain, doubling
919 pregnant women (95% Cl)
Wang et al. |Taiwan Maternaland (0.8 (0.3-1.4)| B (95% Cl) Total T4 Total T3 0.11 (-0.002, 0.21)
(2014) Infant Cohort Study for unit -0.13 (-0.32, 0.06) -0.002 (-0.01,
(2000-2001), Taiwan, increase Free T4 0.001)
285 pregnant women -0.01 (-0.02, 0.003)
and 116 neonates
Webster et | CHirP cohort (2007—  [1.0 (0.7-1.7)| B (95% Cl) Free T4 NR 0.01 (-0.05, 0.07)
al. (2014) 2008), Canada, 152 for IQR -0.02 (-0.1, 0.07)
women increase
Reardon et |Alberta Pregnancy 1.0 B (95% Free T4 Free T3 0.14 (0.04, 0.25)*
al. (2019 Outcomes and Cl) for -0.01 (-0.01, - Not significant
Nutrition cohort unit 0.001)*
(2009-2012), 494 increase
women
Inoue et al. | Cross-sectional 1.1(0.8-1.4)| Absolute Free T4 NR 1.7 (-4.4,8.1)
(2019) analysis within Danish Percent -0.3(-1.6, 1)
National Birth Cohort difference
(1996-2002), (95% CI)
Denmark, 1,366 per IQR
pregnant women increase
Lebeaux et Health Outcome and 1.6(1.5) | B(95%Cl) Total T4 Total T3 -0.06 (-0.23, 0.11)
al. (2020 Measures of the for -0.01 (-0.04, 0.02) -0.01 (-0.04, 0.02)
Environment cohort doubling Free T4 Free T3
(2003-2006), 355 0.02 (-0.01, 0.05) -0.02 (-0.04, 0)

mother-infant pairs
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Median
exposure
(IQR) or as
specified Effect
Reference Population (ng/mL) | estimate T4 T3 TSH
Preston et al. | Project Viva cohort 2.4 (1.6-3.8)| B (95% CI) Total T4 NR 2.89(-2.12,8.17)
(2018) (1999-2002), U.S., 732 for IQR -0.05 (-0.14, 0.04)
pregnant women and increase Free T4
480 neonates -0.60 (-1.39, 0.19)

*p <0.05.

GM: geometric mean.

One medium confidence study (Berg et al., 2017) is not included because quantitative results were only reported
for significant associations.

Six studies examined associations with thyroid hormones in children and/or adolescents, in
addition to studies of adults that included adolescents or all ages without stratifying results, which
were described above. All six studies (five medium confidence and one low confidence) reported
null associations between PFHxXS exposure and thyroid hormones (Gallo et al., 2022; Li et al., 2021b;

Kim et al., 2020a; Caron-Beaudoin et al., 2019; Kang et al., 2018; Khalil et al., 2018)
Eleven studies (9 medium confidence) examined associations with thyroid hormones in
infants. For T4, 10 studies were available, including 9 of medium confidence. One study with the

highest exposure levels (Preston et al., 2018) reported statistically significant lower levels of total

T4, driven by the association in boys, with an exposure-response gradient across quartiles. The
remaining studies reported no association. Nine studies examined associations with T3. One low

confidence study (Shah-Kulkarni et al., 2016) reported statistically significant higher levels of T3

with higher PFHxS exposure in girls and no association in boys, while Aimuzi et al. (2019) reported

statistically significant inverse associations, strongest in boys. The remaining studies reported no
association. Ten studies examined the association between TSH and PFHxS exposure. There were
lower levels of TSH with higher PFHXS exposure in one low confidence study (Shah-Kulkarni et al.,
2016), and higher levels of TSH in one study (Wang et al., 2014) though neither was statistically

significant, and the confidence intervals were wide. The remaining studies reported no association.
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Table 3-9. Associations between PFHxS exposure and thyroid hormone levels
in medium confidence studies of infants.

