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BACKGROUND: In spring 2013, groundwater of a vast area of the Veneto Region (northeastern Italy) was found to be contaminated by perfluoroalkyl
substances (PFAS) from a PFAS manufacturing plant active since the late 1960s. Residents were exposed to high concentrations of PFAS, particularly
perfluorooctanoic acid (PFOA), through drinking water until autumn 2013. A publicly funded health surveillance program is under way to aid in the
prevention, early diagnosis, and treatment of chronic disorders possibly associated with PFAS exposure.

OBJECTIVES: The objectives of this paper are: a) to describe the organization of the health surveillance program, b) to report serum PFAS concentra-
tions in adolescents and young adults, and c¢) to identify predictors of serum PFAS concentrations in the studied population.

METHODS: The health surveillance program offered to residents of municipalities supplied by contaminated waterworks includes a structured inter-
view, routine blood and urine tests, and measurement of 12 PFAS in serum by high-performance liquid chromatography—tandem mass spectrometry.
We studied 18,345 participants born between 1978 and 2002, 14-39 years of age at recruitment. Multivariable linear regression was used to identify
sociodemographic, lifestyle, dietary, and reproductive predictors of serum PFAS concentrations.

RESULTS: The PFAS with the highest serum concentrations were PFOA [median 44.4 ng/mL, interquartile range (IQR) 19.3-84.9], perfluorohexane-
sulfonic acid (PFHxS) (median 3.9ng/mL, IQR 1.9-7.4), and perfluorooctanesulfonic acid (PFOS) (median 3.9 ng/mL, IQR 2.6-5.8). The major pre-
dictors of serum levels were gender, municipality, duration of residence in the affected area, and number of deliveries. Overall, the regression models
explained 37%, 23%, and 43% of the variance of PFOA, PFOS, and PFHxS, respectively.

CoNcCLUSIONS: Serum PFOA concentrations were high relative to concentrations in populations with background residential exposures only.

Interindividual variation of serum PFAS levels was partially explained by the considered predictors. https://doi.org/10.1289/EHP5337

Introduction

Perfluoroalkyl substances (PFAS) are manufactured chemicals
widely used for a variety of commercial and industrial applica-
tions due to their grease-, stain-, and water-repelling properties.
PFAS are extremely persistent and are widely distributed because
of limited environmental degradation. Bioaccumulation varies
among individual PFAS according to their chemical structure and
differs among target organisms (Butenhoff et al. 2004; Olsen et al.
2007; Russell et al. 2013; Li et al. 2018).

In animals, PFAS are not metabolized and are eliminated mostly
by renal excretion. In general, long-chain PFAS are excreted more
slowly than are short-chain PFAS; however, their half-lives are also
influenced by other chemical features and interspecies differences
(Butenhoff et al. 2004; Olsen et al. 2007; Chang et al. 2008; Olsen
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et al. 2009; Russell et al. 2013; Li et al. 2018). In comparison with
rodents and nonhuman primates, humans have a very poor capacity
to excrete perfluorohexanesulfonic acid (PFHxS), perfluorooctanoic
acid (PFOA), and perfluorooctanesulfonic acid (PFOS): Mean half-
lives for these compounds in exposed workers have been estimated
to be 8.5 y [95% confidence interval (CI): 6.4, 10.6], 3.8 y (95% CL:
3.1, 44), and 54 y (95% CI: 3.9, 6.9), respectively (Olsen et al.
2007). Recently, a study in a population with residential exposure
estimated a mean half-life of 2.7 y (95% CIL: 2.5, 2.9) for PFOA,
3.4y (95% CI: 3.1, 3.7) for PFOS, and 5.3 y (95% CI: 4.6, 6.0) for
PFHxS (Li et al. 2018).

Many studies conducted worldwide have reported measurable
serum levels of PFHxS, PFOA, and PFOS in most of the general
population (Calafat et al. 2007; Ingelido et al. 2010; Zhang et al.
2013; Cariou et al. 2015; CDC 2017). Food and dust are consid-
ered the major sources of background exposure (Lorber and
Egeghy 2011; Fraser et al. 2013), but residential exposure due to
drinking water contamination has also been described. The
largest known incident involved more than 70,000 people in the
mid—Ohio Valley (United States), where PFAS released from a
fluoropolymer-producing plant contaminated surface water and
groundwater (Emmett et al. 2006; Frisbee et al. 2009). In North
Rhine—-Westphalia, Germany, 40,000 inhabitants were exposed
due to the use of PFAS-contaminated soil conditioners used on
fields (Holzer et al. 2008), and one-third of households in
Ronneby, Sweden, (28,000 inhabitants), were supplied with
drinking water contaminated with PFAS from firefighting
foams used in a nearby airfield (Li et al. 2018).

PFOA and PFOS have endocrine-disruption properties and
have been associated with several health conditions (EFSA

128(2) February 2020


https://doi.org/10.1289/EHP5337
mailto:gisella.pitter@azero.veneto.it
mailto:gisella.pitter@azero.veneto.it
https://doi.org/10.1289/EHP5337
http://ehp.niehs.nih.gov/accessibility/
mailto:ehponline@niehs.nih.gov
https://doi.org/10.1289/EHP5337

CONTAM Panel 2018), including increased levels of serum cho-
lesterol (Frisbee et al. 2010; Winquist and Steenland 2014a),
impaired thyroid function (Lopez-Espinosa et al. 2012; Winquist
and Steenland 2014b; Ballesteros et al. 2017), insulin resistance
(Cardenas et al. 2017), gestational diabetes (Zhang C et al. 2015),
and pregnancy-induced hypertension (Darrow et al. 2013).

Context: PFAS Contamination in the Veneto Region, Italy

In 2011, the Italian Ministry for the Environment, Land, and Sea
commissioned the Institute of Water Research of the National
Research Centre (IRSA-CNR) to study PFAS contamination in
major Italian river basins (Valsecchi et al. 2015). Results of this
study revealed surface water and groundwater in a large area of
the Veneto Region in northeastern Italy was contaminated with
PFAS that were also found in drinking water samples. The results
of the study were communicated to the Regional Government in
late spring 2013 (Polesello and Valsecchi 2013, unpublished
data). In July 2013, the Agency for Environmental Prevention and
Protection of the Veneto Region (ARPAV) set up an environmen-
tal monitoring plan that is still ongoing to determine the extent and
level of groundwater and drinking water contamination and to
identify its source. Twelve types of PFAS are measured in water
matrices: perfluorobutanoic acid (PFBA), perfluorobutanesulfonic
acid (PFBS), perfluoropentanoic acid (PFPeA), perfluorohexanoic
acid (PFHxA), PFHxS, perfluoroheptanoic acid (PFHpA), PFOA,
PFOS, perfluorononanoic acid (PFNA), perfluorodecanoic acid
(PFDeA), perfluoroundecanoic acid (PFUnA), and perfluorodo-
decanoic acid (PFDoA). A manufacturing plant located in the
town of Trissino that produced PFAS since the late 1960s was
identified as the only likely source of water contamination.

