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ABSTRACT: Irrigation water or soil contaminated with per- and
polyfluoroalkyl substances (PFASs) raises concerns among regu-
lators tasked with protecting human health from potential PFAS-
contaminated food crops, with several studies identifying crop
uptake as an important exposure pathway. We estimated daily
dietary exposure intake of individual PFASs in vegetables for
children and adults using Monte Carlo simulation in a tiered
stochastic modeling approach: exposures were the highest for young
children (1−2 years > adults > 3−5 years > 6−11 years > 12−19
years). Using the lowest available human health toxicity reference
values (RfDs) and no additional exposure, estimated fifth percentile
risk-based threshold concentrations in irrigation water were 38 ng/L
(median 180 ng/L) for perfluorooctanoate (PFOA) and 140 ng/L
(median 850 ng/L) for perfluorooctane sulfonate (PFOS). Thus, consumption of vegetables irrigated with PFAS-impacted water
that meets the current 70 ng/L of PFOA and PFOS U.S. Environmental Protection Agency’s lifetime health advisory for drinking
water may or may not be protective of vegetable exposures to these contaminants. Hazard analyses using real-world PFAS-
contaminated groundwater data for a hypothetical farm showed estimated exposures to most PFASs exceeding available or derived
RfDs, indicating water-to-crop transfer is an important exposure pathway for communities with PFAS-impacted irrigation water.

■ INTRODUCTION

Extensive contamination of the environment has resulted from
the use of per- and polyfluoroalkyl substances (PFASs) in
industrial and consumer products (e.g., paper and food
packaging, nonstick products, chrome plating, aqueous film-
forming foam [AFFF], textiles) and their unique hydrophobic
and lipophobic properties.1 Long-chain perfluoroalkyl carbox-
ylates (PFCAs; i.e., perfluorooctanoate [PFOA] and longer)
and long-chain perfluoroalkyl sulfonates (PFSAs; i.e., per-
fluorohexane sulfonate [PFHxS] and longer) are characterized
as extremely persistent, bioaccumulative, and toxic.2−4 The
short-chain PFCAs and PFSAs bioaccumulate less in animals,
and yet they bioaccumulate and readily translocate in plants.
However, their occurrence, behavior, fate, and toxicity are
poorly characterized.5−7

Diet is a major exposure pathway for PFASs in humans,8−10

although the relative contribution ranges widely. Literature-
derived fractional dietary contribution estimates for adults
range from 16 to 99% for PFOA, 81−100% for perfluorooctane
sulfonate (PFOS), and 38−96% for other PFCAs and PFSAs.11

Studies near PFAS-contaminated sites indicate some foods,
including eggs,12,13 grains,14,15 vegetables and fruits,12,16,17 or
milk and meats,18,19 produced in and near these sites may
contain elevated concentrations of PFASs. Emmett et al. found

a significant association between locally grown vegetable and
fruit servings and PFOA concentrations in the serum of
nonoccupationally exposed residents near a fluoropolymer
plant.20 While the United States has not set regulatory limits
for daily exposure to PFASs in food and drinking water, Food
Safety Australia New Zealand recommends tolerable daily
intakes (TDIs) for PFOA (160 ng/kgbw-day) and PFOS/
PFHxS (20 ng/kgbw-day) for use in evaluating risk to human
health near PFAS-contaminated sites.21 The European Food
Safety Authority (EFSA) recently (2020) released a scientific
evaluation of a tolerable weekly intake (TWI) of 4.4 ng/kgbw-
week (0.63 ng/kgbw-day) for the sum of PFOA, PFNA, PFHxS,
and PFOS in food; this follows their previously established
TWIs of 6 ng/kgbw-week for PFOA (0.8 ng/kgbw-day) and 13
ng/kgbw-week for PFOS (1.8 ng/kgbw-day) in 2018.22,23

However, assessing risk from consuming foods grown with
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contaminated irrigation water and soil remains largely
uncharacterized.
Bioaccumulation factors for perfluoroalkyl acids (PFAAs: a

subset of PFASs that include the PFCAs and PFSAs) from
water and soil into plants, which indicate accumulation of
PFASs in above ground plant tissues, support the need to
assess potential human health risks from consumption of food
crops.24−26 Uptake studies in agricultural plants found that
short-chain PFAAs tend to accumulate more in plants than
long-chain PFAAs, and PFCAs tend to accumulate more than
PFSAs.7 Contaminant transfer into food crops is influenced by
concentrations and mixtures of PFASs, plant species and
compartment(s), soil organic carbon and other soil character-
istics, as well as growth conditions. Gaseous or particle-bound
aerial transport of neutral precursors (i.e., fluorotelomer
alcohols and sulfonamides) has also been identified as a
potentially important contaminant-to-produce pathway.7,27−29

Neutral PFASs could be taken up by plants and transformed
into PFAAs, which could be important in areas near
fluorochemical production facilities or in areas where no
local sources of PFASs are present.29,30 However, limited
bioaccumulation data are available for PFASs other than
PFAAs. A focus on PFOA and PFOS (the two most frequently
studied PFAAs) may present an incomplete picture of risk
associated with uptake into food crops as different compounds
may accumulate in different plant compartments when plants
are exposed to a mixture of PFASs.31

