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Toxicological Review of PFNA and Related Salts

EXECUTIVE SUMMARY

ES.1 SUMMARY OF OCCURRENCE AND HEALTH EFFECTS

Perfluorononanoic acid (PFNA; CASRN 375-95-1),! and its related salts are members of the
group of per- and polyfluoroalkyl substances (PFAS). This assessment applies to PFNA as well as
non-metal and alkali metal salts of PFNA that would be expected to fully dissociate in aqueous
solutions of pH ranging from 4 to 9 (e.g., in the human body). Thus, while this assessment would not
necessarily apply to non-alkali metal salts of PFNA because of the possibility of PFNA-independent
contributions of toxicity, it does apply to PFNA salts including sodium perfluorononanoic acid
[Na*PFNA; CASRN 21049-39-8] and ammonium perfluorononanoic acid [NH4*PFNA; CASRN 4149-
60-4]), and other non-metal or alkali metal salts of PFNA. The synthesis of evidence and toxicity
value derivation presented in this assessment focuses on the free acid of PFNA given the currently
available toxicity data.?

Concerns about PFNA and other PFAS stem from their high environmental persistence as
they are resistant to hydrolysis, photolysis, and biodegradation. Given the legacy use of PFNA in
polyvinylidene fluoride (PVDF) production in the United States, and increasing use in other regions,
long-chain PFAS, such as PFNA, have been and continue to be released to the environment through
various waste streams (NLM, 2013;ATSDR, 2021; NJDWQL 2015). Moreover, products containing
PFNA are still in use, and may continue to be sources of trace contamination with disposal and

breakdown of PVDF fluoropolymers in the environment (Prevedouros et al., 2006). Industrial

releases, discharges from wastewater treatment facilities that treat domestic and industrial waste,
stormwater runoff, land applications of biosolids and industrial waste, release from aqueous film-
forming foams, degradation of polymers containing PFNA and PFAS precursors (e.g., 8:2
fluorotelomer alcohol [FTOH]) are all potential sources of environmental contamination. PFNA also
has been detected in household dust, soil, food products, and drinking water (ATSDR, 2021;

N]DWQL 2015).

IThe CASRN given here is for n-PFNA (linear isomer). The source of PFNA used in the animal toxicity study by
NTP (2018) was reported to be >99% pure, giving this CASRN. Other animal studies also provided test article
purity, and these details can be found in HAWC. None of the studies referenced in this assessment explicitly
state that only the linear form was used. Therefore, there is the possibility that some proportion of the PFNA
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.

ZWith exception of a small number of low confidence/uninformative studies, the currently available high and
medium confidence studies for PFNA evaluate effects of the free acid form, and so normalization from a salt to
free acid using a molecular weight conversion was unnecessary. However, formulas for converting candidate
values of the free acid form to different PFNA salts would be calculated by multiplying the candidate value for

the free acid of PFNA by the ratio of molecular weights. For example, for the ammonium salt the ratio would
. MW ammonium salt _ 481 MW sodium salt _ 486

be: ——— — = — = 1.037 and for the sodium salts the ratio would be — = — = 1.047.
MW free acid 464 MW free acid 464
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Toxicological Review of PFNA and Related Salts

The Integrated Risk Information System (IRIS) program is developing a series of five PFAS
assessments (perfluorobutanoic acid [PFBA], perfluorohexanoic acid [PFHxA], perfluorohexane
sulfonate [PFHxS], PFNA, perfluorodecanoic acid [PFDA], and their associated salts) at the request
of EPA National Programs (see December 2018 IRIS Program Outlook). These human health

assessments represent one component of the broader PFAS strategic roadmap at EPA (PFAS

strategic roadmap), the goal of which is to characterize and reduce PFAS exposure and effects. For
example, the EPA Office of Water has proposed a National Drinking Water Regulation (NPDWR) to
establish Maximum Contaminant Levels for individual PFAS (PFOS and PFOA) and a PFAS mixture
(involving PFHxS, PFNA, PFBS, and GenX Chemicals) (Proposed PFAS National Primary Drinking
Water Regulation). Additionally, EPA’s Office of Water has proposed a framework for estimating
noncancer health effects from PFAS mixtures (U.S. EPA, 2023g). The EPA Center for Computational
Toxicology and Exposure (CCTE) has developed a tiered toxicity testing strategy for evaluating

PFAS using new approach methods (NAMs) that will inform future category grouping and read-
across efforts to fill data gaps for PFAS with limited or no toxicity data (PFAS Chemical Lists and

Tiered Testing Methods Descriptions).

The systematic review protocol for the five assessments outlines scoping and problem
formulation efforts, including a summary of other federal and state assessments of PFNA, as well as
the systematic review and dose-response methods used to conduct the evaluation (see also Section
1.2 for further discussion of assessment methods). This systematic review protocol was released
for public comment in November 2019 and was updated based on those public comments.
Appendix A links to the updated version of the protocol, including a summary of the history of
protocol revisions.

Human epidemiological studies have examined associations of PFNA exposure to health
outcomes, specifically fetal growth restriction, liver serum biomarkers, antibody responses,
infectious disease outcomes, sensitization and allergic responses, semen parameters, reproductive
hormones, pubertal development, thyroid hormones, neurodevelopment, serum lipids,
cardiovascular disease and associated risk factors, metabolic effects, time to pregnancy and other
female reproductive responses, and urinary effects. With the exception of the developmental
(i-e., reduced birth weight) and hepatic (i.e., increased serum ALT in adults) health outcomes, the
ability to draw judgments concerning associations that are based on the human evidence is limited.
Experimental animal studies with PFNA have focused on the oral exposure route. One acute, single-
dose inhalation exposure study was identified that was low confidence and inadequate for
reference value derivation, so an RfC was not estimated. The available animal studies of oral PFNA
exposure examined a variety of noncancer endpoints, specifically those relevant to developmental,
hepatic, immune, male, and female reproductive, endocrine, cardiometabolic, urinary and other
health effects. There was insufficient evidence to make a judgment on whether PFNA exposure

might affect the development of any specific cancers.
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Toxicological Review of PFNA and Related Salts

For noncancer endpoints, this assessment concludes that the evidence demonstrates that
oral exposure to PFNA causes developmental effects in humans, and that the evidence indicates
that oral exposure to PFNA is likely to cause hepatic and male reproductive effects in humans given
sufficient exposure conditions.3 There is robust epidemiological evidence that PFNA exposure is
associated with deficits in birth weight, and this finding is supported by coherent findings of
postnatal growth restriction and to a lesser degree decreased birth length. While there was residual
uncertainty related to potential bias from exposure biomarker sample timing and regarding
potential impact of PFAS co-exposures, these sources of uncertainty are not likely to fully explain
the consistent results seen across the birth weight endpoints detailed in the synthesis or
subsequent EPA meta-analyses (see Section 3.2.2, Wright et al. (2023), and Appendices C.1 and D.1

for further discussion of the fetal growth restriction evidence base and meta-analyses). In support

of the findings in humans, there is also moderate evidence of developmental toxicity from animal
studies showing coherent results in mice, including reduced survival, deficits in postnatal body
weight gain, and delays in attainment of developmental landmarks (eye opening, vaginal opening,
and preputial separation). The evidence integration judgment for hepatic health effects is based on
moderate epidemiological evidence of increased serum markers (alanine aminotransferase [ALT],
aspartate aminotransferase [AST], and bilirubin) in humans. This judgment is supported by robust
evidence from short-term (<28 days) and developmental toxicity studies in rodents showing a
consistent pattern of liver enlargement across species, sex, and lifestage, as well as coherent
histopathological abnormalities including mild necrosis, intrahepatic cholestasis, triglycerides
accumulation and clinical pathology in adult rats (predominantly males). Further support comes
from the mechanistic evidence that supports PPARa-dependent and -independent mode of action
(MOA) pathways that could contribute to the hepatotoxicity (see Section 3.2.3). For male
reproductive effects, the hazard determination is based on moderate evidence of a consistent, dose-
dependent, and coherent pattern of effects in adult, pubertal, and prepubertal rodents that includes
decreased reproductive organ weights (testis, epididymis) and testosterone (serum and testicular),
impaired spermatogenesis, delayed reproductive system development, and corresponding
histopathological evidence of structural changes to reproductive tissues (see Section 3.2.4).

Given the certainty in the hazard evidence for developmental effects, the epidemiological
endpoint of decreased birth weight in humans and the animal developmental toxicity endpoints of
decreased postnatal survival, reduced postnatal body weight, and delayed developmental
landmarks in mice were advanced for dose-response modeling. The point of departure (POD) based
on decreased birth weight in humans was advanced as a candidate for lifetime and subchronic
organ-/system-specific reference dose (osRfD) derivations. The endpoint of increased ALT in
humans was also advanced for deriving a candidate reference value for lifetime effects.

Quantitatively, the resulting chronic hepatic osRfD supported the selected overall oral reference

3The “sufficient exposure conditions” are more fully evaluated and defined for the identified health effects
through dose-response analysis in Section 5.
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Toxicological Review of PFNA and Related Salts

value based on developmental effects (decreased birth weight) as the osRfDs for both were nearly
identical. The negligibly higher developmental osRfD of 7 x 10-° mg/kg-day was selected over the
hepatic osRfD of 6 x 10-2 mg/kg-day to be the overall lifetime oral reference dose (RfD) because of
greater overall confidence in the value, including higher confidence in the precision of the POD (see
Section 5.2.1, Table 5-19 for a summary of confidence in the lifetime osRfD).

Several hepatic and male reproductive endpoints from the short-term rodent studies were
also advanced for dose-response modeling for the purpose of deriving subchronic reference values,
given the robust and moderate evidence, respectively, for effects indicating a likely hazard. The liver
endpoints advanced for modeling included increasing relative liver weights in rats and mice and
hepatocyte lesions (hypertrophy) in rats. The male reproductive endpoints advanced for dose-
response modeling included decreasing reproductive organ weights and histopathology (testis and
epididymis), decreasing serum and testicular testosterone and sperm counts in rats. The PODs
based on decreasing relative liver weight in adult female rats and decreasing absolute whole
epididymis weight in adult mice were advanced for osRfDs derivations as they were the most
sensitive PODs for these outcomes (see Section 5.2.2 for a summary of the subchronic osRfD
derivation).

The available evidence suggests but is not sufficient to infer that oral exposure to PFNA
may cause immune, thyroid, neurodevelopmental, and cardiometabolic effects given sufficient
exposure conditions.* The evidence for immune effects is based on medium confidence
epidemiological studies showing potential immunosuppression, primarily related to associations of
prenatal and childhood exposures with decreased antibody responses following vaccinations (see
Section 3.2.6). The hazard conclusion for thyroid effects is based on moderate evidence of large
dose-dependent reductions in serum free and total T4 in adult female rats and in serum free T4 in
adult male rats. While a dose-response assessment is typically not conducted for health effect
judgments of “evidence suggests,” for this assessment, immunosuppression in children and
reduced serum total T4 in adult female rats were advanced for dose-response modeling (but not for
RfD derivation) to facilitate comparisons with other PFNA PODs and to inform UF selection given
that these effects are observed with other PFAS (and have been used quantitatively in assessments
of those other PFAS). Studies in humans also showed PFNA associations with increasing diagnoses
of behavioral disorders (e.g., attention-deficit/hyperactivity disorder [ADHD]) but with overall high
levels of uncertainty in the evidence base. The hazard conclusion for cardiometabolic effects is
based on human studies showing positive associations of PFNA exposure with elevated serum
cholesterol, as well as some coherent evidence of heightened cardiovascular risk factors (blood

pressure, atherosclerosis, metabolic syndrome, adiposity). However, this evidence base also had

4With the exception of immune and thyroid endpoints, given the uncertainty in this judgment and the
available evidence, this assessment does not attempt to define what might be the “sufficient exposure
conditions” for developing these outcomes (i.e., these health effects are not advanced for dose-response
analysis in Section 5).
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important uncertainties related to unexplained inconsistencies in results. There was little evidence
of an association between PFNA exposure and diabetes and insulin resistance. The
neurodevelopmental and cardiometabolic outcomes with suggestive evidence of hazard were not
advanced for dose-response modeling.

For other health outcomes evaluated (adrenal, female reproductive, urinary, and other
noncancer endpoints), the evidence is inadequate to evaluate the potential for effects, as the
available epidemiological and animal evidence bases for these health outcomes are unclear and/or
incoherent. These outcomes were likewise not advanced for modeling.

Table ES-1 summarizes health effects with sufficient evidence available to synthesize and

draw hazard conclusions, and the toxicity values derived for these health effects.

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

Integration Value
Organ/system| judgment | Toxicity value |(mg/kg-d)| Confidence | UFc Basis
Decreased birth
Evidence Lifetime osRfD; weight, males and

7%x10° | Medium-high 30 |females combined,
human, from a 10-
study meta-analysis

Developmental
evelopmenta demonstrates | Subchronic osRfD

Increased ALT, adult

Lifetime osRfD 6x107° Medium 30 [female. human
Evidence '
Liver indicates .
(likely) Subchronic Increased relative liver
Ikely, 7 x1077 Medium 1,000 |weight, adult female,
osRfD?
rat
Lifetime osRfD Not derived®
Evidence
Male indicates Decreased absolute

reproductive (likely) Subchronic osRfD| 2x10° | Medium-low | 1,000 |epididymis weight

(whole), adult rat

Decreased birth

weight, males and
Lifetime and Subchronic RfD 7%x10° | Medium-high 30 |females combined,
human, from a 10-

study meta-analysis

osRfD = organ-/system-specific reference dose (in mg/kg-d); lifetime osRfD = reference dose (in mg/kg-d) for lifetime exposures;
subchronic RfD = reference dose (in mg/kg-d) for less-than-lifetime exposures; UFc = composite uncertainty factor. Refer to
Tables 5-17 and 5-21 for descriptions of how uncertainty factors were derived for the lifetime and subchronic osRfDs,
respectively.

aFor derivation of the candidate subchronic liver osRfD, there was insufficient data on the mechanism and pharmacodynamics of
the chronic liver effects in humans to extrapolate to a subchronic exposure. Therefore, the animal data were selected to derive
the subchronic osRfD for liver effects.

bFor male reproductive effects, derivation of candidate lifetime values was not performed given the high degree of uncertainty in
using PODs from a 28-day rodent study to protect against effects observed in a chronic setting.
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Toxicological Review of PFNA and Related Salts

ES.2 LIFETIME AND SUBCHRONIC ORAL REFERENCE DOSE (RfD) FOR NONCANCER EFFECTS

The derived RfD and lifetime osRfDs correspond to chronic, lifetime exposures, and are
estimates of an exposure for a given duration to the human population (including susceptible
subgroups and/or lifestages) that are likely to be without appreciable risk of adverse health effects.
Additionally, a less-than-lifetime, subchronic RfD and several subchronic osRfDs were also derived
for PFNA. These subchronic toxicity values are presented because they may be useful for certain
decision purposes (e.g., site-specific risk assessments with less-than-lifetime exposures).

Developmental endpoints (i.e., decreased birth weight) were advanced for dose-response
modeling based on EPA’s meta-analyses results of different medium and high confidence study

subsets, as well as three individual high confidence epidemiological studies (i.e., (Wikstrém et al.,

2020; Sagiv et al., 2018; Manzano-Salgado et al., 2017a)). EPA considered using a POD from the

meta-analyses or based on an individual study and ultimately selected the meta-analysis of a subset
of 10 studies that evaluated associations using maternal PFNA sampling primarily early in
pregnancy, alleviating concerns for potential hemodynamic effects (see Appendix C.1.4 for further
discussion of pregnancy hemodynamics). Additionally, the meta-analysis was preferred as it
captured greater data diversity that contributed increased heterogeneity in examined populations
and PFNA exposure distributions. An uncertainty of the meta-analysis was that it required re-
expression of two of the 10 effect estimates from the natural scale to the log scale of exposure, and
re-expression from the log scale to the natural scale of exposure in performing the benchmark dose
(BMD) modeling. Using a sensitivity analysis, EPA estimated that the average systemic bias on the
effect estimates from re-expression applying an exposure distribution similar to that used in the
POD derivation would be approximately 30% on the effect estimates (see Section 5.2.1, “Modeling
results in humans (decreased birth weight)” for further discussion of the BMD modeling). While the
magnitude of this bias on the BMD and benchmark dose lower confidence limit (BMDL) cannot be
estimated with confidence, it is expected to result in a lower POD than the value that would be
calculated without bias. Therefore, it is not justified to select a still lower value for the POD from
single studies in order to avoid the limitation of bias from re-expression. Ultimately, the
substantially larger amount of additional data supporting the 10-study meta-analysis was judged to
outweigh any bias that may be introduced by re-expressing the regression coefficients.

The resulting PODs, whether based on the meta-analysis or on the individual
epidemiological studies, were close in relative magnitude to each other (e.g., PODugp values ranging
from 1.0 x 10-7 to 2.3 x 10-7 mg/kg-day) providing confidence that either approach would be
suitable for informing the RfD for this endpoint (see Section 5.2.1, Table 5-11 for a summary of
values). Of the individual candidate human studies, the Sagiv et al. (2018) and Wikstrém et al.

(2020) studies were preferred because they evaluated maternal PFNA serum concentrations
primarily in the first trimester of pregnancy (median gestational age of 9 and 10 weeks,

respectively), minimizing concerns for pregnancy-related hemodynamic effects, and reported
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results on a natural (i.e., untransformed) scale, eliminating uncertainties in the BMD modeling with
re-expression of regression coefficients from logarithmic scales.

Using the meta-analysis of 10 studies, a BMDLggs of 1.81 x 10-3 mg/L5was determined and
used as the POD, and the PODygp of 2.2 x 10-7 mg/kg-day was calculated by multiplying the POD and
human clearance (CL#x) estimate of 0.124 mL/kg-day for women of reproductive age. A CLy estimate

of 0.09 mL/kg-day for elimination by all routes was taken from Chiu et al. (2022) and is presumed

to represent the population average for total excretion among human males of all ages and females
outside of reproductive age. In accordance with analysis of human serum PFNA concentrations
from NHANES, clearance in women between 12.4 and 40 years of age was estimated to be
approximately 40% higher than their male counterparts (i.e., 0.124 mL/kg-day). This clearance rate
is expected to provide a reasonable estimate of PFNA maternal serum concentrations, hence fetal
exposure, throughout pregnancy. The developmental osRfD was determined by dividing the PODuzp
by a composite uncertainty factor of 30 to account for interindividual pharmacokinetic and
pharmacodynamic differences in human susceptibility (UFy = 10), and deficiencies in the toxicity
evidence base (UFp = 3). This developmental osRfD based on reduced fetal birth weight was
selected as the RfD because it was interpreted with medium-high confidence and was based on a
sensitive POD. This RfD is assumed to be protective of all observed health effects associated with
lifetime PFNA exposure.

Hepatic endpoints (i.e., increased serum ALT, a marker of hepatic injury) from two medium

confidence epidemiological studies, Kim et al. (2023) and Nian et al. (2019), were also advanced for

modeling to derive a chronic toxicity value. A lifetime osRfD of 6 x 10-° for increased risk of liver

effects was calculated based on epidemiological evidence from Kim et al. (2023), which was judged
to be of medium confidence. Of the candidate human studies, this cross-sectional study was
preferred because PFNA was considered to be the strongest driver of ALT increases (8.6%) in a
Korean population and this study also included mixtures modeling to identify the independent
effect of PFNA. A BMDLgr1o of 2.02 x 10-3 mg/L was determined and used as the POD that was based
on Kim et al. (2023). The PODugp of 1.8 x 10-7 mg/kg-day was derived by multiplying the POD and
human clearance (CLyx) estimate for human males and females outside of reproductive age

(0.09 mL/kg-d), since the endpoint is considered relevant to both sexes of all lifestages. The hepatic
effect osRfD was determined by dividing the PODugp by a composite uncertainty factor of 30 to
account for interindividual pharmacokinetic and pharmacodynamic differences in human
susceptibility (UFu = 10), and deficiencies in the toxicity evidence base (UFp = 3). This hepatic effect
osRfD based on increased serum ALT is considered supportive of the developmental lifetime

reference value.

5The internal dose (blood plasma concentration) POD was based on a BMDL hybrid approach using an extra
risk (ER) of 5%, and the range of the observed data and dosimetric adjustment based on PFNA-specific
pharmacokinetic information.
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Toxicological Review of PFNA and Related Salts

For subchronic toxicity values, the same meta-analysis of 10 studies described for the
overall lifetime RfD was also selected as the basis for the overall subchronic RfD of 7 x 10-2 mg/kg-
day (see Table ES-1). Additional candidate subchronic osRfD values were also derived for liver and
male reproductive effects in rats from the 28-day study by NTP (2018) (see Table ES-1). While it
was determined there was too much uncertainty to extrapolate the 28-day study to a lifetime
toxicity value, it was considered reasonable to extrapolate a 28-day exposure for purposes of

deriving subchronic candidate values. The epidemiological studies considered in deriving lifetime

toxicity values (Kim et al. (2023) and Nian et al. (2019)) were not considered for use in deriving
candidate subchronic toxicity values because subjects were interpreted to have been exposed for
longer than a subchronic duration. The PODxep values for the animal endpoints were derived using
a pharmacokinetic (PK) model developed by EPA to estimate internal doses in mice and male rats in
the various bioassays, or by application of the measured PFNA concentrations in female rats at the
end of the NTP bioassay. These internal doses were then converted to PODgygp values by multiplying
by the lifestage appropriate values of CLy, as was done for human birth weight and liver effects
described above. A data-derived extrapolation factor (DDEF) approach was also evaluated for dose
extrapolation but was considered inferior to the PK approach because animal bioassay PK data
were not well predicted by the assumption of steady state implicit in the DDEF. Published
physiologically based pharmacokinetic (PBPK) models were found to be inadequate in describing
the PK data, in particular because the embedded assumption about distribution from the blood to
body tissues is contradicted by available PK data. The candidate subchronic osRfDs for the liver and
male reproductive health outcomes were then calculated by dividing the HED PODs by a UF¢ of
1,000. This composite UF was based on residual uncertainty regarding pharmacokinetics and
pharmacodynamics (UFa = 3), interspecies differences (UFyx = 10), short-term study duration

(UFs = 10), and database deficiencies (UFp = 3).

ES.3 CONFIDENCE IN THE ORAL REFERENCE DOSE (RfD)

The overall confidence in the selected lifetime and subchronic developmental osRfD is
medium-high and is driven predominantly by the medium-high confidence in the overall robust
epidemiological evidence for developmental effects and medium-high confidence in the quantitative
estimate based on an EPA meta-analysis of well-conducted studies. Confidence in the evidence base
for derivation of the lifetime and subchronic developmental osRfD is medium-high based on robust
evidence of reduced birth weight reported in multiple epidemiological studies, coherence across
other fetal and postnatal endpoints, and cross-stream coherence demonstrated by moderate animal
evidence from two developmental toxicity studies in two strains of gestationally exposed mice
reporting consistent and dose-dependent effects on postnatal growth metrics (reduced survival,
postnatal body weight gain, and delayed developmental landmarks). EPA’s meta-analysis of birth
weight showed statistically robust results across analyses of different study confidence and sample
timing strata indicative of associations even among the early biomarker group, addressing concerns

about potential effects of pregnancy hemodynamics on these results. Although it remains a source
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of some uncertainty, there was also no compelling evidence to suggest that confounding by other
PFAS was primarily responsible for the inverse associations. This conclusion was based on analysis
of the subset of PFNA studies evaluating single and multi-PFAS models in relation to birth weight
deficits. Confidence in the quantification of the POD supporting the RfD is medium-high, given the
POD was based on a 10-study meta-analysis using a BMD hybrid approach within the range of the
observed data and dosimetric adjustment based on PFNA-specific pharmacokinetic information.
Both the meta-analysis and PK approach introduced some uncertainty (see Section 5.2.1. Oral
Reference Dose Derivation, “Modeling results in humans (decreased birth weight)” for discussion of
meta-analysis data re-expression and “Consideration of uncertainty in the pharmacokinetic
extrapolation for PFNA” for analysis of PK uncertainties). However, confidence was increased given
that the selected POD based on 10 early sampling studies was consistent with PODs derived from
the individual epidemiological studies and additional meta-analyses of varying sample time and
study confidence. Confidence in the studies supporting the RfDs is high, considering the conduct of
individual high and medium confidence studies used in the meta-analysis and the results of the
meta-analysis itself, which further reduces uncertainties in individual studies. Considering these
aspects, an overall confidence rating of medium-high was selected for both the chronic (lifetime)
and subchronic RfD.

ES.4 NONCANCER EFFECTS OBSERVED FOLLOWING INHALATION EXPOSURE

The only available toxicological inhalation study was an acute (<24 hour) low confidence

study in animals (Kinney et al., 1989) that was considered unsuitable for deriving a chronic or

subchronic inhalation reference concentration (RfC). No studies were available in humans.

ES.5 EVIDENCE FOR CARCINOGENICITY

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

inhalation routes of exposure. Exposure durations tested in the animal toxicology studies

(<28 days) were considered too short (insensitive) for evaluation of carcinogenic outcomes and no
informative human studies were identified. Therefore, the lack of data on the carcinogenicity of
PFNA precludes the derivation of quantitative estimates for either oral (oral slope factor [OSF]) or

inhalation (inhalation unit risk [IUR]) exposure.
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1.OVERVIEW OF BACKGROUND INFORMATION
AND ASSESSMENT METHODS

The Integrated Risk Information System (IRIS) Program is developing a series of five PFAS
assessments (i.e., perfluorobutanoic acid [PFBA], perfluorohexanoic acid [PFHxA], perfluorohexane
sulfonate [PFHxS], perfluorononanoic acid [PFNA], perfluorodecanoic acid [PFDA], and their
associated salts) (see IRIS Program Outlook) at the request of EPA National Programs. 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 EPA (PFAS strategic
roadmap). 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 PFNA. The protocol also lays out the systematic review and dose-response
methods used to conduct this review (see also Section 1.2). The systematic review protocol was
released for public comment in November 2019 and was subsequently updated based on those
public comments. Appendix A links to the updated version of the protocol, which summarizes the
history of revisions. 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) (Shirke et al., 2024; Carlson et al., 2022; Radke
etal, 2022) and consolidating and updating PFAS data on chemical and physical properties, human

health toxicity, and pharmacokinetics, as well as on environmental fate and transport.

1.1. BACKGROUND INFORMATION ON PFNA

This section provides a brief overview of aspects of the physiochemical properties, sources,
human exposure, and environmental fate characteristics of PFNA (CASRN 375-95-1), and its salts
(sodium PFNA [Na*PFNA; CASRN 21049-39-8] and ammonium PFNA [NH4+PFNA; CASRN 4149-60-
4]) that may provide useful context for this assessment. This summary and the longer overview in
the assessment systematic review protocol (see Appendix A) are not intended to be a
comprehensive description of the available information on these topics. Readers are encouraged to

refer to source materials cited below and more recent publications on these topics.

1.1.1. Physical and Chemical Properties

PFNA and its salts (Na*PFNA, NH4*PFNA) are members of the group of per- and
polyfluoroalkyl substances (PFAS). The specific chemical formula of PFNA is CoHF1702, for Na*PFNA
is CoF17NaOz, and for NH4*PFNA is CoH4F17NO,. More specifically, PFNA is classified as a member of a
subset of PFAS called perfluoroalkyl carboxylic acids (PFCAs) that have structural features
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consisting of a carbon backbone that is fully fluorinated and bonded to a carboxylic acid functional
group (OECD, 2018; Lau et al., 2007). Because PFNA and its salts are PFCAs containing more than
seven perfluorinated carbon groups, they are considered long-chain PFCAs (ATSDR, 2021; Buck et

al., 2011). Consistent with the protocol, to simplify the terminology used throughout this
assessment, PFNA and its salts are generally referred to using the broad and more recognizable
term, PFAS, rather than the more specific term PFCA. The chemical structures of PFNA, Na*PFNA,
and NH4*PFNA are presented in Figure 1-1¢, and select physicochemical properties are provided in
Table 1-1. When available, experimental values are provided in the table but predicted values that

may be less reliable are included in the absence of experimental data.

