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ABSTRACT

A Health-based Maximum Contaminant Level (Health-based MCL) for perfluorooctane
sulfonate (PFOS) was developed using a risk assessment approach intended to protect for
chronic (lifetime) drinking water exposure. A public health-protective approach in developing a
Health-based MCL based on animal toxicology data is supported by epidemiological
associations of PFOS with health effects in the general population, as well as its biological
persistence and bioaccumulation from drinking water in humans. Both non-carcinogenic and
carcinogenic effects were evaluated for Health-based MCL development. PFOS causes a number
of different types of toxicological effects in animals including hepatic, endocrine, developmental,
immune system toxicity, and hepatocellular and thyroid tumors. The most sensitive non-cancer
effect with data needed for Health-based MCL development was identified as immune
suppression, specifically, a decrease in antibody response to an exogenous antigen challenge
(i.e., plague-forming cell response) following 60 days of PFOS exposure in adult male mice
(Dong et al., 2009). Use of Dong et al. (2009) as the quantitative basis for the Health-based
MCL is supported by decreased plaque-forming cell response in mice in other studies and by the
association of PFOS with decreased vaccine response in humans within the general population.
A Target Human Serum Level (analogous to a Reference Dose but on a serum level basis) of 23
ng/ml was developed by applying a total uncertainty factor of 30 to the PFOS serum level, 674
ng/ml, at the No Observed Adverse Effect Level (NOAEL) in Dong et al. (2009). A clearance
factor (8.1 x 10 L/kg/day) which relates serum PFOS concentrations to human external PFOS
doses was applied to the Target Human Serum Level to develop a Reference Dose of 1.8
ng/kg/day. Default values for drinking water exposure assumptions (2 L/day water consumption;
70 kg body weight) and Relative Source Contribution factor (20%) were used to develop a
Health-based MCL of 13 ng/L. PFOS caused liver and thyroid tumors in a chronic rat study and
was characterized as having “suggestive evidence of carcinogenic potential,” consistent with the
conclusion of USEPA Office of Water. Cancer risk was estimated based on dose-response
modeling of liver tumors in female rats. It was concluded that the cancer risk assessment is too
uncertain for use as the basis of the Health-based MCL. However, the estimated cancer risk at
the Health-based MCL of 13 ng/L is close to the New Jersey cancer risk goal of one in one
million. The Health-based MCL of 13 ng/L based on immune system toxicity is therefore
considered to be both scientifically appropriate and health protective.



EXECUTIVE SUMMARY

Introduction

Perfluorooctane sulfonate (PFOS) is a member of the group of substances called perfluorinated
compounds, chemicals that contain a totally fluorinated carbon chain which varies in length and

a functional group such as carboxylic or sulfonic acid. Perfluorinated compounds are part of a
larger group of chemicals called poly- and perfluoroalkyl substances (PFAS).

The chemical structure of PFOS is:

- I F\ /F F\ /F F\ /F \S/o'
N e e TN
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On March 21, 2014, New Jersey DEP Commissioner Bob Martin requested that the New Jersey
Drinking Water Quality Institute recommend an MCL for PFOS and two other perfluorinated
compounds, perfluorononanoic acid (PFNA, C9) and perfluorooctanoic acid (PFOA). The

Subcommittee’s evaluation and Health-based MCL recommendation for PFOS are presented in
this document.

Health-based MCLs recommended by the DWQI are based on the goals specified in the 1984
Amendments to the New Jersey Safe Drinking Water Act (SDWA) at N.J.S.A. 58:12A-20. This

statute specifies a one in one million (10°) risk of cancer from lifetime exposure to carcinogens,
and that no *“adverse physiological effects” are expected to result from lifetime ingestion for non-
carcinogenic effects. Human health risk assessment approaches used by the DWQI to develop
Health-based MCLs generally follow USEPA risk assessment guidance.

Production and Use
Because carbon-fluorine bonds are among the strongest found in organic chemistry, PFOS and

other PFCs are extremely stable and resistant to chemical reactions. Its structure gives PFOS

both hydrophobic/lipophilic and hydrophilic properties that make it useful commercially and
industrially. PFOS was produced in the U.S. for use in commercial products and industrial

processes for over 50 years. The main worldwide producer of PFOS completed phasing out the
manufacture of PFOS and its precursors in the U.S. and in other nations in 2002, although

production continues in some Asian countries.

Many of the uses of PFOS stem from its surfactant properties and from its ability to repel both
water and fats/oils. The following are some major uses of PFOS (continuing and discontinued):

e Stain/water repellants on clothing, bedding materials, upholstered furniture, carpets, and automobile
interiors (e.g., ScotchGard™)

e Metal plating and finishing (continuing use)
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e Agueous film forming foams (AFFF, also known as aqueous fire fighting foams;
continuing use; used for firefighting)

e Photograph development (continuing use)

¢ Aviation fluids (continuing use)

e Food containers and contact paper

The use of PFOS in AFFF is of particular importance as a source of environmental
contamination. Whereas the U.S. no longer produces or imports PFOS-based AFFF, the use of

existing stocks of these foams continues. This use results in release of PFOS to the environment,
leading to contamination of soil, surface water, and groundwater. This is particularly the case at
military bases, and military and civilian airports, where fire-fighting training and drills are

carried out regularly.

Environmental Fate and Transport
Because of the extreme stability of their carbon—fluorine bonds, PFOS and other PFCs are

extremely resistant to degradation in the environment and thus persist indefinitely. PFOS and

other PFCs are found in many environmental media and in wildlife worldwide including in
remote polar regions. PFOS is bioaccumulative in fish, and it is the PFC most commonly
detected in fish monitoring studies. PFOS and other PFCs can be taken up into plants from
contaminated soil or irrigation water. In general, PFOS and other longer chain PFCs are

preferentially taken up into the root and shoot parts of the plant.

PFOS and some other PFCs are distinctive from other persistent and bioaccumulative organic
compounds because of their importance as drinking water contaminants. PFOS migrates readily
from soil to ground water and is highly water-soluble. These properties of PFOS differ from
those of other well-known persistent and bioaccumulative organic pollutants such as
polychlorinated dioxins and polychlorinated biphenyls (PCBs) that have a high affinity for soil
and sediments but low water solubility.