The groundwater contamination plume extends over an area
of 190 km? and affects both public waterworks and private wells.
ARPAV estimated that the groundwater contamination plume
reached public waterworks serving municipalities across the
provinces of Vicenza, Verona, and Padua in 1980. The munici-
palities in the area of maximum exposure (referred to as the “Red
Area”) are further divided into “Red Area A,” which includes
municipalities served by the contaminated waterworks that are also
located on the groundwater contamination plume; and “Red Area
B,” which includes municipalities served by the contaminated
waterworks but not located on the groundwater contamination
plume. Initially, the Red Area was composed of 21 municipalities,
with 126,000 inhabitants. In 2018, nine additional municipalities
were added, some of which are only partially supplied by the con-
taminated waterworks (Figure 1). At present, the Red Area is
595 km? wide and has a total population of approximately 140,000
people.

Measurements of 152 drinking water samples collected in
July and August 2013 indicated that the main contaminants
were PFOA (median 319 ng/L, maximum 1,475ng/L), PFBA
(median 123ng/L, maximum 625ng/L), and PFBS (median
91ng/L, maximum 765ng/L), followed by PFPeA, PFHXA,
PFOS, PFHpA, and PFHxS. The longer-chain PFAS congeners
(PFNA, PFDA, PFUnA, PFDoA) were detected only in a mi-
nority of samples and at lower concentrations (Table 1).
Between July and August 2013, water treatment plants were
equipped with granular activated carbon (GAC) filters, which
led to an abrupt reduction in PFAS concentrations in drinking
water distributed by public waterworks, and the effectiveness
of water treatment continued to improve so that by 2018 PFAS
congeners were undetectable in the majority of samples (see
Figures S1-S5). A comprehensive description of the manage-
ment of this environmental disaster can be found elsewhere
(WHO 2017).
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In 2016, a biomonitoring study (Ingelido et al. 2018) was con-
ducted on two randomly selected groups of people 20-51 years
of age: 257 subjects living in the contaminated area and 250 liv-
ing in a background area not affected by the contamination inci-
dent. The results showed that those living in the contaminated
area had significantly higher serum PFAS concentrations than the
control group had and that participants residing in municipalities
served by contaminated waterworks had the highest serum PFAS
concentrations.

To address public concerns about exposure to PFAS, and in
accord with a precautionary principle, the regional health author-
ities established a health surveillance program for residents of the
Red Area to aid in the prevention, early diagnosis, and treatment
of some of the chronic disorders with epidemiological evidence
of associations with PFAS exposures, i.e., dyslipidemia, hyper-
tension, diabetes mellitus, liver dysfunction, metabolic syndrome,
kidney dysfunction, and thyroid disorders.

The objectives of this paper are: @) to describe the organiza-
tion of the health surveillance program, b) to report serum PFAS
concentrations in adolescents and young adults age 14-39 y, and
¢) to identify predictors of serum PFAS concentrations in the
study population.

Methods

Organization of the Health Surveillance Program

The health surveillance program is a free-of-charge population-
based screening program. The initial target population was
84,795 people born between 1951 and 2002 who were residents
of the 21 municipalities that comprised the Red Area as defined
on 31 December 2016. The first invitations were sent by mail on
first January 2017 to residents born in 2002, followed by invita-
tions to progressively older birth cohorts. In December 2018, the
regional government extended recruitment for the health surveil-
lance program to the pediatric population, and in February 2019
recruitment began in nine additional municipalities that were
added to the Red Area. At least one follow-up examination is
planned for all participants in the first round of the health surveil-
lance program. The regional government also offers current and
former workers at the PFAS-producing plant a health surveillance
program that includes collection of professional history and addi-
tional health examinations. Data on workers are not included in
this paper.

Eligible subjects are identified through the regional health
registry, which contains personal and residency data for the entire
population of the Veneto region. Invitation letters indicating an
appointment date and time are sent by mail, followed by a second
invitation if there is no response to the first. Residents who decide
to participate in the program complete a structured interview
administered by a trained public health nurse, followed by blood
pressure measurement, and blood and urine sampling. Program
visits are performed at public health facilities that are located
throughout the contaminated area to ensure easy accessibility.

Personal data collection and information system. The struc-
tured interview investigates residential history, education, occu-
pation, dietary habits (including consumption of self-produced
food), drinking water intake and sources (public distribution
system, private well, bottled water), smoking habits, alcohol
consumption, physical activity, family and personal history of
disease, medications, reproductive history, and self-reported
height and weight [with automatic calculation of body mass
index (BMI)]. During the interview, the public health nurse
takes the opportunity to inform the patient about healthy life-
style and recommend behavioral changes using motivational
counselling techniques.
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Figure 1. Map of the PFAS-contaminated area of the Veneto Region. Note: Red Area: municipalities supplied by PFAS-contaminated waterworks. Red Area
A (dark red): municipalities of the Red Area located on the groundwater contamination plume. Red Area B (light red): municipalities of the Red Area located
outside the groundwater contamination plume. Dashed white area: groundwater contamination plume. Pink dot: location of the chemical plant that gave origin
to groundwater contamination. Yellow lines: borders of municipalities. Red lines: borders of provinces. Blue lines: rivers. Black thick line: borders of the new
areas included in the Red Area in 2018 (9 additional municipalities, some of them only partially included). The box on the lower right corner indicates the posi-
tion of the represented area in the Veneto Region, northeastern Italy.
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Table 1. Distribution of concentrations (ng/L) of the 12 measured PFAS congeners in 152 samples of drinking water taken during July and August 2013,

before the full implementation of granular activated carbon filters.

Congener Min 25th percentile Median 75th percentile 95th percentile Max % samples >LOQ
PFBA <10.0 86.0 123.5 1733 359.4 625.0 88.8%
PFPeA <10.0 45.0 70.0 100.0 210.6 370.0 90.1%
PFHxA <10.0 39.0 52.0 79.5 185.8 330.0 89.5%
PFHpA <10.0 <10.0 14.0 23.0 56.0 151.0 67.1%
PFOA <10.0 176.0 319.5 546.2 1,123.2 1,475.0 89.5%
PFNA <10.0 <10.0 <10.0 <10.0 <10.0 76.0 0.7%
PFDeA <10.0 <10.0 <10.0 <10.0 <10.0 81.0 0.7%
PFUnA <10.0 <10.0 <10.0 <10.0 <10.0 95.0 1.3%
PFDoA <10.0 <10.0 <10.0 <10.0 <10.0 10.0 0.0%
PFBS <10.0 66.5 91.5 183.2 382.1 765.0 89.5%
PFHxS <10.0 <10.0 <10.0 13.3 26.0 66.0 40.1%
PFOS <10.0 11.0 18.0 29.3 66.5 117.0 77.6%

Note: The LOQ is set at 10.0ng/L. LOQ, limit of quantification; Max, maximum; Min, minimum; PFBA, perfluorobutanoic acid; PFBS, perfluorobutanesulfonic acid; PFDeA, per-
fluorodecanoic acid; PFDoA, perfluorododecanoic acid; PFHpA, perfluoroheptanoic acid; PFHxA, perfluorohexanoic acid; PFHXS, perfluorohexanesulfonic acid; PENA, perfluorono-
nanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid; PFPeA, perfluoropentanoic acid; PFUnA, perfluoroundecanoic acid.

Blood pressure is measured according to the European Society
of Hypertension recommendations (Williams et al. 2018). If the
first measure is above 140 mmHg for systolic blood pressure or
90 mmHg for diastolic blood pressure, a second measurement is
taken. If the second measure is normal, the participant is classified
as having normal blood pressure, otherwise he or she is classified
as having high blood pressure. Both pairs of measurements are
recorded.

