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ABSTRACT: People are exposed to per- and polyfluoroalkyl
substances (PFAS) through multiple sources, with diet historically
considered a major source in general populations. This study
characterized legacy PFAS in serum from 700 California adults and
examined contributions from diet and drinking water. We applied
robust regression to estimate associations between nontransformed
serum PFAS concentrations, self-reported food consumption, and
drinking water PFAS concentrations measured under the USEPA’s
third Unregulated Contaminant Monitoring Rule (2013—2015).
Detectable drinking water concentrations were associated with
increased serum perfluorooctanoic acid (PFOA) (0.26 ng/mL; 95%
CI: 0.077, 0.43), perfluorohexanesulfonic acid (PFHxS) (0.64 ng/
mL; 95% CI: 0.058, 1.23), and perfluorooctanesulfonic acid (PFOS)
(0.39 ng/mL; 95% CI: —0.76, 0.86). Seafood consumption was associated with increased perfluorononanoic acid (PFNA) (0.013
ng/mL; 95% CI: 0.0058, 0.021), perfluorodecanoic acid (PFDeA) (0.0059 ng/mL; 95% CI: 0.0026, 0.0092), and
perfluoroundecanoic acid (PFUnDA) (0.010 ng/mL; 95% CI: 0.0054, 0.015), while eggs were associated with increased PFDeA
(0.0035 ng/mL; 95% CI: 0.00010, 0.0069) and PENA (0.0073 ng/mL; 95% CI: 0.00017, 0.014). Findings could indicate that
dietary contributions may be less than those in earlier studies conducted in other populations, possibly due to shifts in PFAS
production over the past 20 years, and that drinking water remains an important source of exposure to PFOA and PFHXxS in this
population.
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B INTRODUCTION Characterizing sources of exposure is important for under-
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for the general U.S. population are lacking, studies in the U.S.
have indicated diet as an important source of exposure in
places without PFAS water contamination.”””’ In high
freshwater seafood-consuming populations in Europe and the
U.S., ingestion of fish has been identified as a major pathway of
exposure.m_26 Fish tissue data, while limited in the U.S,,
suggest that concentrations in marine fish are generally lower
than freshwater fish.”’~>” Some PFAS can transfer from soil to
plants,‘w—32 and food crops and livestock feed can be
contaminated when grown in agricultural areas where sewage
sludge has been applied as a soil amendment (i.e., biosolids) or
irrigated with contaminated water.””™** Legacy PFAS may
come into contact with food during processing or migrate into
food from packaging.*”~*'

The conventional approach to estimate human exposure
based on measured concentrations in food is hampered by data
limitations, as this requires timely and reliable chemical
concentrations from a large representative sample of foods,
as well as assumptions about intake and exposure factors (e.g.,
body weight and ingestion rate).'”'? Much of the available
data on PFAS in foods come from Europe but cannot be
readily extrapolated to the U.S. due to variability in dietary
exposures associated with geographic differences in industries,
food production, and consumption patterns.”*** Limited data
on PFAS concentrations in commercially available foods in the
U.S. are available; much of the existing data were collected
over 15 years ago,”~** but PFAS production and use in the
U.S. have changed since then. The U.S. Food and Drug
Administration (FDA) began analyzing PFAS in a subset of
foods from the FDA Total Diet Study (TDS) in 2019 and has
since found detectable levels of PFAS in a limited number of
foods, though sample sizes for each food type are small."”**
Without a large representative sample of PFAS concentrations
in food in the U.S., drawing conclusions about dietary exposure
as done in Europe remains a challenge.

Alternatively, human biomonitoring data that measure PFAS
in serum coupled with questionnaires can provide insights into
dietary consumption patterns associated with increased levels
of serum PFAS. Cross-sectional studies in the U.S. have
demonstrated a relationship between levels of PFAS in serum
and reported consumption of fast food or packaged foods,
seafood, dairy, and meat.*”~>* However, many of these types of
studies have relied on older biomonitoring data and do not
account for contributions from drinking water or potential
confounding from other sources.

Ingestion of contaminated drinking water has been identified
as a major route of exposure to legacy PFAS in communities
with heavily contaminated drinking water.'®'”*>™>" Less is
known about the contribution of drinking water in general
populations. In the nationwide Nurses’ Health Study, water
concentrations of PFOA and PFNA collected in 1989—1990
were significant predictors of serum levels for participants who
drank eight or more cups of tap water per day.® More
recently, concentrations of PFOA and PFOS measured in
serum from California teachers in 2011—-2013 were 30—40%
higher among female teachers with detectable levels of these
compounds in public water supplies compared to those
without.”” National surveillance data from the U.S. Environ-
mental Protection Agency (USEPA) third Unregulated
Contaminant Monitoring Rule (UCMR 3) (2013-2015)
suggest that roughly 4% of large public water systems contain
detectable levels of PFAS, estimated to affect millions of people
living in the U.S.°”°" Monitoring of public and private water
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supplies from 2016 to 2021 using lower detection limits
suggests that the number of water systems impacted across the
U.S. could be much greater.62’63

