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A B S T R A C T

The 5th cycle of the German Environmental Survey (GerES V) investigated the internal human exposure of
children and adolescents aged 3–17 years in Germany to per- and polyfluoroalkyl substances (PFAS). The
fieldwork of the population-representative GerES V was performed from 2014 to 2017.

In total, 1109 blood plasma samples were analysed for 12 PFAS including perfluorooctane sulfonic acid
(PFOS), perfluorooctanoic acid (PFOA), and perfluorohexane sulfonic acid (PFHxS). PFOS was quantified in all
and PFOA in almost all samples, demonstrating ubiquitous exposure. The highest geometric mean concentrations
measured were 2.49 ng/mL for PFOS, followed by PFOA (1.12 ng/mL) and PFHxS (0.36 ng/mL), while con-
centrations of other PFAS were found in much lower concentrations. The 95th percentile levels of PFOS and
PFOA were 6.00 and 3.24 ng/mL, respectively.

The results document a still considerable exposure of the young generation to the phased out chemicals PFOS
and PFOA. The observed exposure levels vary substantially between individuals and might be due to different
multiple sources. The relative contribution of various exposure parameters such as diet or the specific use of
consumer products need to be further explored. Although additional investigations on the time trend of human
exposure are warranted, GerES V underlines the need for an effective and sustainable regulation of PFAS as a
whole.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of more than
4700 substances (OECD/UNEP, 2018) known for making materials and
products stain- and water-resistant - including packaging materials and
textiles. PFAS have been widely used in various consumer products and
industrial applications (Kantiani et al., 2010; Kedikoglou et al., 2019).
Until the substitution by other PFAS, perfluorooctanoic acid (PFOA)
was used to manufacture certain fluoropolymers like PTFE commonly
used in many applications including aerospace, automotive, building
and construction, healthcare and semiconductors (https://
fluorocouncil.com/). Due to their wide use and the extreme chemical
stability, PFAS have been detected in the natural environment since the
early 2000s (e.g. Houde et al., 2006; Ahrens et al., 2014; Zareitalabad
et al., 2013) and humans worldwide (e.g. Lau et al., 2007; Lindstrom
et al., 2011; Schoeters et al., 2012). Along with air, contaminated
drinking water and consumer products containing PFAS, diet is

assumed to be a major exposure source (Jian et al., 2018). Once taken
up by the human body, PFAS will bind especially to blood proteins and
bioaccumulate (Cheng et al., 2018; Ng et al., 2014). The half life de-
termined for the human body is 2.3–3.8 years for PFOA, and 4.8–5.4
years for perfluorooctane sulfonic acid (PFOS) (Bartell et al., 2010;
Brede et al., 2010; Olsen et al., 2007). During pregnancy, certain ma-
ternal PFAS are transferred from the blood through the placenta re-
sulting in prenatal exposure of the fetus (Gützkow et al., 2012).
Breastfeeding has also been shown to be a substantial route of exposure
in children (Mogensen et al., 2015).

Against this background, the health-relevance of human exposure to
PFAS is of particular concern. Health effects of PFAS have been studied
in a large number of toxicological studies especially in animals, and in
epidemiology, mostly focusing on PFOS, PFOA, perfluorohexane sul-
fonic acid (PFHxS) and perfluorononanoic acid (PFNA). The Agency for
Toxic Substances and Disease Registry has published a comprehensive
draft toxicological profile (ATSDR, 2018). The available
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epidemiological studies identified links between certain PFAS exposure
and liver effects, changes in the lipid metabolism like increases in
serum lipid levels, particularly total cholesterol and LDL cholesterol,
endocrine effects, impairment of the immune response shown as de-
creased antibody responses to vaccines, developmental effects like
small decreases in birth weight, and increased risk of decreased fertility
determined as prolonged time to pregnancy. There is also epidemiolo-
gical evidence for an association between serum PFOA and PFOS and
pregnancy-induced hypertension and/or pre-eclampsia. A recent sys-
tematic review on health effects of PFAS exposure and childhood health
outcome observed generally consistent evidence for PFAS’ association
with dyslipidemia, immunity including vaccine response and asthma,
renal function, and age at menarche (Rappazzo et al., 2017).

Due to the risk for people working in the producing facilities, a
major producer started voluntarily to phase-out PFSO-based materials
in 2000. The regulation of PFAS was initiated in 2006, with several
OECD reports, Canadian regulations, and especially the PFOA stew-
ardship program of US-EPA with the intention to phase out PFOA and
related PFAS from manufacturing and production by 2015. The pro-
gram was supported by eight major fluorochemical companies (US-
EPA, 2020b, US-EPA, 2020a). In 2009, PFOS has been added to the
Stockholm Convention's list of globally restricted Persistent Organic
Pollutants (POP) (Commission Regulation EU No 757/2010, 2010). In
2019 PFOA was also added, and a proposal for PFHxS is under con-
sideration. Restrictions related to PFOA manufacture and placement on
the market will enter into force in 2020 (REACH, Commission
Regulation EU 2017/1000, 2017), others are in preparation. In the US,
EPA released an ambitious action plan in February 2019 to manage all
remaining PFAS (US-EPA, 2019).