Nonfasting blood and urine samples collected from participants
are sent to the Local Health Unit laboratory for analyzing serum cre-
atinine, uric acid, aspartate aminotransferase (AST), alanine amino-
transferase (ALT), glycated hemoglobin, total cholesterol, HDL
cholesterol, triglycerides, thyroid-stimulating hormone (TSH), and
urine albumin to creatinine ratio. Estimated glomerular filtration
rate (eGFR) is calculated according to the CKD-EPI equation
(Levey et al. 2009). Additional blood samples from each individual
are centrifuged, and frozen serum samples are sent weekly to the
ARPAYV laboratory for measurement of 12 PFAS: PFBA, PFBS,
PFPeA, PFHxA, PFHxS, PFHpA, PFOA, PFOS, PENA, PFDeA,
PFUnA, and PFDoA.

All data are collected using centralized web-based software
connected with the regional health registry. The software allows
extraction of lists of eligible residents, online compiling of inter-
view and blood pressure data, and retrieval of laboratory test
results.

Participants with normal blood pressure and clinical bio-
chemical parameters and with serum PFOA and PFOS concen-
trations below the 95th percentiles of the general Italian
population (8.00 ng/mL for PFOA and 14.79 ng/mL for PFOS)
(Ingelido et al. 2010) receive only information and counseling
on healthy lifestyle. Participants with abnormal blood pressure
or clinical biochemical parameters but with serum PFOA and
PFOS concentrations below the 95th percentile threshold are
offered information and counseling on healthy lifestyle and
then referred to their family physicians for subsequent evalua-
tion or treatment. Participants with normal blood pressure and
clinical biochemical parameters and serum PFOA or PFOS con-
centrations above the 95th percentile threshold are offered in-
formation and counseling on possible PFAS-related health
conditions and on healthy lifestyle. Participants with abnormal
blood pressure or clinical biochemical parameters and serum
PFOA or PFOS concentrations above the 95th percentile
threshold are referred to a dedicated specialist team of internists
and cardiologists who, after an initial clinical evaluation, may
prescribe additional medical investigations to diagnose existing
disease and determine a tailored pathway of care for the patient.
All additional examinations are provided free of charge.
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Analytical method for serum PFAS measurement. Blood
samples collected in vacutainers containing a clot activator and
separation gel undergo centrifugation prior to dispatch. Upon ar-
rival at a lab facility, a robotic liquid handler (Microlab® STARIet;
Hamilton Co.), following an in-house validated method, carries on
sample preparation. Purification follows a protein-precipitation
protocol by Acetonitrile (ACN) addition using Isotopic Labeled
Internal Standard (ILIS) for quantitation. Uncapped thawed
samples are distributed into a mapped 96-well deep-well plate for
analysis by high-performance liquid chromatography—tandem
mass spectrometry (HPLC-MS/MS) [Prominence UFLC XR 20
(Shimadzu) coupled to API 4000™ LC-MS/MS System (Sciex)].
Chromatographic separation uses ammonium formate buffer and
methanol as eluents and Supelco™ Ascentis” Express RP-Amide
7.5 cmXx2.1 mm, 2.7 pm as analytical column. Method perform-
ances allow analytes to be detected as low as 0.1 ng/mL level of
detection (LOD) and to be quantified above 0.5ng/mL level of
quantification (LOQ). Recoveries range from 70% to 120% for all
analytes. Linearity of method is analyte-specific; for example,
PFOA linear range extend up to 500 ng/mL and can be further
extended by increasing the dilution factor.

Baseline PFAS Concentrations and Predictors

Study population. This analysis focuses on the subgroup of the
surveillance program target population for whom enrollment has
been completed, namely residents of the 21 municipalities in the
original Red Area who were born between 1978 and 2002. Of the
33,793 residents eligible for this subgroup, 63.5% (n=21,467)
agreed to participate in the surveillance program. Participants
with incomplete reports (n =918, 4.3%), who were 40 years of
age at recruitment (n=651), or who lived in the Red Area for
less than 1 y prior to 2013 (n=1,553), were excluded, leaving a
total of 18,345 in the present analysis (Figure 2).

Potential predictors. The following variables were considered
as potential predictors of serum PFAS concentrations: gender,
age at recruitment (14-19, 20-24, 25-29, 30-34, and 35-39 years
of age), country of birth [Italy/other highly developed countries
(HDC), high migratory pressure countries (HMPC)], educational
attainment (primary/middle school, high school, university),
occupation (farmer, nonfarmer), current municipality of residence
(municipality where the subject resided at recruitment), predomi-
nant residential area (Red Area A vs. B), duration of residency
in the Red Area (14, 5-9, 1014, 15-19, 20-24, 25-29, >30y),
time from the beginning of the study (1 January 2017) to the date of
blood sampling (0-5, 6-10, 11-15, 16-20, >21 months), BMI
(<18, 18-24.9, 25299, >30kg/m?), eGFR (<90, >90mL/
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Subjects of birth cohorts 1978—
2002 residing in the 21
municipalities originally included
in the Red Area

n=33,793

Subjects who didn’t agree to
participate in the Health
Surveillance Program

n=12,326

Subjects who agreed to
participate in the Health
Surveillance Program

n=21,467

Subjects with incomplete reports

n=918

Subjects with complete reports

n=20,549

Subjects aged 40 years at
recruitment

n=651

Subjects aged 14-39 years at
recruitment

n=19,898

Subjects with less than 1 year of
residence in the Red Area by 2013

n=1,553

Subjects with at least 1 year of
residence in the Red Area by 2013

n=18,345

Subjects with missing values for
any potential predictor

n=223

Final study population
n=18,122

Figure 2. Flow chart of the inclusion—exclusion process.

min/1.73 m?), current pregnancy (yes, no), number of deliveries
0, 1, 2, >3), smoking habits (current smoker, previous smoker,
nonsmoker), physical activity (light, moderate, heavy), alcohol
consumption [0, 1-2, 3—-6, >7 alcohol units (AU) per wk], water
intake (<1, 1 < 1.5, 1.5 < 2, >2L/ d), intake of meat, fish/seafood,
milk/yogurt, cheese, eggs, bread/pasta/cereals, sweets/snacks/sweet
beverages, fruits/vegetables, growing one’s own vegetables (yes,
no), and raising animals for personal consumption (yes, no).

