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EXECUTIVE SUMMARY

Perfluorooctane sulfonate (PFOS) is a synthetic, fully fluorinated organic acid; it is used in a
variety of consumer products and is generated as a degradation product of other perfluorinated
compounds. Because of strong carbon-fluorine bonds, PFOS is stable to metabolic and
environmental degradation. PFOS is one of a large group of perfluoroalkyl substances (PFASs)
that are used to make products more resistant to stains, grease, and water. These compounds have
been widely found in consumer and industrial products, as well as in food items. In 2002 the
only major U.S. manufacturer voluntarily agreed to phase out production of PFOS. Exposure to
PFOS in the United States remains possible due to its legacy uses, existing and legacy uses on
imported goods, degradation of precursors, and extremely high persistence in the environment
and the human body. PFOS was detected in blood serum in up to 99% of the U.S. general
population between 1999 and 2012; however, the levels of PFOS in blood have been decreasing
since U.S. companies began to phase out production. Water resources contaminated by PFOS
have been associated with releases from manufacturing sites, industrial sites, fire/crash training
areas, and industrial or municipal waste sites where products are disposed of or applied.

The U.S. Environmental Protection Agency (EPA) is issuing a lifetime drinking water health
advisory (HA) for PFOS of 0.07 micrograms per liter (ng/L) based on a reference dose (RfD)
derived from a developmental toxicity study in rats; the critical effect was decreased pup body
weight following exposure during gestation and lactation. PFOS is known to be transmitted to
the fetus in cord blood and to the newborn in breast milk. This lifetime HA is based on the latest
health effects information for noncancer and cancer effects for PFOS as described in EPA’s 2016
Health Effects Support Document for Perfluorooctane Sulfonate (PFOS), which was revised
following external peer review. Because the developing fetus and newborn are particularly
sensitive to PFOS-induced toxicity, the RfD based on developmental effects also is protective of
adverse effects in adults (e.g., liver and kidney toxicity). The lifetime HA is therefore protective
of the population at large.

For PFOS, oral animal studies of short-term and subchronic duration are available in multiple
species including monkeys, rats and mice. These studies report developmental effects (decreased
body weight, survival, and increased serum glucose levels and insulin resistance in adult
offspring), reproductive (mating behavior), liver toxicity (liver weight co-occurring with
decreased cholesterol, hepatic steatosis), developmental neurotoxicity (altered spatial learning
and memory), immune effects, and cancer (thyroid and liver). Overall, the toxicity studies
available for PFOS demonstrate that the developing fetus is particularly sensitive to PFOS-
induced toxicity. Human epidemiology data report associations between PFOS exposure and
high cholesterol, thyroid disease, immune suppression, and some reproductive and
developmental parameters, including reduced fertility and fecundity. Although some human
studies suggest an association with bladder, colon, and prostate cancer, the literature is
inconsistent and some studies are confounded by failure to control for risk factors such as
smoking.

To derive candidate RfDs, EPA used a peer-reviewed pharmacokinetic model to calculate the
average serum concentrations associated with candidate no observed adverse effect levels
(NOAELSs) and lowest observed adverse effect levels (LOAELSs) from six studies for multiple
effects. Consistent with EPA’s guidance A Review of the Reference Dose and Reference
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Concentration Processes (USEPA 2002), EPA applied protective uncertainty factors to address
intraspecies variability and interspecies variability.

From a national perspective, the dominant source of human exposure to PFOS is expected to
be from the diet; indoor dust from carpets and other sources also is an important source of
exposure, especially for children. The HA was calculated using a relative source contribution
(RSC) of 20%, which allows for other PFOS exposure sources (e.g., dust, diet, air) to make up
80% of the RD.

EPA’s risk assessment guidelines reflect that, as a general matter, a single exposure to a
developmental toxin, at a critical time in development can produce an adverse effect (USEPA
1991). In addition, short-term exposure to PFASs can result in a body burden that persists for
years and can increase with additional exposures. Thus, EPA recommends that the lifetime HA
for PFOS of 0.07 pg/L apply to both short-term (i.e., weeks to months) scenarios during
pregnancy and lactation, as well as to lifetime-exposure scenarios.

Adverse effects observed following exposures to perfluorooctanoic acid (PFOA) and PFOS
are the same or similar and include effects in humans on serum lipids, birth weight, and serum
antibodies. Some of the animal studies show common effects on the liver, neonate development,
and responses to immunological challenges. Both compounds were also associated with tumors
in long-term animal studies. The RfDs for both PFOA and PFOS are based on similar
developmental effects and are numerically identical; when these two chemicals co-occur at the
same time and location in a drinking water source, a conservative and health-protective approach
that EPA recommends would be to compare the sum of the concentrations ([PFOA] + [PFOS]) to
the HA (0.07 pg/L).

Under EPA’s Guidelines for Carcinogen Risk Assessment (USEPA 2005a), there is
Suggestive Evidence of Carcinogenic Potential for PFOS. Epidemiology studies did not find a
direct correlation between PFOS exposure and the incidence of carcinogenicity in humans. In the
only chronic oral toxicity and carcinogenicity study of PFOS in rats, liver and thyroid tumors
(mostly adenomas) were identified in both the controls and exposed animals at levels that did not
show a direct relationship to dose. The evidence for cancer in animals was judged to be too
limited to support a quantitative cancer assessment (i.e., no dose-response).
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1.0 INTRODUCTION AND BACKGROUND

The U.S. Environmental Protection Agency (EPA) developed the nonregulatory Health
Advisory (HA) Program in 1978 to provide information for public health officials or other
interested groups on pollutants associated with short-term contamination incidents or spills that
can affect drinking water quality but are not regulated under the Safe Drinking Water Act
(SDWA). At present, EPA lists HAs for more than 200 contaminants. !

HAs identify the concentration of a contaminant in drinking water at which adverse health
effects are not anticipated to occur over specific exposure durations (e.g., one day, ten days, a
lifetime). They serve as informal technical guidance to assist federal, state, and local officials,
and managers of public or community water systems in protecting public health when emergency
spills or other contamination situations occur. An HA document provides information on the
environmental properties, health effects, analytical methodology, and treatment technologies for
removing drinking water contaminants.

Perfluorooctane sulfonate (PFOS) is a manmade chemical in a large family of chemicals
called perfluoroalkyl substances (PFASs) (Buck et al. 2011). PFOS has been used in a variety of
consumer products, and continues to be used as a fire repellent in firefighting foams, and
generated as a degradation product of other perfluorinated compounds. PFOS is very persistent
in the environment and the human body; it has been detected in water, wildlife, and humans
worldwide. This document, EPA’s 2016 Drinking Water Health Advisory for Perfluorooctane
Sulfonate (PFOS), presents a guideline concentration for PFOS in drinking water at which
adverse health effects are not anticipated to occur over a human lifetime. This lifetime HA is
based on the latest health effects information for noncancer and cancer effects for PFOS as
described in EPA’s Health Effects Support Document for Perfluorooctane Sulfonate (PFOS)
(USEPA 2016b). The HA value is not a legally enforceable federal standard and is subject to
change as new information becomes available. Currently no SDWA federal regulations or Clean
Water Act (CWA) Ambient Water Quality Human Health Criteria exist for PFOS. The structure,
principles, and approach of this document are consistent with EPA’s Framework for Human
Health Risk Assessment to Inform Decision Making (USEPA 2014a).

1.1 Safe Drinking Water Act

SDWA, as amended in 1996, requires EPA to publish a list of unregulated contaminants
every 5 years that are not subject to any proposed or promulgated national primary drinking
water regulations, are known or anticipated to occur in public water systems (PWSs), and might
require regulation under SDWA. This list is known as the Contaminant Candidate List (CCL).
PFOS is included on the third CCL (USEPA 2009a) and on the draft fourth CCL (USEPA
2015a).

! For more information see http://water.epa.gov/drink/standards/hascience.cfm.
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As part of its responsibilities under SDWA, EPA is required to implement a monitoring
program for unregulated contaminants. SDWA requires, among other things, that once every
5 years, EPA issue a list of no more than 30 unregulated contaminants to be monitored by PWSs.
In 2012, EPA included PFOS in its third Unregulated Contaminant Monitoring Rule (UCMR 3),
which required all large systems serving > 10,000 people, plus a statistically selected group of
800 small systems, to monitor for a 1-year period between 2013 and 2015. The last of the
monitoring data are still being compiled, but results to-date indicate that PFOS has been
measured at or above the minimum reporting limit (0.04 micrograms per liter [ug/L]) by
approximately 2% of PWSs nationwide. To-date, PFOS has been measured above 0.07 png/L by
approximately 1% of PWSs. Approximately 1% of PWSs have reported data for which combined
PFOA and PFOS results are above 0.07 pg/L. For the latest UCMR 3 results, please refer to
https://www.epa.gov/dwucmr/occurrence-data-unregulated-contaminant-monitoring-rule#3.

SDWA requires EPA to make regulatory determinations for at least five CCL contaminants
every 5 years. EPA must begin developing a national primary drinking water regulation when the
Agency makes a determination to regulate based on three criteria:

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

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

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

To make these determinations, the Agency uses data to analyze occurrence of these
compounds in finished drinking water and data on health effects. If EPA determines the
contaminant does not meet any one of the three statutory criteria, the Agency’s determination is
not to regulate. EPA continues to gather information to inform future regulatory determinations
for PFOS under the SDWA.

EPA developed a Health Effects Support Document for Perfluorooctane Sulfonate (PFOS)
and one for another PFAS, perfluorooctanoic acid (PFOA), to assist federal, state, tribal and local
officials, and managers of drinking water systems in protecting public health when these
chemicals are present in drinking water (USEPA 2016a, 2016b). The health effects support
documents (HESDs) were peer-reviewed in 2014 and were revised as recommended by the peer
reviewers with consideration of public comments and inclusion of additional studies published
through December 2015. The revised HESD for PFOS (USEPA 2016b) provides an RfD and
cancer assessment that serve as the basis for this HA.

The SDWA provides the authority for EPA to publish nonregulatory HAs or take other
appropriate actions for contaminants not subject to any national primary drinking water
regulation. EPA is providing this HA for PFOS to assist state and local officials evaluate risks
from this contaminant in drinking water. The HA values consider variability in human response
across all life stages and population groups while making allowance for contributions from other
exposure media.
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1.2 Current Advisories and Guidelines

Currently there are no federal regulations under the SDWA or national recommended
ambient water quality criteria under the CWA for PFOS. In January 2009, EPA developed a
provisional HA for PFOS in drinking water of 0.2 pg/L (USEPA 2009b). The provisional HA
was developed to reflect an amount of PFOS that could cause adverse health effects in the short
term (i.e., weeks to months). The provisional HA was intended as a guideline for PWSs while
allowing time for EPA to develop a lifetime HA. Table 1-1 and Table 1-2 provide drinking water
guideline values that were developed by states and other countries.

Table 1-1. State Guideline Values for PFOS

Guideline Value
State (ng/ L) Source
Delaware Department of Resources and Environmental Control 0.2 DNREC (2016)
Michigan Department of Environmental Quality 0.011 Michigan DEQ (2013)
Minnesota Department of Health 0.3 MDH (2009)

Table 1-2. International Guideline Values for PFOS

Guideline Value (ng/ L)
Country/Agency Health-based Administrative Source
. Composite precautionary guidance German Ministry of Health

German Ministry of Health 0.3 value for PFOA+PFOS is 0.1 (2006)

Action levels:
Umtesi Kingdom (UK) T¥er 1: potential hazard UK Drinking Water
Drinking Water 1.0 Tier 2: > 0.3 Inspectorate (2009)
Inspectorate Tier 3: > 1.0 p

Tier4:>9
Danish Ministry of the Composite drinking water criteria are Danish Ministry of the
Environment Y 0.1 based on relative toxicity of PFOS, Environment t(rzyOl 5)

onme PFOA, and PFOSA vironme
Dutch National Institute Neglicible concentration:
for Public Health and the 0.53 1g : RIVM (2010)
. 0.0065

Environment

Also 0.09 for the mixture of: PFOS,

PFOA, PFHxS; PFBS; PFHpA, .
Swedish National Food PFHsA, PFPeA (total PFASSs) Igvsrpedelsyerket .(2.014)’

0.09 . cited in Danish Ministry of
Agency 0.9: Pregnant women, women trying to .
. the Environment (2015)
get pregnant, and infants should not
consume if total PFASs exceed
Notes:

PFOA = perfluorooctanoic acid; PFOS = perfluorooctane sulfonate; PFBS = perfluorobutane sulfonate; PFHpA =
perfluoroheptanoic acid; PFHsA = perfluorohexanoic acid; PFHxS = perfluorohexane sulfonic acid; PFOSA =
perfluorosulfonamide; PFPeA = perfluoropentanoic acid

Drinking Water Health Advisory for Perfluorooctane Sulfonate (PFOS) — May 2016 14



In May 2009, PFOS was listed under the United Nations Stockholm Convention on Persistent
Organic Pollutants, and is subject to strict restriction. PFOS also is listed as a “Substance of Very
High Concern” by the European Chemicals Agency, and is subject to restriction under Annex
XVII, entry 53, of REACH (Registration, Evaluation, Authorization and Restriction of
Chemicals), a European Union regulation. Several international agencies have established
guideline values for PFOS (see Table 1-2).

1.3 Uses of PFOS

Perfluorinated substances, such as PFOS, are water- and lipid-resistant due to their chemical
properties. Therefore, they are commonly used as surface-active agents that alter the surface
tension of a mixture. Historically, PFOS was used in the United States in carpets, leathers,
textiles, upholstering, paper packaging, coating additives, and as a waterproofing or stain-
resistant agent. Fire resistance of aviation fluid is increased by adding PFOS to the mixture.

Most PFOS manufacturing in the United States was discontinued voluntarily by its primary
manufacturer, 3M, in 2002 (USEPA 2000a). Pursuant to the Chemical Data Reporting (CDR)
Rule under the Toxic Substances Control Act (TSCA), EPA gathers information on the
production volumes of chemical substances in commerce, including PFOS. These figures include
both domestic production and imports. Both in 1994 and 2002, reports indicated that the total
production volume of PFOS in the United States was between 10,000 and 500,000 pounds. Some
limited uses of PFOS-related chemicals remain for which alternatives are not yet available,
including use in aviation fluid, photomicrolithography, film processing, as an etchant, and for
metal plating and finishing (40 CFR §721.9582). Also, PFOS is a major ingredient in aqueous
film forming foams (AFFF) used to extinguish petroleum-based fires (Seow 2013). No data for
PFOS were reported under CDR since 2002 because of the PFOS phase-out and because it is
likely that the quantities of PFOS imported or domestically manufactured for the limited
remaining uses were less than the CDR reporting thresholds. Efforts are ongoing to develop
replacement products. PFOS and related compounds continue to be produced in other countries
and could enter the U.S. as imported products.

Following the voluntary phase out of PFOS by the principal worldwide manufacturer, EPA
took prompt regulatory actions in 2002 and 2007 under the TSCA to require that EPA be notified
before any future domestic manufacture or importation of PFOS and 270 related chemicals occurs
so that EPA can determine if prohibitions or restrictions are necessary. This requirement essentially
encompasses all long-chain perfluoroalkyl sulfonate chemicals on the U.S. market. More than 150
alternatives of various types have been reviewed by EPA. EPA reviews the new substances against
the range of toxicity, fate, and bioaccumulation issues that have caused past concerns with
perfluorinated substances, as well as any issues that could be raised by new chemistries.

Given the limited ongoing uses of PFOS in the United States, releases to surface water and
groundwater are expected to decline. Exposure to PFOS in the United States remains possible,
however, because of its legacy uses, existing and legacy uses on imported goods, degradation of
precursors, and the chemical’s extremely high persistence in the environment.

Drinking Water Health Advisory for Perfluorooctane Sulfonate (PFOS) — May 2016 15



2.0 NATURE OF THE STRESSOR

2.1 Physical and Chemical Properties

PFOS and its salts are fluorinated organic compounds and are part of the group of PFAS:s.
PFOS is produced commercially from perfluorooctanesulfonyl fluoride (POSF), an intermediate
used to synthesize other fluorochemicals. POSF is manufactured through a process called
Simons Electro-Chemical Fluorination (ECF), in which an electric current is passed through a
solution of anhydrous hydrogen fluoride and an organic feedstock of 1-octanesulfonyl fluoride,
causing the carbon-hydrogen bonds on molecules to be replaced with carbon-fluorine bonds
(OECD 2002). This process yields a mixture of linear and branched chain isomers (Beesoon and
Martin 2015). The ECF isomer ratio is about 70% linear and 30% branched chain. Thus, all
PFOS products are not structurally equivalent. PFOS also can be formed in the environment by
the degradation of other POSF-derived fluorochemicals.

PFOS has an eight-carbon, fully-fluorinated backbone with an added sulfonate functional
group. The chemical structure is provided in Figure 2-1.
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Source: Environment Canada 2006

Figure 2-1. Chemical Structure of PFOS Anion

":

In the environment, the potassium salt of PFOS rapidly ionizes to PFOS. Physical and
chemical properties and other reference information for PFOS are provided in Table 2-1. These
properties help to define the behavior of PFOS in living systems and the environment. PFOS is a
highly stable compound. It is a solid at room temperature with a low vapor pressure. Because of
the surface-active properties of PFOS, it forms three layers in octanol/water, making
determination of an n-octanol-water partition co-efficient (Kow) difficult. No direct measurement
of the pKa of the acid has been located; however, the chemical is considered to have a low pKa
and exist as a highly dissociated anion.