Comprehensive exposure studies are needed to assess
contributions from multiple exposure pathways and account
for potential confounding from other sources. To our
knowledge, no existing biomonitoring studies simultaneously
assess the effects of diet and drinking water on PFAS body
burden using causal modeling rather than predictive modeling,
Modeling serum concentrations with respect to multiple
sources requires understanding exposures and pharmacoki-
netics to ensure appropriate model inputs. While empirical
studies demonstrate a linear association between serum and
Water,m’64 many studies log-transform serum concentrations to
address assumptions regarding the distribution of model error
terms. However, log transformation imposes an exponential
dose—response relationship, which may not accurately explain
the relationship between water, diet, and serum, necessitating
alternative approaches. To address these issues, our study
aimed to characterize PFAS body burden in a general
California population and estimate the relationship between
reported serum concentrations with diet and drinking water.

B METHODS

Study Population. Participants of the California Regional
Exposure (CARE) Study were recruited in three phases from
southern and eastern California during 2018—2020 by
Biomonitoring California, a state-run public health surveillance
program. CARE-LA included 430 adults from Los Angeles
county (2018), CARE-2 included 359 adults from Riverside,
San Bernardino, Imperial, Mono, and Inyo counties (2019),
and CARE-3 collected samples from 90 adults in San Diego
and Orange counties (2020), though full recruitment for
CARE-3 was not completed due to the COVID-19 pandemic
(see the Supporting Information (SI), Figure S1). Eligibility
was limited to adults 18 years or older who had been living in
the study area for 12 or more months. The CARE study was
designed to sequentially reach different regions of California,
utilizing a convenience sampling approach with applied quotas
by subregion, gender, and race/ethnicity to improve
representation of the underlying population.”® Participants
provided blood samples for chemical analyses and answered
surveys. Comparisons provided between the overall CARE
study populations and levels from the National Health and
Nutrition Examination Survey (NHANES) used weighted
CARE data to be more representative of the underlying
population (SI Section S-1, Table S1).%°

Demographic Data. Surveys collected demographic
information, including the place of birth, length of time in
current home, length of time in the U.S., race/ethnicity, age,
sex, pregnancy history, educational attainment, and income.
For CARE-LA, gender was used as a proxy variable for sex.

PFAS in Serum. Twelve PFAS were measured in serum
using solid-phase extraction high-performance liquid chroma-
tography by the Environmental Chemistry Laboratory at the
California Department of Toxic Substances Control: N-ethyl-
perfluorooctane sulfonamido acetic acid (Et-PFOSA-AcOH),
N-methyl-perfluorooctane sulfonamido acetic acid (Me-
PFOSA-AcOH), perfluorobutanesulfonic acid (PFBS), per-
fluorodecanoic acid (PFDeA), perfluorododecanoic acid
(PFDoA), perfluoroheptanoic acid (PFHpA), perfluorohex-
anesulfonic acid (PFHxS), perfluorooctane sulfonamide
(PFOSA), PFOS, PFOA, perfluorononanoic acid (PFNA),
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and perfluoroundecanoic acid (PFUnDA). Additional infor-
mation on chemical analysis and quality control is summarized
in SI Section S-2. The IUPAC names, molecular formulas, and
internal standards are provided in SI Section S-3. More details
on the quantification of PFAS are available elsewhere.® For
limits of detection (LOD), see SI Section S-4, Table S3. Values
of PFAS in serum below the LOD were substituted with the
LOD divided by /2.

Dietary Exposure. Participants completed food frequency
questionnaires (FFQs) prior to serum collection in which they
were asked how many times in a typical week they eat various
foods. Survey responses were categorized as “less than once per
week or never,” “1—3 times per week,” “4—6 times per week,”
or “every day”. To model the relationship between dietary
consumption and PFAS body burden, response categories were
converted into numerical weekly consumption frequencies
using the median value for each category and 0.5 for the lowest
category.67 Portion size was not reported.