Median
exposure
(IQR) or
as
specified | Effect
Reference Population (ng/mL) | estimate T4 T3 TSH
Guo et al. Sheyang Mini Birth 0.1(0.1-0.1)| B (95% Cl) Total T4 Total T3
(2021) Cohort Study (2009— for In-unit | 0.04 (-0.006,0.09) | 0.04(-0.003,0.09) | -0.10(-0.23, 0.03)
2010), China, 490 increase Free T4 Free T3
infants 0.02 (-0.007, 0.05) | 0.02(-0.02, 0.05)
Dufour et al.| University Hospital of 0.2 B (p-value) NR NR (0.9)
(2018) Liege cohort (2013— for Girls
2016) 214 mother- detected vs 0.09 (0.5)
infant pairs not Boys
detected -0.06 (0.5)
Aimuzi et al.| Cross-sectional analysis 0.2 (0.1-0.3)| B (95% Cl) Free T4 Free T3
(2019) from Shanghai Obesity for In-unit 0.06 (-0.06, 0.18) -0.04 (-0.09, - -0.03 (-0.06, 0.004)
and Allergy Cohort increase Girls 0.001)* Girls
Study (2012-2013), 568 0.03 (-0.14, 0.2) Girls -0.02 (-0.07, 0.02)
infants Boys -0.08 (-0.14, -0.02)* Boys
0.1 (-0.07, 0.26) Boys -0.04 (-0.08, 0.01)
-0.02 (-0.16, -0.03)*
Yang et al. | Beijing Prenatal 0.5 Spearman Total T4: -0.005 Total T3:-0.07 0.08
(2016b) Exposure cross- correlation Free T4:0.01 Free T3:-0.03
sectional study (2013) coefficients
157 mother-infant pairs
Wang et al. | Taiwan Maternal and 0.8 (0.3-1.4)| B (95% Cl) Total T4 Total T3 0.49 (-1.45, 2.43)
(2014) Infant Cohort Study for unit 0.002 (-0.50, 0.50) -0.001 (-0.007,
(2000-2001), Taiwan, increase Free T4 0.004)
116 infants -0.03 (-0.10, 0.04)
Lebeaux et | Health Outcome and 1.6 (1.5) B (95% Cl) Total T4 Total T3 0.05 (-0.05, 0.16)
al. (2020) Measures of the for 0.02 (-0.01, 0.06) -0.02 (-0.08, 0.03)
Environment cohort doubling Free T4 Free T3
(2003-2006), 355 -0.01 (-0.04, 0.02) | -0.02(-0.05, 0.02)
mother-infant pairs
Preston et | Project Viva cohort 2.4 (1.6-3.8)| B(95% CI) | -0.15(-0.38,0.08) NR NR
al. (2018) (1999-2002), U.S., 480 for IQR Girls
infants increase 0.07 (-0.23,0.37)
Boys
-0.46 (-0.83, -0.1)*
Liang et al. |Cross-sectional analysis (2.7 (2.0-3.4)| B (95% Cl) Total T4 Total T3
(2020) within Shanghai- for In-unit | -0.59 (-7.94, 6.76) 0(-0.05, 0.04) 0.43 (-1.02, 1.88)
Minhang cohort (2012), increase Free T4 Free T3
China, 300 infants -0.32 (-0.87,0.22) 0.02 (-0.08, 0.13)
*p <0.05.

One medium confidence study (Berg et al., 2017) is not included because quantitative results were only reported
for significant associations.
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In addition, five studies (four medium confidence) (Gallo et al., 2022; Kim et al., 2020a;
Dufour et al., 2018; Wen etal., 2013; Chan et al.,, 2011) reported on the association between PFHxS

and dichotomous hyper- and hypothyroidism outcomes defined by the authors using set cutpoints.