PFOS is a strong acid that is generally present in solution as the perfluorooctane sulfonate
anion. It is water soluble and mobile in water, with an estimated field-based log Koc of 2.57.
PFOS is stable in environmental media because it is resistant to environmental degradation
processes, such as biodegradation, photolysis, and hydrolysis. In water, no natural degradation
has been demonstrated, and dissipation is by advection, dispersion, and sorption to particulate
matter. PFOS has low volatility in ionized form, but can adsorb to particles and be deposited on
the ground and into water bodies. Because of its persistence, it can be transported long distances
in air or water as evidenced by detections of PFOS in the Arctic media and biota, including polar
bears, ocean going birds, and fish found in remote areas (Lindstrom et al. 2011a; Smithwick et
al. 2006). PFOS is present in ambient air and seawater globally (Ahrens et al. 2011; Yamashita et
al. 2005; Young et al. 2007).
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Table 2-1. Chemical and Physical Properties of PFOS

Property PFOS, acidic form?* Source
Chemical Abstracts Service | 1763-23-1
Registry No. (CASRN)®
Chemical Abstracts Index 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-
Name 1-octanesulfonic acid
Synonyms Perfluorooctane sulfonic acid; heptadecafluoro-
1-octane sulfonic acid; PFOS acid
Chemical Formula CsHF 7058
Molecular Weight (g/mol) | 500.13 HSDB (2012); Lewis (2004);
SRC (2016)
Color/Physical State White powder (potassium salt) OECD (2002)
Boiling Point 258-260 degrees Celsius (°C) SRC (2016)
Melting Point No data
Vapor Pressure 2.0X10* mm Hg at 25 °C (estimate) HSDB (2012)
Henry’s Law Constant Not measureable ATSDR (2015)
Kow Not measurable ATSDR (2015); EFSA (2008)
Ko 2.57 Higgins and Luthy (2006)
Solubility in Water 680 mg/L OECD (2002)
Half-life in Water Stable UNEP (20006)
Half-life in Air Stable UNEP (2006)
Notes:

Kow = octanol-water partition co-efficient; Koc = organic carbon-water partitioning coefficient

3PFOS is commonly produced as a potassium salt (CASRN 2795-39-3). Properties specific to the salt are not included.
®The CASRN given is for linear PFOS, but the toxicity studies are based on a mixture of linear and branched; thus, the RfD
applies to the total linear and branched.

2.2 Occurrence and Sources of Exposure

PFOS and other PFASs have been discharged into the environment by degradation of
precursors, including perfluorosulfonamide (PFOSA) (Lindstrom et al. 2011a), and throughout
the life cycle of products containing these compounds (i.e., from the point of product
manufacture through its use and disposal). PFOS and other PFASs are man-made chemicals;
because of their widespread use and chemical and physical properties (persistence and mobility),
they have been transported into groundwater, surface waters (fresh, estuarine, and marine), and
soils in the vicinity of their original source and at great distances. Point sources can result in
significant exposure to people in some areas. Major sources of PFOS are described below.

2.2.1 Surface Water and Groundwater

Water resources (i.e., surface water and groundwater) are susceptible to contamination by
PFOS released from industrial plants, and from the release or disposal of products containing
PFOS or its derivatives. PFOS and other PFASs have been reported in wastewater and biosolids
as a result of manufacturing activities, disposal of coated paper and other consumer products, and
from washing of stain-repellant fabrics (Renner 2009). Historically, land application of biosolids
has been a source of PFOS and other PFASs in surface water or groundwater (Lindstrom et al.
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2011b; Washington et al. 2010a, 2010b). The phase-out of the use of these compounds in the
United States is expected to reduce PFASs in biosolids.

Some AFFFs used to combat aviation (or other hydrocarbon) fires release PFOS to the
environment (Seow 2013; USEPA 2014b). Surface and groundwater resources in close proximity
to airports or other areas where these foams have been used can be contaminated (Moody et al.
2002). PFOS was reported at concentrations as high as 120 pg/L in ground water near a concrete
pad formerly used for military fire-training operations in Michigan (ATSDR 2005; Moody et al.
2003). Surface water concentrations as a result of a release of approximately 22,000 L of AFFF
at L.B. Pearson International Airport in Toronto, Canada, resulted in peak PFOS concentrations
0f 2,210 pg/L at the confluence of Etobicoke Creek and Lake Ontario (Moody et al. 2002).

PFOS is not included as an analyte in the U.S. Geological Survey (USGS) National Water
Quality Assessment Program, and it is not monitored in water as part of EPA’s National Aquatic
Resource Surveys. PFOS has been reported in U.S. water bodies including the Tennessee River
(16.8—144 nanograms per liter [ng/L]), Mississippi River (<1.0-245 ng/L), Lake Erie (11-39
ng/L), Lake Ontario (6—121 ng/L), and in the Conasuaga River (192-319 ng/L) and the Altahama
River (2.6-2.7 ng/L) watersheds in Georgia (Boulanger et al. 2004; Hansen et al. 2002; Konwick
et al. 2008; Nakayama et al. 2010Konwick et al. 2008). USGS collaborated with the University
of Maryland and sampled three rivers and streams receiving effluent from 11 wastewater
treatment facilities in the Chesapeake Bay watershed; samples were collected in July and August
2010 from the Potomac River, the Patuxent River, and Saint Mary’s Run. PFOS concentrations
ranged from <4.0 to 22 ng/L in the Patuxent River; from 5.4 to 8.8 ng/L in the Potomac River;
and from <4.0 to 18 ng/L in Saint Mary’s Run (USGS 2011). Historically, land application of
sludge has also been a source of PFASs in surface water and groundwater (described in Section
2.2.7 below). The phase-out of the use of these compounds in the United States is expected to
reduce PFASs in biosolids, and thus should reduce biosolids as a source of water contamination.

Studies show that PFOS occurs in marine waters. Yamashita et al. (2005) analyzed samples
from the Pacific Ocean, South China Sea, and Mid-Atlantic Ocean, as well as samples from
coastal waters of several Asian countries. PFOS was found at levels ranging from several
thousand picograms per liter (pg/L) in water samples collected from coastal areas in Japan to
tens of pg/L in the central Pacific Ocean. Yamashita et al. (2005) reported that PFOA was the
predominant PFAS detected in oceanic waters, followed by PFOS.

2.2.2 Drinking Water

Under EPA’s UCMR 3, PFOS was monitored by approximately 5,000 PWSs (all PWSs
serving > 10,000 people, and a representative sample of 800 small PWSs) from 2013 through
December 2015. The minimum reporting level (MRL) for PFOS in this survey was 0.04 ng/L.
To-date, results for more than 36,000 samples have been reported by more than 4,800 PWSs for
PFOS. The remainder of the results are expected to be reported by mid-2016. PFOS was
measured at or above the MRL by approximately 2% of the PWS. PFOS was reported above
0.07 ng/L by approximately 1% of PWSs that have reported results. Approximately 1% of PWSs
have reported data for which combined PFOA and PFOS results are above 0.07 pg/L.
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The Environmental Working Group’s (EWG)? National Drinking Water Database includes
data on PFOS occurrence at one system between 2004 and 2009 (EWG 2015). EWG obtained
their data primarily from state drinking water offices; the database includes data from 47,677
water systems in 45 states and the District of Columbia. The database showed that 24 systems
reported analyzing for PFOS; of these, a single system in Minnesota reported finding detectable
levels. The system had an average concentration of 0.15 ug/L and a maximum reported
concentration of 0.48 pug/L. (Note that this same Minnesota system is included in UCMR 3; as of
October 2015, six of twelve samples had PFOS detections with concentrations ranging from
0.046 to 0.44 pg/L).

PFOS detections in source water and drinking water were reported in several published
studies. These studies frequently reported on targeted local sampling; their findings are not
necessarily representative of national occurrence. For example, in New Jersey, PFOA was the
most frequently detected PFAS, followed by PFOS. Monitoring of raw and finished water used
as drinking water sources in 23 PWSs in New Jersey identified PFOS concentrations ranging
from 0.0042 to 0.019 ug/L. PFOS was reported in both surface water and ground water from
wells in unconfined or semi-confined aquifers (NJDEP 2007). A study in Minnesota reported
PFOS concentrations up to 1.41 pg/L in municipal, noncommunity, and private wells monitored
between 2004 and 2008 (Goeden and Kelly 2006). In Tucson, Arizona, PFOS was detected at
four groundwater wells used for drinking water in 2009, with concentrations ranging from 3.9 to
65 ng/L. The wells were resampled in 2010 and three of the four wells were found to have PFOS
at concentrations >200 ng/L (Quanrud et al. 2010).

2.2.3 Food

Because of its previous wide-use in food packaging and consumer products, PFOS ingestion
from food is an important exposure source. PFOS was detected in a variety of food sources and
processed food products ranging from snack foods, vegetables, meat, and dairy products to
human breast milk and fish (Van Asselt et al. 2011). In a survey that included multiple food
types, PFOS was the most frequently detected PFAS and was present at higher concentrations
than other related compounds (Hlouskova et al. 2013). In a 2011 assessment of exposure to
Americans, Egeghy and Lorber (2011) used pharmacokinetic modeling coupled with data from
the Centers for Disease Control and Prevention’s (CDC’s) National Health and Nutrition
Examination Survey (NHANES) to assess exposure to Americans from multiple routes. They
concluded that food ingestion appears to be the primary route of exposure for PFOS in the
general population, under typical exposure conditions. For children under typical conditions,
exposure to PFOS in dust is equivalent to exposure from food. Recent evidence shows that PFOS
levels in food have been declining (Johansson et al. 2014).

Schecter et al. (2010) collected 10 samples of 31 commonly consumed foods from five
grocery stores in Dallas, Texas, in 2008 and analyzed them for PFOS. Equal weights of each
sample were combined and composited for analysis. Dietary intakes were estimated using data
from the 2007 U.S. Department of Agriculture food availability data set. For concentrations

2 For more information see http://www.ewg.org.
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below the limit of detection, a value of zero was assigned. PFOS was not detected at
concentrations above the method detection limit in the foods (Schecter et al. 2010).

Tittlemier et al. (2007) conducted a Canadian total diet study that collected and analyzed
54 composite food samples. Samples were collected from 1992 to 2004, and represented fish and
seafood, meat, poultry, frozen entrées, fast food, and microwave popcorn. PFASs were detected
in nine composites (four meat, three fish and shellfish, one fast food, and one microwave
popcorn). PFOA and PFOS were most frequently found. The authors concluded that diet
represented approximately 60% of total PFAS exposure. PFOS was detected in beef steak,
ground beef, luncheon meats, marine fish, freshwater fish, and microwave popcorn at
concentrations ranging from 0.98 to 2.7 ng/g, wet weight. The average daily PFOS exposure was
estimated at 110 ng.

Several studies are available from countries in Western Europe with diets that are
comparable to the United States. Fromme et al. (2007) collected duplicate diets for 15 male and
16 female healthy subjects (16 to 45 years old) in Germany. The median daily dietary intake for
PFOS was 1.4 ng/kg with a 90" percentile intake of 3.8 ng/kg. In a later study, Haug et al. (2010)
estimated exposures in a Norway market basket comprised of 21 foods, three drinking water
samples, one milk sample, and one tea sample. Total PFOS intake was estimated as 18 ng/day
(0.26 ng/kg) for a 70 kg adult in the general population. The highest levels were found in eggs
(0.66 ng/day), root vegetables/potatoes (0.13 ng/day), coffee, tea, and cocoa (0.1 ng/day), tap
water (0.08 ng/day), and fats (0.08 ng/day). PFOS and PFOA together contributed about 50% of
the total dietary PFAS intake. Noorlander et al. (2011) estimated mean long-term daily intakes of
0.3 ng/kg in the Netherlands using a pooled composite purchased from retail grocery chains with
nationwide coverage; the 99" percentile value was 0.6 ng/kg. Important PFOS sources included
milk, beef, and lean fish. In the European Union, fish seems to be an important source of human
exposure to PFOS, although the data might be influenced by results of studies which collected
fish from relatively polluted areas; this is likely to overestimate exposure from commonly
consumed fish. It is not clear if the source of PFOS was from packaging materials, cookware, or
the fish itself (EFSA 2008).

Human studies have shown that PFOA is transferred from mother to infant via cord blood
and breast milk. A recent study showed that breast milk contributed > 94% of the PFOS
exposure in 6-month-old infants (Haug et al. 2011). Additional information on concentrations of
PFOS in breast milk is provided in section 2.4.1.

Livestock can accumulate PFOS from ingesting contaminated feed (Lupton et al. 2014) or by
grazing in fields where biosolids were applied (Renner 2009; Vestergren et al. 2013). Lupton et
al. (2014) exposed cattle to a single oral dose of PFOS (8 milligrams per kilogram [mg/kg]) and
collected samples after 28 days. PFOS accumulated in the liver (17.0 pg/g) and muscle
(1.1 ng/g), suggesting that beef consumption can be a potential dietary exposure source. When
cattle were exposed to a diet of feed contaminated with 10.2 ng/kg PFOS, however, the liver
(0.13 pg/kg) and muscle (0.021 ug/kg) concentrations were considerably lower (Vestergren et al.
2013) than those from the oral dosing. The Vestergren et al. (2013) study also detected PFOS in
milk at a concentration of 6.2 ng/L.
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Bioaccumulation in fish and other edible aquatic organisms is another route for potential
dietary exposures (Bhavsar et al. 2014; Renzi et al. 2013; Stahl et al. 2014). EPA analyzed fish
fillet tissue samples from U.S. rivers and from the Great Lakes as part of EPA’s National
Aquatic Resource Surveys. These analyses included characterizing perfluorinated compounds
(PFCs) in freshwater fish on a national scale during EPA’s 2008—2009 National Rivers and
Streams Assessment and on a regional scale during the Great Lakes Human Health Fish Tissue
Study component of the EPA 2010 National Coastal Condition Assessment. Fish were collected
from randomly selected locations, including 162 urban river sites and 157 nearshore Great Lake
sites, and analyzed for 13 PFASs. Results showed that 80% of urban river fish samples and
100% of Great Lakes fish samples contained some detectable PFASs. PFOS was the most
frequently detected chemical (in 73% of river fish samples and 100% of Great Lakes fish
samples). The statistically derived PFOS median in fillets was 10.7 ng/g for the urban river
sampled population of 17,509 kilometers (km) (10,880 miles [mi]); the PFOS median in fillets
was 15.2 ng/g for the Great Lakes nearshore sampled population of 11,091 km? (4,282 mi?).
Maximum measured PFOS concentrations were 127 ng/g and 80 ng/g in urban river fish samples
and Great Lakes fish samples, respectively. Cooking of fish does not reduce the levels of PFOS
in the fish (or the consumer’s dietary exposure) (Bhavsar et al. 2014).

PFOS has been detected in wild-caught and farmed fish, presumably the result of
bioaccumulation and/or trophic transfer. Bhavsar et al. (2014) found that PFOS concentrations
were higher in wild-caught fish than farmed fish and suggested that fish caught near
contaminated sites could represent a point source for recreational and subsistence fishers. The
authors found that PFOS was the dominant PFAS found in four species of sports fish collected
from four rivers in Canada. The concentrations were an order of magnitude higher than those
found in fish from Canadian grocery stores.

In a survey of French adult freshwater anglers, PFOS was a major contributor of total PFAS
exposure from fish. When results were compared with those for the general population, PFOS
levels for the general population were much lower (Denys et al. 2014). In a study of French
adults who consumed large amounts of seafood (n = 993), mean lower bound exposure to PFOS
was 1.53 ng/kg/day compared to a lower bound of zero in the general population (n = 1918); the
mean upper bound values were 2.45 ng/kg/day and 0.66 ng/kg/day, respectively (Yamada et al.
2014). In a sub-study that was restricted to 106 pregnant women, the upper bound mean was
5.25 ng/kg/day and the 95" percentile upper bound was 6.37 ng/kg/day.

In 2008 the Minnesota Department of Health suggested limiting fish consumption to one
meal of fish per week when fish contained PFOS at concentrations of greater than 40 up to
200 ng/g (wet weight), one meal of fish per month with PFOS concentrations of greater than
200 up to 800 ng/g, and no consumption of fish with PFOS concentrations greater than 800 ng/g
(MDH 2008a).

PFOS can occur in plants grown in contaminated soils; however, limited information
indicates that PFOS does not appear to reach the edible portion of plants. For example, PFOA
was shown to have a high uptake rate in corn when grown in biosolid-amended soil, but the
PFOS remained in the roots and did not accumulate in edible parts of the plant (Krippner et al.
2014). PFOS accumulation in fruit crops tended to be lower than in shoot or root crops,
presumably because there are more compartments through which PFOS would have to pass to
reach the edible portion of the plant (Blaine et al. 2014).
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PFOS and PFOSA derivatives were used to confer grease resistances to food containers,
bags, and wraps (Walters and Santillo 2006). Kotthoff et al. (2015) evaluated the levels of PFOS
present in baking and sandwich papers and paper baking forms (e.g., muffin cups) classified as
food contact materials. Analytes were extracted using ion pair techniques and analyzed using
high-performance liquid chromatography with tandem mass spectroscopy. PFOS was identified
in 69% of the products tested; PFOSA was not detected. The highest concentration for PFOS was
0.2 pg per square meter (m?).

2.2.4 Ambient Air

A number of PFASs are precursors to PFOS; they form PFOS via biotic or abiotic
degradation. Some of these precursors are volatile and contribute to the formation of airborne
PFOS (UNEP 2006; Vierke et al. 2011). Shoeib et al. (2011) found PFOA in all indoor air
samples; PFOS was not detected. Fraser et al. (2013) also found that PFOA in serum was
significantly correlated with air levels collected in offices, whereas PFOS was not. Langer et al.
(2010) reported detections of PFOS, PFOA, and precursors in indoor air samples from home
residences and at stores that sold outdoor equipment, furniture, and carpet.

PFOS can be transported long distances via the atmosphere and has been detected at low
concentrations in areas as remote as the Arctic (Shoeib et al. 2006). PFOS levels in outdoor air
have been measured in a variety of locations, most of which are countries outside the United
States. Mean air concentrations in Spain and England were 4.4 pg per cubic meter (m®) and
2.3 pg/m’, respectively (Beser et al. 2011; Goosey and Harrad 2012). In a study conducted in
China, airborne PFOS concentrations were similar (Liu et al. 2015). Fromme et al. (2009)
reported a mean ambient air gas phase PFOS concentration of 1.7 (0.9-3) pg/m® from eight
samples collected in the summertime in Albany, New York; 0.6 (0.4—1.2) pg/m® was present as
particulate matter.