We analyzed dietary consumption (meals/week) for
individual foods or food groups, including red meat, poultry,
seafood, dairy, eggs, potatoes, brown rice, takeout, and
packaged heat-at-home foods. Food samples were not collected
for PFAS analyses during the course of the study. Foods
previously associated with PFAS exposures were included,
regardless of whether they were based on direct measurements
in food'”****% or empirical studies on dietary expo-
sures.**>33%7%71 The FFQ did not ask about coffee or tea
consumption, which has more recently been linked to
increased PFAS blood concentrations,"”** but we expect
contributions from these sources to be partially accounted for
by controlling for water in our analysis, described below. We
combined consumption of shellfish, store-bought fish, and fish
caught by the participant or someone they knew into a single
“seafood” category in order to harmonize FFQ data across
surveys from the three study areas in CARE. To reduce the
number of food terms in the model, dairy milk and butter were
combined into a single “dairy” category. Some foods were
chosen as a proxy for a larger group of foods to reduce the
number of food terms in the model. Brown rice was chosen
over white rice or other rice products based on evidence that
PFAS accumulate in the protein-rich bran and germ layers in
brown rice more than white rice, as these layers are removed
from white rice during processing.”” Takeout food and store-
bought food heated in paper or cardboard containers were
included as packaged foods likely to be contaminated by PFAS
used in food contact materials.”"****”® Popcorn consumption
was too low to be analyzed.

Drinking Water Exposure. Participants’ geocoded resi-
dential addresses at the time of survey were spatially joined to
the corresponding public water system (PWS) service area
using the California Drinking Water System Area Boundaries
Layer (SABL) shapefile developed by the Division of Drinking
Water of the California State Water Resources Control
Board.”* PFAS concentrations measured under UCMR 3
were linked to participants via Public Water System
Identification (PWSID) numbers. The UCMR 3 cycle in
2013—201S measured six PFAS (PFOA, PFOS, PFHxS,
PFHpA, PFNA, and PFBS) in finished drinking water sampled
from large public water systems (serving >10,000 people) and
a subset of smaller water systems.”” Monitoring in UCMR 3
occurred between January 2013 and December 2015, with the
sampling frequency varying based on the water source.”
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Because of the high reporting limits in UCMR 3 (20—40 ng/
L) and consequent low detection frequencies, participants’
exposure to PFAS in drinking water was characterized using a
binary indicator of detection or nondetection of each analyte
from any sampling event within the corresponding PWS (SI
Section S-S, Table S4). While lower reporting limits are being
used in UCMR § (2023-2025), serum collection in CARE
took place beforehand, and various events in California
occurred concurrently with or after serum collection that
may have influenced drinking water concentrations (e.g.,
interim notification levels for PFOA and PFOS and state-
mandated monitoring and reporting requirements).”®

Statistical Analysis. Selection Criteria. A study population
of 700 participants with demographic and dietary survey data
for which both drinking water and serum levels could be
evaluated was achieved after excluding participants based on
the following criteria: if no serum was provided for laboratory
analysis (n 7) or a PFAS value was indicated as
nonreportable (n = 2); if the PWS corresponding to the
residential address could not be verified via SABL as of January
2024 (n = 78); if participants reported using private well water
(n = 9); or if participants matched to a PWS not monitored in
UCMR 3 (n = 19). Imputed values, calculated as part of
creating a weighted data set, were used to replace missing
values for CARE-LA and CARE-2 demographic data. Because
CARE-3 sampling was not completed, weights and imputed
values were not available for CARE-3. For CARE-LA and
CARE-2, the SAS hot-deck procedure’” indexed by age and
geography was used to impute data for variables with fewer
missing values (i.e., sex, race/ethnicity, and education); the
procedure was indexed again using age, geography, and the
previously imputed variables for imputing missing income.
Participants were also excluded if they were missing diet or
imputed covariate data (n = 64). Selection criteria are
presented in Figure S2. Demographic characteristics for all
participants enrolled into CARE (n = 879) (SI Section S-6,
Table SS) are very similar to the population analyzed in this
analysis (SI Section S-6, Table S6).

Causal Modeling and Covariate Selection. Since an
estimation of the causal relationship between diet, water, and
levels of PFAS in serum was an aim of this study, we
constructed a directed acyclic graph (DAG) containing the
outcome, exposure pathways—water, diet, and other sources
(e.g, indoor environments)—and covariates to guide model-
ing of variables (Figure S3).”*’" Different food types may
contribute to PFAS in the diet, but their consumption cannot
be assessed separately since greater consumption of some may
be related to greater or lower consumption of others,
potentially confounding the estimated effect. In contrast to
studies that consider water and diet (or individual foods)
separately, we assessed associations of serum PFAS with water
concentration and consumption of various foods in the same
model to account for potential confounding. Models were
mutually adjusted using the same set of covariates and run
separately for each PFAS analyte measured in serum. Indoor
exposures have been shown to contribute to elevated levels of
legacy PFAS in serum and can differ based on demo-
graphics.'®® Potential confounding from indoor exposures
was minimized by an appropriate choice of demographic
variables.