HDC were countries in North America, Israel, Oceania,
Japan, and European countries outside of central-eastern Europe.
HMPC were countries in Central-Eastern Europe (i.e., Albania,
Bulgaria, Serbia and Montenegro, Poland, Romania, Ukraine,
Hungary, Russian Federation, Estonia, Latvia, Lithuania, Croatia,
Slovenia, Bosnia and Herzegovina, Macedonia, Moldova,
Slovakia, Belarus, Czech Republic, Cyprus, Turkey), North
Africa, sub-Saharan Africa, Central America, South America,
Asian countries other than Japan, and did not include Israel.
Duration of residence in the Red Area was calculated from resi-
dential history as the number of years spent in the Red Area
between 1980 and 2013 (when GAC filters were installed).
Predominant residential area was defined as the area (Red Area A
vs. B) where the subject resided for the longest amount of time
between 1980 and 2013. Degree of physical activity (light, mod-
erate, or heavy) was defined based on an algorithm that combined
information reported by the subject on intensity, duration, and
frequency of all types of physical activity practiced during the
week. Intake of food items was expressed as number of portions
per week (with reference to usual intake) and categorized based
on quartiles or tertiles.
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Questionnaire contains a question related to the type of drink-
ing water consumed with multiple choices (bottled water, water
from a public water supply, well water, other). From this question
we have created two variables as following: a) type of water cate-
gorized as only bottled water, only water from a public water
supply, or a mix of any combination of the above-mentioned
choices; and b) well water consumption categorized as yes or no.
The latter source of water was contaminated only in the Red Area
A, but not B. However, before August 2018, participants were
asked about drinking water consumed at the time they completed
the questionnaire, rather than their consumption before they
became aware of the water contamination (when most residents
switched to bottled water in 2013). Therefore, analyses of asso-
ciations with the type of drinking water and consumption of
well water was limited to participants enrolled after August
2018 (n=3,686), when the questionnaire was revised to query
participants about consumption before they were aware of
contamination.

Statistical methods. We calculated the percentage of samples
with a quantifiable concentration of each PFAS (>LOQ) and
focused our analysis on PFAS that were quantifiable in at least
80% of samples (PFOA, PFOS, and PFHxS). Samples below the
LOQ were assigned a value equal to LOQ/+/2. Because PFAS
concentrations were skewed to the right, concentrations were natu-
ral log-transformed to normalize the data distribution. Normality
was checked using Shapiro—Wilk test. We used Spearman’s corre-
lation to describe pairwise relationships between the three PFAS.

Associations between potential predictors and serum PFAS
were evaluated in 18,122 subjects, excluding 223 subjects with
missing values for any of potential predictors. A first assessment
of relationship between each individual characteristic and serum
concentrations of PFOA, PFOS, and PFHxS was conducted using
Kruskal-Wallis test.

We fitted multivariable linear regression models to examine
the relationship between potential determinants and each PFAS
concentrations. We used a stepwise approach based on the
Akaike information criterion (AIC) to define the optimal set of
variables to retain in each model minimizing the AIC value. We
specified a model including all possible predictors and then we
used a stepwise approach based on a combination of forward and
backward selections. By doing so, at each step, the algorithm
chose the direction that led to the best AIC improvement and a
single variable was added or dropped to minimize the AIC score.
Because, in the Red Area, private wells are often used to water
vegetables and animals, we also stratified analyses by predomi-
nant residential area to test whether the different status of ground-
water contamination in Red Area A and B modified the
association of growing vegetables and raising animals for perso-
nal consumption and serum PFAS levels. In addition, we con-
ducted further analyses considering the type of water consumed
on a restricted data set of participants recruited after August 2018
(n=3,605, 19.9%), for whom questions about type of drinking
water were specific to the time before they became aware of the
contamination. The analyses on this restricted population were
also stratified by predominant residential area.

Model goodness of fit was estimated using R>. We used anal-
ysis of variance (ANOVA) to estimate the contribution of each
covariate to the overall variability of each PFAS concentration.
Because outcome variables were natural log-transformed, we
back-transformed coefficient estimates and confidence intervals
using (eB — 1) x 100, and report effect estimates as percent differ-
ences in geometric mean PFAS concentrations relative to the ref-
erence group.

All analyses were performed using Stata (version 13.0;
StataCorp) or R (version 3.6.1; R Development Core Team).
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Results

Only three of the 12 PFAS were quantifiable in at least 80% of se-
rum samples: PFOA (99.9%), PFOS (99.8%), and PFHxS
(98.1%) (Table 2). The main contaminant was PFOA (median
44.4ng/mL), followed by PFHxS (median 3.9ng/mL) and
PFOS (median 3.9 ng/mL). Distributions were markedly right-
skewed: For PFOA, the 95th percentile was 189.7 ng/mL, with a
maximum of 1,400.0 ng/mL; for PFHxS and PFOS, the 95th per-
centiles were 18.1 ng/mL and 10.7 ng/mL, respectively. Serum
concentrations of the three PFAS congeners were strongly corre-
lated, with Spearman’s correlation coefficients of 0.89 for PFOA
and PFHxS, 0.66 for PFOS and PFHxS, and 0.62 for PFOS and
PFOA.

At bivariate analysis, all potential predictors were signifi-
cantly associated with serum PFAS concentrations, except for
cheese intake and raising animals for personal consumption for
PFOA; eGFR, water intake, and milk/yogurt intake for PFOS;
and fruit/vegetable intake and fish intake for PFHxS (Table S1).

Table 3 shows the results of the multivariable regression mod-
els for the entire population (n=18,122). The total variance
explained by the models for PFOA, PFOS, and PFHxS, was
37.4%, 22.6%, and 43.1%, respectively. Overall, gender and cur-
rent municipality of residency were the most important predictors
for all PFAS. Gender explained 11.5%, 9.9%, and 18.2% of the
PFOA, PFOS, and PFHxS variability, respectively. In compari-
son with females, on average, males had 66% higher PFOA (95%
CI: 61, 71), 42% higher PFOS (95% CI: 39, 45), and 93% higher
PFHxS (95% CI: 88, 98). Current municipality of residency
explained 12.6%, 6.7%, and 14.8% of the variance for PFOA,
PFOS, and PFHxS, respectively. Overall, the municipalities in
the Red Area A were associated with higher serum levels in com-
parison with those in the Red Area B. Predominant residency in
the Red Area A was associated with 38% (95% CI: 27, 50) higher
levels of PFOA and 42% (95% CIL: 33, 51) higher levels of
PFHxS, but there was no statistically significant difference in
PFOS relative to Red Area B. Duration of residency in the Red
Area was correlated with levels of all PFAS examined in this
study, with a general trend toward higher levels with longer dura-
tion, especially for PFOA and PFHxS.

Associations with age differed among the three PFAS (Table 3).
PFOA levels were 9% (95% CIL: —15, —4), 12% (95% CI: —18, -5)
and 18% (=24, —11) lower in the 20-24, 25-29, and 30-34 years
of age categories, respectively, in comparison with the 14-19
years of age category, but there was no significant difference for
the 35-39 years of age category. Serum levels of PFOS and
PFHXS increased with age, with significant associations for the

three oldest age groups for PFHxS and the two oldest groups for
PFOS, relative to the 14—19 years of age group.

Regarding reproductive variables, the number of deliveries
was inversely associated with serum PFAS levels and explained
3.4%, 1.2%, and 2.2% of the PFOA, PFOS, and PFHxS variabili-
ty, whereas current pregnancy was not selected in any of the step-
wise models (Table 3).

Serum PFOS progressively decreased with increasing time-
lag between the beginning of the study and blood sampling,
whereas a significant decrease was seen only with a time-lag of
>16 months for PFOA and >21 months for PFHxS (Table 3).

All three PFASs were significantly higher when eGFR was
<90 mL/min/1.73 m? (Table 3).

Regarding lifestyle factors, alcohol intake showed a signifi-
cant positive association with all PFAS, especially PFOS and
PFOA (Table 3). In comparison with concentrations in non-
smokers, PFOA concentrations were significantly lower in former
smokers, and PFOS concentrations were significantly lower in
both current and former smokers.

