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Abstract

The 2018 ATSDR mixture framework recommends three approaches including the hazard index
(HI) for environmental mixture toxicity assessment. Per- and polyfluoroalkyls (PFAS) are found
in our environment and general populations. Recent experimental mixture toxicity studies of
perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) and an assessment

of 17 PFAS indicate the use of additivity for their joint toxicity assessment. The aim of this
investigation was to detail the stepwise procedures and examine the extent and use of the HI
approach for PFAS mixture assessment. Using estimated general public lifetime exposures (high,
medium, and low), binary mixtures of PFOS and PFOA vyielded, respectively, hazard indices (HIs)
of 30.67, 8.33, and 3.63 for developmental toxicity; 10.67, 5.04, and 2.34 for immunological
toxicity; 3.57, 1.68, and 0.78 for endocrine toxicity; 4.51, 1.73, and 0.79 for hepatic toxicity;

and 15.08, 2.29, and 0.88 for reproductive toxicity. A heterogeneous mixture of PFOA, PFAS,
dioxin (CDD), and polybrominated compounds (PBDE) for high exposure scenario yielded Hls
of 30.99 for developmental, 10.77 for immunological, 3.64 for endocrine, 4.61 for hepatic, and
17.36 for reproductive effects. The HI values are used as a screening tool; the potential concern
for exposures rises as HI values increase. For HI values >1, a follow-up including further analysis
of specific exposures, use of internal dosimetry, and uncertainty factors is conducted before
recommending appropriate actions. The HI approach appears suitable to address present-day PFAS
public health concerns for initial assessment of multiple health effects, until further insights are
gained into their mechanistic toxicology.

The findings and conclusions in this article are those of the author(s) and do not necessarily
represent the official position of the Centers for Disease Control and Prevention/the Agency for
Toxic Substances and Disease Registry.
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Introduction

Per- and polyfluoroalkyls (PFAS) are synthetic substances present in the environment.
These compounds have existed in commerce for several decades, but more recently have
become a focus of community concerns across the United States (ATSDR 2018a). These
chemicals are a diverse group of approximately 5,000 chemicals with important structural
variations that include perfluoroalkyl acids (PFAAS), perfluoroalkane Figure: sulfonic acids
(PFSAs), perfluoroalkyl carboxylic acids (PFCAs), and some polyfluorinated substances
that may degrade or metabolize to the widely reported important perfluorooctane sulfonic
acid (PFOS) and perfluorooctanoic acid (PFOA).

The major exposure pathways for PFOS for the general population in Europe and North
America are food and water ingestion, dust ingestion, and hand-to-mouth transfer from
mill-treated carpets (Trudel et al. 2008). For PFOA, major exposure pathways are oral
exposure resulting from migration from paper packaging and wrapping into food, general
food and water ingestion, inhalation from impregnated clothes, and dust ingestion (Trudel
et al. 2008). Exposure pathways for other PFAS such as perfluorohexane sulfonic acid
(PFHxS) and perfluorononanoic acid (PFNA) are less extensively studied but expected to be
similar to PFOA and PFOS.

The mechanisms underlying toxicity attributed to PFAS are not well understood. There

is strong evidence that some effects observed in rodents, such as hepatotoxicity,
immunotoxicity, and developmental toxicity, involve activation of peroxisome proliferator-
activated receptor-a (PPARa); however, humans and nonhuman primates are less responsive
to PPARa agonists than rodents (Corton et al. 2014). In addition, PPARa-independent
mechanisms are also involved, and it is not known if species differences exist for these
mechanisms (ATSDR 2018a).

The available epidemiology studies (Grandjean et al. 2012, 2017; Lenters, Portengen, and
Rignell-Hydbom et al. 2016; Mi et al. 2020; NTP 2016; Olsen, Burris, and Burlew et

al. 2000; Winquist and Steenland 2014) suggest the following associations between PFAS
exposure and several adverse health effects:

. Increased cholesterol levels (PFOA, PFOS, PFNA);
. Changes in liver enzymes (PFOA, PFOS, PFHXS);
. Decreased vaccine response in children (PFOA, PFOS, PFHXS);

. Increased risk of high blood pressure or preeclampsia in preghant women
(PFOA, PFOS); and

. Decreases in infant birth weights (<20 g (0.7 ounces) fall in birth weight per 1
ng/ml elevation in PFOA or PFOS in blood).

The International Agency for Research on Cancer (IARC 2017) concluded that PFOA
is possibly carcinogenic to humans (Group 2B), and the United States Environmental
Protection Agency (EPA (2016b); EPA 2016c) indicated that there was suggestive evidence
of carcinogenic potential of PFOA and PFOS in humans. Increases in testicular and kKidney
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cancer were noted in highly exposed humans (Barry, Winquist, and Steenland 2013; Shearer
et al. 2020; Vieira et al. 2013).

The actual composition of an exposure defines the focus and direction of a toxicity
assessment. For meaningful real-life risk assessment, a thorough qualitative and quantitative
analysis of environmental exposures is needed. Such exposures are often to chemical
mixtures and not just limited to individual chemicals. Mixtures containing PFAS may

be homogeneous, containing only PFAS, or heterogeneous, containing PFAS and other
persistent organic pollutants (POPs).