According to Annex VI of the European Regulation on Classification,
Labelling and Packaging (CLP, (EC) 1272/2008) which is based on the
United Nations’ Globally Harmonised System (GHS), PFOA, PFNA,
PFDA, PFOS and certain of the salts are legally classified as carcino-
genic Cat. 2 (suspected of causing cancer), and toxic for reproduction
Cat. 1B (may damage the unborn child). In addition, IARC (2017)
classified PFOA as possibly carcinogenic to humans (group 2B, testi-
cular and liver cancer).

Despite these regulations and further mitigation measures, human
exposure and especially exposure of children and adolescents to the
group of PFAS is still of concern. In a joint approach PFAS were iden-
tified as top priority substances of concern in the frame of the European
Human Biomonitoring Initiative HBM4EU (Ganzleben et al., 2017,
www.hbm4eu.eu). Representative biomonitoring studies of PFAS con-
centrations in children are rare.

For these reasons, the German Environmental Survey (GerES) car-
ried out from 2014 to 2017 (GerES V) investigated the exposure to
PFAS of the German population of Children and Adolescents. GerES is a
cross-sectional population study, repeatedly carried out in Germany
since the mid-1980s. These surveys yield extensive data on the internal

and external human exposure to environmental stressors and exposure
factors (Schulz et al., 2007). This paper presents results on re-
presentative blood plasma concentrations on 12 PFAS. In addition,
possible exposure sources, pathways and routes linked to the children's
internal exposure are discussed.

2. Materials and methods

2.1. Study design and sampling

2294 children aged 3–17 years from 167 sampling locations in
Germany took part in GerES V. This survey comprised Computer
Assisted Personal Interview (CAPI) and self-administered ques-
tionnaires to collect information on exposure factors, such as food
consumption, exposure-relevant behaviors and various aspects of the
residential environment (Schulz et al., 2017). GerES V was carried out
as a subsample of and in close co-operation with the second follow-up
to the German Health Interview and Examination Survey for Children
and Adolescents (KiGGS Wave 2), performed by the Robert Koch In-
stitute. The Ethics Committee of the Hannover Medical School ap-
proved KiGGS Wave 2 (No. 2275–2014) (Mauz et al., 2017). GerES V
received approval of the Ethics Committee of the Berlin Chamber of
Physicians (No. Eth-14/14).

This co-operation allows for combining data on health and socio-
demographics (KiGGS Wave 2) and exposure (GerES V) for participants
of both studies. PFAS have been analysed in 1,109 blood plasma sam-
ples of GerES V participants that have been collected by the Robert
Koch Institute during KiGGS Wave 2. In addition, drinking water
samples have been collected in the households of GerES V participants.
A limited subset of 62 drinking water samples has been analysed for
PFAS. These have been selected from all available drinking water
samples taking into account variation in blood plasma concentrations
aiming for including participants with low, medium and high internal
PFAS exposures. Therefore, drinking water samples have been divided
into three subgroups based on PFOA and PFOS in plasma of the re-
spective participant. These categories represented low (below or near
the l), medium (near the geometric mean) and high (highest including
maximum concentrations) PFOA and PFOS plasma levels. For each
category approximately 20 drinking water samples have been selected.

2.2. Chemical analysis

Drinking water samples have been analysed for PFAS according to
DIN 38407–42. The analysis of the blood plasma samples was per-
formed by liquid chromatography tandem mass spectrometry (LC-MS/
MS) after protein precipitation with acetonitrile and membrane filtra-
tion.

The analytes and mass-labelled internal standards according to
Table 1 were obtained from Wellington Laboratories as mixtures in

Table 1
List of substances.