Though critical to human health risk assessments, limited
toxicity reference values currently exist for PFAAs (Table 1 for
toxicity reference values; Table S1 in the Supporting
Information (SI) for compound information). The U.S.
Environmental Protection Agency’s (EPA) toxicity reference
dose (RfD) of 20 ng/kgbw-day for PFOA32 and PFOS33 were
used to derive the federal lifetime health advisory of 70 ng/L
for PFOA and PFOS (separately or combined) in drinking
water.34,35 The limited number of toxicity reference values for
PFASs outside of PFOA and PFOS and differences between
values for the same PFAA have resulted in considerable
uncertainty on the potential for adverse effects from exposure
to the many other PFASs present in the environment. Some
U.S. states have adopted an additive approach to evaluating
toxicity from multiple PFASs (e.g., MA, VT), but addressing
mixtures of PFASs continues to challenge the risk assessment
and regulatory communities. Other efforts to address mixtures
include the relative toxicity potential approach developed in
the Netherlands to express the potency of other PFAAs relative
to PFOA.36 Efforts continue on developing regulatory
standards for PFASs in drinking water, but no promulgated
standard exists in the United States to evaluate risk to
consumers from PFASs in food.
The aim of this study was to describe and quantify potential

human health risks for children and adults consuming
vegetables grown in PFAS-impacted irrigation water or soil.
We developed a stochastic vegetable consumption risk model

Table 1. Identified Human Health Toxicity Reference Values for Selected Perfluoroalkyl Acidsa

PFCAs (ng/kgbw-day)
b PFSAs (ng/kgbw-day)

b

agency PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFTeDA PFBS PFHxS PFOS PFDS

International
EFSA TDIc 0.80 1.8
FSANZ
TDId

160 20 20

Canada
TDIe

21 60

United States
EPA RfDf 20 20 000 20
CA ADDg 0.45 1.8
MA RfDh 5 5 5 5 5 5
MI RfDi 3 3 230 20 2
MN RfDj 2900 18 430 9.7 3.1
NH RfDk 6.1 4.3 4.0 3.0
NJ RfDl 2 0.74 1.8
TX RfDm 2900 3.8 3.8 23 12 12 15 12 12 12 12 1400 3.8 23 12
VT RfDn 20 20 20 20 20
aValues in boldface used in one or more risk modeling simulations; other state and international values provided for context (not comprehensive);
values based on most recent chronic noncancer health assessments available. See Table S1 in the Supporting Information (SI) for compound
information. PFHpS (not shown) has no toxicity reference doses available but are included in the model. bng/kgbw-day, nanograms per kilogram
body weight per day; some values are not associated with a promulgated rule for drinking water. cTolerable daily intake (TDI) based on human
epidemiological data as determined by the European Food Safety Authority (EFSA).22 dHealth-based guidance values determined TDI for PFOA
and PFOS/PFHxS by Food Standards Australia New Zealand (FSANZ).21 eHealth Canada TDIs: used to establish maximum acceptable
concentrations in drinking water.37,38 fOral noncancer toxicity reference dose (RfD) determined by EPA: used to determine lifetime health advisory
for PFOA and PFOS.34,35 Provisional RfD for PFBS determined by EPA.39 EPA states the RfDs pertain to exposure from drinking water, but the
lack of federal guidance for exposure from food consumption necessitates using available RfDs as initial evaluative criteria to assess risk from the
dietary pathway. gAcceptable daily dose (ADD) used to establish notification levels in drinking water for the CA State Water Resources Control
Board.40 hMA Department of Environmental Protection extended EPA toxicity values for drinking water and employed an additive toxicity
approach.41 iDetermined by MI Department of Health and Human Services: used to establish screening levels for drinking water.42 jDetermined by
MN Department of Health:43−47 used to establish health risk limits in drinking water and groundwater. kDetermined by NH Department of
Environmental Services: used to establish ambient groundwater quality standards.48 lDetermined by NJ Department of Environmental
Protection:49−51 used to establish maximum contaminant levels for drinking water. mDeveloped by TX Commission on Environmental Quality:
used to establish Tier 1 protective concentration levels for groundwater.52 nVT Department of Health expanded from EPA RfDs34,35 to include
additional PFASs:53 used to establish drinking water and groundwater health advisories.
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that uses estimated concentrations of PFASs in vegetables
based on assumed or measured irrigation water concentrations
to: (1) calculate daily dietary exposure intake of individual
PFASs via consumption of vegetables to compare relative
exposures for various PFASs and relative sensitivities of
produce versus drinking water exposure pathways; (2) conduct
a PFAS exposure and hazard analysis to examine risks from
consuming vegetables impacted by a mixture of PFASs in
irrigation water for a hypothetical farm case study; and (3)
estimate risk-based threshold concentrations of PFASs in
irrigation water and vegetables to provide screening levels for
assessment.

■ MATERIALS AND METHODS

Modeling Overview. To address specific risk-driven
questions about the consumption of homegrown PFAS-
contaminated vegetables, we developed a tiered stochastic
modeling approach using Monte Carlo simulation to capture
the variability and uncertainty of model variables (Figure 1).
Data on uptake of individual PFASs into lettuce (using lettuce
as a proxy for vegetables) were compiled to obtain a
distribution of transfer factors for each compound. Daily
dietary exposure intakes of PFASs were estimated for children
and adults consuming vegetables from PFAS-impacted
agricultural areas using the transfer factors and a range of
user-defined irrigation water concentrations in a forward
calculation method. A hazard analysis was conducted using
real-world AFFF-contaminated groundwater data to represent
a hypothetical farm’s irrigation water. The hypothetical farm

case study examined potential human health risks from
consuming vegetables impacted by a mixture of PFASs in
irrigation water using an “additive RfD approach” compared to
a “relative potency factor approach.” Lastly, risk-based
threshold concentrations of PFASs in irrigation water were
estimated by incorporating available toxicity reference doses
using a backward calculation method.