Covariates were considered for inclusion in the model if they
influenced exposure and acted as predictors of PFAS
concentration in serum. Previous studies have shown that
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Table 1. Serum Concentrations of PFAS (ng/mL) in Study Participants, 2018—2020 (N = 700)

Analyte 25th percentile median 75th percentile maximum LOD” (ng/mL) percent > LOD (%)
PFHxS 0.41 0.75 1.30 17.1 0.0177 99.0
PFOA 0.74 1.14 1.65 15.0 0.0606 98.4
PFOS 1.33 2.57 4.14 30.8 0.0615 97.7
PFNA 0.17 0.29 0.45 8.78 0.0424 94.7
Me-PFOSA-AcOH 0.03 0.05 0.08 3.39 0.0114 88.3
PFUnDA 0.02 0.07 0.14 1.70 0.0285 73.6
PFDeA 0.04 0.09 0.16 4.74 0.0560 68.1

“LOD = limit of detection.

dietary habits differ by age, sex, race, education, and
nativity,”>***' 7*® and these factors have also been associated
with differences in PFAS body burden.””"*”~* Few studies
have assessed the association between drinking water
contamination and demographic characteristics, but evidence
from 18 states, including California, suggests that disparities in
drinking water exposure may be linked to race/ethnicity and
socioeconomic status.”””"

All model covariates were categorical, except for age, which
was treated as a continuous variable. To avoid issues with
collinearity in multivariate analyses, sex and parity were
modeled as a composite variable with three groups (i.e.,
male, female and nulliparous, and female with one or more
pregnancies brought to term). Race/ethnicity was used as a
proxy variable to account for social differences related to race
and was categorized into five mutually exclusive groups (i.e.,
White, Hispanic or Latino, Black, Asian, and non-Hispanic
multiracial/other). Due to low numbers, the “other” category
included Native Hawaiian or Other Pacific Islander (NHOPI)
and American Indian or Alaska Native (AIAN). Educational
attainment was categorized as above or below high school-level
education. Nativity was categorized into four groups (i.e., born
in the U.S., Central/South America or the Caribbean, Asia, and
other). Household income was categorized into four groups
(e, <$25,000, $25,001—$75,000, $75,001—$150,000, or
greater than $150,000).

Statistical analysis was restricted to PFAS detected in at least
65% of participants. Adjusted multivariate models for PFOS,
PFOA, and PFHxS included drinking water and dietary
exposure variables. Models examined only dietary variables if
water data were not available or did not have any detections
(i.e, PFDeA, PFUnDA, Me-PFOSA-AcOH, and PFNA).

Robust Linear Regression. In modeling the effects of diet
and drinking water on PFAS body burden, we chose not to log-
transform serum concentrations, as is routinely done in the
context of skewed data, since this imposes an exponential
dose—response function; previous studies have shown the
relationship to be consistent with a linear function.'®** To
address the right-skew of the serum data and apply an additive
structure of the variables, we used robust linear regression on
the nontransformed data since these methods are less sensitive
to extreme values commonly observed with environmental
data. Details of robust regression methods have been described
elsewhere.'®”>~* Briefly, the robust linear model applies a set
of weights to reduce the influence of extreme values and allows
for estimation between exposures and an outcome in the
context of heavily tailed data, relaxing the assumptions of
normally distributed residuals and constant variance. Given the
relatively large sample size (n 700), the normality
assumption was not expected to be of major importance due
to the central limit theorem. To ensure that model-based
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standard errors were not influenced by violations of constant
variance, robust standard errors were determined using a
bootstrapping procedure in R and used to generate 95%
confidence intervals for estimated beta coeflicients. Statistical
significance is reported at the 0.05 level.

We performed model diagnostics and assessed linearity by
visually examining diagnostic plots of residual vs fitted values.
We assessed multicollinearity between multiple independent
variables and concentrations of PFAS in serum using
generalized variance inflation factors (GVIF),” with values
over 10 identified as problematic. All analyses were performed
in R (version 4.3.2), and robust regressions were performed
using the robustbase package.

Sensitivity Analyses. To compare differences between
robust regression and other modeling approaches, we
performed a sensitivity analysis using traditional linear
regression for crude and adjusted models for PFOA, PFOS,
and PFHxS. We evaluated potential confounding of water and
diet by modeling their effects on serum separately, adjusting
for all other covariates. To assess whether combining fish and
shellfish influenced results for seafood consumption, we
analyzed fish and shellfish meals as separate terms in the
model.

B RESULTS

Study Population. Of the 879 participants initially
enrolled in the study, 700 with complete or imputed
demographic, serum, and public drinking water data were
included in the analysis (Table S6). The study population was
mainly female (59%) and Hispanic or Latino (39%) or White
(34%). Of the 414 female participants, 254 (61%) reported
having at least one pregnancy brought to term. The majority of
participants had completed a college degree (59%). The
average age of participants was 49 years old, and 56% of
participants reported living in their home for longer than 5
years.

