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BACKGROUND: Per- and polyfluoroalkyl substances (PFAS) are a growing class of manufactured chemical compounds found in a
variety of consumer products. PFAS are ubiquitous in the environment and were found in many humans sampled in the United
States (U.S.). Yet, significant gaps in understanding statewide levels of exposure to PFAS remain.

OBJECTIVE: The goals of this study are to establish a baseline of exposure at the state level by measuring PFAS serum levels among
a representative sample of Wisconsin residents and compare to United States National Health and Nutrition Examination Survey
(NHANES).

METHODS: The study sample included 605 adults (18+ years of age) selected from the 2014-2016 sample of the Survey of the
Health of Wisconsin (SHOW). Thirty-eight PFAS serum concentrations were measured using high-pressure liquid chromatography
coupled with tandem mass spectrometric detection (HPLC-MS/MS) and geometric means were presented. Weighted geometric
mean serum values of eight PFAS analytes from SHOW were compared to U.S. national levels from the NHANES 2015-2016 sample
(PFOS, PFOA, PENA, PFHxS, PFHpS, PFDA, PFUNDA), and the 2017-2018 sample for Me-PFOSA, PFHPS using the Wilcoxon rank-
sum test.

RESULTS: PFOS, PFHxS, PFHpS, PFDA, PFNA, and PFOA were detected in over 96% of SHOW participants. In general, SHOW
participants had lower serum levels across all PFAS when compared to NHANES. Serum levels increased with age and were higher
among males and whites. Similar trends were seen in NHANES, except non-whites had higher PFAS levels at higher percentiles in
NHANES.

IMPACT STATEMENT: The present study conducts biomonitoring of 38 PFAS among representative sample of residents in the state
of Wisconsin. Results suggest that while the majority of Wisconsin residents tested have detectable levels of PFAS in their blood
serum, they may have a lower body burden of some PFAS compared to a nationally representative sample. Older adults, males, and

whites may have a higher body burden of PFAS relative to other groups, both in Wisconsin and the wider United States.
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INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a large family of
human-made, fluorinated compounds produced for a variety of
consumer and industrial products. PFAS are persistent due to their
long half-lives and accumulation potential in the environment,
and in their bioaccumulation potential in blood and tissues of
animals and humans [1-3].

PFAS are highly stable compounds that not only repel water,
oils, and lipids, but bind to proteins, making them desirable for
use as flame retardants and other common consumer products
[2, 4]. A variety of perflourinated compounds have been

manufactured. A defining characteristic of PFAS include multiple
carbon-fluorine bonds. The most studied long-chain PFAS,
including PFOA, PFOS, PFHxS, and PFNA [5], do not readily
degrade, which makes them both highly stable in the environ-
ment and equally challenging to remove from environmental
media. Environmental contamination sites for PFAS, often arise
from industrial production, agricultural practices using contami-
nated fertilizer, or from historical use of class B aqueous film
forming foam (AFFF) at military or fire training sites [3, 6]. Some
PFAS compounds can leach into groundwater, surface water, and
soil, remaining within all trophic levels for years or decades [3, 7].
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Widespread detection of PFAS in the environment and potential
population exposure has increased public health concerns,
especially as PFAS research finds more associations between
PFAS exposure and adverse human health effects [8, 9]. According
to findings from the National Health and Nutrition Examination
Survey (NHANES) survey (2011-2018) nearly all the n=7991 U.S.
residents have detectable levels of one or more long-chain PFAS
[5]. Major exposure pathways for PFAS in humans include
consumption of contaminated drinking water and food, especially
fish and red meat [10]. Other sources of human exposure to PFAS
include contact with consumer products and ingestion of
contaminated dust particles [2]. Exposure to PFAS has been
associated with several adverse health outcomes [3] including
kidney and testicular cancers [11], dyslipidemia [12], liver disease
[13], lower infant birth weight [14], decreased pediatric vaccine
response [15], increased risk of gestational hypertension or pre-
eclampsia [16], and immune suppression [17].

While PFOS and PFOA have been manufactured for decades, it
was not until 2002 when the U.S. Environmental Protection
Agency (EPA) began to regulate PFAS, requiring manufacturers to
notify the EPA of the manufacture or import of 13, and later 75, of
the compounds [18]. Long-chain PFAS are still used in imported
products from developing countries [19, 20]. In June 2022, the EPA
set a non-enforceable lifetime health advisory for PFOS and PFOA
in drinking water to 0.02 and 0.004 parts per trillion, respectively
[21]. A handful of states, including Wisconsin, have adopted the
2016 standard as the statewide regulatory standard for at least
one PFAS compound [22]. This is a rapidly evolving regulatory
landscape, with some states making recommendations more
stringent than the EPA standard, and others making no
recommendations at all [22]. However, there are an estimated
4000 PFAS compounds [18] produced by industry, no biomonitor-
ing or epidemiological research on the vast majority of PFAS.
Although long-chain, “legacy” PFASs (PFOA and PFAS) have been
phased out of production in the US. and Canada, they are
replaced by “emerging” PFAS shorter carbon chains or fluor-
oethers in industrial production [23]. Replacement chemicals have
a lower tendency to bioaccumulate but also have very similar
chemical properties to legacy PFAS. Less is known about
population exposure to these emerging contaminants and
additional biomonitoring and research are needed to understand
how short-chain PFAS affect human health [24].