Monte Carlo Simulation Methodology. The use of
Monte Carlo simulation is a way of describing uncertainty
around the estimation of a particular value. As there is no one
“right” value for model input parameters, they are best
described by a distribution. Likewise, a distribution best
describes model outputs by providing low, middle, and high
model estimates (e.g., mean and percentiles). In this manner,
the Monte Carlo simulation captures the “most likely values”
and the uncertainty surrounding them.
To assess risk outcomes using the model, 1000 simulations

were assigned to each applicable parameter using Oracle
Crystal Ball, a Microsoft Excel add-in. While risk assessment
approaches often employ fixed values for model inputs (e.g.,
95th percentile for ingestion rate), our model predictions
produced Monte Carlo simulation-derived distributions that
incorporated the variability and/or uncertainty of model
parameters providing a realistic range of estimates of risk.
For example, uncertainty (imprecision) of water, soil, and
lettuce concentration measurements were captured by the
sample standard deviation. Inherent variability (heterogeneity)
associated with model parameters represented by multiple
values were captured by the central tendency and range of

Figure 1. Schematic of the stochastic homegrown vegetable consumption PFAS risk model.
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likely values (mean and 5th, 50th, and 95th percentiles of
population and consumption). The predicted daily dietary
exposure intakes were modeled using Monte Carlo simulation-
derived distributions of population-specific human health
exposure factors54 to capture variability within the five age
groups. Applying Monte Carlo simulation to incorporate the
full range of uncertainty and variability into the multiple
parameters used to evaluate risk from consuming PFAS-
contaminated vegetables is a novel application. While the
median results can be used to understand the most probable
risk profile, using the 95th percentile results for exposure
intake and hazard values (or 5th percentile in the case of risk-
based threshold concentrations), one can also evaluate the
conditions that lead to the most protective risk profile.
Model ParametersConcentrations in Water. Soil

pore water concentrations from 0.1 to 10 000 ng/L were used
to estimate daily dietary intake from vegetable consumption to
capture a wide range of possible irrigation water conditions.
Assumed fixed values (e.g., 70 ng/L) were used to evaluate
differences in dietary intake predictions between individual
PFASs, which reflect differences in uptake to lettuce for
individual PFASs. The irrigation water concentrations used for
the hypothetical farm case study hazard analysis were obtained
from real-world AFFF-impacted groundwater (Table S2;
distribution and limits for these values described in the
SI).55 For this hypothetical farm case study, we assumed that
the long-term use of PFAS-impacted irrigation water would
lead to equivalent soil pore water concentrations.
Model ParametersLettuce Transfer Factors. Trans-

fer factors for lettuce were compiled from peer-reviewed
bioaccumulation studies and one government-sponsored study
and used to model the transfer of individual PFASs into
vegetables from irrigation water.24,31,56−59 Lettuce served as a
conservative proxy for vegetable consumption due to its high
water content (>94%)54 and the generally higher transfer
factors as compared to root or stem vegetables.7 Although
uptake data for other plants were considered, lettuce had the
largest number of controlled uptake studies across the widest
range of PFAAs, as described in the SI. This model focuses
only on the soil and irrigation water pathways for the 16
PFAAs with lettuce bioaccumulation data. Though aerial
deposition of gas-phase precursors onto plants and subsequent
transformation to PFAAs could be important in some areas,
due to the very limited data and the complexity of modeling
transformation processes, incorporating this pathway into the
model was outside the scope of this effort.

Only water and soil-dosing studies from controlled uptake
experiments with sufficient metadata to calculate transfer
factors were included, such as fraction of organic carbon for
spiked soil experiments and explicit units (e.g., dry weight or
wet weight for lettuce concentrations). Individual study details
are provided in the SI. For the soil-to-plant studies, the
concentrations in soil (Cs) were converted to soil pore water
concentrations (Cpw). Conversions, assumptions, and the
equations used to calculate the transfer factors (see eqs S1
and S2) are described in the SI. While these lettuce studies had
commonalities, they varied by dosing concentrations, specific
PFASs evaluated, and experimental conditions, including
bioavailability in soils, lettuce varieties, growth conditions,
and the inherent variability in biological data. Incorporating
this variability in uptake into the model ensured a range of
potential impacts on exposure were evaluated.
Uptake from soil pore water into lettuce varied by study and

compound (Figure 2; Table S3 provides summary statistics of
the intra- and interstudy modeled transfer factors for individual
compounds). We conducted a sensitivity analysis to assess the
impact of interstudy variability of transfer factors for individual
compounds, as detailed in the SI. Only one uptake study was
available for some compounds. Concentration-independent
uptake was assumed for all PFASs due to the small sample sizes
and variable findings between studies for the same compounds.
Table S4a and Figures S1 and S2 summarize the analysis of the
lettuce concentration-uptake relationships.
In an effort to validate the uptake component of our model

with a field study, we included a brief uptake model validation
analysis using concentrations of five PFASs measured in
homegrown leafy greens (herbs, Brussel Sprouts, cabbage, kale,
leek, lettuce, spinach, and Swiss chard) from gardens irrigated
with PFAS-contaminated groundwater from Scher et al. (Table
S4b).60 In general, the concentrations measured in leafy greens
in the Scher et al.60 study were well predicted by our uptake
model.