PFOS that is released into the environment can contaminate surface water and groundwater used
as drinking water sources. Environmental sources include industrial discharge; release of AFFF;
disposal in landfills; wastewater treatment plant discharge; and land application of biosolids.
PFOS also enters the environment through the breakdown of precursor compounds. These

precursor compounds are or were used industrially and are found in AFFF.

Although the production of PFOS and its precursors (e.g., perfluorooctanesulfonyl fluoride,
POSF) were voluntarily phased out by the major global manufacturer of PFOS, environmental
contamination and resulting human exposure to PFOS are anticipated to continue for the
foreseeable future due to its environmental persistence, formation from precursor compounds, and
continued production by other manufacturers.
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Occurrence in Drinking Water
PFOS and other PFCs are not effectively removed from drinking water by standard treatment

processes but can be removed from drinking water by granular activated carbon (GAC) or
reverse osmosis. Therefore, unless specific treatment for removal of PFCs is in place,
concentrations of PFOS detected in raw drinking water can be considered representative of
concentrations in finished drinking water.

The occurrence of PFOS and other PFCs in public water supplies (PWS) has been evaluated
more extensively in New Jersey than in most or all other states. More than 1,000 samples from
80 NJ PWS were analyzed with relatively low Reporting Levels (RLs; generally <5 ng/L) from
2006-2016. PFOS was a frequently detected PFC and was found in samples from approximately
42% of the 76 NJ PWS tested. In the 2013-2015 USEPA Unregulated Contaminant Monitoring
Rule 3 (UCMR3) survey of all large PWS (>10,000 users) and a subset of smaller PWS in the
U.S., PFOS was detected more frequently in New Jersey PWS (3.4%) than nationally (1.9%).
The RL in UCMR3 was 40 ng/L, much higher than the RLs for most other NJ PWS monitoring.

PFOS has also been detected in NJ private wells near sites where contamination has occurred.

Human Biomonitoring

PFOS and other PFCs are found ubiquitously in the blood serum of the general population in the
U.S. and worldwide. The most recent (2013-2014) National Health and Nutrition Examination
Survey (NHANES), a representative sample survey of the U.S. general population conducted by
the U.S. Centers for Disease Control and Prevention (CDC), determined the geometric mean and
95" percentile serum PFOS concentrations as 4.99 and 18.5 ng/ml, respectively. Serum PFOS
levels in the U.S. general population have decreased over time, with an 84% decrease in the
geometric mean in NHANES 2013-14 from the first NHANES monitoring in 1999-2000. In
communities exposed through contaminated drinking water, serum PFOS levels are elevated
compared to the general population. Exposures to industrially-exposed workers or others with
occupational exposure are much higher than in the general population. Serum PFOS
concentrations of greater than 10,000 ng/ml (10 ppm) have been reported in industrially exposed
workers, although levels in most workers were lower.

Sources of Human Exposure

The human body burden of PFOS results from exposure to both PFOS itself and to precursor
compounds that can be metabolized to PFOS. In the absence of the influence of specific sources
of PFOS release to the environment, it appears that food and possibly house dust (reflecting
consumer products use and breakdown) are the major sources of human exposure to PFOS. For

high end consumers of fish and specifically for those who consume recreationally caught
freshwater fish from contaminated waters, fish may be a particular source of PFOS in the diet.

The contribution of ingested drinking water to total exposure from all sources (e.g. diet,
consumer products, etc.) is dependent on the concentration of PFOS in the drinking water, and
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relatively low concentrations in water substantially increase human body burden. Inhalation
from showering, bathing, laundry, and dishwashing, and dermal absorption during showering,
bathing, or swimming, are not expected to be significant sources of exposure from contaminated

drinking water.

Exposures to PFOS may be higher in young children than in older individuals because of age-
specific behaviors such as greater drinking water and food consumption on a body weight basis,
hand-to-mouth behavior resulting in greater ingestion of house dust, and more time spent on
floors where treated carpets are found.

Toxicokinetics

PFOS is well absorbed orally in animal studies, and it is reasonable to assume that PFOS is
orally absorbed in humans with close to 100% efficiency. Unlike most other bioaccumulative
organic compounds, it does not distribute to fat. Across species, liver accumulates the highest
concentration of PFOS. However, with sufficiently long exposures and/or sufficiently sensitive

analytical methods, PFOS is generally found in all tissues and organs. Although the brain is not
a major site of PFOS accumulation, PFOS crosses the blood-brain barrier, and is found in the
brain in humans and rodents. In the serum, PFOS is almost totally bound to albumin and other
proteins. Since it is chemically non-reactive, it is not metabolized. Since it is chemically non-
reactive, it is not metabolized. PFOS is slowly excreted in humans, and, with the exceptions of
lactation and menstrual blood loss, urine is the most significant route of PFOS elimination in
humans. The rate of excretion is likely dependent on the extent of secretion and reabsorption by
organic anion transporters in the kidney. Although a significant fraction of PFOS is found in the
bile in humans, PFOS is reabsorbed from the bile in the gastrointestinal tract, and, therefore, the
feces is not a significant route of elimination. In rodents, however, the feces appears to be
significant route of PFOS elimination.

The human half-life of PFOS is estimated at about five years. Because of its long half-life, it
remains in the human body for many years after exposures ceases. The half-life of PFOS in
laboratory animals is shorter than in humans, and varies widely among species. Because of the
large variation in half-lives, the internal dose resulting from a given administered dose varies

widely among species and, in some cases, genders of the same species. For this reason,
interspecies (e.g. animal-to-human) comparisons are made on the basis of internal dose, as
indicated by serum level, rather than administered dose.

Relationship between drinking water exposure and human serum levels

A human clearance factor for PFOS of 8.1 x 10 L/kg/day was developed by USEPA (2016a) to
relate serum PFOS concentration to administered dose. Assuming an average U.S. daily water
consumption rate, the clearance factor predicts a serum:drinking water ratio of 197:1.