Areas near wastewater treatment plants, waste incinerators, and landfills can be point sources
for PFOS in outdoor air. Concentrations in air at wastewater treatment plants (43—171 pg/m?®)
and landfills (3.9 pg/m?) are generally higher than for ambient air in cities (Ahrens et al. 2011).

2.2.5 Indoor Dust

Because of its widespread use in carpets, upholstered furniture, and other textiles, PFOS has
been detected in indoor dust from homes, offices, vehicles, and other indoor spaces. Although
some of these uses have been phased out, exposure could continue from legacy products and
imported goods. As reported by Fraser et al. (2013), particulate matter from fabrics and carpeting
are believed to be the source of the PFOS-containing dusts found in homes, offices, and
automobiles.

A 2013 survey (Fraser et al. 2013) detected PFOS in samples of house dust (26.9 ng/g),
office dust (14.6 ng/g), and vehicles (15.8 ng/g) collected at sites by 31 participants in Boston,
Massachusetts. The Wisconsin Department of Health and Human Services collected vacuum
cleaner contents from 39 homes as a means of evaluating the concentration of PFOS and 15 other
PFAS:s in dust (Knobeloch et al. 2012). The median concentration of PFOS was 47 ng/g. PFOA,
PFOS and perfluorohexane sulfonate (PFHxS) accounted for about 70% of the total PFASs
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present in the dust. Egeghy and Lorber (2011) assessed Americans’ PFOS exposure and
concluded that ingestion of household dust and food are primary routes of PFOS exposure for
2-year old children under a typical exposure scenario; however, for highly exposed children (at
the 95" percentile), PFOS exposure from dust was estimated to be approximately two times that
from food. For adults, food is the dominant source under a typical exposure scenario. Where
water is highly contaminated, it is the most significant source of exposure to adults and children.
Oral exposures exceeded dermal and inhalation contributions of PFOS for young children
(2-year-olds) as diet, under both typical and high exposure conditions. The exposure to the PFOS
precursor, PFOSA, was evaluated separately and was estimated in some scenarios to make a
substantial contribution to total exposure, assuming precursors are fully metabolized to PFOS in
the body.

A study conducted in Belgium also found that PFOS was present in home (median: 0.5 ng/g
dry weight) and office dust (median: 2.9 ng/g dry weight) (D’Hollander et al. 2010). The highest
indoor dust concentration (97.1 ng/g) was found in homes in Germany (Xu et al. 2013).

2.2.6 Soils

PFOS persists in soils near manufacturing facilities and disposal sites (Xiao et al. 2015), and
in areas such as military bases, where AFFFs containing PFOS were heavily used (Filipovic
2015). Measured concentrations of PFOS in surface soils from eight U.S. locations ranged from
0.6 to 2.6 ng/g (Strynar et al. 2012). In other reports U.S. values ranged from 12.2 ng/g (Xiao et
al. 2015) to 8,520 ng/g (Filipovic 2015). These studies focused on two sites, the first in the
Minneapolis—St. Paul, Minnesota metropolitan area where PFASs were manufactured and
disposed of, and the second on a former military airport in Sweden (abandoned in 1994) where
firefighting foams containing PFOS had been used. In both cases, there was groundwater
contamination. Xiao et al. (2015) determined that levels of PFOS in soils increased with depth,
providing evidence for migration into groundwater (see also section 2.2.1). The authors
determined that no significant difference existed in PFOS levels measured in groundwater before
and after the 3M phase-out, demonstrating the persistence of PFOS in groundwater supplies.

Incidental ingestion of soils represents a potential exposure route for PFOS. Regional and
geographic differences in soil characteristics can influence PFOS concentrations. Research has
shown that soils with high clay and organic matter content and low pH tend to retain PFOS (Das
et al. 2013). Soil contamination tends to occur at manufacturing sites of producers and users or
where disposal of treated products has occurred (i.e., landfills), and potentially where biosolids
containing PFASs are applied. Calculated residence time in soils suggests that persistence in the
environment will extend well beyond the time that PFOS manufacturing ends (Zareitalabad et al.
2013). Contaminated soils also can be transported offsite via water and wind.

2.2.7 Biosolids

Biosolids are sometimes applied as an amendment to soils as fertilizers; in some cases, the
biosolids can contain PFOS. For example, in May 2007 a Decatur, Alabama, manufacturer that
used PFASs notified the Decatur Utilities Dry Creek Waste Water Treatment plant that it had
unknowingly discharged large amounts of perfluorocarboxylic acid precursors (PFOA and
perfluorododecanoic acid [PFDA]) to the utility (USEPA 2011a). The Decatur treatment
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plant also received wastewater from several other industries in the area that manufactured or
used a variety of PFAS-containing materials. The incident was reported to EPA and other
government agencies because biosolids from the wastewater plant had been applied to

5,000 acres of privately owned agricultural fields for the previous 12 years (1996 to 2008).

Testing revealed that the biosolids from the Decatur plant contained PFOS, PFOA, and other
PFASs. Concentrations in nine soil samples from the area ranged from 589 to 1,296 parts per
billion (ppb) PFOA and 55 to 2,531 ppb PFOS. Subsequently, private wells, ponds, and other
surface waters near the biosolids application sites were sampled and found to contain PFOS and
PFOA, in some cases at levels greater than EPA’s provisional HA values. Several additional
rounds of sample collection from the impacted areas confirmed the presence of PFASs, including
PFOA and PFOS in the media tested (Lindstrom et al. 2011b; USEPA 2011; Washington et al.
2010a, 2010b).

PFASs were not analyzed in the 2004 EPA Total National Sewage Sludge Survey (TNSSS),
as analytical methods were not available when analytes were selected. Venkatesan and Halden
(2013) re-analyzed archived samples for PFCs from the TNSSS in five composites, which
represented 94 wastewater treatment facilities from 32 U.S. states and the District of Columbia in
2001. PFOS was the most abundant PFAS identified (mean 403+ 127 pg/kg dry weight),
followed by PFOA (mean 34 + 22 pg/kg dry weight). Armstrong et al. (2016) collected biosolid
samples every two months from a large municipal water recovery facility between 2005 and
2013. The highest mean PFOS concentration reported was 22.5 pg/kg dry weight. Yoo et al.
(2009) found PFOS and PFOA in plants (i.e., fescue, barley, bluegrass, and Bermuda grass)
grown in soils amended with biosolids. Concentrations of PFOS ranged from 1.2 to 20.4 pg/kg.
Concentrations in biosolids are expected to decline because of the phase-out of the use of PFOS
and PFOA in manufacturing and industrial processes.

2.2.8 Consumer Products

Other materials that result in potential human exposure include legacy use and imported
goods or continuing uses. Some examples of these uses are listed below.

e Stain/water repellants on clothing, bedding materials, upholstered furniture, carpets, and
automobile interiors (e.g., ScotchGard™); these materials can be a particularly important
exposure route for infants and children because of their hand-to-mouth behaviors.

Metal plating and finishing (continuing use)

Aqueous film forming foams (continuing use; used for firefighting)

Photograph development (continuing use)

Aviation fluids (continuing use)

Semiconductor industry

Flame repellants

Food containers and contact paper?

3 PFOS is an impurity that can be found in some grease-proofing paper coatings (Begley et al. 2005). However, in
January 2016, the Food and Drug Administration amended their food additive regulations to no longer allow for the
use of perfluoroalkyl ethyl containing food-contact substances as oil and water repellants for paper and paperboard
for use in contact with aqueous and fatty foods.
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Oil and mining

Cleaning products

Paints, varnishes, sealants
Textiles and leather

2.3 Environmental Fate

2.3.1 Mobility

PFOS is water soluble, especially as a dissociated anion, and has been found in surface,
ground, and drinking water. It has low volatility in ionized form, but can adsorb to particles in
air; because of its persistence, it can be transported long distances (Lindstrom et al. 2011a).
PFOS has a log Koc 0f 2.57 and does not easily adsorb to sediments or aquifer materials;
therefore, it tends to stay in the water column.

2.3.2 Persistence

PFOS is stable in the environment and resistant to hydrolysis, photolysis, volatilization, and
biodegradation (see Table 2-1). The carbon fluoride bond is strong, does not react with acids and
bases, and is resistant to oxidation and reduction (Fromme et al. 2009). No biodegradation or
abiotic degradation processes have been found, and the only dissipation mechanisms in water are
dilution, advection, and sorption. The organic portion of the molecule can be destroyed by high-
temperature incineration (UNEP 2006).

2.3.3 Bioaccumulation

Several criteria can be used to assess bioaccumulation, including octanol-water partition
coefficient (Kow), bioconcentration factors (BCFs), bioaccumulation factors (BAFs), and
biomagnification or trophic magnification factors (BMFs or TMFs, respectively) (Gobas et al.
2009). The Kow and BCF metrics are typically based on partitioning of organic chemicals into
octanol or lipids of biota. For PFOS, partitioning appears to be more related to protein binding
properties than its lipid partitioning. Thus, the Kow is not a reliable measure of bioaccumulation
potential for PFOS (OECD 2002; UNEP 2006). Information from field studies, BCFs, BMFs,
and TMFs provide the most conclusive evidence of accumulation of chemicals in food webs
(Gobas et al. 2009), and are the more appropriate metrics for gauging the potential for
accumulation of PFOS in fish, wildlife, and humans.

Because of the physical-chemical properties of PFOS, Kow cannot be reliably measured
(UNEP 2006). Model estimates of Kow have been reported; however, verification that these
chemicals are within the domain of the models is often not provided. Therefore, validity of the
use of such models is questionable (OECD 2002). BCFs have been reported by Martin et al.
(2003) (1,100 [carcass]; 5,400 [liver]; and 4,300 [blood] for juvenile trout]. BAFs were
determined from fish livers of 23 different species in Japan, ranging from 274 to 41,600
(mean = 5,550) (Taniyasu et al. 2003). In general, these values fall below traditional criteria used
to assess bioaccumulation. It is recognized, however, that BCFs determined by existing standard
methods derived from lipid-partitioning are not an appropriate metric for assessing
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bioconcentration of PFOS (OECD 2002). Although evidence of PFOS accumulation in many
organisms has been documented, reported BAFs and BCFs for the chemical fall below traditional
criteria used to assess bioaccumulation.

Field evidence of PFOS biomagnification, considered to be the preferable metric for
assessing bioaccumulation potential (Gobas et al. 2009), has been documented in many
organisms from many locations worldwide (UNEP 2006). Trophic magnification has also been
evaluated and high concentrations of PFOS were found in the liver and blood of higher-trophic-
level predators that consume fish. Biomagnification factors for PFOS are reported to range from
5 to 20 in mink (liver), bald eagle, top predator fish (lake trout), walrus, narwhal (liver), and
beluga (liver) (Gewurtz et al. 2014; Kannan et al. 2005; Martin et al. 2004; Tomy et al. 2004).
The weight of evidence for trophic magnification was deemed sufficient to consider PFOS to be
bioaccumulative by the Stockholm Convention Persistent Organic Pollutants Review Committee
(OECD 2002).

2.4 Toxicokinetics

Uptake and egress of PFOS from cells is largely regulated by transporters in cell membranes
based on data collected for PFOA, a structurally similar PFAS. PFOS is absorbed from the
gastrointestinal tract as indicated by the serum measurements in treated animals and distributed
to the tissues based on the tissue concentrations found in the pharmacokinetic studies (Cui et al.
2009; Curran et al. 2008). The highest tissue concentrations are usually those in the liver. Post-
mortem tissues samples collected from 20 adults in Spain found PFOS in liver, kidney, and lung
(Pérez et al. 2013). The levels in brain and bone were low. In serum, it is electrostatically bound
to albumin, occupying up to 11 sites and sometimes displacing other substances that normally
would occupy a site (Weiss et al. 2009). Linear PFOS chains display stronger binding than
branched chains (Beesoon and Martin 2015). Binding causes a change in the conformation of
serum albumin, thereby changing its affinity for the endogenous compounds it normally
transports. PFOS binds to other serum proteins, including immunoglobulins and transferrin
(Kerstner-Wood et al. 2003). It is not metabolized, thus any effects observed in toxicological
studies are not the effects of metabolites.

Electrostatic interactions with proteins are an important toxicokinetic feature of PFOS.
Studies demonstrate binding or interactions with receptors (e.g., peroxisome proliferator-
activated receptor-alpha [PPARa]), transport proteins (e.g., transthyretin [TTR]), fatty acid
binding proteins, and enzymes (Luebker et al. 2002; Ren et al. 2015; S. Wang et al. 2014; Weiss
et al. 2009; Wolf et al. 2008, 2012; L. Zhang et al. 2013, 2014). Saturable renal resorption of
PFOS from the glomerular filtrate via transporters in the kidney tubules is believed to be a major
contributor to the long half-life of this compound. No studies were identified on specific tubular
transporters for PFOS but many are available for PFOA. All toxicokinetic models for PFOS and
PFOA are built on the concept of saturable renal resorption first proposed by Andersen et al.
(2006). Some PFOS is removed from the body with bile (Chang et al. 2012; Harada et al. 2007),
a process that also is transporter-dependent. Accordingly, the levels in fecal matter represent
both unabsorbed material and that discharged with bile.
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During pregnancy, PFOS is transferred to the fetus (Chang et al. 2009; Luebker et al. 2005b).
Lactational transfer was not measured, but was inferred based on the postnatal declines in
maternal serum during lactation (Chang et al. 2009). This also occurs in humans as demonstrated
in the study by Mondal et al. (2014) of breastfeeding women and their infants in Ohio and West
Virginia.

The arithmetic mean half-life in humans for occupationally exposed workers (Olsen et al.
2007) was 5.4 years (95% confidence interval [CI] [3.9, 6.9]). Half-lives from animals include
120.8 days for monkeys, 33 to 35 days for male and female Sprague-Dawley rats, and 36.9 days
for male and female CD-1 mice (Chang et al. 2012). The half-life differences between male and
female rats observed for PFOA were not observed with PFOS. This indicates a lack of gender-
related differences in renal excretion for rats, and implies that the renal excretion and/resorption
transporters for PFOS differ from those for PFOA. No comprehensive studies of PFOS
transporters in humans or laboratory animals were identified during this assessment. A study by
Zhao et al. (2015) evaluated whether transporters involved in the enterohepatic circulation of bile
acids are involved in the disposition of specific PFASs, including PFOS. Uptake of PFOS was
measured using hepatocytes from both humans and rats with and without sodium. The results
showed sodium-dependent uptake for PFOS. Transport of PFOS was also evaluated using stable
CHO Flp-In cells. PFOS was transported by human apical sodium-dependent bile salt transporter
(ASBT), but not rat ASBT. Human organic solute transporter (OST) o/ was also able to
transport PFOS. The study authors concluded that the long half-life and the hepatic accumulation
of PFOS in humans can possibly be attributed, at least in part, to transport by sodium
taurocholate cotransporting polypeptide (NTCP) and ASBT.

2.5  Human Biomonitoring Data

The CDC’s Fourth National Report on Human Exposure to Environmental Chemicals
(CDC 2009) included exposure data for PFOS from 2003 to 2004 collected by NHANES. PFOS
was detected in 99.9% of the general U.S. population. Since that time, the CDC has issued
several updates to the tables. The most recent update was released in 2015 (CDC 2015). Taken
together, the data suggest that PFOS concentrations in human serum in the U.S. declined
between 1999 and 2010. Over the course of the study, the geometric mean concentration of
PFOS in human serum decreased from 30.4 pg/L to 6.31 pg/L and the 95™ percentile
concentration decreased from 75.7 pg/L to 21.7 pg/L. During this time, there has been a major
reduction in environmental emissions by the manufacturers as well as a phase-out of production
of C-8 compounds in the United States. Analysis of the NHANES 2003—-2004 subsample
demonstrated higher levels of PFOS and PFOA in males and a slight increase in levels of PFOS
with age (Calafat et al. 2007).

Evidence shows that PFOS is distributed within the body and can be transferred from
pregnant women to their unborn children and offspring. PFOS is detected in both umbilical cord
blood and breast milk, indicating that maternal transfer occurs (Apelberg et al. 2007; Cariou et
al. 2015; Tao et al. 2008; Volkel et al. 2008; Von Ehrenstein et al. 2009). In a French study
(Cariou et al. 2015), PFOS was detected in 99 of 100 cord blood samples with a mean
concentration of 1.28 nanograms per milliliter (ng/mL), compared to a mean of 3.77 ng/mL for
the maternal serum. In a study by T. Zhang et al. (2013) evaluating samples from 31 women in
China, the mean concentration of PFOS in cord blood (3.09 nanograms per gram [ng/g]) was

Drinking Water Health Advisory for Perfluorooctane Sulfonate (PFOS) — May 2016 27



21% of that in maternal serum (14.6 ng/g). Differences in the results of this study likely reflect
both differences in exposure and the presence of more branched chain isomers in the PFOS
products that lead to the exposures present.

Kéarrman et al. (2010) identified PFOS in breast milk samples from healthy women (n = 10;
females 30 to 39 years old). The levels in milk (mean = 0.12 ng/mL) were low compared to liver
levels. A study of 70 human breast milk samples with patients from Germany and Hungary
detected PFOS in all 70 samples at concentrations ranging from 28 to 309 ng/L (Vdlkel et al.
2008). Mondal et al. (2014) collected serum samples from 633 breast-feeding women and 49 of
their infants in West Virginia and Ohio. They found that each month of breast feeding lowered
the maternal PFOS levels in serum by 3% (95% CI [-2%, 3%]) and increased the infant serum
levels by 4% (95% CI [1%, 7%]). A publication from the French total diet study (Cariou et al.
2015) also examined human breast milk as an exposure route for infants using 100 mother—infant
pairs. PFOS was detected in 82% of the breast milk samples with a mean concentration of 0.040
ng/mL and a maximum concentration of 0.376 ng/mL. The regression coefficient for the
association between the maternal serum concentration and the detected breast milk
concentrations was 0.85 (n = 19). Concentrations were below the LOD-LOQ [limit of detection-
limit of quantitation] for 31 samples.