Model ParametersHuman Health Exposure Fac-
tors. Exposure model predictions relied on homegrown
vegetable ingestion rates, body weights, and other standard
exposure parameters for five population subgroups (1−2; 3−5;
6−11; 12−19; and 20 years or older) as determined from the
Exposure Factors Handbook and detailed in the SI.54 Monte
Carlo simulation incorporated the variability in model
parameters (e.g., body weight for adults based on mean, 5th
(lower limit), 75th, and 95th (upper limit) percentiles, Table
S5) and resulted in a distribution of exposures.

Figure 2. Distribution of modeled transfer factors using Monte Carlo simulation for PFASs from available lettuce uptake studies (1000
simulations/study). See Table S3 for summary statistics of modeled irrigation water-to-lettuce transfer factors.
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Model CalculationsDaily Dietary Exposure Intake.
Using the distribution of transfer factors for lettuce (a proxy
for all vegetables), daily dietary exposure to individual PFASs
were estimated based on user-defined water concentrations
and human health exposure factors (Figure 1; forward
calculation method). Tables S5 and S6 define the model
parameters and describe the distributions and limits used for
the calculations. Estimated daily dietary exposure intake was
calculated using the equation 1:

( )

EI

C TF BW EF ED

BW AT

mg/kg

day

( ) )

( )
pw lett

IR
120

bw

1000
HGV

i
k
jjjjj

y
{
zzzzz

i

k

jjjjjjjjj

y

{

zzzzzzzzz
=

× × × × ×

×

(1)

where
EI = distribution of daily dietary exposure intake (mg/kgbw-

day).
Cpw = user-defined water concentration (mg/L).
TFlett = distribution of transfer factors of PFASs into lettuce

from pore water from modeled TFlettss values (L/kgww).
BW = distribution of age-specific body weight (kg).
IRHGV = distribution of age-specific homegrown vegetable

ingestion rate (gww)/(kgbw-day).
EF120 = exposure frequency of 120 days (days/year) (see

Table S5 for more details).
ED = age-specific exposure duration based on maximum

years for each child age group and 20 years for adults (years).
AT = averaging time is 365 × ED (days).
Model CalculationsHazard Analysis: Hypothetical

Farm. A hypothetical farm scenario using representative
concentrations for PFAS-contaminated irrigation water from
AFFF-impacted groundwater (Table S2)55 was used to
evaluate the potential human health risks associated with
exposure to a realistic mixture of nine PFAAs (Figure 1;
forward calculation method). We chose this hypothetical
scenario to be reflective of potential real-world conditions but
recognize that site-specific scenarios may be quite different,
and thus may lead to a different total risk profile and associated
uncertainty. To illustrate methods for quantifying potential
risks from a mixture of PFAAs, predictions using an additive
RfD approach were compared to predictions using a “relative
potency factor” approach.
These two approaches were used to estimate a hazard

quotient (HQ) for individual compounds and a hazard index
(HI) for the mixture of PFAAs, where HQ = EI/(RSC × RfD)
and HI = ∑HQs. Daily dietary exposure intake (EI) estimates
were calculated using lettuce transfer factor data and the
AFFF-impacted groundwater concentrations (eq 1; Table S2).
Relative source contribution (RSC) was set as one (unless
otherwise specified; see discussion in SI). The relative source
contribution specifies the proportion of the total daily exposure
attributed to dietary uptake of PFAS-contaminated vegetables;
a value of 1 indicates that 100% of the exposure was from a
single source. For human health risk assessment, a HQ (or HI)
> 1 indicates that potential may exist for adverse effects to
occur.
The additive RfD approach was employed as a simple

method to sum up HQs for individual PFAAs to calculate a HI
for the mixture of nine PFAAs measured in the groundwater.

The HQs for each PFAA were calculated using the lowest
(more protective) and highest (less protective) identified state
or federal toxicity reference values applicable to each
compound (see Table S2 for values used) to provide a range
of predictions for assessing risk to human health.
As an alternative, a relative potency factor approach was also

evaluated that expressed the potency of the PFAAs relative to
the well-studied toxicity of PFOA; these potency factors were
previously determined relative to PFOA based on comparable
liver hypertrophy toxicity data.36 Hazard quotients for
individual PFAAs and HIs (from the sum of the HQs) were
calculated using toxicity reference values derived from relative
potency factors for individual PFAAs applied to both the EPA
RfD for PFOA and the EFSA TDI for PFOA (Table S2) for
comparative purposes. These RFD/TDI values represent the
least and most protective human health toxicity reference
values currently established by federal or international agencies
for PFOA, respectively.

Model CalculationsRisk-Based Threshold Concen-
trations. Risk-based threshold concentrations represent the
range of concentrations for individual PFASs in irrigation water
(or lettuce) predicted to be below a level of concern and serve
as a useful screening tool to evaluate potential risks when only
concentrations of PFAS in irrigation water are available (Figure
1; backward calculation method). Equation 2 was used to
predict risk-based concentrations in the irrigation water, based
on the established toxicity reference values (see Table 1)

( )
C

TF

mg
Lpwrb

RfD RSC HQ BW AT

BW EF ED

C
C lett

( )
IRHGV

120

lett

pw

1000i
k
jjj

y
{
zzz

i

k
jjjjj

y

{
zzzzz

i
k
jjj

y
{
zzz

=
=

× × × ×

× × ×

(2)

where
Cpwrb = distribution of risk-based pore water concentrations

(mg/L).
RfD = oral toxicity reference dose; acceptable daily dose or

tolerable daily intake used in place of RfDs where applicable
(mg/kgbw-day; values used are identified in Table 1).
RSC = relative source contribution (0 < RSC < 1); set to 1 in

model, except where identified (unitless).
HQ = hazard quotient; set to 1 in model (unitless).
Other parameters as previously defined (see eq 1).
These modeled concentrations rely on available toxicity

reference values set equal to the exposure intake (i.e., hazard
quotient equal to 1; eq 2).