Continued exposure to even low drinking water concentrations results in substantially increased
serum PFOS levels. Based on the clearance factor, each 10 ng/L in drinking water is predicted to
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increase serum PFOS by 2.0 ng/ml with an average water consumption rate, and 3.6 ng/ml with
an upper percentile water consumption rate. These increases in serum PFOS from drinking water

can be compared to the most recent NHANES medians, 5.2 ng/ml, and 95" percentile, 18.5

ng/ml, serum PFOS concentrations. Increases in serum PFOS levels predicted from average and
upper percentile drinking water consumption at various drinking water PFOS concentrations are

shown in Figure E-1.
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\Figure E-1. Increases in serum PFOS concentrations predicted from mean and upper percentile
consumption of drinking water with various concentrations of PFOS, as compared to U.S median and
95th percentile serum PFOS levels (NHANES, 2013-14).

Exposures to infants

In humans, PFOS has been measured in amniotic fluid, maternal serum, umbilical cord blood,
and breast milk. Serum PFOS concentrations in infants at birth are lower than those in maternal
serum. Both breast-fed infants whose mothers ingest contaminated drinking water and infants
fed with formula prepared with contaminated drinking water receive much greater exposures to
PFOS than older individuals who consume drinking water with the same PFOS concentration.
PFOS exposure in breast-fed infants is greatest during the first few months of life because both

PFOS concentrations in breast milk and the rate of fluid consumption are highest then. As a
result, serum PFOS concentrations in breast-fed infants increase several-fold from levels at birth
within the first few months of life. Exposures to infants who consume formula prepared with
contaminated water are also highest during this time period. While serum PFOS levels peak
during the first year of life, they remain elevated for several years. These elevated exposures
during infancy and early childhood are of particular concern because early life may be a sensitive
time period for the toxicity of PFOS.
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Health Effects

Literature Search and Screening

A comprehensive literature search was conducted for literature published through the end of
2014 using the PubMed and Toxline databases and was updated with relevant literature through
2016. Additional databases or websites of other state, federal, and international regulatory or
authoritative health entities were searched for relevant references. This literature search aimed to
identify all references relevant to health effects of PFOS in animals or humans.

Based on screening of the approximately 2860 references identified in the literature search,

approximately 700 references were ultimately considered as potentially useful for the assessment
of the health effects of PFOS.

Hazard Identification

Animal toxicology studies identified from the literature search and screening were categorized
into different levels of review for use in risk assessment. Approximately 75 studies that fulfilled
a set of criteria (for example, but not limited to, subchronic or greater exposure duration or in
utero exposure, multiple dose groups, assessment of appropriate observable endpoints) were
reviewed in detail and summarized in evidence tables. These studies were used to identify
potential health hazards (i.e., hazard identification) and were evaluated for potential use for dose-
response modeling. The remaining approximately 40 animal studies that did not meet the criteria
mentioned above, but were nonetheless potentially useful as supporting studies underwent a less
intensive review and were summarized in tabular form. These studies were used to further
inform the weight of evidence for identified health hazards.

All human (epidemiology) studies that were identified (approximately 120) were reviewed in
detail and summarized in evidence tables for use in identifying potential health hazards.

The mode of action evaluation of PFOS was based on relevant studies identified through the
literature search, as well as other sources (e.g., previous evaluations by NJDEP and DWQI,
review articles, other regulatory or health effects documents).

Non-cancer endpoints

The toxicological effects of oral PFOS exposure were assessed in studies of varying duration in
several species including mice, monkeys, rabbits, and rats. In adult animals,
endocrine/metabolic (e.g., thyroid hormone), hepatic (e.g., liver enlargement, histopathological
lesions, and changes in serum chemistry), immune, and neurological effects were determined to
be toxicologically important endpoints based on consistency across studies and appropriate for
consideration of dose-response analysis. Following gestational exposure to PFOS, increased
mortality, body weight, developmental (e.g., delays in eye opening, neurotoxicity, structural
defects), endocrine/metabolic (e.g., changes in thyroid hormone levels, insulin resistance,

increased fasting serum glucose), hepatic, and immune effects were observed in perinatal or
adult offspring and were determined to be toxicologically important endpoints appropriate for
consideration of dose-response analysis.

A number of human populations have been investigated for potential health effects from PFOS
exposure in epidemiology studies. Such investigations have included the general population,
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occupationally exposed individuals, and people living within communities contaminated with
high levels of PFOA but with general population level exposures to PFOS. Notably,
epidemiological studies have not been conducted in communities with drinking water
contaminated by PFOS. In most studies, serum PFOS levels are used as the exposure metric.
Epidemiologic studies of PFOS have investigated associations with developmental,
endocrine/metabolic, hepatic, immune, lipid metabolism, renal, and reproductive effects.
However, some of these studies have yielded inconsistent results, lacked proper controlling for
confounding, or could only provide weak suggestions of causality. Among the epidemiologic
studies, the studies of immune effects, and most particularly those investigating effects on
vaccine response, were generally consistent in showing adverse responses to PFOS. There was
also a consistency of findings among studies of PFOS exposure and increased serum uric
acid/hyperuricemia as well as increased total cholesterol.

The epidemiologic data for PFOS are notable because of the consistency between results among
human epidemiologic studies in different populations, the concordance with toxicological
findings from experimental animals, the use of serum concentrations as a measure of internal
exposure, the potential clinical importance of the endpoints for which associations are observed,
and the observation of associations within the exposure range of the general population. These
features of the epidemiologic data distinguish PFOS from most other organic drinking water
contaminants and justify concerns about exposures to PFOS through drinking water.
Notwithstanding, the human data have limitations and therefore are not used as the quantitative
basis for the Health-based MCL. Instead, the Health-based MCL is based on a sensitive and
well-established animal toxicology endpoint, decreased plaque forming cell respose which isan
indicator of decreased immune response. This effect is considered relevant to humans based on
epidemiological and mode of action data.

Cancer endpoints
In animals, only one study was identified that assessed tumor formation following PFOS
exposure. Following chronic PFOS exposure, hepatocellular tumors in male and female rats, and

thyroid tumors in male rats, were observed.

In humans, a limited number of epidemiological studies assessed cancer risk from PFOS
exposure in occupationally exposed populations or in the general population. Although
individual studies have shown borderline or weak (albeit statistically significant) associations
between PFOS exposure and specific cancer types (e.g., bladder, breast, prostate) or cancer-

related mortality (e.g., liver), there is no consistent indication of an association between PFOS
exposure and cancer in general, or any specific form of cancer. Nonetheless, the database cannot
be considered strong. Exposure characterization and case ascertainment was problematic in the

occupational studies with high levels of exposure, and the non-occupational studies generally
had small sample sizes.