While the CDC has conducted biomonitoring of PFAS in the U.S.
general population through the National Health and Nutrition
Examination Survey, little population-based biomonitoring has
occurred in the Upper Midwest and central region of the US.
[25-29]. With NHANES data, the CDC established baseline
exposure data for PFAS in the U.S., but the scale of the survey
lacks the granularity needed to understand PFAS within smaller
regions and demographic strata at the state or local level. The
other community-based and localized biomonitoring studies to-
date are not sampled in such a way to provide representation of
PFAS exposure across an entire state. This study begins to fill this
data gap by providing baseline PFAS levels representative of
residents in the state of Wisconsin. The study uses serum samples
from The Survey of the Health of Wisconsin (SHOW) cohort, the
only statewide representative health survey in the U.S. modeled
after NHANES.

In Wisconsin, PFAS have been found in groundwater supplies
exceeding health-based recommendations [30]. There are known
contamination sites in Madison, Marinette, and Peshtigo commu-
nities due to production and testing of AFFF [31], and there is
potential concern of exposure from agricultural use of wastewater
sludge on crop fields [32, 33]. PFAS has been detected in not only
groundwater, but in milk raised and produced in Wisconsin, the
second largest dairy producing state [32]. Eighteen different PFAS
compounds were detected in well samples in Madison, Wisconsin
in domestic, municipal, and agricultural wells [34]. Furthermore,
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Wisconsin's variable geography (forested, agricultural, and varying
levels of urbanicity) and demographics are reasonably comparable
to that of the broader United States in age structure, gender, and
race [35].

In 2020, the Wisconsin State Laboratory of Hygiene (WSLH)
developed a new method to detect PFAS compounds at lower
concentrations which increases the number of compounds
available for assessment than have been used by many previous
biomonitoring studies. The goal of this study is to provide a
baseline prevalence of PFAS among a representative sample of
adults in the state of Wisconsin and compare PFAS prevalence by
demographics to nationally representative sample estimates from
NHANES. In this study, we examine an expanded list of PFAS
compounds, analyzed using high-pressure liquid chromatography
coupled with tandem mass spectrometric detection (HPLC-MS/
MS). While other studies have drawn comparisons to NHANES
PFAS levels, to our knowledge, no other statewide representative
samples have compared PFAS levels to NHANES.

METHODS

Survey of the Health of Wisconsin (SHOW)

A subset of (n=605) participants were selected at random the
2014-2016 Survey of the Health of Wisconsin (SHOW) sample of adults
ages 18 and older (n=1957). Details on the SHOW sampling frame,
recruitment, and methods are described elsewhere [36]. In brief, the
SHOW 2014-2016 cohort was designed as a three-year, statewide
representative sample using a three-stage cluster-sampling approach.
One county per strata was randomly selected within the strata of county
mortality rates, followed by random selection of census block groups by
poverty status strata. Then 30-35 residential households were randomly
selected from commercially available U.S. Postal Service residential and
mailing address listings (including postal office (P.O.) boxes and rural
routes (R.R.)) using simple random sampling. Selected households are
sent an advanced letter and recruitment occurs with a household visit by
a trained field interviewer.

SHOW is unique in that it is the only statewide household-based
examination survey in the United States and offers an abundance of survey
and physical measurement data upon which to characterize PFAS
exposure within our sample. Modeled after the CDC's NHANES, its survey
data includes demographics (age, gender, education, income, race),
behaviors (smoking, diet), occupation (military service, firefighter), housing
(type and age of residence), drinking water characteristics (private well vs.
municipal, depth of private well, consumption pattern, treatment/filter
use), diet (fish, dairy) and chronic health conditions (cancer, diabetes,
hypertension, obesity). In addition, participant households span rural,
urban and suburban settings and are geocoded to allow for linkages to
contextual environmental data, including potential PFAS sources (landfills,
industrial and municipal wastewater facilities, agricultural fields).

Like NHANES, SHOW includes both objective and subjective data
collection using several methods. Interviewers conduct in-home visits
upon which they gather health information via computer assisted personal
interview (CAPI). Participants also complete a self-administered paper
questionnaire. Following an in-home visit, participants visit a collection site
near their home where phlebotomists measure blood pressure, weight,
height, waist and hip circumference, respiratory function, and collect
venous blood and urine samples. Several tubes of venous blood (about
55-60ml in total) are immediately processed for serum and plasma,
aliguoted into cryovials and frozen at —80 C. SHOW participants consent to
the use of biospecimens for unspecified research. The core SHOW study
and this study is approved by the University of Wisconsin Health Sciences
Institutional Review Board and all biosecurity and institutional safety
procedures are HIPAA compliant.