Mixtures risk assessment approaches

The ATSDR (2018b) “Framework for Assessing Health Impacts of Multiple Chemicals and
Other Stressors” recommends three broad data-driven approaches for toxicity assessment
of environmental mixtures. The first two approaches are whole mixtures based and are

used if the mixture or a similar mixture has actually been tested and data are available.

The framework details a tiered workflow for the third and most-often used approach, the
hazard index (HI) (Figure). This approach is based upon the toxicity of individual chemical
components of the mixture and their respective exposure levels (Eg. 1). In the initial stage
of the workflow, the problem formulation is undertaken. At this stage, all chemicals found at
a waste site in various environmental media with completed exposure pathways (CEPs) are
identified (ATSDR 2005). Completed exposure pathways represent unbroken chains linking
source contaminant (s), fate and transport of contaminants through environmental media,

a point of exposure, route of entry into the body (inhalation, ingestion, or dermal), and
potentially exposed population. If the exposures are from multiple route mixture analyses
are conducted for all the relevant routes. Having a CEP indicates that either a human
population has been exposed in the past, is being exposed presently, or might be exposed

in the future to these chemicals. Then, information is collected on potential adverse health
effects associated with each chemical based upon toxicologic, epidemiologic, or health
outcome data.

Tier 1 analysis: First the hazard quotient (HQ) — the ratio of estimated exposure dose of

a chemical divided by its health guidance value (HGV) - is calculated for each single
chemical. Health guidance values might be ATSDR’s minimal risk level (MRL), EPA’s
reference dose (RfD), or any other appropriate values (e.g., state guidance values). EPA
reported that most hazardous waste sites present elevated risks for fewer than 12 chemicals
(EPA 2020). Chemicals are retained for further analysis if their HQ values approach or
exceed 1. While chemicals with HQs <1 are expected to individually pose no health impacts,
these substances may exert an impact when summing exposure occurs to multiple chemicals.
Therefore, all agents with HQs =0.1 are retained for further analysis in tier 2.

Tier 2 analysis: HI is calculated for preliminary evaluation of the potential for noncancer
toxic effects by combining the HQs of all individual chemicals retained in tier 1 (Eq. 1).
The HI assumes dose addition, and a prefiminary hazard index is a sum of HQs =0.1 of all
known and measured chemicals for site-specific CEPs. This preliminary HI does not group
chemicals based upon shared toxicity targets (i.e., common adverse effects) or modes of
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action (MOASs). When a preliminary HI value exceeds 1, further evaluation is recommended
in tier 3 analyses.

E E; E,

n
HI = [ZIHQ,: mev Yo, Tt oY (Eq.1)

Tier 3 analysis: Because the dose-additive HI approach does not account for possible
interactions among mixture components, in this tier, an evaluation of interactions that
might impact the joint toxicity of the mixture is conducted. A weight of evidence (WOE)
methodology is used to assess the role of interactions in the overall expression of toxicity of
the mixture. In a complex mixture, multiple components might exert common effects other
than their individual critical effects (e.g., liver); thus, a secondary effect (e.g., reproductive
or neurotoxicity) may become an adverse health effect of potential concern in a population.
In such situations, target organ toxicity doses (TTDs) that are akin to effect-specific MRLs
are developed. Subsequently, these are used to calculate effect-specific HQs and effect-
specific Hls for a more complete characterization of health risk.

The purpose of this study was to specifically show the application of the ATSDR

(2018b) tiered “Framework for Assessing Health Impacts of Multiple Chemicals and Other
Stressors” for PFAS mixture assessment. Based upon available data, case studies are
presented to illustrate the stepwise procedures that might currently be employed. Thus, the
HI approach is used to demonstrate the risk assessment of homogeneous and heterogenous
binary and tertiary mixtures containing PFOS, PFOA, dioxins (CDDs), and polybrominated
compounds (PBDES) that have been found to co-occur (Lynch et al. 2019).

Exposure estimates

Daily oral exposures for PFOA and PFOS estimated by Trudel et al. (2008) were obtained
from the perfluoroalkyls toxicological profile (ATSDR 2018a). For PFOS and PFOA,

adult estimates for high-exposure scenarios were approximately 30 and 47 ng/kg/day,
respectively. For medium exposure scenarios, these levels were 15 and 2.5 ng/kg/day

and for low exposure scenarios 7 and 0.4 ng/kg/day, respectively (Trudel et al. 2008).

These high-, medium-, and low-exposure scenarios are based upon the 95t percentiles of
input parameters, medians, and 5™ percentiles, respectively. Trudel et al. (2008). These
three exposure scenarios were calculated to encompass a wide range of general population
exposures. Further, these three scenarios as well as the contribution to variance in these
estimates for each input parameter were calculated in order to reflect the variability and
uncertainty of input parameters. Since PFOA and PFOS are no longer produced or used in
the United States, current exposure levels may be lower than those predicted by Trudel et

al. (2008). Exposure values for chlorinated dioxins (CDDs) and polybrominated compounds
(PBDEs) that might potentially co-occur were obtained from their respective toxicological
and interaction profile documents (ATSDR 2017, 1998). For CDDs, exposure was estimated
at 1.7 pg/kg/day, and for PBDEs, exposure was estimated at 7.1 ng/kg/day. These exposure
estimates may have changed since they were developed; however, this is a methods paper
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meant to illustrate how the mixture risk assessment approach may be applied to PFAS using
a hypothetical exposure scenario. Therefore, these exposure estimates are sufficient for the
purposes of the present study.