Analyte Abbreviation CAS-No. Internal Standard

Perfluoro-n-butanoic acid PFBA 375-22-4 Perfluoro-n-[13C4]butanoic acid
Perfluoro-n-pentanoic acid PFPeA 2706-90-3 Perfluoro-n-[1,2–13C2]hexanoic acid
Perfluoro-n-hexanoic acid PFHxA 307-24-4 Perfluoro-n-[1,2–13C2]hexanoic acid
Perfluoro-n-heptanoic acid PFHpA 375-85-9 Perfluoro-n-[1,2,3,4–13C4]octanoic acid
Perfluoro-n-octanoic acid PFOA 335-67-1 Perfluoro-n-[1,2,3,4–13C4]octanoic acid
Perfluoro-n-nonanoic acid PFNA 375-95-1 Perfluoro-n-[1,2,3,4,5–13C5]nonanoic acid
Perfluoro-n-decanoic acid PFDA 335-76-2 Perfluoro-n-[1,2–13C2]decanoic acid
Perfluoro-n-undecanoic acid PFUdA 2058-94-8 Perfluoro-n-[1,2–13C2]undecanoic acid
Perfluoro-n-dodecanoic acid PFDoA 307-55-1 Perfluoro-n-[1,2–13C2]dodecanoic acid
Perfluoro-1-butanesulfonate PFBS 29,420-49-3 Perfluoro-n-[1,2–13C2]hexanoic acid
Perfluoro-1-hexanesulfonate (linear isomer) PFHxS 108,427-53-8 Natrium-perfluoro-1-hexane[18O2]sulfonate
Perfluoro-1-octanesulfonate (linear isomer)a PFOS 45,298-90-6 Natrium-perfluor-1-[1,2,3,4–13C4]octanesulfonate

a Branched isomers were evaluated with the linear isomer.
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methanol (PFAC-MXB, MPFAC-MXA, 2000 ng/mL each). HPLC-grade
methanol and HPLC-grade water was purchased from Fluka, HPLC-
grade acetonitrile, ammonium acetate (> 98%) and acetic acid (100%)
from Merck.

All parts used in sample preparation and measurement were made
of polypropylene. 200 μL water, 200 μL blood plasma, 50 μL internal
standard solution (containing 40 ng/mL of each component) and 550 μL
acetonitrile were added consecutively into a 1.5 mL micro tube, then
vortex-mixed and centrifuged at 2000 g for 10 min. The supernatant
was membrane filtered (0.2 μm) into a HPLC vial and analysed by LC-
MS/MS.

Samples were analysed using a Prominence UFLC liquid chroma-
tograph (Shimadzu) connected to an API 4000 QTrap mass spectro-
meter (AB SCIEX) operated in negative ion electrospray ionization (ESI)
mode. 20 μl of the sample solution were injected on a ZORBAX Eclipse
XDB-C18 column, 150 mm × 2.1 mm, 3.5 μm particle size (Agilent).
The mobile phases were (A) water with 5 mmol/L ammonium acetate
and (B) methanol with 0.05% acetic acid with a flow of 0.2 mL/min at
40 °C. The separation started with 35% (B), changed to 95% (B) in
20 min and was kept constant for another 10 min.

Quantification was conducted using precursor-product ion multiple
reaction monitoring (MRM) transitions. For all precursor compounds an
additional product ion was recorded for confirmation, where possible.

PFAS concentrations were calculated using an internal standard
approach by the measurement of eight calibration solutions with con-
centrations between 0.1 and 5.0 ng/mL and with linear correlation
coefficients r > 0.98.

Limits of quantification (LOQ) in plasma (Table 2) were verified
prior to the analysis by multiple measurement of spiked matrix samples
at the concentration levels of LOQ according to ISO/TS 13530 Annex A.

2.3. Quality assurance

Internal quality control was performed by analyzing a blank sample,
two control samples with known concentrations (ring test samples from
AMAP, see below) and a random duplicate analysis of one sample in
every analytical batch of about 20 samples. Blank values were always
below the LOQs. The control samples (n = 123) showed relative
standard deviations between 9 and 17% depending on the analyte and
arithmetic means in the range for a z-score < 2. Duplicates had re-
lative differences of smaller 20% for almost all samples well above
LOQ.

External quality control consisted of three participations per year in
ring tests for “Persistent Organic Pollutants in Human Serum” in the
Arctic Monitoring and Assessment Program (AMAP; Quebec, Canada).
The z-scores achieved for the six PFAS offered in the program (PFHxA,
PFOA, PFNA, PFUdA, PFHxS and PFOS) were always < 2.

2.4. Statistical analysis

The drawing of sample points was biased in favor of former East
Germany, for a higher precision in estimates for this region. Moreover,
an oversampling was performed for participants without German na-
tionality to compensate for the expected higher share of quality neutral
losses and the lower response rate in this segment of the population
(Kamtsiuris et al., 2007; Hoffmann et al., 2018). In order to correcting
for design and non-response bias and for ensuring the representative-
ness according to age, sex, former East/West Germany as well as
community size, GerES data are weighted on the basis of population
data provided by the German Federal Statistical Office as of December
2013 for all statistical analyses (Hoffmann et al., 2018).