In Wen et al. (2013), a medium confidence study, there were greater odds of subclinical
hypothyroidism in men (OR 1.57, 95% CI 0.76, 3.25) and women (OR 3.10, 95% CI 1.22, 7.86), and
subclinical hyperthyroidism in women (OR 2.27,95% CI 1.07, 4.80) and lower odds of subclinical
hyperthyroidism in men (OR 0.56, 95% CI 0.24, 1.2). Subclinical hypothyroidism was defined as
TSH >5.43 mIU/L, and subclinical hyperthyroidism was defined as TSH < 0.24 mIU/L (both limited
to those without diagnosed thyroid disease). Also in adults, Dufour et al. (2018) reported higher

odds (though not statistically significant) of hypothyroidism in pregnant women and Gallo et al.
(2022) did not report increases in thyroid disease or medication use. In the low confidence study

(Chan etal., 2011), hypothyroxinemia in pregnant women was defined as normal TSH

concentrations with no evidence of hyperthyroidism (0.15-<4 mU/L) and free T4 in the lowest
10th percentile (<8.8 pmol/L) of the study sample). They found higher odds of hypothyroxinemia
with higher PFHxS exposure (OR 1.12,95% CI 0.89, 1.41). In children and adolescents, Kim et al.
(2020a) reported lower odds of subclinical hypothyroidism with higher exposure and Gallo et al.
(2022) reported no association.

Thyroid effects summary

Overall, the evidence for the association between PFHxS exposure and thyroid effects is
inconsistent. Some studies do indicate an association between thyroid hormones or subclinical
thyroid disease and PFHxS exposure, but this direction is not consistent across studies and the
associations with PFHxS exposure in most studies were null. There is also not clear coherence
across outcomes, with indications of associations with both hyper- and hypothyroidism and unclear
coherence of the direction of association between TSH and the other hormones. However, almost all
of the available studies were deficient in outcome ascertainment due to lack of consideration of
timing of sample collection. As discussed above, this is likely to result in nondifferential outcome
misclassification, which also is expected to bias results toward the null on average, although the
studies without this issue also reported null findings. Given these concerns, the findings across this
set of studies are difficult to interpret.

This document is a draft for review purposes only and does not constitute Agency policy.

3-57 DRAFT—DO NOT CITE OR QUOTE


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=9962235
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6833758
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4354164
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2850943
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1402500
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2850943
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4354164
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=9962235
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1402500
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6833758
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=9962235

O 00 N O U1 b W N B

N NN R B R R R R R R R R
N R O VW0 NOO U D WNERLO

23
24
25
26
27
28
29
30
31
32
33
34
35

Toxicological Review of Perfluorohexanesulfonic Acid and Related Salts

Animal Studies

The toxicity evidence base for PFHxS-induced endocrine outcomes consists of three

multigenerational publications (two studies) in SD or Wistar rats (Ramhgj et al., 2020; Chang et al., 2018;

Ramhgj et al., 2018), one developmental study in ICR mice (Chang et al., 2018), and one short-term (28

day) study in SD rats (NTP, 2018a). All studies treated the animals orally to PFHxS via gavage. Endocrine-

related outcomes evaluated by these studies included: thyroid hormones, histopathology, and endocrine
organ weights including thyroid, parathyroid, and adrenal gland weight. Potential PFHxS effects on male
and female reproductive organs (e.g., testes and ovaries) and reproductive hormones (e.g., testosterone
and estradiol) that also encompass part of the endocrine system are discussed in Male Reproductive Effects
and Female reproductive Effects sections.

Evaluation of the available animal studies showed that these were generally well conducted for
most endocrine-related endpoints. The available studies examined PFHXS endocrine toxicity effects using
doses that ranged between 0 and 10 mg/kg-day in mice (Chang et al., 2018); 0 and 25 mg/kg-day in rats
with the exception of NTP (2018a), for which a range of 0-50 mg/kg-day in female rats and 0-10 mg/kg-
day in male rats was used. These ranges account for the pharmacokinetic (PK) sex differences that have
been observed in rats, for which PFHXS appears to have a lower mean half-life in female rats versus their

male counterparts (1.72 and 26.9 days, respectively, after oral dosing (Kim et al., 2016b)). No overt toxicity

was observed at any of the highest doses tested in any of the available studies. Two high confidence studies,
Chang et al. (2018) and NTP (2018a), examined PFHxS effects on histopathology endpoints; three high
confidence studies (Chang et al., 2018; NTP, 2018a; Butenhoff et al., 2009) examined PFHxS effects on
thyroid gland weight. Lastly, two high confidence studies (NTP, 2018a; Butenhoff et al., 2009) also
measured adrenal gland weights. A summary of the study evaluations for each endpoint are presented in
Figures 3-6, 3-12, and 3-13; additional details can be obtained from HAWC.