) o”/%o
Na
PFNA PFNA
PENA Ammonium salt Sodium salt
CASRN 375-95-1 4149-60-4 21049-39-3
DTXSID 8031863 20880205 50896632

Figure 1-1. Linear chemical structures (from left to right) of
perfluorononanoic acid (PFNA), sodium perfluorononanoate (Na+PFNA), and
ammonium perfluorononanoate (NH4+PFNA).

6While this figure shows the linear structures, the assessment may also apply to other nonlinear isomers of
PFNA and related salts as described in the Executive Summary.
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Table 1-1. Predicted or experimental physicochemical properties of PFNA

Value

Property (unit) PFNA (free acid)® Na*PFNA? NH,"PFNA?®
Molecular formula CoHF1702 CoF17NaOz CoHaF17NO2
Molecular weight (g/mol) 464 486 481
Melting point (°C) 68 81* 78%*
Boiling point (°C) 213 193* 193*
Density (g/cm?) 1.78* 1.75* 1.75*
Vapor pressure (mmHg) 8.72x 1073 8.98 x 1072* 8.98 x 1072*
Henry’s law constant (atm-m3/mole) 1.17 x 107%* 1.17 x 107%* 1.17 x 107%*
Water solubility (mol/L) 2.80% 1073 1.64 x 1073* 1.64 x 1073*
pKa -0.23* -0.23* -0.23*
Log Koa: octanol-air 4.20* 4.20* 4.20*
Log Kow: octanol-water 3.54% 5.78* 6.62*
Soil adsorption coefficient (Koc) 2.82 x 10*3* 2.82 x 10%3* 2.83 x 10*3*
Bioconcentration factor 165* 4.90* 4.90*

3EPA Comptox Chemicals Dashboard (U.S. EPA, 2018a); experimental average values indicated where available; otherwise,
predicted average values denoted by (*). Accessed 9/6/2023 and 2/28/2024.

1.1.2. Sources, Production, and Use

PFAS 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. PFNA has been used primarily as a processing aid in the emulsion process used
in the production of polyvinylidene fluoride (PVDF), which is a fluoropolymer designed to be both
temperature resistant and chemically nonreactive. PVDF uses include as insulation for wire and
circuit boards, as well as valves, pipes, and other components that come into contact with reactive
chemicals (Lohmann etal., 2020; NJ]DWQI, 2015; Wang et al., 2014b; Prevedouros et al., 2006).

PFNA is not an intended constituent of PVDF but has rather been released during manufacture of

PVDF and is a residual byproduct contained in PVDF-finished products for industrial and consumer
uses (Kotthoff et al., 2015; NJDWQI, 2015; Prevedouros et al., 2006). Most PFNA in the global
environment is posited to be linked to its historical use as a processing aide in PVDF (Lohmann et
al., 2020; Wang et al., 2014b; Prevedouros et al., 2006). Prevedouros et al. (2006) estimates that

60% of PFNA used in PVDF production was released to the environment, resulting in 0.4-1.4

million kg of global emissions from 1975 to 2004. Contamination reported by the New Jersey
Department of Environmental Protection states that over 80% of ~125,000 kg of Sulflon S-111
(primarily PFNA) used from 1991 to 2010 was released to the air and water. PFNA has also been

detected at low levels in aqueous film-forming foams for fire suppression (Laitinen et al., 2014).
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EPA has worked with companies in the fluorochemical industry to phase out the production
and use of long-chain PFAS such as PFNA (2010/2015 PFOA Stewardship Program). However, in

addition to its high environmental persistence (see below), products containing PFNA are still in

use and may be imported into the United States. Thus, products containing PFNA may continue to
be a source of contamination due to their disposal and breakdown in the environment (Kim and

Kannan, 2007). Sources of PFNA may also occur from the abiotic and biotic degradation of 8:2

fluorotelomer alcohol (FTOH), which is used in the production of fluorotelomer products added to
finished products, such as paints, coatings, and textiles (NJDWQI, 2015; Butt et al., 2014; Ellis et al.
2004). Additionally, polyfluoroalkyl phosphoric acid diesters (e.g., 8:2 diPAPs) used and/or
detected in some food packaging, wastewater sludge, and paper mill fibers may release FTOH that
can breakdown to degrade to PFNA (N]JDWQI, 2015; D'Eon et al., 2009).

1.1.3. Environmental Fate and Transport

Concerns about PFNA and other PFAS stem from the resistance of these compounds to
environmental hydrolysis, photolysis, and biodegradation (Sundstréom et al., 2012). Because of the

strength of the carbon-flourine bond, PFAS, including PFNA, are highly stable and persistent in the
environment (ATSDR, 2021) and are found worldwide in the air, soil, groundwater, surface water,
and in tissues of plants, wildlife, and humans (2010/2015 PFOA Stewardship Program). PFNA and

other PFAS may migrate to drinking water wells and surface water sources via plumes associated

with spills and/or discharges. Deposition from air emissions to soil and subsequent migration to
groundwater is another potential transport pathway. PFNA released to the air will exist in the
vapor phase given its vapor pressure (NLM, 2017, 2016, 2013; Kim and Kannan, 2007), although

particle-bound concentrations of PFNA have also been measured, which have different properties
(Kim and Kannan, 2007). Wet and dry deposition to surfaces are potential removal processes for
particle-bound PFAS in air (e.g., to surface water or soils) (ATSDR, 2021). Vapor-phase PFNA is not
expected to be susceptible to direct photolysis by sunlight but can be degraded in the atmosphere
by reacting with photochemically produced hydroxyl radicals (ATSDR, 2021; NLM, 2017, 2016,
2013). The atmospheric half-life for these reactions is estimated to be 31 days for PFNA (NLM,
2013). Long-range transport of PFNA and other long-chain PFAS to remote polar regions of the

Arctic and Antarctica has also been shown, and the mechanisms for this circulation are a source of
ongoing study (Garnett et al., 2022; ITRC, 2020; Joerss et al., 2020).

PFNA would be expected to have limited mobility in soil given its soil adsorption coefficient

(see Table 1-1). Because PFNA exists as an anion, volatilization from moist soil is not expected to be
an important transport process as PFNA is expected to adsorb to suspended particles in water, and
soil and sediment fractions (NLM, 2013). Uptake of PFAS in soil by plants can occur (ATSDR, 2021).

There is a general increase in bioaccumulation potential in aquatic biota (evaluated as

bioconcentration factors [BCFs] and bioaccumulation factors [BAFs]) for PFAS with increasing
chain length (e.g.,, PFNA>PFOA>PFHxA) (Burkhard, 2021).
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1.1.4. Potential for Human Exposure and Populations with Potentially Greater Exposure

The general population may be exposed to long-chain PFAS such as PFNA by inhalation of

indoor or outdoor air, dietary ingestion of contaminated drinking water and foods, accidental

ingestion of dust, and dermal contact with PFAS-containing products (ATSDR, 2021; Poothong et al.,

2020; NLM, 2013). The oral route of exposure is considered the most important among the general

population, including hand-to-mouth transfer from handling materials containing these compounds

(ATSDR, 2021). Contaminated drinking water and foods are considered important sources of

exposure to long-chain PFAS such as PFNA. Due to the high water solubility and mobility of these
compounds in groundwater (and lack of remediation technology at water treatment facilities), it is
possible for populations consuming drinking water from any contaminated watershed to receive

PFAS exposure (ATSDR, 2021). In addition to oral exposure, inhalation and dermal routes of

exposure also appear to be relevant exposure pathways for PFNA but these routes are not well
quantified (ATSDR, 2021).

Water

PFNA is among the 30 contaminants EPA monitors in drinking water as part of the fifth
Uncontaminated Monitoring Rule (UCMRS5; October 2023 update) (U.S. EPA, 2023b). Under the

UCMR, public water systems (PWSs) serving more than 10,000 people and a representative sample

of PWSs serving 10,000 or fewer people are required to be monitored for contaminants that are not
yet subject to regulatory standards under the Safe Drinking Water Act. PFNA was detected at or
above the minimum reporting level (MRL) of 0.004 pg/L in 20 of the 3,073 PWS sites monitored
and in 31 of 10,024 samples collected (detections 2MRL ranging from 0.004 to 0.024 pg/L) (U.S.
EPA, 2023b). A systematic evidence map by Holder et al. (2023) reported that 9 of 24 studies

indicated PFNA detections in 50% or more of samples.

Food

Data for potential PFNA exposure from dietary sources in the United States are limited.
PFNA was not detected in food items collected from five grocery stores in Texas or in food
packaging collected from U.S. fast food restaurants (Schaider et al., 2017; Schecter et al., 2012).
However, Stahl et al. (2014) characterized PFAS in fish tissue at 157 Great Lakes sites and found

PFNA in 69% of the samples, with a maximum concentration of 9.7 ng/g. PFNA was also found in

lettuce, with a bioaccumulation factor of 0.77 for lettuce grown in municipal soil and 2.85 for

industrially impacted soil (Blaine et al., 2013). Data from other countries (e.g., South Korea,

Sweden, Spain, Serbia, Saudi Arabia) report that PFNA is detectable in samples of fish and shellfish,

meat, processed foods, and beverages and water (both tap and bottled) (Heo et al., 2014; Pérez et

al., 2014; Vestergren et al.,, 2012). In a Norwegian population, the mean dietary intake was

estimated at 38 pg/bw-day (Poothong et al., 2020). A systematic evidence map reported 13 of 46

and one of five references observed detectable PFNA in 50% or more of food samples or food
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packaging, respectively (Holder et al., 2023). The relevance of these detects (and the associated

PFAS levels) to U.S. products is unknown.

Air and Dust

PFAS 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, 2021). For

example, Kato et al. (2009) analyzed dust samples collected from 39 homes in the United States,

United Kingdom, Germany, and Australia and detected PFNA in 25.6% of the samples. Likewise,
Strynar and Lindstrom (2008) analyzed dust samples from 110 homes and 10 day-care centers in
North Carolina and Ohio and detected PFNA in 42.9% of the samples. Poothong et al. (2020) found a

significant correlation between PFNA in serum and intake from floor dust. Indoor air samples

(n = 4) from a town in Norway had mean PFNA concentrations of 2.7 pg/m3 (Barber et al., 2007).

Air concentrations of PFNA precursors, specifically 8:2FTOH, have also been correlated with serum
PFNA (Poothong et al., 2020). PFNA also has been detected with high frequency (96% samples) in
dust from fire stations across the United States and Canada at median concentrations of 7.2 ng/g

and maximum concentrations of 203 ng/g, which was significantly higher than median
concentrations (0.15 ng/g) detected in dust from residential homes in this study (]i et al., 2020). A
systematic evidence map reported 13 of 17 and three of five references observed detectable PFNA

in 50% or more of samples from dust or indoor air, respectively (Holder et al., 2023).

PFNA has not been evaluated under the Air Toxics Screening Assessment (EPA
AirToxScreen). However, PFNA was measured at concentrations ranging from less than the limit of
detection (LOD) to 0.4 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).

Military and Industrial Sites

PFNA has been detected at 10 U.S. military sites in 71.4% of the surface soil samples, 12.1%
of the sediment samples, 36% of surface water samples, and 46.4% of groundwater samples (see
Table 1-2) (ATSDR, 2021; Baduel et al., 2015). Limited testing at two National Priorities List (NPL)
hazardous waste sites reported median PFNA levels in soil of 27.2 ppb (ATSDR, 2021). PFNA was
also detected above the MRL (0.096 ug/L) in groundwater near an industrial site in New Jersey

(Post et al., 2013). Kim and Kannan (2007) analyzed lake water, rainwater, snow, and surface water

runoff from Albany, New York, and reported concentrations of PFNA ranging from less than the
LOD to 5.9 ng/L. PFNA has also been detected downstream of industrial discharge locations in the
Delaware River at concentrations up to 0.976 pg/L from 2007 to 2009 (NJDWQIL, 2015).
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Table 1-2. Perfluorononanoic acid levels in soil, sediment, and water at 10
military installations

Media Measurement Value
Surface soil Frequency of detection (%) 71.43
Reporting limit (ug/kg) 0.23
Median (ug/kg) 1.30
Maximum (ug/kg) 23.0
Number of samples (all sites) 100
Subsurface soil Frequency of detection (%) 14.42
Reporting limit (ug/kg) 0.24
Median (ug/kg) 1.50
Maximum (pg/kg) 6.49
Number of samples (all sites) 112
Sediment Frequency of detection (%) 12.12
Reporting limit (ug/kg) 0.38
Median (ug/kg) 1.10
Maximum (ug/kg) 59.0
Number of samples (all sites) 40
Surface water Frequency of detection (%) 36.00
Reporting limit (ug/L) 0.017
Median (ug/L) 0.096
Maximum (ug/L) 10.0
Number of samples (all sites) 36
Groundwater Frequency of detection (%) 46.38
Reporting limit (ug/L) 0.018
Median (pg/L) 0.105
Maximum (pug/L) 3.00
Number of samples (all sites) 149

Source: ATSDR (2021) and Anderson et al. (2016). Samples collected in 2014.

Biomonitoring and Susceptible Populations

The presence of PFNA in human blood provides evidence of exposure among the general
population. PFNA was monitored in serum samples collected from 1999 to 2018 as part of the
National Health and Nutrition Examination Survey (NHANES). Approximately 2,000 survey
participants were included in each sampling set, with an additional group of 639 children aged 3-
11 years tested in 2013-2014 (see Table 1-3). Results of this monitoring over time indicate a
current downward trend in serum concentrations of PFNA. According to these data, median values
in human sera declined from 0.6 pg/L between 1999 and 2000 to 0.4 pg/L between 2017 and 2018
(25th-75th percentiles were 0.4, 0.9 and 0.3,0.7 respectively).
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Table 1-3. Serum concentrations of PFNA reported by the National Health and Nutrition Examination Survey
(NHANES) 1999-2010,2011-2012,2013-2014,2015-2016, and 2017-2018 (ung/L)

Serum Serum Serum Serum Serum Serum Serum Serum Serum
Population concentration | concentration | concentration | concentration | concentration | concentration | concentration | concentration | concentration
group Measurement| 1999-2000 2003-2004 2005-2006 2007-2008 2009-2010 2011-2012 2013-2014 2015-2016 2017-2018
Total Geometric 0.548 0.966 1.09 1.22 1.26 0.881 0.675 (N =2,168) 0.577 0.411
population [ mean (N =1432) (N =2094) (N =2120) (N =2100) (N =2233) (N =1,904) (N =1,993) (N=1,929)
(includes 50th 0.700
ages 12 percentile 0.600 1.00 1.10 1.23 1.23 0.860 0.600 0.400
and older) [95th 2.00
percentile 1.80 3.20 3.60 3.28 3.77 2.54 1.90 1.40
12 to 19 yr | Geometric 0.470 0.852 0.929 1.16 1.10 0.741 0.599 (N =402) 0.481 0.348
mean (N =497) (N = 640) (N =640) (N =357) (N =364) (N =344) (N =353) (N =313)
50th 0.500
percentile 0.500 0.800 0.900 1.15 1.07 0.680 0.500 0.400
95th 2.00
percentile 1.20 2.80 2.70 2.54 2.62 2.06 1.20 1.20
20 yr and Geometric 0.563 0.984 1.11 1.23 1.29 0.903 0.685 (N =1,766) 0.591 0.419
older mean (N =935) (N=1,454) (N =1,480) (N=1,743) (N=1,869) (N =1,560) (N =1,640) (N=1,616)
50th 0.700
percentile 0.600 1.00 1.10 1.23 1.23 0.890 0.600 0.400
95th 2.00
percentile 1.80 3.40 3.90 3.36 3.94 2.64 1.90 1.40

Source: NHANES, 2022: https://www.cdc.gov/exposurereport/data_tables.html (accessed 7/25/2022).
Data for 3- to 5- and 6- to 11-year-olds were only reported separately in 2013—-2014; 3- to 5-year-olds (N = 181) had geometric mean of 0.764 (50th percentile 0.620, 95th
percentile 3.49), while 6- to 11-year-olds (N = 458) had geometric mean of 0.809 (50th percentile 0.750, 95th percentile 3.19).

This document is a draft for review purposes only and does not constitute Agency policy.
1-8 DRAFT—DO NOT CITE OR QUOTE


https://www.cdc.gov/exposurereport/data_tables.html

O 00 N OO Ul A WIN P

W W W WWWWWwWwWNNINNNNNMNNNNRRERRRPRRRPRRRR
0 N O U D WNROUWOWOGLONOUDSWNERPRO LOLOWNOO VD WNR O

Toxicological Review of PFNA and Related Salts

NHANES data have been used to identify subpopulations that may have higher PFNA

exposure, such as those living in communities with contaminated water supplies or people with

certain dietary patterns. Graber et al. (2019) found that people living in a New Jersey community
with elevated levels of PFNA in their water supply had serum concentrations that were nearly

threefold higher on average than the general population surveyed by NHANES. Christensen et al.

(2017) reported an association between self-reported fish and shellfish consumption and higher
levels of PFNA in serum. 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. PFNA (as well as
PFDA and PFHxS) were among the PFAS detected in the serum of at least 30% of the NHANES

participants, and after adjusting for demographic characteristics, total fish and shellfish

consumption was associated with elevated serum PFNA. Populations that rely on seafood and/or
subsistence diets, possibly including some Native American tribes, may also be disproportionately
exposed (Caron-Beaudoin et al., 2020; Byrne et al.,, 2017). For example, biomonitoring in pregnant

Inuit women in the Nunavik region of Canada, for whom fish is a dietary staple, were found to have
6.3-fold higher serum levels of PFNA compared with results for women of childbearing age
participating in the Canadian Health Measure Survey (CHMS) (Caron-Beaudoin et al., 2020). The

same study found a significant correlation (3 = 0.332; p < 0.05) between serum concentrations of
PFNA and omega-3/omega-6 polyunsaturated fatty acid ratios, indicating fish consumption as a key
source of PFNA exposure. The authors suggested that higher ecological levels of 8:2 FTOH, which
biodegrades to PFNA, was a likely contributor to exposure (Caron-Beaudoin et al., 2020).

Occupational exposure among people with frequent contact with PFAS/PFNA may have
higher exposures compared with the general population. For example, PFNA also has been detected
in the serum of firefighters (Graber et al., 2021; Trowbridge et al., 2020), with significantly higher

levels of PFNA in the serum of female firefighters in San Francisco than in a cohort of office workers

(Trowbridge et al., 2020). Because these chemicals can be found in ski wax, individuals who engage

in professional ski waxing may be more highly exposed to PFNA through inhalation of dust or
fumes (Nilsson et al., 2010a; Nilsson et al., 2010b).
PFNA exposure during susceptible early lifestages has been demonstrated from studies

reporting detectable levels of PFNA in placental tissue, amniotic fluid, cord blood, and human milk
(ATSDR, 2021; Lu et al,, 2021; Macheka-Tendenguwo et al., 2018; Zhang et al.,, 2013b). The human
placental:maternal blood serum ratio increases with gestation suggesting bioaccumulation in the
placenta (Mamsen et al., 2019; Mamsen et al., 2017). PFNA has been detected in human breast milk

samples from various countries including the United States (Macheka-Tendenguwo et al., 2018).

Mondal et al. (2014) reported PFNA levels in maternal serum decreased with breastfeeding

duration, with a nonsignificant increase in infant serum PFNA concentrations with breastfeeding
duration. Other studies reported PFNA increases significantly in infant serum with breastfeeding

(Gyllenhammar et al., 2018a; Rosen et al., 2018; Mogensen et al., 2015), and nulliparous women
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have been reported to have 62% higher PFNA concentrations than parous women (Brantseeter et

al., 2013), suggesting both placental and lactational transfer. Together, these and other

epidemiological studies (e.g., (Mamsen et al., 2019; Gyllenhammar et al., 2018a; Liew et al., 2018a;
Macheka-Tendenguwo etal., 2018; Winkens et al., 2017; Mondal et al., 2014; Zhang et al., 2013b;
Fei et al.,, 2007)) suggest that PFAS, including PFNA, cross the blood-placental barrier and may

accumulate in the placenta. Human placental and breast milk transfer efficiencies may depend on

PFAS chain length and binding affinity to serum- and breast milk-protein complexes.

1.2. SUMMARY OF ASSESSMENT METHODS

This section summarizes the systematic review and dose-response methods used for
developing this assessment. A more detailed description of the methods is provided in the

systematic review protocol (see Appendix A).

1.2.1. Literature Search and Screening

The detailed search approach, including the query strings and populations, exposures,
comparators, and outcomes (PECO) criteria, are provided in Table 1-4 and Appendix B,
respectively. Results of the current literature search and screening efforts are documented below.
Briefly, a literature search was first conducted in 2017, and regular yearly updates are performed.
The literature search queries the following databases (no date or language restrictions were

applied):

PubMed (National Library of Medicine)
e Web of Science (Thomson Reuters)

e Toxline (National Library of Medicine, until 2019)7

e TSCATS (Toxic Substances Control Act Test Submissions)

Additionally, relevant literature not found through database searching have been identified by:

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

e Searches of published PFAS SEMs (Carlson et al., 2022; Radke et al., 2022; Dessingou et al.,
2012), starting in 2021.

7In December 2019 TOXLINE content was migrated to PubMed
(https://www.nlm.nih.gov/databases/download /toxlinesubset.html).
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e 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 screening for other EPA PFAS assessments. For example,
epidemiology studies relevant to PFNA were sometimes identified by searches focused on
one of the other four PFAS currently being assessed by the IRIS Program.

e Other gray literature (i.e., 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. Specific sources of gray literature
are described in the protocol (see Appendix A).

All literature is tracked in EPA Health and Environmental Research Online (HERO) database
(HERO Page). 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).

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

Exposures

Human: Studies providing quantitative estimates of PFNA 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 PFNA based on administered
dose, dietary level, or concentration. (Note: Non-oral and non-inhalation studies will be tracked
as potential supplemental material.) PFNA mixture studies are included if they employ an
experimental arm that involves exposure to PFNA alone. (Note: Other PFNA mixture studies are
tracked as potential supplemental material.)

Studies must address exposure to following: PFNA (CASRN 375-95-1), PFNA sodium salt (CASRN
21049-39-8), or PFNA ammonium salt (CASRN 4149-60-4).
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PECO
element Evidence

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 PFNA 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 non-phenotypic 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].)

PBPK models |Studies describing physiologically based pharmacokinetic (PBPK) and other pharmacokinetic (PK)

models for PFNA (CASRN 375-95-1), PFNA sodium salt (CASRN 21049-39-8), or PFNA ammonium
salt (CASRN 4149-60-4).

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 of the protocol) and other

scientific uncertainties identified during assessment development. Studies categorized as

“potentially relevant supplemental material” included the following:

e Invivo mechanistic or MOA studies

e Non-PECO routes of exposure (e.g., intraperitoneal [i.p.] injection) and populations
(e.g., non-mammalian models)

e Invitro and in silico models

e Absorption, distribution, metabolism, and excretion (ADME) and pharmacokinetic studies
(excluding models)®8

e Exposure assessment or characterization (no health outcome) studies

e Human case reports or case series studies

8Given 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.9.2 of the protocol for details).
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e PFAS mixture studies (no individual PFNA comparisons)

e Other assessments or records with no original data (e.g., reviews, editorials, commentaries;
abstract-only)

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

structured forms in DistillerSR (Evidence Partners; Distiller Systematic Review Software).

Literature inventories for studies meeting PECO criteria 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 epidemiological and animal toxicological
studies used in the PFNA assessment are provided in the systematic review protocol (see
Appendix A). The general approach for evaluating studies is the same for epidemiological and
animal toxicological studies, although the specifics of applying the approach differ; they are
described in detail in Appendices A, Sections 6.2 and 6.3 of the protocol, respectively.

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; low sensitivity is a bias toward the null when an effect
exists). In evaluating individual studies, two or more reviewers independently arrived at judgments
regarding the reliability of study results (reflected as study confidence determinations; see below)
regarding each outcome or outcome grouping of interest; thus, different judgments were possible
for different outcomes and endpoints 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 unless otherwise
specified), or critically deficient (listed from best to worst methodological conduct) related to each
evaluation domain representing the different characteristics of the study methods that were
evaluated on the basis of criteria outlined in HAWC.

Once all domains were evaluated, the identified strengths and limitations were collectively

considered by the reviewers to independently reach a final study confidence classification:

1) High confidence: No notable deficiencies or concerns were identified; the potential for

bias is unlikely or minimal, and the study used sensitive methodology.

2) 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.
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3) 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).

4) 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

Detailed methods for epidemiological study evaluation are described in the systematic
review protocol (see Appendix A, Section 6.2 of the protocol). A few considerations for addressing
potential confounding in the PFNA literature are briefly described below.

Confounding and effect measure modification across PFAS is a potential source of
uncertainty when interpreting the results of epidemiological studies of individual PFAS
(e.g., quantifying effects 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 between co-occurring
PFAS. In a preliminary analysis of six studies in the inventory examining mutually adjusted PFAS
models, correlations differed across the PFAS pairs (see Appendix C, Table C-1). While some pairs
have correlation coefficients consistently at or above 0.6 (e.g., PFNA and PFDA), the correlations for
most vary from 0.2 to >0.8 depending on the study and exposure sources. 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 evaluations (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 when high correlations are observed. This

challenge stems from the potential for amplification bias in which bias can occur following
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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 concern is minimal for substantial
confounding across PFAS as well as other sources of confounding. Examples 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, 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 as described in the systematic
review protocol (see Appendix A), 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 in Section 1.2.4, below). Approaches used in this assessment compared results across
studies in populations with different PFAS exposure mixture profiles, considered results of
multipollutant models when available, and examined the strength of associations for other
correlated PFAS. In addition, overall certainty in the epidemiological evidence is decreased when
there is residual confounding across PFAS (see Appendix A, Section 10 of the protocol, and Section
1.2.4, below).

1.2.3. Data Extraction

The detailed data extraction approach is provided Appendix A, Section 8 of the protocol.
Briefly, data extraction and content management were carried out using HAWC for all health effects
for animal studies and some health effects (i.e.,, where data visualizations were necessary to
understanding the evidence synthesis judgments) for epidemiological studies. Data extraction
elements that were collected from epidemiological, controlled human exposure, and animal
toxicological studies are described in HAWC (HAWC). 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. 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 of the protocol for full details). As
described below in Section 2, 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
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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 (see Section 9.2 of the
protocol).

The syntheses of the human and animal evidence on each health effect focus on describing
aspects of the data that best inform causal interpretations, including the exposure context
examined in the sets of studies. 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). The synthesis of mechanistic information typically differs from evaluations of phenotypic
evidence (e.g., from routine toxicological studies). This difference is 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
[MOA]); consistency with known biological processes), rather than evaluations of individual apical
endpoints considered in relative isolation.

Following the syntheses of human and animal evidence and mechanistic data, integrated
judgments are drawn across all lines of evidence for each assessed health effect. During evidence
integration, a structured and documented process is used, as discussed below.

Building on 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
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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 supports 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 the five PFAS being assessed within the IRIS Program follow processes laid out in

the EPA cancer guidelines (U.S. EPA, 2005); however, for PFNA, data relevant to cancer were sparse

and did not allow for such an evaluation (see Section 3.3).