Characteristics of the frequency distribution of the measured con-
centrations were calculated (10th, 90th, 95th, and 98th percentiles,
50th percentile (median), maximum value, arithmetic mean (AM), and
geometric mean (GM) and its 95% confidence interval). All con-
centrations below their respective LOQ were set to LOQ/2 for data
treatment. All statistical calculations were performed with SPSS for
Windows, Versions 20 and 25. Statistical characteristics are described
for the total sample, and stratified by selected variables that are sus-
pected to be associated with PFAS concentrations. Statistical sig-
nificance of differences in geometric means between subgroups was
tested by one-way ANOVA, if at least 50% of measurements were at or
above LOQ. The socioeconomic status (SES) was derived in KiGGS
Wave 2 based on parental levels of education, occupational status and
income (Lampert et al., 2018).

3. Results and discussion

We analysed 12 PFAS in 1109 blood plasma samples from children
and adolescents, of which 543 were females and 566 males. PFOS was
quantified in all and PFOA in almost all samples, demonstrating ubi-
quitous exposure (Table 2). Similar to results of prior studies, PFOS was
the substance with the highest plasma concentrations showing a geo-
metric mean of 2.49 ng/mL, followed by PFOA (1.12 ng/mL) and
PFHxS (0.36 ng/mL), while PFNA and PFDA showed substantially
lower concentrations. The concentrations of the other PFAS were
mostly below the LOQ of 1.0 and 0.25 ng/mL, respectively.

For further statistical analysis, we considered only PFOS, PFOA and
PFHxS for which at least 50% of concentrations were at or above the
LOQ. The distributions of the concentrations for these three compounds
were substantially right-skewed. All three compounds correlated sta-
tistically significant with each other. Correlation was strongest for PFOS
and PFHxS (Spearman ρ = 0.511). In Table S1 – S3 in the supplemental
file descriptive statistics using all considered stratification parameters
are summarized for these three compounds measured in blood plasma.

In Fig. 1 geometric mean concentrations in plasma are displayed for

Table 2
Summary of measured plasma concentrations [ng/mL].

Analyte LOQ N < LOQ % ≥ LOQ P10 P50 P90 P95 P98 MAX AM GM CI GM

PFBA 1.0 1109 0 < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ –
PFPeA 0.25 1109 0 < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ –
PFHxA 0.25 1105 0 < LOQ < LOQ < LOQ < LOQ < LOQ 0.58 < LOQ < LOQ –
PFHpA 0.25 1101 1 < LOQ < LOQ < LOQ < LOQ < LOQ 0.67 < LOQ < LOQ –
PFOA 0.50 157 86 < LOQ 1.27 2.70 3.24 3.78 6.33 1.427 1.124 1.075–1.176
PFNA 0.50 997 10 < LOQ < LOQ 0.56 0.66 0.88 3.54 < LOQ < LOQ –
PFDA 0.25 1000 10 < LOQ < LOQ < LOQ 0.35 0.49 3.00 < LOQ < LOQ –
PFUdA 0.25 1099 1 < LOQ < LOQ < LOQ < LOQ < LOQ 0.78 < LOQ < LOQ –
PFDoA 0.25 1108 0 < LOQ < LOQ < LOQ < LOQ < LOQ 0.96 < LOQ < LOQ –
PFBS 0.25 1109 0 < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ –
PFHxS 0.25 290 74 < LOQ 0.38 0.84 1.26 2.02 34.1 0.542 0.355 0.339–0.372
PFOS 0.25 0 100 1.41 2.41 4.43 6.00 8.09 129 3.019 2.487 2.413–2.563

N = 1109; LOQ = Limit of Quantification; PX = Xth Percentile; AM = Arithmetic Mean; GM = Geometric Mean; CI GM = 95% Confidence Interval of Geometric
Mean (only calculated if GM ≥ LOQ).
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Fig. 1. Geometric Mean of relevant variables for PFOS, PFOA, PFHxS. Bar plots represent the Geometric Mean (GM) and its confidence interval. The horizontal grey
lines represent the LOQ. Asterisks denote the significance level for differences between groups (* = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; n. s. = not
significant; one-way ANOVA).