PFAS in Serum. Seven analytes were detected in 65% or
more of participants’ serum and included in analyses (Table 1
and Table S3). PFHxS had the highest detection frequency
(99%). Spearman’s correlation coefficients between concen-
trations of PFAS in serum ranged from 0.13 to 0.75, with the
strongest correlation observed between PFHxS and PFOS
(Figure S4). Weighted geometric mean concentrations from all
participants in CARE-LA and CARE-2 were 49-72% of
national levels reported in NHANES from a similar time
period (Table §1).55%¢

PFAS in Drinking Water. The overlap between PFAS
monitored and detected in UCMR 3 and those detected in
65% or more of participants’ serum samples included three
PFAS: PFOA, PFOS, and PFHxS (Table 1). Eight percent of
study participants had at least one of these three compounds
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detected above the MRL in finished drinking water between
2013 and 2015; PFOA and PFOS were detected in the
drinking water supply of roughly 7% of participants, and
PFHxS was detected in 3.7% (SI Section S-5, Table S4). PFNA
was not detected in any water systems in our study; so,
drinking water contributions for PENA could not be assessed.
Drinking water concentrations in CARE were orders of
magnitude lower than those reported from highly impacted
areas.'”*7?7?® ‘Water concentrations in samples above the
MRL in CARE are provided in Table S7.

Dietary Consumption. In CARE, dairy was consumed
most frequently (4.3 times per week) while packaged heat-at-
home foods were consumed least frequently (1.2 times per
week) (Figure SS and Table S8). Spearman’s rank correlation
coefficients between all foods showed weak to moderate
associations (Figure S6). Foods included in the analysis were
not strongly correlated with foods excluded from the analysis
for the purpose of data reduction (chips, fries, margarine, white
rice, and other rice) or due to infrequent consumption
(popcorn). We observed the largest correlation between
consumption of takeout food and fries (p = 0.57). Correlation
coeflicients between foods were positive with the exception of
consumption of brown rice and red meat (p = —0.10) and
brown rice and dairy (p = —0.08).

Associations between Serum and Diet. Reported
seafood consumption was associated with increased serum
PFDeA (0.0059 ng/mL, 95% CI: 0.0026, 0.0092), PFUnDA
(0.010 ng/mL, 95% CI: 0.0054, 0.015), and PFNA (0.013 ng/
mL, 95% CI: 0.0058, 0.021) (Table 2). Egg consumption was
associated with increased serum PFDeA (0.0035 ng/mL; 95%
CI: 0.0001, 0.0069) and PFNA (0.0073 ng/mL; 95% CI
0.00017, 0.014). Brown rice consumption was associated with
increased Me-PFOSA-AcOH (0.0030 ng/mL; 95% CI:
0.00056, 0.0054). Consumption of heated packaged food was
negatively associated with serum PFOS (—0.11 ng/mL, 95%
CI: —0.22, —0.011), PFUnDA (—0.0042 ng/mL; 95% CI:
—0.0076, —0.00083), and PFDeA (—0.0039 ng/mL; 95% CI:
—0.0072, —0.00057).

We observed other positive but not significant effects,
including increased serum PFOS and reported consumption of
seafood (0.014 ng/mL, 95% CI: —0.046, 0.074), eggs (0.044
ng/mL, 95% CI: —0.024, 0.11), dairy (0.022 ng/mL, 95% CI:
—0.015, 0.059), brown rice (0.11 ng/mL, 95% CI: —0.0016,
0.21), poultry (0.024, 95% CI: —0.061, 0.11), and red meat
(0.083 ng/mL, 95% CI: —0.019, 0.19), as well as increased
serum PFOA and reported consumption of eggs (0.017 ng/
mL; 95% CI: —0.011, 0.044) and brown rice (0.024 ng/mL;
95% CI: —0.01S5, 0.063) (Table 2).

Associations between Serum and Drinking Water.
The largest effect for drinking water was observed for PFHxS,
with participants linked to detectable levels of PFHxS in their
PWS having 0.64 ng/mL (95% CI: 0.058, 1.23) higher levels of
PFHXxS in serum, compared to those without detectable levels
in water (Table 2). Water system detection of PFOA was
associated with a 0.26 ng/mL (95% CI: 0.077, 0.43) increase
in serum concentration. The estimated increase in serum
PFOS associated with detection of PFOS in water was of
similar magnitude, though nonsignificant (0.39 ng/mL, 95%
CI: —0.076, 0.86).