1.2.5. Dose-Response Analysis

The details for the dose-response analysis employed in this assessment can be found in
Appendix A (see Section 11 of the protocol). Briefly, although procedures for dose-response
assessments were developed for both noncancer and cancer health hazards, and for both oral and
inhalation routes of exposure following exposure to PFNA, the existing data only supported
derivation of an oral reference dose (RfD) for noncancer hazards (see Appendix A for the health
hazard conclusions necessary for deriving other values). An RfD is an estimate, with uncertainty
that may span 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 health effects

over a lifetime (U.S. EPA, 2002b). The derivation of reference values, like an RfD, depends on the
nature of the health hazard conclusions drawn during evidence integration. For noncancer
endpoints, 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 of the protocol for exceptions for performing quantitative analysis for evidence suggests
determinations). Consistent with EPA practice, the assessment applied a two-step 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, 2012a, 2005):

e Within the observed dose range, the preferred approach was to use dose-response
modeling to incorporate as much of the data set 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 The derivation of cancer risk estimates and reference values may involve 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 of the protocol.

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

1-17 DRAFT—DO NOT CITE OR QUOTE


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6324329
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=88824
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1239433
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6324329

O 00 N OO Ul A WIN P

W W W W W W WWWNINNNNNNNNNRRRRERL R R B B
0N O U D WNREPROWOWOWNOOOURAWNDMNIEROUOLOOWBWNO UM WNIERO

Toxicological Review of PFNA and Related Salts

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 it
eliminates the need to perform interspecies extrapolations. For reference values, this assessment
derives a candidate value from each suitable data set. Evaluation of these candidate values yields a
single organ/system-specific value (for oral exposure, an organ/system-specific reference dose
[osRfD]) for each organ/system under consideration from which a single overall reference value
(for oral exposure, a reference dose [RfD]) 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
(https://www.epa.gov/bmds) that can be applied to typical data sets, including those that are

nonlinear. In situations in which there are alternative models with significant biological support
(e.g., toxicodynamic models), those models are included as alternatives in the assessment(s) along
with a discussion of the models’ strengths and uncertainties. EPA has developed a guideline 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, 2012a)]. Additional
judgment or alternative analyses are used if the procedure fails to yield reliable results; for

example, if the fit is poor, modeling may be restricted to the lower doses, especially if there is
competing toxicity at higher doses. 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 is used as the starting point for subsequent
extrapolations and analyses. For noncancer effects, the POD is used in calculating the RfD.

For those outcomes in which an osRfD is derived, the level of confidence in the primary
study used to derive the reference value, evidence base associated with the reference value, the
quantification of the POD, and the overall confidence designation are provided, along with the
rationales for selecting these confidence levels. An overview on characterizing confidence is
provided in Methods for Derivation of Inhalation Reference Concentrations and Application of

Inhalation Dosimetry (U.S. EPA, 1994). Briefly, the confidence ranking reflects the degree of belief

that the reference value will change (in either direction) with the acquisition of new data. It is not a
statement about confidence in the degree of health protection provided by the reference value. In
addition, the confidence ranking is intended to reflect considerations not already covered by the
UFs and is not linked directly to the UF values. Confidence rankings are not discrete entities and for
any given parameter, the level of confidence may fall along the continuum between low to high. For

example, a designation of high confidence in the study/studies used in dose-response analysis may
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not translate to the assessment reporting a high level of confidence in the completeness of the
evidence base of available studies or the overall confidence in the derived toxicity value.
Additionally, different components of the overall confidence in the derived toxicity value may factor
more heavily in that final determination given assessment- or endpoint-specific situations. In other
words, confidence in the evidence base may be the predominating factor in the overall confidence
in one toxicity value, whereas the quantification of the POD may be the most important factor in the

confidence for another toxicity value.
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2.LITERATURE SEARCH AND SCREENING RESULTS

The database search (through April 2023) yielded 3,316 unique records for
perfluorononanoic acid (PFNA; see Figure 2-1). Of the 3,316 identified records, 1,381 were
excluded during title and abstract screening, and 989 were advanced and reviewed at the full-text
level. Of the 989 full-text screens, 585 were considered to meet the populations, exposures,
comparators, and outcomes (PECO) eligibility criteria (see Table 1-4). The studies meeting PECO
criteria at the full-text level included 534 epidemiologic studies, 36 animal studies, 10 genotoxicity
studies, and 9 physiologically based pharmacokinetic (PBPK) modeling studies. The assessment
synthesis, integration, and dose-response reflect studies identified through the 2022 literature
search update, but studies from the 2023 update were reviewed for impact on the draft synthesis,
integration, and dose-response conclusions. The decisions on inclusion for these studies are
summarized in Appendix B, Table B-2.

The evidence base of epidemiological and animal studies includes developmental (including
neurodevelopmental), immune, liver, endocrine (thyroid and adrenal glands), reproductive,
cardiometabolic, and renal effects, among other potential adverse health outcomes (see Figure 2-2).
The evidence for these potential health effects is presented and assessed in Sections 3.2.1-3.2.11.
There are currently no chronic or carcinogenicity studies in animals exposed to PFNA, and the small
number of other available genotoxicity and mechanistic studies in humans and animals informing
potential carcinogenic activity with PFNA exposure are summarized in Section 3.3. Of the 3,316
studies screened, a total of 946 were found to contain potentially relevant supplemental material
(e.g., mechanistic, non-PECO route of exposure, ecotoxicity). This corpus of studies included
potentially relevant in vivo mechanistic studies, such as i.p. injections, in vitro bioassays, and in
silico modeling to inform an understanding of mode of action and cross-stream coherence of results
from the available human and animal evidence. These supplemental data are summarized in the
Mechanistic and Supplement Information sections for each health outcome in Section 3. Additionally,
high-throughput screening data on PFNA are currently available from EPA’s CompTox Chemicals

Dashboard (U.S. EPA, 2019) and relevant information from this resource is presented in Section 3

and Appendix C.
Graphical representations of outcome-specific study evaluation results are presented in
each hazard section (see Sections 3.2.1-3.2.11). Detailed rationales for domain and overall

confidence ratings for the study evaluations are available in HAWC.
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Literature Searches (through April 2023)

PubMed WOSs ToxLine
(n=1587) (n=1161) (n=1186)

Other
ATSDR assessment (n = 36)
TSCATS PFAS SEMs (n = 655)
(n=70) Submitted to EPA (n = 0)

Other (n = 38)

l

TITLE AND ABSTRACT SCREENING

Title & Abstract Screening Excluded (n =1381)
(3,316 records after duplicate removal) |__ * Not relevant to PECO (n = 1381)
FULL TEXT SCREENING Excluded (n =404)
* Not relevant to PECO (n=230)
Full-Text Screening * Not PFNA (n = 142)
(n=989) u - . Review, commentary, or letter (n = 26)
* Abstract only (n=5),
1 * Author withdrawn (n = 1)
Studies Meeting PECO (n = 585) Tagged as Supplemental (n = 946)*
* Human health effects studies (n = 534) * Mechanistic or MOA (non-cancer in vivo, in
* Animal health effect studies (n = 36) vitro, in silico) (n=231)
* Genotoxicity studies (n = 10) * ADME (excluding models) (n=59)
* PBPK models (n=9) * Exposure only (no health outcome) (n = 263)
» Accessory records, such as published * Environmental fate or occurrence (including
corrections for included studies (n=0) food) (n = 453)
* Other (e.g., physiochemical properties,
1 manufacturing, use, methods, PFAS mixtures,

ecotoxicii susceitible ioiulationl |n = 261|

Figure 2-1. Literature search and screening flow diagram for PFNA.
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Figure 2-2. Literature tagtree of the PFNA evidence base by health outcome for
epidemiologic and animal studies and by non-PECO category for supplemental
studies.2 See interactive HAWC link: PFNA Literature Tagtree.b

aStudies can be assigned multiple tags for outcomes and mechanistic categories.
bThe Literature Search Update 2023 study counts are also included in the ORD IRIS Assessment PFNA 2023 study counts. See

Appendix B, Table B-2 for a complete list of studies included in the 2023 update.

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

2-3

DRAFT—DO NOT CITE OR QUOTE


https://hawc.epa.gov/lit/assessment/100500071/references/visualization/

O 00 N O U1 b W N B

W W INRNNNNNNNNNRRERRRRB R R R R
P O VWO NO WA WNEROUWOOONOOLLAWWNIERO

Toxicological Review of PFNA and Related Salts

3.PHARMACOKINETICS, EVIDENCE SYNTHESIS, AND
EVIDENCE INTEGRATION

3.1. PHARMACOKINETICS

Perfluorononanoic acid (PFNA) and its salts have absorption, distribution, metabolism, and
excretion (ADME) properties similar to other perfluoroalkyl acids. However, many studies do not
distinguish between isomers of PFNA, which differ in the branching of the perfluoroalkyl chain.
When evaluated separately, the linear isomer (n-PFNA) was found to have a 1.5- to 2-fold longer

half-life in rats than a branched isomer (iso-PFNA), which is terminated in an isopropyl group

(Benskin et al., 2009). Since most of the available studies did not distinguish the isomers, EPA
presumes that at least some of the variability in results between studies is due to different
proportions of isomer analyzed, but that differences in ADME properties between isomers are less
than the factor of 2 observed for half-life. The remainder of Section 3.1 addresses the reported
empirical results under the assumption that the ADME results are average values for the different
isomers.

The ADME characteristics of PFNA include fairly efficient if somewhat slow absorption from
the gastrointestinal tract following oral exposure, high affinity for protein binding, and efficient
renal reuptake.

The results of Benskin et al. (2009) demonstrate quantitative pharmacokinetic (PK)

differences in rats between the two isomers. In particular, 1 day after dosing of a 49%/51%
mixture the iso-/n- ratio in blood was 61%/39%, indicating 50% more efficient absorption of iso-
PFNA, with reported elimination half-lives of 21 and 41 days for iso- and n-PFNA, respectively. The
remaining PK studies appear to have evaluated only n-PFNA and do not specifically address the
kinetics of different isomers. Therefore, the following PK analysis does not attempt to distinguish
between the isomers, and quantitative results are presumed to primarily reflect the PK of n-PFNA.

The rat NTP bioassay does not specifically mention the isomeric purity of the test material
(NTP, 2018), but the CAS number is for the linear form, and it is presumed that the observed
toxicity represents this form. De Silva et al. (2009b)

evaluated the presence of branched PFNA (and other PFAS) isomers in environmental and human
blood samples from North America and only reported a small fraction of the PFNA present as
branched isomers, e.g., less than 2% in blood samples. Therefore, the estimated clearance of PFNA
in humans, obtained from epidemiological biomonitoring data, is likewise presumed to primarily
represent n-PFNA and the presence of a small fraction of branched isomer is not likely to
significantly impact this evaluation. If iso-PFNA has a similar toxicological potency as n-PFNA

(i.e., for a given tissue concentration) and clearance of iso-PFNA is faster than of n-PFNA in humans,
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as was seen in rats, an oral reference dose (RfD) obtained from analysis of n-PFNA data will be
protective of iso-PFNA as well.

The PK characteristics of PFNA may be in part due to the similarity between PFAS and
medium-chain fatty acids, which are tightly controlled in the body and maintained as an energy

source (Papamandjaris et al., 1998). However, unlike its fatty acid analog, PFNA is considered

impervious to metabolism in mammals due to the perfluoro substitution of the alkyl chain. Due to
the slow clearance mediated through interaction with binding proteins and transporters (Sheng et
al., 2016; Bischel et al., 2010; Woodcroft et al., 2010), PFNA tends to accumulate in the plasma, liver,
and kidney (Kim et al., 2019; Iwabuchi et al., 2017; Gao et al., 2015; Benskin et al., 2009). PFNA
binds to albumin in the plasma, which is maintained in relatively large concentrations (Bischel et
al,, 2011; Bischel et al.,, 2010). In the liver, PFNA has been shown to interact with liver fatty acid
binding protein (L-FABP) (Sheng et al., 2016; Woodcroft et al., 2010). Enterohepatic recirculation of
PFNA may also occur, which could increase levels of PFNA in the liver (Ruggiero et al., 2021; Genuis

etal., 2010). Distribution to the kidney is likely due to protein interactions as well, as transporters
have been identified that resorb PFNA from the filtrate (Zhao et al., 2017b). Uptake transporters
have been identified on the basolateral surface of the proximal tubule as well, which transport
PFNA from the serum to the kidney tissue (Weaver et al., 2010).

PFNA is primarily excreted in urine and feces. Female rats and mice excrete PFNA much

faster than male rats and mice. It has also been proposed that PFNA is excreted in blood (and other
fluids) lost due to menstruation and childbirth, but direct evidence of excretion in menstrual fluid is
not available and evaluation of serum PFNA levels in men versus women from NHANES for multiple
PFAS does not indicate that menstrual fluid loss acts consistently across PFAS (see Section 3.1.4,
“Menstrual clearance in humans,” below). The NHANES data do indicate that PFNA clearance is
higher in women of childbearing age than in men over the same age range, although the mechanism
for this difference is unclear. This additional excretion in women appears to occur between 12.4
and 40 years of age and results in a lower half-life, estimated at 2.9 years, compared with 4.0 years
for men and younger and older women (analysis below). Measured concentrations of PFNA in
breastmilk (see Section 3.1.2, “Human distribution during gestation and childhood”) and the
correlation of PFNA concentration in young children with length of breastfeeding (Koponen et al.,
2018) clearly show that lactation is a route of excretion for the mother and exposure for the infant.
Given the available PFNA studies considered for use in dose-response analyses (see
Section 5), to perform animal-to-human extrapolation of toxicity points of departure (PODs) and to
interpret human epidemiological analyses using measured blood concentrations of PFNA, PK
parameters need to be identified for male and female rats, mice, and humans. These parameters can
either be used with a PK model that relates exposure to blood concentration over time in each
species and sex or to estimate species- and sex-dependent differences in the average internal dose.
The two key parameters to be determined are the clearance (CL; mL/kg-day) and volume of

distribution (Vd; mL/kg). The ratio of maternal and cord serum and the ratio of maternal serum to
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breast milk are also model parameters required for application of a PK model to developmental
exposure scenarios and are helpful when interpreting corresponding toxicological data. While
several physiologically based pharmacokinetic (PBPK) models have been described for PFNA (or
that include predictions for PFNA), EPA found that a key assumption in these models for PFNA
distribution to tissues was contradicted by the PK data and hence that a PBPK model that could
adequately predict PFNA PK data was not available. A classical one- or two-compartment PK model
was developed and evaluated. While the classical PK model did not predict measured
concentrations from toxicity studies (validation data) in rats and mice as well as desired, EPA
concluded that it was the best option for estimating internal doses in male rats and in mice; results
shown in Appendix E.4.1. For female rats, direct interpolation of the measured concentrations from
the NTP 28-day bioassay was determined to be the best option for estimating internal doses for
PODs identified from that toxicity study. The available PBPK models and the PK modeling approach
evaluated are discussed briefly in the PK modeling section (see Section 3.1.6 and Appendix E.4),
while the discussion of the literature used to estimate the PK parameters is discussed in the
relevant ADME sections below.

3.1.1. Absorption

In a rat oral exposure study, peak tissue concentrations were essentially reached at
12 hours, although the concentration in whole blood (but not serum) appeared to trend upward
until 24 hours and that in brain until 72 hours (Iwabuchi et al., 2017). This pattern indicates that
absorption was complete by 12 hours but distribution into red blood cells and brain was not yet

complete at that time. Maximum serum concentrations in another study were reached prior to the

first observation at 24 hours in rats after oral exposure (Tatum-Gibbs et al., 2011). Kim et al. (2019)

measured blood concentrations at shorter timepoints up to 24 hours and although they did not
report the time of maximum concentration (Tmax), their plotted data also appear to show a
maximum at 24 hours in both male and female rats (i.e., neither have a Tmax < 24 hours).

Kim et al. (2019) presented pharmacokinetic data using both intravenous and oral gavage

dosing in rats, and their analysis showed similar bioavailability between sexes in rats with a
bioavailability of 79 + 15% in female rats and 77 * 6% in male rats (mean * SD). Another study
presented by Fujii et al. (2015) reported both intravenous and oral PK data in mice, from which the

estimated bioavailability appears to be 99% in males and 100% in females of that species. Fujii et
al. (2015) only measured blood concentrations for 24 hours after dosing, making their estimates of
AUC in blood, used to evaluate bioavailability, more uncertain. However, examination of the plotted
data indicates that while Tmaxmay have been 12 hours, there was no significant difference in
concentration between 12 hours and 3 hours in female mice and 6 hours in male mice, so

absorption was essentially complete by those earlier timepoints (Fujii et al.,, 2015).

Oral bioavailability, parameterized as Faps, is typically estimated by comparing blood
concentrations, in particular the AUC, observed after oral versus IV dosing. If the distribution,

metabolism, and excretion of a compound are identical after absorption, AUC(oral)/AUC(IV) is
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interpreted as the fraction of an oral dose absorbed. However, in several PK studies for PFNA and

other PFAS, the empirical AUC obtained after oral dosing exceeded that after IV dosing. Specifically,

for PFNA, the dose-normalized 24-hour AUCs reported by Fujii et al. (2015) were equal or higher
after gavage than IV doses, which would seem to indicate Fays at or above 100%. But absorption
greater than 100% is physically impossible. In part the nominal result may be due to the use of an
oral dose in the study 10 times higher than the IV dose together with some nonlinearity in

absorption or clearance. Data from an oral developmental study in mice by Das et al. (2015)

indicate saturation of liver concentrations in pregnant dams and postnatal pups with increasing
dose, which would allow for a greater serum concentration relative to dose at higher exposures.
Also, the fact that the serum concentration was only tracked for 24 hours would result in a very
uncertain estimation of long-term clearance. Properly, the fraction absorbed should be based on the
area-under-the-curve (AUC) of serum concentration from time zero to infinity, which depends on
the long-term clearance.

From EPA’s PK analysis of the rat data (see Appendix E.1) the mean (90% CI) fraction
absorbed estimated in male and female rats was 0.86 (0.66-1) and 0.94 (0.89-1), respectively. A
fraction absorbed could not be estimated by EPA for female mice since the only PK data available

for analysis were from intravenous exposure. Given the results of the Fujii et al. (2015) mouse PK

study, the fraction absorption in the mouse is assumed to be 1.0. Since quantitative data on oral
bioavailability are not available for humans, a health-protective assumption of 100% (Fabs = 1) will
be made. Given that the reported bioavailability for rats was 77%-79% (Kim et al., 2019), the range
estimated by EPA for rats was 66%-100%, and bioavailability appears to be near 100% in mice

(Fujii et al., 2015), absorption in humans is expected to be at least 66%. Therefore, the assumption
of 100% bioavailability in humans is not anticipated to overestimate human uptake by more than
50% (i.e.,, 100%/66%).

As noted above, in a study that compared two common PFNA isomers, n-PFNA and iso-

propyl PFNA, the iso-PFNA showed greater uptake than n-PFNA, potentially due to greater

bioavailability (Benskin et al., 2009). After a single dose with an approximately equal mixture of the
two isomers, the day 1 blood composition was 61.2% iso-PFNA and 38.8% n-PFNA. After 72 hours
of continuous exposure, the isomers were approximately equal in blood despite faster excretion of
the iso-PFNA (Benskin et al., 2009).

Kinney et al. (1989) evaluated the toxicity of PFNA after inhalation exposure of rats to

particulate PFNA. While the dosimetry of PFNA was not evaluated as a part of the study, the fact
that statistically significant changes in liver and body weight were observed at 67 and 500 mg/m3
PFNA air concentration versus controls clearly shows that absorption occurs by the inhalation
route. Unfortunately, quantitative ADME data from inhalation exposure that would enable

interpretation of these response data are not available.
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3.1.2. Distribution - General Considerations

Animals (Rats and Mice)
PK data from Kim et al. (2019), Iwabuchi et al. (2017), Ohmori et al. (2003), and Tatum-

Gibbs et al. (2011) were used to evaluate the volume of distribution in rats, while PK data from
Tatum-Gibbs et al. (2011) and Fujii et al. (2015) were used to evaluate the Vd in mice (see Table 3-

1). The Vd values in both rats and mice support a high relative amount of the chemical located in

plasma compared with other tissues. For example, approximately 12% of PFNA is in the plasma of
male and female rats as a proportion of the internal dose of PFNA in the animal. This distribution to
the plasma compartment is notably high because the volume fraction of plasma is 34-35 mL/kg in

rats (Everett et al., 1956) so only 3.4%-3.5% of a chemical that distributed evenly between plasma

and the rest of the body would be found in the plasma.
Some of the calculations presented in Kim et al. (2019) appear to have either been reported

inconsistently with each other and the PK parameter units given or perhaps are in error. Details of
EPA’s analysis of these results are provided in Appendix E.2. In brief, by using the standard
relationship Vd = dose/Cmax, EPA estimated the female rat Vd as 183.4 mL/kg using the reported Vd
of 45.86 mL while assuming 0.25 kg BW, which is identical to dose/Cmax for the female rats and in
the range of values reported for female rats by Ohmori et al. (2003) and Tatum-Gibbs et al. (2011).

Therefore, the mL values for female rats from Kim et al. (2019) were normalized by 0.25 kg for

reporting in Table 3-1. On the other hand, if one assumes that the reported value of “363.09 mL” for
male rats is actually mL/kg, the value is similar to that reported by Iwabuchi et al. (2017) (next

paragraph), so that value is assumed to apply given units of mL/kg.

Iwabuchi et al. (2017) evaluated PFNA PK in male rats but reported Vd as “kg tissue
volume/kg BW,” which is unusual. While the text does not indicate that a correction for oral
absorption was used, only that Vd = dose/(AUC x ke), the value of 0.36 kg tissue/kg BW listed for
PFNA appears to have been calculated using a fraction absorbed of ~ 80%, which is appropriate.

Therefore, the Vd for serum of Iwabuchi et al. (2017) was corrected for the density of serum
(1.024 kg/L; (Sniegoski and Moody, 1979)), yielding 350 mL/kg, which is close to the value
reported for male rats by Kim et al. (2019) (interpreted as mL/kg). Hence, the Vd value listed in
Table 3-1 for male rats for Iwabuchi et al. (2017) is 350 mL/kg.

Ohmori et al. (2003) evaluated PFNA PK in Wistar rats while the other rat PK studies used
Sprague-Dawley. Since the values of Vd reported by Ohmori et al. (2003) are in the range of the

other studies, there does not appear to be a significant difference between the rat strains for this
parameter and the evaluation of overall PK parameters assumes they all represent the same
population.

In mice, Vd values were recalculated as dose/Cmax for males from the results of Tatum-Gibbs
etal. (2011) because the reported value had a very high uncertainty range while the Cnax values did
not (see Appendix E.2 for further details), yielding 503 mL/kg for the 1 mg/kg dose and 348 mL/kg

for the 10 mg/kg dose. Because of the variation in reported and calculated Vd estimates in mice, Vd
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was also calculated as dose/Cmax for the female mice in Tatum-Gibbs et al. (2011), yielding 262 and

207 mL/kg at 1 and 10 mg/kg, respectively. For Fujii et al. (2015), the reported mean Vd values are

almost identical to dose/Cmax for the fitted curve, e.g., 140 versus 150 mL kg for female mice, so the

reported values are used. While the Vd values for mice calculated from Tatum-Gibbs et al. (2011)

are much larger than those reported by Fujii et al. (2015), the 95% confidence interval in the Cmax

reported by Tatum-Gibbs et al. (2011) was approximately a factor of 2 (upper/lower bound), so the

Cmax values are considered a robust measure of distribution in that study. The difference between
the two studies may result from the difference in mouse strain used, CD-1 versus FVB/N]c1.

The Vd values from the mouse and rat studies are summarized in Table 3-1 along with
results for rats from a hierarchical Bayesian analysis from partial pooling of the data, described in
Appendix E.1. A similar Bayesian analysis for mice including only the data from Tatum-Gibbs et al.
(2011) is also presented. A combination of that data with the data of Fujii et al. (2015) was not
possible because individual timepoint data, which are needed for the analysis, were not available
for Fujii et al. (2015). It is notable that the range of Vd estimated from the CD-1 mouse data of
Tatum-Gibbs et al. (2011) appears to be significantly higher than obtained with FVB/NJc1 (Fujii et
al., 2015). However, the difference could be due to the PK analysis method used. Therefore, the Vd

estimated from the data of Tatum-Gibbs et al. (2011) will be assumed to apply to all mouse strains

for dosimetric extrapolation.
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Table 3-1. Volume of distribution values reported for animal studies

Volume of distribution

Study Strain Route Dose (mg/kg) (mL/kg)?
Male rats
lwabuchi et al. (2017) Wistar Oral 0.05 350b
239.6 (140.6-338.9)
Tatum-Gibbs et al. (2011) SD Oral 1 113 (67-158)
184.4 (139.9-225.6)
3 139 (82-196)
137.8 (106.4-170.1)
10 110 (65-154)
125.6 (98.57-151.6)
Kim et al. (2019 SD i.v. 3 363¢
467.5 (403.8-528.1)
Oral 3 NR
331.0 (160.4-490.2)
Ohmori et al. (2003) Wistar i.v. 22.6 286.8+12.5
239.6 (140.6-338.9)
Population-level summary 234.8 (147.3-318)
Female rats
Tatum-Gibbs et al. (2011) SD Oral 1 125 (86-164)
249.5 (186.8-317)
3 171 (104-238)
247.6 (181.3-316.3)
10 146 (90-201)¢
260.6 (194.3-321.6)
Kim et al. (2019 SD i.v. 0.5 NR
310.3 (271.2-349.8)
Oral 0.5 NR
267.4(221.5-312.7)
i.v. 1 NR
319.9 (286.1-354)
Oral 1 NR
290.9 (245.5-337.1)
i.v. 3 183.4 +14.6°
303.4 (260.2—345.9)
Oral 3 NR
326.4 (267.3—-388.8)
Oral 10 NR
336.3(279.9-396.2)
Ohmori et al. (2003) Wistar i.v. 22.6 243.1+48.9

235.6 (162.5-309.6)
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Volume of distribution

Study Strain Route Dose (mg/kg) (mL/kg)?
Population-level summary 283.2 (243.9-322.3)
Male mice
Tatum-Gibbs et al. (2011) CD-1 Oral 1 503f

10 348f
Bayesian analysis of pooled Tatum- 576.1 (524.3-631.8)

Gibbs et al. (2011) male mouse data

Fujii et al. (2015)¢ FVB/NJcl iv. 0.145 220+ 60

Female mice

Tatum-Gibbs et al. (2011) CD-1 Oral 1 262h

10 207h
Bayesian analysis of pooled Tatum- 319.6 (280.8-358.9)
Gibbs et al. (2011) female mouse
data
Fujii et al. (2015)8 FVB/NJcl i.v. 0.145 150+ 40

aValues in plain text are as reported for each study unless otherwise noted. NR = not reported. Values in italics are the mean
(90% credible interval) from the Bayesian analysis described in Appendix E.1.

bValues reported as “kg tissue volume/kg BW” were converted to mL/kg using a density of 1.024 kg/L for serum (Sniegoski and
Moody, 1979); see text for other details.

cKim et al. (2019) reported Vd as 363.1 + 182.7 mL, which is in the range of values from other studies if interpreted as mL/kg.

dTatum-Gibbs et al. (2011) lists 0.0146 (0.090-0.201) L/kg, but this seem like a clear typographical error since
dose/Cmax = 0.146 L/kg, while 0.0146 is outside the confidence interval, and the text states that the Vd for females is within the
range of 0.125-0.171 L/kg.

eKim et al. (2019) reported Vd as 45.86 * 3.65 mL. Calculating dose/Cmax = 183.4 mL/kg. If a body weight of 0.25 kg is assumed,
183.4 mL/kg x 0.25 kg = 45.85 mL, almost identical to the reported mean Vd (mL). Therefore, the value of Vd reported was
normalized by 0.25 kg.

fTatum-Gibbs et al. (2011) provide a single value (range) of 328 (0-1,060) for male mice, indicating high uncertainty in the
estimation method. Therefore, separate values of Vd were calculated for each dose level as dose/Cnmax.