Based on the tumors observed in rats, DWQI concluded that the designation of “Suggestive
Evidence of Carcinogenic Potential” as described the 2005 USEPA Guidelines for Carcinogen

Risk Assessment is appropriate for PFOS.
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Mode of Action

At a minimum, strong evidence exists from animal and/or epidemiological studies for effects on
the liver, the immune system, birth weight, and neonatal survival. In addition, PFOS causes liver
tumors and possibly thyroid tumors in rats. The breadth of these effects suggests that PFOS may

cause toxicity through multiple modes of action (MOAs). However, the mode(s) of action of
PFOS have not been fully characterized. Based on the information reviewed by the Health
Effects Subcommittee, the toxicological effects of PFOS are considered relevant to humans for
the purposes of risk assessment.

PFOS is not chemically reactive. Thus, it is not metabolized to reactive intermediates and does
not covalently bind to nucleic acids and proteins. Consistent with these properties, available data
indicate that it is not genotoxic.

Hepatic effects

Much attention has been focused on the potential human relevance of hepatic effects of

xenobiotics that occur through activation of the nuclear receptor, peroxisome proliferator-

activated receptor-alpha (PPARa). Since many PPARa activating compounds cause rodent liver

tumors; the human relevance of these tumors is subject to debate due to lower levels and/or

differences in intrinsic activity of PPARa in human liver. While MOA data are most abundant

for PFOS effects on the liver, most of the evidence relates to ruling out PPARa-dependent

MOAs. Based on some hepatic effects (e.g., increased liver weight) in rodents that are similar to

those caused by potent PPARa activators, cancer and non-cancer liver effects of PFOS have

sometimes been assumed to be PPARa-dependent. However, several lines of evidence do not

support a conclusion that liver effects due to PFOS exposure are PPARo-dependent. For some

PPARa activators, non-cancer and cancer liver effects are clearly linked to PPARa activation. In
contrast, PFOS effects on the rodent liver do not appear to primarily operate through a PPARa-
dependent MOA, including at doses resulting in liver tumors. PPARa may make only a minor
contribution, if any, to PFOS liver effects in rodents. Thus, there does not appear to be clear

evidence to discount the human relevance of PFOS to cause hepatic effects in rodents. Other

receptors including PPARP/3, PPARY, constitutive activated receptor (CAR), pregnane X receptor (PXR),
hepatocyte nuclear factor 4-a (HNF-4a), and possibly estrogen receptora (ERa), may also be activated by
PFOS, suggesting alternative, non-PPARa-dependent MOAS.

Immune effects
Following PFOS exposure in animals, immunosuppression as well as effects on immune organs,
cell populations, and mediators have been observed. In humans, an association with suppression

of vaccine response has been reported. Despite research efforts, the mode(s) of action by which
PFOS exposure results in immune effects is unclear.

It appears that PPARa may play a role in some immune effects caused by PFOS in rodents.

Unlike the case for liver effects, there are no data to suggest that immune effects mediated by
PPARa are not relevant to humans. Therefore, these effects are assumed relevant to humans for
the purposes of risk assessment. In addition to the possible role of PPARa, other mechanistic

considerations may inform the MOA for PFOS-mediated immunotoxicity. Some evidence
suggests a possible involvement of an alteration of cell signaling response. Stress is known to
influence immune effects following chemical exposure. However, as reviewed in this
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assessment, an increase in serum corticosterone, a marker of stress, was a high dose
phenomenon, whereas immune effects (i.e., decrease in plague forming cell response) occurred
at lower PFOS doses. The possibility has also been suggested that changes in lipid balance
resulting from PFQOS activity in the liver could affect the immune response. However, there does
not appear to be specific evidence to support this hypothesis.

Developmental/fetal effects

Gestational exposure to PFOS is associated with several different endpoints, including decreased
birth weight, malformations, and most notably, neonatal mortality. The MOAs for these effects
are not known. However, it appears that the observed developmental effects do not necessarily
share similar MOAs.

Research in WT and PPARa null mice suggests that developmental effects following gestational
PFOS exposure are PPARa-independent. Neonatal mortality following gestational PFOS
exposure has been noted in several rodent studies and is a striking and salient endpoint. The
underlying toxicity for this effect occurs with maternal exposure during late gestation. Due to
the observation of labored breathing associated with this mortality and the late developmental
nature of the toxicity, immature lung development, possibly related to PFOS interference with
lung surfactant has been suggested as a possible MOA. Oxidative stress and apoptosis have also
been implicated in offspring lung injury that may be responsible for neonatal mortality.
Additionally, defects in cardiopulmonary function observed following gestational PFOS
exposure have also been postulated as possible contributors to neonatal mortality. Nonetheless,
there is no clear MOA responsible for PFOS-mediated newborn mortality.

Carcinogenicity

Hepatocellular

PFOS does not appear to be genotoxic or mutagenic. There is limited evidence that the
formation of hepatocellular tumors from PFOS exposure may operate through a MOA involving
sustained cell proliferation and inhibited apoptosis. However, given the lack of additional
PFOS-specific data, it is not clear that this hypothesized MOA is either necessary or relevant. In
rats, in addition to hepatic tumors, many PPARa activators produce Leydig cell and pancreatic
acinar cell tumors. These tumor types are commonly referred to as the tumor triad. Although
hepatic tumors were observed in the single chronic exposure study in rats there was no increased
incidence of either Leydig cell or pancreatic acinar cell tumors. Along with other datadiscussed
above, this provides further evidence for a PPARa-independent hepatic cancer MOA. In
addition, similar to the discussion of the potential role of PPARa in non-cancer liver toxicity,
PFOS does not demonstrate key molecular markers of PPARa activity/peroxisome proliferation.
Further, PFOS and WY-14,643, a strong PPARa agonist and peroxisome proliferator that is

often used as a model for PPARa-related liver effects cause grossly different effects on gene
expression in mice. In summary, there is little evidence that PFOS operates through a PPARa-
dependent MOA, at least at the doses that have been observed to cause liver tumors. As with

non-cancer liver effects, other nuclear receptors, such as PXR and CAR, may play a role. Inall,
there does not appear to be evidence to suggest that the (unknown) MOA that is operative in rat
liver tumors is not relevant to human cancer risk.
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Thyroid follicular cell

In the only chronic PFOS exposure study, thyroid follicular cell tumors were observed in male
rats only at the highest dose following recovery from dosing. The human relevance of these

PFOS-mediated tumors is not clear and there is no evidence to inform a possible MOA.