Model Diagnostics. Visual inspection of residual vs fitted
value plots helped to verify the assumption of linearity (SI
Section S-12). Plots did not show any discernible pattern in
the residuals, which would have indicated a nonlinear
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700) and 95% Confidence Intervals®

Table 2. Estimated Effects of Diet and Drinking Water on Concentrations of PFAS in Serum (ng/mL) from CARE Participants (N

PFNA

0.11 (0.065, 0.21)

N/A

Me-PFOSA-AcOH

0.034 (0.019, 0.050)

N/A

PFUnDA

0.050 (0.018, 0.081)

N/A

PFDeA

0.047 (0.014, 0.080)

N/A

PFHxS

0.44 (0.17, 0.71)

PFOS

0.55 (—0.34, 1.40)
0.39 (—0.076, 0.86)

PFOA

0.51 (0.21, 0.81)

intercept

0.64 (0.058, 1.23)

0.26 (0.077, 0.43)

water

—0.00043 (—0.0019, 0.0010) 0.013 (0.0058, 0.021)

0.010 (0.0054, 0.015)

0.00013 (—0.022, 0.023)  0.0059 (0.0026, 0.0092)

0.014 (—0.011, 0.040)

0.014 (—0.046, 0.074)
0.044 (—0.024, 0.11)

—0.010 (—0.036, 0.015)
0.017 (—0.011, 0.044)

seafood
eggs

0.0073 (0.00017, 0.014)

(—0.0019, 0.00095)
0.00035 (—0.00056, 0.0013)

—0.00047

0.0032 (—0.00038, 0.0067)

0.0035 (0.0001, 0.0069)

(~0.0041, 0.0038)
—0.00037 (—0.012, 0.011)

—0.00015

—0.0006 (—0.0022, 0.0010)

0.0023 (—0.0099, 0.015)  0.0000 (—0.0019, 0.0018)

0.022 (—0.015, 0.059)

(~0.020, 0.0078)
0.024 (—0.015, 0.063)

—0.0061

dairy

0.0011 (—0.0042, 0.0063) 0.0030 (0.00056, 0.0054)

0.00049 (—0.0041, 0.0051)

0.024 (—0.018, 0.066)

0.11 (=0.0016, 0.21)

brown rice
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relationship between the predictors and serum concentrations.
Diagnostic plots also helped identify observations with large
residuals that were down-weighted in the robust regression.
Assessment of multicollinearity showed that GVIF values were
below 10 for all terms in the adjusted models and therefore no
corrective actions were taken (SI Section S-9, Table S9).
Bootstrapped robust errors are provided in Tables S10 and
S11.

Sensitivity Analyses. Robust regression and traditional
regression showed overall similar beta estimates (Table S10a—
c). Dietary estimates from robust regression models without
adjustment for drinking water did not meaningfully differ from
those reported in Table 2, suggesting that diet was not
confounded by water in this population, after adjusting for
other covariates (Table S12). The drinking water estimates for
PFOA and PFHxS, adjusting for all covariates except diet, were
very similar to those with adjustment for diet, but the estimate
for PFOS, when modeled without adjustment for diet,
decreased from 0.39 to 0.29 (Table S13). When modeled
separately from fish meals, the beta coeflicient for shellfish
appeared larger for PFOS (0.16 ng/mL; 95% CI: —0.023,
0.35) compared to the beta coefficient for seafood combined
(0.014 ng/mL, 95% CI: —0.046, 0.074) (Tables S14 and S15).
Similar trends but smaller in magnitude were seen for PFOA
and PFDeA; otherwise, beta coeflicients stayed the same.

B DISCUSSION

This study examined the association between diet, drinking
water, and concentrations of legacy PFAS in serum among a
large and diverse adult study population living in southern and
eastern California in 2018—2020. Serum concentrations in
CARE-LA and CARE-2 (2018—2019) were lower than
concentrations reported in NHANES (2017—2018) (Table 1
and Table S1).” Additionally, drinking water concentrations for
CARE participants (Table S7) were orders of magnitude lower
than concentrations that have been reported in highly
impacted areas.'®”””® We observed positive associations
between some PFAS and consumption of seafood, eggs, and
brown rice, as well as elevated serum concentrations in
participants with detectable levels of PFAS in drinking water
supplies. Our results suggest that diet and drinking water both
contributed to the body burden of legacy PFAS in this study
population. However, we observed distinct differences for diet
in our study compared to other U.S. studies that rely on dietary
data from more than 10 years ago, which we hypothesize may
be due to diminished levels of legacy PFAS in foods.
Associations between Diet and Serum. While the
positive associations we observed between serum concen-
trations of some PFAS and animal products were consistent
with previous epidemiological studies in the U.S. (e.g., seafood
and eggs),””>® we did not observe as many associations
between legacy PFAS and diet compared to earlier studies
from before 2014. For example, in the Diabetes Prevention
Program (DPP) study from 1996 to 1999, reported
consumption of poultry was associated with increased
concentrations of PFOS, PFHxS, and PFNA, and meat
consumption was associated with elevated PFOS, PFOA,
PFHxS, Et-PFOSA-AcOH, Me-PFOSA-AcOH, and PENA. In
CARE, serum PFAS did not appear strongly associated with
red meat and poultry consumption. We observed the largest
positive effects for poultry and red meat consumption on
serum PFOS, but these estimates were not significant (Table
2). We observed positive associations between seafood
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consumption and levels of PENA, PFDeA, and PFUnDA, as
well as a nonsignificant positive effect for PFOS. However, we
did not observe associations between seafood and PFHxS or
Me-PFOSA-ACOH, which was reported in the DPP study.
Another study from Norway conducted in 2003 showed
associations between multiple legacy PFAS and seafood
consumption (PFHxS, PFHpS, PFOS, PFOSA, PFOA,
PFNA, PFDA, PFUnDA, PFDoDA, and PFTrDA) and meat
consumption (PENA, PFDA, PFHpS, and PFOS).”' Qual-
itatively, these differences suggest fewer associations between
diet and serum PFAS in CARE (2018—2020) compared to
associations with diet observed 20 years ago.