8Fujii et al. (2015) does not provide the time-course data necessary for the Bayesian PK analysis.

hTatum-Gibbs et al. (2011) provide a single value (range) of 192 (165-220) for female mice. However, for consistency with the
analysis of male mice, dose-specific values were calculated as dose/Cmax.
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In addition to distribution to plasma, studies in rats have shown additional distribution of
PFNA to the liver and kidney, as well as minor distribution to other tissues (Kim et al., 2019;
Iwabuchi et al., 2017; Gao et al., 2015; Benskin et al., 2009). More specifically, Benskin et al. (2009)

showed the highest distribution in rats to liver, followed by

blood > kidney > lung > heart > spleen > testes > muscle > fat > intestines > brain. While the tissue
distribution observed in rats was fairly consistent among the various tissues for most of the studies,
there was a very wide range in the liver/blood ratio, from ~ 0.2 in female rats reported by Gao et al.
(2015) to 12 reported by Iwabuchi et al. (2017) (both from exposure in drinking water). More

detailed information is provided in Appendix E.2.

Summary of volume of distribution in rats: The analyses of Vd (along with other PK

parameters) by various authors was complicated by differences in method of analysis and some
apparent reporting errors, as described above. Also, the original data were not available for all
studies, limiting EPA’s reanalysis. Nevertheless, the interpreted and re-estimated values indicate a
reasonable range of uncertainty and that there is not a significant difference between the two rat
strains for which there are data (Sprague-Dawley and Wistar), supporting the use of the pooled
population analysis. The rat population mean summary Vd values of 235 and 283 mL/kg for male
and female rats, respectively (Tabel 3-1, Appendix E), will therefore be taken as appropriate values
for dosimetric analysis and extrapolation of rat dose-response data.

Summary of volume of distribution in mice: With the fewer data available the results for

mice are less robust, but the estimated mean values of 579 and 320 mL/kg obtained with the CD-1
mouse data of Tatum-Gibbs et al. (2011) for males and females, respectively, will be applied for

dosimetric analysis and extrapolation for dose-response data from that species.

Humans

Chiu et al. (2022) estimated the Vd and other PK parameters in humans by fitting a one-

compartment PK model to individual and population blood concentration data from communities
with high PFAS levels in the drinking water, while using general U.S. population blood
concentration data to estimate background exposures, via Bayesian analysis. The resulting
geometric mean (95% CI) was 0.19 (0.11-0.30) L/kg, which is a bit lower than mean values EPA
estimated for rats and mice, but in the range of reported values (see Table 3-1). The value is
assumed to apply to humans of all ages since estimates of PFNA distribution specifically in children
are not available.

Pérez et al. (2013) describes human tissue PFNA levels from a small sample of human

cadavers between 28 and 83 years of age. Of the five tissues examined (liver, bone, brain, lung, and
kidney), PFNA levels were highest in the brain, with a median level of 13.5 ng/g, followed by
kidney, which was slightly lower at 10.9 ng/g, then lung (3.5 ng/g) and liver (1.0 ng/g). Levels in
the bone were below the limit of detection (LOD) (4.18 ng/g). The high amount of PFNA in brain,
shared by PFHxA and PFDA, is unusual compared with most of the PFAS in the study and is
discrepant with the low brain distribution seen in rats (see Appendix E.2). Wang et al. (2018a)
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measured concentrations in matched blood and cerebrospinal fluid (CSF) and found the median
(GM) of CSF/serum was 1.3 (1.37)%, indicating very low penetration, similar to that of other PFAS.
Further research is needed to understand the mechanism by which PFNA appears to be
preferentially accumulating in the human brain.

Another window into human distribution has been provided by liver biopsies and matched

serum samples (Yeung et al., 2013). These samples are often taken from people suffering from liver

disease, which may affect the applicability of the results to the general population. The paired
samples revealed lower relative levels in liver tissue compared with serum than reported in most of
the animal studies, with mean liver:serum concentration ratios of 0.33 in hepatocellular carcinoma
patients, 0.18 in patients with cirrhosis due to chronic hepatitis C infection, and 0.63 in patients

with both conditions (Yeung et al., 2013). These values were based on a relatively small sample of

55 patients but are in the range reported for rats by Gao et al. (2015). Distribution between

components of human blood, discussed in detail in Appendix E.2.1, indicates that most PFNA in the
blood is in the plasma with minimal distribution to red blood cells.

Summary of human volume of distribution outside of gestation: The volume of distribution
in humans estimated by Chiu et al. (2022) (0.19 L/kg) is assumed valid. Since specific data on

distribution in children are not available, this value is assumed to apply to all ages.

Human distribution during gestation and childhood

Serial samples of maternal serum during pregnancy showed a significant mean 33%

decrease in PFNA concentration between the first and third trimester (Glynn et al., 2012). Similarly,
Oh et al. (2022) showed a similar decline in the median PFNA maternal serum concentration from

0.6 to 0.4 ng/mL, while Chen et al. (2021) observed a decline from a median blood concentration of

2.33t0 1.24 ng/mL and Pan et al. (2017) observed a decline in the median concentration from 0.83

to 0.65 ng/mL between the first and third trimester. Declines in maternal serum levels can be
attributed to the distribution of the maternal body burden into growing maternal tissues, placenta,
and fetus, as the rate of this growth is quite rapid compared with the timescale over which PFNA
and other long-chain PFAS are likely to accumulate (i.e., their half-lives in the body). Note that while
blood plasma volume/kg increases in women during pregnancy, albumin levels decline, so the total
amount of PFNA found in blood will depend on the product of blood volume and albumin
concentration, which may not vary significantly because of these opposing trends. However, the
increase in pregnancy-specific tissues and other maternal tissues results in an unambiguous
increase in overall distribution volume.

In contrast to these previous results, Taibl et al. (2023) report higher serum levels of PFNA
in first (GM = 0.37 ng/mL) and third trimester (GM = 0.41 ng/mL) women than first trimester

women (GM = 0.26 ng/mL), with the difference between the third and first trimester indicated as

statistically significant (p < 0.05). A detailed discussion of Taibl et al. (2023) is provided in

Appendix E.2.3. Briefly, if one assumes that the first trimester concentration is the result of chronic

exposure, an increase of 60% (from 0.26 to 0.41 ng/mL) over only 6 months (first to third
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trimester) can be explained only as the result of a significant increase in exposure. If PFNA
excretion were reduced to zero (which is highly unlikely), given a chronic exposure rate consistent
with the average first trimester 0.26 ng/mL serum concentration, the increase in serum
concentration between the first and second trimester would be no more than one-seventh of that
reported. While it may also be possible that a biological mechanism unique to the African American
women evaluated by Taibl and colleagues explains the discrepancy between their results and those
of other longitudinal studies discussed above, EPA is not aware of such a mechanism. Hence, it
appears that the observed change resulted from a significant increase in exposure to the population
during the perinatal period, so the results are not considered relevant to the estimation of
developmental dosimetry under conditions of constant exposure.

Many studies have evaluated distribution of PFNA between the mother and fetus by
measuring levels in cord blood or serum and related tissues, compared with maternal serum. Liu et
al. (2011) found a median ratio of cord serum to maternal serum of 0.57 for PFNA. Male and female
infants had similar cord serum to maternal serum ratios. Glynn et al. (2012) also found that the

mean maternal PFNA level during the third trimester was higher than the level in cord blood even
after accounting for the decreased levels in blood compared with serum. Data digitized by EPA from

Figure 3 of Glynn et al. (2012) showed a mean maternal serum level of 0.55 ng/g serum at the third

trimester and a cord blood level of 0.13 ng/g whole blood. Pearson’s correlations between PFNA
levels in cord blood and maternal serum were not statistically significant at the first trimester but

were significant at the third trimester. Pan et al. (2017) evaluated the correlation between the

cord/maternal serum ratio and several factors and in particular found the ratio had a negative
correlation with maternal glomerular filtration and serum albumin and a positive correlation with
fetal albumin, which confirms the roles of excretion and serum binding in determining overall body
burden and distribution, respectively.

Many other studies evaluating gestational distribution obtained similar results, although

estimates of the ratio between cord and maternal serum concentrations varied among them (Li et

al., 2020a; Han et al., 2018; Manzano-Salgado et al., 20173a; Yang et al., 2016b; Yang et al., 2016a;
Cariou etal., 2015; Kato et al.,, 2014; Hanssen et al.,, 2013; Ode et al., 2013; Zhang et al., 2013b;
Gutzkow etal,, 2012; Kim et al., 2011b; Needham et al., 2011; Monroy et al., 2008). The results from
these are described in greater detail in Appendix E.2.2.

Mamsen and colleagues reported PFNA concentrations in specific fetal tissues (Mamsen et

al., 2019; Mamsen et al.,, 2017). A more extensive discussion of the results is provided in Appendix
E.2.2. While these data are limited, they indicate distribution from maternal serum to fetal tissue in
the first trimester is similar to that of maternal serum to maternal tissue. Distribution to fetal
tissues in the second and third trimesters appears to be greater than in the first trimester, but this
result is based on maternal blood samples collected in the first trimester and the fetuses involved
suffered intrauterine death, hence may have different characteristics than healthy fetuses. The data

for the second and third trimester fetuses suggest that distribution to them is greater but within a

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

3-11 DRAFT—DO NOT CITE OR QUOTE


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=1578498
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1578498
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3981900
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
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5080230
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4238465
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=3858535
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859840
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2851230
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=2850978
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=1290878
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=1312781
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2349575
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5080595
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5080595
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3858487

O 00 N OO Ul A WIN P

W W W W W W WWWNINNNNNNNNNRRRRERL R R B B
0N O U D WNREPROWOWOWNOOOURAWNDMNIEROUOLOOWBWNO UM WNIERO

Toxicological Review of PFNA and Related Salts

factor of two of that estimated using the Vd estimated for human adults by Chiu et al. (2022),

0.19 L/kg. Because the mass of the fetus is a small fraction of maternal body weight and this
difference in distribution is modest, EPA concluded that the overall volume of distribution in the
pregnant woman including the placenta and fetus should be almost the same as estimated in
nonpregnant adults, i.e., 0.19 L/kg (see Appendix E.2.2). The exact level of distribution to the fetus
is uncertain, but quantification, in particular calculation of human equivalent doses (HEDs), will be
based on maternal exposure or serum concentrations and hence does not require a specific extent
of fetal distribution. The HED calculation does implicitly assume that fetal distribution in the
general population is similar to that in the population for which the corresponding POD was
estimated. For estimates from human epidemiological data this is simply assuming that distribution
in the human children evaluated for dose-response is similar to distribution in the general
population of children. For estimates from developmental studies in mice the HED calculations
assume that distribution to fetal mice is no less than distribution to fetal humans from their
respective mothers. The data from Mamsen et al. (2019); Mamsen et al. (2017) clearly demonstrate

distribution to human fetuses and the available data in mice likewise demonstrate distribution to
the mouse fetal liver, where concentrations ranged from 17% below to 79% above the

concentrations in maternal liver on GD 17 (for maternal doses of 1, 3 and 5 mg/kg-day) (Das et al.

2015). Hence, the relative fetal distribution in humans versus mice appears to be within a factor of
2 of each other.

For the purpose of pharmacokinetic modeling (see details in Section 3.1.6 and Appendix
E.4), the volume of distribution in pregnant and juvenile mice will be assumed equal to that of
adults, primarily because data on distribution in the mouse fetus and pup is limited to liver and
serum concentrations. However, based on the data from Mamsen and colleagues, the Vd (L/kg) in
the pregnant mother (with placenta, fetus, amniotic fluid, etc.) was assumed to remain constant
through the first trimester, but then to increase linearly by 7% between the end of the first

trimester and the end of pregnancy. (The value of 7% comes from assuming that 35% of total

gestational weight gain (Pitkin, 1976), or 5.5 kg, represents the fetus, placenta, and amniotic fluid. If
the Vd for this mass is twice that of the rest of the maternal tissues, the effective increase in
distribution volume is 5.5 kg/78.4 kg = 0.07, where 78.4 kg is the total maternal weight at the end
of pregnancy in the human PK model of Kapraun et al. (2022).) Note that the total effective volume

of the mother and fetus Vit = Vd*BW oa), is then assumed to increase due to both the growth in the
body weight (BW) of the mother and fetus and the increase in Vd. The change in Vd accounts for the
relative contribution of the products of conception to the remaining maternal tissues. Hence, even
though the distribution in the fetus and placenta may be double that of other maternal tissues early
in the second trimester, because the fetus is growing with time the impact on Vd is expected to
increase more gradually during the latter two trimesters.

After birth, Vd in the child is assumed to decline to adult levels in parallel with the age-

related change in extracellular water, which was estimated to be 2.4 times the adult value in
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newborns and to decline to adult values by age 10 years (Friis-Hansen, 1961). While the

distribution of PFAS is expected to be determined in large part by their binding to serum albumin
and other proteins, the age-dependence of extracellular water is used for convenience, since it
varies from a value close to two in newborns and is assumed to reflect other changes in body
composition.

Summary of distribution during gestation: An overall mean ratio of umbilical cord to

maternal serum PFNA concentration of 0.575 was calculated from the set of available data,
indicating a lower degree of serum binding in fetal versus maternal blood. The Vd in the infant at
birth is assumed to be double that of the adult and then to decline to adult levels at age 10 in
parallel with the quantity of extracellular water. Because the tissue distribution in the placenta and
fetus in the second and third trimesters appear to be approximately twice that estimated for human
adults (0.19 L/kg), for the purpose of PK simulation the corresponding Vd in the pregnant mother,
together with the fetus and all pregnancy-related tissues and fluids, is likewise assumed to increase
7% between the end of the first trimester and the end of pregnancy for the purpose of PK modeling
(see Appendix E.2.2).

3.1.3. Metabolism

PFNA is thought to not be metabolized in mammals, although no studies have specifically
attempted to identify potential metabolites using labeled PFNA. Studies have examined similar

compounds, including perfluorooctanoic acid (PFOA) and perfluorodecanoic acid (PFDA) and

identified only the parent compound in excreta (Vanden Heuvel et al., 19914, b). These compounds
have 8-carbon and 10-carbons chains respectively, compared with a 9-carbon chain for PFNA. The
fluorocarbon bonds are very stable and resistant to chemical modification. Furthermore, the
terminal carboxylic acids were not conjugated in the studies examining radiolabeled PFOA and
PFDA (Vanden Heuvel et al., 1991a, b). Thus, it is reasonable to infer that PFNA would likewise not

be metabolized in mammals.

PFNA has been shown to be produced by metabolism of some other PFAS. This includes
generation by 8-2 fluorotelomer alcohol in mouse, rat, and human hepatocytes (Henderson and
Smith, 2007; Nabb et al., 2007; Martin et al., 2005) and observation of dose- and time-dependent
accumulation of PFNA in the liver of mice given 8-2 fluorotelomer alcohol in the diet (Kudo et al.

2005). However, production of PFNA was not observed in an incubation of 8-2 fluorotelomer
alcohol with human microsomes, which more narrowly assess metabolism by cytochrome P450
specifically (Nabb et al., 2007).

3.1.4. Excretion

Excretion in Animals (Rats and Mice)

Fecal and urinary excretion are the main routes by which PFNA is excreted. In a study of SD

rats, Kim et al. (2019) reported urinary excretion approximately 10-fold greater than fecal
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excretion, with a cumulative urinary excretion of 14.33% * 9.30% and 34.56% * 2.21% of the
applied dose in males and females, respectively, and cumulative fecal excretion of 1.28% * 0.45%
and 3.13% # 2.18% of the applied dose in males and females, respectively, 60 days after an [V dose
of 3 mg/kg. The reported ratio of fecal to urinary excretion was then 1.28/14.33 = 0.089 (8.9%) in
males and 3.12/34.56 = 0.090 (9.0%) in females. Since this is a non-oral exposure route, the fecal
excretion is sourced from PFNA in systemic circulation. In contrast, after a single gavage dose of

0.39 mg/kg to male rats Benskin et al. (2009) found greater excretion in feces, with only 32% n-

PFNA and 35% iso-PFNA of the average total daily excretion in urine and the remainder (68 and
65%, respectively) in feces after 38 days, hence the ratio of fecal to urinary excretion reported by
Benskin et al. (2009) was 68/32 or 213% for n-PFNA and 65/35 or 186% for iso-PFNA. The greater

excretion in feces relative to urine observed by Benskin et al. (2009) compared with Kim et al.

(2019) may be partly explained by fecal excretion of PFNA that has not been absorbed into systemic
circulation. But given the estimated Fays of 86% in male rats, if only 9% of systemic PFNA was
excreted in feces, the total fecal excretion should be about 22% after oral exposure, one-third of the
amount reported by Benskin et al. (2009). Both studies used Sprague-Dawley rats but Kim et al.
(2019) used a dose almost 8 times higher than Benskin et al. (2009). So, a dose-dependent effect

could also exist, where the higher dose administered by Kim et al. (2019) resulted in a greater

extent of urinary excretion. A large fraction of the urinary excretion by female rats in the Kim et al.
(2019) study occurred in the first few days after dosing, when plasma concentrations were highest.
Urinary excretion in male rats occurred at a more constant rate but then the plasma concentrations
only declined slowly in the males, with a half-life of over 40 days.

In a shorter study in Wistar rats, with i.p. injection of 25 mg/kg PFNA, male rats excreted
2% of the total dose in the urine and 4.5% of the total dose in feces after 120 hours (Kudo et al.
2001), a ratio similar to that obtained by Benskin et al. (2009) for n-PFNA. In this case, the greater
relative excretion in feces cannot be attributed to unabsorbed PFNA, as in the study of Benskin et al.
(2009), which was also performed in male rats. Kudo et al. (2001) also examined female Wistar
rats, who excreted 51% of the total dose in urine and 1.5% of the total dose in feces after 120 hours.

This observation shows a greater prevalence of urinary excretion in female versus male rats, which

agrees qualitatively with the result of Kim et al. (2019), although the urinary clearance appears to

be much faster in the i.p. study. Kudo et al. (2001) also observed that the biliary excretion rates for

female rats were greater than for male rats, which opposes the trend seen in fecal excretion and
suggests there are sex-specific differences in resorption of PFNA from bile in the rat gut. For studies
that distinguished between n-PFNA and iso-PFNA, iso-PFNA was excreted more readily than n-
PFNA. Both isomers were cleared more quickly in female rats than in males. The mean reported

half-life was 44 days for n-PFNA in male rats and 26 days for iso-PFNA in male rats (Benskin et al.

2009; De Silva et al., 2009a). Only one study reported isomer-specific half-lives in female rats with
2.1 days for n-PFNA and 0.82 for iso-PFNA (De Silva et al., 2009a).

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

3-14 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=1617974
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=5063958
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=5063958
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=5063958
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5063958
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1415983
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1415983
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=1617974
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1415983
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5063958
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1415983
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=1617974
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1618026
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1618026

O 00 N OO Ul A WIN P

P
N B O

13

14
15
16
17
18
19
20
21
22
23
24

Toxicological Review of PFNA and Related Salts

In male mice, Tatum-Gibbs et al. (2011) suggest that the half-lives for the 10 mg/kg dose is

skewed toward large values because of the low elimination rate. They further suggest the mean
value may not reflect the most likely value and the lower confidence interval of 69.5 days may be

more reliable. However, Tatum-Gibbs et al. (2011) noted that the half-life in female rats they

calculated was uncertain because the chemical levels decreased below detection limits 15 days
after chemical administration.

Half-lives can be computed several different ways, a source of potential inconsistency when
comparing results from different studies. Since EPA considers clearance (CL) to be the crucial
metric for animal-human extrapolation, EPA calculated average half-life values (see Table 3-2) from
the Vd (see Table 3-1) and the CL. CL was calculated using dose/AUC if not reported by a study. This
estimate of half-life is more consistent than other methods because AUC is less sensitive to the

specific method of PK analysis or random measurement errors in particular timepoints.

Clearance in animals (rats and mice)

A key pharmacokinetic parameter for extrapolation from animals to humans is the
clearance (CL), which is interpreted as the volume of blood from which a compound is eliminated in
a unit of time, scaled to body weight. Units of CL are typically L/kg BW /hour, but for convenience
they are expressed here as mL/kg-day since values are in that range. Unfortunately, Benskin et al.
(2009) and De Silva et al. (2009a) only report estimates of elimination half-life for PFNA, and the
information provided in those papers does not allow calculation of clearance. But the half-lives

estimated from other pharmacokinetic studies can be compared with these results to evaluate
overall consistency. Pharmacokinetic parameters reported by or calculated from the results of
Ohmori et al. (2003), Tatum-Gibbs et al. (2011), Fujii et al. (2015), Iwabuchi et al. (2017), and Kim
etal. (2019) are shown Table 3-2, along with results for rats from EPA’s hierarchical Bayesian
analysis from partial pooling of the data, described in Appendix E.1.
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Table 3-2. Pharmacokinetic parameters of PFNA in rats and mice2

Study Exposure Fraction absorbed Clearance (CL) Volume of distribution
[Strain] route Dose (mg/kg) (Fabs) (mL/kg-d) (vd) (mL/kg) ti/2 (d)
Male rats
: » 47 (n-)
DSe Silva e'chaI. (|2009a) Dietary 0.010 OC.IOI4 NR NR NR
[Sprague-Dawley] (mg/d) 31 (iso-)
: 40.6 (n-)
Benskin et al. (2009) Gavage 0.2 NR NR NR
[Sprague-Dawley] 20.7 (is0-)
L \R 3.89b 113 42.1 (33.0-55.6)c
2.23(1.53-2.92) 184.4 (139.9-225.6) 58.57 (43.19-73.45)c
Tatum-Gibbs et al. (2011) Gavage 3 \R 4.80b 139 23.6 (20.2-27.8)¢
[Sprague-Dawley] & 2.65(1.96-3.34) 137.8 (106.4-170.1) 36.34 (29.08-43.41)
3.80b 110 28.0 (25.0-31.5)c
10 NR
2.52(1.94-3.09) 125.6 (98.57-151.6) 34.77 (28.83-40.37)
. 7.43 +1.44 282d 40.20 + 18.68¢
i.v. 3 NA
Kim et al. (2019 4.95 (3.15-6.62) 467.5 (403.8-528.1) 69.74 (39.9-98.36)°
[Sprague-Dawley] 7.37b NR 54.57 + 2.54¢
77 %0. ' ==
Gavage 3 0.77+0.06 4.26 (2.09-6.58) 331 (160.4-490.2) 55.68 (35.2-75.25)¢
Iwabuchi et al. (2017) 10.3¢ 277.7¢ 19 (13-26)¢
.04¢ NR
[Wistar] Gavage 0.0 4.00 (1.50~6.47) 239.6 (140.6-338.9) 48.68 (18.21-80.22)
Ohmori et al. (2003) iy 226 NA 6.9 +0.06 286.8+12.5 29.6+2.3
[Wistar] o ' 6.77 (4.99-8.69) 275.6 (236.6-315.8) 29.84 (20.03-39.16)°
Population summary (Bayesian - - 0.86 (0.66-1) 3.68 (2.29-5.01) 234.8 (147.3-318) 46.5 (23.4-67.9)¢
analysis)
Female rats
De Silva et al. (20093) 0.008-0.011 2.1 (I’]-)
Sprague-Dawle Gavage ’ . NR NR NR
[Sprag V] (mg/d) 0.82 (iso-)
-Gi b _ c
Tatum-Gibbs et al. (2011) Gavage 1 NR 49.8 125 32.0(3.2-119.1)

[Sprague-Dawley]

75.93 (63.03-89.83)

249.5 (186.8-317)

2.274 (1.859-2.668)¢
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Study Exposure Fraction absorbed Clearance (CL) Volume of distribution
[Strain] route Dose (mg/kg) (Fabs) (mL/kg-d) (vd) (mL/kg) t1/2 (d)
5 \R 66.4° 171 32.0 (3.2-119.1)¢
71.73 (58.93-85.39) 247.6 (181.3-316.3) 2.388 (1.936-2.812)¢
0 \R 56.5 146 32.0 (3.2-119.1)¢
69.69 (57.12-82.04) 260.6 (194.3-321.6) 2.589 (2.181-3.021)¢
v 0.5 NA NR NR NR
v : 69.03 (62.82—74.99) 310.3 (271.2-349.8) 3.114 (2.892-3.328)¢
NR NR NR
Gavage 05 NR 69.34 (60.19-78.51) 267.4 (221.5—312.7) 2.671 (2.427-2.896)¢
» . NA NR NR NR
Ve 73.62 (67.33-79.34) 319.9 (286.1-354) 3.011 (2.829-3.189)¢
Kim et al. (2019 NR NR NR
Gavage 1 NR
[Sprague-Dawley] 70.48 (61.01-79.79) 290.9 (245.5-337.1) 2.86 (2.658-3.066)¢
” 5 NA 66.2 183¢ 4.44 £0.16¢
Ve 70.83 (64.03-77.86) 303.4 (260.2-345.9) 2.967 (2.751-3.18)¢
44,8 NR 6.40 +1.11
+ f
Gavage 3 0.79£015 (L7 | ¢ 17 (51.57—69.98) 326.4 (267.3-388.8) 3.757 (3.488—4.047)c
NR NR NR
Gavage 10 NR 64.94 (55.07—74.45) 336.3 (279.9—396.2) 3.588 (3.333-3.841)¢
Ohmori et al. (2003) . - \A 105.7 243.1 2.44
[Wistar] v : 91.56 (68.27-111.6) 235.6 (162.5-309.6) 1.780 (1.468-2.042)<
Populati Bayesi
opulation summary (Bayesian - - 0.94 (0.89-1) 71.1(63.8-79.6) 283.2 (243.9-322.3) 2.77(2.39-3.15)¢
analysis)
Male mice
Tatum-Gibbs et al. (2011) 1 NA 10.25 328 (0-1,060) 34.4 (29.1-41.1)¢
i.v.
[CD-1] 10 NA 3.26b 328 (0-1,060) 228 (69.5-796)¢
Bayesian analysis of pooled
Tatum-Gibbs et al. (2011) male - - (1.0) 4.51(2.86-6.18) 579.1 (524.3-631.8) 101.9 (54.75-135.9)¢

mouse data
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Study Exposure Fraction absorbed Clearance (CL) Volume of distribution
[Strain] route Dose (mg/kg) (Fabs) (mL/kg-d) (vd) (mL/kg) t1/2 (d)
Fujii et al, (2015)eh i.v. 0.145 NA 2.66 220+ 60 628
[FVB/NJcl] )
Gavage 1.45 0.991 (1.01) 55b NR 2.06¢

Female mice

Tatum-Gibbs et al. (2011) 1 NA 7.08b 192 (165-220) 25.7 (22.7-29.3)¢

(CD-1] 10 NA 4.85b 192 (165-220) 68.8 (44.2-120)¢

Bayesian analysis of pooled
Tatum-Gibbs et al. (2011) - - (1.0) 4.89 (3.92-5.76) 319.6 (280.8-358.9) 46.5 (33.5-60.7)°

female mouse data

Fuiii et al. (2015)8" iv. 0.145 NA 1.970 150 + 40 68.8¢
[FVB/NJcl] Gavage 1.45 1(1.13) 6.16 NR 13.1

3Including parameters for In-PFNA and unspecified isomers of PENA, where the half-life is assumed to be mostly due to contribution from n-PFNA. Values in plain text are as
reported from each study unless otherwise indicated, except conversion to the indicated units. Values in italics are the mean (90% credible interval) from the Bayesian analysis
described in Appendix E.1. NR: not reported. Volumes of distribution (Vd) are mean values from Table 3-1; see Section 3.1.2 for details.

bClearance calculated as dose (times Faps for oral exposure) divided by the area-under-the-concentration-curve (AUC) from time = 0 to infinity.