Health Guidance Values (HGVs)

Minimal risk levels (MRLs) are ATSDR HGVs used to evaluate the toxicity and risk posed
by priority environmental chemicals for acute (1-14 days), intermediate (15-364 days), and
chronic (>365 days) exposure durations. These values are extensively peer reviewed by
internal and external experts. An MRL is an estimate of the daily human exposure to a
hazardous substance that is likely to be without appreciable risk for adverse non-cancer
health effects over a specified duration of exposure. Thus, MRLs are based upon the
concept that a threshold level of exposure exists, below which no non-cancer health effect
is likely to occur. For the derivation of MRLs exhaustive literature searches are conducted
to compile the database of the overall toxicity of a specific chemical. ldentified studies

that are of the highest quality are then categorized by each route and duration of exposure
and organ system toxicity. Subsequently, the studies that present dose response data are
closely reviewed to identify a critical study that includes data for the most sensitive effect
at the lowest dose in humans or animals for the route and duration of exposure. Such an
investigation provides the dose that is used as the point of departure (POD) to derive the
MRL. All other appropriate studies identified are used as supporting evidence for MRL
derivation. The POD is divided by uncertainty and modifying factors to calculate the MRL.
Depending upon the available data, the POD might be a No Observed Adverse Effect Level
(NOAEL), a Lowest Observed Adverse Effect Level (LOAEL), or a lower limit of the

95% confidence interval of the benchmark dose level (BMDL). Sometimes the POD might
be determined based upon actual external exposure levels, default values, time weighted
averages (TWA), through dosimetric adjustments, or even target organ or system-specific
concentrations using physiologically based pharmacokinetic (PBPK) models.

Intermediate MRLs for PFOA, PFOS, CDDs, and PBDEs were extracted from their
respective toxicological profiles to use in calculating HQs and HlIs. The PODs for PFOA
and PFOS are based upon developmental effects. Serum PFAS levels were utilized as PODs
for derivation of MRLs because of large interspecies differences in the toxicokinetics of
perfluoroalkyls for which mechanisms are not completely understood. The basic assumption
in the use of serum PFAS levels as POD is that animals and humans may yield similar
relative responses if serum levels are similar following exposure. Details of each individual
MRL derivation are provided in the perfluoroalkyls toxicological profile (ATSDR 2018a).

Target Organ Toxicity Dose (TTD) for PFAS

During the mixture risk assessment process, on an as-needed basis, additional effect-specific
values — the TTDs — are developed for potential secondary effects of a chemical. The TTD
approach, which is a refinement of the HI approach, was devised in order to accommodate
the assessment of mixtures whose components do not all exert the same critical effect

(i.e., the most sensitive effect providing the basis of the public health guidance value),

but may produce toxic effects in common target organs dependent upon exposure level
(ATSDR 2018b; Mumtaz, Poirier, and Colman 1997). The TTD approach considers the
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reality that most components of contaminated-site-related mixtures affect other target organs
at doses higher than those that produce the critical effect of the guidance value. These

other effects may vary from component to component and may be important in assessing
the adverse health effects initiated by the mixture. Thus, multiple TTDs may be derived

for each chemical for effects other than the critical effect for which MRL is derived. The
TTDs are derived using the same steps as were employed for MRL derivation in order to
ensure consistency across values. Similar to MRLs, TTD calculations use a conservative
approach in order to be protective of human health. Therefore, exceeding one does not
necessarily mean an effect will occur. The TTDs are utilized to calculate effect-specific

Hls and HQs for evaluation of combined adverse health effects of mixtures. The TTDs

do not undergo extensive rigorous review that MRLs do because they are developed on

a case-by-case basis. The TTD values for secondary effects are typically higher than

the MRL value of a chemical. If calculated TTDs are lower than MRLs, then ATSDR
defaults to the MRL value when calculating HQs/HIs because there is more confidence

in the MRL. The perfluoroalkyls toxicological profile served as the database to identify
studies used for TTD derivation. The provisional, draft MRLs developed by ATSDR were
intermediate-duration, oral values. In order for the derived TTD values to be comparable to
the MRLs, intermediate-duration oral studies were selected that reported an adverse effect
for the various endpoints used for TTD development. These studies demonstrated the lowest
LOAEL values for various endpoints and were selected as the “critical studies” for the TTD
derivations. Below is a brief description of how these values were derived; more detailed
information may be found in Appendix A of the toxicological profile for perfluoroalkyls
(ATSDR 2018a).