Associations between dietary predictors and the three PFAS
varied and made a relatively small contribution to the explained
variance overall (Table 3). PFOS concentrations were significantly
higher with increasing intake of fish, eggs, and fruit/vegetables,
and fruit/vegetables intake was also associated with increasing
PFHxS concentrations. The highest quartiles of milk/yogurt and
sweets/snacks/sweet beverages intakes were associated with lower
concentrations of all PFAS. Meat consumption was associated
with lower PFOA and PFHxS concentrations. In comparison with
drinking <1.0 L water/d, those who drank 1.5-<2 and >2 L/d
had significantly lower PFOS concentrations.

Growing vegetables and raising animals for personal con-
sumption were both associated with significantly higher serum
PFOS, whereas only growing vegetables was associated with
higher serum PFHxS, and raising animals was associated with
lower serum PFOA (Table 3). With respect to the analyses strati-
fied by predominant residential area, growing vegetables for per-
sonal consumption showed positive significant associations with
serum PFOA and PFHxS in the Red Area A, but a negative sig-
nificant association in the Red Area B, whereas for PFOS, the
association was positive in both Area A and B. Raising animals
for personal consumption was positively associated with PFOS in
both Area A and B and negatively with PFOA in Red Area B
(Table S2).

In the subset of population recruited after August 2018
(n=3,605, 19.9%), the models explained 40.8%, 30.6%, and
50.8% of the total variance of serum PFOA, PFOS, and PFHxS,

Table 2. Distribution of serum concentrations (ng/mL) of the twelve measured PFAS congeners and percentage of samples above the LOQ in the study popula-

tion (18,345 subjects 14-39 years of age).

Congener Min Sth percentile 25th percentile Median 75th percentile 95th percentile Max % samples >LOQ
PFBA <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 23.9 2.0%
PFPeA <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.3 0.1%
PFHxA <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 7.1 0.3%
PFHpA <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 15.1 1.4%
PFOA <0.5 5.1 19.3 44.4 84.9 189.7 1,400.0 99.9%
PENA <0.5 <0.5 <0.5 0.5 0.6 1.0 39.7 51.3%
PFDeA <0.5 <0.5 <0.5 <0.5 <0.5 0.8 8.3 22.0%
PFUnA <0.5 <0.5 <0.5 <0.5 <0.5 0.5 6.0 6.3%
PFDoA <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 4.5 0.8%
PFBS <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 8.9 3.1%
PFHxS <0.5 0.7 1.9 3.9 7.4 18.1 127.0 98.1%
PFOS <0.5 1.4 2.6 3.9 5.8 10.7 142.0 99.8%

Note: LOQ, limit of quantification; Max, maximum; Min, minimum; PFBA, perfluorobutanoic acid; PFBS, perfluorobutanesulfonic acid; PFDeA, perfluorodecanoic acid; PFDoA,
perfluorododecanoic acid; PFHpA, perfluoroheptanoic acid; PFHxA, perfluorohexanoic acid; PFHxS, perfluorohexanesulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluor-
ooctanoic acid; PFOS, perfluorooctanesulfonic acid; PFPeA, perfluoropentanoic acid; PFUnA, perfluoroundecanoic acid.
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Table 3. Multivariable linear regression models for the association between potential predictors and serum concentrations of PFOA, PFOS, and PFHxS in the
entire study population (n = 18,122 subjects with complete records for all variables).

% difference (95% CI)

Predictor n (%) PFOA PFOS PFHxS
Gender
Female 8,892 (49.1) Referent Referent Referent
Male 9,230 (50.9) 66 (61;71) 42 (39; 45) 93 (88; 98)
Explained variance (%) 11.52 9.94 18.17
Age (y)
14-19 4,478 (24.7) Referent Referent Referent
20-24 3,194 (17.6) -9 (—15; -4) —-1(-4;3) —-1(-6:4)
25-29 3,044 (16.8) —12 (-18; =5) 2(=2;7) 10 (3; 16)
30-34 3,304 (18.2) —18 (=24; —11) 8 (3; 14) 14 (6; 21)
35-39 4,102 (22.6) =5(-12;3) 20 (14; 26) 30 (21; 39)
Explained variance (%) 2.96 0.13 0.74
Country of birth
Italian, HDC 16,696 (92.1) Referent Referent Referent
HMPC 1,426 (7.9) —10 (-15; =5) — —
Explained variance (%) 1.25 — —
Educational level
Primary/Middle school 5,853 (32.3) Referent Referent Referent
High school 9,012 (49.7) -4 (=7;0) 1(-2;3) -3 (=7;0)
University 3,257 (18.0) 2(-3;8) 6(3:;9) 0(-4;4)
Explained variance (%) 0.33 0.33 0.26
Occupational sector
No farmer 17,903 (98.8) Referent Referent Referent
Farmer 219 (1.2) — 8 (0; 16) —
Explained variance (%) — 0.02 —
Predominant residential area
Red Area A 7,020 (38.7) 38 (27; 50) 5(0; 10) 42 (33;51)
Red Area B 11,102 (61.3) Referent Referent Referent
Explained variance (%) 0.20 0.01 0.30
Current municipality of residency
(Red Area A or B)
Terrazzo (B) 288 (1.6) Referent Referent Referent
Albaredo D’ Adige (B) 767 (4.2) 160 (131; 194) 14 (6; 23) 126 (104; 150)
Arcole (B) 899 (5.0) 189 (156; 226) 25 (16; 34) 135 (113; 159)
Bevilacqua (B) 216 (1.2) 342 (278; 416) 41 (28;55) 268 (224, 319)
Bonavigo (B) 279 (1.5) 170 (133;213) 16 (6; 27) 137 (110; 168)
Boschi Sant’ Anna (B) 206 (1.1) 202 (158; 254) 22 (11; 35) 155 (124; 191)
Legnago (B) 2,945 (16.3) 87 (68; 109) 7(0; 14) 59 (45;74)
Minerbe (B) 628 (3.5) 325 (276; 381) 32 (23;43) 241 (208; 278)
Veronella (B) 778 (4.3) 340 (289; 397) 35 (25; 46) 248 (215; 285)
Alonte (A) 346 (1.9) 236 (186; 296) 38 (25;52) 168 (134; 207)
Asigliano Veneto (A) 161 (0.9) 275 (210; 353) 34 (19; 50) 198 (155; 249)
Brendola (A) 1,007 (5.6) 125 (95; 160) 21 (11; 32) 31 (16; 47)
Cologna Veneta (A) 1,208 (6.7) 243 (199; 294) 35 (24; 47) 183 (153; 217)
Lonigo (A) 2,569 (14.2) 252 (206; 303) 42 (31; 55) 173 (144; 206)
Montagnana (A) 1,146 (6.3) 264 (216; 318) 40 (29; 53) 184 (153;219)
Noventa Vicentina (A) 1,410 (7.8) 166 (132; 206) 22 (12; 33) 101 (79; 126)
Pojana Maggiore (A) 767 (4.2) 263 (214; 320) 33 (22; 46) 180 (148; 216)
Pressana (A) 365 (2.0) 272 (218; 336) 29 (17, 42) 192 (156; 232)
Roveredo Di Gua’ (A) 263 (1.4) 243 (190; 306) 25 (13; 39) 178 (142;219)
Sarego (A) 1,124 (6.2) 197 (157; 242) 46 (34;59) 118 (94; 146)
Zimella (A) 750 (4.1) 236 (192; 288) 40 (28; 52) 170 (140; 204)
Explained variance (%) 12.57 6.70 14.84
Duration of residency in the Red Area (y)
<5 1,082 (6.0) Referent Referent Referent
5-9 1,375 (7.6) 45 (35; 56) 8(3;13) 27 (20; 35)
10-14 3,962 (21.9) 97 (83; 111) 17 (12; 22) 68 (59; 79)
15-19 3,380 (18.6) 120 (104; 137) 21 (16; 27) 98 (86; 111)
20-24 2,887 (15.9) 120 (104; 137) 26 (20; 31) 111 (98; 124)
25-29 2,663 (14.7) 131 (115; 148) 24 (19; 29) 125 (113; 138)
more than 30 years 2,773 (15.3) 117 (102; 132) 17 (12; 22) 117 (105; 130)
Explained variance (%) 3.40 0.91 5.34
Time-lag between the beginning of the
study and blood sampling (months)
Less than 6 months 2,221 (12.3) Referent Referent Referent
6-10 5,152 (28.4) 6 (0; 12) -4 (=7, -1) 13 (8; 18)
11-15 5,283 (29.2) 0(=7;7) -8 (-12; -4) 5(=1;11)
16-20 4,156 (22.9) —13 (-21; -5) —21(=25; -17) —4(~11;3)
>21 1,310 (7.2) -23(-31; —15) -26 (-30; —21) —12(-19; —4)
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Table 3. (Continued.)