For this pilot study and retrospective sample analysis, a single random
sample of adults 18+ (n = 50; stratified by race, sex, age), was pulled from
each of 12 counties representing each of 5 health regions in the state. Only
individuals with stored serum were included when selecting the study
sample. This allows for the assessment of historic PFAS exposures across
Wisconsin and accelerates the ability to observe time-dependent trends in
exposures when prospective sampling is performed. An additional sample
was pulled per health region as substitution in case any samples were not
viable for PFAS analyses. Serum samples were extracted from SHOW'’s
freezer and sent to the Wisconsin State Laboratory of Hygiene on dry ice
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Fig. 1 United States Geological Survey (USGS) land cover map of Wisconsin, USA, depicting SHOW participants by the shaded U.S.

Census Block Group they reside in.

for PFAS analyses. Figure 1 depicts the geographic distribution of
participants throughout the state by census block group.

PFAS sample analysis

The PFAS analyses were performed by the Wisconsin State Lab of
Hygiene (WSLH) using high-pressure liquid chromatography coupled
with tandem mass spectrometric detection (HPLC-MS/MS). The 38 PFAS
compounds tested were selected based on several considerations,
including, (1) cover the spectrum of compounds to look for class-
specific bioaccumulation, (2) include compounds most often used in
products and tested by CDC in NHANES, (3) include both short and long
chain PFAS to assess differences by type, (4) include emerging compound
classes for which we have little data, (5) consider potential toxicity
estimates, and (6) limited by the availability of suitable materials to assure
reliable measurement.

The WSLH test method was adapted primarily from a method developed
by Minnesota Department of Public Health [37], with elements from CDC
Method 6304.08 [38], the New York State Department of Health [39], and
the Michigan Department of Community Health [40]. Several of these
documents are laboratory manuals, some shared privately between
colleagues. Sample preparation involved spiking aliquots of serum with
an isotopically labeled PFAS mixture. Acetonitrile was added to precipitate
proteins, followed by vortex mixing. Samples were then centrifuged, the
supernatant transferred to a 96-well plate, and evaporated to a volume of
100-200 mL.

Prepared samples were injected on an Agilent 1290 Infinity UPLC (Santa
Clara, CA) equipped with a BEH C18 1.7 mm 2.1 X50 mm Column (Waters,
Milford, MA). Good chromatographic separation was achieved using a
reverse phase gradient, with a 20-minute run time at 45°C. Sample
detection and quantification was achieved with a Sciex 4500 MS/MS
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system (Toronto, CA), employing multiple reaction mode (MRM) scanning
with negative polarity turbospray ionization. Q1 and Q3 masses,
declustering Potential (DP), collision energy (CE) and collision cell exit
potential (CXP) values for each MRM transition were optimized by
parameter ramping experiments with direct standard solution infusion to
the source. Sciex Analyst version 1.6.3 was used for data acquisition and
results calculation.

Method quality control characteristics included a method blank and
seven standard linear calibration standards (r=>0.995). Standards were
verified using a second source material. Calibration curves were generated
in serum and standards were first made in ACN (levels 1-7) and then
spiked into blank fetal bovine serum and run like a normal sample. Limits
of detection and quantitation were calculated by doing a LOD study by
spiking eight blank serum samples with the lowest level calibrator.
Analytical signal/noise for S; was required to be =10. lon confirmation ratio
for samples was required to fall within +30% of the mean ratio of the
standards, with exceptions for PFOS, FOSA, PFDA, PFNS, 11CI-PF30UdS,
PFHxA, PFTrDA, PFDS, PFTeDA, and 8:2 diPAP, which were widened to
+40% based on poor confirmation ion sensitivity. Method detection limits
varied considerably by compound, as did the upper quantification limits,
but compare favorably with NHANES quantification thresholds for those
compounds. Three levels of analytical controls were measured in every
analytical run, and acceptable control values bracketed all test samples.
Method validation also included precision, analytical measurement range,
and spike recovery assessment.

Additional details on the analytical method area and observations on
compounds not comparable with NHANES are in preparation. The internal
standards (IS) that were used were: M3-PFPeA, M4-PFHpA, M3-PFBS, M3-N-
MeFOSAA, M8-FOSA, M4-6:2 diPAP, M4-PFBA, M2-PFHxA, M4-PFOA, M5-
PFNA, M2-PFDA, M2-PFUnDA, M2-PFDoA, M2-PFHxS, M4-PFOS, M7-
MeFOSE, M9-EtFOSE, M2-PFTeDA, M2-PFHxDA, M5-EtFOSA, M3-MeFOSA,
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CI-PFHxDA, M5-EtFOSAA, M2-8:2 diPAP, M4-4:2 FTSA, M2-6:2 FTSA, M2-8:2
FTSA, and M4-10:2 FTSA. Since there were not matching IS for every
compound, IS were used based on very chemically similar compounds (ex.
M4-PFOS was used to quantify PFNS).

For this study, all PFAS values were reported that were above the
calculated LOD. lon ratio checks were performed for hits above the LOD. If
a compound with a confirmation ion had a hit for the quantitation ion but
did not have a hit for the confirmation ion it was considered not
detectable. If a compound had a hit for the quantitation ion and a hit for
the confirmation ion, but the ion ratio did not match with the average of
the ion ratios of the standards it was flagged for, it was considered a failed
ion ratio confirmation and deemed not detectable. If there were hits for
both quantitation and the confirmation ion, and it passed an ion ratio
check, then it was deemed detectable.