Calculation of internal dose metric

Time-weighted-average (TWA) serum PFOA and PFOS concentrations corresponding to
external doses and exposure durations were predicted from a pharmacokinetic model
(Wambaugh et al. 2013) using animal species-, strain-, and gender-specific parameters.
When animal species, strain, or gender is unavailable in the Wambaugh et al. (2013) model,
TWA serum concentrations are estimated from the measured serum concentrations from the
principal study of the areas under the curve (AUC).

Human Equivalent Dose (HED)

HEDs were calculated based upon the assumption that humans might exhibit similar effects
as the lab animal at a given serum concentration. HEDs were calculated that would result
in steady-state serum concentrations (Cgs) of PFAS equal to serum concentration in animals
that were selected as the POD. This was done using the first-order single-compartment
model that is based upon serum elimination t1,» values, an assumed apparent volume of
distribution (Vy), and gastrointestinal absorption fraction (AF) (Eq. 2):

Css*kexVy
AF ’

e)

HED = =
f/2

wherek,

(Eq.2)

Model parameters used in these calculations are presented in Table 1.
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Uncertainty and modifying factors

HED values are divided by relevant uncertainty factors (UFs) and modifying factors (MFs),
when applicable, to arrive at the final TTD values. ATSDR uses UFs for extrapolation from
animals to humans, use of a LOAEL, and human variability. Modifying factors are employed
when necessary; this may be for database limitations or concerns for a more sensitive
endpoint, among others.

TTDs for CDDs and PBDEs

TTDs for CDDs and PBDEs were derived applying the relevant uncertainty factors (ATSDR
2017, 1998). In order for the derived TTD values to be comparable to MRLs and for these to
be comparable to derived PFAS values, intermediate-duration oral studies were selected that
reported adverse effect for the various endpoints used for TTD development.

Mixtures assessment

Results

Five important health effects — developmental, reproductive, hepatic, immunological, and
endocrine (i.e., thyroid effects) — were evaluated for illustrative mixtures containing PFAS.
Illustrative mixtures are comprised of components that display a likelihood of co-exposure
in the general population because they are omnipresent in the environment and often found
in blood samples. The oral lifetime exposures obtained from the literature were used as

the exposure levels and the individual chemical oral MRLs and TTDs were utilized as the
guidance values for a binary mixture of PFOA and PFQOS. The oral intermediate MRLs

and TTDs were adopted for chronic HQ and HI calculations because of the long half-lives
known for these chemicals. The elimination half-life in humans is estimated to be 3.5 years
for PFOA and 4.8 years for PFOS (Olsen et al. 2007). An analysis was also conducted for

a heterogenous mixture containing PFOA, PFOS, CDDs, and PBDEs because the likelihood
of co-exposure exists for these chemical combinations. The 2,3,7,8-TCDD HGV was used
to evaluate all CDDs. ATSDR has employed 2,3,7,8-TCDD as a representative for all
CDDs in toxicity assessments. 2,3,7,8-TCDD is the most studied and one of the most toxic
congeners and representative of CDDs as a group. This guidance is in accordance with the
WHO (2005) Toxicity Equivalency Factors (TEFs) for dioxins. HGVs for lower brominated
diphenyl ethers were chosen based upon the information in the Toxicological Profile for
PBDEs (ATSDR 2017) indicating these compounds are more toxic than decaBDE. ATSDR
derived separate MRLs for the two groups. ATSDR did not derive HGVs for individual
lower BDE congeners. CDDs and PBDEs were selected to illustrate how ATSDR’s mixture
risk assessment process may be applied to a hypothetical heterogenous PFAS mixture. These
substances exhibit similar characteristics as PFAS: (1) persistence in the environment, (2)
tendency to bioaccumulate, (3) concern for potential harmful effects to humans, and (4)
common toxicity endpoints.

Details of MRLs extracted from the respective profiles are presented in Table 2. Briefly,
an intermediate-duration oral MRL of 3 x 106 mg/kg/day was derived for PFOA based
upon skeletal alterations at 13 and 17 months of age in the offspring of mice fed a diet

containing PFOA on gestational day (GD) 1 through GD 21 (Koskela et al. 2016). This
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MRL is based on a LOAELgp of 0.000821 mg/kg/day and a total uncertainty factor (TUF)
of 300 that included 10 for use of a LOAEL, 3 for extrapolation from animals to humans
with dosimetric adjustments, and 10 for human variability.

An intermediate-duration oral MRL of 2 x 1076 mg/kg/day was derived for PFOS based
upon delayed eye opening and transient decrease in F2 body weight during lactation in

the offspring of rats administered PFOS via gavage in a 2-generation study (Luebker et al.
2005). This MRL is based upon a NOAEL gp of 0.000515 mg/kg/day and a TUF of 30 that
included 3 for extrapolation from animals to humans with dosimetric adjustments and 10 for
human variability. A modifying factor of 10 was added for concern that immunotoxicity may
be a more sensitive endpoint than developmental toxicity.

An intermediate-duration oral MRL of 2 x 1078 mg/kg/day was derived for CDDs
(specifically for 2,3,7,8-TCDD) based upon decreased thymus weight in guinea pigs
(DeCaprio et al. 1986). The MRL is based upon a NOAEL of 7 x 10~/ mg/kg/ day and

a TUF of 30, 3 for extrapolation from animals to humans with cross-species comparison and
10 for human variability.