A. Duffek, et al. International Journal of Hygiene and Environmental Health 228 (2020) 113549

4



PFOS, PFOA and PFHxS stratified by twelve relevant aspects of ex-
posure (sex, age group, SES, textile flooring at home, use of impreg-
nating agents, food consumption and breastfeeding). The geometric
mean concentrations show statistically significant differences by sex.
Statistically significant lower concentrations in girls' plasma samples
might be partly related due to elimination via menstruation (Wong
et al., 2014), physiological difference such as plasma protein levels
and/or differences in behaviours including nutritional habits. Highest
concentrations for PFOS, PFOA and PFHxS were observed in the age
group 6–10 years, whereas for the youngest age group of 3–5 years
lowest concentrations for PFOS have been detected. In the U.S. National
Health and Nutrition Examination Survey (NHANES) 2013–2014, age-
dependency was observed for PFHxS and PFOA, and differences in sex
for PFHxS. Multivariate regression analysis revealed that PFOA levels
were statistically significantly higher in older children (6–11 years), but
only in boys and not in girls (Ye et al., 2018). Age-related differences
are not consistent among different studies. A positive trend between
PFOS and PFHxS concentration and age was observed in an Australian
study, whereas in two Asian studies PFOS and PFHxS concentrations
were higher in younger children (Kim et al., 2014; Toms et al., 2019;
Zhang et al., 2017). In First Nation children from a Canadian study
PFOS and PFOA serum concentrations were statistically significantly
higher in the 6–11 year age group compared to the younger or older age
groups (Caron-Beaudoin et al., 2019). Differences between males and
females were not observed in two Asian studies (Kim et al., 2014; Zhang
et al., 2017). The youngest age-group of GerES V participants has been
born after the regulation of most uses of PFOS in the EU. This was
followed by a slow decrease of the environmental concentrations and
can therefore be assumed to be less exposed to PFOS as also observed in
several other studies (Land et al., 2018). Moreover, older children
might have been exposed to a higher extent and over a longer period of
time. On the other hand, PFAS exposure normally decrease with age
due to growth dilution (Winkens et al., 2017; Koponen et al., 2018).
Against this background, a detailed regression analysis of GerES V data
is planned in order to further elucidate associations with age and other
exposure determinants.

As shown in Tables S1–S3 (supplemental file), exposure regarding
PFHxS is statistically significantly higher in former West Germany with
a GM of 0.37 ng/mL compared to 0.29 ng/mL in former East Germany.
Reasons for this regional difference in internal exposure, such as a
possible link to local sources, nutritional habits or the use of products
containing PFAS, will be subject to further research.

Frequently associated sources of human exposure to PFAS are food,
drinking water, house dust, outdoor and indoor air (Winkens et al.,
2017; Colleen et al., 2017; Sunderland et al., 2019). As a first step in
GerES V data analysis, human dietary exposure to PFOS, PFOA, and
PFHxS was stratified by self-reported consumption frequencies of eggs,
fish, milk, and game in the last four weeks before sampling (Fig. 1). No
consistent pattern for these foods emerged. However, children show
lower PFAS concentrations if no fish was consumed. PFOS in plasma is
positively associated with the consumption of eggs and game. Also
PFOA levels are statistically significantly higher in participants with
reported consumption of game. This is in line with measurements of
PFAS in roe deer liver samples as well as wild boar liver and muscle
tissue samples from Germany, where accumulation of PFOS and PFOA
could be detected in almost all samples independently from the sam-
pling site and the land use (agricultural vs. urban-industrial, Stahl et al.,
2012; Falk et al., 2019).

Breastfeeding is statistically significantly associated with the in-
ternal PFAS exposure of GerES V participants. Concentrations of PFOS,
PFOA and PFHxS were higher in blood plasma of participants that have
been breastfed. In addition, the reported duration of breastfeeding
shows a strong positive association. This is in line with results of other
studies (Kingsley et al., 2018; Mogensen et al., 2015). Exposure via
breastfeeding may even result in higher total concentrations in toddlers
(1–3 years) than in their mothers at delivery as shown by Papadopoulou

et al. (2016).
Higher blood levels of PFAS can also be a result of longer and more

frequent use of consumer products. During their lifetime, consumer
products release PFAS via abrasion and volatilisation which can enter
the human body via ingestion of dust, inhalation of air, or through the
skin after direct product contact or due to hand/object to mouth contact
(Winkens et al., 2017). Especially for children below the age of 11 years
dust ingestion and hand/object mouthing activities might be specific
product-related pathways in addition to food intake and inhalation
(Winkens et al., 2018; Trudel et al., 2008). PFAS have been detected in
numerous consumer products including treated textiles, carpets,
cleaning and impregnating agents (Fiedler, 2010; Fareau et al., 2017),
leather samples, baking and sandwich papers, paper baking forms and
ski waxes (Kotthoff et al., 2015) as well as in cosmetic products
(Schultes et al., 2018). Recently, Boronow et al., (2019) showed that
flossing with PTFE-based dental floss could contribute to an individual's
body burden of PFAS. In our study, the application of textile impreg-
nating agents as well as textile flooring at home are positively asso-
ciated with higher blood concentrations of PFAS (Fig. 1 and Tables
S1–S3, supplemental file).