3.0 PROBLEM FORMULATION

3.1 Conceptual Model

The conceptual model provides useful information to characterize and communicate the
potential health risks related to PFOS exposure from drinking water. The sources of PFOS, the
routes of exposure for biological receptors of concern (e.g., various human activities related to
ingested tap water such as drinking, food preparation, and consumption), the potential
assessment endpoints (e.g., effects such as liver toxicity and developmental effects), and adverse
health effects in the populations at risk due to exposure to PFOS are depicted in the conceptual
diagram below (Figure 3-1).

3.1.1 Conceptual Model Diagram for Exposure via Finished Drinking Water

The conceptual model is intended to explore potential links of exposure to a contaminant or
stressor with the adverse effects and toxicological endpoints important for management goals,
including the development of drinking water HA values. Boxes that are more darkly shaded
indicate pathways that were considered quantitatively in estimating the advisory level, whereas
the lightly shaded boxes were only considered from a qualitative perspective.
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Figure 3-1. Conceptual Model for PFOS in Finished Drinking Water
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3.1.2 Factors Considered in the Conceptual Model for PFOS

Stressors: For this HA, the stressor is PFOS in drinking water. The drinking water can be
derived from public water facilities or private wells.

Sources: Sources of PFOS include both ground and surface waters used for drinking.
Multiple potentially important sources of PFOS and precursors exist in addition to drinking
water, such as foods, indoor dust in a home or work environment, indoor and outdoor air, soil,
consumer products within the homes or places of work (including children’s schools), and
industrial products. The relative contribution of drinking water versus other sources is addressed
in the Relative Source Contribution section of the document (section 3.2.5). This HA applies
only to drinking water.

Routes of exposure: Exposure to PFOS from contaminated drinking water sources can occur
via oral exposure (drinking water, cooking with water, and incidental ingestion from showering);
dermal exposure (contact of exposed parts of the body with water containing PFOS during
bathing or showering, dishwashing); and inhalation exposure (during bathing or showering or
using a humidifier or vaporizer). There is limited information identifying health effects from
inhalation or dermal exposures to PFOS in humans and animals. Therefore, these routes of
exposure are not quantitatively used in the derivation of the HA. PFOS has a low vapor pressure
and is not expected to be present in air except as bound to particulate matter and aerosols formed
from devices such as shower heads and humidifiers that aerosolize tap water. Toxicity data are
available for oral exposure from drinking water, but not the other exposure routes (inhalation and
dermal exposures). PFOS is not removed by heating water and can increase in concentration
when the water is boiled.

Receptors: The receptors are those in the general population (adults, infants and children)
who could be exposed to PFOS from tap water through dermal contact and inhalation and/or
ingestion at their homes, workplaces, schools, and daycare centers.

Endpoints: Epidemiology data report associations between PFOS exposure and high
cholesterol and reproductive and developmental parameters. The strongest associations are
related to serum lipids with increased total cholesterol and high density lipoproteins (HDLs).
Data also suggest a correlation between higher PFOS levels (> 0.033 pg/mL) and decreases in
female fecundity and fertility, as well as decreased body weights in offspring and other measures
of postnatal growth. Several human epidemiology studies evaluated the association between
PFOS and cancers including bladder, colon, and prostate (Alexander et al. 2003; Alexander and
Olsen 2007; Mandel and Johnson 1995). A large increase in mortality risk from bladder cancer
was demonstrated, and a subsequent study of bladder cancer incidence in the same cohort found
rate ratios of 1.5 to 1.9 in the two highest cumulative exposure categories compared to an
internal referent population (Alexander et al. 2003; Alexander and Olsen 2007). The risk
estimates lacked precision because the number of cases were small. Smoking prevalence was
higher in the bladder cancer cases, but the analysis did not control for smoking because data
were missing for deceased workers; therefore, positive confounding by smoking is a possibility
in this analysis. No elevated bladder cancer risk was observed in a nested case-control study in a
Danish cohort with plasma PFOS concentrations at enrollment between 0.001 and 0.0131 pg/mL
(Eriksen et al. 2009). Other studies that evaluated cancer risk for specific sites (e.g., prostate,
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breast) in the general population were inconsistent (Bonefeld-Jorgensen et al. 2011, 2014;
Hardell et al. 2014; Innes et al. 2014) (see section 4.1.2).

The associations for most epidemiology endpoints are mixed. Although mean serum values
are presented in the human studies, actual estimates of PFOS exposure (i.e., doses/duration) are
not currently available. Thus, the serum level at which the effects were first manifest and
whether the serum had achieved steady state at the point the effect occurred cannot be
determined. It is likely that some of the human exposures that contribute to serum PFOS values
come from PFOS derivatives or precursors that break down metabolically to PFOS. These
compounds might originate from PFOS in diet and materials used in the home, which creates
potential for confounding. Additionally, most of the subjects of the epidemiology studies have
many PFASs and/or other contaminants in their blood. Although the study designs adjust for
other potential toxicants as confounding factors, their presence constitutes a level of uncertainty
that is usually absent in the animal studies.

Taken together, the weight of evidence for human studies supports the conclusion that PFOS
exposure is a human health hazard. At this time, EPA concludes that the human studies are
adequate for use qualitatively in the identification hazard and are supportive of the findings in
laboratory animals. EPA plans to begin another effort to determine the range of perfluoroalkyl
compounds for which an Integrated Risk Information System (IRIS) assessment is needed, as
indicated in the 2015 IRIS Multi Year Agenda.*

For PFOS, oral studies of short-term, subchronic, and chronic duration are available in
multiple species including monkeys, rats, and mice (see section 4.1.1). The animal studies
evaluating effects during development show low pup birth weight accompanied by increased pup
mortality (at slightly higher doses) and developmental neurotoxicity. Increases in liver weight
and hypertrophy accompanied by biomarkers of adversity such as necrosis, inflammation,
fibrosis, and/or steatosis at one or more doses were also observed following PFOS exposures.
EPA quantitatively evaluated (i.e., modeled serum concentrations) for the developmental
(e.g., pup body weight, neurodevelopment, pup survival) and liver effects.

In most animal studies, changes in relative and/or absolute liver weight appears to be the
most common effect observed with or without other hepatic indicators of adversity identifying
increased liver weight as a common indicator of PFOS exposure. The liver also contains the
highest levels of PFOS when analyzed after test animal sacrifice. The increases in liver weight
and hypertrophy, however, also can be associated with activation of cellular PPARa receptors,
making it difficult to determine if this change is a reflection of PPARa activation or an indication
of PFOS toxicity. The PPARa response is greater in rodents than in humans. EPA evaluated liver
disease and liver function resulting from PFOS exposure in studies where liver weight changes
and other indicators of adversity such as necrosis, inflammation, fibrosis, and/or steatosis (fat
accumulation in the liver) or increases in liver or serum enzymes indicative of liver damage are
observed. Only the doses associated with the adverse effects were used for the quantification of
risk. A single chronic study evaluating carcinogenicity (i.e., hepatocellular adenomas) in rats is
available for PFOS (Thomford 2002).

4 For more information on the IRIS agenda see https://www.epa.gov/iris/iris-agenda.
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3.2 Analysis Plan

3.2.1 Health Advisory Guidelines

Assessment endpoints for HAs can be developed for both short-term (1-day and 10-day) and
lifetime exposure periods using information on the noncarcinogenic and carcinogenic
toxicological endpoints of concern. Where data are available, endpoints will reflect susceptible
and/or more highly exposed populations.

e A 1-day HA is typically calculated for an infant (0 to12 months or a 10-kg child),
assuming an acute exposure to the chemical; it is generally derived from a study of less
than 7 days duration.

e A 10-day HA is typically calculated for an infant (0-12 months or a 10-kg child),
assuming a limited period of exposure of one to two weeks; it is generally derived from a
study of 7 to 30 days duration.

e A lifetime HA is derived for an adult (> 21 years old or an 80-kg adult), and assumes an
exposure period over a lifetime (approximately 70 years). It is usually derived from a
chronic study of 2 years duration, but subchronic studies can be used by adjusting the
uncertainty factor employed in the calculation. For carcinogens, the HA documents
typically provide the concentrations in drinking water associated with a range of risks
(from one excess cancer case per 10,000 persons exposed to one excess cancer case per
million persons exposed) for Group A and B carcinogens and those classified as known
or likely carcinogens (USEPA 1986, 2005a). Cancer risks are not provided for Group C
carcinogens or those classified as “suggestive,” unless the cancer risk has been
quantified.

3.2.2 Establishing the Data Set

The Health Effects Support Document for Perfluorooctane Sulfonate (PFOS) (USEPA
2016b) provides the health effects basis for development of the HA, including the science-based
decisions providing the basis for estimating the point of departure (POD). To develop the HESD
and HA for PFOS, EPA assembled available information on toxicokinetics, acute, short-term,
subchronic, and chronic toxicity and cancer in humans and animals. For a more detailed

description of the literature review search and strategy for inclusion and exclusion see the
Background and Appendix A of the HESD for PFOS.

Briefly, through a literature search, literature was identified for retrieval, review, and
inclusion in the document using the following criteria:

e The study examines a toxicity endpoint or population that had not been examined by
studies already present in the draft assessment.

e Aspects of the study design, such as the size of the population exposed or quantification
approach, make it superior to key studies already included in the draft document.

e The data contribute substantially to the weight of evidence for any of the toxicity
endpoints covered by the draft document.

¢ FElements of the study design merit its inclusion in the draft assessment based on its
contribution to the mode of action (MOA) or the quantification approach.
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e The study elucidates the MOA for any toxicity endpoint or toxicokinetic property
associated with PFOS exposure.

e The effects observed differ from those in other studies with comparable protocols.

e The study was relevant to drinking water exposures and to the U.S. population.

In addition, an evaluation of available data was performed by EPA to determine data
acceptability. The following study quality considerations from USEPA’s (2002) A Review of the
Reference Dose and Reference Concentration Processes were used in selection of the studies for
inclusion in the HESD and development of the HA.

e C(Clearly defines and states hypothesis.

e Adequately describes the study protocol, methods, and statistical analyses.

e Evaluates appropriate endpoints. Toxicity depends on the amount, duration, timing, and
pattern of exposure, and may range from frank effects (e.g., mortality) to more subtle
biochemical, physiological, pathological, or functional changes in multiple organs and
tissues.

e Applies appropriate statistical procedures to determine an effect.

e Establishes dose-response relationship (i.e., no observed adverse effect level (NOAEL)
and/or lowest observed adverse effect level (LOAEL) or data amenable to modeling of
the dose-response to identify a POD for a change in the effect considered to be adverse
[out of the range of normal biological viability]). The NOAEL is the highest exposure
level at which there are no biologically significant increases in the frequency or severity
of adverse effects between the exposed population and its appropriate control. The
LOAEL is the lowest exposure level at which there are biologically significant increases
in frequency or severity of adverse effects between the exposed population and its
appropriate control group.

The studies included in the HESD and HA were determined to provide the most current and
comprehensive description of the toxicological properties of PFOS and the risk it poses to
humans exposed through their drinking water.

After the available, reliable studies were evaluated for inclusion in the HESD and HA,
critical studies were selected for consideration based on factors including exposure duration
(comparable to the duration of the HAs being derived), route of exposure (e.g., oral exposure via
drinking water, gavage, or diet), species sensitivity, comparison of the POD with other available
studies demonstrating an effect, and confidence in the study (USEPA 1999). Uncertainty factors
appropriate for the studies selected are then applied to the potential PODs to account for
variability and uncertainty in the available data.

3.2.3 Approach for HA Calculation

For PFOS, toxicity and exposure data were used to develop a lifetime HA. EPA used
measures of effect and estimates of exposure to derive the lifetime HA using the following three-
step process:

Step 1: Adopt a Reference Dose (RfD) or calculate an RfD using the appropriate point of
departure (POD). The RfD is an estimate (with uncertainty spanning perhaps an order of
magnitude) of a daily human exposure to the human population (including sensitive subgroups)
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that is likely to be without an appreciable risk of deleterious effects during a lifetime. In the case
of PFOA, the POD is the human equivalent dose (HED) derived from the modeled serum
concentration representing either an NOAEL or LOAEL experimental dose after applying
uncertainty factors established following EPA guidelines.

RfD = HED noatL or HED roakL
UF

Where:

HED ~oateL = The HED from the modeled average serum representing the highest of the
given doses that lacked adverse effects (mg/kg/day).

HED roaeL = The HED from the modeled average serum representing the lowest of the
given doses that results in adverse effects (mg/kg/day) and of an appropriate duration
and endpoint to use for a lifetime HA.

UF = Total Uncertainty Factor established in accordance with EPA guidelines
considering variations in sensitivity among humans, differences between animals and
humans, the duration of exposure in the key study compared to a lifetime of the
species studied, whether the HED is a dose that caused an effect or no effect, and the
completeness of the toxicology database.

Step 2: Calculate a Drinking Water Equivalent Level (DWEL) from the RfD. The DWEL
assumes that 100% of the exposure comes from drinking water.

RfD x bw

DWEL = DWI

Where:

RfD = Reference dose (mg/kg bw/day)
bw = Assumed body weight (kg)
DWI = Assumed human daily drinking water intake (L/day)

Step 3: Calculation of the Lifetime HA. The lifetime HA is calculated by factoring in other
sources of exposure (e.g., air, food, soil) in addition to drinking water using the methodology
described for calculation of a relative source contribution (RSC) described in USEPA (2000b)
and section 6.1.

Lifetime HA = DWEL x RSC

Where:

DWEL = Drinking water equivalent level calculated from step 2 (mg/L)
RSC = Relative source contribution

3.2.4 Measures of Effect

The animal toxicology studies were used in the dose-response assessment of PFOS. These
studies demonstrated dose-related effects on systemic and developmental endpoints in multiple
species (monkeys, rats, mice) following exposure to PFOS for durations of 19 to 182 days; these
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are described in detail in the HESD for PFOS. The studies selected for pharmacokinetic analysis
were chosen based on their experimental design, data quality, dose-response data identified
through the range of experimental NOAELs/LOAELS, and serum measurements of PFOS.

EPA used a peer-reviewed pharmacokinetic model developed by Wambaugh et al. (2013) to
calculate the average serum concentrations associated with the candidate NOAELs and LOAELs
from the toxicological database. Average serum levels of PFOS from the model were used to
determine the HED associated with the study NOAEL and LOAEL. The Wambaugh et al. (2013)
model is based on the Andersen et al. (2006) concept that saturable renal resorption is
responsible for the long serum half-lives seen in humans and animals.

A unique feature of the pharmacokinetic approach is the use of a single model for the three
species and reliance on the serum PFOS level as the measure of exposure. For each species, the
model accommodated the appropriate toxicokinetic variables for the species/strain. The
pharmacokinetic analysis facilitated examination for consistency in the average serum values
associated with effect and no-effect doses from the animal PFOS studies. A nonhierarchical
model for parameter values was assumed wherein a single numeric value represented all
individuals of the same species, gender, and strain. Body weight, the number of doses, and
magnitude of the doses were the only parameters that varied.

3.2.5 Relative Source Contribution

The RSC is applied in the HA calculation to ensure that an individual’s total exposure from a
contaminant (i.e., PFOS) does not exceed the RfD. The RSC is the portion of the RfD attributed
to drinking water (directly or indirectly in beverages like coffee tea or soup); the remainder of
the RfD is allocated to other potential sources. In the case of PFOS, other potential sources
include ambient air, foods, bottled water, incidental soil/dust ingestion, consumer products and
others (see sections 2.2 and 6.1). The RSC for the HA is based on exposure to the general
population.

EPA derived an RSC for PFOS by using the Exposure Decision Tree approach (USEPA
2000b) (see section 6.1). To use that approach, EPA compiled information for PFOS on its uses,
chemical and physical properties, occurrences in other potential sources (e.g., air, food), and
releases to the environment. To determine the RSC to be used in the HA calculation for PFOS,
EPA then used the information to address the questions posed in the Exposure Decision Tree.
Some of the important items evaluated in the Exposure Decision Tree are:

e The adequacy of data available for each relevant exposure source and pathway.

e The availability of information sufficient to characterize the likelihood of exposure to
relevant sources.

e  Whether there are significant known or potential uses/sources other than the source of
concern (i.e., ambient water and fish/seafood from those waters).

e Whether information on each source is available to characterize exposure.

In cases where environmental and/or exposure data are lacking, the Exposure Decision Tree
approach results in a recommended RSC of 20%. This 20% RSC value may be replaced where
sufficient data are available to develop a scientifically defensible alternative value. When
appropriate, if scientific data demonstrating that sources and routes of exposure other than
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drinking water are not anticipated for the pollutant in question, the RSC may be raised to 80%
based on the available data (USEPA 2000b).

4.0 EFFECTS ASSESSMENT

The database for PFOS includes a large number of laboratory animal toxicity studies, as well
as numerous epidemiology studies. These animal and human studies are described below and in
greater detail in the HESD for PFOS. Because of uncertainties associated with the human data
(described above), EPA is relying on animal data to quantitatively assess effects; however, the
epidemiology studies provide important data to establish probable links between PFOS exposure
to humans and health effects. In particular, effects on the liver enzymes indicative of liver
effects, low birth weight, antibody response, and cancer in laboratory animals are supported by
human epidemiology studies.

4.1 Noncancer Health Effects

4.1.1 Animal Toxicology

The database of animal toxicology studies is extensive with short-term, subchronic, and
chronic toxicity and cancer studies; developmental and reproductive toxicity, neurotoxicity, and
immunotoxicity studies; and mechanistic studies.