An intermediate-duration oral MRL of 3 x 1076 mg/kg/day was derived for PBDEs
(specifically for lower-brominated diphenyl ethers) based upon decreased serum testosterone
in male rats (Zhang et al. 2013). The MRL is based upon a LOAEL of 0.001 mg/kg/day and
a TUF of 300, which included 3 for use in a minimal LOAEL, 10 for extrapolation from
animals to humans, and 10 for human variability (Table 2).

TTDs were derived for PFOA and PFOS for hepatic, immunological, reproductive, and
endocrine endpoints in order to calculate HQs and HIs specific to those endpoints. As
mentioned above, the investigations were selected similar to MRL selection (i.e., based
upon the highest NOAEL or lowest LOAEL in the database for particular health endpoints).
Details on the study, specific effects, POD, and UFs used in the derivation process, as well
as the final TTD values are presented in Table 3. All calculated values are based upon
intermediate-duration oral studies in animals. Briefly, an endocrine TTD for PFOA of 2 x
10~ mg/kg/day was derived based upon the decreased serum TT4 and FT4 in monkeys
(Butenhoff et al. 2002). The TTD was based upon a NOAELpgp of 0.0068 and a TUF

of 30 (3 for animal to human extrapolation with dosimetric adjustment and 10 for human
variability). A hepatic TTD for PFOA of 4 x 10> mg/kg/day was derived based upon the
increased severity of chronic inflammation in the liver in mice (Filgo et al. 2015). This
TTD was based upon a NOAELpep of 0.0012 and a TUF of 30 (3 for animal to human
extrapolation with dosimetric adjustment and 10 for human variability). For reproductive
effects, a TTD for PFOA of 4 x 106 mg/kg/day was derived based upon delayed mammary
gland development in dams (White et al. 2011). This TTD was based upon a LOAELpgp of
0.00033 mg/kg/day and a TUF of 90 (3 for animal to human extrapolation with dosimetric
adjustment, 10 for human variability, and 3 for use of a minimal LOAEL). Finally, for
immunological effects, a TTD for PFOA of 7 x 107> mg/kg/day was derived based upon
the reduced antibody response in mice (DeWitt et al. 2016). This TTD was based upon a
NOAELygp of 0.0021 mg/kg/day and a TUF of 30 (3 for animal to human extrapolation
with dosimetric adjustment and 10 for human variability).
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For PFOS, an endocrine TTD of 9 x 107% mg/kg/ day was derived based upon increased
TSH and reduced total T3 in monkeys (Seacat et al. 2002). This TTD was based upon a
NOAELep of 0.0026 mg/kg/day and a TUF of 30 (3 for animal to human extrapolation
with dosimetric adjustment and 10 for human variability) as well as a modifying factor of
10 for concerns that immunotoxicity may be a more sensitive endpoint. A hepatic TTD

for PFOS of 9 x 1076 mg/kg/day was derived based upon elevated liver weight, decreased
serum cholesterol, hepatocellular hypertrophy, and lipid vacuolation in monkeys (Seacat

et al. 2002). This TTD was based upon a NOAELpgp of 0.0026 mg/kg/day and a TUF

of 30 (3 for animal to human extrapolation with dosimetric adjustment and 10 for human
variability) as well as a modifying factor of 10 for concerns that immunotoxicity may be a
more sensitive endpoint. A reproductive TTD for PFOS of 9 x 1076 mg/kg/ day was derived
based upon a significant fall in serum estradiol in monkeys (Seacat et al. 2002). This TTD
was based upon a NOAELep of 0.0026 mg/kg/day and a TUF of 30 (3 for animal to
human extrapolation with dosimetric adjustment and 10 for human variability) as well as a
modifying factor of 10 to parallel the factor applied in MRL development for concern that
immunotoxicity may be a more sensitive endpoint. An immunological TTD for PFOS of 3

x 1076 mg/kg/day was derived based upon impaired response of RBC in mice (Dong et al.
2011). This TTD was based upon a NOAELgp of 0.000083 mg/kg/day and a TUF of 30 (3
for animal to human extrapolation with dosimetric adjustment and 10 for human variability).

Details of the study, specific effects, POD, and UFs used in the derivation process for CDDs
and PDBEs (POPs) TTD values are presented in Table 4. All of the values derived are
based upon intermediate-duration oral investigations in animals. For CDDs, TTD values for
hepatic, reproductive, and developmental effects were all lower than the MRL of 2 x 1078
mg/kg/day; therefore, per ATSDR guidance, there was a default to the MRL value when
calculating HQs/HIs for these endpoints. For endocrine effects for CDDs, a TTD value of

3 x 1078 mg/kg/day was derived based upon a 50% reduction in total serum T4 in male

rats (Li and Rozman 1995). This TTD was based upon a NOAEL of 0.000003 mg/kg/day
and a TUF of 100 (10 for animal to human extrapolation and 10 for human variability).