■ RESULTS AND DISCUSSION
Daily Dietary Exposure Intake. We compared exposure

among PFASs and among the different age groups by assuming
an irrigation water concentration of 70 ng/L for each
compound, as shown in Figure 3a−d, using the forward
calculation method of the PFAS risk model (Figure 1). The
estimated median daily dietary exposure intake primarily fell
between 0.01 and 1.0 ng/kgbw-day for each PFAS, except for
PFBA and PFDS that exceeded 1 ng/kgbw-day. Exposure intake
was the highest for the youngest age group (1−2 years > adults
> 3−5 years > 6−11 years > 12−19 years), but differences
between age groups were relatively small. Assumed concen-
trations in irrigation water of 70 ng/L (i.e., meeting the current
EPA lifetime health advisory for PFOA and PFOS) resulted in
estimated exposure intakes below identified state or federal
toxicity reference values for all age groupsindicating
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vegetable consumption is a less sensitive pathway than drinking
water ingestion for these compounds. PFBA and PFPeA,
followed by PFDS and PFHpS, had the highest exposure
intakes across all age groups, but these values fell below all
toxicity reference values listed in Table 1. The median
exposure intakes increased with decreasing chain length (and
increasing transfer factors) for most PFCAs, but the pattern
did not hold for some PFCAs (PFNA, PFDA) nor for PFSAs.
For irrigation water at the threshold of what is currently

considered safe levels of PFOA and PFOS in drinking water at
the U.S. federal level (EPA lifetime health advisory level 70 ng/
L), we wanted to consider our model estimated median
vegetable exposure intake for adults for PFOA (0.12 ng/kgbw-
day) and PFOS (0.11 ng/kgbw-day) as compared to other
dietary intake studies. Fromme et al.’s exposure assessment
estimated median total daily dietary intakes for adults of 2.9
and 1.4 ng/kgbw-day for PFOA and PFOS, respectively.61

Based on Fromme et al.’s total dietary exposure intake
estimates, our PFOA and PFOS vegetable-only exposure
intake estimates were 4 and 8% of an adult’s diet, respectively.
By comparison, with 1.3 ng/L of PFOA in drinking water
(much lower than our scenario), Vestergren et al.62 estimated a

total daily dietary PFOA intake of 3.4 ng/kgbw-day with 85% of
an adult male’s PFOA exposure from the diet. Vestergren et
al.63 reported estimates for mean dietary PFOS exposure intake
between 0.86 and 1.44 ng/kgbw-day based on a set of Swedish
market basket samples, which included dairy, vegetables, fruit,
fish, and meat. These compare well with Fromme et al.’s PFOS
intake estimates but are an order of magnitude higher than the
daily vegetable-only exposure intakes calculated here. Papado-
poulou et al.10 estimated total dietary intake for PFOA (0.086
ng/kgbw-day) and PFOS (0.16 ng/kgbw-day), which are
comparable to our model estimates. These studies concluded
that dietary exposure can be a dominant intake pathway when
drinking water concentrations are low and there are no other
major exposure routes, but these studies included fish, seafood,
or other animal-based products (eggs, meat). Herzke et al.’s
survey of 20 vegetable species from retail stores in Europe
(grown with likely variable but unknown PFAS concentrations
in water or soil) reported a mean of 0.040 ng/kgbw-day for
dietary exposure intake of PFOA,16 which falls within the range
of our model estimates. The variability in these exposure intake
estimates demonstrate the need to consider a comprehensive
evaluation of dietary sources of PFASsparticularly when the

Figure 3. Median estimated daily dietary exposure intake of individual PFASs for consumers of vegetables by age groups for irrigation water
concentrations set to 70 ng/L (for each compound): (a) C3−C7 PFCAs; (b) estimated exposure intake of PFBA for adults, showing the 10th,
50th, and 90th percentiles for concentration set to 70 ng/L; (c) C8−C13 PFCAs; and (d) C4, C6−C8, and C10 PFSAs. Median estimated daily
dietary intake of individual PFASs for consumers of vegetables by age groups for irrigation water concentrations from hypothetical farm case study:
(e) C3−C7 PFCAs and (f) C4, C6−C8 PFSAs. Farm irrigation water concentrations for nine PFASs are provided in Table S2. The lowest available
state, federal, or international toxicity reference value are shown for each compound (from Table 1). Exposure intake regression plots showing the
10th, 50th, and 90th percentiles and equations for each compound and age group are provided in Figures S3−S7 and summarized in Table S7. [C#,
number of fluorinated carbons.].
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levels in irrigation water or soil are high, but levels in drinking
water are low.
In contrast, using the AFFF-impacted irrigation water

concentrations from a hypothetical farm provides a perspective
on exposure intake from a site with multiple PFASs measured
at elevated levels (Figure 3e,f). With vegetable consumption as
the only exposure pathway, and PFOA concentrations
measured at 10 700 ng/L, the modeled median exposure
intake of PFOA from vegetable consumption for the most
vulnerable age group (children 1−2 years; 28 ng/kgbw-day)
exceeded the EPA RfD of 20 ng/kgbw-day; exposure intake
estimates for adults (18 ng/kgbw-day) approached this RfD.
For PFOS concentrations measured at 33 100 ng/L, the
modeled median exposure intake of PFOS from vegetable
consumption for all age groups (20−73 ng/kgbw-day) equaled
or exceeded the EPA RfD of 20 ng/kgbw-day. These estimates
are more than 150 times the PFOA and 400 times the PFOS
estimated exposure intakes from the 70 ng/L irrigation water.
Modeled median exposure intakes for PFPeA, PFHxA, PFHpA,
and PFHxS also exceeded their lowest identified toxicity
reference values. Even when only considering an individual
compound, these results show there may be cases where PFAS-
impacted irrigation water could lead to unacceptable risks from
vegetable consumption.
The 10th (less protective), 50th, and 90th (more protective)

percentile exposure intake estimates for all modeled PFASs and
age groups, for pore water concentrations ranging from 0.1 to