Beta-phase half-life from two-compartment model as reported or calculated as In(2)/(ke*24 h/d) when a one-compartment PK model was selected or In(2)/(B*24 hr/d) for a
two-compartment model from EPA analysis.

dvd was calculated as dose/Cmax, given that Cmax is the initial concentration for i.v. dosing.

eThe reported Vd for serum (0.36 "kg tissue volume/kg BW”) was corrected using the absorption fraction of 0.79 for male rats from Kim et al. (2019) and converted to mL/kg BW
using a serum density of 1.024 kg/L (Sniegoski and Moody, 1979). CL was then calculated as the resulting Vd multiplied by the reported ke (0.037 d-1).

fFor female rats given a dose of 3 mg/kg, Kim et al. (2019) reported mean AUCs of 45.31 and 52.88 (ug-d/mL) for i.v. and oral administration, respectively, which corresponds to
a mean Faps = 52.88/45.31 = 1.17. The reported value of F.ps (0.79 + 0.15) appears to have been estimated from the relative value of Crax after oral vs. i.v. dosing, which is
technically incorrect.

8Fujii et al. (2015) lacks the detailed time-course data needed to be included in the Bayesian PK analysis.

PAUC was calculated using the empirical PK curve and parameters reported by the authors; because Fuijii et al. (2015) only observed blood concentrations for 24 h, the AUC and
t12 are considered highly unreliable but are included for comparison.

iFujii et al. (2015) reported a fraction absorbed based on the fecal CL after gavage vs. i.v. dosing, i.e., assuming the higher fraction found in feces after gavage dosing was the
fraction not absorbed. The number in parentheses is the reported mean [AUC(oral)/(oral dose)] / [AUC(IV)/(IV dose)].
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Lactation in animals

Lactation is presumed to act as both a route of excretion for the nursing mother and route of

PFNA exposure for the offspring. Fujii et al. (2020) measured PFNA concentrations in the milk and

plasma of lactating mice 24 hours after i.v. administration on PND 8-13 and observed a mean

milk/plasma concentration ratio of 0.30. Fujii et al. (2020) then estimated an equivalent daily dose

of the dams as the product of the dam plasma concentration and an estimate of clearance in mice.
This estimated maternal daily dose is what one would predict would lead to the measured plasma
concentration. The authors then estimated the daily dose to the pups based on the milk
concentration, pup body weight, and estimated breast milk ingestion volume per day at the time of
milk sampling (24 hours after dosing, PND 9-14). Dose to the pups was calculated as the ratio of the
amount ingested in milk (concentration in milk x daily milk ingestion volume) divided by the pup
BW on that day. Using these estimated maternal and pup doses, they estimated the relative dose to
the pup versus the dam (ratio of mg/kg-day ingested by the pup to the equivalent maternal dose).
The mean estimated dose ratio for PFNA was 9, suggesting that given a chronic exposure to a fixed
dose to the dams (such that they reach steady state), the nursing offspring would be exposed to a
dose 9 times higher (Fujii et al., 2020).

Das etal. (2015) observed PFNA plasma concentrations in pregnant and lactating mice as

well as their pups, during and after gestational exposure. Their data are more difficult to interpret
in terms of lactation since the pups are born with a body burden from gestational transfer and
dosing was stopped a day before parturition. But the liver concentration in the pups at all dose
levels and the serum concentration in the pups of the highest dose group (5 mg/kg) increased or
stayed constant between PND 1 and PND 10. These data strongly indicate that lactational transfer
of PFNA occurred from the PFNA accumulated in the dams during gestational exposure. In contrast
the serum concentrations in the pups of dams exposed to 1 and 3 mg/kg PFNA declined between
PND 1 and PND 10. It appears that the lactational transfer is sufficient to maintain the liver
concentration in the growing pups, but not enough to maintain serum concentrations over 10 days
at these lower doses.

As detailed in Appendix E, when simulations were performed with a one-compartment PK
model parameterized for the mouse using the milk/maternal serum ratio of 0.3 reported by Fujii et
al. (2020), the PFNA concentrations predicted in the pups significantly overpredicted those
observed by Das et al. (2015). Model simulations matched the data of Das et al. (2015) much better

when the milk/maternal plasma ratio was decreased about an order of magnitude from that

reported by Fujii et al. (2020), i.e., from 0.3 to 0.03. A ratio of 0.03 is in the range measured in

human mothers, discussed in “Lactation in humans,” below. A difference between the study of Das
etal. (2015) and that of Fujii et al. (2020) is that Fujii et al. (2020) dosed the lactating mouse dams

and measured the milk concentrations 24 hours later, while Das et al. (2015) dosed the mouse

dams during gestation, stopping 1 day before parturition and measured the concentration in the
pups at PND 1, 10, 24, 42, and 70. PFNA serum concentrations in the pups declined after PND1 at
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the lowest two doses and after PND10 at the highest dose (Das et al., 2015), but based on model

predictions this decline was slower than would have occurred in the absence of lactational transfer.

Thus, while both Fujii et al. (2020) and Das et al. (2015) demonstrate lactational transfer, it appears
that when the maternal PFNA body burden is accumulated over time, as occurs in humans and

occurred in the experiments of Das et al. (2015), the clearance from maternal serum to breast milk

is significantly lower than shortly after a bolus exposure.
Lactational transfer was not evaluated in rats but given these observations in mice and
measured PFNA concentrations in human breast milk (see Lactation in Humans), it is expected to

be a relevant route of maternal excretion and developmental exposure in all mammals.

Excretion in Humans

Studies of PFNA excretion in humans have been primarily focused on quantifying clearance
from serum or blood, based on correlations between concentrations in serum and urine. Excretion
in menstrual fluid has also been estimated to be a significant route for women because urinary
excretion is extremely low. If urinary clearance were an order of magnitude higher, menstrual fluid
loss would not be a significant contributor to excretion. However, empirical data on serum
concentrations of multiple PFAS in women of reproductive age versus men do not indicate a
consistent difference that would be expected for menstrual clearance, which should be independent
of the specific PFAS. Fecal excretion in humans has not been directly measured but might be
assumed similar to that observed in rats. However, some rat data indicate that fecal clearance is a
large fraction while other results report it as a small fraction of total clearance. Lactational transfer

can also be a significant route of excretion for the mother, so is also reviewed here.

Clearance in humans

Urinary clearance in humans

Calafat et al. (2019) evaluated paired serum and urine measurements, but the focus of the

analysis was on the frequency of detection (>98% of the individuals had detectible serum levels of
PFNA) and the results were not useful for quantitative analysis of clearance. Worley et al. (2017)

also report on the analysis of serum and urine samples from a community with drinking water
contaminated with PFAS, but only 30.4% of participants samples had PFNA levels greater than the
LOD (0.01 ng/L). The authors estimated half-life values for other PFAS based on their data and an
estimation of ongoing exposure from drinking water levels of PFAS in that community, but the half-
life of PFNA was not calculated. Hence, results from Worley et al. (2017) and Calafat et al. (2019)

are not evaluated further here.

Zhang et al. (2013c) reported an analysis of PFNA concentrations in paired serum and urine

samples and used those data to estimate urinary clearance in two subpopulations: (1) all males
(22-88 years of age) and older females (age > 50 years) (n = 50, mean CL = 0.15 mL/kg-day, median
CL = 0.094 mL/kg-day); and (2) younger women (age < 50 years) (n = 16, mean CL = 0.25 mL/kg-
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day, median CL = 0.20 mL/day/kg). That urinary clearance was observed to be much greater in the

younger females than in the male and older female group may be due to the older average age of the

latter group, since renal filtration tends to decrease with increasing age (Rule et al., 2004). Jain and

Ducatman (2022) compared serum levels of several PFAS, including PFNA, in U.S. females and

males as a function of age from 12 to 75 years. While Jain and Ducatman (2022) observed lower

PFNA levels in women versus men 20-48 years of age, the difference was only 25%-30%, much

less than would be predicted based on these urinary clearance values. However, the results of Jain

and Ducatman (2022) would reflect total clearance in men versus women and if fecal (and other
pathway) clearance is the same in women and men, the ratio of total clearance in women versus
men would be lower than the ratio of urinary clearance in women versus men. For example, if fecal
CLis 0.15 mL/kg-day and one adds the mean urinary CL values from Zhang et al. (2013c), the ratio
of total CL in men versus women would be (0.15 + 0.15)/(0.25 + 0.15) = 0.3/0.4 = 0.7, i.e., in the
range indicated by the results of Jain and Ducatman (2022). Further stratification of the population

evaluated by Zhang et al. (2013c) could reveal if there are age- or sex-related differences in the

renal clearance, but that type of examination may be limited by the sample size of only 50
individuals in the group of men and older women. To compare the renal clearance results of Zhang
etal. (2013c) and possibly combine them with those of other studies that did not divide their study
by age or sex, an overall population-weighted mean daily renal clearance was calculated by EPA

from the group-specific mean CL values for Zhang et al. (2013c) to obtain 0.174 mL/kg-day for all

males and females.

Zhang et al. (2013c) used a Vd of 170 mL/kg previously estimated by Thompson et al.
(2010) for PFOA dosimetry in humans, as the Vd for PFNA. The clearance values estimated by
Zhang et al. (2013c) for PFNA using this Vd correspond with median half-lives of 3.5 years in males

and older females and 1.5 years in younger females.

Fujii et al. (2015) used paired serum and 24-hour urine samples from five male and five

female healthy volunteers and calculated an overall rate of urinary clearance of 0.038 + 0.01
(mean * SD) mL/kg-day. While the number of subjects is less than Zhang et al. (2013c), the
collection of 24-hour urine samples by Fujii et al. (2015) provides an estimate of clearance that is
much less subject to intraday variability than the spot urine samples used by Zhang et al. (2013c).
Hence there is no clear reason for ranking one study above the other in terms of data quality. The

weighted mean urinary clearance for the entire study population of Zhang et al. (2013c)
(0.174 mL/kg-day) is 4.6 times higher than the value of Fujii et al. (2015). As there is no obvious

explanation for this discrepancy, its magnitude is considered a measure of uncertainty in the

human PK.

Yao et al. (2023) estimated urinary clearance of PFNA 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
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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. Serum concentrations and resulting urinary elimination of
breastfed infants are expected to increase significantly after childbirth based on reported breast
milk:maternal serum distribution and breast milk ingestion rates. While the cord blood
concentration might match the infant blood concentration at the moment of birth, the resulting
estimate of infant clearance is likely to be an overprediction of the true clearance rate. From a
population of 60 infants the median (25th, 75th percentiles) urinary clearance was 0.047 (0.028,
0.100) mL/kg-day, with a mean value 0.082 mL/kg-day. The median is slightly higher than obtained
for adults by Fujii et al. (2015) although well below the adult values of Zhang et al. (2013c), with the

mean near the average of those two studies. The sample distribution is skewed, with a maximum

estimated value of 0.543 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, although they indicate that

neonates will have similar or somewhat lower PFNA clearance than adults.

Fecal clearance in humans

Fujii et al. (2015) also collected 24-hour biliary samples from two women and three men.

One of the women was being treated for pancreatic cancer while the other four subjects were being
treated for choledocholithiasis (gallstones). Using a comparison with total clearance estimated from
the empirical half-life of PFOA in humans, and a Vd value from mice, a resorption fraction of 98%
was estimated. This resorption fraction was applied to the measured rate of biliary excretion from
the five patients, resulting in an estimated fecal clearance of 0.024 mL/kg-day. Significant
resorption of PFNA excreted in bile is also indicated by a case study where an asymptomatic 51-
year-old male researcher, who had high levels of PFNA and other PFAS in his serum, was
administered a bile acid sequestrant, cholestyramine. The treatment resulted in an increase of over

10-fold in fecal PFNA concentration and a corresponding decline in serum levels (Genuis et al.

2010). However, the small number of subjects evaluated by Fuijii et al. (2015), disease status, and

need to then estimate the fraction reabsorbed based on data from PFOA and mice make the

quantitative value (98% resorption) highly uncertain. The observations by Genuis et al. (2010)
were between the concentrations above and below the LOD, also confounding quantitation. The

ratio of estimated fecal /urinary clearance of Fujii et al. (2015) was 0.63 and the ratio of fecal

clearance estimated by Fujii et al. (2015), 0.024 mL/kg-day, to the overall population mean urinary

clearance from Zhang et al. (2013c), 0.174 mL/kg-day, is 0.14. For comparison, the fecal/urinary
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ratios reported for rats (see “Excretion in Animals (Rats and Mice),” above) are 0.089 in male rats
and 0.091 in female rats (Kim et al., 2019), 2.13 in male rats (n-PFNA) (Benskin et al., 2009), and
2.25 (4.5%/2%) in male rats and 0.029 (1.5%/51%) in female rats (Kudo et al.,, 2001). Thus, there
is a very wide range of variability or uncertainty in the ratio of fecal to urinary excretion of PFNA.
While the ratio estimated from the results of Fujii et al. (2015) for both feces and urine (0.63), or

combining the fecal excretion of Fujii et al. (2015) with urinary excretion of Zhang et al. (2013c)

(0.14) are both in the range of values estimated from rat PK studies, that range is so large that both
of these seem equally plausible. Hence, the true ratio in humans is considered a matter of

uncertainty that can only be addressed by collection of additional data.

Menstrual clearance in humans

After estimating urinary clearance, Zhang et al. (2013c) went on to calculate total clearance

values including a term for menstrual clearance but under the assumption that other clearance
pathways are negligible. The menstrual clearance value was based on a study of PFOA and PFOS
(Harada et al., 2005), which in turn used a volume of menstrual blood loss measured by Hallberg et

al. (1966). Hallberg et al. (1966) was a general population study of menstrual blood loss in healthy
women, which did not evaluate or control for exposure to exogenous chemical exposure, but it is
presumed that their menstruation rate was not significantly affected by any such exposure. Hence
this estimated clearance rate was not specific to PFOA or PFOS, nor any exogenous chemical. If
menstrual fluid loss carries chemicals from systemic circulation at a concentration equal to that in
blood, i.e., there is no resorption from the fluid and all chemicals present in blood are eliminated
with the lost blood volume, the resulting clearance rate should be equally applicable to PFNA.
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 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 rather than a median. On the other hand, Verner and Longnecker (2015) reviewed

Hallberg et al. (1966) and 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. 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 days)/(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. Although the trend of lower

PFNA serum concentration in patients compared with the general public was consistent, there was
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no clear trend in relation to the number of recent blood draws or to the recency of the last blood
draw. This study’s analysis of the impact of menstrual blood loss was purely a modeling exercise,
which was performed for PFOA and PFOS. The authors estimated a monthly blood loss of 35 mL
(which is similar to the median loss 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, 25% of the rate
estimated by Verner and Longnecker (2015).
Jain and Ducatman (2022) compared serum levels of several PFAS, including PFNA, in U.S.

females and males as a function of age from 12 to 75 years and found that for all PFAS examined

serum levels were lower in women between 13 and 50 years of age. Serum levels in females fell
compared with males starting around age 13 and began to rise again between age 40 and 45,
corresponding to the age range of menstrual elimination. Hence, these results might indicate that
menstrual fluid loss contributes to PFAS clearance in females of childbearing age. However, the
extent of the difference between females and male serum levels differs among the PFAS evaluated
by Jain and Ducatman (2022). While one would expect the route to have a greater effect on PFAS

with lower clearance by other pathways, it is not clear that the differences correlate in this way and
not all women menstruate regularly due to use of birth control pills and other biological factors.

Glynn et al. (2020) evaluated PFAS serum concentrations in fifth-grade school children

(aged 12 years) and found that PFNA concentrations in girls (n = 92) were significantly lower than
boys (n = 108) (median 0.41 versus 0.47 ng/mL) but that PFNA levels in girls who had started to
menstruate (n = 5) was not lower than those who had not, although concentrations of PFHxS and
PFOA in girls who had started to menstruate was significantly lower than those who had not.

EPA evaluated data from the National Health and Nutrition Examination Survey (NHANES),
the same source as Jain and Ducatman (2022), for PFDA and PFHxS as well as PFNA to evaluate the
consistency of the effect. PFHxS and PFDA have low overall clearance similar to PFNA and Jain and
Ducatman (2022) showed much larger differences between men and women for PFHxS than PFNA.
Specifically, EPA analyzed the collection of NHANES waves from 2003-2004 through 2017-2018.
Participants were included if they were 12 years of age and above and if they had measured PFAS

levels but were excluded if they were pregnant or if they were currently breastfeeding. For all
waves except 2003-2004, this information on reproductive status was available only for women
aged 20-44 and resulted in a total of 16,162 measurements. In the case where a serum
concentration was below the limit of detection (LOD), the value was imputed with the LOD/\/Z.
Overall, PFNA was determined to be below the LOD for only 1.7% of the measurements, although
26.4% of the PFDA measurements were below the LOD. This analysis was carried out in R (R Core

Team, 2022) and the R package “survey” was used to incorporate the NHANES survey strategy into

the analysis and generate results applicable to the U.S. population (Lumley, 2023, 2004).

A consistent, meaningful difference in serum levels in men versus women was not found for
PFDA although the differences reported by Jain and Ducatman (2022) for PFHxS (not shown) and

for PFNA (see Figure 3-1) were effectively replicated. If menstrual fluid loss were the mechanism
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giving rise to the observed differences between men and women for some PFAS, it should have an

equal effect on all PFAS, but this is not the case. Hence, while the differences between men and

women reported by Jain and Ducatman (2022) for some PFAS indicates a sex- and age-dependent
factor, it appears unlikely that menstrual clearance is the mechanism. The observed concentration
difference could also be the result of a difference in exposure of some PFAS to men versus women

of reproductive age. However, the difference in urinary clearance observed by Zhang et al. (2013c)

suggests a different mechanism that would result in higher clearance in women than in men that
would not apply equally across PFAS. Renal transporters involved in the resorption of PFAS are
known to be under hormonal control and the affinity of PFAS of varying chain-lengths differs for

given transporters (Weaver et al.,, 2010). So, hormonal regulation of urinary resorption could

explain differences in total clearance and observed serum levels between men and women for some
PFAS and not others.
Given these observations, menstrual clearance as a specific mechanism will not be

evaluated further as a clearance pathway for PFNA.
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Figure 3-1. Serum concentrations of PFDA and PFNA in U.S. males versus
females as a function of age. Data are from NHANES cycle years 2003-2018.
Mean and standard deviation (SD) were calculated for each age range and sex after
log-transforming the data.

While the results shown in Figure 3-1 indicate a difference in PFNA serum concentrations
2  between males and females during the reproductive age range for women (~ 12-50 years of age),
3 they are suggestive in showing that difference appearing in young women at the start of this age
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range. Koponen et al. (2018) performed a longitudinal study in children between 1 and 10 years of

age and estimated the body burden of PFNA and other PFAS based on the measured serum
concentration and body mass at 1, 6, and 10-11 years of age. A noteworthy finding is that the body
burden of females over this age range appeared to remain fairly constant while that in males
increased steadily, although the body burden of the males and females at 1 year of age were quite
similar. This result indicates that a sex-related factor other than menstruation, which applies even
before menarche, leads to differences in the body burden of males and females. However, the
median body burden in girls at age 6 years was only slightly lower than in boys (Koponen et al.,

2018), so for the purpose of EPA’s analysis, clearance in all children will be assumed equal.

Total clearance in humans

As described above, Chiu et al. (2022) estimated PK parameters in humans by fitting a one-

compartment PK model to individual and population blood concentration data from communities
with high PFAS levels in the drinking water, while using general U.S. population blood
concentration data to estimate background exposures, via Bayesian analysis. The estimated
geometric mean (GM) (95% CI) CL was 0.056 (0.033, 0.093) L/kg-year = 0.153 (0.090-
0.255) mL/kg-day. However, since these data were estimated based on exposure level and serum
data, they represent total clearance, not urinary clearance, which would include fecal and any other
routes of clearance for the various study participants. While the analysis was restricted to data
from adults, of whom roughly 50% are women, the female participants were primarily older, past
menopause. Therefore, it is assumed the estimated CL represents that in men and older women and
not women of childbearing age.

The clearance values estimated from the three human studies in adults with quantitative

results are then as follows:

1) A total population-weighted mean urinary CL for Zhang et al. (2013c), estimated from spot
samples from a group of 50 men and older women and 16 younger women (66 total) was
calculated from the reported means and number of subjects for each group: 0.174 mL/kg-
day.

2) The mean urinary CL from Fujii et al. (2015), estimated from 24-hour urine samples from

five men and five women was 0.038 mL/kg-day, while the mean fecal CL, estimated from
24-hour bile samples from three men and two women was 0.024 mL/kg-day, resulting an
estimated mean total CL of 0.062 mL/kg-day.

3) The estimated population GM for total CL of Chiu et al. (2022), based on data from 257
individuals and three population-level measures of PFNA exposure and serum
concentration, was 0.153 (0.090-0.255) mL/kg-day (median, 95% CI).
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Chiu et al. (2022) estimated CL using data for a reasonably large study population and the

result includes all routes of excretion since it is based on estimates of exposure and observed serum
concentrations rather than concentrations in specific excreta. As noted above, the estimate of fecal

CL by Fujii et al. (2015) is based on biliary excretion data from only five individuals being treated

for disease and relies on extrapolation of total CL from other PFAS. Also, Fujii et al. (2015) used a

volume of distribution estimated for PFOA in mice. Hence, there is considerable uncertainty in the

fecal CL of Fujii et al. (2015). Likewise, there is uncertainty in the option of extrapolating fecal CL

from that reported for rats given the wide range reported for that species. While the mean urinary
CL estimated from the results of Zhang et al. (2013c) was based on a population of 66 adults, it
relied on urine spot samples which creates some uncertainty in the subsequent estimate of total
daily excretion in urine, and they did not measure fecal excretion.

When estimating biological half-lives Zhang et al. (2013c) included a rate of menstrual

CL = 0.029 mL/kg-day in younger women, which is only qualitatively supported by observations of
slightly lower serum PFNA levels in women of childbearing age versus men (Jain and Ducatman,

2022). However, EPA’s analysis did not find a meaningful, consistent difference in serum levels of
PFDA in men versus women, although a difference was confirmed for PFNA (see Figure 3-1), which
one would predict if menstrual clearance were a nonspecific mechanism. Hence EPA does not
consider that specific route of excretion to be supported by the overall empirical data for PFAS.
Therefore, the qualitatively best estimate of total CL in humans appears to be the result of Chiu et
al. (2022), as it does not rely on uncertain estimates of fecal excretion that in turn rely to some
degree on extrapolation from laboratory animals (and from other PFAS). While the mean urinary
CL estimated from the results of Zhang et al. (2013c) was 14% higher than the (Bayesian sample
median) GM total CL estimated by Chiu et al. (2022), it was below the 95% upper CI for the GM

from Chiu et al. (2022). Further, that Zhang et al. (2013c) relied on urine spot samples creates some

uncertainty in their result, which could explain the apparent discrepancy between total and urinary
CL from these two studies.

Given the overall range of and uncertainty in human CL, EPA evaluated the specific value
and range of CL reported. Chiu et al. (2022) also reported a lower bound individual CL from their

analysis, i.e., the “1st percentile random individual,” as being 0.0165 L/kg-year = 0.045 mL/kg-day,
which is 3.4-fold lower than their median CL estimate (0.153 mL/kg-day). The uncertainty factor

for intrahuman variability, UFy = 10, is presumed to account for a variability of threefold in PK, the

rest being variability in pharmacodynamics. Given that the analysis of Chiu et al. (2022) did not
include children, use of the median CL (in conjunction with UFy = 10) then may not be sufficiently
health protective for the population as a whole. Therefore, EPA believes the lower 95% CI (of the
GM clearance) estimated by Chiu et al. (2022), 0.090 mL/kg-day, should be used to represent the

total CL in males of all ages, older females, and female children. EPA thereby assumes that total CL

is unlikely to fall below 0.03 mL/kg-day for any individual, i.e., a factor of 3 below this population

average.
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EPA concluded based on concentrations of multiple PFAS in men versus women as a
function of age that menstrual elimination was unlikely to be a specific mechanism of PFAS
elimination (see section “Menstrual clearance in humans,” above for details). However, a
comparison of PFNA serum concentration in males versus females as a function of age using data
from NHANES (cycle years 2003 to 2018) shown in Figure 3-1 does indicate a difference in
clearance related to both sex and age. The average difference between mean (In(PFNA
concentration)) in women versus men from ages 20-40 years was calculated, then exponentiated,
to estimate an average ratio of PFNA concentration in women of childbearing age versus their male
counterparts. (Results shown in Figure 3-1 for ages 12-16 and 16-20 years were not used because
they appear to show that the effect of adult hormonal regulation of transporters and adolescent
growth are not fully realized during this age range.) The resulting average ratio of PFNA
concentration in women versus men was 0.7229, indicating that women of reproductive age have
clearance that is 1/0.7229 = 1.383 times that of their male counterparts. This adjustment will be
used for PK model simulation and otherwise when estimating HEDs in women aged 12.4 (average
age of menarche) to 40 years. That PFNA levels are observed to slowly decline in females between
age 12 and 20 years is presumed to result from the long half-life, i.e., because it takes approximately
8 years for the impact of higher clearance in young women to be realized. And while menopause
typically occurs around age 50, the NHANES data show increasing PFNA concentrations beginning
with the 40-44 year cohort, so it is assumed that transporter levels switch to those similar to males
at that age. The subsequent gradual increase in PFNA concentration is again assumed to be the
result of its long half-life. It is recognized that changes in exposure and body weight are also likely
factors in the age-related PFNA concentrations, but EPA assumes that the average difference
between ages 20 and 40 years is due to hormonal regulation.

In conclusion:

1) For males of all ages and females below 12.4 and above 40 years of age, the population
average total clearance of PFNA is assumed to be the lower 95% CI estimate of the GM from
Chiu etal. (2022), 0.09 mL/kg-day.

2) For women of age 12.4-40 years, clearance is assumed to be 1.383 times faster than in the
rest of the population (0.09 mL/kg-day) based on EPA’s analysis of serum PFNA
concentration data from NHANES, resulting in a mean total clearance of 0.124 mL/kg-day.

Pregnancy in humans

As discussed in Section 3.1.2, “Human distribution during gestation and childhood,” Oh et al.
(2022) observed a 4.3% decline in PFNA serum concentrations, Chen et al. (2021) observed an
almost 50% decline, and Pan et al. (2017) observed a 23% decline during gestation. While

hormonal and physiological changes during pregnancy might lead to a reduction in clearance, the

increase in maternal tissue mass, including growth of the placenta, and growing fetus are expected
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to increase the total volume of distribution for PFNA, effectively diluting the body burden
accumulated prior to pregnancy. These data (Oh et al., 2022; Chen et al., 2021; Pan et al., 2017)

indicate that this dilution more than offsets any concurrent reduction in clearance. Therefore, it is

considered appropriate to apply the higher clearance estimated for women of reproductive age
(0.124 mL/kg-day) when calculating HEDs for gestation-only exposure. For PK modeling, however,

clearance will be assumed to decrease to the value estimated by Chiu et al. (2022) since the

hormonal regulation that is assumed to result in the overall difference between women of
reproductive age and men (see Figure 3-1) may change during pregnancy.