Our first statistical analysis gives no deeper insight in exposure
pathways related to the presence and quantity of PFAS-containing
consumer products and the frequency of use. Our questionnaire did not
capture lifestyle habits such as travel and leisure activities which might
be also connected to the specific use of all-weather clothing (Gremmel
et al., 2016) or hunting, camping, leisure and sports equipment con-
taining PFAS. This use may also contribute to the overall PFAS ex-
posure.

Differences in living conditions, lifestyle and dietary patterns might
be the underlying reason for our observation that a higher SES is as-
sociated to a higher exposure to PFAS (Fig. 1 and Tables S1–S3, sup-
plemental file). A similar association of PFAS levels with SES has also be
reported by Buekers et al., (2018) based on a meta-analysis including
five studies. The specific causes of SES-related differences in PFAS
concentrations remained unclear. Recently, Montazeri et al., (2019)
published the results of a study using six mostly urban European birth
cohorts observing higher childhood concentrations of PFAS in groups
with a higher socio-economic position (maternal education, employ-
ment status and family affluence scale). In the US, national human
biomonitoring data (NHANES, 2001–2010) indicated that increased
exposure of adults to certain chemicals such as PFAS is associated with
increased SES (Tyrell et al., 2013). A more detailed analysis of all our
data generated through questionnaires will help to understand the ef-
fect of SES and associated factors to the PFAS exposure. In addition to
the use of PFAS containing consumer products, this association might
be related to differences in breastfeeding or the age of the mothers
when giving birth. From other studies it is known that also the age of
mothers is associated with the blood plasma levels of PFAS as observed
for Danish school children (Mørck et al., 2015) or Canadian children
(Workmann et al., 2019).

Our first exploratory assessment of the relevance of drinking water
intake show background levels of PFAS in drinking water comparable to
the results published by Lange et al., (2007). Most concentrations were
below the LOQ of 1 and 3 ng/L, respectively. Maximum drinking water
levels reached about 10 ng/L for PFOS and PFOA. In this comparatively
small subset of GerES V data, no statistically significant correlation
between concentrations in drinking water and blood plasma samples
was found. This indicates that the studied population was not exposed
to substantially contaminated drinking water as also observed by
Domingo et al. (2019) for the regular consumers of municipal/tap
water. Currently, more drinking water samples are being analysed to
further elucidate the relevance of exposure via drinking water which
can be of high importance in case of local contamination events.
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3.1. Comparison with other studies

The blood plasma levels of PFAS in children in our study are similar
to what was found recently in a regional study of children, 6–11 years
of age living in Catania city, Sicily, Italy, except for median con-
centrations of PFOA which were 1.46 times higher in Italian children
(Ledda et al., 2018). When comparing to regional studies from outside
Europe (sampling between 2012 and 2017), mean PFOS, PFOA and
PFHxS levels were lower in GerES V children compared to children in
China and South Korea (Kim et al., 2014; Zhang et al., 2017). Total
mean serum levels of PFOS are similar, whereas PFOA and PFHxS
concentrations are lower in our study when compared to Australian
children (Toms et al., 2019). First Nation children and adolescents from
Canada, though, showed lower GM serum concentrations of PFOS and
PFOA compared to GerES participants, while GM concentrations of
PFHxS were comparable (Caron-Beaudoin et al., 2019). However,
sample composition and size, year of sampling and age range varied
and comparisons need to be done with reasonable care.

Therefore, other studies taken into account for comparison with our
data were selected based on the following criteria: similar sampling
period (within the years 2014–2017), similar age group (3–17 years)
and national representativity of the studies. The NHANES study quan-
tified serum concentrations of fourteen different PFAS in a nationally
representative subsample of 639 3–11 year old children in the period of
2013–2014 (Ye et al., 2018). When comparing GM concentrations all
values for PFAS measured were higher in US children than in German
children. In particular, PFOS and PFOA concentrations for 3–11 year
old NHANES participants were approximately 1.60 and 1.45 times
higher than in GerES V. A more pronounced difference was observed for
PFHxS, where the GM concentrations were approximately 2.4 times
higher in the blood of the US children (Table 3). According to our data,
German children are less exposed to the three above mentioned per-
fluorinated compounds than US children. The fifth cycle of the Cana-
dian Health Measure Survey, conducted from 2016 to 2017 measured
nine different PFAS in plasma samples of the Canadian population aged
3–79 years (Health Canada, 2019). Canadian children and adolescents
had higher GM concentrations of PFHxS and lower GM concentrations
of PFOS when compared to GerES V for all three age groups (3–5, 6–11
and 12–17/19 years). PFOA GM concentrations were similar between
both populations, with slightly higher GM concentrations for the age
group 3–5 year (1.3 times higher) and 0.5 times lower GM concentra-
tions for the age group 12–19 years observed in CHMS (see Table 3 for
more details). For all three substances and age groups, levels of the
CHMS were lower than in NHANES.