National Health and Nutrition Examination Survey (NHANES)
NHANES is a nationally representative, repeated, cross-sectional survey
administered by the National Center of Health Statistics (NCHS) within the
CDC. NHANES uses a multistage cluster sampling approach to examine a
study population that is representative of the United States’ non-
institutionalized population. Blood samples are taken from all NHANES
participants 12 years of age and older. Approximately 2000 of these
samples were analyzed for several PFAS compounds in each cycle. The
NHANES 2015-2016 sample intentionally oversamples Hispanic, non-
Hispanic black, Non-Hispanic Asian, Non-Hispanic white and others at or
below 185 percent of the Department of Health and Human Services (HHS)
poverty guidelines, and non-Hispanic white and other people aged 80
years and older. NHANES releases publicly available laboratory and
demographic data on these participants. Education and smoking status
for adolescents (age 12-19) is considered sensitive data and not included
in public use datasets. Documentation for NHANES data includes detailed
laboratory methods [41]. For this study, SHOW study sample PFAS serum
levels were compared with those from the National Health and Nutrition
Examination Survey (NHANES) 2015-2016 sample (n=1829) for all
corresponding samples. However, given that NHANES did not sample
the entire suite of compounds in this study, the 2017-2018 (n = 1862)
samples were compared for select compounds (ME-PFOSA and PFHPS).

Demographics

Self-reported demographics data for gender, age, race/ethnicity, highest
education level attained, and income were collected by CAPI. Smoking
status data were obtained through a self-administered questionnaire (SAQ)
for the Wisconsin Sample and personal interview for NHANES. Income/
poverty ratio was calculated by dividing the midpoint of reported
household income range by HHS poverty guidelines, which is calculated
by the number of people supported by that income [42]. Body mass index
(BMI) (kg/mz) was calculated using WHO standards by dividing measured
height (cm) by 100, and squaring that value, and then dividing weight (kg)
by that value. SHOW and NHANES participants were stratified by gender,
age, and race for analysis of PFAS serum levels. Age groups were
determined by generational changes (18-39, 40-59, 60+), and race was
grouped by non-Hispanic white and non-white. Minors in the NHANES
samples were excluded from the final analysis.

Statistical analyses

All statistical analyses were performed using SAS v9.4. All thirty-eight PFAS
compounds were reported for SHOW using the lower limit of detection
(LLOD) available from the WSLH assays. However, only compounds analyzed
in both SHOW and available in NHANES public use laboratory data were
included in comparative data analysis. Furthermore, only compounds
detected above the LLOD in more than 50% of individuals in the SHOW
sample could be reliably compared to NHANES. Thus, weighted geometric
means for 8 PFAS compounds, as well as weighted geometric means for the
50th, 75th, 90th, and 95th percentiles and their corresponding 95%
confidence intervals were calculated for SHOW and NHANES (see Table 2 for
complete list of PFAS). The LLOD for all compounds in NHANES was 0.1 ng/
mL, with values lower than the LLOD set to 0.1 divided by the square root of
2, or approximately 0.07. The LLODs for SHOW participants were different
from 0.1, but to make direct comparisons, all PFAS compounds within
SHOW were assigned the same LLOD as NHANES for comparison analyses.
Therefore, weighted geometric means differ for SHOW in the comparison
tables with NHANES, when compared to findings from SHOW with the LLOD
from WSLH, unaltered to match NHANES.
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PFOS and PFOA were analyzed as the sum of their linear and branched
isomers, consistent with NHANES methods. Data from minors ages 12-17
in the NHANES sample were used to validate data analysis methods
against published NHANES data tables, but minors were not included in
the final analysis as all SHOW participants were over the age of 18.
Geometric means of serum levels and corresponding 95% confidence
intervals were calculated for all compounds and compared between SHOW
and NHANES. Both NHANES and SHOW geometric means were calculated
using subsample weights, and domains of gender, age, and race.

While overall and demographic strata comparisons of PFAS serum levels
in SHOW vs. NHANES are weighted, due to the different complexities of
sampling in both SHOW and NHANES, unweighted comparisons of PFAS
serum concentrations were evaluated using the Wilcoxon rank-sum test to
test statistical difference.

RESULTS

Study sample

Descriptive characteristics comparing the SHOW
2014-2016 subsample to NHANES 2015-2016 and NHANES
2017-2018 samples are presented in Table 1. The SHOW study
sample is comparable to NHANES in terms of gender and age
distribution. There are slightly more females (50.7%) than males
in SHOW; similar in NHANES (51.5-51.6%). The SHOW sample
differs from NHANES most in terms of racial diversity. The SHOW
consists of 81.3% non-Hispanic white, much higher when
compared with NHANES where 62.3-62.9% are non-Hispanic
white. SHOW also had fewer participants with <13 income to
poverty ratio, fewer smokers, and more with a BMI > 30 (Table 1).
SHOW participants also tended to be more educated than
NHANES participants on average, with 27.1% of SHOW partici-
pants reporting high school/GED or less in SHOW, compared with
34.2% in NHANES. Figure 1 is a map of Wisconsin depicting the
residential locations by census block group of the SHOW
2014-2016 subsample included in this study. While participants
span urban and rural areas across the state, they are clustered in
10 of 72 total counties in the state.