Identification of Most Sensitive Endpoints

Dose-response analysis focused on health endpoints from animal studies with exposure durations
greater than 30 days, as well as on shorter-term reproductive and developmental endpoints from
animal studies involving exposures during gestation and/or the immediate post-natal period (i.e.,
reproductive/developmental studies). Endpoints were selected for dose-response analysis based
on their reporting of serum PFOS concentrations at relevant timepoints. Only those endpoints in
the animal studies associated with LOAELS in the lower end of the range of serum PFOS
concentrations were considered for dose-response modeling, and potentially for RfD derivation.
These most sensitive endpoints were identified by stratifying the endpoints from animal studies
into quartiles of serum PFOS concentrations. In the lowest quartile, the maximum LOAEL serum
PFOS concentration was approximately 24,000 ng/mL. Within that quartile, there was a general
clustering of animal endpoints with a LOAEL serum PFOS concentration < 10,000 ng/mL.
Endpoints occurring at or below this serum PFOS concentration were considered to be within the
group of most sensitive animal endpoints (n = 21). Not all of these endpoints were considered

for dose-response modeling due to study-specific concerns and/or lack of biological significance.
Ultimately, four endpoints were carried forward to non-cancer dose-response analysis:

e increased relative liver weight, adult mice (Dong et al., 2009)

e decreased plague forming cell response, adult mice (Dong et al., 2009)
e increased hepatocellular hypertrophy, adult rats (Butenhoff et al., 2012)
e increased relative liver weight, adult mice (Dong et al., 2012a)

For the cancer endpoints, dose-response analysis was performed on the incidence of
hepatocellular tumors in male and female rats in Butenhoff et al. (2012). The thyroid follicular
cell tumors in rats were excluded from dose-response assessment due to questionable biological

significance and inconsistencies in dose-response.

Dose-Response Analysis for non-cancer endpoints

For PFOS and other contaminants for which animal-to-human comparisons are based on serum
concentrations (internal dose), dose-response analysis is based on serum PFOS concentrations
(internal dose) rather than administered doses. The dose-response for the non-cancer and cancer
endpoints was investigated using USEPA benchmark dose modeling (BMD) software (ver.
2.6.0.1). Fitting and assessing the benchmark dose model fit was carried out using USEPA

benchmark dose modeling guidance.

For the non-cancer increased hepatocellular hypertrophy endpoint and the hepatocellular tumors,

from Butenhoff et al. (2012), serum PFOS concentrations measured over the course of this 105-

week study rose and then declined. The serum PFOS concentration at each dose was

summarized across the study duration based on area under the curve (AUC) of serum

concentration and time. For quantal data, the recommended benchmark response (BMR) value

of 10% was used. For continuous data, except for liver weight endpoints, the recommended
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BMR of 1 SD was used. For liver weight endpoints, a BMR of 10% was used to accommodate

relatively small increases in liver weight that could be considered adaptive. All available models
in the USEPA software were evaluated.

Non-cancer

Data for two of the four endpoints provided acceptable fits to one or more of the available dose-
response models included in the BMD software. The following BMDLs (as serum PFOS
concentrations) were derived and were considered as points of departure (PODs) for potential

Reference Dose (RfD) development:

e Relative liver weight increase — 5,585.5 ng/ml (Dong et al., 2009)
e Hepatocellular hypertrophy - 4,560.8 ng/ml (Butenhoff et al., 2012)

For two other endpoints, BMD modeling did not yield a valid POD. The PODs for these studies
were based on the NOAELS:

o Relative liver weight increase — 4,350 ng/ml - NOAEL (Dong et al., 2012a)

¢ Decreased plaque-forming cell response — 674 ng/ml - NOAEL (Dong et al., 2009)

There were PODs for relative liver weight from two studies, both from the same laboratory
(Dong et al., 2009; Dong et al., 2012a). The POD from Dong et al. (2012a) was lower than the

POD from Dong et al. (2009) and was therefore carried forward for RfD development.

Dose-response analysis for hepatocellular tumors is presented in the section on Estimation of
Cancer Risk from PFOS in Drinking Water below.
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Health-based MCL Derivation

The following graphic describes the process followed in criterion derivation.
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Figure E-2. Graphical representation of representation of the approach used to derive the Health-based MCL

Non-Cancer Endpoints

Development of Target Human Serum Levels and Reference Doses

Target Human Serum Levels are analogous to Reference Doses (RfDs) but in terms of internal
dose rather than administered dose. While Reference Doses (RfDs) are developed by applying
uncertainty factors (UFs) to PODs (NOAELs, LOAELs, or BMDLs) based on administered dose
(mg/kg/day), Target Serum Levels are developed by applying UFs are applied to POD serum
concentrations.

For each of the three candidate non-cancer PODs, a UF of 3 was applied to account for
interspecies differences in toxicodynamics. The typical UF of 3 for toxicokinetic variability
between species was not included because the risk assessment is based on comparison of internal
dose (serum levels) rather than administered dose. In addition, for each of the candidate studies
the default UF of 10 was applied to account for potential differences in sensitivity to PFOS

among humans including sensitive sub-populations. These two UFs result in a total UF of 30.

For the POD for increased liver weight, a UF of 3 was also applied. This POD was derived

from a study that was of less than chronic duration, and longer duration exposures could
potentially result in the same or additional effects at lower doses. Since two UFs of 3 are
considered to be equivalent to a UF of 10, the additional UF of 3 applied to this endpoint yielded
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a total UF of 100.

Although the POD for decreased plaque forming cell response is from a subchronic study, a UF
for the less than chronic duration of the endpoint was not applied because the dose-response for
this effect was similar in several studies of shorter duration. This suggests that this effect does
not become more severe or occur at lower internal doses with longer durations of exposure.