In Europe, one other study were identified, investigating the levels
of PFAS in children and adolescents on national level. In a sub-sample
of the national representative French national programme (Health
Study on Environment, Biomonitoring, Physical Activity and Nutrition,
ESTEBAN study), conducted from 2014 to 2016, seventeen per-
fluorinated compounds were measured in 249 serum samples of chil-
dren aged 6–17 years (Santé publique France, 2019). The GM con-
centration for French children and adolescents are higher for PFOA (1.4
times) and for PFHxS (2 times), but slightly lower for PFOS (0.14 times)
compared to German children in the same age group (see Table 3).

In summary, the GM concentrations of PFOA and PFHxS were lower
in German children and adolescents compared to other national studies,
whereas for PFOS GM concentrations, higher values were observed in
German children than in French or Canadian children and adolescents.
Only the GM concentrations measured in U.S. children were higher
compared to German children.

Compared to the decreasing plasma levels over time in young
German adults (Schröter-Kermani et al., 2013; Yeung et al., 2013)
mainly lower concentrations have been detected in our study. Al-
though, this might be related to implemented phase-outs, our findings
reflect long-term exposure. A pronounced decline in the concentrations
of PFOS and PFOA in humans has been observed due to the effects of

regulatory actions on EU-level and global scale as concluded by Land
et al., (2018) based on a systematic review of human biomonitoring
studies. Contrarily, the exposure to longer-chained perfluoroalkyl car-
boxylic acids (PFCAs) with 9–14 carbon atoms is generally increasing.
In addition, indirect exposure to precursors and subsequent bio-
transformation to PFOS and PFCAs has to be taken into account
(Gebbink et al., 2015) as well as the mixture exposure to PFAS. The
substitution of regulated substances lead also to an increased diversity
of molecules with ether functions, single chlorinated instead of fluori-
nated positions or branched molecules (Wang et al., 2017). Therefore,
continued temporal trend monitoring is needed to measure the per-
formance of past and continuing regulatory mitigation measures.

3.2. Health risk assessment

The German Human Biomonitoring Commission has derived health-
related guidance values (HBM values) for the evaluation of internal
exposures to PFOS or PFOA, respectively. The effects considered were
reduced birth weight and developmental toxic effects, reduced fertility,
reduced antibody formation after vaccination, increased cholesterol
concentrations (LDL and total), and type II diabetes. The HBM-I-values
were defined as 2 ng PFOA/mL and 5 ng PFOS/mL blood plasma. For
women at childbearing age, the HBM-II-values are 5 ng PFOA/mL and
10 ng PFOS/mL. For all other population groups, the HBM-II-values are
10 ng PFOA/mL and 20 ng PFOS/mL (German Human Biomonitoring
Commission, 2018, 2020). The HBM-I-value represents the concentra-
tion of a substance in human biological material below which – ac-
cording to current knowledge – there is no risk for adverse health ef-
fects to be expected. Plasma concentrations above the HBM-I-value but
below the HBM-II-value indicate an exposure at which according to the
current knowledge effects can no longer be excluded with sufficient
certainty. Above the HBM-II-value there is an increasing probability for
effects. Both, the HBM-I- and the HBM-II-value for PFOA and PFOS are
based on the assessment of the population-related risk of changes in the
selected effect indicators. Thus, the HBM values should be carefully
addressed at the individual level. In any case possible effects should
always be evaluated together with individual preconditions and also in
the context of other risk factors, e.g. lifestyle.

21.1% of the participants investigated for PFOA-levels in blood
plasma are at or above the HBM-I-value. All PFOA levels are below the
HBM-II-value. For PFOS, 7.1% of concentrations are at or above the
HBM-I-value while staying below the HBM-II-value. For 0.2% of par-
ticipants, PFOS plasma concentrations are even at or above the HBM-II-
value. This observation is in line with the Scientific Opinion of the
European Food Safety Authority (EFSA) concluding that PFOS and
PFOA exposure of a considerable part of the population exceeds the
proposed tolerable weekly intakes (TWI) for food (Knutsen et al., 2018).

4. Conclusions

The German Environmental Survey conducted between 2014 and
2017 provides for the first time population representative data on the
PFAS exposure of German children and adolescents (3–17 years). The
results show that the young generation in Germany is widely exposed to
PFOS, PFOA and PFHxS. Our study indicates that multiple exposure
sources and routes might be relevant for children and adolescents in
Germany. Building on the present results, a detailed multivariate data
evaluation will be carried out to further investigate associations with
living conditions and behaviors such as food and drinking water con-
sumption. After identification of highly exposed sub-populations and
the most relevant sources policy recommendations will be derived.