10 000 ng/L, can be obtained from Figures S3 to S7 or
calculated from the regression equations summarized in Table
S7. Table S8 summarizes the transfer factor sensitivity analysis
for the exposure intake estimates; conservative (95th
percentile) transfer factors increase median exposure intake
estimates for some compounds by as much as a factor of 13
(PFPeA), but most change by less than a factor of 6.

Hazard Analysis: Hypothetical Farm. A hazard analysis
can identify potentially elevated risk from individual com-
pounds or a mixture of PFASs in contaminated irrigation water
near impacted agricultural communities. We estimated
potential risks from children and adults consuming PFAS-
contaminated vegetables harvested from a hypothetical farm
irrigated with AFFF-contaminated water using the forward
calculation method of the PFAS risk model (e.g., PFOS =
33 100 ng/L; PFOA = 10 700 ng/L; Table S2 shows measured
groundwater concentrations). This farm case study demon-
strated a process for evaluating potential risks from consuming
vegetables impacted by a mixture of PFASs; it also compared
the additive RfD approach and the relative potency factor
approach.
Figure 4 and Table S9a summarize the modeled median

hazard quotients for individual PFASs and the hazard indices
for the mixture of PFASs for adults and children consuming
vegetables harvested from the impacted farm; these estimates
used the additive RfD approach (with the lowest identified
toxicity reference values) or the relative potency factor

Figure 4. Hazard analyses for adults and children consuming produce from a hypothetical farm using AFFF-contaminated irrigation water. (a)
Estimated median hazard quotients (HQs) by age group and compound using the additive RfD approach, based on the lowest (most protective)
available toxicity reference values, regardless of toxicity end point. (b) Proportion of individual compound’s contribution to the overall hazard, in
percent, from the total mixture of PFASs. (c) Estimated median HQs by age group and compound using the relative potency factor approach.
Hazard quotients derived using the EPA RfD for PFOA with relative potency factors to derive toxicity reference values. (d) Proportion of individual
compound’s contribution to overall hazard, in percent, of the total mixture of PFASs. Note scale differences for (a) and (c). Vertical lines for (a)
and (c) show where HQs and HIs = 1. Proportions for other age groups are comparable (not shown). Relative source contribution = 1. See Table
S9a for estimated median values and hazard estimates using the EFSA TDI for PFOA with relative potency factors used to derive toxicity reference
values; see Table S9b,c for the 5th and 95th percentile estimates using the additive RfD approach and the relative potency factor approach; and see
Table S1 for compound information.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c03411
Environ. Sci. Technol. 2020, 54, 15202−15214

15208

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c03411?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c03411?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c03411?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c03411/suppl_file/es0c03411_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c03411?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c03411?ref=pdf


approach. The 5th and 95th percentile modeled HQs and HIs
are shown in Table S9b (additive RfD approach using the
lowest and highest identified toxicity reference values) and
Table S9c (relative potency factor approach using RfDs
derived from EPA and EFSA). Regardless of approach, the
most vulnerable age groups were the youngest children
followed by the adults; these groups had the highest median
HQs and HIs as well as the largest number of PFASs with
hazard quotients exceeding 1 (see Figure 4a,c and Table S9a).
When the additive RfD approach was used, the range of

median hazard quotients, from highest to lowest by compound
(Table S9a), for adults were: PFOA (40) > PFOS (25) >
PFPeA (14) > PFHxA (7.2) ∼ PFHxS (7) > PFHpA (0.57) >
PFBA (0.03) ∼ PFBS (0.02). This approach resulted in PFOA,
PFOS, PFPeA, PFHxA, and PFHxS with median hazard
quotients greater than 1; these five compounds dominated the
hazard profile (Figure 4b). In contrast, when the relative
potency factor approach was used, based on the EPA RfD for
PFOA, the range and compound order of median hazard
quotients for adults differed (Table S9a): PFOS (5) > PFOA
(0.93) ∼ PFHxS (0.82) > PFHpS (0.5) > PFBA (0.24) >
PFPeA (0.06) > PFHpA (0.01) ∼ PFHxA (0.01) ≫ PFBS
(0.0002). This approach resulted in PFOS, PFOA, and PFHxS
with median hazard quotients greater than or near 1, with
additional noteworthy contributions to the hazard profile from
PFHpS and PFBA (Figure 4d).
The additive RfD approach resulted in estimated individual

compound HQs and HIs about one order of magnitude higher
than the relative potency factor approachindicating hazard
quotients are highly sensitive to the choice of RfD/TDI. This
approach was more protective when using the lowest available
toxicity reference values (see Table S9b). Despite relatively
high concentrations of PFHpA (1500 ng/L) and PFBS (1800
ng/L) in the irrigation water, these compounds had low hazard
quotients (both <1; Table S9a) using either approach
showing concentrations of individual compounds should be
considered relative to their toxicity reference values and
transfer factors to evaluate their potential risk in a mixture for
the vegetable consumption pathway. Applying either approach
resulted in median hazard indices greater than 1 (HI > 1) for
all age groupsindicating cumulative risk assessment of PFAS
mixtures may be an important consideration when evaluating
risks from multiple PFASs.
The choice to evaluate risk in terms of individual

compounds or as mixtures has major implications. Research
by Gandhi et al.64 compared fish consumption advisories in the