Developmental Effects

Developmental effects were reported in offspring of rats exposed to PFOS in utero and
lactationally, including increased pup mortality (Chen et al. 2012; Lau et al. 2003; Thibodeaux et
al. 2003), decreased body weight (Luebker et al. 2005a, 2005b), and developmental delays
(Butenhoff et al. 2009). In the two-generation study by Luebker et al. (2005b) pup mortality
occurred at 1.6 mg/kg/day and reduced body weight was seen at 0.1 mg/kg/day. Evidence also
suggests that PFOS affects lung surfactants in neonates (Chen et al. 2012; Grasty et al. 2003,
2005). This could reflect an impact of PFOS on the phospholipids found in the lung surfactants
and required for oxygen uptake in neonates (Xie et al. 2010a, 2010b). Newborn rats and mice
exposed to PFOS via maternal lactational transfer developed insulin resistance later in life (Lv et
al. 2013; Wan et al. 2014); the effects were more pronounced when the animals were fed a high-
fat diet (Wan et al. 2014).

Nervous System Effects

Some neurotoxicity studies show effects on brain development; others found no effects. In
studies where rats were placed in a swimming maze, increased escape latency was observed in
studies where PFOS was administered by gavage or drinking water (Long et al. 2013; Wang et
al. 2015) with LOAELSs of 2.15 and 2.4 mg/kg/day. Butenhoff et al. (2009) observed increased
motor activity and decreased habituation in animals after gestational and lactation exposure to
PFOS. The LOAEL for developmental neurotoxicity in male rats was 1.0 mg/kg/day (Butenhoff
et al. 2009) and the NOAEL was 0.3 mg/kg/day. Liao et al. (2009) reported suppression of
hippocampal neurite growth and branching, purportedly due to PFOS interference with the
phospholipid bilayer of neuronal cells.
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Liver Disease and Function

Increased liver weights are the most sensitive hallmark of exposure to PFOS but do not
uniformly identify a LOAEL unless accompanied by inflammation, fibrosis, necrosis, or
macrovesicular steatosis (Hall et al. 2012). Effects on liver weight were observed at low doses in
many studies but were not accompanied by the effects needed to characterize the changes as
adverse (Seacat et al. 2002, 2003; Thomford 2002).

Serum Lipids

PFOS induced differential expression of genes involved in lipid metabolism and cholesterol
synthesis and transport (Rosen et al. 2010; Tan et al. 2012; L. Wang et al. 2014). These effects
are consistent with the demonstration of decreased cholesterol levels, including HDL in rats
(Curran et al. 2008; Seacat et al. 2003; L. Wang et al. 2014), very low density lipoprotein
(VLDL) in mice (Bijland et al. 2011) and liver retention of triglycerides (i.e., steatosis) (Wan et
al. 2012; L. Wang et al. 2014).

Immune Function

Effects on immune response in animals are also associated with PFOS exposure; however,
inconsistencies exist across the study results (Dong et al. 2009; Keil et al. 2008; Peden-Adams et
al. 2008; Zheng et al. 2009) that highlight the need for additional research to confirm a LOAEL
for the immunological endpoints. Among the studies that examined males and females, males
consistently responded at lower doses than females.

Thyroid

Reports of thyroid effects varied across studies. In monkeys chronically exposed to low
concentrations of PFOS, triiodothyronine (T3) levels were significantly reduced, but a dose-
response relationship was not observed (Seacat et al. 2002). In studies using rats, the most
consistent finding was a decrease in thyroxine (T4) with little to no change in T3 levels (Chang
et al. 2007, 2008; Martin et al. 2007; Yu et al. 2011) and no effect on thyroid-stimulating
hormone (TSH) or the hypothalamic-pituitary-thyroid axis (Chang et al. 2008). Overall, thyroid
effect observations are inconsistent across studies in primates and rats.

4.1.2 Human Epidemiology Studies

Numerous epidemiology studies evaluating large cohorts of highly exposed occupational and
general populations have examined the association of PFOS exposure to a variety of health
endpoints. Health outcomes assessed include blood lipid and clinical chemistry profiles, thyroid
effects, reproductive and developmental parameters, immune function, and cancer.

Serum Lipids

Multiple epidemiologic studies have evaluated serum lipid status in association with PFOS
concentration. These studies provide support for an association between PFOS and small
increases in total cholesterol in the general population at mean serum levels of 0.0224 to
0.0361 pg/mL (Eriksen et al. 2013; Frisbee et al. 2010; Nelson et al. 2010).
Hypercholesterolemia, which is clinically defined as cholesterol greater than 240 mg/dL, was
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associated with PFOS exposure in a Canadian cohort (Fisher et al. 2013) and in the C8 Health
Project cohort (a high-exposure community population near a production plant in the U.S.)
(Steenland et al. 2009). Cross-sectional occupational studies demonstrated an association
between PFOS and total cholesterol (Olsen et al. 2001a, 2001b, 2003). Evidence for associations
between other serum lipids and PFOS is mixed including HDL cholesterol, low density
lipoprotein (LDL), VLDL, and non-HDL cholesterol, as well as triglycerides.

The studies on serum lipids in association with PFOS serum concentrations are largely cross-
sectional in nature and were largely conducted in adults, but some studies exist on children and
pregnant women. Limitations to these studies include the frequently high correlation between
PFOA and PFOS exposure; not all studies control for other PFASs, such as PFOA, in study
design. Also studied were populations with known elevated exposure to other environmental
chemicals including PFOA, polybrominated diphenyl ethers (PBDEs), and other persistent
chemicals. Overall, the epidemiologic evidence supports an association between PFOS and
increased total cholesterol.

Thyroid

Numerous epidemiologic studies evaluated thyroid hormone levels and/or thyroid disease in
association with serum PFOS concentrations. These epidemiologic studies provide support for an
association between PFOS exposure and incidence or prevalence of thyroid disease, and include
large studies of representative samples of the general U.S. adult population (Melzer et al. 2010;
Wen et al. 2013). These highly powered studies reported associations between PFOS exposure
(serum PFOS concentrations) and thyroid disease. Melzer et al. (2010) reported associations with
thyroid disease in men; Wen et al. (2013) saw associations with subclinical hypothyroidism in
men and women. In studies of pregnant women, PFOS was associated with increased TSH levels
(Berg et al. 2015; Wang et al. 2013). Pregnant women testing positive for the anti-thyroid
peroxidase (TPO) biomarker for autoimmune thyroid disease showed a positive association with
PFOS and TSH (Webster et al. 2014). In a second study, an association with PFOS and THS and
T3 was found in a subset of the NHANES population with both low-iodide status and positive
anti-TPO antibodies. Pregnant women testing positive for the anti-TPO biomarker for
autoimmune thyroid disease showed a positive association with PFOS and TSH (Webster et al.
2014). In a second study, Webster et al. (2015) found an association with PFOS and THS and T3
in a subset of the NHANES population with both low iodide status and positive anti-TPO
antibodies. These studies used anti-TPO antibody levels as an indication of stress to the thyroid
system, not a disease state. Thus, the association between PFOS and altered thyroid hormone
levels is stronger in people at risk for thyroid insufficiency or disease. In people without
diagnosed thyroid disease or without biomarkers of thyroid disease, thyroid hormones (i.e., TSH,
T3 or T4) show mixed effects across cohorts.

Studies of thyroid disease and thyroid hormone concentrations in children and pregnant
women found mixed effects; TSH was the indicator most frequently associated with PFOS in
studies of pregnant women. In cross-sectional studies where thyroid hormones were measured in
association with serum PFOS, increased TSH was associated with PFOS exposure in the most
cases (Berg et al. 2015; Wang et al. 2013; Webster et al. 2014), but was null in a small study
with 15 participants (Inoue et al. 2004). A case-control study of hypothyroxinemia (normal TSH
and low free T4) in pregnant women (Chan et al. 2011), did not show associations of
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hypothyroxinemia with PFOS exposure; in most other thyroid diseases, T4 and its compensatory
TSH co-vary. Increasing PFOS was associated with increased T4 in children aged 1 to 17 years
from the C8 cohort (Lopez-Espinosa et al. 2011); PFOS was not associated with hypothyroidism.
A small South Korean study examined correlations between maternal PFASs during pregnancy
and fetal thyroid hormones in cord blood (Kim et al. 2011). PFOS was associated with increased
fetal TSH and with decreased fetal T3 (Kim et al. 2011). Studies of pregnant women show
associations between TSH and PFOS; studies in children show mixed results.

Fertility, Pregnancy, and Birth Outcomes

Fetal growth retardation was examined through measures including mean birth weight, low
birth weight, and small for gestational (SGA) age. Mean birth weight examined as a continuous
outcome was the most commonly examined endpoint for epidemiology studies of serum/cord
PFOS exposures. Although three studies were null (Fei et al. 2008a; Hamm et al. 2010; Monroy
et al. 2008), birth weight deficits ranging from 29 to 149 grams were detected in five studies
(Apelberg et al. 2007; Chen et al. 2015; Darrow et al. 2013; Maisonet et al. 2012; Washino et al.
2009). Larger reductions (from 69 to 149 grams) were noted in three of these studies (Apelberg
et al. 2007; Chen et al. 2015; Washino et al. 2009) based on per unit increases in serum/cord
PFOS exposures; the lone categorical data showed an exposure-response deficit in mean birth
weight up to 140 grams across the PFOS tertiles (Maisonet et al. 2012). Two (Chen et al. 2015;
Whitworth et al. 2012) out of four (Fei et al. 2007; Hamm et al. 2010) studies of SGA and
serum/cord PFOS exposures showed some suggestion of increased odds ratios (ORs) (range 1.3
to 2.3), while three (Chen et al. 2012; Fei et al. 2007; Stein et al. 2009) out of four (Darrow et al.
2014) studies of low birth weight showed increased risks (OR range: 1.5-4.8). Although a few of
these studies showed some suggestion of dose-response relationships across different fetal
growth measures (Fei et al. 2007; Maisonet et al. 2012; Stein et al. 2009), study limitations,
including the potential for exposure misclassification, likely precluded the ability to adequately
examine exposure-response patterns.

A small set of studies observed an association with gestational diabetes (Zhang et al. 2015
[serum measurements of PFOS were preconception]), pre-eclampsia (Stein et al. 2009) and
pregnancy-induced hypertension (Darrow et al. 2013) in populations with serum PFOS
concentrations of 0.012 to 0.017 pg/mL. Zhang et al. (2015) and Darrow et al. (2013) used a
prospective assessment of adverse pregnancy outcomes in relation to PFASs that addresses some
of the limitations in the available cross-sectional studies. Associations with these outcomes and
serum PFOA also were observed.

Although some suggested association between PFOS exposures and semen quality
parameters exists in a few studies (Joensen et al. 2009; Toft et al. 2012), most studies were
largely null (Buck Louis et al. 2015; Ding et al. 2013; Joensen et al. 2013; Raymer et al. 2012;
Specht et al. 2012; Vested et al. 2013). For example, morphologically abnormal sperm associated
with PFOS were detected in three (Buck Louis et al. 2013; Joensen et al. 2009; Toft et al. 2012)
out of nine studies (Buck Louis et al. 2015; Ding et al. 2013; Joensen et al. 2013; Raymer et al.
2012; Specht et al. 2012; Vested et al. 2013).

Small increased odds of infertility was found for PFOS exposures in studies by Jergensen et
al. (2014) (OR = 1.39, 95% CI [0.93, 2.07]) and Vélez et al. (2015) (OR = 1.14, 95% CI [0.98,
1.34]). Although one study was null (Vestergaard et al. 2012), PFOS exposures were associated
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with decreased fecundability ratios (FRs), indicative of longer time to pregnancy, were noted in
studies by Fei et al. (2009) (FR = 0.74, 95% CI [0.58, 0.93]) and in studies by Jergensen et al.
(2014) (FR =0.90, 95% CI [0.76, 1.07]). Whitworth et al. (2012) data suggested that reverse
causality could explain their observation of subfecundity odds of 2.1 (95% CI [1.2, 3.8]) for the
highest PFOS quartile among parous women, but a reduced odds among nulliparous women (OR
=0.7,95% CI [0.4, 1.3]).

A recent analysis of the pooled Danish National Birth Cohort study samples found limited
evidence of reverse causality with an overall fecundability ratio of 0.83 (95% CI [0.72, 0.97]) for
PFOS exposures, as well as comparable ratios for parous (0.86, 95% CI [0.70, 1.06]) and
nulliparous (0.78, 95% CI [0.63, 0.97]) women (Bach et al. 2015). The same authors reported an
increased infertility OR of 1.75 (95% CI [1.21, 2.53]) and OR for parous (OR = 1.51, 95% CI
[0.86, 2.65]) and nulliparous (OR = 1.83, 95% CI [1.10, 3.04]) women. Although some concern
remains about the possibility of reverse causation explaining some previous study results, these
collective findings indicate a consistent association with fertility and fecundity measures and
PFOS exposures.

Immune Function

A few studies have evaluated associations with measures indicating immunosuppression.
Two studies reported decreases in response to one or more vaccines in children aged 3, 5, and
7 years (e.g., measured by antibody titer) in relation to increasing maternal serum PFOS levels
during pregnancy, or at 5 years of age (Grandjean et al. 2012; Granum et al. 2013). Decreased
rubella antibody concentrations in relation to serum PFOS concentration were found among
12- to 19-year-old children in the NHANES, particularly among seropositive children (Stein et
al. 2015). A third study of adults found no associations with antibody response to influenza
vaccine (Looker et al. 2014). In the three studies examining exposures in the background range
among children (i.e., general population exposures, geometric means < 0.02 pg/ml), the
associations with PFOS were also seen with other correlated PFASs, complicating the
conclusions drawn specifically for PFOS.

No clear associations were reported between prenatal PFOS exposure and incidence of
infectious disease among children (Fei et al. 2010; Okada et al. 2012), although an elevated risk
of hospitalization for infectious disease was found among girls, suggesting an effect at the higher
maternal serum levels measured in the Danish population (mean maternal plasma levels were
0.0353 pg/mL). With regard to other immune dysfunction, serum PFOS levels were not
associated with risk of ever having had asthma among children in the NHANES with median
levels of 0.017 pg/mL (Humblet et al. 2014). A study among children in Taiwan with higher
serum PFOS concentrations (median with and without asthma: 0.0339 and 0.0289 pg/mL,
respectively) found higher odds ratios for physician-diagnosed asthma with increasing serum
PFOS quartile (Dong et al. 2013). Associations also were found for other PFASs. Among
asthmatics, serum PFOS was also associated with higher severity scores, serum total
immunoglobulin E, absolute eosinophil counts, and eosinophilic cationic protein levels.
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4.1.3 Noncancer Mode of Action (MOA)

No published cohesive MOA exists that accounts for the varied toxicological properties of
PFOS; however, a number of the unique properties of the compound contribute to its toxicity:

e Metabolic stability accompanied by persistence in tissues as an apparent consequence of
saturable renal resorption.

e FElectrostatic binding to biopolymers, especially proteins, with resultant alterations in
conformation and activity (Luebker et al. 2002; Zhang et al. 2009).

e Actual or potential displacement of endogenous/exogenous substances normally bound to
serum albumin such as fatty acids, bile acids, pharmaceuticals, minerals, and T3
(D’Alessandro et al. 2013; Fasano et al. 2005; Zhang et al. 2009).

e Renal resorption (Andersen et al. 2006) and biliary excretion that are dependent on
unidentified transporters genetically encoded for management of natural substances
(endogenous and exogenous) that prolong systemic retention of absorbed PFOS and
explain its long half-life.

¢ Binding to and activating receptors such as PPAR, thereby initiating activation or
suppression of gene transcription (Takacs and Abbott 2007; Tan et al. 2012; Rosen et al.
2010).

e Interference with intercellular communication (Hu et al. 2002).

No cohesive MOA has been proposed that explains the impact of PFOS on growth and
development of a fetus of a PFOS-exposed dam resulting in low birth weights in the offspring.
However, the data demonstrating interactions with cellular receptors that influence upregulation
or down regulation of the expression for key genes controlling nutrients required for growth and
development could be contributors to low birth weights. Other potential contributors to low birth
weight include effects on fetal transport and/or uptake of key nutrients from serum, the placenta
and/or maternal milk, along with possible alterations of gap junction intercellular
communications in the fetus or neonate. Little data were identified relevant to these parameters.
In a human study, T. Zhang et al. (2013) found PFOS in the placenta, cord blood, and amniotic
fluid, demonstrating their distribution to the fetus.

The early life neonatal deaths are observed at higher doses than those influencing birth
weight; these are proposed to be a consequence of alteration in the structure of lung surfactants
(Chen et al. 2012; Grasty et al. 2003, 2005), possibly leading to death because of poor oxygen
uptake as is observed in respiratory distress syndrome. Borg et al. (2010) found PFOS levels in
the lungs of pups at the end of gestation and on postnatal day (PND) 1 to be higher than those in
their dams. PPARa knockout (KO) and 129S1/SvlmJ wild-type mice were evaluated for PFOS-
induced developmental toxicity (Abbott et al. 2009). Neonatal survival was significantly reduced
by PFOS in both wild-type and KO litters at all doses. wild-type and KO pup birth weight and
weight gain from PND 1 to 15 were not significantly affected by PFOS exposure, but relative
liver weight of both wild-type and KO pups was significantly increased at the highest dose tested
(10.5 mg/kg/day). Delayed (slight) eye opening of was observed in wild-type and KO on PND13
or 14, respectively. The study authors determined that, because effects in wild-type and KO pups
were comparable, PFOS-induced neonatal lethality and delayed eye opening are independent of
PPARa activation.
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Mechanistic investigations of the habituation response observed in Butenhoff et al. (2009)
are also lacking; however, toxicokinetic data demonstrate that the levels in the brain of the late
gestation fetus and PND1 pups are higher than in their dams (Borg et al. 2010; Chang et al.
2009) suggesting potential developmental vulnerability.