Brantseeter et al. (2013) evaluated the impact of previous pregnancy and total months of

previous breastfeeding on serum concentrations in pregnant women and found that the current
concentration was negatively correlated with both of those factors while there was a positive
correlation with the time (years) since the most recent pregnancy. These results indicate that both
pregnancy and breastfeeding reduced maternal body burdens, but that continued exposure results
in increasing body burden with time after a pregnancy (and breastfeeding). Similarly, Tsai et al.
(2018) measured PFAS levels in third trimester women and found decreasing mean levels with the
number of previous pregnancies (1.5 ng/mL mean for women with zero previous pregnancies
versus 1.1 ng/mL in women with two or more) but a modest increase with age at delivery

(1.26 ng/mL for <24 years and 1.37 ng/mL for =35 years at delivery).

Lactation in humans

As with lactation in animals, breastfeeding is presumed to act as both a source of PFNA for
the nursing infant as well as a route of excretion for the mother. In a study of a community with
high levels of PFOA in drinking water, there was no significant trend in the PFNA serum levels of
children (average age 2.5 years, range 1.7-3.4 years) versus months of breastfeeding as infants,
although maternal PFNA levels did decrease significantly versus breastfeeding duration (Mondal et

al., 2014). More specifically, the GM PFNA serum concentration in children breastfed >12 months

was 17% higher than in children who were not breastfed, but the difference was not statistically
significant. Given that the measurements were made in the children as much as 3 years after
cessation of breastfeeding, at which point the intervening dietary exposure would have a significant
influence and contribute to intersubject variability, and the analysis was only based on a total of 49
children among all the groups, the lack of statistical significance in the children is not surprising.
While a separate set of serial measurements in a small sample of 19 mothers 3 weeks and 3 months
after delivery showed significant correlation (r = 0.79) of PFNA levels between the two timepoints
with no decrease over this time Glynn et al. (2012) and Oh et al. (2022) estimated a 1.2% decline in

the first 6 months postpartum and a further decline of 0.8% between 6 and 24 months among their
subjects (n = 42).

Fromme et al. (2010) observed PFNA concentrations in breastfeeding mothers, cord blood

at birth, and their children. Of the 50 participants, 37 infants were exclusively breastfed, 6
predominantly, and 6 only partially during the sampling window of 5-7 months after birth (treated
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as 6 months in the results). Mean (median) maternal blood concentrations declined somewhat from
0.8 (0.6) pg/L at birth to 0.7 (0.5) pg/L 6 months after delivery. Meanwhile mean (median)
concentrations in cord blood were 0.4 (<0.4) pg/L but then concentrations in the infant blood were
1.1 (1.0) pg/L 6 months after birth, declining to 0.7 (0.6) pg/L at 19 months after birth. These
patterns indicate significant lactational transfer to the infants in the first 6 months of life followed
by a decline consistent with cessation of that exposure and growth of the child.

Very strong evidence for the contribution of lactational uptake to a child’s body burden is

provided by Koponen et al. (2018) who evaluated PFAS concentrations in 1-year-old children and
found a significant correlation between the child’s serum PFAS concentration and the number

of months of breastfeeding of the child, including for PFNA. The regression shown in Figure 3 of
Koponen et al. (2018) indicates that in a child breastfed for 12 months 70% of the PFNA is due to

that source and hence that PFNA concentrations in a 1-year-old who is not breastfed is 70% lower

than one who is breastfed for the full year.
Mogensen et al. (2015) also evaluated PFNA concentrations in children from birth to 5 years

of age. The median (interquartile range, IQR) length of exclusive breastfeeding for 73 children with
complete information was 4.5 (3.5, 6.0) months, followed by 4.0 (2.0, 7.0) months of partial
breastfeeding. Serum concentrations were collected at birth (cord blood), 11, 18 and 60 months of
age. Using a piecewise linear model applied to the log-transformed serum concentration between 0
and 18 months of age, PFNA concentrations were estimated to increase 20.8 (15.7, 26.1)%/month
(mean, 95% CI) during periods of exclusive breastfeeding, only 5.2 (1.0, 9.6)%/month during
periods of partial breastfeeding, and to decline 1.5 (2.8, 0.2)%/month during periods of no
breastfeeding. The rate of increase for exclusively breastfed children is about one-half that
estimated using the PK model described in Appendix E.4.2 if mean rates of milk ingestion and an
average milk/maternal serum concentration ratio of 0.05 (see below) are assumed. In this aspect

the results of Mogensen et al. (2015), like those of Fromme et al. (2010), appear reasonably

consistent with predictions of the PK model, in particular that breastfeeding is expected to lead to a
large exposure to infants.

The PK model predicts a 30% decline in serum concentrations between 1 and 5 years of age
if it is assumed that the child is exposed to the same daily dose (mg/kg-day) as its mother after
weaning and has the same clearance as an adult male or older woman. This decline is consistent

with the observations of Fromme et al. (2010) and is predicted by the model because the child is

expected to approximately double in mass between ages 1 and 5 years, diluting the body burden

accumulated in the first year of life. However, Mogensen et al. (2015) reported a slight increase in

median serum levels of children from 0.8 to 0.9 ng/L between 11 and 60 months of age. That serum
levels increased slightly during this period of rapid growth suggests that this Faroe Island
population had higher childhood exposures during that period than did their mothers in the

preceding years, unlike other populations.
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In apparent contrast to the studies just described, Papadopoulou et al. (2016) compared

serum levels in 3-year-old children with those measured in the mother near parturition and did not
find a significant correlation between the two for PFNA, although they did for several other PFAS.
Likewise, there was no significant correlation between PFNA concentration in the mother or child
with (length of) breastfeeding, although they trended as expected (positive correlation coefficient

for the child, negative for the mother) (Papadopoulou et al., 2016).

By conservation of mass any PFNA delivered to an infant via breastmilk must come from the
maternal body burden. Since any change in maternal serum levels will depend on the total amount
of milk expressed during breastfeeding and ongoing exposure of the mother, the apparent

discrepancy between these studies may be the result of differences in these quantities.

Clearance rate during breastfeeding

There are two options for estimating HEDs in the breastfeeding mother from estimated
(POD) serum PFNA concentrations: direct application of an appropriate value for human clearance
(i-e., HED = CL x Cserum) or by simulating the serum concentration over time for a given exposure
using the PK model. For the first option, since the empirical studies discussed here indicate that
PFNA concentrations postpartum are at or below serum levels in the woman prior to pregnancy,
which are in turn determined by total CL in the woman prior to pregnancy, it is considered
reasonable to apply the higher clearance estimated for women of reproductive age
(0.124 mL/kg-day) when estimating HEDs. However, for the purpose of PK modeling, the mother’s
clearance (other than lactational transfer) will be assumed to decrease to 0.090 mL/kg-day (from
Chiu et al. (2022)) at the onset of pregnancy and to remain there until the child is 12 months of age,

when breastfeeding is assumed to cease, since breastfeeding affects hormone levels and there may
not be a return to nonpregnancy levels of renal transporters until that time. (Average total
clearance in children, however, is assumed to equal the lower 95% CI GM value estimated by Chiu
etal. (2022), 0,090 mL/kg-day). EPA concluded that use of the PK model to simulate serum
concentrations in human children involved too much uncertainty due to the limited data for PFNA
PK in children (see Section 3.1.6) and used the clearance approach for HED calculations in this
review (see Section 5.2). However, the distribution of PFNA from maternal blood to breast milk is
quantitatively evaluated below since the distribution coefficient was used in evaluating the human

lactational PK model and use of the model may be reconsidered.

Distribution from maternal serum to breastmilk

Liu etal. (2011) collected matched samples of maternal serum, cord serum, and breast milk
from women within 1 week of delivery. These values can inform the rate of transfer from the
mother to the infant via lactation. PFNA was above the LOD (LOD = 0.005 ng/mL) in 100% of the
samples and the median ratio of milk to maternal serum was 0.04:1 while the mean value was
0.05:1 (Liu etal., 2011). Blomberg et al. (2023) found PFNA above their limit of quantification
(LOQ =0.01 ng/mL) in 45% of colostrum and 75% of breast milk samples, and measured ratios of
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PFNA in colostrum (median 0.032:1, IQR 0.023-0.039) and breast milk (median 0.025:1, IQR 0.018-

0.034) versus maternal serum in their subjects. Since the Liu et al. (2011) data were collected in

2009 from women in the Jiang Su province of China while Blomberg et al. (2023) sampled women
from two municipalities in Sweden, one with previously high water contamination (Ronneby) and
one with minimal contamination (Karlshamn), from 2015 to 2020, the difference in reporting
frequency may well reflect differences in exposure of the respective study populations but may also
depend on the use of a LOD cutoff by Liu that is 50% of the LOQ cutoff used by Blomberg.

Cariou et al. (2015) also measured PFNA in breast milk versus matched maternal serum

samples. While the levels observed in breast milk were all below the LOQ, they appear to be

consistent with a mean milk:serum ratio in the range of 0.01-0.05. Kdrrman et al. (2007) reported a

breast milk:maternal serum ratio of 0.01 but based on only two milk samples above the LOD.
While the data described above indicate considerable variability in breast milk:maternal

serum concentration ratio, it is all within the range of 0.01-0.05 and hence the mean value of 0.05

reported by Liu et al. (2011) appears to be a reasonable upper bound on the population mean for

PK modeling, i.e., the population mean is unlikely to be greater than 0.05 although some individual
values may have higher ratios.

In summary, the observed pattern of PFNA decline during and after pregnancy is considered
likely to result from the relatively rapid increase in maternal and fetal body weight during
pregnancy, so the PFNA body burden distributes into a larger volume, and lactational transfer from
the breastfeeding mother. Hemodynamic changes during pregnancy, not discussed at length here,
may also increase the volume of distribution, but to a lesser extent than the change in total body
mass. The effects of increasing total body mass and lactational transfer appear to more than offset
possible changes in renal transporters under hormonal regulation or the cessation of menstruation

that might otherwise reduce PFNA clearance during pregnancy and lactation.

Urinary Clearance versus Glomerular Filtration

Some mechanistic insight can be gained by comparing the clearance values (shown in
Table 3-3 for rats and mice and estimated just above for humans) with species-specific glomerular
filtration rate (GFR), with and without adjustment for serum protein binding. A detailed analysis is
provided in Appendix E.3. In summary, GFR ranged from 2 to 4 orders of magnitude greater than
the empirical clearance. After correction for serum binding (i.e., only assuming the fraction
unbound in serum, fi; can be cleared) GFR x fu, still overpredicts urinary CL by a factor of 4-60,
except in female rats where observed urinary CL was approximately threefold higher than GFR x fs.
Hence, it appears that serum protein binding is less limiting of both urinary clearance and tissue
distribution than predicted by assuming these processes are strictly limited to the free fraction at
equilibrium, but that renal resorption must extensively limit urinary and hence total clearance in
most species and sexes.

Renal resorption was previously put forward as a general explanation for the slow

clearance of per- and polyfluoroalkyl substances (PFAS) through the urine (Andersen et al., 2008).
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In vitro experiments have since identified PFNA as a potential substrate for transporters in the
OATP family, such as human OATP1B1, OATP1B3, and OATP2B1 (Zhao et al., 2017b). Another in

vitro study identified rat organic anion transporters (OAT)3 and oatp1lal, as well (Weaver et al.

2010). Thus, active transport is a plausible and likely explanation for part of the difference between
GFR, or GFR x fi.. and urinary clearance of PFNA.

3.1.5. ADME Summary

Reported or calculated clearances, volumes of distribution, and half-lives for male and
female rats, mice, and humans are listed in Table 3-3. Clearance and Vd values for rats and mice
were derived from Bayesian analysis of the PK studies described previously (details in Appendix E).

Human clearance and Vd values were based on the population GMs reported by Chiu et al. (2022).
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Table 3-3. Key pharmacokinetic parameters in rats, mice, and humans

Sex and species Fabs | CL(mL/kg-d) | Vd (mL/kg) | Ti2® References
Male rats 0.86 3.68 234.8 46.5 d | EPA analysis of Tatum-Gibbs et al.
(2011); Ohmori et al. (2003);
Female rats 0.94 71.1 283.2 | 2.77d |lwabuchi et al. (2017);
Kim et al. (2019
Male mice 1 4,51 579.1 101.9 | Fabs from Fujii et al. (2015).

d CL and Vd from EPA analysis of Tatum-
Gibbs et al. (2011)

Female mice 1 4.89 319.6 46.5d

Women <12.4 or >40 yr & 1° 0.090¢ 190 4.01 yr | Chiu et al. (2022)
men

Women 12.4-40 yr 1° 0.124¢ 190 2.91yr

aTy/2 = (volume of distribution [mL/kg]) x In (2) / (clearance [mL/kg-d]); for humans, divided by 365 d/yr.

b100% absorption is assumed for humans as a health-protective option due to lack of data.

cLower 95% Cl estimate of the population geometric mean from Chiu et al. (2022).

dBased on observed serum concentration in women vs. men 20-40 years of age from NHANES, EPA analysis, applied to the
estimated CL for men and older women from Chiu et al. (2022).

According to EPA’s BW3/4 guidelines (U.S. EPA, 2011b) use of chemical-specific data for

dosimetric extrapolation such as described above is preferable to the default method of BW3/4

scaling. However, for the purpose of comparison, using the standard species BWs of 0.25 kg in rats
and 80 kg in humans, the clearance in humans is predicted to be 4.2 times lower than rats. Given
clearance values of 3.71 and 71.0 mL/kg-day in male and female rats, one would then predict
clearances of 0.88 mL/kg-day in men and 16.9 mL/kg-day in women, which are respectively
approximately 9.8 and 136 times higher than the respective estimated average human clearance
values for men and nonreproductive age women (0.0.09 mL/kg-day) and for women between 12.4
and 40 years of age (0.124 mL/kg-day) in Table 3-3. Thus, based on the PFNA-specific PK data, use
of BW3/4 could lead to an overprediction of human elimination of 1 to 2 orders for magnitude,
underpredicting effects to the same extent. Therefore, use of BW3/4 as an alternative means of
extrapolation was not considered further for PENA.

3.1.6. Evaluation of Approaches for Pharmacokinetic Extrapolation, Including
Physiologically Based Pharmacokinetic (PBPK) and Pharmacokinetic (PK) Modeling

The PFAS protocol (see Appendix A) recommends the use of 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/or sufficiently validated PBPK model. Given the empirical data available in
rats, mice and humans, the application of a classical PK model with parameters set using species-
and sex-specific PK model is considered as a particular instance of a data-informed extrapolation,

which has a better potential for accounting for the accumulation of PFNA over the course of
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toxicological studies or human lifetimes. Another option is to more directly use blood or tissue
concentrations collected during a toxicological study in animals, i.e., without a formal PK model for
the animal, to estimate corresponding human exposures. If chemical-specific information is not
available, the protocol then recommends that doses be scaled allometrically using

BW3/4 methods. Selection from among this hierarchy of decisions considers 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

guidelines on using allometric scaling for the derivation of RfDs (U.S. EPA, 2011Db). It preferentially
prioritizes adjustments that result in reduced uncertainty in the dosimetric adjustments

(i.e., preferring chemical-specific values to underpin adjustments versus use of default approaches).

Evaluation of Physiologically Based Pharmacokinetic (PBPK) Models

A PBPK model is available for PFNA in rats and humans in Kim et al. (2019). 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 PFNA, known
physiology, and the accepted practices of PBPK modeling. Several flaws were found in the model

(see Bernstein et al. (2021)). One flaw, an error in the balance of blood flow through the liver, had

only a moderate impact on model predictions (i.e., less than 20%). A much larger issue 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 much lower than
is otherwise supported by the empirical PK data. Details of the model’s discrepancies are provided
in Appendix E.2. When the model was used to simulate IV exposure, for which bioavailability is
100%, or the oral bioavailability was set to 90%, the model significantly overpredicted the
observed blood concentration data. The conclusion of this analysis is that a key assumption on
which the PBPK model of Kim et al. (2019) and most other existing PBPK models for PFAS are

based, that distribution to tissues and clearance are strictly limited to the fraction unbound in blood

(fup, as measured in vitro) is incorrect. While it is possible to relax this condition and fit specific
parameters to obtain a rate of distribution to match the empirical data, EPA considers such an
approach to effectively undermine a fundamental mechanistic assumption of these models in the
absence of independent data to demonstrate the cause of the discrepancy. For example, if an
independent experiment showed that the original estimate of f., was too low and is in fact close to
that obtained by empirical fitting, the assumed model structure would be corroborated. But
otherwise, the result of empirical fitting distribution parameters is considered by EPA to be the
equivalent of using a classical PK model for which the volume of distribution (and rate of
distribution to a “tissue” compartment) is empirically fitted, which is the option evaluated further
below and described in detail in Appendix E.1. Given these findings, it was determined that the
published model structure and underlying assumptions did not allow a sufficiently sound
calibration of the PBPK model to the currently available PK data for use in this toxicological review

and that empirical fitting of tissue distribution was required.
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Fabrega et al. (2015) also described a PBPK model calibrated for multiple PFAS in humans.
However, this model makes use of the same key assumption regarding PFAS distribution as Kim et
al. (2019), which EPA considers to be critically flawed. Further, Fabrega et al. (2015) estimated the

equilibrium blood:tissue partition coefficients by comparing tissue concentrations measured in

cadavers (autopsy subjects) with blood concentrations from living donors reported 6 years later.
EPA considers this comparison of blood and tissue levels in nonmatched subjects (albeit from the
same geographic region), reported 6 years apart, to be a highly uncertain method for the estimation

of tissue distribution. Hence, the PBPK model of Fabrega et al. (2015) was not considered further

for use in this review.
The high-throughput toxicokinetic (httk) PBPK model package (Breen et al., 2021; Pearce et

al., 2017) contains a parameter set for PFNA but its prediction of renal clearance only accounts for

fup in plasma. As described in Appendix E.3, the clearance rates predicted as GFR x f, in human
males and females are 3.8 and 3.1 mL/kg-day, which are 25- and 14-fold higher than the clearance
values estimated by Chiu et al. (2022) (assumed applicable to men and nonreproductive age

women) and by EPA for this review (see “Total clearance in human” section, above and Table 3-3).
Hence, use of the httk PBPK package would significantly underpredict human internal dose for a
given exposure and significantly overpredict HEDs related to a given POD obtained from
toxicological studies in laboratory animals or human epidemiological studies using PFNA blood
concentrations as the dose metric. Therefore, the httk PBPK model package is not considered

further for use in this review.

Evaluation of Classical Pharmacokinetic (PK) Modeling and Study-Specific Measured PFNA
Concentrations

Two other options for estimating the relationship between exposure (applied doses) and
internal doses for dosimetric extrapolation are classical PK modeling and use of direct
measurement of PFNA concentrations in experimental or epidemiological studies. When serum
concentrations are measured as part of a toxicological study, such as occurred at the end of the NTP
28-day study in rats, those data can directly inform the internal dose associated with toxicity rather
than relying on assumptions involved in a PK model, such as the assumption that the kinetics
observed after a single dose in a PK study can be reliably extrapolated to multiple days of dosing.
However, the response observed at the end of a toxicity study is typically assumed to result from
the cumulative effect of a chemical on the tissue and organism being evaluated, not just the
concentration occurring on a single day. A measure of the cumulative internal exposure that is often
used is the average blood (serum) or tissue concentration, or AUC, calculated over the length of the
study or a suitable length of time prior to the day of observation.

The concentration measured only on the final day of a study does not by itself provide a
measurement of concentration over time that is needed to obtain the average concentration. While
any PK model involves its own assumptions, these models predict the concentration time-course

needed to determine average concentration or AUC. Given general knowledge of a chemical’s PK,
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such as its half-life, one might deduce or reasonably assume, for example, that day-to-day variation
in a chemical’s serum concentration will be minimal after the first few days of exposure, allowing
interpretation of the measured end-of-study concentration as representative of the average.
However, if serum concentrations are expected to vary from day to day over an entire study, the
most straightforward way to predict this variation is through use of a PK model. Use of a PK model
will also provide a more consistent means of comparing internal doses between studies among
which the extent and timing of in-study serum or tissue concentrations measurements vary.

For example, Das et al. (2015) measured PFNA serum and tissue concentrations at multiple

timepoints, while Wolf et al. (2010) only measured serum concentrations at the end of their mouse

developmental study, 3 weeks after dosing ended. One might wish to use the serum concentrations

in PND 1 mouse pups measured by Wolf et al. (2010) to extrapolate those observed endpoints, but

comparable data are not available for Wolf et al. (2010) making any comparison between the

studies on such a basis very complicated. Attempting to interpret effects seen in PND 1 mouse pups
due to dosing during gestation based on serum concentrations measured on PND 21 (i.e., in a
parallel cohort of mice) also seems fraught with issues. A PK model can account for the dosing
schedule and predict the concentration time-course over the relevant period. Such results can then
be used to interpret the effects observed at different postnatal timepoints in a way that is consistent
between these studies (or between studies evaluating time-dependent toxicity in general). Hence, a
PK model is the generally preferred tool for estimating internal doses for animal-to-human

extrapolation.

Classical pharmacokinetic (PK) modeling in experimental animals

Bil et al. (2022) evaluated the PK of multiple PFAS, including PFNA, in male rats, with the
objective of evaluating effects from combined exposure. While Bil et al. (2022) used a classical two-
compartment PK model structure, for PFNA the PK data used (Tatum-Gibbs et al., 2011) were not

sufficient to identify parameters for the second compartment. Hence, their effective model

structure for PFNA was also identical to that evaluated by EPA for a single compartment (below).
EPA developed a classical PK model package that can be parameterized for one- or two-
compartment models using the empirical PK parameters estimated above (see Table 3-3) or as
detailed in Appendix E.1 for dosimetry in individual rats, mice, and humans and for the pregnant
mother and fetus(es) during gestation. The model package includes paired one- or two-
compartment PK models to describe dosimetry in nursing mothers and their offspring. While the
PK models poorly predicted some mouse and rat PK data used to evaluate model performance, in

particular gestational and lactational PK data for PFNA in mice from Das et al. (2015) and (Wolf et

al., 2010), the results were still much closer to the observed mouse data than if one were to assume

PFNA reached steady-state concentrations. (Given the half-life of PFNA in mice, an extended period
of prenatal dosing would have been needed to achieve steady state and the PK model predictions
reflect that dosing only occurred during gestation.) Further, because dosing in the mouse

developmental studies only occurred during pregnancy, with endpoints evaluated in the pups up to
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many weeks after birth, an assumption of steady state clearly would not match the internal dose
time-course.

EPA’s classical PK model predictions of the PFNA concentrations observed in male rats at
the end of the NTP 28-day bioassay were considered adequate at low doses, i.e., at doses where
corresponding PODs were identified and hence from which HEDs needed to be estimated, but
systematically underpredicted the measured concentrations. Specifically, the mean of the model
predictions was less than the mean observed concentration for every dose level, but the 90% model
prediction interval included the mean observed concentration at the lowest and third dose and was
within a few percent of the observed mean for the second dose (see Appendix E, Figure E-7, Table
E-7). While the PK model predictions of PFNA concentrations in the male rats at the end of the NTP
study were closer to the observed concentrations than assuming steady state, a third option in
which the measured concentrations were simply interpolated was considered more accurate than
either use of the PK model or assumption of steady state. Further, even though the estimated half-
life in male rats is uncertain, its value is known well enough to state with high confidence that PFNA
concentrations accumulated in the male rats throughout the NTP study, although in a slightly
nonlinear manner due to concurrent changes in BW. Given the bias of assuming steady state or
using the PK model, together with the expectation of near-linear PFNA accumulation in male rats
exposed for 28 days, EPA concluded that the best estimate of the average concentration in male rats
given the 28-day exposure would simply be one half of the final concentration calculated by linear
interpolation between the measured concentrations.

However, use of classical PK model described in Appendix E.4 (with parameters estimated
as described in Appendix E.1) is considered the best option for estimating internal doses during
developmental studies in mice where the model also predicts internal doses in mouse pups. For the
mouse developmental studies, the dosing only during gestation followed by endpoint observation
at various postnatal times makes direct interpolation of the observed concentrations impractical
and PK model predictions are clearly superior to the assumption of steady state (details in
Appendix E.4.1).

PK model predictions were quantitatively further from the observed data than assuming
steady state for female rats, while qualitatively the model predicted that female rats would have
serum concentrations near to steady state and close to the observed end-of-study concentration
over the course of the bioassay. Details are provided in Appendix E.4.1. Therefore, for extrapolation
of endpoints from the NTP 28-day bioassay in female rats, EPA judged the best approach was to use
the observed end-of-study serum concentrations. In particular, EPA assumed the end-of-study
plasma concentrations provided a better estimate of the average internal dose in those females at
the administered doses than obtained with either the PK model or calculated assuming steady state
from the estimated clearance in female rats. Since the relationship between the applied dose and

end-of-study plasma concentrations in female rats is close to linear (see Appendix E, Figure E-7),
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the average internal dose in female rats at other dose levels (i.e., PODs identified by dose-response

analysis) was simply estimated by linear interpolation between the measured concentrations.

Classical pharmacokinetic (PK) modeling in humans

Chiu et al. (2022) used a one-compartment PK model in their analysis. While the rigorous

statistical analysis used with data curated from multiple human observational studies is notable
and EPA has selected the resulting PK parameter values for use in calculating HEDs, the model
structure is effectively the same as evaluated by EPA for its custom PK model when parameterized
for a single compartment (further details below). Hence, while EPA is using its own model code for

PK analyses, the application is considered technically identical to use of the Chiu et al. (2022) for

one-compartment PK analysis.

Yao etal. (2023) applied their estimates of urinary clearance in infants using a one-

compartment PK model to predict changes in serum levels during the first year of life. As with the
previous two PK analyses, the model structure is essentially identical to the one evaluated by EPA
for a single compartment. However, Yao et al. (2023) estimated infant intake of PFNA (and other
PFAS) based on the milk ingestion per kg BW (mL/kg-day) in the first month of life, when this
normalized ingestion rate is known to decline as the infant grows ((U.S. EPA, 2011a),
https://www.epa.gov/sites/default/files /2015-09/documents/efh-chapter15.pdf, see Table 15-1)
and the model did not account for the growth of the infant, which would dilute the initial body

burden of PFNA. Hence, the model predictions are not considered accurate.

While limited, perinatal human data were identified and used to estimate developmental PK
parameters for humans as described in human distribution during gestation (in Section 3.1.2),
pregnancy in humans (in Section 3.1.4) and lactation in humans (in Section 3.1.4), data that can be
used to validate the model assumptions for the perinatal period and otherwise in young children
are limited. Specifically, independent longitudinal measurements of blood or serum PFNA levels in
human subjects for whom ongoing exposure was known (e.g., essentially zero after a period of high
exposure) that could be used to validate PK predictions for those individuals were not identified. (It
is noted that the analysis of Chiu et al. (2022) involved some observations over time, in conjunction

with corresponding changes in exposure, but the observations were primarily in adults.) Results
from NHANES (e.g., as reported by Jain and Ducatman (2022)) can be used to evaluate predicted

differences in PFNA dosimetry in men versus women, while those of Oh et al. (2022) can be

compared with predicted changes during pregnancy and lactation. Koponen et al. (2018) observed

longitudinal changes in serum concentrations of PFNA and other PFAS in children from 1 to
10 years old and evaluated the correlation of PFNA concentrations at age 1 year with duration of
breastfeeding.