For PBDES, an endocrine TTD of 5 x 10~* mg/kg/day was derived based upon cellular
debris in the follicular lumen of thyroid and increased serum testosterone and E2 in mice
(Maranghi et al. 2013). This TTD is based upon a LOAEL of 0.45 mg/kg/day and a TUF

of 1,000 (10 for animal to human extrapolation, 10 for human variability, and 10 for the

use of a LOAEL). A hepatic TTD for PBDESs of 5 x 104 mg/kg/day was derived based
upon hepatocyte vacuolation, pyknotic nuclei in the hepatocytes, and periportal lymphocytic
infiltration in mice (Maranghi et al. 2013). This TTD is based upon a LOAEL of 0.45
mg/kg/day and a TUF of 1,000 (10 for animal to human extrapolation, 10 for human
variability, and 10 for the use of a LOAEL). An immunological TTD for PBDEs of 5 x
10~ mg/kg/day was derived based upon follicular hyperplasia and lymphocytic infiltration
in spleen, lymphocytic apoptosis, and Hassal’s bodies in the thymus of mice (Maranghi et
al. 2013). This TTD is based upon a LOAEL of 0.45 mg/kg/day and a TUF of 1,000 (10 for
animal to human extrapolation, 10 for human variability, and 10 for the use of a LOAEL).
Finally, a developmental TTD for PBDEs of 3 x 10~ mg/kg/day was derived based upon
impaired learning in mice offspring at post-natal week (PNW) 8 (Koenig et al. 2012). This
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TTD is based on a LOAEL of 0.03 mg/kg/day and a TUF of 1,000 (10 for animal to human
extrapolation, 10 for human variability, and 10 for the use of a LOAEL).

Using the exposure measurements extracted from ATSDR’s toxicological profiles and
the corresponding HGVs (either the MRLs or the calculated TTDs), HQs and Hls

were calculated for a homogenous mixture of PFOA and PFOS for high, medium, and
low exposure scenarios (Table 5). All HlIs calculated for high and medium exposure
scenarios were above 1, indicating potential concern. In addition, for developmental and
immunological effects, the HIs for low exposure scenarios were also greater than 1; this
indicates that further evaluation of the potential for developmental and immunological
effects would be appropriate.

Table 6 presents the HQs and His for the heterogenous mixture of PFOA, PFOS, CDDs, and
PBDEs. These values were based upon high exposure scenarios and the HGVs (either the
MRLs or the calculated TTDs). Similar to the homogenous mixture, the Hls for all toxicity
endpoints were greater than 1, indicating potential concern. The HI for developmental
effects in the heterogenous mixture was the highest at 30.99. For comparison, the HI for
high-exposure scenarios for developmental effects in the homogenous mixture was 30.67
(Table 5). This indicates that including CDDs and PBDEs in the mixture do not significantly
contribute to the overall HI. This is also similar for the other endpoints.

Discussion

The overall goal of the mixture risk assessment at ATSDR is to evaluate the potential for
harm from unintended exposure to environmental exposures and to inform the public of
the consequence of such exposures. Environmental exposures are complex, consisting of
chemicals (identified and unidentified), biological contaminants, and physical matter that
might potentially produce adverse health effects. This project focused on the application of
the ATSDR mixture guidance: specifically, the demonstration and use of the HI approach
for risk assessment of some illustrative PFAS mixtures based upon hypothetical exposure
scenarios.

It has become evident from biomonitoring studies that most humans are exposed to PFAS
mixtures (CDC 2017). However, to date, few efforts have been undertaken to understand

the mechanisms underlying the toxicity of the majority of these PFAS, particularly their
mixtures (Kalloo et al. 2020). Epidemiological studies assessed and established associations
between PFAS exposure and a wide range of potential adverse health effects (ATSDR
2018a; CDC 2017; ITRC (Interstate Technology & Regulatory Council) 2020; Preston

et al. 2020). However, there are two major limitations to establishing the dose response
relationships in these studies. First, the lack of adequate characterization of exposure to
PFAS in the environment, and second, the possibility of exposures to mixtures including any
other pollutants, such as POPs.

A plausible way to understand the dose—response relationships is through controlled
experimental toxicology investigations that are mostly conducted in animals. Borg et al.
(2013) performed a risk assessment for 17 PFAS for the general population and an
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occupationally exposed group using the HI approach. Their assessment included broad
assumptions, use of read-across and extrapolation of risk for some of the compounds. Hls
were developed separately for “hepatotoxicity” and “reproductive toxicity” for the general
population, and the results did not show cause for concern, except for a small sub-population
of high fish consumers. However, Borg et al. (2013) indicated a possible concern for
occupationally exposed groups.