The following table shows the POD, total UF and Target Human Serum Level for each of these

endpoints.

Table E-1. Calculation of Target Human Serum Levels

(Decreased plaque forming cell
response)

Study Animal PODserum UFroraL | Target Human Serum
(ng /ml) Level
(ng/ml)
Butenhoff et al. (2012) 4,561 30 152
(Hepatocellular hypertrophy)
Dong et al. (2012a) 4,350 100 43.5
(Increased relative liver weight)
Dong et al. (2009) 674 30 22.5

Deriving an RfD as a human intake dose that corresponds to the Target Human Serum Level at
steady state requires a constant that relates the two parameters. This constant is referred to as the

Clearance Factor (CL). USEPA derived a CL for PFOS of 8.1 x 10 L/kg/day based on
empirical data. This value was used to derive the RfD for each of the candidate studies.

The following table shows the Target Human Serum Level and corresponding RfD for each of
the candidate studies after application of the CL.

Table E-2. RfDs derived from Target Human Serum Levels

Study Target Human Serum RfD RfD
Level (ng/kg/day) | (mg/kg/day)
(ng/ml)
Butenhoff et al. (2012) 152 12.3 1.23x10°
(Hepatocellular hypertrophy)
Dong et al. (2012a) 435 35 3.5x10°
(Increased relative liver weight)
Dong et al. (2009) 225 1.8 1.8x10°
(Decreased plaque forming cell
response)

Relative Source Contribution Factor (RSC)

A Relative Source Contribution (RSC) factor that accounts for non-drinking water sources
including food, soil, air, water, and consumer products is used by USEPA, NJDEP, and the
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DWQI in the development of health-based drinking water concentrations based on non-
carcinogenic effects. The default value for the RSC is 20%, meaning that 20% of total exposure
is assumed to come from drinking water and 80% from non-drinking water sources. If supported
by available data, a higher chemical-specific value (up to 80%) can be used. The Health Effects
Subcommittee concluded that there are insufficient data to develop a chemical-specific RSC for
PFOS. USEPA UCMR3 monitoring shows that PFOS occurs (at concentrations greater than 40
ng/L) more frequently in PWS located throughout New Jersey (3.4%) than nationwide (1.9%),
and PFOS has also been found in additional NJ PWS in NJDEP occurrence studies and other

data reported to NJDEP.

There are no New Jersey-specific biomonitoring data for PFOS, and the more frequent
occurrence in NJ PWS suggests that New Jersey residents, particularly in communities with
contaminated drinking water, may also have higher exposures from non-drinking sources, such
as contaminated soils, house dust, or other environmental media, than the U.S. general
population. Importantly, residents may be exposed through consumption of recreationally
caught fish from contaminated waters.

Additionally, the default RSC of 20%, while not explicitly intended for this purpose, also

partially accounts for the greater exposures to infants who are breast-fed or consume formula
prepared with contaminated drinking water, as compared to older individuals. These higher

exposures during infancy must be considered because short term exposures to infants are

relevant to the most sensitive effect (decreased immune response). Therefore, the default RSC
of 20% was used to develop the Health-based MCL.

Potential Health-based MCLs (Health-based Maximum Contaminant Levels)
The Health-based MCL is calculated based on the following equation, using default exposure
assumptions of 2 L/day drinking water consumption, 70 kg adult body weight, and 20% (0.2)

Relative Source Contribution (RSC).

RfD (ng/kg/day) x Body weight (kg)
Daily drinking water intake (L/day)

MCL (ng/L) = ( )xRSC

For each of the three candidate endpoints, the following table gives the RfD and corresponding
potential Health-based MCL.

Table E-3. Calculation of Potential Health-based MCLs
Study Endpoint RfD Health-based MCL
(ng/kg/day) (ng/L = ppt)
Butenhoff et al. Hepatocellular 12.0 84
(2012) hypertrophy
Dong et al. (2012a) Increased relative liver 35 25
weight
Dong et al. (2009) Decreased plaque forming | 1.8 13
cell response
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Health-based MCL
The Health-based MCL of 13 ng/L value based on decreased plaque forming cell response from

Dong et al. (2009) is the lowest of the potential Health-based MCLs for non-carcinogenic effects.
This endpoint is an appropriate basis for the Health-based MCL because of the clear

toxicological relevance of decreased immune response to foreign antigens and the substantial
epidemiological evidence for the association of decreased vaccine response with general
population level exposure to PFOS. Due to the uncertainties associated with the cancer risk

assessment of PFOS (discussed below), the non-cancer endpoint (immune system toxicity) was
judged to be the most appropriate basis for the Health-based MCL.

Estimation of cancer risk from PFOS in drinking water

The Health Effects Subcommittee concluded that PFOS is most appropriately described as
having “Suggestive Evidence of Carcinogenic Potential,” and that estimated cancer risks for
PFOS are too uncertain for use as the basis of a Health-based MCL. The only chronic study of
PFOS reported an increased incidence of liver and thyroid tumors in rats (Butenhoff et al., 2012).

The hepatocellular tumor data is appropriate for dose-response analysis to develop a cancer slope
factor, while the thyroid tumor data could not be used for cancer slope factor development. The
cancer risk estimates were based on data from female rats, since the cancer slope factor for male

rats is highly uncertain because liver tumors occurred only in the high dose group, while they
occurred in all dosed groups in females.

The cancer potency factor for hepatocellular tumors in female rats was 9.0 x 10°(ng/kg/day)™.
Among the uncertainties associated with the cancer slope factor for liver tumors in females are
uncertainties regarding inclusion of the recovery group data in dose-response analysis and
uncertainties about the dose metric based on AUC serum levels.

The lifetime cancer risk at the recommended Health-based MCL of 13 ng/L, based on default
assumptions for body weight (70 kg) and drinking water consumption (2 L/day), was estimated
as 3 x 10 (3 in one million)

The estimated cancer risk of 3 in one million is slightly above the cancer risk goal for New
Jersey MCLs of one in one million. DWQI and the NJ Drinking Water Quality Institute have a
policy of applying an additional uncertainty factor of 10 to an RfD for a non-cancer endpoint to
account for potential cancer risk when a cancer potency factor (slope factor) is not available or is
considered uninformative. However, since the estimated cancer risk at the Health-based MCL
based on a sensitive non-carcinogenic effect is close to the New Jersey cancer risk goal of onein

one million, application of this uncertainty factor is not necessary.