4.2 Cancer

4.2.1 Animal Cancer Bioassays

A single chronic cancer bioassay in animals is available for PFOS (Thomford
2002/Butenhoff et al. 2012).° Increased incidence of hepatocellular adenomas in the male (12%
at the high dose) and female rats (8% at the high dose) and combined adenomas/carcinomas in
the females (10% at the high dose) were observed, but did not display a clear dose-related
response. In males only, the serum alanine transaminase (ALT) levels were increased at 14, 27,
and 53 weeks. At 105 weeks there was an increase in eosinophilic clear cell foci, and cystic
hepatocellular degeneration in males given 2, 5, and 20 parts per million PFOS. Thomford et al.
(2002) identified low levels of single cell necrosis in all dose groups (males and females) with a
significant increase in incidence at the high dose for males and females. Thyroid and mammary
gland tumors were also observed but did not exhibit dose response. Mammary gland tumors had
a high background incidence in all dose groups and showed no response to dose. The small
number of epidemiology studies of PFOS exposure do not suggest an association with cancer,
but the breadth and scope of the studies are not adequate to make definitive conclusions. All
genotoxicity studies including an Ames test, mammalian-microsome reverse mutation assay, an
in vitro assay for chromosomal aberrations, an unscheduled DNA synthesis assay, and mouse
micronucleus assay were negative. Epidemiology studies in occupational and general
populations did not support any increases in the incidence of carcinogenicity with exposure to
PFOS.

4.2.2 Human Epidemiology Studies

Several human epidemiology studies evaluated the association between PFOS and cancers
including bladder, colon, and prostate (Alexander et al. 2003; Alexander and Olsen 2007,
Mandel and Johnson 1995). A large increase in mortality risk from bladder cancer was
demonstrated, and a subsequent study of bladder cancer incidence in the same cohort found rate
ratios of 1.5 to 1.9 in the two highest cumulative exposure categories, compared to an internal
referent population (Alexander et al. 2003; Alexander and Olsen 2007). The risk estimates
lacked precision because the number of cases were limited. Smoking prevalence was higher in
the bladder cancer cases, but the analysis did not control for smoking because data were missing
for deceased workers, and therefore positive confounding by smoking is a possibility in this
analysis. No elevated bladder cancer risk was observed in a nested case-control study in a Danish
cohort with plasma PFOS concentrations at enrollment between 0.001 and 0.0131 pg/mL
(Eriksen et al. 2009). Other studies that evaluated cancer risk for specific sites (e.g., prostate,

5> Thomford (2002) is unpublished, but it contains the raw data. Butenhoff et al. (2012) is the published study.
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breast) in the general population were inconsistent (Bonefeld-Jorgensen et al. 2011, 2014;
Hardell et al. 2014; Innes et al. 2014).

4.2.3 Cancer Mode of Action

The mode of carcinogenic action of PFOS is not clearly understood. Some have concluded
based on available data that liver tumors observed in the cancer bioassays can be attributed
mostly to the impact of PFOS on peroxisome proliferation based on a hypothesized lower
sensitivity of humans to this MOA (Ashby et al. 1994; Rao and Reddy 1996). Some data support
the hypothesis that PPARa agonism MOA could be responsible for observed liver tumors in
animals. Several studies have demonstrated that PFOS can activate PPARa (Martin et al. 2007;
Shipley et al. 2004; Wolf et al. 2008, 2012); however, data are generally lacking for increased
cell proliferation. Specifically, no increase in hepatic cell proliferation was detected in the
subchronic study (Seacat et al. 2003) or the cancer bioassay (Thomford 2002) of PFOS. Limited
necrosis was present in these studies, but did not demonstrate a response to dose. In addition, no
subchronic or longer-term studies revealed evidence of preneoplastic foci in the liver.

Short-term genotoxicity assays suggested that PFOS is not a DNA-reactive compound. The
results from five in vitro studies (Cifone 1999; Litton Bionetics, Inc. 1979; Mecchi 1999; Murli
1999; Simmon 1978) were negative, as was the result from an in vivo bone marrow micronucleus
assay (Murli 1996).

Other possible MOAs for carcinogenicity have been explored, including mitochondrial
biogenetics and gap junctional intercellular communication (GJIC). Although PFOS was shown
to be a weak toxicant to isolated mitochondria (Starkov and Wallace 2002), it inhibited GJIC in a
dose-dependent manner in two cell lines and in liver tissue from rats exposed orally (Hu et al.
2002). These are not clearly defined MOAs, and their importance relative to PFOS exposure is
not certain. Ngo et al. (2014) used the mouse model C57BL/6J —Min/+ for intestinal neoplasia to
determine effects following in utero exposure. Maternal treatment with PFOS at doses up to
0.3 mg/kg/day during gestation did not result in an increase of intestinal tumors in either wild
type or susceptible offspring up to 20 weeks old.

4.2.4 Weight of Evidence Classification

Under EPA’s Guidelines for Carcinogen Risk Assessment (USEPA 2005a) there is
Suggestive Evidence of Carcinogenic Potential of PFOS in humans based on the liver and
thyroid adenomas observed in the chronic rat bioassay (Thomford 2002). The data lack a dose-
responsive relationship; thus, they were not used quantitatively in the derivation of a cancer
slope factor.

5.0 DOSE-RESPONSE ASSESSMENT

As an initial step in the dose-response assessment, EPA identified a suite of animal studies
with serum information for NOAELs and/or LOAELSs that identified them as potential candidates
for development of the RfD for PFOS. These studies included subchronic, and developmental
and reproductive toxicity studies, one with a neurodevelopmental component. The available
studies observed endpoints including increased serum ALT and blood urea nitrogen (BUN),
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body weight changes in adults and offspring, reproductive outcomes (e.g., gestation length), and
developmental effects (e.g., survival and neurological changes). The candidate studies were
selected based on their NOAEL and/or LOAEL, durations of 19 to 98 days, use of a control, and
two or more doses. From these studies, those that presented serum data amenable for modeling
(i.e., determination of HEDs) were selected for dose-response analysis. The subset of studies
amenable for use in derivation of HED based on average serum measurements from the
pharmacokinetic model is limited because of the need to have dose and species-specific serum
values for model input, as well as exposure durations of sufficient length to achieve values near
to steady-state projections or applicable to developmental endpoints with lifetime consequences
following short-term exposures. The pharmacokinetically modeled average serum values from
the animal studies are restricted to the animal species selected for their low-dose response to oral
PFOS intake.

As described in section 3.2.4, EPA used the Wambaugh et al. (2013) pharmacokinetic model
to derive the average serum concentrations associated with the candidate NOAELs and LOAELs
from the toxicological database. Studies with serum information for each of the doses that
demonstrated dose response and were amendable for modeling of the area under the curve
(AUC) at the time of sacrifice were used. The AUC results were converted to average serum
values at the time of sacrifice with consideration of the duration of exposure. The average serum
values were converted to the HED, as described further below.

The data were analyzed within a Bayesian framework using a Markov Chain Monte Carlo
sampler implemented as an R package developed by EPA to allow predictions across species,
strains, and genders, and to identify serum levels associated with the external doses at the
NOAEL and LOAEL. The model predictions were evaluated by comparing each predicted final
serum concentration to the serum value measured in the supporting animal studies.

Average serum PFOS concentrations were derived from the AUC considering the number of
days of exposure before sacrifice. The predicted serum concentrations are converted into an oral
equivalent dose by recognizing that, at steady state, clearance from the body equals the dose to
the body. Clearance (CL) can be calculated if the rate of elimination (derived from half-life) and
the volume of distribution are both known. EPA used the Olsen et al. (2007) calculated human
half-life of 5.4 years and the Thompson et al. (2010) volume of distribution (Vd) of 0.23 L/kg
body weight (bw) to determine a clearance of 8.1 x 10~ L/kg bw/day using the following
equation:

CL=Vdx(n2+ty)=0.23L/kgbwx (0.693 + 1971 days) = 0.000081 L/kg bw/day

Where:
Vd=0.23 L/kg
In2=0.693

t, = 1971 days (5.4 years x 365 days/year = 1971 days)

Multiplying the derived average serum concentrations (in pg/mL) for the NOAELSs and
LOAELs identified in the key animal studies by the clearance value predicts oral HEDs in
mg/kg/day for each corresponding serum measurement. The HED values are the predicted
human oral exposures necessary to achieve serum concentrations equivalent to the NOAEL or
LOAEL in the animal toxicity studies using linear human kinetic information.
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The NOAEL, LOAEL, and effect information from those studies, along with the associated
average serum values and the percent of steady state represented by the LOAEL, are provided in

Table 5-1.

Table 5-1. Human Equivalent Doses Derived from the Modeled Animal Average
Serum Values

Study

Dosing
duration
days

NOAEL
mg/kg/d

NOAEL
Av serum
pg/mL

HED
mg/kg/d

LOAEL
mg/kg/d

LOAEL
Av serum
pg/mL

HED
mg/kg/d

Seacat et al. (2003): 98
male rat TALT,
TBUN

0.34 16.5 0.0013 1.33 64.6 0.0052

Luebker et al. 84 0.1
(2005b): | rat pup
body weight

6.26 0.00051 0.4 25 0.002

Luebker et al. 63
(2005a): | rat pup
body weight

None None None 04 19.9 0.0016

Luebker et al. 63 0.4
(2005a): rat |
maternal body
weight, gestation
length, and pup
survival

19.9 0.0016 0.8 39.7 0.0032

Butenhoff et al. 41 0.3
(2009): rat DNT
(Tmotor activity;
|habituation)

10.4 0.00084 1.0 34.6 0.0028

Lau et al. (2003): 19 1.0
lrat pup survival;
|maternal and pup
body weight

17.6 0.0014 2.0 35.1 0.0028

Notes:
ALT = alanine transaminase; BUN = blood urea nitrogen; DNT = developmental neurotoxicity; NOAEL = no observed adverse
effect level; LOAEL = lowest observed adverse effect level; HED = human equivalent dose

The external doses in each of the studies varied. The NOAELSs ranged from 0.1 to
1 mg/kg/day. The corresponding average serum values range from 6.26 pg/mL (rat) to
19.9 ng/mL (monkey). At the LOAEL, the average serum values range from 19.9 pg/mL (rat) to
64.6 pg/mL (rat) at doses estimated to represent about 9% to 50% of steady state. At the low end
of the range, the effects of concern are observed in neonates (e.g., low birth weight,
developmental neurotoxicity). The systemic effects on the liver and kidney occur at the higher
serum levels and after longer exposure durations.

Some of the variability is related to the differences in study methodology used in
reproductive/developmental studies compared to studies designed to identify effects of long-term
exposure on organs, tissues, and the serum biomarkers for effects (e.g., ALT, BUN). There is a
five-fold difference in the lowest to highest LOAEL and approximately a three-fold difference in
serum values providing support that the studies, despite the differences in species, design, and
endpoints evaluated, are representative of low dose-effects levels from studies with clear dose-
response across the entire dose range.
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51 Uncertainty Factors

An uncertainty factor for intraspecies variability (UFn) of 10 is assigned to account for
variability in the responses within the human populations because of both intrinsic (e.g., genetic,
life stage, health status) and extrinsic (e.g., life style) factors that can influence the response to
exposure. No information was available relative to variability in the human population that
supports a factor other than 10.

An uncertainty factor for interspecies variability (UFa) of 3 was applied to account for
uncertainty in extrapolating from laboratory animals to humans (i.e., interspecies variability).
The three-fold factor is applied to account for toxicodynamic differences between the animals
and humans. The HEDs were derived using average serum values from a model to account for
pharmacokinetic differences between animals and humans.

An uncertainty factor for LOAEL to NOAEL extrapolation (UFL) of 1 was applied to all
PODs, except the LOAEL of 0.4 mg/kg/day for effects on pup body weight in the one-generation
Luebker et al. (2005a) study. A value of 3 is assigned for this study because the NOAEL for this
same effect was 0.1 mg/kg/day in the two-generation (Luebker et al. 2005b) study, a dose that
was not used in the one-generation study. The LOAEL in the two-generation study was
0.4 mg/kg/day, demonstrating that the difference between a NOAEL and LOAEL for the body
weight is not a factor of 10, the default value for NOAEL/LOAEL extrapolation.

An uncertainty factor for extrapolation from a subchronic to a chronic exposure duration
(UFs) of 1 was applied because the PODs are based on average serum concentrations for all
studies except Seacat et al. (2013). The studies for developmental endpoints are not adjusted for
lifetime exposures because they cover a critical window of exposure with lifetime consequences.
The average serum value associated with the developmental (Luebker et al. 2005b) POD is lower
than that for any of the other modeled studies, including those with systemic effects after longer
exposures; accordingly, it is more protective of adverse effects than the POD for any of the
longer-term studies, despite the limited exposure duration. The serum from the Seacat et al
(2013) study was collected at 14 weeks. Some of the animals in the study continued to be dosed
for a total of 105 weeks, but the effects observed at the LOAEL did not increase in magnitude.
Serum measurements taken before sacrifice were two-fold higher at 14 weeks in males than they
were at 105 weeks. Concentrations of PFOS in the liver were lower at 105 weeks than they were
at 14 weeks. The PFOS concentrations in the diet were constant. Standard deviations about the
monitored ALT and BUN were broad, indicating higher sensitivity is some animals than others.
The serum and effects data for the male rats justify a 1 for the subchronic to chronic adjustment
to the study NOAEL.

A database uncertainty factor (UFp) of 1 was applied to account for deficiencies in the
database for PFOS. The epidemiology data provide strong support for the identification of
hazards observed following exposure to PFOS in the laboratory animal studies and human
relevance. Uncertainties in the use of the available epidemiology data, however, precluded their
use at this time in the quantification of the effect level for derivation of the drinking water HA.
In animals, comprehensive oral short-term, subchronic, and chronic studies in three species and
several strains of laboratory animals have been conducted and published in the peer-reviewed
literature. In addition, there are several neurotoxicity studies (including developmental
neurotoxicity) and several reproductive (including one- and two-generation reproductive toxicity
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studies) and developmental toxicity studies (including assessment of immune effects following
developmental exposure).

5.2 RfD Determination

Table 5-2 provides the calculations for potential RfDs using the HEDs derived from the
NOAEL or LOAEL average serum concentrations using pharmacokinetic modeling based on the
serum values measures collected at animal sacrifice. Uncertainty factors (see section 5.1) were
applied to each POD; Table 5-2 illustrates the array of candidate RfD outcomes. Each POD is
impacted by the doses used in the subject study, the endpoints monitored, and the animal
species/gender studied; therefore, the array of outcomes, combined with knowledge of the
individual study characteristics, helps inform selection of an RfD that will be protective for
humans. It is important to note the relatively narrow range of RfDs across the multiple endpoints
and study durations evaluated.

Table 5-2. Candidate RfDs Derived from HEDs from the Pharmacokinetic Model Average
Serum Values

Candidate
HED POD RfD
POD mg/kg/day UFn UFa UFL UFs UFp | UFwta | mg/kg/day
(Seacat et al. 2003): male 0.0013 10 3 1 1 1 30 0.00004
rat NOAEL for TALT,
TBUN

PK-HED (Lau et al. 0.0014 10 3 1 1 1 30 0.00005
2003): rat, NOAEL for |
pup survival and body
weight

PK-HED (Butenhoff et al. 0.00084 10 3 1 1 1 30 0.00003
2009): rat, NOAEL for
Tmotor activity
lhabituation

PK-HED (Luebker et al. 0.00051 10 3 1 1 1 30 0.00002
2005b): rat, NOAEL for
lpup body weight
PK-HED (Luebker et al. 0.0016 10 3 1 1 1 30 0.00005
2005a): rat, NOAEL for
lpup survival

PK-HED LOAEL 0.0016 10 3 3 1 1 100 0.00002
(Luebker et al. 2005a): rat,
LOAEL for |pup body
weight

Notes:

PK-HED = pharmacokinetic human equivalent dose; NOAEL = no observed adverse effect level; LOAEL = lowest observed
adverse effect level, UFn = intra-individual uncertainty factor; UFa = interspecies uncertainty factor; UFs = subchronic to chronic
uncertainty factor, UFL = LOAEL to NOAEL uncertainty factor; UFp = incomplete database uncertainty factor; UFiotal = total
(multiplied) uncertainty factor

Using the pharmacokinetic model of Wambaugh et al. (2013), average serum PFOS
concentrations were derived from the AUC considering the number of days of exposure before
sacrifice. The predicted serum concentrations were converted, as described above, to oral HEDs
mg/kg/day for each corresponding serum measurement. The candidate RfDs in Table 5-2 range
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from 0.00002 to 0.00005 mg/kg/day across multiple endpoints. The RfD of 0.00002 mg/kg/day
calculated from HED average serum values from Luebker et al. (2005b) was selected. This RfD
is derived from reduced pup body weight in the two-generation study in rats. The POD for the
derivation of the RfD for PFOS is the HED of 0.00051 mg/kg/day that corresponds to a NOAEL
that represents approximately 30% of steady-state concentration. A UF of 30 (10 UFu and

3 UFa) was applied to the HED NOAEL to derive an RfD of 0.00002 mg/kg/day. This is
supported by the 0.00002 mg/kg/day value derived from the LOAEL for the same effect in the
one-generation Luebker et al. (2005a) study and the 0.00003 mg/kg/day value for neonatal
neurodevelopmental effects in the Butenhoff et al. (2009) study.

Low body weights in neonates are a biomarker for developmental deficits, and are linked to
problems that often manifest later in life. A study by Lv et al. (2013) that lacked serum data for
pharmacokinetic modeling identified 0.5 mg/kg/day as a LOAEL for effects on body weight in
Wistar rat pups exposed during gestation, an observation that was accompanied by increased
insulin resistance, problems with glucose homeostasis, and hepatic fat accumulation in the pups
as adults. A similar effect on glucose homeostasis was observed in CD-1 mice at PND 63 in a
study by Wan et al. (2014) with a dose of 3 mg/kg/day for animals receiving a diet with regular
fat content. For animals receiving a high-fat diet, the LOAEL was 0.3 mg/kg/day. Support for the
neurodevelopmental effects in Butenhoff et al. (2009) at a dose of 1 mg/kg/day kg/day is
provided by the NOAEL (0.43 mg/kg/day) in the Long et al. (2013) 90-day mouse study for
effects on learning and memory.

6.0 HEALTH ADVISORY VALUES

6.1 Relative Source Contribution

As described in section 2.2 and below, humans can be exposed to PFOS via multiple sources,
including air, food, and consumer and industrial products (including textiles and rugs). The most
common route of exposure to PFOS is via the diet, followed by indoor dust, especially for
children.