Carr et al. (2013) studied /n vitro, in a mouse cell line (COS-1), the relationship among
mixtures of 4 PFAS: PFOA, PFNA, PFOS, and PFHXS. Data demonstrated that individual
PFAS activate PPARa. in the mouse cell line (COS-1). A non-linear logistic dose additivity
model was employed to predict relative luciferase units, an indicator of PPARa activation.
Less than dose additivity was reported for the mixture of 4 and also for binary combinations
of the chemicals. Carr et al. (2013) concluded that dose additive models may be applied

to assess the joint toxicity of mixtures containing these components with a caveat for
potential antagonistic interaction. Wolf et al. (2014) continued /n vitro testing with an aim
to determine if binary combinations of PFOA and other PFAS initiate a dose additive effect
on PPARa activation in the mouse one-hybrid /n vitro model, COS-1 cells. The results
supported dose additivity at the lower concentration ranges. Hu et al. (2014) examined the
influence of individual and mixtures of PFAS in a human liver cell line (HL-7702) using the
MTT colorimetric assay for assessing cell metabolic activity. Hu et al. (2014) concluded that
three binary mixtures displayed synergistic effects; however, a mixture of 11 PFAS resulted
in partial additivity.

PFAS has been associated with multiple toxicities that are induced by various mechanisms
of actions, PPARa being one of them. PPARa mediates developmental and reproductive
effects. PFAS induces the expression of PPARa and constitutive activated/androstane
receptor (CAR)-related genes in the liver, indicating that hepatotoxic effects of PFAS may
be initiated through multiple nuclear receptors (NTP 2019). Thus, even though these studies
highlight the roles for PPARa and CAR, these do not capture the full suite of nuclear
receptors that have been identified as potentially contributing to PFAS-induced toxicity. In
addition to PPARa and CAR, /n vitro reporter gene studies demonstrated that PFAS might
bind to and activate the thyroid receptor. Therefore, it is unlikely that grouping strategies
and mixture methods that focus on a specific nuclear receptor like PPARa might accurately
predict human risk. Thus, PFAS risk assessments need to continue to include uncertainties
until further insight is gained into the mechansims of PFAS-mediated toxicity (Goodrum et
al. 2020).

The PFAS toxicological profile identified a need for studies evaluating potential interactions
between perfluoroalkyl compounds and between perfluoroalkyl compounds and other
chemicals (ATSDR 2018a). The Toxic Equivalency Factors (TEFs) approach is a potency-
based scaling system, where potencies for individual components of a mixture are calculated
with reference to an indicator chemical (Birnbaum and Staskal-Wikoff 2010). Attempts were
made to derive TEFs for the PFAS, but several conditions required to justify this approach
were not met, including knowledge of mechanistic differences in their toxicities (Peters

and Gonzalez 2011). Hence, this approach has not been further developed or accepted for
PFAS. A more generic method, the relative potency factors (RPFs) approach, might facilitate
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mixture risk assessment (Bil et al. 2020). Several computational and statistical tools were
also developed for advanced analysis to predict internal concentrations of PFAS (Braun et al.
2016; Worley and Fisher 2015; Worley et al. 2017a; Wambaugh et al. 2013; Lau et al. 2006;
Luebker et al. 2005) to improve risk assessments.

There are other new alternative methods (NAMS) such as read-across, structure—activity
relationship (SAR), and quantitative structure—activity relationship (QSAR) that are being
used for toxicity assessment of other environmental pollutants; however, minimum amount
of data needed to use such techniques is not available for PFAS. Advanced complex
methods continue to be developed for risk assessment of chemical mixtures that take

into consideration multiple mechanisms and pathways that involve crosstalk of receptors
(Sharma, Schumacher, and Kumar 2017). Theoretically, complex models and methods such
as these may be conceptualized and developed; however, the general applicability of such
models for effect predictions is limited because of lack of reliable exposure determinations.
Currently available individual chemical toxicity data of the PFAS were used and applied
the ATSDR framework to evaluate mixture toxicity. lllustrative binary mixtures of PFOA
and PFOS and a quaternary mixture of PFOA, PFOS with CDD and PBDEs revealed the
following:

The Hls for the binary mixture of PFOA and PFOS for five toxicity endpoints —
developmental, reproductive, hepatic, immunological, and endocrine (i.e., thyroid) — were
determined for high, medium and low lifetime exposures (Table 5). For developmental
effects, His were 30.67, 8.33 and 3.63, respectively. If this illustrative example was a
real-life exposure scenario, there would be a potential concern for developmental effects for
individuals under the highest exposure scenario; additionally, there may be some concern
for developmental effects following medium and low lifetime exposures that require further
analysis. On the other hand, there would be less concern for reproductive and thyroid
effects for similar lifetime exposure scenarios. The Hls for the heterogenous mixture of
PFOA, PFOS, CDD and PBDEs were greater than 1 for all toxicity end points investigated
(HI = 30.99 to 3.64) (Table 6). Public health assessors need to be cognizant of potential
co-exposure of PFAS with other chemicals. However, some of these chemicals were phased
out, and so their current exposure levels may be lower than those used in these examples
(Lynch et al. 2019).