General parameters for changes in the BW of humans as a function of age, including during

pregnancy, and milk ingestion rates have been described by Kapraun et al. (2022), and the PK

model package described there was adapted for the analysis of PFAS PK. Although uncertainty

exists in how PFNA PK may differ between (young) children and adults, use of a PK model allows
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for the prediction of accumulation as a function of age and lifestage and in particular of a potential

bolus of exposure due to breastfeeding that could not be accounted for otherwise.

As discussed previously, results of Yao et al. (2023) indicate that renal clearance in infants

is about twofold lower than adults (Yao et al., 2023), although aspects of this study make its

accuracy quite uncertain. On the other hand, EPA’s PK model assumes that clearance in children is

the same as in adults and when its results were compared with the data of Koponen et al. (2018) for

children at 1 year of age, the model overpredicted the increase in PFNA concentration due to
lactational transfer (see Appendix E.4.2). This overprediction by the EPA model indicates that
clearance may be higher in young children than in adults, not lower. Neither the results of Yao et al.
(2023) nor the results of EPA’s PK modeling suggest that clearance in children is more than twofold
different than in adults, hence it is within the range of uncertainty that the intrahuman uncertainty
factor, UFy, is intended to cover. Therefore, use of the clearance value obtained for adults should be
reasonable for children as well. Specifically, for the purpose of simulation, total clearance in
children from infancy on was assumed to equal that in adult men and older women. However, the
Vd in the newborn was assumed to be twice that of adults, i.e., equal to that estimated for the first-
and third-trimester fetus, and to then decline to adult values by age 10 years (Human distribution
during gestation in 3.1.2).

Because of the limited PK data that might be used for model calibration and validation for
PFNA during pregnancy and childhood, application of the PK model adapted from Kapraun et al.
(2022) during these lifestages is considered quantitatively uncertain. For example, the transfer of
PFNA from maternal serum to breast milk over the entire period of breastfeeding has not been
evaluated. While EPA’s PK model did predict the increase in serum PFNA of 1-year-olds as a result
of breastfeeding reported by Koponen et al. (2018) reasonably well, this prediction involved

adjusting the exposure level for children who were not breastfed to match model prediction for that
group with the measured concentration (see Appendix E.4.2). Only the relative increase in serum
PFNA that was due to each month of breastfeeding was then predicted, but not the absolute level.
However, model simulations should provide a useful, qualitative prediction of the PFNA time-
course in exposed humans, which can be compared with steady-state serum concentrations
estimated using only human clearance (CL) values.

Children who are breastfed for 12 months are predicted by the PK model to experience a
large bolus, relative to maternal levels, and to be above the corresponding (adult male and older
female) steady state for several years, but then to be within 20% of that level by age 4 or 5 years,
even when ingesting milk at a rate two standard deviations above the mean. The simulations shown
in Appendix E, Figure E-11 used the mean milk-rate ingestion per kg body weight of the child. The
bolus due to breastfeeding will be higher and the subsequent period of elevated concentration
longer for children ingesting the upper percentile volume of milk, but from around age 4 to 12.4
years, they are still predicted to be less than 120% of the steady state for males and

nonreproductive age women. Hence, applying the clearance for men and older women
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(0.09 mL/kg-day) to estimate HEDs from serum concentrations of PFNA for children between ages
4 and 12 should not underestimate the corresponding exposure by more than 20%. Children who
ingest an average volume of breastmilk are predicted to have their serum concentrations fall to
about 70% of the nonreproductive steady state but this only indicates a modest degree of health
protection for those individuals when using the steady-state estimate.

For a woman of reproductive age, the model indicates that her serum concentrations will be
within 20% of the corresponding steady state (i.e., for CL = 0.124 mL/kg-day), through childbirth,
although breastfeeding for a year would result in a significant decline such that she remains below
that level for up to 5 years (given an upper percentile milk ingestion rate, see Appendix E,

Figure E-11). Hence, use of the two human clearance values to estimate HEDs for corresponding
lifestages should give predictions in a range that has minimal error compared with application of a
PK model that involves specific assumptions that cannot be verified with existing data. Therefore,

EPA considers use of lifestage-specific CL values to calculate HEDs to be a reasonable approach.

Summary of Physiologically Based Pharmacokinetic (PBPK) and Pharmacokinetic (PK) Model
Evaluation

Although PBPK modeling was judged too unreliable for use, a custom PK model with
parameters identified through empirical fitting was determined to adequately describe the PK in
male rats and to provide the best alternative for estimation of internal doses in female mice and
their pups during developmental toxicity studies. Direct interpolation of PFNA concentrations
measured in female rats at the end of the NTP 28-day bioassay was determined to be the best
approach for estimating the corresponding average PFNA serum concentrations. Further, while the
custom PK model was determined adequate for male rats, because it systematically underpredicted
the NTP data, interpolation of the NTP data (informed by model predictions) was likewise
considered the best option for estimating PFNA dosimetry in adult male rats under that study
design. But because of the study design (dosing schedule) and availability of PK data used for
developmental bioassays in mice, direct interpolation of measured concentrations was considered
impractical and likely unreliable for those animal subjects and while the custom PK model did not
match the available mouse PK data as well as preferred, it was shown to be superior to an
assumption of steady-state serum concentrations, which is implicit in the application of derived
extrapolation factor (DDEFs) based on species-specific clearance.

Human CL can be applied to estimate HEDs from internal dose PODs identified from animal
toxicological studies using the PK approaches described above, to estimate HEDs from
epidemiological studies where human serum concentrations were the exposure metric, or as part of
a DDEF applied to external dose PODs from animal studies. Results of simulations shown in
Appendix E.4.2, indicate that a young woman will be within 20% of steady state (given the
reproductive age clearance for women) by age 12.4 years and remain in that range except during
the latter part of pregnancy, during breastfeeding and for the following 4 years, when her serum

concentrations may fall more than 20% below the steady state. If a woman breastfeeds for less than
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12 months (for breastmilk ingestion rates below the upper percentiles), her PFNA serum levels
would remain higher.

DDEFs were also considered for animal-human extrapolation. DDEFs can be calculated from
the fraction absorbed (Fans) and the CL for male and female rats and mice, and men and women (see
Table 3-3), but use of these implicitly assumes that animals are near steady state given bioassay
exposure regimens. Given the estimated half-lives of PFNA, this assumption is probably not correct
for male rats and male and female mice in the toxicity studies evaluated. While female rats are
predicted to reach steady state much more quickly, the steady-state serum concentrations
estimated for female rats were considerably lower than the concentrations measured in the NTP
bioassay (see Appendix E, Figure E-7). Hence, use of a DDEF appears to be less accurate than the
alternative PK approaches in all cases.

In general, the uncertainty in use of a one- or two-compartment classical PK model for
estimation of internal doses in mice may be judged no greater than use of DDEFs for extrapolation
of PODs for that species, since both approaches rely on the estimated CL and Fays, while the DDEF
relies on the assumption of steady state. The PK model also relies on the estimated Vd but accounts
for the study-specific dose schedule and was shown to better predicted the observed
concentrations from mouse (and male rat) bioassays than assuming steady-state concentrations.

On the other hand, large uncertainties remain for the possible application of the PK model
for human dosimetry in young children, while the remaining predictions are mostly within 20% of
the steady-state value predicted using only the estimated human clearance values. Hence animal-
to-human extrapolation of internal dose PODs to HEDs will be conducted using a hybrid PK
approach for all endpoints, where:

3) internal doses (average serum concentrations) for endpoints obtained in mice are

estimated using the PK model,

4) internal doses in rats are interpolated from the end-of-study concentrations measured
in the NTP 28-day bioassay, and

5) HEDs are then calculated from the corresponding internal dose PODs using lifestage
appropriate values of human CL.

When epidemiological analyses are used to directly identify human serum concentration
internal doses PODs, these will be likewise converted to HEDs using lifestage appropriate values of
human CL.

For the specific parameters, Faps is generally high (over 80%) for PFAS and the quantitative
uncertainty in those values is likely to be small. However, the uncertainty in the CL values is larger

and so is discussed here.

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

3-43 DRAFT—DO NOT CITE OR QUOTE



O 00 N O U1 b W N B

W W W WWWwWwWwWNNNNNNNNNNRRERRERRRERRLRRRR
OO DN WN P O LVOWNOU DN WNRPROWVONDONOO UM WNLRO

Toxicological Review of PFNA and Related Salts

3.1.7. Uncertainty in Clearance in Experimental Animals

The 90% confidence interval (CI) for clearance (n-PFNA) in male rats (see Table 3-2) was

2.3-5.0 mL/kg-day, or just over twofold and indicates that the true value is unlikely to be more than

a factor of 1.5 greater than the mean value of 3.68. The discrepancy between Tatum-Gibbs et al.
(2011) and other studies does not appear to be a matter of strain. Tatum-Gibbs et al. (2011) used
Sprague-Dawley rats, but the results reported by Kim et al. (2019), who also used Sprague-Dawley

rats, are much more consistent with those of Iwabuchi et al. (2017) and Ohmori et al. (2003), who

used Wistar rats. Thus, the discrepancy can only be noted as an uncertainty at this time, the source
of which is not known (Kim et al., 2019; Iwabuchi et al.,, 2017; Tatum-Gibbs et al., 2011; Ohmori et
al., 2003). The overall population mean CL estimated (3.68 mL/kg-day) is considered adequate for

cross-species extrapolation, given that it is less than twofold below the highest study- and dose-
specific mean value estimated by EPA’s analysis.

For female rats, EPA’s clearance CI has a much smaller range, 1.25-fold, compared with
2.2-fold in male rats, but PK model predictions and estimated steady-state levels from this CL in
females underpredicted the concentrations measured at the end of the NTP 28-day bioassay. To
match the observed concentrations, using Fa,s = 0.94 and parameters and simulations otherwise as
described in Appendix E.4.1, the female rat CL had to be reduced by a factor of 1.6 (results not
shown).

The range of estimated CL is 2.2-fold iTable n male mice and 1.5-fold in female mice, but the
results in male and female mice are based only on data from Tatum-Gibbs et al. (2011). Fujii et al.
(2015) did not provide data in a way that EPA could extract and use. Moreover, Fujii et al. (2015)
only observed the PK for 24 hours, so even if available, the data are not expected to be highly

informative. The discrepancy between the CL values calculated from the PK model and parameters

of Fujii et al. (2015) and the range estimated here likely reflect that this short observation window

is not adequate for a compound with such slow elimination.

If one considers reported half-lives, there appears to be larger variability. For example,
Tatum-Gibbs et al. (2011) reported a beta-phase half-life of 32 days in female rats for IV doses of 1
10 mg/kg evaluated over 50 days while Kim et al. (2019) reported a half-life of only 4.44 days for

an i.v. dose of 3 mg/kg in female rats evaluated over 60 days. The discrepancy of over sevenfold in
the apparent half-life must represent interlaboratory differences in experimental or analytic
methods, given that the experiments were otherwise so similar. However, from EPA’s analysis it
appears that much of this discrepancy is due to the method used for calculating PK parameters.
When EPA calculated average CL as dose/AUC, the dose-specific values of CL from Tatum-Gibbs et
al. (2011) only ranged from 2.07 to 2.76 mL/kg-day, a 33% difference, and the calculated CL from
Kim et al. (2019) was 2.76 mL/kg-day. When an average half-life is then calculated as ti/2 = In (2)
*Vd/CL, the values from Tatum-Gibbs et al. (2011) were all 20.1 day (varying in the 2nd decimal
place) and from Kim et al. (2019) was 26.8 day, only a 33% difference. The similarity among these

results likely reflects the fact that AUC calculation is much less sensitive to noise in particular
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measurements, the timing of blood samples, and the method used to calculate the half-life,
indicating that the underlying PK data are in fact quite consistent, without major study-to-study
variation.

EPA does note that (in male rats) the half-life for iso-PFNA was estimated to be 33%-50%
lower than n-PFNA (see Table 3-3; (Benskin et al., 2009; De Silva et al., 2009a)), so some variation

among studies may have occurred due to variation in the extent to which the branched and linear

forms were present in the test sample, and variation in human data may occur in part due to
variation in the form present. However, this variation between congeners is less than the variation
in CL among studies and dose levels for each species and sex, and hence the uncertainty in the
estimates of average CL for male and female rats and mice is judged to be less than a factor of 2 (i.e.,
the true average CL for each animal species and sex is within a factor of 2 of the mean values
reported in Table 3-2).

3.1.8. Uncertainty in Clearance in Humans

It is difficult to evaluate the total uncertainty in the human elimination rate, given the

limited data. Fujii et al. (2015) used paired serum and 24-hour urine samples from five male and
five female healthy volunteers to estimate an overall rate of urinary clearance of 0.038 + 0.01
(mean * SD) mL/kg-day. While 10 subjects is a relatively small number, the 24-hour urine
collection provides a robust measurement of that excretion rate, not requiring extrapolation from a
spot sample. However, there was much greater variability in the estimated fecal clearance

(0.024 £ 0.024 mL/kg-day), which was based on biliary clearance measured (24-hour collection) in
three male and two female subjects, of which one female was being treated for pancreatic cancer
and the other four subjects were being treated for gallstones present in the bile duct
(choledocholithiasis). Fujii et al. (2015) then used an estimate of 98% resorption for PFAS excreted
in the bile based on data for PFOA and PFOS. When Kim et al. (2019) measured urinary and fecal

excretion in rats, they found fecal excretion to be 9% of urinary excretion, while the estimates for

humans from Fujii et al. (2015) predict that fecal elimination is 63% of urinary clearance. Hence,

the fecal excretion estimated by Fujii et al. (2015) may significantly overpredict human fecal

elimination, perhaps because of the disease status or the medical intervention used (nasobiliary
drainage, percutaneous transhepatic biliary drainage or percutaneous transhepatic gallbladder
drainage; (Fujii et al., 2015)).

Zhang et al. (2013c) reported blood or serum and morning urine concentrations of PFNA for

two demographic groups: (1) women <50 years of age (n = 16); and (2) men (all ages) combined
with women >50 years of age (n = 50). This grouping arises from a presumption that urinary
clearance in men is not age dependent, while it is in women, and that urinary clearance in older
women is similar to men. While the number of subjects evaluated was much larger than in Fujii et
al. (2015), use of spot urine samples introduces some uncertainty since these need to be
extrapolated to 24-hour urinary elimination rates. Also, whole blood concentrations were

converted to serum concentrations by dividing the blood concentration by the population-average
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hematocrit (for men and women, respectively), effectively assuming zero extraction from blood

cells (Zhang et al., 2013c). The estimated median urinary clearance was 0.20 mL/kg-day in the

younger women and 0.094 mL/kg-day in men and older women, but in the population as a whole
the median (95% CI) was 0.097 (0.028-0.54) mL/kg-day [digitized from Figure 2 of Zhang et al.
(2013c)]. The mean for the entire population (calculated as the weighted mean of the reported
values for younger women and men and older women) is 0.174 mL/kg-day. While, as noted above,
the almost 20-fold range (95% CI) of CL estimated by Zhang et al. (2013c) includes interindividual

variability, which does not directly indicate uncertainty in the population mean, that the population

mean urinary CL is 4.5 times greater than the value estimated by Fujii et al. (2015) does indicate a

comparable degree of uncertainty in the urinary clearance.

Chiu et al. (2022) estimated a total CL of 0.153 (median estimate of GM) (0.090-0.255, 95%
CI of GM) mL/kg-day, which is intermediate between the mean urinary CL estimated for Zhang et al.
(2013c) (0.174 mL/kg-day) and by Fujii et al. (2015) (0.038 mL/kg-day). Since Chiu et al. (2022)
evaluated total CL for PFNA based only on estimates of total exposure and observed blood

concentrations in healthy adults (not relying on read-across data from other PFAS nor Vd estimated
in other species) EPA considers those results to be the best estimate of total clearance in human
adults, while recognizing that the population evaluated was primarily men and older women. The
95% CI for the GM estimated by Chiu et al. (2022) is also considered a sound measure of

uncertainty in the average CL of this population, indicating an uncertainty range in the population
GM of +70%/-40%, although the 98% CI for CL values of individuals ranged roughly 3.5 times
above and below the GM.

To account for uncertainty in the human clearance of PFNA, EPA chose to use the lower
95% CI for the population GM estimated by Chiu et al. (2022), 0.090 mL/kg-d, for men and older
women. This value is twofold higher than the 1st percentile CL in their entire sampled population
(the 1st percentile random individual CL is 0.045 mL/kg-d). While use of the lower CI on the

population GM CL addresses uncertainty in that GM, application of the portion of the uncertainty
factor for human interindividual differences typically attributed to PK, UFyupx = 3, should then be

sufficiently protective of the entire population, accounting for variability in individual CL around
the GM. Specifically, application of UFupk = 3 corresponds to use of CL = 0.03 mL/kg-day, which is

1.5 times lower than that estimated for the 1st percentile random individual by Chiu et al. (2022).
In comparison with results from other studies, 0.090 mL/kg-day, is slightly below the
median urinary CL estimated by Zhang et al. (2013c) for men and older women, 0.094 mL/kg-day

(mean = 0.15 mL/kg-day), although it is higher than the mean urinary CL reported by Fuijii et al.
(2015), 0.038 mL/kg-day. It is expected that total clearance, including fecal elimination, is higher

than urinary clearance, but some of the difference between the results of Fujii et al. (2015) and

those of Chiu et al. (2022) and Zhang et al. (2013c) may be due to sampling variability, since Fujii et
al. (2015) only tested 10 subjects and the mean is near the 1st percentile individual estimate for
total CL from Chiu et al. (2022), 0.045 mL/kg-day. A lower bound of urinary CL among human
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adults could be estimated from Fujii et al. (2015) as mean -2 x SD = 0.036 mL/kg-day, which is still
within a factor of 3 of the 0.09 mL/kg-day.

The 95% upper CI for urinary CL from Zhang et al. (2013c) for men and older women was

0.20 mL/kg-day and that for younger women was 0.37 mL/kg-day, while the 99th percentile
random individual total CL reported by Chiu et al. (2022) was 0.55 mL/kg-day. Hence, the upper CI

individual value from Chiu et al. (2022) can be considered a reasonable upper bound for all studies,
while it is 6 times higher than 0.09 mL/kg-day. Use of a human CL of 0.09 mL/kg-day is therefore
presumed by EPA to provide a reasonable average for prediction of the population of males and
older women.

For children, results in Figure 3-1 indicate that girls at age 12 have CL similar to boys the

same age. As discussed in the “Urinary clearance in humans” section, above, Yao et al. (2023)

evaluated urinary clearance in infants and while the approach seemed rather uncertain, they
obtained a median (25th, 75th percentiles) of 0.047 (0.028, 0.100) mL/kg-day. While the 25th
percentile falls slightly below the range of values reported for adults by other authors, including
Fujii et al. (2015), and since this rate does not include fecal or other routes of excretion, it still

seems likely that total CL in infants is within a factor of 3 of 0.09 mL/kg-day. Hence, the overall
uncertainty in total CL among human males of all ages and nonreproductive age females is judged
to be within a factor of 3 below 0.0.9 mL/kg-day. While individual CL values could be as much as 6
times higher than 0.09 mL/kg-day, those individuals would be at lower risk than estimated using
this value.

For reproductive age women (12.4-40 years) CL was estimated to be 0.124 mL/kg-day (see
“Total clearance in humans” section, above), which is well within the range of uncertainty described
above and in fact below the median estimated GM CL from Chiu et al. (2022) (0.153 mL/kg-day)
and slightly below the lower 95% CI reported for urinary CL in young women by Zhang et al.

(2013c), 0.13 mL/kg-day. Assuming the variance in CL in young women is the same as reported by

Chiu et al. (2022), the uncertainty in this CL for young women is likewise judged to be within a

factor of 3 below and no more than 6 above 0.124 mL/kg-day.

Summary of Uncertainty in Human Clearance

The overall uncertainty in the total CL values selected or estimated to represent population
averages for humans (0.09 mL/kg-day in all males and females below age 12.4 and above age 40,
and 0.124 mL/kg-day in females 12.4-40 years of age) is judged to be less than a factor of 3 from a
risk analysis perspective, since total CL in the entire population appears unlikely to be less than
0.03 mL/kg-day and total CL in women 12.4-40 years of age appears unlikely to be less than
0.04 mL/kg-day. While distributional estimates from Chiu et al. (2022) indicate that CL values of
some individuals may be 0.545 mL/kg-day, 6 times higher than 0.09 mL/kg-day, and by

extrapolation CL values for young women may be as high as 0.744 mL/kg-day, the risk to high CL
individuals will be less than estimated using 0.09 mL/kg-day.
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3.2. NONCANCER EVIDENCE SYNTHESIS AND INTEGRATION

For each potential health effect discussed below, the synthesis describes the evidence base
of available studies meeting the PECO criteria, as well as the supplemental studies that most
directly inform questions relating to coherence, MOA, biological plausibility, or human relevance
during evidence integration. Each synthesis describes the available endpoints evaluated across
studies. For this section, evidence to inform organ/system-specific effects of PFNA in animals
following developmental exposure are discussed in the individual organ/system-specific sections
(e.g. liver effects in animals after gestational exposure are discussed in the Section 3.2.3 but cross-
referenced in Section 3.2.2). General toxicity, including effects on body weights and survival, are
summarized first in Section 3.2.1 to aid in interpretation of other potential health effects (in
Sections 3.2.2 to 3.2.11), given associations between PFNA exposure and overt toxicity in some

animal studies. Evidence synthesis and integration judgments are not drawn for general toxicity.

3.2.1. General Toxicity

General Toxicity in Animal Studies

Three high, six medium, and one low confidence animal studies reported effects relevant to
general toxicity, mostly for survival and body weight. Several of these studies reported dose-
dependent reductions in body weight after PFNA exposure. Body weight changes, depending on the
magnitude and precision, can make interpreting study results for hazard outcomes challenging, as
they may be indicative of nonspecific overt toxicity. Thus, the possibility that declines in body
weight could affect the interpretation of organ/system-specific endpoints is discussed in each
hazard section below where appropriate, with a more detailed description of the body weight data

provided.

The study by Kinney et al. (1989) was judged to be low confidence due to deficiencies in
sensitivity, duration of exposure, and results reporting (i.e., group variability). Kennedy (1987) was

considered uninformative, largely due to the lack of quantitative results for body weight changes
(and was also uninformative for all other assessed endpoints) and was not considered further. The
study evaluation judgments are shown in Figure 3-2 and details are available in HAWC.
Additionally, a high confidence 28-day study by NTP (2018), NTP (2019) reported high mortality at

the two highest doses tested in adult male and female rats that hindered results interpretation (for

all other outcomes, including body weight changes). Results for these higher dose groups in the

NTP study are generally not presented in the assessment with the exception of the histopathology,
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where necropsy was performed after chemical-induced death (termed natural death as
distinguished from moribund sacrifice).?
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Allocation Adequate (metric) or Medium confidence (overall)
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Selective reporting and attrition
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Overall confidence 4 + + + +

Figure 3-2. Summary of animal study evaluations that examined PFNA effects
on general toxicity endpoints (mortality and body weight).2 See interactive
HAWC link:
https://hawc.epa.gov/summary/visual/assessment/100500071/General-toxici

aBody weights for gestational exposures are reported in Section 3.2.2, but (Wolf et al., 2010) reported body weight for
nonpregnant females, which is included here.

Adult rodent mortality

Animal mortality in the nondevelopmental studies was only observed in the NTP study
(NTP, 2019, 2018), which was the longest in duration at 28 days and included 10 animals per dose
group. At study termination (28 days), NTP reported complete mortality in both male and female

SD rats in the highest dose groups, 10 mg/kg-day and 25 mg/kg-day respectively (NTP, 2018). In
the second highest dose groups, at terminal sacrifice, male survival was limited to two animals at

5 mg/kg-day and female survival to one animal at 12.5 mg/kg-day. The average life spans of males
in the 5 and 10 mg/kg-day groups were 25.5 and 16.5 days, respectively. For females, the average
life spans in the 12.5 and 25 mg/kg-day dose groups were 19.9 and 12.4 days, respectively. Survival

9Concerns that histopathological results might have been influenced by potential tissue degradation after
natural death were alleviated by the lack of evidence that these observations were influenced by post mortem
autolysis. Specifically, (1) there was a general lack of correlation between nonneoplastic lesion incidence and
the number of early death animals; and (2) animals were checked twice per day with dead animals placed in
cold storage (-60C) (NTP, 2018, 2011). It should also be noted that a revised version of the NTP 2019 report
was issued in July 2022, but had no substantial effects on the NTP reporting of the 28-day study on PFNA
(NTP, 2019).
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was 100% in all other dose groups for both sexes at terminal sacrifice (males: 0, 0.625, 1.25,

2.5 mg/kg-day; females: 0, 1.56, 3.12, 6.25 mg/kg-day). Except for histopathological results, where
observations were recorded at necropsy, results for the two highest dose groups are not included in
the evidence synthesis due to either complete mortality or an insufficient number of animals to

provide meaningful results.

Adult rodent body weight

Body weight changes, specifically weight reductions, were common across PFNA short-term
toxicology studies in rats and mice at higher doses (see Figure 3-3), and a 10% or greater decrease

in body weight was generally considered a minimally biologically sensitive response (U.S. EPA

2012a, 2005) in the absence of data regarding how body weight may affect specific parameters
(e.g., endpoints, organs, or systems). However, scientifically based values can be used to inform
judgments on whether effects on body weight are likely to affect results interpretation. For
example, body weight reductions less than 30% are generally not expected to affect reproductive
parameters although responses may vary somewhat depending on sex, species, and test model
(Creasy and Chapin, 2018; U.S. EPA, 1996).

In the study with the longest duration of PFNA exposure in adult rats (28-days), NTP

reported significant reductions in rat body weights, with more severe effects in males (NTP, 2018).

Specifically, at terminal sacrifice male body weights were statistically significantly reduced by 17%
at 1.25 mg/kg-day and by 44% at 2.5 mg/kg-day. In females, body weight was unaffected at
1.56 mg/kg-day and was statistically significantly reduced by 6% at 3.12 mg/kg-day and by 10% at
6.25 mg/kg-day (generally not interpreted as biologically significant).

In shorter, 14-day studies in male rodents generally consistent body weight reductions

occurred at doses =3 mg/kg-day. Fourteen-day oral dosing studies by Fang and coauthors reported

significant reductions in body weight in male BALB/c mice (Fang et al., 2008) and SD rats (Fang et
al,, 2009) at 3 and 5 mg/kg-day PFNA (15% and 18% respectively for mice, 17% and 36%
respectively for rats). A third study in rats by the same group showed significant reductions only at
the highest dose of 5 mg/kg-day (21% lower than control) (Fang et al., 2012c). Fang and coauthor

studies by other groups also found significant decreases in the average body weight of male Wistar
rats (31%) and BALB/c mice (26%) after 14 days of treatment with 5 mg/kg-day but no change at
lower doses (Hadrup et al.,, 2016; Wang et al., 2015a). Additionally, a study including nonpregnant

female mice indicated no statistically significant changes in adult body weight at doses up to

2 mg/kg-day (Wolf et al., 2010). In two 7-day studies, no effects on body weight in male rodents

were observed after exposures up to 10 mg/kg-day PFNA (Das etal., 2017; Rosen et al., 2017),

suggesting duration of exposure is an important factor in PFNA-induced body weight decreases.