% difference (95% CI)

Predictor n (%) PFOA PFOS PFHxS
Explained variance (%) 0.43 0.62 0.42
BMI (kg/m?)
Underweight 1,437 (7.9) — 0(-3;3) -4 (-8;0)
Normal weight 11,388 (62.9) Referent Referent Referent
Pre-obesity 3,895 (21.5) — -3 (=5, -1) 3 (0; 6)
Obesity 1,402 (7.7) — —12 (—-14; -9) 5(1;9)
Explained variance (%) — 0.53 0.06
eGFR (mL/min/1.73 m?)
>90 15,691 (86.6) Referent Referent Referent
<90 2,431 (13.4) 5(1;10) 6(3;8) 5(1;8)
Explained variance (%) 0.09 0.13 0.09
Number of deliveries
0 15,490 (85.5) Referent Referent Referent
1 1,100 (6.1) —40 (—43; -36) —17 (=20; —13) —30 (=34, -27)
2 1,213 (6.7) =57 (-59; —54) —25(-28; —22) —45 (—48; —42)
>3 319 (1.7) —63 (=67; —59) —22(=27; -17) —48 (=52; —43)
Explained variance (%) 3.42 1.15 2.19
Smoking habit
Never 11,364 (62.7) Referent Referent Referent
Current 4,775 (26.4) 1(=2;5) —6(—8; —4) 2(~1;4)
Former 1,983 (10.9) -5(=9;-1) -5(=7,=-2) -2 (-6;1)
Explained variance (%) 0.09 0.11 0.06
Alcohol intake (AU per week)
Never 5,525 (30.5) Referent Referent Referent
<3 7,438 (41.1) 2(-2;5) 53:7) —-1(-4;2)
3-6 3,232 (17.8) 8 (3;13) 7(4;9) 3(-1;7)
>7 1,927 (10.6) 13 (7; 19) 11 (7; 14) 8(3;12)
Explained variance (%) 0.47 0.44 0.29
Water intake (L/d)
Less than 1 1,739 (9.6) Referent Referent Referent
1-1.5 5,037 (27.8) — -3(-6;0) —
1.5-2 9,463 (52.2) — -9 (~11; —6) —
>2 1,883 (10.4) — —14 (-18; —11) —
Explained variance (%) — 0.41 —
Milk/Yogurt intake
I quartile 5,292 (29.2) Referent Referent Referent
II quartile 3,985 (22.0) -2 (-6;2) 0(-2;3) -3(=5;0)
III quartile 7,176 (39.6) -3 (=6;0) —-1(=3;1 —-1(-4;1)
IV quartile 1,669 (9.2) -8 (—12; -3) -7 (-10; —4) -5(-9;-1)
Explained variance (%) 0.14 0.19 0.09
Cheese intake
I quartile 5,433 (30.0) Referent Referent Referent
II quartile 4,574 (25.2) — 0(-2;2) —
III quartile 4,610 (25.4) — 0(-2;2) —
IV quartile 3,505 (19.4) — -3 (=5, -1) —
Explained variance (%) — 0.05 —
Meat intake
I quartile 6,867 (37.9) Referent Referent Referent
II quartile 3,051 (16.8) -6 (-9; -2) 2(=1;4) -4 (=7, -1)
III quartile 6,813 (37.6) —-5(-8;-2) 2(0; 4) -2 (=5;0)
IV quartile 1,391 (7.7) =12 (=17, =7) -3(-6;0) —10 (—14; =5)
Explained variance (%) 0.12 0.06 0.09
Fish intake
I tertile 10,998 (60.7) Referent Referent Referent
1I tertile 4,725 (26.1) -4 (=7, -1) 4(3;6) —
I tertile 2,399 (13.2) —2(-6;2) 9(6; 11) —
Explained variance (%) 0.02 0.22 —
Eggs intake
I quartile 5,211 (28.8) Referent Referent Referent
II quartile 7,701 (42.5) — 9(7; 11) —
III quartile 3,545 (19.5) — 9 (6; 12) —
IV quartile 1,665 (9.2) — 13 (10; 17) —
Explained variance (%) — 0.35 —
Sweets/snacks/sweet beverages intake
I quartile 6,340 (35.0) Referent Referent Referent
1I quartile 4,936 (27.2) —-1(-5;3) -2 (—4;0) -3 (=6;0)
III quartile 4,555 (25.2) -3(-6;1) -2 (-4 1) -4 (=7, -1)
IV quartile 2,291 (12.6) -8 (—13; =3) =5(-7; -2) -9 (—13; =-5)
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Table 3. (Continued.)

% difference (95% CI)

Predictor n (%) PFOA PFOS PFHxS
Explained variance (%) 0.03 0.08 0.06
Bread/pasta/cereals intake
I tertile 7,497 (41.4) Referent Referent Referent
1I tertile 7,880 (43.5) 2(-2;6) — 1(-2;5)
111 tertile 2,745 (15.1) 8(3;14) — 7(3;12)
Explained variance (%) 0.02 — 0.02
Fruit/vegetables intake
I tertile 5,435 (30.0) Referent Referent Referent
1I tertile 5,738 (31.7) 0(-3;4) 6(4,9) 3 (0; 6)
III tertile 3,776 (20.8) 4(0;8) 7(4;9) 6 (3; 10)
1V tertile 3,173 (17.5) 4(0,9) 8(5;11) 7 (4;11)
Explained variance (%) 0.02 0.23 0.08
Growing vegetables for personal
consumption
No 8,891 (49,1) Referent Referent Referent
Yes 9,231 (50.9) 3(0;6) 10 (8; 12) 3(1;6)
Explained variance (%) 0.33 2.52 0.73
Raising animals for personal
consumption
No 14,334 (79.1) Referent Referent Referent
Yes 3,788 (20.9) -4 (-8;-1) 24 (21; 26) —
Explained variance (%) 0.05 1.19 —
Total variance explained (%) 37.44 22.61 43.10