Environmental media found at National Priorities List (NPL) sites can contain mixtures of
chemicals. Combined exposure to these chemicals may produce effects different from those
expected following a single-chemical exposure. If the toxicity assessment is limited to the
critical effects for which MRLs are available, there is a possibility risk characterization
might not adequately account for complex environmental exposures. The TTD approach
was proposed to evaluate other effects in addition to the critical effect (Mumtaz, Poirier,
and Colman 1997). The HI approach integrates MRLs for critical effects and TTDs for
secondary effects, thus enabling identification and characterization of multiple health effects
as if the mixture has been experimentally tested to account for all pertinent biological
effects. These types of analyses also provide health assessors and decision makers an
awareness of the other potential health effects possible in a population. This information
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may be utilized to calculate, relative contributions of each chemical component by route and
identify initially if a particular route plays a major role.

The HI approach is intended to serve only as a screening tool to help decide if

further evaluation of exposures is needed. Such analyses might include exposure-specific
parameters, internal dosimetry, mechanism of action, dose response analysis, derivation of
TTDs, and WOE analysis for chemical interactions (ATSDR 2018a). ATSDR does not use
HI values for cleanup or action levels as some other organizations do. An HI of 30 is not
quantitatively twice as hazardous as an HI value of 15, or a value of 15 is not 10-fold more
hazardous than an HI of 1.5. It can be stated that a site with a hazard index of 30 might

be relatively more hazardous than the one with a HI value of 15 when the mixtures consist
of same chemical components. Exposures above the HI value of 1 do not infer that adverse
health effects will occur.

There are different types of uncertainties inherent to the derivation of the MRLs and TTDs
that get embedded in the HI values. Thus, not all MRLs, TTDs and HIs are similar in
accuracy and precision and have varying degrees of associated uncertainties depending upon
the method used to determine each POD. These methods vary from measurements of actual
external exposures, use of default values, TWA, BMD analysis, dosimetric adjustments, and
target organ or system-specific concentrations using physiologically based pharmacokinetic
(PBPK) models. Thus, UFs might vary from 1 to 3,000. Most often, a total UF of <1,000 is
used (https://www.atsdr.cdc.gov/mrls/mrllist.asp).

The Hl is a practical field tool, hence, most often used in the health assessment of chemicals
that utilize a larger database available on the toxicity of individual hazardous chemicals.
However, the HI approach does not enable integration of nonadditive interactions that might
alter the joint toxicity outcome. To address this issue, a binary WOE scheme for interactions
is recommended in the tier 3 of the assessment process (ATSDR 2018b; Mumtaz and Durkin
1992). This scheme might be employed for PFAS, but currently there is a lack of interaction
information to use this scheme. Finally, the HI approach is limited by exposure estimates
and toxicological investigations for the chemicals of interest. For example, ATSDR derived
MRLs for PFNA and PFHXS in addition to PFOA and PFOS, and there are toxicological
studies that have investigated effects on various systems. However, there are no general
population exposure estimates available for PFNA and PFHXS. This data gap precluded us
from including them in this mixture analysis.

Conclusions

Major data gaps exist in our understanding of the mechanisms underlying PFAS-induced
toxicity. However, CDC’s National Health and Nutrition Examination Survey (NHANES)
reports the presence of some of these chemicals in the general U.S. population. There is

a need to conduct toxicity assessments of these compounds to inform the public of the
consequences of such exposures. Data gaps limit the assessment of toxicity resulting from
environmental mixtures of PFAS and other pollutants. The HI approach is preferred when
extensive toxicity information is not available on the whole mixture. The HI is the sum

of the respective hazard quotients (HQs) of individual components of a mixture calculated
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as the ratio between exposure (daily intake) and a limit value of a component. This is
a practical approach that uses data from individual PFAS to assess their joint toxicity in
mixtures.

This study provides a “proof-of-concept” illustration for the HI approach. Details of

the stepwise procedure of the HI approach were provided using illustrative binary and
quarternary PFAS mixtures. Further, it was also shown that this approach might be used

to assess multiple toxicity endpoints of a given mixture. The HI values are not precise for
quantitative assessments but might be employed for prioritization of exposures, particularly
at waste sites. This approach may be further refined using data forthcoming from ongoing
research efforts at several academic institutions and federal agencies such as the National
Institute of Environmental Health Sciences (NIEHS) and EPA. As part of these efforts,
differences in the pharmacokinetic and pharmacodynamic properties of PFAS, both /n vivo
and /n vitro, are being actively investigated. The information generated might broaden

our understanding and provide insight into the molecular, biological, metabolic, and
physiological bases of observed toxicities. These factors are critical in quantifying joint
toxicity and need to be incorporated into the health risk assessment process as more data
become available. In summary, PFAS risk assessments continue to include uncertainties until
further insights are gained into the mechansims underlying PFAS-mediated toxicity.
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Figure:
The 2018 ATSDR mixture framework tiered approach (ATSDR 2018b).
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Table 1.

First-order one-compartment model parameters used for PFOA and PFOS TTD calculations.

Parameter PFOA PFOS Reference

Serum elimination half-life; t;/, (day) 1,400 2,000 Olsen et al. 2007

Serum elimination rate constant, k, (day™) 4.95x10™* 3.47x10* Calculated using Eq. 2

Gastrointestinal absorption fraction, AF 1 1
Apparent volume of distribution, 0.2 0.2 Butenhoff et al. 2004; Chang et al. 2012; Harada et al. 2005
Vg (L/kg)
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