Potential for additive toxicity with other PECs
The Health Effects Subcommittee notes that available information indicates that the target organs

and modes of action may be generally similar for PFOS and some other PFCs. Therefore, the

toxicity of PFOS and other PFCs may be additive. Although PFOS and other PFCs are known to
co-occur in some NJ public water supplies, the potential for additive toxicity of PFOS and other
PFCs was not considered in development of the Health-based MCL.

The recommended Health-based MCL is 13 ng/L (0.013 pg/L).
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INTRODUCTION

Development of Health-based MCLs by New Jersey Drinking Water Quality Institute
The New Jersey Drinking Water Quality Institute (DWQI) was established by the 1984

amendments to the New Jersey Safe Drinking Water Act (SDWA) at N.J.S.A. 58:12A- 20. Itis

charged with developing standards (Maximum Contaminant Levels; MCLs) for hazardous
contaminants in drinking water and for recommending those standards to the New Jersey
Department of Environmental Protection (NJDEP). The Health Effects Subcommittee (formerly

“Lists and Levels Subcommittee”) of the DWQI is responsible for developing health-based
drinking water levels (Health-based MCLs) as part of the development of MCL

recommendations (e.g. DWQI, 1987; 1994; 2009; 2015a; 2017).

Health-based MCLs are based on the goals specified in the 1984 Amendments to the NJ SDWA.
For carcinogens, it is generally assumed that any level of exposure results in some level of

cancer risk, and a one in one million (10°°) risk level from lifetime exposure is specified in the
statute. Health-based MCLs for carcinogens are thus set at levels that are not expected to result

in cancer in more than one in one million persons ingesting the contaminant for a lifetime. For
non-carcinogenic effects, it is generally assumed that exposure below a threshold level will not

result in adverse effects. As specified in the statue, Health-based MCLs are set at levels which
are not expected to result in “any adverse physiological effects from ingestion” for a lifetime.
The risk assessment approach used to develop Health-based MCLs is generally consistent with
USEPA risk assessment guidance.

Other factors such as analytical quantitation limits and availability of treatment removal
technology are also considered in the final MCL recommendation. For carcinogens, the 1984
Amendments to the NJ SDWA require that MCLs are set as close to the one in one million

lifetime risk goal as possible “within the limits of medical, scientific and technological
feasibility.” For non-carcinogens, MCLs are set as close to the goal of no adverse effects as

possible “within the limits of practicability and feasibility.”

To support the development of an MCL recommendation by the DWQI, the Health Effects
Subcommittee has developed a draft Health-based Maximum Contaminant Level for PFOS. As
specified in the 1984 Amendments to the NJ SDWA, this Health-based MCL is intended to be
protective for chronic (lifetime) drinking water exposure.

Document Development Process

Timeline
On March 21, 2014, New Jersey DEP Commissioner Bob Martin requested that the DWQI

recommend MCLs for three perfluorinated compounds: perfluorononanoic acid (PFNA, C9),
PFOA, and perfluorooctane sulfonic acid (PFOS). The Health Effects Subcommittee
commenced its evaluation of PFOS after completing its work on PFNA and PFOA (DWQI,
2015a; 2017).

The 1984 Amendments to the New Jersey Safe Drinking Water Act provide that the services of
employees of New Jersey state agencies are to be available to the DWQI. As such, NJDEP staff



have historically developed initial drafts of DWQI Health-based MCL Support Documents
(DWQI, 1987; 1994), as well as providing ongoing technical support to other DWQI
Subcommittees. Accordingly, toxicologists from the NJDEP Division of Science, Research and
Environmental Health (DSREH) completed an initial draft risk assessment for chronic exposure
to PFOS in drinking water in 2017. The current document was developed by the Health Effects
Subcommittee based on review of the earlier DSREH document. The literature search and
screening process used to develop the Health-based MCL Support Document is described below.

Literature Search and Screening
A comprehensive literature search was conducted for literature published through the end of

2014 using the PubMed and Toxline databases and was updated with relevant literature through
2016. Additional databases or websites of other state, federal, and international regulatory or
authoritative health entities were searched for relevant references. This literature search aimed to
identify all references relevant to health effects of PFOS in animals or humans. Detailed

documentation of the database and website literature searches can be found in Appendix 1
(Tables A-1 and A-2).

Approximately 2860 references were identified from the literature search. These references were
manually screened (i.e., by title, abstract and/or full text) for relevance to the areas of hazard
identification, toxicity value derivation, or human exposure to determine whether they provided
information on at least one of the following: effects in animals or humans; toxicokinetics;
exposure to humans; or mode of action. References considered relevant to informing these areas

were selected for further consideration during the preparation of this document. Table A-3in
Appendix 1 describes the criteria used to decide whether each reference will be further
considered or excluded.

Backward searches (i.e., searches of citations to identified previously unidentified references) of
selected key references (i.e., review articles or health assessments published from 2012 onwards)
identified from the literature screening were employed to augment the database and website

searches (Appendix 1, Table A-4).

Based on this screening, approximately 700 references were ultimately considered as potentially
useful for the assessment of the health effects of PFOS. Some references that were excluded as
not being relevant to hazard identification, toxicity values derivation, or human exposure were
used to inform supporting sections of this assessment, such as the “Background Information” and
“Environmental Sources, Fate, and Occurrence” sections.

Additional references, including general background references (e.g., review articles) not
specific to PFOS but germane to relevant scientific issues, guidance documents, and other health
assessments not identified from the above literature search, were identified based on previous

knowledge or ad hoc literature or website searches.

Figure A-1 in Appendix 1 summarizes the results of the literature search and screening.

BACKGROUND INFORMATION
PFOS is a member of a class of anthropogenic chemicals called perfluorinated chemicals (PFCs)
or perfluoroalkyl acids (PFAASs). These chemicals have structures consisting of a totally




fluorinated carbon chain of varying length and a charged functional group, such as carboxylate

or sulfonate (Lindstrom et al., 2011). PFCs are members of a larger class of compounds, poly-
and perfluoroalkyl substances (PFAS) which also includes fluorinated compounds with

structures that differ from PFCs (Buck et al., 2011). The eight- carbon PFCs, PFOA and PFOS,
were the most extensively investigated compounds in earlier studies, while current research

focuses on a wider range of PFAS.