Note: Red Area: the area of the Veneto Region including municipalities supplied by PFAS contaminated waterworks. Red Area A: part of Red Area whose municipalities are located
on the groundwater contamination plume. Red Area B: part of Red Area whose municipalities are located outside the groundwater contamination plume. HDC were defined as not
Central-Eastern Europe, North America, Oceania, Israel and Japan. HMPC were defined as Central-Eastern Europe, North Africa, sub-Saharan Africa, Asia except Israel and Japan,
and Central and South America countries. Duration of residency in the Red Area was calculated as the number of years spent in the Red Area between 1980 and 2013 (when granular
activated carbon filters were installed). Intake of food items was categorized based on quartiles or tertiles. Predictors shown for each PFAS were selected using a stepwise approach
based on the Akaike information criterion (AIC). Values of % difference were derived from beta coefficients. —, no data. AU, alcohol units; BMI, body mass index; eGFR, estimated
glomerular filtration rate; HDC, highly developed countries; HMPC, high migratory pressure countries; PFHxS, perfluorohexanesulfonic acid; PFOA, perfluorooctanoic acid; PFOS,

perfluorooctanesulfonic acid.

respectively (Table S3). The type of drinking water source (only
public, only bottled, or mixed) and consumption of private well
water (yes or no) explained about 3% of the variance regarding
PFOA and PFHxS but accounted for only 0.4% of the variance in
PFOS. When compared with consumption of water from mixed
sources (any combination of public, bottled, and well water), con-
sumption of only public water was associated with higher PFOA,
PFHxS, and PFOS levels, whereas drinking only bottled water
was associated with significantly lower PFOA and PFHxS levels.
In the analysis stratified by predominant residential Area, con-
sumption of private well water was associated with significantly
lower serum PFOA and PFHxS levels in both Red Area A and B
(Table S4). Growing vegetables and raising animals for personal
consumption were associated with higher serum PFOS in both
Red Area A and B; growing vegetables was associated with
higher serum PFHXxS only in Red Area A.

Discussion

For decades, residents of a vast territory of the Veneto Region
have been inadvertently exposed to drinking water containing
high concentrations of PFAS. Through public waterworks, conta-
minated groundwater was provided to roughly 140,000 people.
The contamination herein described is one the largest cases of
high residential exposure to PFAS ever reported, and it resembles
in origin, extent, and characteristics the one that occurred in the
Mid-Ohio Valley, in the United States (Frisbee et al. 2009). In
both cases, PFAS released by a chemical plant spread in the envi-
ronment primarily through water, which acted as the major expo-
sure source for the local population.

Detailed information on the amount of different PFAS conge-
ners produced by the Trissino plant has been provided by the
owner company only for the period 2001-2016 and shows that
PFOA was the most abundantly produced PFAS, with an average
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amount of 250 tons per year in the period 2001-2014 when the
production was interrupted (Girardi and Merler 2019). PFOS was
the second most produced congener, with an average amount of
37 tons per year in the period 2001-2011 and a peak of 88 tons in
2004; after that year, the production declined and then ceased in
2011 (Girardi and Merler 2019). Based on general information
on productive processes, it is believed that the plant produced
long-chain PFAS only, particularly PFOA and PFOS, from 1968
(when the plant became active) until 2001. In the period 2013-
2016, the plant produced mostly short-chain PFAS congeners
with four to six carbon atoms, with an overall production of 100
tons per year. The plant was eventually closed in 2018.

PFOA reached the highest concentrations both in drinking
water and serum, consistent with previous reports from the Mid-
Ohio Valley (Frisbee et al. 2009). PFBA and PFBS were found
in high concentrations in drinking water but were detected only
in a minority of serum samples at relatively low concentration,
whereas PFOS and PFHxS, which were scarcely represented in
drinking water, were detected in almost 100% of serum samples.
This discrepancy may be explained by the exposure to PFOS and
PFHxS from other sources, as demonstrated for the general popu-
lation (Calafat et al. 2007; Cariou et al. 2015; CDC 2017,
Ingelido et al. 2018; Sunderland et al. 2019), and by the longer
human half-lives of PFOS and PFHxS (Li et al. 2018) in compar-
ison with PFBA and PFBS (Chang et al. 2008; Olsen et al. 2009).
Moreover, the exposure period to PFBA and PFBS was shorter in
comparison with that of PFOA and PFOS.

The median serum PFOA concentration in this study
(44.4ng/mL) was substantially higher in comparison with that
found in the C8 Health Project (28.2 ng/mL) (Frisbee et al. 2009),
and 27 times higher than the median serum level (1.64 ng/mL) of
nonexposed residents of the Veneto Region included in a previous
biomonitoring study (Ingelido et al. 2018). However, in the C8
Health Project, there was a great heterogeneity in serum levels
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between the six water districts: In particular, the Little Hocking
district that was closer to the point source showed a median serum
PFOA concentration of 224.1 ng/mL, much higher than in our
study, whereas the districts of Pomeroy and Mason County, farther
from the point source, had median serum PFOA concentrations of
12.1 and 12.4ng/mL, respectively (Steenland et al. 2009). This
heterogeneity may depend on different levels and durations of
groundwater contamination in different water districts, whereas the
present study population was almost entirely served by a single
water supply network that drained water from a single point of the
aquifer, and therefore all members of the population were exposed
to the same level of drinking water contamination since ~1980,
when the groundwater contamination plume reached public water
supply. As a consequence, at variance with the C8 Health Project
(Steenland et al. 2009), we did not observe a gradient of serum
PFOA concentrations with increasing distance from the point
source of contamination. Of note, a recent study based on the anal-
ysis of historical serum samples of different cohorts of residents in
the Ohio River Valley has shown median serum PFOA concentra-
tions (7.6ng/mL) greater than those reported by the National
Health And Nutrition Examination Survey (NHANES) for the gen-
eral U.S. population (2.08 ng/mL), indicating that PFOA released
into the river has spread for hundreds of kilometers downstream
from the point sources (Herrick et al. 2017).

In our multivariable analyses, the variability of PFOA, PFOS,
and PFHxS serum concentrations was mainly explained by gen-
der, duration of residency in the Red Area, current municipality
of residency, and number of deliveries. Associations with these
characteristics were stronger than age, education attainment, or
behavioral factors (such as smoking, alcohol, and dietary habits).
Females had significantly lower serum concentrations of PFOA,
PFOS, and PFHxS than did males. This gender difference has
been consistently reported across studies (Calafat et al. 2007;
Holzer et al. 2008; Frisbee et al. 2009; Ingelido et al. 2010;
Ingelido et al. 2018) but its mechanisms have not been fully elu-
cidated. Pregnancy, delivery, and lactation are known excretion
routes for women (Kérrman et al. 2007; Zhang T et al. 2013;
Mondal et al. 2014; Cariou et al. 2015; Manzano-Salgado et al.
2015), and previous childbirth and breastfeeding have been inver-
sely associated with serum PFAS in several studies (Brantsater
et al. 2013; Lauritzen et al. 2016; Manzano-Salgado et al. 2016;
Bartolomé et al. 2017). This finding is confirmed in the present
study where serum concentrations of PFOA, PFOS, and PFHxS
progressively decreased with increasing number of previous
deliveries. However, reproductive history had a much smaller
effect on variance than did female gender itself, indicating that
some other mechanism contributes to the lower PFAS levels seen
in females. Because PFAS accumulate in the plasma through
binding to plasma proteins, blood loss through menstruation can
be an important excretion route for this class of compounds
(Harada et al. 2005). Organic anion transporters of the proximal
renal tubule may mediate resorption of PFOA, PFOS, and PFHxS
from the glomerular filtrate and may play a key role in prolonging
the half-life of such substances in humans (Andersen et al. 2006).
In rats, the expression and activity of organic anion transporters
are under hormonal control (Kudo et al. 2002), and the half-life
of PFOA, PFOS, and PFHxS is much shorter in females in com-
parison with males. However, no evidence exists that a similar
hormonal mechanism is also operating in humans (Harada et al.
2005).