Food is a significant source of exposure to PFOS; it has been detected in a variety of foods,
including eggs, milk, meat, fish, root vegetables, and human breast milk. Occurrence in food
products can result from the use of contaminated water in processing and preparation; growth of
food in contaminated soils; direct and indirect exposures of domestic animals to PFOS from
drinking water, consumption of plants grown in contaminated soil, and through particulate matter
in air; fish from contaminated water ways; and packaging materials.

PFOS has been detected in finished drinking water samples collected by EPA and others.
PFOS is not regulated under the SDWA and was included in EPA’s UCMR 3. PFOS was
detected at a small number of PWSs (2%) through this monitoring program. Therefore, potential
exposure to PFOS could occur from ingesting drinking water.

The vapor pressure of PFOS indicates that volatilization is low; however, PFOS can be
released into the atmosphere from industrial and municipal waste incinerators and adsorb to
airborne particulates. It can be transported long distances via the atmosphere and has been
detected globally at low concentrations. Inhalation of PFOS is possible; it has been measured in
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indoor air in residential, commercial, and office settings because of its use in carpets, textiles,
paint, furniture, and other consumer products. Both air and dust can be a vehicle for volatile
PFOSA precursors that metabolically degrade to PFOS. Given the widespread commercial and
industrial use of PFOS, as well as its physical properties, air is a potential source of exposure.

PFOS has also been detected in soils and dust from carpets and upholstered furniture in
homes, offices, and vehicles. Incidental exposure from soils and dust is an important exposure
route, particularly for small children because of their hand-to-mouth behaviors. Also, the levels
in soils and surface waters can affect the concentrations in local produce, meat/poultry, dairy
products, fish, and particulates in the air.

In summary, based on the physical properties and available exposure information regarding
PFOS, there are many potentially significant sources. Following EPA’s Exposure Decision Tree
in its 2000 Methodology (USEPA 2000b), significant potential sources other than drinking water
ingestion exist; however, information is not available to quantitatively characterize exposure
from all of these different sources (Box 8B in the Decision Tree). Therefore, EPA recommends
an RSC of 20% (0.20) for PFOS.

6.2  Lifetime Health Advisory

Based on the consistency of responses across studies and endpoints, and recognizing the use
of developmental toxicity as the sensitive endpoint, 0.00002 mg/kg/day was selected as the RfD
for PFOS. This value is based on the HED for developmental effects (e.g., decreased pup body
weight) from the Luebker et al. (2005b) study. The RfD that serves as the POD for the lifetime
HA is applicable for effects other than those occurring during development. The candidate RfD
(0.00002 mg/kg/day) derived from the HED LOAEL for the same effect in the one-generation
Luebker et al. (2005a) study and the candidate RfD (0.00003 mg/kg/day) for neonatal
neurodevelopmental effects in the Butenhoff et al (2009) study provide additional support for the
selection of the Luebker et al. (2005b) two generation study.

Because of the potential increased susceptibility during pregnancy and lactation, EPA used
drinking water intake and body weight parameters for lactating women to calculate a lifetime HA
for this target population during this potential critical time period. EPA used the rate of
54 mL/kg-day to represent the consumers-only estimate of combined direct and indirect
community water ingestion at the 90" percentile for lactating women (see Table 3-81 in U.S EPA
2011b). Comparing between the pregnant and lactating woman, the lactating woman is provided
with the more protective scenario, given her increased water intake rate for her body weight
needed to support milk production. Additionally, human studies have shown that PFOS is
transferred from mother to infant via cord blood and breast milk. A recent study showed that
breast milk contributed > 94% of the total PFOS exposure in 6-month-old infants (Haug et al.
2011).

The exposure factors applied to the RfD to derive the lifetime HA are specific to the most
sensitive population, and will be protective of pregnant women and the general population. Thus,
the protection conferred by the lifetime HA is broadly protective of public health.
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The lifetime HA for PFOS is calculated as follows:

A Drinking Water Equivalent Level (DWEL) is derived from the RfD. The DWEL assumes
that 100% of PFOS exposure comes from drinking water.

RfD x bw

DWEL =
DWI

DWEL = 0.00002 mg/kg/day = 0.00037 mg/L
0.054 L/kg/day

Where:

RfD = 0.00002 mg/kg/day; based on the NOAEL for decreased pup body weight in rats,
where dams were exposed by gavage 6 weeks prior to mating, during mating, and
through gestation and lactation (Luebker et al. 2005b).

DWI/bw = 0.054 L/kg/day; 90™ percentile consumers-only estimate of combined direct
and indirect community water ingestion for lactating women (see Table 3-81 in
USEPA 2011b).

The lifetime HA is calculated after application of a 20% RSC (see section 6.1) as follows:

Lifetime HA = DWEL x RSC
=0.00037 mg/L x 0.2
=0.000074 mg/L (rounded to 0.00007 mg/L)
=0.07 ng/L

The lifetime HA for PFOS is based on effects (e.g., pup body weight) on the developing fetus
resulting from exposures that occur during gestation and lactation. These developmental
endpoints are the most protective for the population at large and are effects that could carry
lifetime consequences for a less-than-lifetime exposure. Developmental toxicity endpoints
(following less-than-chronic exposures during a defined period of gestation or lactation) can be
analyzed in both acute and chronic exposure scenarios. Because the developing organism is
changing rapidly and is vulnerable during various stages in development, a single exposure at a
critical time in development might produce an adverse effect (USEPA 1991). PFOS is extremely
persistent in both the human body and the environment; thus, even a short-term exposure results
in a body burden that persists for years and can increase with additional exposures.

Because the critical effect identified for PFOS is a developmental endpoint and can
potentially result from a short-term exposure during a critical period of development, EPA
concludes that the lifetime HA for PFOA is applicable to both short-term and chronic risk
assessment scenarios. Thus, the lifetime HA of 0.07 pg/L also applies to short-term exposure
scenarios (i.e., weeks to months) to PFOA in drinking water, including during pregnancy and
lactation.

Adverse effects observed following exposures to PFOA and PFOS are the same or similar,
and include effects on serum lipids, birth weight, and antibodies in humans. The animal studies
include common effects on the liver, neonate development, and responses to immunological
challenges. Both compounds were also associated with tumors in long-term animal studies. The
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effects serving as the basis for the RfDs for both PFOA and PFOS are developmental endpoints
(e.g., reduced ossification and accelerated puberty in males for PFOA and decreased pup birth
weight for PFOS; see USEPA 2016a, 2016b). Because the RfDs for both PFOA and PFOS are
based on similar developmental effects and are numerically identical, when these two chemicals
co-occur at the same time and location in a drinking water source, a conservative and health-

protective approach that EPA recommends would be to compare the sum of the concentrations
([PFOA] + [PFOS]) to the HA (0.07 ng/L).

7.0 CANCER RISK

When the evidence from the epidemiology studies and the cancer bioassays is sufficient to
determine there is Suggestive Evidence for Carcinogenic Potential, EPA generally does not
attempt a quantitative dose-response assessment unless a well-conducted study exists that could
provide a sense of the magnitude and uncertainty of potential risks, help rank potential hazards,
or help establish research priorities. In the case of PFOS, the weight of evidence for relevance to
humans was judged as too limited to support a quantitative assessment. Additionally, modeling
of the liver and thyroid adenomas observed in the chronic rat bioassay (Thomford 2002) was not
possible because there was no dose-response.

8.0 EFFECTS CHARACTERIZATION

8.1 Uncertainty and Variability

The variability and uncertainty in the lifetime HA is a function of both intrinsic and extrinsic
factors. EPA’s HESD for PFOS (USEPA 2016b) identified 21 short- or long-term studies that
provided dose-response information; these were considered during the risk assessment. Of those,
only five studies included the serum data necessary to ultimately derive HEDs for use as the
POD for the RfD. The range of external dose NOAELs among the 21 studies is 0 to 1 mg/kg/day
and the LOAEL range is 0.00017 to 5 mg/kg/day (USEPA 2016b). Six dose-response data sets
included the serum data necessary for modeling to derive HEDs for use as the POD for the RfD.
Average serum values from those studies were used to derive the RfD. The external dose range
for the NOAELSs in the modeled studies is 0.1 to 1 mg/kg/day and the LOAEL range is 0.4 to
2 mg/kg/day (USEPA 2016b). EPA believes the uncertainty in the chosen POD and the reliance
on studies with serum data is minimized because of the large and extensive database examining
hazard, and the selection of pup body weight as the critical effect with lifetime implications at a
NOAEL (0.1 mg/kg/day) from the low end of the range of values evaluated.

The intrinsic uncertainties in the assessment reflect the fact that the NOAELs and LOAELs
are derived using central-tendency estimates for variables such as body weight, food and
drinking water intakes, and dose. In addition, the estimates are derived from small numbers of
genetically similar animals representing one or more strains of monkeys, rats, or mice living in
controlled environments. The animals lack the heterogeneous genetic complexity, behavioral
diversity, and complex habitats experienced by humans. These differences, to some extent, are
minimized through consideration of the modeled central-tendency outcomes and their standard
deviations to help inform the application of the uncertainty factors.
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Variability in the study outcomes is extrinsically a function of study design and the endpoints
monitored. Systemic toxicity studies monitor an array of endpoints not evaluated in studies of
reproductive, developmental, neurological and immunological toxicity. The reverse is true for
the other types of toxicity studies compared to standard short- to long-term systemic studies.
Studies of systemic toxicity do not often examine neurological or immunological endpoints.
Increases in liver weight were seen in many of the studies with dose-response information, but
only a few of the studies carried out a histological evaluation of the liver to support a
determination of whether the increase in liver weight could be classified as adverse according to
the Hall et al. (2012) criteria.

The RfD is based on the HED derived from serum levels at the NOAEL from a
developmental study in rats (Luebker et al. 2005b), with the application of an uncertainty factor
of 30 to cover variability in the human population and differences in the ways humans respond to
the PFOS that reaches their tissues compared to rats. The selected RfD is based on the most
sensitive endpoint, developmental effects (e.g., decreased pup body weight), to provide
protection to the general population and sensitive life stages. The RfD is supported by the
outcomes from two other studies (Butenhoff et al. 2009; Luebker et al. 2005a) with RfD
outcomes that are the same or slightly higher than the chosen RfD, thereby increasing the
confidence in the RfD. The candidate RfD of 0.00004 mg/kg/day derived from the NOAEL for
systemic toxicity (e.g., liver damage, potential effects on the kidney) in male rats (Seacat et al.
2003) after a 14-week exposure shows that the RfD derived for the developmental effects also is
protective for effects on the liver and kidney.

8.2 Use of Epidemiology Data

The human epidemiology studies provide evidence of an association between PFOS exposure
and health effects in humans, and is another line of evidence supporting this assessment. The
human data demonstrate an association between PFOS exposure and endpoints including effects
on serum lipids, antibody responses, the thyroid, and fetal growth and development. The data
provide support for identification of hazards of PFOS exposure. The associations observed for
serum lipids and reproductive outcomes are the strongest. For many endpoints, the results are
inconsistent, however. Although the human studies collectively support the conclusion that
PFOS exposure is a hazard, EPA concluded that based on several uncertainties associated with
the database, the human studies are adequate for use qualitatively in the identification hazard at
this time. These considerations are discussed below.

Although mean serum values are presented in the human studies, actual estimates of
exposure (i.e., doses/duration) are not available. Thus, the serum level at which the effects were
first manifest, and whether the serum had achieved steady state or was in decline at the point the
effect was evaluated, cannot be determined. The NHANES data indicate that serum levels in the
general population are declining. Because epidemiology data reflect the serum concentration at
the time the sample was collected, it is not possible to determine if levels were previously higher
and had decreased.

Although the epidemiology studies provide valuable associations between exposure to PFOS
and the effects seen in animal studies, most of the subjects of the epidemiology studies had other
perfluorinated carboxylates and sulfonates and/or other biopersistent contaminants in their blood.
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Although the study designs adjusted for other potential toxicants as confounding factors, their
presence constitutes a level of uncertainty that is usually absent in animal studies.

Interspecies and gender variation in PFOS clearance half-life can vary by several orders of
magnitude. If the toxicological endpoints are assumed to be driven by internal concentrations,
then it is the internal exposure that is calculated and considered across species. Differences in
pharmacokinetics across species produce differences in the external dose needed to achieve the
same internal dose. The use of the animal data and the available pharmacokinetic model allows
for the incorporation of species differences in saturable renal resorption, dosing duration, and
serum measurements to determine HEDs based on average serum concentration and clearance.
The potential for confounding influences is decreased under the controlled conditions of the
animal studies. Applying uncertainty factors when deriving the RfD acknowledges the
limitations associated with the use of the animal serum information.

The PFOA database includes extensive human data from epidemiology studies from the
general population as well as worker cohorts. Data from oral short-term, subchronic, chronic
(including evaluation of cancer), reproductive, and developmental studies in laboratory animals
are also available. Many of the effects observed in the human epidemiology studies are similar to
those seen in the animal studies.

8.3 Consideration of Immunotoxicity

Both human and animal studies have demonstrated the potential impact of PFOS on the
immune system; however, uncertainties exist related to MOA and the level, duration, and/or
timing of exposure that are not yet clearly delineated. The animal immunotoxicity studies
support the association between PFOS and effects on the response to sheep red blood cells as
foreign material and on the natural killer cell populations; however, the doses with effects are
inconsistent across studies for comparable endpoints. When both males and females were
evaluated, the males responded at a lower dose than the females. Because of these uncertainties,
EPA did not quantitatively assess this endpoint.

Taken together, available human studies (Grandjean et al. 2012; Granum et al. 2013; Looker
et al. 2014) provide some evidence of a significant association between PFOS exposure and
serological vaccine responses in general. Within each study, however, most estimated
associations were statistically nonsignificant, and results were inconsistent by vaccine type and
by outcome classification. Authors provided no a priori biological hypothesis to explain why
PFOS exposure would impair the antibody response to one vaccine type but not another. Some
authors suggested that their results could be explained by different immunostimulatory effects of
different vaccines, but they did not elaborate on this hypothesis nor provide supporting
mechanistic evidence.

One issue related to use of immune biomarkers and antibody levels in human studies is
whether small but statistically significant changes in these endpoints, when analyzed on a
continuous scale, are clinically meaningful, particularly when most or all subjects are within the
normal range. For PFOS, some studies attempted to address this issue by analyzing outcomes
dichotomized relative to standard reference values, with the implication that values outside the
reference range indicate immune abnormalities (Dong et al. 2013; Grandjean et al. 2012;
Granum et al. 2013). A limitation of this approach is that a reference range is typically
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determined based on the mean, plus or minus two standard deviations, calculated from a group of
healthy adults or children. By definition, 5% of the normal population falls outside of such a
reference range (AACC 2015). The only way to determine whether a given value outside a
reference range is truly ‘‘abnormal’’ is to associate it with a clinical abnormality, yet this has not
been done in most epidemiologic studies of immune biomarkers.

Another limitation of epidemiology studies that evaluate the immune response following
PFOS exposure is that these studies have not demonstrated whether immune parameters measured
in clinically normal individuals accurately reflect the risk of future immunological diseases. Given
the immune system’s capacity for repair and regeneration, apparent abnormalities that are
detected at one point in time might resolve before producing any adverse clinical health effect.
Thus, biomarkers that do not accurately diagnose or predict the presence or absence of a clinical
health condition are not clinically useful. Maternal prenatal serum PFOS levels generally were not
associated with a significant difference in the tetanus vaccine response. Maternal PFOS levels
were generally associated with a poorer childhood diphtheria vaccine response, as measured
based on antibody titers and the presence of a possibly nonprotective antibody level, although
most differences were statistically nonsignificant. Decreased rubella antibody concentrations in
relation to serum PFOS concentration were found among 12- to 19-year-old children in the
NHANES, particularly among seropositive children (Stein et al. 2015).

Although Grandjean et al. (2012) found fairly consistent, albeit mostly statistically
nonsignificant, intra-study associations between childhood serum PFOS levels and poorer antibody
responses against tetanus and diphtheria toxoids, associations with maternal prenatal serum PFOA
and PFOS levels were inconsistent between vaccine types. Two studies were strengthened by their
measurement of PFOS levels before ascertaining vaccine response (Grandjean et al. 2012; Granum
et al. 2013); one had the additional advantage of collecting exposure and outcome information at
two time points each (Grandjean et al. 2012). However, the variability in findings by timing of
exposure and outcome measurement in the latter study (e.g., mostly nonsignificant associations
with prenatal PFOS concentrations, but several significant associations between higher PFOS
concentrations at age 5 years and poorer vaccine response at age 7 years) makes the results difficult
to interpret. This pattern of results could reflect a window of susceptibility in early childhood, but
such an explanation remains conjectural.

None of the studies demonstrated a clinically recognizable increased risk of infectious
diseases as a consequence of a diminished vaccine response. Overall, although these results are
not sufficient to establish a causal effect of PFOS exposure on an impaired serological vaccine
response, some of the positive associations are striking in magnitude and require replication in
independent studies.

Chang et al. (2016) recently completed and published a systematic review of 24
epidemiology studies that reviewed a variety of endpoints among the general population,
occupationally exposed workers, children, and adults, and concluded that the available
epidemiologic evidence is insufficient to reach a conclusion about a causal relationship between
exposure to PFOA and PFOS and any immunity-related health condition in humans. The
majority of studies reviewed by the authors are included in EPA’s HESDs for PFOA and PFOS
(USEPA 2016a, 2016b). The authors identified numerous weaknesses in the study designs,
including failing to validate self-reported medical conditions, basing conclusions on significant
associations without considering statistical significance, and not adequately considering
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confounding factors, bias, and the role of chance being responsible for outcomes. After applying
the Hill et al. (1965) criteria, they faulted the studies for “generally weak associations, no
specific endpoints with consistent findings across all relevant studies, uncertainty about any
critical duration of exposure and window(s) of susceptibility, mixed exposure-response trends,
and a dearth of supportive animal and mechanistic data.”