Physical and Chemical Properties
ATSDR (2015) and USEPA (2016a) have summarized the physical and chemical properties of

PFOS. The backbone of the PFOS molecule is an eight-carbon chain that is fully fluorinated
except for a terminal carbon, two of whose available bonds are fluorinated and the remaining
bond of which forms a sulfonate. PFOS has a molecular weight of 500.03 Da, and its molecular
structure of PFOS:
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The fluorocarbon portion of the molecule is hydrophobic and lipophilic. However, the sulfonate
end of the molecule is hydrophilic. The combination of these properties allows PFOS to bridge
lipid/water interfaces and to act as a surfactant. PFOS is a fully fluorinated sulfonic acid.
Because carbon-fluorine bonds are among the strongest found in organic chemistry due to
fluorine’s electronegativity, PFOS and other PFCs are extremely stable and resistant to chemical
reactions. Therefore, PFOS is extremely stable in the environment, and it is resistant to
biodegradation, direct photolysis, atmospheric photooxidation, and hydrolysis. Its melting
temperature is > 400°C. The potassium salt of PFOS is relatively soluble in water (570 mg/L
(ATSDR, 2015); 680 mg/L (USEPA, 2016a). Its vapor pressure is very low, and has been
reported variously as 2.48 x 10° mm Hg at 20°C (ATSDR, 2015) and 2.0 x 10 mm Hg at 25°C
(USEPA, 2016a). The octanol-water partition coefficient (log Kow) for PFOS is not measurable
(USEPA, 2016b). Its pKa is reported as <1 (PubChem, 2017).

Production and Use
The main worldwide producer of PFOS began production of “PFOS equivalents” (PFOS and/or
starting materials such as perfluorooctane sulfonyl fluoride [POSF] that are used to produce to

PFOS) in 1949 and completed phasing out the manufacture of these compounds in 2002
(Lindstrom et al., 2011). In 1994 and in 2002, the U.S. production of PFOS as reported in the
USEPA Inventory Update Rule was 10,000-500,000 Ibs (ATSDR, 2015). USEPA has also taken
several actions (Significant New Use Rules; SNURS) to require EPA notification and review of
the manufacture or import of a number of chemicals that related to PFOS or can degrade to

PFOS, with exceptions for “a few specifically limited, highly technical uses of these chemicals
for which no alternatives were available, and which were characterized by very low volume, low
exposure, and low releases.” (USEPA, 2017). As of the 2015 ATSDR review, the only country
still producing PFOS was China.



Many of the uses of PFOS stem from its surfactant properties and from its ability to repel both
water and fats/oils. The USEPA (2016a) reports the following as among the significant uses of
PFOS:

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.

e Metal plating and finishing (continuing use)
e AFFF (continuing use; used for firefighting)
e Photograph development (continuing use)

e Auviation fluids (continuing use)

e Semiconductor industry

e Flame repellants

e Food containers and contact paper

e Oil and mining

e Cleaning products

e Paints, varnishes, sealants

e Textiles and leather

Of particular note on this list, is the use of PFOS in AFFF. Whereas the U.S. no longer produces
or imports PFOS-based AFFF, the use of existing stocks of these foams continues (Seow, 2013).
As discussed in the section on Environmental Fate and Transport, discharge of AFFF to the
environment is a major source of PFOS drinking water contamination.

GUIDANCE AND STANDARDS DEVELOPED BY USEPA AND OTHERSTATES

USEPA Drinking Water Health Advisory

In May 2016, the USEPA Office of Water finalized a drinking water Health Advisory for PFOS
of 70 ng/L (USEPA, 2016a). This Health Advisory is intended to apply to both lifetime
exposure and short-term exposure. It replaces the earlier 2009 USEPA Office of Water (USEPA,

2009) Provisional Health Advisory for PFOS of 200 ng/L which was intended to protect for

“short-term exposure” (defined by the USEPA Integrated Risk Information System (IRIS) as up
to 30 days; USEPA, 2011a).

USEPA (2016c) also finalized a Health Advisory for PFOA of 70 ng/L, and USEPA (2016d)

states that the total combined concentration of PFOS and PFOA in drinking water should not
exceed 70 ng/L.

A detailed discussion of the basis for the USEPA (2016a) Health Advisory for PFOS and a

comparison with the recommended DWQI Health-based MCL are provided in Appendix 2. In
summary, the USEPA Health Advisory is based on a Reference Dose (RfD) of 20 ng/kg/day

based on decreased neonatal body weight in the F> generation (Luebker et al., 2005a). The



default Relative Source Contribution factor of 20% was used to account for non-drinking water
exposures. The USEPA Health Advisory uses a drinking water consumption rate of 0.054

L/kg/day, based on the 90" percentile for lactating women, which is higher than the default
consumption rate based on adult exposure factors.

Figure 1 shows the predicted increases in serum PFOS levels from ongoing exposure in drinking

water at the USEPA Health Advisory (70 ng/L) and the Health-based MCL (13 ng/L)

recommended in this document. Predictions based on both average (0.016 L/kg/day) and upper
percentile (0.029 L/kg/day) drinking water ingestion rates are shown. A clearance factor (1.4 x
10 L/kg/day) developed by USEPA (2016d) to relate human PFOS exposures to human serum

PFOS levels was used to predict the increases in serum PFOS from exposures to these levels in
drinking water. With average water consumption, ongoing exposure to 70 ng/L (the USEPA
Health Advisory) is predicted to increase serum PFOS by 13.8 ng/ml, a 3.7-fold increase from
the U.S. general population (NHANES) median of 5.2 ng/ml (CDC, 2017). With upper percentile

water consumption, the increase in serum PFOS level from 70 ng/L is predicted as 25.1 ng/ml,

resulting in a 5.8-fold increase from the general population (NHANES) median.
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Figure 1. Increases in the median U.S. serum PFQOS concentration (right of dotted line) predicted
from mean and upper percentile c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>