Data on the concentrations of PFAS in foods from U.S.
stores are limited, but concentrations recently reported by the
U.S. FDA were relatively low compared to concentrations
reported previously and could partly explain differences
between CARE and studies from many years ago. In contrast
to the Canadian Total Diet Study (1992—2004), which
measured relatively high concentrations of PFOA in popcorn
(3.6 ng/g) as well as PFOS in meat (4.5 ng/g) and fish (2.6
ng/g), 7 processed foods from Kansas (n = 172) collected in
2018 and analyzed as part of the U.S. FDA Total Diet Study
(TDS) showed limited detection of PFAS in canned tuna,
frozen fish sticks, and protein powder, all with concentrations
below 0.14 ng/g.47 To date, less than 3% of TDS samples
analyzed by the FDA have shown detectable concentrations of
PFAS.”” More recent TDS analyses by the FDA from 2019 and
2021 with subpart per billion (ng/g) detection limits found
mostly nondetectable concentrations of 16 PFAS in a range of
foods analyzed.” Of the foods analyzed, two composite beef
samples showed 0.041—0.086 ng/g PFOS; otherwise, most of
the other TDS samples with detectable concentrations were
seafood, all with concentrations less than 0.23 ng/ g.99 In 2021,
targeted FDA sampling of seafood from Washington DC
supermarkets showed concentrations below 0.51 ng/g, except
for clams imported from China and one sample of canned
tuna, which had 0.89 ng/g PFUnDA.*® While these data are
limited in sample size and may not represent all commercially
available foods in the U.S., samples purchased from large
grocery store chains, whose products are distributed nationally,
could be informative for the U.S. population. The recent
samples analyzed by the U.S. FDA show lower concentrations
than the Canadian Total Diet Study samples from over 20
years ago. This could suggest declining concentrations of
legacy PFAS in food over the past 20 years and/or
geographical differences in food samples.

In contrast to findings from NHANES (2003—2014) that
showed that consumption of fast food and pizza was positively
associated with serum concentrations of PFOA, PENA, PFDA,
PFHxS, and PFOS (adjusting for the cycle year),”' we
observed unexpected negative associations with takeout food
and packaged heat-at-home foods. Differences between current
patterns of use for legacy PFAS in food contact materials and
those from 20 years ago may explain why we did not observe
positive associations. While foods contaminated via bioaccu-
mulation likely reflect historic uses of PFAS and their release
into the environment, foods contaminated via packaging are
likely to reflect more recent patterns of use in food contact
materials.'” In addition to the voluntary phaseout of legacy
PFAS from manufacturing, which started in the early 2000s,
the FDA restricted the use of PFOA and PFOS in paper food
contact materials in favor of shorter-chain alternatives in
2016." These shifts would be expected to produce a steep
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decline of legacy PFAS in packaged food products manufac-
tured in the U.S. and, by extension, in serum analyzed several
years later. Our findings are supported by the Chemicals in our
Body (CIOB) study (2014—2019), which similarly observed
associations between serum and consumption of animal
products (e.g., seafood, meat, and dairy), but not for processed
foods or takeout food.”® The reason for the negative
relationship between takeout and packaged heat-at-home
foods and serum in our study is unknown but could be due
to residual confounding, as discussed in the limitations below.

Associations between Drinking Water and Serum.
Drinking water has been identified as an important source of
exposure, particularly in heavily contaminated popula-
tions.'*>%* In this analysis, drinking water concentrations
from UCMR 3 linked to CARE participants are considerably
lower than those reported in heavily contaminated areas
(Table S7). However, we observed significantly higher serum
concentrations in participants residing in water service areas
with detectable levels of PFOA and PFHxS compared to those
residing in service areas without detectable levels (Table 2),
suggesting that relatively low concentrations in drinking water
can lead to elevated levels in serum. While the state of
California does not have fluorochemical manufacturers,
drinking water supplies in CARE may have been contaminated
by other industrial facilities that use PFAS, landfills, wastewater
treatment plants, or AFFF used at airports and military training
areas.”>"