A need remains for additional research on MOA, key biomarkers that are reliable indicators
for the upstream effects elicited by PFASs, the temporal relationship between exposure and
outcome plus the analytical and functional impact of PFAS binding to serum immunoglobins
and/or related proteins.

8.4 Alternative Exposure Scenarios

EPA is issuing a lifetime HA for PFOS of 0.07 pug/L to prevent a variety of adverse
developmental effects to fetuses during pregnancy and to infants during breast feeding. Due to
the potential increased susceptibility during this critical time period, EPA used drinking water
intake and body weight parameters for lactating women to calculate the lifetime HA (see section
6.2). Specifically, EPA used the rate of 54 mL/kg-day representing the consumers only estimate
of combined direct and indirect community water ingestion at the 90" percentile for lactating
women (see Table 3-81 in [U.S EPA 2011b]).

As a comparative analysis, EPA calculated a lifetime HA value for alternative exposure
scenarios for the general population. Calculation of a lifetime HA value for the general
population (adults ages 21 and older) is 0.1 pg/L, assuming a drinking water rate of 2.5 L/day
and a mean body weight of 80 kg (see Tables 3-33 and 8-1 in [U.S EPA 2011b]).

PFOS is extremely persistent in both the human body and the environment; thus, even a
short-term exposure results in a body burden that persists for years and can increase if additional
exposure occurs later. Human studies have shown that PFOS is transferred from mother to infant
via cord blood and breast milk. The exposure scenario for the lactating woman is the most
protective given her increased water intake rate to support milk production and thus is the basis
for EPA’s recommended lifetime HA for PFOA of 0.07 pg/L. The lifetime HA for PFOS is also
protective of adverse health effects in the adult general population (e.g., liver damage, other
developmental effects, and developmental neurotoxicity).

8.5 Relative Source Contribution Considerations

EPA used the Exposure Decision Tree methodology (USEPA 2000b) to derive the RSC for
this HA. Findings from studies on populations in the United States, Canada, and Western Europe
support the conclusion that diet is the major contributor to total PFOS exposure, typically with
drinking water and/or dust as important additional exposure routes, especially for sensitive
subpopulations. Estimates of relative exposure from different sources vary widely, as described
below.

o Tittlemier et al. (2007) conducted a total diet study, focused on collection and analysis of
different food items. They concluded that diet represented approximately 60% of total
PFAS exposure, with a negligible contribution from drinking water, based on samples
collected from two cities in Canada.
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Egeghy and Lorber (2011) used models to estimate exposures for adults and 2-year-olds.
For a typical exposure scenario, they estimated that dietary ingestion is the major
contributor of PFOS to adults. Dietary and dust ingestion were nearly equal contributors
to PFOS exposure in young children. Based on an estimate of a low concentration in
drinking water (median of 21 ng/L), the authors estimated PFOS exposure from drinking
water at approximately 22% of total intake for both adults and children. As background
concentrations of PFOS in water increase, drinking water represents a greater source of
total dietary intake.
Jogsten et al. (2012) estimated that about 93% of the PFOS exposure in Catalonia Spain
was from diet for adults and 6.5% from drinking water for adults; for toddlers, 97% was
from diet and 2.5% was from drinking water.
Gebbink et al. (2015) estimated the relative contributions of the major exposure media to
total direct and indirect PFOS exposures under assumptions of low (5™ percentile),
intermediate (median values), and high (95™ percentile) exposures. The authors used a
Scenario-Based Risk Assessment modeling approach with data collected in 2007 to
estimate the relative contributions to total exposures. The data for direct and indirect
contributors to serum PFOS (presented graphically in the published paper) are consistent
with the following patterns for exposures in adults:

— Low exposure scenario = diet (~88%) > air (~7%) > water (~3%) > dust (~2%)

— Intermediate exposure scenario = diet (~65%) > dust (14%) ~ air (14%) > water

(~7%)
— High exposure scenario = diet (~43%) > dust (27%) > air (20%) > water (~10%)).

The approaches and assumptions used in these studies vary widely; some uncertainties
associated with these data include:

Many of the data are obtained from review papers or individual studies conducted at
single locations and are not nationally representative.

Concentrations range widely in exposure estimates.

The ambient air and dust exposure estimates are limited, regional, and variable.
Drinking water exposure varies among age groups and individuals.

Because of recent reductions in use of PFOS, assessing current relative exposures to the
general population is difficult.

Additionally, data on other routes of exposure are lacking:

Estimates of dermal exposure to treated fabrics and inhalation exposure associated with
contaminated water are not available.

Drinking water exposure estimates apply only to direct ingestion of tap water and
beverages or soups prepared locally. They do not generally include PFOS in water that
becomes incorporated in solid foods during home preparation and cooking, or that which
is present in commercial beverages.

Transformation of PFOSA precursors that decay or are metabolized to PFOS is a route
that is rarely evaluated in dietary studies, yet can contribute to total exposure. Air and
dust can be vehicles for PFOSA derivatives that metabolically degrade to PFOS.
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Given these uncertainties, EPA used the Exposure Decision Tree methodology (described in
section 7.1 of USEPA 2000b) to estimate an RSC of 20% for drinking water for the general
population.

8.6 Sensitive Populations: Gender Differences

Male monkeys were slightly more sensitive to PFOS than females, as indicated by early
deaths in two of six males (compared to no female early deaths) and a greater reduction in the
male body weight. Male rats were more susceptible to liver damage than females (Butenhoff et
al. 2012; Seacat et al. 2003; Thomford 2002). Both males and females seem to be equally
sensitive to thyroid hormone effects in the studies by Curran et al. (2008) and Seacat et al.
(2002). In animal studies of immunological effects, the response to natural killer cell suppression
occurred at a lower dose in males than in females (Keil et al. 2008; Peden-Adams et al. 2008).

8.7 Sensitive Populations: Developmental Effects

Animal studies show that developmental exposure of rats or mice to PFOS administered
during gestation results in rapid, dose-dependent effects on neonatal survival (Lau et al. 2003;
Luebker et al. 2005b). Additional long-term effects on postnatal growth, and delays in
developmental landmarks (e.g., eye opening, pinna unfolding, surface righting) occur in
surviving rat pups at doses greater than the LOAEL. Among the epidemiology studies evaluating
the potential associations between PFOS levels during pregnancy and developmental birth
outcomes, impacts on growth retardation were observed. Specifically, birth weight deficits were
reported in five studies (Apelberg et al. 2007; Chen et al. 2015; Darrow et al. 2013; Maisonet et
al. 2012; Washino et al. 2009).

Two animal studies (Lv et al. 2013; Wan et al. 2014) found evidence suggesting that
exposure to PFOS during gestation can impact insulin resistance and blood glucose later in life.
This identifies women with pregnancy-induced prediabetes as a potential sensitive population.
On the basis of results from several animal PFOS studies (Bijland et al. 2011; Wan et al. 2012),
another concern is triglyceride (fat) accumulation (steatosis) on the liver for humans receiving a
high fat diet.

9.0 ANALYTICAL METHODS

EPA developed a liquid chromatography/tandem mass spectrometry (LC/MS/MS) analytical
method to monitor drinking water for PFASs, including PFOS (Method 537; USEPA 2009c).
Accuracy and precision data were generated for PFOS, as well as the other 12 PFASs in reagent
water, finished groundwater, and finished surface water. This method is intended for use by
analysts skilled in preparing solid phase extractions, operating LC/MS/MS instruments, and
interpreting associated data. This method identifies a single-laboratory lowest concentration
minimum reporting level or quantitation limit for PFOS at 6.5 ng/L (0.0065 pg/L). The published
method detection limit (DL) for PFOS is 1.4 ng/L (0.0014 pg/L).

In this method, PFAS standards, extracts, and samples should not come into contact with any
glass containers or pipettes because PFAS can potentially adsorb to the surface of the glassware.
Polypropylene containers should be used instead. Also, these compounds can be found in
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commonly used laboratory supplies and equipment, such as polytetrafluoroethylene (PTFE)
products, liquid chromatograph solvent lines, methanol, aluminum foil, solid phase extraction
(SPE) sample transfer lines, and so forth. These materials need to be routinely demonstrated to
be free of interferences per the guidelines for laboratory reagent blanks described in the method.
As a summary of the method procedure, a preserved 250 mL water sample (fortified with an
extraction surrogate) is passed through a SPE cartridge containing polystyrenedivinylbenzene
(SDVB) to extract the method analytes and surrogates.

The compounds are eluted from the SPE with a small amount of methanol. The extract is
concentrated to dryness with nitrogen in a heated water bath, and then adjusted to a 1 mL volume
with 96%:4% (vol/vol) methanol:water after adding the internal standards. The extract is injected
into a liquid chromatograph that is interfaced to an MS/MS. The analytes are separated and
identified by comparing the acquired mass spectra and retention times to reference spectra and
retention times for calibration standards acquired under identical LC/MS/MS conditions. The
concentration of each analyte is determined by using the internal standard technique. Surrogate
analytes are added to all field and quality control samples to monitor the extraction efficiency of
the method analytes. To download Method 537: Determination of Selected Perfluorinated Alkyl
Acids in Drinking Water by Solid Phase Extraction and Liquid Chromatography/Tandem Mass
Spectrometry (LC/MS/MS) (USEPA 2009c¢), please go to:
https://ctpub.epa.gov/si/si_public_file_download.cfm?p_download 1d=525468.

10.0 TREATMENT TECHNOLOGIES

As mentioned above, PFOS is an organic compound in which the carbon-hydrogen bonds are
replaced by carbon-fluorine bonds. This influences the chemical characteristics of the molecule
and therefore will impact the effectiveness of any given drinking water treatment process. The
characteristics of organic contaminants that treatment processes take advantage of include
molecular size, solubility, ionic form, volatility, oxidizability, hydrolysis, photolysis, and
biodegradability. Because fluorine is the most electronegative element, the carbon-fluorine bond
will be one of the strongest bonds in nature, which makes it exceedingly resistant to
biodegradation, hydrolysis, oxidation, and photolysis. PFOS is not removed by heating water and
can increase in concentration when the water is boiled. Also, because PFOS is a dissolved
contaminant that resists being oxidized to an insoluble form, conventional treatment processes
designed for particulate control will not be effective. Remaining potentially effective treatment
technologies include adsorption, ion exchange resins, and high-pressure membranes. The
following subsections discuss the effectiveness of commonly used drinking water technologies in
rough order of applicability for PFOS removal. Additional information can be found on EPA’s
Drinking Water Treatability Database (https://iaspub.epa.gov/tdb/pages/general/home.do)
(USEPA 2015b).

To varying degrees, the technologies below can be employed in centralized drinking water
facilities, or in a distributed fashion, such as point-of-entry (POE) or point-of-use (POU)
applications in buildings and homes. As they imply, POE systems refer to treatment systems that
treat the water as it enters the building or house, and POU systems refer to those that treat the
water where used, such as a kitchen or bathroom sink. While the cost of treatment varies with
scale, the following general discussion on the relative effectiveness of a given technology applies
regardless of scale. One reference below specifically addresses POU systems (MDH 2008b).
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Activated Carbon Adsorption

Activated carbon is applied in either powdered or granular form. Either can be effective;
however, because PFOS has moderate adsorbability, the specifics of the design are very
important for achieving successful treatment.

Powdered Activated Carbon

Powdered activated carbon (PAC) is often applied prior to, or within a, conventional
treatment train. The contaminant-loaded PAC is then removed, along with the other particulates.
Some studies have shown limited PFOS removal in plants using PAC (Quifiones and Snyder
2009). In general, however, PAC can be an effective treatment strategy to remove PFOS given
the correct choice of carbon type, the use of high-enough carbon doses, and allowance for
adequate contact time (Dudley et al. 2015; Hansen et al. 2010).

Granular Activated Carbon

Granular activated carbon (GAC) is applied as a filtration step either as a filter adsorber,
where a relatively short carbon cap is added to an existing sand filter, or as a post-filter adsorber,
where a deeper bed is employed as a stand-alone unit following a typical sand filter. Because
PFOS has moderate adsorbabality, a post-filter adsorber with a deeper bed is a considered a safer
approach. In general, GAC treatment was found to be effective given the correct choice of
carbon, adequate bed depth, moderate or low hydraulic loading rate, and frequent replacement or
regeneration of the carbon (Appleman et al. 2013, 2014; MDH 2008b; Shivakoti et al. 2010;
Takagi et al. 2008).

Membrane Technologies

Many types of membrane technologies exist, broadly classified as either low-pressure or
high-pressure systems. This distinction corresponds to the general effectiveness of removing
PFOS; low-pressure membranes are ineffective, while high-pressure membranes are effective.

Low-pressure Membranes

Low-pressure systems incorporating cartridge, microfiltration, or ultrafiltration membranes
are designed for particulate control. They have relatively large pore structures where water and
dissolved contaminants can easily flow, leaving behind the larger particulate matter such as
turbidity and microbiological agents. Low-pressure membranes have been found to be ineffective
for PFOS control (McLaughlin et al. 2011; Thompson et al. 2011). This is consistent with other
treatment processes (e.g., conventional treatment) that target particulate contaminants but not
dissolved contaminants. As with conventional treatment, however, low-pressure membranes can
be effective if used in conjunction with PAC. The PAC will adsorb the PFOS, and the low-
pressure membrane will remove the spent PAC. Care should be taken in the design of such a
system to ensure the proper choice of PAC (as mentioned above) (Dudley et al. 2015).

High-pressure Membranes

High-pressure systems have a much tighter pore structure, relying on water diffusion through
the membrane material. High-pressure systems such as nanofiltration and reverse osmosis can
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reject not only particulates, but also dissolved constituents such as organic contaminants and
salts. Reverse osmosis membranes are the tightest of the high-pressure systems, having the
ability to reject monovalent salts such as sodium chloride (e.g., sea water desalination). High-
pressure membrane systems have been shown to be very effective for PFOS (Appleman et al.
2013, 2014; MDH 2008b; Quifiones and Snyder 2009; Tang et al. 2006, 2007; Thompson et al.
2011).

lon Exchange Resin Treatment

The two broad categories of ion exchange resins include cationic and anionic. Cationic
exchange resins are effective for removing positively charged contaminants. Anion exchange
resins are effective for negatively charged contaminants. Because PFOS is negatively charged in
drinking waters, cation-exchange resins will not be effective; therefore, they have not been
studied. A number of studies have evaluated different anion exchange resins (macroporous
styrenedivinylbenzene, gel-type polystyrene divinylbenzene, and polyacrylic quaternary amine
resins). Generally, anion exchange resins have been found to be effective for PFOS removal
(Appleman et al. 2014; Carter and Farrell 2010; Chularueangaksorn et al. 2013; Dudley et al.
2015), although the design of the system is important. Addressing regenerate brine waste is an
important consideration; if frequent regenerations are needed, the amount of operator effort and
expertise should also be accounted for in the system design.

Oxidation / Disinfection

Oxidation/disinfection processes can transform certain contaminants into different molecules,
which ideally have less toxicity. It can transform certain dissolved constituents into a higher
oxidation state that might be less soluble (e.g., iron, manganese). The less soluble form can then
be precipitated and removed in the floc or on a media filter of a conventional treatment system.
Because of the strength of the carbon-fluorine bond, all drinking water oxidants or disinfectants
have been shown to be ineffective in reacting PFOS. This has been shown numerous times for
common oxidative/disinfection agents such as packed tower aeration, chloramination,
chlorination, ozonation, potassium permanganate, and ultraviolet (UV) treatment (Appleman et
al. 2014; Hori et al. 2004; C.S. Liu et al. 2012; McLaughlin et al. 2011; Quifiones and Snyder
2009; Schroder and Meesters 2005; Shivakoti et al. 2010; Thompson et al. 2011). It is likewise
true for advanced oxidation processes that used the nonselective hydroxyl radicals as an
oxidative agent. Hydroxyl radicals can be produced in many ways, usually by combining
technologies such as hydrogen peroxide plus iron (Fenton’s reagent), ozone plus peroxide, UV
plus titanium dioxide, UV plus ozone, and UV plus peroxide. All of these combinations have
been shown to be ineffective for PFOS control at reasonable contact times (Benotti et al. 2009;
Hori et al. 2004; Schroder and Meesters 2005; Tellez 2014).

Biological Treatment

Similar to the discussion on oxidation processes, because of the strength of the carbon-
fluorine bond, both aerobic and anaerobic biological treatment processes (e.g., biofiltration,
bioreactors) are expected to be ineffective for PFOS removal. A number of researchers have
found this to be the case (Kwon et al. 2014; Saez et al. 2008; Thompson et al. 2011). Some
results have shown that specific microbes might be able to break the carbon-carbon bonds in
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PFOS, albeit slowly; however, this cannot be engineered into a consistent and robust treatment
process (Kwon et al. 2014).

Conventional Treatment

Conventional treatment is commonly defined as a series of successive steps (e.g., rapid mix,
coagulation, flocculation, sedimentation, and filtration). Certain variations exist, such as direct
filtration, which does not employ a sedimentation step. Regardless of the configuration,
conventional treatment is designed to remove particulates (e.g., turbidity, microbiological
agents). Dissolved contaminants will not be removed by conventional treatment. The exception
is when they are oxidized to an insoluble form (e.g., iron, manganese), or if they are exceedingly
hydrophobic as evidenced by an extremely low solubility. Therefore, because of the resistance of
PFOS to oxidation to an insoluble form, and their moderately high solubility, conventional
treatment is not expected to be effective, even at enhanced coagulation conditions. Numerous
studies have confirmed this statement (Appleman et al. 2014; Loos et al. 2007; Quinones and
Snyder 2009; Shivakoti et al. 2010; Skutlarek et al. 2006; Tabe et al. 2010; Takagi et al. 2008;
Thompson et al. 2011; Xiao et al. 2013).

Similar to low-pressure membranes, conventional treatment can be effective if it is used in
conjunction with powdered activated carbon (see above). The PAC will adsorb the PFOS and the
conventional treatment system will remove the spent PAC in the sedimentation and filtration
steps. Care should be taken in the design of such a system to ensure proper choice of PAC, as
mentioned above (Dudley et al. 2015).
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