Prevalence of detectable serum PFAS levels

Table 2 depicts the detection limit and summary statistics for the
number and percent of individuals with detectable levels,
geometric mean, minimum and maximums for all 38 PFAS
compounds. Nine of the 38 PFAS compounds were detected in
at least 50% of SHOW participants (PFOS, PFOA, PFNA, PFHxS,
PFDA, PFHpS, PFUNnDA, PFHpA, PFPeS) (Table 2). More than 96% of
SHOW participants had serum levels above the lower limit of
detection for six PFAS analytes, PFOS, PFOA, PFNA, PFHxS, PFDA,
and PFHpS with geometric mean values being 4.51, 1.20, 0.45,
1.14, 0.14, and 0.17 ng/mL, respectively. Eight PFAS compounds
were below the limit of detection in 100% of the study sample
(NMeFOSA, N-EtFOSE, 6:2 FTSA, PFTriA, PFODA, DONA, PFMPA,
PFMBA). SHOW participants had much higher levels of PFOS
compared to other compounds, with a whole sample geometric
mean of 4.51 ng/mL (Table 2).

PFAS comparison of SHOW to NHANES by demographics

Table 3 depicts comparisons in geometric means and percentiles
between the entire SHOW and NHANES samples where LLOD has
been adjusted for SHOW to match NHANES. Tables 4-6 (and
Supplementary Tables 1-5) depict geometric means and percen-
tiles comparing SHOW and NHANES by demographic strata.
Weighted geometric means of PFAS serum levels were slightly
higher among NHANES study sample compared to SHOW for
PFOS, PFOA, PENA, PFHxS, PFDA, and PFHPS. However, only PFOA
and PFNA were statistically higher among NHANES compared
SHOW (p <0.001) (Tables 5 and 6). Most notable differences in
weighted geometric means were seen for PFOA, PFNA, and PFHPS,
where NHANES serum samples were 32.5%, 31.1%, and 35.3%,
higher than in SHOW, respectively (Tables 5, 6 and Supplementary
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Table 1. Demographics characteristics of SHOW 2014-2016 compared with NHANES 2015-2016, and NHANES 2017-2018 cohorts.

SHOW 2014-2016

NHANES 2015-2016

NHANES 2017-2018

(n = 605) (n= 1829) (n=1862)
n Column %? 95% Cl (%) n Column %° 95% Cl (%) n Column %"° 95% CI

Gender

Male 257 49.3 448, 53.8 865 48.4 45.1, 51.6 922 48.5 45.1, 52.0

Female 346 50.7 46.2, 55.2 964 516 48.4, 54.9 940 515 48.0, 54.9
Age (in years)

18-39 162 36.0 31.5, 40.6 674 37.6 34.6, 40.7 641 38.5 352,418

40-59 208 36.4 32.1, 40.7 581 35.1 31.8, 383 558 334 29.9, 36.9

60-94 233 27.6 24.1, 31.2 574 27.3 24.4, 30.2 663 28.1 25.1, 31.0
Race

White (non-Hispanic) 502 81.3 77.5, 85.0 563 62.9 60.2, 65.7 644 62.3 59.4, 65.3

Non-white 100 18.7 15.0, 22.5 1266 371 34.3, 39.8 1218 37.7 34.7, 40.6
Education*

H.S./GED or less 151 27.1 23.0, 30.5 778 34.2 31.3,37.2 771 38.2 34.9, 41.6

Some college 217 36.1 31.8, 404 547 34.8 31.6, 379 574 30.1 27.0, 33.1

Bachelors or higher 235 36.8 326, 41.1 424 31.0 27.8, 34.2 415 31.7 28.1, 35.3
Income/Poverty Ratio®

<1 44 14.0 10.7,17.3 395 21.0 18.7, 23.2 351 22.6 20.1, 25.2

1-3 220 389 345,433 708 33.2 30.3, 36.1 717 31.7 28.8, 34.6

>3 311 471 42,6, 51.5 445 45.9 425, 49.2 422 45.7 42.1, 49.2
Smoking Status*

Current 73 15.0 11.5, 18.6 356 19.6 17.1, 221 334 17.3 14.8, 19.8

Former 146 23.7 19.9, 27.6 389 238 21.0, 26.7 408 213 18.4, 241

Never 345 61.2 56.7, 65.6 1081 56.6 53.3, 59.8 1120 61.4 58.1, 64.8
BMI

<25 161 26.6 22.7, 30.5 537 31.3 283, 34.3 541 29.0 25.8, 32.1

25-30 200 314 27.3,354 548 294 264, 32.3 577 31.5 282, 34.8

>30 237 42.1 37.6, 46.5 744 39.3 36.2, 42.5 744 39.5 36.2, 42.9

Met Min/wk metabolic minutes per week, HS high school, GED general education diploma, BMI body mass index.
*18 and 19 year olds excluded from education and smoking data in NHANES sample.

2SHOW sample weights used for statewide representation.
PNHANES sample weights used for national representation.