Great Lakes determined by “one chemical most-restrictive
contaminant” or “multicontaminant additive effect” approaches
for a range of contaminants (including PFOS). They found
that half of the currently issued advisories are underprotective
using the most-restrictive contaminant approach when
compared to a multicontaminant additive approach. Reffstrup
et al. provide a comprehensive summary of the most common
approaches for evaluating toxicity from chemical mixtures of
pesticides.65 A critical consideration is whether there will be an
interaction between the compounds in the mixture; however, it
can be difficult to predict chemical−chemical interactions that
may lead to a stronger or weaker toxicological response,
particularly at low exposure levels. Although not without
controversy, these approaches are frequently applied to
conduct a cumulative risk assessment for various chemical
classes (e.g., dioxins, pesticides);66 however, cumulative risk
assessment for PFASs has remained largely unresolved. For
most PFASs, toxicological or applicable epidemiological
studies are lacking. Even for the limited number of PFAAs
evaluated in this study, toxicity data are limited. Presently, the
U.S. EPA considers the co-occurrence of PFOA and PFOS
additively, while others apply an additive effect assuming
equipotency (e.g., Vermont includes PFNA, PFHpA, PFOA,
PFHxS, and PFOS).
There are challenges with using the additive RfD and relative

potency factor approaches for PFASs. Both approaches are
data intensive as they require comparable toxicity data for
individual PFASs in the mixture. Specific to the relative
potency factor approach, hepatic hypertrophy is not necessarily
indicative of an adverse health effect, although progression to
liver toxicity is often observed.36,67 This end point may be
appropriate for PFASs as hepatic hypertrophy is considered a
sensitive end point for PFASs, provides the most complete data
set for the most PFASs, and it was used to derive the EPA
RfDs for PFOA and PFOS.3,36 While the relative potency
factor approach resulted in PFOS assigned a relative potency
factor of 2, this differs from the equipotency assumption used
for the EPA, Massachusetts, and Vermont RfDs. Gomis et al.67

evaluated the relative potency of PFBA, PFHxA, PFOA, PFBS,
and PFOS in liver and serum concentrations with dose−
response curves of liver enlargement converted to internal
doses. They found PFOA ≈ PFHxA ≈ PFBA had similar
potencies, which differ from the relative potency factors of 1,
0.01, and 0.05 derived using the relative potency factor
approach applied by RIVM. The differences between toxicity
reference values derived by states, federal, or international

Figure 5. Estimated risk-based threshold concentrations for PFASs for children 1−2 years old. The agency-specific toxicity reference value applied
is listed under the compound (Table 1 for toxicity reference values; Table S1 for compound information). There is no toxicity reference value for
PFHpS. Relative source contribution is set to 1. [EPA HA, lifetime health advisory for PFOA and PFOS.].
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agencies for the same compound point to the challenge of
current human health risk assessment approaches for PFASs.
Likewise, there are important differences between agencies as
to which PFASs they evaluate for toxicity. Researchers should
continue to explore and consider cumulative risk assessment
approaches for mixtures of frequently detected PFASs; this will
require additional toxicological and epidemiological data.11,68

Under a scenario where previously contaminated drinking
water is now treated and no longer an exposure pathway, this
model could be used to evaluate the efficacy of potential
additional risk-reduction scenarios for PFAS-impacted agricul-
tural communities. We evaluated dilution scenarios for
irrigation water to examine risk-reduction approaches as
detailed in the SI; Table S10a,b summarizes results. The
results indicate that dilution of contaminated irrigation water,
when possible, may be a practical solution to reduce risk from
consumption of PFAS-impacted vegetables.
Risk-Based Threshold Concentrations. We modeled

risk-based threshold concentrations to provide ranges of
environmental concentrations of individual PFASs in irrigation
water and lettuce not expected to result in potential adverse
effects via vegetable consumption; estimates for the 5th (more
protective), 50th, and 95th percentiles (less protective) for all
age groups are listed in Tables S11 (irrigation water) and S12
(lettuce). These estimates are useful for gaging exposure via
vegetable consumption for farm families (or other growers and
consumers of local crops) with identified PFAS contamination
in their irrigation water or soils.
Figure 5 shows the range for estimated risk-based threshold

concentrations for 15 individual PFASs; the median risk-based
concentrations for irrigation water for these compounds are
greater than 100 ng/L and can exceed 10 000 ng/L for some
(PFBA, PFBS) based on the exposure of children 1−2 years
old (values for the highest exposed population). Notably, the
median estimates for PFOA and PFOS in irrigation water were
10−100-fold greater than the current EPA lifetime health
advisory level of 70 ng/L without resulting in elevated risks.
The longer-chain PFAAs generally had lower risk-based
concentrations as compared to the short-chain compounds
due to their higher toxicity and consequently lower RfDs
(Figure 5); however, C3−C6 PFCAs did not follow this
pattern, likely due to the balancing of higher RfDs with higher
transfer factors. Table S13 summarizes the transfer factor
sensitivity analysis for the risk-based concentrations; using
conservative transfer factors (95th percentile) reduced the
median concentrations by a factor between 0.1 and 0.4 (e.g.,
PFOA 180 ng/L reduced to 34 ng/L using the lowest RfD).
When calculated directly for lettuce (as opposed to irrigation