Thyroid hormones

Four studies (three high and one low confidence; see Figure 3-6, below) examined the effects of
PFHxXS on levels of thyroid hormones, T3, T4, and/or TSH. One high confidence study, NTP (2018a)
examined effects on serum concentrations of TSH, T3, and total and free T4 in adult animals. The other two
high confidence studies examined effects of PFHxS on serum T4 (Ramhgj et al., 2018), T3 and TSH (Ramhgj
etal, 2020) in exposed dams and their offspring (exposed via lactation) through PND 22. Lastly, the fourth

study was low confidence in which Chang et al. (2018) reported using a developmental study design that

followed established guidelines for such studies (OECD 422 Testing guidelines). However, the reported
study design ignored essential components of the OECD 422 developmental toxicity screening guidelines. A
necessary requirement of the OECD guidelines is that serum T4 be measured as part of developmental
toxicity studies. The study authors did not measure T4 serum levels, under the rationale that T4 is an
“inactive hormone” and elected to measure TSH serum levels instead. It has been established that serum
TSH measures are not good indicators of potential endocrine disruption (OECD, 2016; Stoker et al., 2006;
Crofton, 2004).
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Figure 3-6. Study evaluation results for measures of thyroid hormone levels in PFHxS
animal toxicity studies. Full details available by clicking HAWC link.

NTP (2018a) measured free and total T4 serum levels in Sprague Dawley and Ramhgj et al. (2018)
measured total T4 serum levels in Wistar rats (see Figures 3-7 and 3-8). NTP observed a statistically

significant, dose-dependent decrease (p < 0.01) of free and total T4 levels starting at the lowest
experimental dose (0.625 mg/kg-day) in male rats (up to 60% and 78% decrease in free and total T4
respectively); free T4 and total T4 were significantly decreased beginning at 12.5 mg/kg-day and 6.25
mg/kg-day, respectively, in female rats (p < 0.01, up to 32% and 38 % decrease in free and total T4
respectively). However, serum total T4 levels are a more sensitive and reliable measure of T4 due to
sensitivity limitations in the available assays used to measure free T4. Ramhgj et al. (2018) reported
similar findings in Wistar rat dams, with statistically significant, dose-dependent decreases in serum total
T4 at 5 mg/kg-day and above in dams at PND 22 after exposure from gestational day 7 (GND 7) through
postnatal day 16/17 (Ramhgj et al., 2018) (-26% decrease at 5 mg/kg-day dose and up to —-71% decrease
at 25 mg/kg-day dose). Comparable observations were made in the pups born to the PFHxS-exposed dams
in Ramhgj et al. (2018), with statistically significant decreases in total T4 levels in serum collected from
PND22 pups at 25 mg/kg-day (p < 0.001, up to a 71% decrease in total T4 at 25 mg/kg-day dose and 38%
decrease in total T4 at 5 mg/kg-day dose). No overt toxicity was observed at any of the highest doses tested

in any of the available studies. Effects occurred at lower concentrations of PFHXS in male rats than their
female counterparts indicating that males could be more susceptible to PFHxS effects than females (see
Figure 3-7). However, a more likely explanation is that these observations, at least in part, can be explained
by the differences in PFHxS pharmacokinetics that exist between male and female rats. Sex differences in

plasma half-life and tissue distribution have been observed for PFHxS, wherein PFHxS-exposed male rats
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have a longer plasma half-life (20.7-26.9 days) versus their female counterparts (0.9-1.7 days) (Kim et al.
2016b).

Two studies, NTP (2018a) and Ramhgj et al. (2020), measured T3 in serum. NTP (2018a) observed
a statistically significant and dose-dependent decrease (p < 0.05) in serum T3 levels in male, but not female,
SD rats at 20.625 mg/kg-day (p < 0.01); Ramhgj et