‘Income/Poverty Ratio is calculated by dividing total family income by the poverty guidelines from the Department of Health and Human Services (HHS) for

the number of people supported by that income.

Table 3). PFOS, PFDA, and PFHxS weighted geometric mean serum
levels were 10.2%, 14.3%, 7.0% higher in NHANES when compared
to SHOW (Table 4, and Supplementary Tables 1 and 2). PFOS
weighted geometric means (95% Cl) were highest of all PFAS
compounds in both study samples; 4.51 (4.18-4.87) ng/mL in
SHOW compared to 4.97 (4.71-5.25) ng/mL in NHANES (Table 4).

Serum levels increased with age in both SHOW and NHANES for
all 6 PFAS compounds. In SHOW, 18-39-year-olds had a PFOS
geometric mean of 3.13 (2.71-3.62) ng/mL compared to 60+ year-
olds 7.39 (6.72-8.31) ng/mL; whereas the 95th percentile was 8.80
(7.70-10.20) ng/mL for 18-39-year-olds and 26.3 (21.8-30.5) ng/
mL for 60+ year-olds. Similar trends held for NHANES (Table 4).

In SHOW, males had higher serum levels of PFOS, PFOA, PFNA,
PFHxS, and PFHPS than females; a difference in weighted
geometric means of 1.06, 0.1, 0.03, and 0.5 ng/mL, respectively
(Tables 4-6, and Supplementary Tables 2 and 3). Levels did not
differ by sex for PFDA (Supplementary Table 1); these trends by
sex were seen in both the NHANES and SHOW samples for all
PFAS.

Weighted geometric mean serum levels were higher among
whites (non-Hispanic) in SHOW and NHANES for PFOA, PFOS,

Journal of Exposure Science & Environmental Epidemiology

PFHxS and PFHPS when compared to nonwhites. These trends
held in the 50-95th percentiles for SHOW, but for NHANES, these
trends were opposite at the higher percentiles (90th and 95th) for
PFHPS and PFOS. PFHPS was 40% higher, and PFOS was 20%
higher, among nonwhites compared to whites (non-Hispanic) in
NHANES at the 95th percentile (Tables 4, 5 and Supplementary
Tables 2, 3).

SHOW and NHANES samples were largely comparable for other
PFAS compounds, (see Supplementary Tables 1-5), albeit low
levels of detection were seen for both SHOW and NHANES for
these additional PFAS compounds.

DISCUSSION

To our knowledge this is the first study to characterize PFAS serum
levels among a statewide representative sample and compare
levels to those of NHANES. This study expanded biomonitoring to
a panel of 38 PFAS compounds and detected concentrations in
serum with LLOD lower than many prior studies. The study
leveraged the SHOW cohort, the only statewide adult cohort in the
U.S. modeled after NHANES to provide baseline data on health for
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598283888 2geg 5 S e the state of Wisconsin. Beyond NHANES, current understanding
= I foeqng ® § © N~ © 52 of human serum PFAS levels come from specific sub-population
= Tdd S S S s b S o KT cohorts (i.e. occupational, maternal-child cohorts) [25, 43], high-
3 RS- Al sl 2 S A S risk or localized communities near contamination [26-28]. While
@ L;’ g g g Z'_; g Z‘_; g g g’ : j:* g’ g, baseline PFAS levels are known at a national scale using
ﬁ 2 | ] IS B e o ol ol e NHANES, those data lack the granularity needed at the state
o - = = =« - N = = - - = « level and within subregions and strata in a state. SHOW's

statewide cohort provides PFAS serum prevalence for the state,
and within subpopulations and communities, spanning different
555 s 5 s s & & demographics, socio-economic backgrounds, and neighborhood

588 s | o =) e B 9 g environments. This study fills a data gap and allows for
= QS o~ = N - = o = - = = = identification of previously unknown high-risk areas or sub-
O © = = 1 1 /| L oL =1 L= ! X X
2 s d & Q2R R 24 R SRk ¢ & populations upon which researchers and state health officials