While the methods used in our analysis make it difficult to
quantitatively compare our results to empirical studies that
assessed the continuous relationship between water and serum
(e.g., Hoffman et al.'®), the positive associations we observed
between water and serum were qualitatively consistent with
findings reported previously in the U.S. for general
populations. Our results are partially supported by findings
from the California Teachers’ Study (CTS) (2011-2015),
which observed higher serum concentrations of PFOA and
PFOS, but not PFHxS, among women living in zip codes with
detectable levels of these analytes in drinking water systems
compared to those living in zip codes without any detections
(using water data from UCMR 3).”’ The positive association
we observed between PFOA and serum was also consistent
with the older nationwide Nurses’ Health Study, which
observed significant associations between PFOA and PFNA
in drinking water from 1989 to 1990 and levels in serum from
women who consumed eight or more cups of water a day.’®
PFNA was not detected in any of the water systems included in
CARE, possibly due to high reporting levels in UCMR 3
relative to methods used in NHS; so, contributions from
PFNA in our study could not be assessed.

The larger effect we observed for PFHxS in drinking water
compared to PFOA and PFOS may be partly due to the longer
half-life of PFHxS (estimated to be 5—8 years) compared to
PFAS with shorter half-lives (3—S years for PFOS and 2—4
years for PEOA).'”"'%> The Child Health and Development
Studies (CHDS) (2010—2013) also observed larger effects for
PFHxS in drinking water for women living in U.S. cities with
detectable concentrations in UCMR 3 (n = 6).*

Strengths and Limitations. Study strengths included the
use of recently collected biomonitoring data from a large and
diverse general study population and the application of prior
knowledge on exposure and pharmacokinetics to guide our
model assumptions. We structured this analysis to utilize causal
inference to estimate exposures via water and diet, such that, if
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correct, intervening on an exposure could be interpreted as
leading to a corresponding reduction in serum concentrations.
To our knowledge, this is the first analysis to estimate the
effects of drinking water and diet simultaneously on
concentrations of PFAS measured in U.S. serum. We used
robust linear regression to model nontransformed serum
concentrations based on empirical studies that have demon-
strated a linear relationship between water and serum,'®”® as
well as evidence from toxicokinetic models that are consistent
with first-order pharmacokinetics at steady-state concentra-
tions.**

We developed a DAG based on the literature to evaluate the
causal pathways between drinking water, diet, and PFAS body
burden. Even when analyzed one at a time, the DAG used for
this analysis implied that drinking water and diet should not be
confounded in this analysis because certain variables that link
the two exposures were controlled for (Figure S3). Sensitivity
analyses that modeled diet and drinking water separately were
overall consistent with our DAG (Tables S12 and S13).
Finally, our analysis modeled foods together to reduce
potential confounding by other foods.

Our analysis had several limitations, including the use of
FFQs that may have introduced nondifferential error
associated with self-reported diet,'”” and the high reporting
limits in UCMR 3 (20—40 ng/L), which resulted in few water
system detections in our study area. This limited our ability to
analyze the continuous relationship between water and serum,
leading to the use of a dichotomous exposure variable, which
may have introduced exposure misclassification. Our dietary
assessment lacked detailed information on fish and shellfish
consumption; concentrations in seafood can vary by species,
source (e.g, marine vs freshwater), and geography.”*"® A
sensitivity analysis suggested that combining fish and shellfish
may have introduced measurement error, biasing results
toward the null (Tables S14 and S15).

We cannot rule out residual confounding from other
sources, such as indoor air, dust, or dermal exposure to
cosmetics. Inhalation of PFAS precursors in indoor air can lead
to increased concentrations of legacy PFAS in serum and may
be an important source of exposure.'®*'** Although we
controlled for sociodemographic factors linked to indoor
exposures (e.g., age, sex, income, and race/ethnicity), residual
confounding is possible, as indicated by the unexpected
negative associations with takeout and heat-at-home foods,
which are unlikely to be causal. Our study’s conclusions are
limited to the legacy PFAS analyzed in the CARE study and
UCMR 3, and while dietary exposure to legacy PFAS may have
decreased, exposure to newer PFAS, or those not routinely
measured, may have increased.' "%

Overall, our study quantified legacy PFAS exposure in the
CARE population and identified possible sources and
behaviors associated with increased body burden, providing
knowledge that can guide strategies to protect public health.
While diet is suggested to be a major source of exposure in
general populations, we did not observe as many associations
with diet in this population compared to findings in other
populations from many years ago, possibly due to changes in
the contribution of diet over the past 20 years. Future analyses
using paired measurements of PFAS in food, water, and serum,
while not available for this population, would be instructive for
source derivation. Future work should also consider additional
PFAS and exposure pathways, including inhalation of precursor
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compounds in the indoor environment, which might be
important contributors to PFAS body burden.
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