water), the lowest median risk-based concentration was 220
ng/kgww for PFOA (Table S12; 1−2 years). Most predicted
median risk-based concentrations for individual PFASs in
lettuce were greater than 1000 ng/kgwwindicating individual
PFASs in lettuce can be in the hundreds or thousands of ng/
kgww without exceeding the risk-based threshold concentration
when only that compound is considered and other sources of
exposure to PFASs are negligible.
Boxplots showing the range of risk-based threshold

concentrations for children 1−2 years old for 15 PFASs in
irrigation water calculated from identified state and federal
toxicity reference values (Figure S8) demonstrate the
sensitivity of model predictions to the toxicity reference
doses, with risk-based concentration estimates ranging over 1−
3 orders of magnitude; results for when the vegetable

consumption pathway is 20% of exposure are also shown.
The choice of toxicity reference valueswhich vary between
states, between states and the EPA, and between the EPA and
EFSAemployed in human health risk assessment is a critical
factor in risk analyses. Median risk-based concentrations are
the lowest for PFOA, PFPeA, and PFNA for the youngest
children (1-2 years, 180, 240, and 260 ng/L, respectively);
differences between median concentrations across the five age
groups are small, as shown in Figure S9 for PFNA.
Risk assessors may need to reduce the relative source

contribution for vegetables to include other exposure sources
of PFASs, such as drinking water, household dust, and other
food groups. When the relative source contribution changed
from 1 to 0.2, risk-based concentrations for vegetables were
reduced by a factor of 5 (Figure S8), and the range of
concentrations for PFOA approached or included concen-
trations at or below the EPA lifetime health advisory level,
depending on the toxicity reference value (Figure S8d). The
relative source contribution is influential and should be based
on other known or likely exposures in an impacted community.
Deriving a reliable relative source contribution requires
additional evaluation of PFASs exposure pathways, which can
vary between communities.
An important uncertainty in the risk-based calculation is that

the predicted concentrations for individual compounds and for
a single food type (e.g., vegetables) may not be representative
of a complex diet of PFAS-impacted foods due to varying
uptake from water to different food items and a lack of mixture
toxicity considerations. Predicting risk-based threshold con-
centrations for multiple compounds is challenging as the ratios
of individual compounds likely vary between sites; for simple
additive compounds, a relative potency factor approach can be
applied to calculate thresholdsthis approach may be useful
for some mixtures of PFAAs. The lack of established toxicity
reference values for many PFASs is also a barrier to estimating
risk-based concentrations.

■ IMPLICATIONS AND NEXT STEPS
The persistence of legacy PFASs in the environment indicates
PFASs will remain a continuing challenge for impacted
communities. In the United States, more than 2230 PFAS-
contaminated sites have been identified, including public water
systems, military bases, airports, industrial plants, disposal
areas, and firefighter training areas found in 49 states.69

Proximity of agricultural areas to fluorochemical production
facilities or landfills are a potential source of novel and legacy
PFASs to food crops.70 Biosolids land application also has been
identified as a potential source of PFAS contamination to food
crops; however, limited data exist on specific locations where
applications have occurred.31,71,72 Though the biosolids-
amended soil itself is a source of PFASs to crops grown in
that soil, if contamination has reached groundwater in the
vicinity of these sites, it may also result in impacted food crops
if used for irrigation.
Our analyses confirm that the produce exposure pathway

should be included in environmental assessment and manage-
ment of sites at which food crops are irrigated with water-
containing PFASs, even if the water is not directly used for
drinking water. Numerous studies acknowledge dietary intake
as a predominant source of exposure to PFASs after
contaminated drinking water,9,14,62,73 but there is a clear
need for more data on the uptake of additional PFASs and
including a wider variety of food crops. Indeed, researchers
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continue to identify and characterize novel and previously
unmeasured PFASs, and very limited data exist on their uptake
into food crops.74−76 The model developed herein employed
one of the larger transfer factor data sets available for a single
crop (lettuce as a proxy for vegetables) that included as many
as seven studies (for PFOS) but only one study for several
compounds. Notably, the decision as to which uptake values to
use can influence risk outcomes. Future work may include
modeling additional food crops with uptake data with an
expanded model to better characterize the extent of exposure
and risk in impacted agricultural communities.
Our study finds exposures to individual PFASs from

vegetable consumption vary for different age groups, with the
youngest children and adults having the highest exposure.
Updated region-specific ingestion rates for homegrown foods
reflective of increased local food consumption would inform
this application and other dietary uptake risk models.
Additional model parameters that may be appropriate to re-
evaluate for exposed communities include body weights and
growing season. While not explicitly included in this model, a
precipitation (i.e., dilution effect) component may be a logical
addition for predicting uptake in areas where growers apply
irrigation water sporadically. Characterization of source
contributions to PFAS-impacted agricultural communities
from household dust, indoor air, and animal-based food
products is also necessary.
This study highlights the need to clarify toxicity reference

doses and cumulative exposure approaches for assessing risk to
consumers from PFASs in food. Modeling dietary uptake and
assessing risk from exposure to PFASs from food consumption
are complex with many uncertainties and highly variable input
data. Despite this challenge, state and federal authorities, risk
assessors, and consumers need to be able to answer the
frequently asked question, “Is it safe for me to eat this locally
grown food that was irrigated with PFAS-contaminated water?”
The outcomes from this tiered stochastic modeling approach
provide several useful tools for assessing risk in terms of
exposure intake, hazard analysis, and risk-based concentrations.
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