¢ IS I I A ) O can target additional biomonitoring and testing.
& = 23288¢g° g ogo° T3 95 Among the 38 PFAS analytes tested, six were widely prevalent
2 § N oS m®o o NS S < N6 oo ¥ among SHOW; more than 96% of SHOW participants had
z detectable serum levels of PFOS, PFOA, PFNA, PFHXxS, PFDA, and
b PFHpS. These six PFAS compounds are further classified as long
g chained perfluoroalkyl sulfonic acids (PFSAs), indicating they
> g3 s = have a sulfonic function head and include more than five
2 9239 amnm e E N carbons [9, 11, 44, 45]. Long-chain PFAS have longer half-lives
g (v} © 6 o A L Q 5 BN QT B @ and great bioaccumulation in the environment and mammalian
N 5\‘: 8RR 823 = Re LR 8§ & L blood and tissue than short chain PFAS. Hence, it is not
g ) ot cc S stk surprising short-chain compounds tested were less often
8 £ I KR & R 1] 232 detected compared to long-chain PFAS, and these findings
a R o ) I ) o) & ol S R RO S e el align with findings in other studies. For example, Yu and
Z colleagues conducted statewide testing in New Jersey from
L remnant sera from clinical labs and blood banks (n = 1030) and
b4
- [ P P P N N I I O N I I of the 12 PFAS compounds tested, PFOA, PFNA, PFOS, and
5 S =2 83aRRAJ § 28 =2 ® o 22 PFHxS were the ones detected in over 99% of the study
[C ;.r 2 2 2 2 2 g '; ;.r ;F 2 i i 2 population with geometric means greater than 0.5 ug/L [43].
R A MmN N 9 N = N o N < a N o Even among high-risk or communities near contamination sites,
2 Mmoot NN n S M m £ &£ d < - .
S e o = = = = = ol al sl & wl el = & the same PFAS compounds were the most widespread, and with
S § Segoe2 Hez2 A the highest geometric means. Among n =192 claimants from
= class-action lawsuit in Paulsboro, New Jersey, who lived near a
Q contamination site, of 13 PFAS compounds tested, PFOS, PFOA,
n PFNA and PFHxS had the highest prevalence, with over 70% with
£ 5 detectable levels [26]. This held true in other states, such as the
5 o i~ ) .
=S communities tested near military bases in Pennsylvania [46]
E» a where PFOS, PFOA, PFHxS, and PFNA were highest and most
c £ = prevalent of the 11 PFAS tested, and those in the Annison
— g &R &8l &l & g g 5 E SRS Community Health Survey living near a high-risk manufacturing
Q o Gl ol el ] o) e WSS ) ) 6§ site in Alabama, where among the 8 PFAS tested, PFOS, PFNA,
=k ~&KRKNS 25 [ N PFOA, and PFHxS were detected in >96% [28].
g £ doaaosfgoyege 9o 348 Overall, geometric means across demographic strata among
g g 23288 837383% &=228 SHOW participants were similar to those seen in NHANES. Yet,
5 I ) S A GS S S 9SS Em) ST NHANES consistently had slightly higher geometric means for all
3 6 main PFAS compounds analyzed (PFOS, PFOA, PFNA, PFDA,
g PFHxS, PFHPS), even though only PFHPS, PFDA, and PFNA were
g al = @ i I ~ 3 statistically significantly different at 0.05 level. While we are
8 < o RS RS R IS 0] O S Sl ol RS ot unsure why this is the case, it may be that Wisconsin has lower
T environmental levels of PFAS and/or slightly lower use of PFAS-
c ghtly
o containing products. PFOS was among the most prevalent of the
5 PFAS compounds measured among the SHOW sample and had
9

g 2 2 the highest geometric mean and percentile concentrations. This
o =l & was also true among NHANES, as was seen among nearly all
= o Qo ’
E v 2 £ prior biomonitoring studies, including those who tested high-
S :é_' 'g g | @ risk populations such as firefighters and communities near
o g ol @ zZzZ 2 contamination sites [26-28, 47, 48]. Higher serum concentrations
S E 238383 ol o ® = o 8 2 % % levels of PFOS are not surprising due its (and PFOA’s) US.
§ g o ‘cé ‘oé E’Ir 5’Ir % § E 720 720 E E é ££98% production since the 1940s, which peaked between 1970 and
5 o 2002. PFOS and PFOA were the most widely used PFAS
g' £ compounds in consumer products up until recently [11].
S § PFAS levels were higher in males compared to females, and in
W ) ) ) 0 ) 7] Q3 older individuals compared to younger ones. This held true
< =z =z =z =z = =z =z =z £ across all PFAS compounds analyzed in SHOW, as well as in
@ £ 0o<o<0o<g 0 <0< 0 <0< o ) -
2 ® | Bl = [ 2] =) = 2| 5| 5= =5 | BT EE| B © NHANES and other studies. For example, communities tested
coov n Z2 n Z2 yn Z wn Z2 yn Z w Z n Z2 g - ) .

near military bases in Pennsylvania [46] found PFOS, PFOA, and
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PFHxS were all higher in males, and all increased with age. Those
tested living nearby a PFAS manufacturing facility in New Jersey
saw similar increases in PFAS concentration with age and were
higher among males [26]. Olsen et al. similarly found sex and age
trends as seen in NHANES [49]. Lower concentrations in females
may be explained by greater excretion rate through menstrual
blood loss and lactation [50]. We would expect PFAS concentra-
tions to be higher among older adults compared to younger
adults due to the bioaccumulation that occurs as one ages, in
conjunction with potentially higher exposure >10 years ago
before PFAS started being manufactured overseas and phased out
of products.