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

3-50 DRAFT—DO NOT CITE OR QUOTE


https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1239433
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=1239433
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=6324329
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=5016765
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=7581
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=4309103
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3860176
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=469756
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=469756
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3054217
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2851018
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2851156
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=2919430
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859817
https://hero.epa.gov/hero/index.cfm?action=search.view&reference_id=3859803

N oo A WN P

Toxicological Review of PFNA and Related Salts

Study Name E::g:;r:ce Study Design Animal description Trend Test Eﬁ;ﬁ(g-day) PFNA Adult Rodent Body Weight
NTP 2018, 4309103 High confidence 28-day oral Rat, Sprague-Dawley (Harlan) (:7) significant 0 @
0.625 @y
[ Statistically significant 1.25 =3
@ Percent control response 25
=1 95% CI Rat, Sprague-Dawley (Harlan) () significant 0
1.56
3.12
6.25
Hadrup et al. 2016, 2851018 High confidence 14-day oral Rat, Wistar-Hannover (-7} not reperted 0
0.013
0.25
5
Fang et al. 2012¢, 3054217  Medium confidence 14-day oral Rat, Sprague-Dawley (%) not reperted 0
0.2
1
5
Fang et al. 2009, 469756 Medium confidence 14-day oral Rat, Sprague-Dawley (1) not reported 0
1
3
5
Wang et al. 2015, 2851156  Medium confidence 14-day oral Mouse, BALB/c () not reported 0
0.2
1
5
Fang et al. 2008, 3860176 Medium confidence 14-day oral Mouse, BALB/c () not reported 0
1
3
5
Das et al. 2017, 3859817 Medium confidence 7-day oral (PFNA) Mouse, 129/SV () not reported 0
10
Rosen et al. 2017, 3859803 Medium confidence 7-day oral (PFNA) Mouse, 12951/Svimd (.7) not reported 0
1
a
Wolf et al. 2010, 2919430 High confidence Prenatal oral PO Mouse, 12851/SvimJ (2) not reported 0
0.83
1.1
1.5
2 @
T T T T T T T T T
-0 =50 -40 =30 =20 -10 O 10 20 30 40
Percent Contral Response

Figure 3-3. PFNA effects on adult rodent body weight displayed as percent
control values. See interactive HAWC link:
https://hawcprd.epa.gov/summary/data-pivot/assessment/100500071 /pfna-
adult-rodent-body-weight/.

*Results for nonpregnant mice are displayed for Wolf et al. (2010).

3.2.2. Developmental Effects

This section describes the evidence informative to assessing the potential for
developmental toxicity attributable to PFNA exposure during preconception, prenatally or
postnatally up to the time of sexual maturation, and effects that may manifest throughout life. As
such, this section has some overlap with evidence summaries for other health systems where
studies evaluated effects of developmental exposure (see Sections 3.2.3, 3.2.4, 3.2.5, 3.2.6, 3.2.8, and
3.2.10 on hepatotoxicity, male reproductive toxicity, female reproductive toxicity, immunotoxicity,

neurotoxicity, and urinary system toxicity, respectively).
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Human Studies

Epidemiological studies of PFNA evaluated the following developmental outcomes: fetal and
childhood growth restriction, gestational duration (i.e., preterm birth and gestational age), birth
defects, fetal loss, and anogenital distance. The fetal growth restriction endpoints include studies
evaluating mean and standardized measures of birth weight, birth length, and head circumference,
as well as binary measures of low birth weight and small for gestational age. Primary outcomes
across studies overlap somewhat, for example, some of the longitudinal studies considered both
neonatal and childhood growth. Given the voluminous available data, a meta-analysis of mean birth
weight and PFNA exposure was also conducted by EPA and published by (Wright et al., 2023) (see

Appendix C.1.5 for meta-analyses results and methodology). The results of this meta-analysis were

used to inform the evidence synthesis and integration decisions in this section and were considered
for use in dose-response analysis (see Section 5.2, “Modeling results in humans (decreased birth

weight) for further discussion of toxicity value derivations).

Study evaluation considerations

As detailed in the PFAS Systematic Review Protocol (see Appendix A), multiple outcome-
specific considerations for study evaluation were influential on the domain ratings and the overall
study confidence. For the confounding domain, fetal growth studies were downgraded when key
confounders such as parity were not considered. Some hemodynamic factors related to
physiological changes during pregnancy were also considered as potential confounders (e.g., GFR
and blood volume changes over the course of pregnancy), because these factors may be related to
both PFNA exposure levels and the developmental endpoints examined here. In general, less
uncertainty exists for studies that sampled biomarkers earlier in pregnancy. Thus, more confidence
was placed in the epidemiologic studies that adjusted for biomarker sample timing, GFR, or related
measures in their regression models, or if they limited this potential source of confounding by
sampling PFNA levels earlier in pregnancy. An additional source of uncertainty was the potential
for confounding by other PFAS (and other co-occurring contaminants). Although scientific
consensus on how best to address PFAS co-exposures remains elusive, this was considered in both
the study evaluations and as part of the overall weight-of-evidence determination (see Appendix D
for additional discussion of these issues).

For the exposure domain, most of the available studies analyzed PFNA in maternal or cord
serum plasma or whole blood using standard methods. One study examined placental PFNA and
infant heel stick measures. Given the long half-life of PFNA (see Section 3.1, Table 3-3) and lack of
clarity on an MOA (see “Mechanistic and Supplemental Information,” below), samples collected
during any of the three trimesters (and at or shortly after birth) were considered representative of
the critical in utero exposure window(s) for fetal growth and gestational duration measures. Many
of the cross-sectional studies relied on umbilical cord measures collected shortly after

birth. Exposure measures collected close to when the outcomes are quantified were considered
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etiologically relevant and acceptable for these developmental endpoints; thus, exposure
measurement ratings were not downgraded for timing of measurement. Measures of postnatal
growth were included on the basis of an assumed fetal programming mechanism (i.e., Barker
hypothesis) where in utero exposures or other perturbations, such as poor nutrition, can lead to
developmental effects such as fetal growth restriction and, eventually, adult-onset disorders (Perng

etal, 2016a; De Boo and Harding, 2006). For example, for non-PFAS chemicals some birth weight

deficits from in utero exposures can be followed by increased weight gain during rapid growth

catch-up periods in early childhood (Perng et al., 2016a) and may also be related to metabolic

disorders. Therefore, a primary critical exposure window for measuring changes in postnatal (and
early childhood) weight and height was assumed to be in utero. Postnatal studies were considered
good in the exposure domain on the basis of in utero measures, while others were downgraded to
adequate if samples were only collected during childhood or concurrently with outcome
assessment (i.e., cross-sectional analyses). While some uncertainty and potentially reduced
sensitivity is associated with these postnatal exposure measures, the long PFNA half-life suggests
that these measures would capture some exposure experiences during earlier windows. For
example, biomarker samples collected at a common age of examination are expected to adequately
preserve relative ranking across broad exposure categories during pregnancy.

Studies were downgraded for study sensitivity if they had limited exposure contrasts
and/or small sample sizes, since this can impact the ability of studies to detect associations that
may be present. Although studies were not penalized for examination of differences across groups,
smaller sample sizes across stratum-specific results can preclude detection of statistically
significant effect estimates across groups (e.g., sex-specific results) if they lack adequate statistical
power.

In the outcome domain, considerations address validation and accuracy of specific
endpoints and for binary outcomes. For example, birth weight measures have been shown to be
accurate and precise, while other fetal and early childhood anthropometric measures may result in
more uncertainty due to some anticipated measurement error. Mismeasurement and incomplete
case ascertainment can affect the accuracy of effect estimates by impacting both precision and
validity. For example, the spontaneous abortion studies were downgraded for incomplete case
ascertainment in the outcome domain given that some pregnancy losses go unrecognized early in
pregnancy (e.g., before implantation). This incomplete ascertainment, referred to as left truncation,
can result in decreased study sensitivity and loss of precision, most notably if ascertained after the
first trimester. Often, this type of error can result in bias toward the null if ascertainment of fetal
loss is not associated with PFNA exposure (i.e., nondifferential). In some situations, differential loss
is possible, which could result in a bias away from the null and even manifest as an apparent
protective effect. Other binary endpoints such as birth defects were examined. Given anticipated
etiologic heterogeneity across birth defects, broad groupings of all defects were downgraded due to

the loss of specificity.
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Anogenital distance (AGD) is an externally visible marker that has been shown in animal
studies to be a sensitive indicator of prenatal androgen exposure (lower androgen levels associated
with decreased AGD). In both humans and animals, it is associated with other male reproductive

tract abnormalities, including hypospadias and cryptorchidism (Liu et al., 2014; Sathyanarayana et

al., 2010; Salazar-Martinez et al., 2004). The primary outcome-specific criteria in epidemiological

studies are the use of clearly defined protocols for measurement, ideally multiple measures of each
distance (averaged), and minimal variability in the age of participants at measurement.

Fetal and childhood growth restriction were examined using several endpoints including
low birth weight (LBW), small for gestational age (SGA), abdominal and head circumference, as well
as upper arm/thigh length, mean height/length, mean weight, or related standardized measures
evaluated either at birth or later during childhood. One childhood growth study examined rapid
weight gain defined as an increase in weight z-score >0.67 standard deviations anytime between
4 weeks and 2 years of age (Shoaff et al.,, 2018; Perng et al., 2016a; De Boo and Harding, 2006).

Given that sufficient high and medium confidence evidence is available for a set of related
endpoints, the developmental effects synthesis is largely focused on these studies (i.e., classified as
good in the outcome domain). Overall, birth weight and birth weight-derived measures are
considered the most accurate and reliable of the endpoints considered here. These measures were
also obtained predominately from medical records; therefore, more confidence was placed on these
developmental endpoints. Some potentially adverse endpoints of interest examined include fetal
growth restriction endpoints based on birth weight, such as mean birth weight or its variations
(e.g., standardized birth weight z-scores), as well as categorical measures such as SGA (e.g., lowest
decile of birth weight stratified by gestational age and other covariates) and LBW (i.e., typically
<2,500 grams; 5 pounds, 8 ounces) in neonates. Sufficient details on SGA percentile definitions and
stratification factors, as well as relevant sources of standardization for z-scores, were necessary for
these endpoints to achieve a good rating. LBW is a less preferred measure of fetal growth
restriction than SGA, especially if analyses include both term and preterm neonates. This
preference is because birth weight is dependent on both the rate of fetal growth and gestational
duration, and perturbation in each endpoint may arise from different etiologies.

Gestational duration measures were examined in epidemiological studies as either
continuous (i.e., per gestational week) or binary endpoints such as preterm birth (typically defined
as gestational age <37 weeks). Although gestational age dating methods such as ultrasounds early
in pregnancy are preferred, this and other approaches (e.g., last menstrual period recall) are
expected to result in some decreased sensitivity, as measurement error could impact classification
of SGA as well as preterm birth. Gestational duration measures were, therefore, downgraded if
based solely on last menstrual period estimates or if the method(s) were not reported, and less
uncertainty exists for studies that compare and adjust for differences between last menstrual
period and ultrasound measurements. In the absence of any direct evidence that suggests

otherwise, any sources of error noted in the classification of these endpoints are anticipated to be
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nondifferential with respect to PFNA exposure. This, therefore, would not be considered a major
concern for risk of bias, but could impact precision and study sensitivity. As noted above, other
measures of fetal growth may be subject to measurement error (e.g., head circumference and body
length measures) if the measures are less reproducible (i.e., are subject to more interobserver
differences). Thus, unless multiple measurements were taken, these endpoints were given a rating

of adequate (Shinwell and Shlomo, 2003). Additional details for domain-specific evaluation of

epidemiological studies can be found in the IRIS PFAS Systematic Review Protocol (see
Appendix A).

Study inclusion

Sixty-one epidemiological publications (across 59 different studies) examining PFNA
exposure in relation to developmental endpoints were identified in the literature search. Several
studies examined multiple endpoints that are captured in separate subsections below: 12 studies
on postnatal growth, 18 studies on gestational duration, 5 studies on fetal loss, 3 studies on
anogenital distance, 2 studies on birth defects, and 41 studies (across 42 publications) that
examined fetal growth restriction. Among the fetal growth restriction studies, 8 studies examined
either binary SGA and LBW endpoints, 20 studies examined birth length, and 17 studies examined

head circumference.

Data processing

The study results shown below in various forest plots sorted by confidence and sample
timing are detailed according to whether they examined sex-specific results and/or the overall
population. Related endpoints are also examined together when common units of observation are
available. The forest plots that summarize the data here can be used to evaluate patterns and trends
in results across studies and to compare the magnitude of the individual associations between
studies and across different common subgroups. These analyses considered differences in results
across various study population and design features such as exposure contrasts and measures of
centrality, use of different exposure measures and reference groups, type and timing of biomarker
sampling, type of study, and study confidence.

For graphical depiction of results alone reported in some studies, EPA digitized the data to
obtain a quantitative estimate of the effect estimate and confidence levels. In addition, study results
were rescaled and re-expressed, when possible, to common endpoint measures (e.g., grams versus
kilograms) and exposure measures (e.g., converting effect estimates based on log, and logio to a per
In-unit PFNA increase) to allow for similar scaling and a more direct comparison across studies in
forest plots. For example, results beta coefficients (s) and confidence intervals (Cls from several
studies (Kashino et al., 2020; Xu et al., 2019a; Meng et al., 2018b; Shi et al., 2017; Valvi et al., 2017)

were rescaled from either gram mean birth weight (BWT) or centimeter (mean birth length)

changes per logio and log; transformed unit (ng/mL) to In-unit changes. Since nearly all the

published studies are based on the log scale of PFNA exposure, EPA re-expressed study results
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reported in nature scale to per In-unit changes of PFNA exposures (as detailed in Appendix C.1.7).
This enabled pooling of data for meta-analytical evaluations and allowed a direct comparison of
results on the same scale to evaluate between-study consistency and heterogeneity of results. For
evaluation of patterns, study results were examined by overall confidence levels as well as study
sensitivity and other study design and domain considerations (e.g., exposure sample timing). In
addition, cross-sectional analyses are grouped with cross-sectional studies that used maternal
serum/plasma, umbilical cord, or placental postpartum PFNA measures in relation to gestational
duration even if the data were derived from prospective cohort or nested case-control studies (e.g.,

(Hall etal., 2022; Yang et al., 2022a; Gyllenhammar et al., 2018b)).

Fetal growth restriction — neonatal anthropometric measures9

Birth weight - Background of studies

Forty-one studies were identified that examined PFNA exposures in relation to different
birth weight measures. Three publications where similar results were already reported from the
same cohort are not considered independently in evidence synthesis (i.e., referred to as overlapping

publications here given data are from the same study cohort). For example, the Woods et al. (2017)

study used the same study population (Health Outcomes and Measures of the Environment cohort)
as Shoaff et al. (2018). Similarly, the Rokoff et al. (2018) study overlaps with the Project Viva study

by Sagiv et al. (2018). For consistency, birth outcome measures reported in Manzano-Salgado et al.
(2017a) were preferred to in utero growth estimates in the Costa et al. (2019) study from the same
Environment and Childhood - Infancia y Medio Ambiente (INMA) birth cohort. The smaller
population subset from the Bjerregaard-Olesen et al. (2019) study is from the same Aarhus Birth
Cohort as Bach et al. (2016). However, the Bjerregaard-Olesen et al. (2019) study provides

additional sex-specific data not examined in the Bach et al. (2016) study for some endpoints. Any

differences in results for these endpoints are highlighted in the syntheses below where applicable,
but only one study is plotted for each endpoint to aid the evaluation of consistency across studies.
When results for both continuous and categorical PFNA are available in one study, these results are
plotted together for continuity. Findings on birth weight, length, and head circumference were
consistent in the overall population and across sexes when reported in multiple publications, so
focus was limited to the primary publication. The only exception was for birth weight results among
girls in the Bjerregaard-Olesen et al. (2019) subset where both sets of results are provided in the

text.

10New epidemiological studies on this outcome continue to be published. The most recent literature update,
completed in April 2023, found 12 new studies examining the association between PFNA and developmental
effects since April 2022, including 6 studies with new data on the outcome of primary interest, fetal growth
restriction. As described in Appendix B.2, none of these newer studies were interpreted to have a material
impact on the synthesis judgments or dose-response decisions. These studies are documented in Appendix
B.2 but not yet incorporated into the text and figures of the evidence synthesis.
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Among the 38 studies available for study evaluation, 3 (Maekawa etal., 2017; Lee et al.,

2016; Monroy et al., 2008) were considered uninformative largely due to deficiencies in participant

selection, confounding, and study sensitivity (see Figure 3-4). Twenty-seven of the remaining 35
informative birth weight studies were prospective birth cohorts, and 8 were cross-sectional studies
(Hall et al., 2022; Xu et al., 2019a; Gyllenhammar et al.,, 2018b; Li et al.,, 2017; Shi et al., 2017; Callan
etal, 2016; Kwon et al., 2016; Chen et al., 2012) (see Figures 3-5 to 3-10). Six of the 35 PFNA
studies relied on umbilical cord samples (Xu et al., 2019b; Cao et al., 2018; Li et al., 2017; Shi etal.,
2017; Kwon etal., 2016; Chen et al., 2012). The study by Hall et al. (2022) based its exposure

characterization on PFNA placental measures sampled at birth, while Gross et al. (2020) was based

on infant heal stick samples. Twenty-seven studies had maternal blood measures that were
sampled preconception (Robledo et al., 2015) or during the first trimester (Buck Louis et al., 2018;
Lind et al., 2017a; Bach et al., 2016) or third trimester (Gardener et al., 2021; Luo et al., 2021; Yao et
al., 2021; Kashino et al., 2020; Gao et al., 2019; Xiao et al., 2019; Valvi et al., 2017; Callan et al., 2016;
Wang et al., 2016) across multiple trimesters (Chang et al., 2022; Chen et al., 2021; Eick et al.,, 2020;
Hjermitslev et al., 2020; Wikstrém et al., 2020; Marks et al., 2019; Workman et al., 2019; Meng et al.,
2018b; Sagiv et al., 2018; Shoaff et al., 2018; Manzano-Salgado et al., 2017a; Starling et al., 2017;

Lenters et al., 2016), or after delivery (Gyllenhammar et al., 2018b). The study by Meng et al.

(2018a) used exposure data from two study populations in the Danish National Birth Cohort, one
using PFNA measures from the baby’s umbilical cord and one using measures from maternal blood
samples collected either in the first or second trimester (see Figure 3-6). For comparability with
other studies of mean birth weight, EPA examined data only from one measure, such as umbilical
cord or maternal serum concentrations, and when necessary, relied on other related publications
(e.g., Gyllenhammar I (2017)) or additional information or data provided by study authors. As
noted above, EPA converted effect estimates that were based on continuous PFNA measurestoa 1
In-unit increase to enhance comparability across studies. For example, the results employing a
common unit of measurement were also used for the birth weight meta-analysis conducted by EPA
(see Wright et al. (2023) and Appendix C for details on the methods employed).

Of the 35 informative studies examining different birth weight measures, 15 were
considered high confidence overall (Gardener et al., 2021; Luo et al,, 2021; Yao et al., 2021; Eick et
al., 2020; Wikstrém et al., 2020; Xiao et al., 2019; Buck Louis et al., 2018; Sagiv et al., 2018; Shoaff et
al., 2018; Lind et al., 2017a; Manzano-Salgado et al., 2017a; Starling et al., 2017; Valvi et al., 2017;
Bach et al., 2016; Wang et al., 2016), 11 were medium confidence (Chang et al., 2022; Hall et al.,
2022; Chen et al,, 2021; Hjermitslev et al., 2020; Kashino et al., 2020; Gyllenhammar et al., 2018b;
Meng et al., 2018b; Kwon et al., 2016; Lenters et al., 2016; Robledo et al., 2015; Chen et al., 2012},
and 9 were low confidence largely due to deficiencies related to participant selection and
confounding (Gross et al., 2020; Gao et al., 2019; Marks et al., 2019; Workman et al., 2019; Xu et al.
2019a; Cao et al., 2018; Lietal,, 2017; Shi et al., 2017; Callan et al., 2016). Eight of the nine low

confidence studies were deficient in the study sensitivity domain. The medium confidence study by
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Robledo et al. (2015) and the high confidence study by Wang et al. (2016) had good sensitivity,

while the remaining 24 studies were considered adequate. As noted above, the evidence syntheses

for mean BWT differences detailed below primarily emphasize the results from the 26 high and

medium confidence studies.
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Figure 3-4. Study evaluation heat map of 38 epidemiologic studies of birth
weight and PFNA exposure. See interactive HAWC link:
https://hawc.epa.gov/summary/visual /assessment/100500071/PFNA-and-Birth-

Weight/.
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Birth weight - Mean and standardized studies - Background

Twelve of the 35 informative studies (Gardener et al.,, 2021; Eick et al., 2020; Gross et al.,
2020; Wikstréom etal., 2020; Workman et al., 2019; Xiao et al., 2019; Gyllenhammar et al., 2018b;
Meng et al.,, 2018b; Sagiv et al., 2018; Shoaff et al., 2018; Bach et al., 2016; Wang et al., 2016)
reported standardized measures along with mean birth weight (in grams) differences in relation to
PFNA. Three (Gardener et al., 2021; Gross et al., 2020; Xiao et al., 2019) other studies reported only
standardized birth weight measures, with Gardener et al. (2021) not plotted with the others in

Figure 3-9 given an atypical, dichotomized effect estimate with different scaling. Of the 32

epidemiological studies with mean birth weight data, in relation to PFNA exposures, four (Hall et al.
2022; Lind et al., 2017a; Wang et al., 2016; Robledo et al., 2015) only reported sex-specific findings

in both sexes (i.e., no results in the overall population). Fifteen different studies reported sex-

specific results in both sexes, while a 16th study reported data among boys only (Marks et al.
2019).

Mean birth weight - Overall population results

Twenty-seven studies (11 high, 9 medium, and 7 low confidence) examined mean BWT in
the overall population (i.e., both girls and boys analyzed together) (see Figures 3-5 and 3-6) with 19
studies reporting some inverse associations in relation to PFNA. Most of the inverse associations
were detected in the medium and high confidence studies including 8 of 9 medium and 8 of 11 high
confidence studies. The low confidence studies were not as consistent with three of the seven
studies showing some inverse associations (two studies each were null and showed larger mean
BWT with increasing PFNA exposures). Half the associations among the medium confidence studies
and five of eight among the high confidence subset reported statistically significant inverse
associations based on either continuous or categorical (i.e., the primary focus here is on the upper
quantiles) (see Figure 3-6).

As noted above, 8 of 11 high confidence studies showed inverse associations, and 3 were
null (Eick et al., 2020; Buck Louis et al., 2018; Shoaff et al., 2018). The Buck Louis et al. (2018) study
reported null results for mean birth weight in the overall population, but their race-stratified
results showed imprecise birth weight deficits for white (f = -38 g; 95% CI: =183, 107) and Black
neonates (3 = -84 g; 95% Cl: -217, 43 per standard deviation increase in PFNA). Another study

(Bach et al., 2016) with mixed results showed some suggestion of nonsignificant increase in mean

BWT with increased PFNA based on a continuous exposure measure (§ = 22.2 g; 95% CI: -18.2,
62.6 per In-unit increase) but did see a statistically significant reduction in their quartile 3
(B=-72g; 95% CI: =137, -6) comparison with quartile 1. Considerable variability in effect size was
noted in two of the high confidence studies with the largest association (f =-123.6 g; 95% CI:
-214.4, -32.7 per In-unit PFNA increase) detected in the high confidence study by Luo et al. (2021).

The smallest association (§ = -14.8 g; 95% CI: -55.0, 25.4 per In-unit increase) was seen in

Manzano-Salgado et al. (2017a); they showed null results for the categorical data. The five
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remaining high confidence studies showing inverse associations (Yao et al., 2021; Wikstrém et al.,
2020; Sagiv et al., 2018; Starling et al., 2017; Valvi et al., 2017) showed results consistent in

magnitude based on a per In-unit increase (§ range: =40 to =61 g). There was no evidence of any

impact of sample timing among the eight high confidence studies, as four of them were based on
early biomarker sampling.

Eight of nine medium confidence studies showed inverse associations and one was null
(Chen et al., 2012). There was consistency in the magnitude across these eight studies with the
exception of Gyllenhammar et al. (2018b) and Kwon et al. (2016) studies that reported larger
statistically significant mean BWT decreases (8s= -108 g; 95% CI: -188, -28; 3 =-77 g; 95% CI:

-135, -19 per In-unit changes, respectively). Similar to deficits among the high confidence studies,

the BWT deficits ranged from -30 to =59 g per In-unit PFNA increase in the other six medium
confidence studies. There was no evidence of any impact of biomarker sample timing among the
eight medium confidence studies, as four of them were based on early sampling.

Overall, only two of 10 studies with categorical data showed exposure-response
relationships that would support the findings based on continuous PFNA exposures. For example,
both of the medium studies that reported inverse associations based on reported categorical data
showed exposure-response relationships. The Meng et al. (2018b) study detected an exposure-
response relationship with a large deficit (8 = -81 g; 95% CI: =147, -15) in quartile 4 (>0.6 ng/mL)
compared with the quartile 1 referent (<0.4 ng/mL). Similar results were seen for the Chang et al.

(2022) study (range: =41 to —106 g). No evidence of dose-dependence was shown in the low or high
confidence studies, although the high confidence Starling et al. (2017) study reported a statistically

significant result for their dichotomized categorical analysis of PFNA levels exceeding the median
exposure of 0.5 ng/mL (f =-92.1g; 95% CI: -150.6, -33.6) compared with <0.4 ng/mL. Another
high confidence study (Sagiv et al., 2018) reported large deficits in quartiles 3 ( = -85 g; 95% CI:
-154,-17)and 4 (B =-63 g; 95% CI: -136, 10) compared with quartile 1 (referent: <0.4 ng/mL).

Overall, few patterns were evident across different comparisons of the mean BWT studies

examining the overall population. For example, no evidence of any impact of sample timing was
shown among the 16 medium and high confidence studies, as 8 of these were based on early
biomarker sampling. The six null studies did not appear related to exposure contrasts or levels or to
overall study sensitivity, as five of them had adequate sensitivity (Eick et al., 2020; Buck Louis et al.,
2018; Meng et al., 2018b; Shoaff et al., 2018).
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Figure 3-5. PFNA and birth weight (overall population) high confidence only.2-d
See interactive HAWC link:
pivot/assessment/100500071/PFNA-and-Birth-Weight-Overall-Population-High/.

data-

BWT = birth weight; IQR = interquartile range.

aStudies are sorted first by overall study confidence level, then by Exposure Window(s) examined.

bRegression coefficients for continuous exposure expressed as change in birth weight(g) per increase in In-transformed
exposure concentration (ng/mL) in exposure concentration.

For evaluation of patterns of all study results, EPA considered studies that collected biomarker samples concurrently or after

birth to be cross-sectional analyses (as reflected above in design column).
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Figure 3-6. PFNA and birth weight (overall population) medium and low
confidence only=-d. See interactive HAWC link:
https://hawc.epa.gov/summary/data-pivot/assessment/100500071/PFNA-and-
Birth-Weight-Overall-Population-Medi-4ef6/.

Abbreviations: BWT = birth weight.

aStudies are sorted first by overall study confidence level, then by Exposure Window(s) examined.

bMeng et al. (2018b) pooled samples from umbilical cord blood and maternal plasma during the first and second trimesters. The
remaining studies were all based on either one umbilical or maternal sample.

‘Gyllenhammar et al. (2018b) results are displayed here for mean birth weight among 587 overall population participants in the
POPUP Cohort (Swedish Environmental Protection Agency, 2017) compared with a smaller sample size of 381 in their 2018
publication