Other major predictors of serum PFAS concentrations were
current municipality of residency and duration of residency in the
Red Area. In general, municipalities comprised in Red Area A
were associated with higher serum levels of PFOA, PFOS, and
PFHxS, but this relation was not constant among all the
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municipalities. Predominant residency in Red Area A was associ-
ated with higher average serum PFOA and PFHxS concentrations
(38% and 42%, respectively), whereas there was no significant
association with serum PFOS. Because both Area A and B are
served by the same waterworks, the reasons for such differences
are not completely understood. We hypothesized that they may
partially depend on the fact that groundwater is contaminated
only in Red Area A, and therefore, the use of private wells to
water vegetables or animals may have been an additional source
of PFAS contamination for Red Area A residents. The analyses
stratified by predominant residential Area partially fit with this
hypothesis, showing an effect modification of the association
between growing vegetables for personal consumption and serum
PFOA and PFHxS levels (positive association in Red Area A and
negative association in Red Area B).

Relative to the 14-19 years of age group, estimated mean
concentrations of PFOA decreased with age until the 35-39 years
of age group, in whom the concentration was not significantly
different from that of the youngest group. This pattern is consist-
ent with the J-shaped curve that was observed in the Mid-Ohio
Valley population (Steenland et al. 2009; Frisbee et al. 2009) and
also in the general population (Bartolomé et al. 2017). The expla-
nation of this age-related pattern is unclear; however, we
hypothesize that children may have a higher daily proportional
intake of PFOA due to their higher proportional intake of water
in comparison with that of adults. Therefore, they may be
exposed to higher cumulative doses of PFOA during their early
years of life and thereafter reach a lower steady state as they
become young adults. Thereafter, continuing exposure may lead
to a progressive increase in internal dose from mid-adulthood
onward. For PFOS and PFHxS, on the contrary, serum levels
tended to increase with age in our young population, suggesting
progressive bioaccumulation across the lifespan, as shown in
other studies (Bartolomé et al. 2017).

As expected, a longer time-lag between the beginning of the
study and the date of blood sampling was associated with lower
serum PFAS concentrations, indicating a spontaneous clearance
of the PFAS body burden after the abrupt reduction of exposure
through drinking water occurred in 2013. The decrease with time
was more evident for PFOA and PFOS than for PFHXS, probably
reflecting the longer half-life of this latter congener (Li et al.
2018). Glomerular filtration is one of the main excretion path-
ways for these substances; therefore, it is not surprising that
impaired eGFR was associated with increased serum levels of the
three PFAS.

Associations with overweight and obesity were in opposite
directions for PFOS (negative association) and PFHxXS (positive
association). Current and former smoking was associated with
significantly lower PFOS concentrations, whereas only former
smoking was associated with significantly lower PFOA. The con-
centrations of all the three PFAS increased with alcohol intake.
We think these associations should be taken cautiously because
previous studies have shown varying results (Steenland et al.
2009; Nelson et al. 2010; Brantseter et al. 2013; Lauritzen et al.
2016; Manzano-Salgado et al. 2016; Bartolomé et al. 2017; Lee
et al. 2017), and the mechanisms are unclear.

Dietary predictors had a small effect on the explained var-
iance of serum PFAS levels. Their contribution was relatively
larger for PFOS, especially regarding consumption of fish and
eggs. This finding is consistent with findings in previous litera-
ture because fish and eggs were found to be important contribu-
tors to the dietary intake of PFOS (EFSA CONTAM Panel
2018). Other food categories showed less consistent associations.
The positive association between intake of fruits and vegetables
and PFOS serum levels is in contrast with recent estimates that
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showed fruits and vegetables contribute little to the overall
dietary intake of PFOS in the European population (EFSA
CONTAM Panel 2018). We found it interesting that meat, milk,
and dairy product intake were inversely associated with serum
PFAS concentrations, a finding which is in the opposite direction
of associations reported previously (EFSA CONTAM Panel
2018).

Because drinking water was the main source of exposure to
PFOA for the studied population, it is somewhat surprising that
water intake did not enter the model for PFOA, and that in the
subset of the study population with data on type of water con-
sumed before participants were aware of contamination, adding
this information to the models increased explained variance by
only 3%. Indeed, similar results were obtained also in the C8
Health Project (Steenland et al. 2009).

Strengths of the present study are the large size of the popula-
tion and the comprehensive analysis of potential predictors of se-
rum PFAS levels. However, this study has several notable
limitations. The main limitation is the cross-sectional design,
which precludes assessment of an important criterion to infer cau-
sality, i.e., the temporal relation between presumed exposures and
outcomes. Second, information on almost all variables was gath-
ered through a questionnaire, and this self-reporting might have
resulted in an overestimation or underestimation of exposure,
especially concerning food and water intake. Data on potentially
important reproductive variables, such as breastfeeding and char-
acteristics of menstrual bleeding, were not gathered in the current
study. Another limitation is that the questionnaire did not explore
the role of food packaging, and the questionnaire did not explore
the consumption of unprocessed foods produced in the contami-
nated area: The only questions on the latter aspect regarded grow-
ing vegetables or animals for personal consumption.

Assessment of exposure to contaminated drinking water
missed potentially important details. First, the questionnaire did
not investigate whether people moved to noncontaminated areas
during the day (for example to go to school or to work), thus lim-
iting their exposure. The source of drinking water (public water
supply, bottled water, private well) was assessed qualitatively,
precluding the possibility of quantifying the intake of each
source. Moreover, participants were not asked to report sources
of drinking water before the discovery of contamination (instead
of reporting on current consumption) until August 2018. This
lack of reporting compromised the validity of data on source of
drinking water gathered before August 2018, because most sub-
jects shifted to bottled water as soon as tap water contamination
was discovered.

In summary, the studied population, composed of more than
18,000 subjects 14-39 years of age who had been exposed to
drinking water contaminated by PFAS, showed higher serum
PFOA concentrations in comparison with other populations with
residential exposure. Gender, residence area, and duration of resi-
dency were the main predictors of serum levels of PFOA, PFOS,
and PFHxS, but the majority of variance remained unexplained
by our large set of possible predictors, particularly for PFOS.
This finding may be explained at least in part by the large interin-
dividual variation of half-lives of PFOA, PFOS, and PFHxS (Li
et al. 2018). Further studies are needed to better understand deter-
minants of internal dose. The health surveillance program
described in this report is generating a rich informative basis that
will be exploited to study the association between the internal
dose of PFAS and various health outcomes.
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