Both SHOW and NHANES saw similar trends in PFAS concentra-
tions by race, with non-Hispanic whites having higher geometrics
means compared to non-whites. While in SHOW, this trend
remained across percentiles, the NHANES sample saw opposite
trends at the 90th and 95th percentile for some compounds
(PFHPS, PFDA, PFNA, PFOS), where non-whites had higher PFAS
concentrations than non-Hispanic whites. This difference may be
due to the small non-white sample in SHOW and therefore an
inability to adequately capture potential racial differences in
exposure and risk. Non-whites only account for 18.7% of the
SHOW sample, compared with approximately 35% in each
NHANES sample. While the SHOW study oversampled non-
whites in 2019, they did not conduct oversampling of non-
whites during their statewide sampling years (2014-2016) used in
this study. Due to Wisconsin’s proportionately small non-white
population, the non-white sample in the SHOW study sample is
small. This likely resulted in little variability within the non-white
subpopulation which may have resulted in an unrepresentative
substratum of non-whites in the state. As such, those who were
included are weighted to represent a larger proportion of their
racial/ethnic subpopulation. Racial and ethnic minorities, and
those of lower socio-economic and education attainment, are
more likely to reside near industrial and contamination sites that
are at greater risk of exposure to environmental contaminants of
concern, such as PFAS. This was seen in biomonitoring of a high-
risk community due to manufacturing in Alabama where PFOS
levels were ~2 times higher in African Americans compared to
whites in the study [28]. Other studies have found the opposite,
those with higher education status and income level had higher
levels of PFAS [51, 52]. These results suggest that proximity to
contaminated PFAS sites rather than race may be a more
important predictor of PFAS concentration, but additional
research is needed. Furthermore, as mentioned above, short-
chain PFAS may be in the environment but may not be detectable
in human serum. Furthermore, as mentioned above, short-chain
PFAS may be in the environment but may not be detectable in
human serum.

The SHOW's relatively small substratum of non-whites was a
limitation of the study. This may have resulted in a less balanced
comparison to NHANES and limited the study’s ability to identify
racial disparities relating to PFAS that may exist in Wisconsin.
While race may be an important predictor of PFAS exposure, there
are other demographic differences between SHOW and NHANES
that may have contributed to differences in the comparison of
results. On average, SHOW participants had a slightly higher
education level and income to poverty ratio than NHANES
participants in all sampling years. It is well-known that lower
income status is associated with increased adverse environmental
exposures [53], which may have contributed to the lower levels of
PFAS in SHOW participants than may exist in the state’s
population. There is evidence that higher PFAS exposure is
associated with lower educational attainment [47].

While the SHOW 2014-2016 sample is representative of the
state, its primary sampling unit was at the county level, and only
10 of 72 counties were represented. Selection criteria used for
SHOW's sampling frame to ensure representation was based on

SPRINGER NATURE

socioeconomic status and population density; geographical
representation beyond Census urban rural stratification was not
a factor. This is a significant limitation of the study as northern
regions of the state, and more isolated areas, are not represented.
Future PFAS biomonitoring in the state should include over-
sampling of non-whites and geographical representation to
adequately capture varied land use throughout the state; ensuring
unique areas in central sands regions and northeast areas with
karst geology are included, due to potentially vulnerable ground-
water contamination. In addition, data on education and smoking
status were unavailable for 18- and 19-year-olds for NHANES, so
some demographic comparisons do not include these individuals.
Systematic differences in PFAS concentrations may also be due to
different laboratory procedures between SHOW and NHANES,
which may explain some of the overall differences in exposure
metrics. Lastly, this study was cross-sectional, with serum
concentrations from over 6 years ago. Hence, not only can
causality not be inferred, but changes over time are not captured,
and current PFAS concentrations among the state’s population
today may be different than seen in this study. Future PFAS
biomonitoring in Wisconsin should consider repeat testing,
especially as short chain PFAS become more widely used and
long chain PFAS are phased out.

While this study has several limitations, it has many strengths.
This is the first statewide representative cohort for which we have
baseline PFAS serum concentrations. Studies-to-date have con-
ducted biomonitoring on specific cohorts (i.e. California Teachers
Study), among high-risk occupational workers (Firefighters), or
communities residing near a contamination site. While Yu et al.
conducted statewide biomonitoring, they relied convenience
testing from clinical and lab sera [43], whereas SHOW relied on
probability sampling to produce a statewide representative sample
with weights. This study also tested a wider range of PFAS
compounds with LLOD for many. This was an important contribu-
tion to the field and increased our understanding of the extent
other PFAS compounds are in the environment and in our bodies.

These data suggest that Wisconsin residents may not be
disproportionately burdened by PFAS contamination compared to
the wider US population. However, there are known pockets of
environmental contamination found in regions not captured with
this statewide representative sample and more research is needed
to determine the extent of PFAS exposure in Wisconsin which
ensures geographical variation and adequate oversampling of
non-whites. This is the beginning of our understanding of PFAS
exposure among Wisconsin residents, but importantly, it offers a
baseline prevalence of PFAS. Future directions include utilizing the
rich SHOW survey data to better characterize PFAS serum levels
based on diet, housing, and other factors. These findings can help
state agencies in resource allocation for additional PFAS
biomonitoring, and direct resources where most needed. In
addition, residential address and residential history is known for
SHOW participants, which increases the capacity to study
cumulative exposure to PFAS through neighborhood-level con-
textual factors like industrial sites and nearby land uses through
the adult life course. Finally, longitudinal follow-up should be
conducted in the future to track changes in PFAS burden in the
population over time.

DATA AVAILABILITY

The datasets generated during and analyzed during the current study are not
publicly available due to HIPAA protections for SHOW participants but may be
available from the corresponding author on reasonable request with IRB approval.
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