As people are usually exposed to a mixture of PFAS and short-chain
PFAS are increasingly used as replacements for long-chain PFAS,
human exposure to this diverse group of substances is of ongoing
concern. For a better protection of human health and for a safer future
of our children, a continued monitoring of internal and external
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exposure (from multiple pathways) is needed to evaluate regulatory
mitigation measures and support future risk assessment and decision-
making.
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Table 3
Comparison of levels of PFOS, PFOA and PFHxS in plasma and serum samples (ng/mL) measured in different nationally-representative studies.

Study/region Study type Sample Year Sample: age and size (N) 50th percentile 95th percentile Geometric mean

PFOSab

GerES V Germany (this study) national plasma 2014–2017 3–11 years, N = 631 2.34 6.43 2.43
2014–2017 3–5 years, N = 196 2.07 6.30 2.13
2014–2017 6–11 years, N = 434 2.41 6.68 2.58
2014–2017 6–17 years, N = 912 2.5 5.99 2.57
2014–2017 12–17 years, N = 478 2.6 5.62 2.56

NHANES, USA (n-PFOS + branched PFOS) national serum 2013–2014 3–11 years, N = 639 3.75 11.0 3.88
2013–2014 3–5 years, N = 181 3.41 8.82 3.38
2013–2014 6–11 years, N = 458 4.02 12.4 4.15

CHMS, Canada national plasma 2016–2017 3–5 years, N = 491 1.6 5.5f 1.7
2016–2017 6–11 years, N = 520 1.6 4.2 1.7
2016–2017 12–19 years, N = 526 1.8 3.9 1.9

ESTEBAN, France national serum 2014–2016 6–17 years, N = 249 2.00 6.12 2.22

PFOAcd

GerES V Germany (this study) national plasma 2014–2017 3–11 years, N = 631 1.37 3.50 1.25
2014–2017 3–5 years, N = 196 1.34 4.02 1.17
2014–2017 6–11 years, N = 434 1.37 3.43 1.29
2014–2017 6–17 years, N = 912 1.24 3.14 1.11
2014–2017 12–17 years, N = 478 1.15 2.82 0.98

NHANES, USA (n-PFOA) national serum 2013–2014 3–11 years, N = 639 1.82 4.07 1.81
2013–2014 3–5 years, N = 181 1.72 5.32 1.87
2013–2014 6–11 years, N = 458 1.84 3.77 1.78

CHMS, Canada national plasma 2016–2017 3–5 years, N = 491 1.3 3.6 1.5
2016–2017 6–11 years, N = 520 1.2 2.4 1.3
2016–2017 12–19 years, N = 507 1.0 1.9 1.1

ESTEBAN, France national serum 2014–2016 6–17 years, N = 249 1.54 2.76 1.56

PFHxSe

GerES V Germany (this study) national plasma 2014–2017 3–11 years, N = 631 0.38 1.47 0.35
2014–2017 3–5 years, N = 196 0.35 1.83 0.31
2014–2017 6–11 years, N = 434 0.39 1.31 0.37
2014–2017 6–17 years, N = 912 0.39 1.19 0.36
2014–2017 12–17 years, N = 478 0.39 1.16 0.36

NHANES, USA national serum 2013–2014 3–11 years, N = 639 0.81 2.14 0.84
2013–2014 3–5 years, N = 181 0.74 1.55 0.72
2013–2014 6–11 years, N = 458 0.85 2.33 0.91

CHMS, Canada national plasma 2016–2017 3–5 years, N = 491 0.54 3.1f 0.61
2016–2017 6–11 years, N = 520 0.49 −g 0.59
2016–2017 12–19 years, N = 527 0.58 3.6 0.69

ESTEBAN, France national serum 2014–2016 6–17 years, N = 249 0.72 2.25 0.79

a PFOS (n-PFOS + monomethyl branched isomers): LOQ is 0.25 ng/mL, and LOD is 0.1 ng/mL in GerES V; LOD is 0.1 ng/mL in NHANES.
b PFOS: no specification whether single isomers were measured were given for the CHMS and ESTEBAN study. LOD is 0.43 ng/mL in CHMS. In ESTEBAN LOD is

0.03 ng/mL and LOQ is 0.1 ng/mL.
c PFOA (n-PFOA): LOQ is 0.5 ng/mL, and LOD is 0.2 ng/mL in GerES V; LOD is 0.1 ng/mL in NHANES.
d PFOA: no specification on the isomer measured for the CHMS and ESTEBAN study. LOD is 0.066 ng/mL in CHMS. In ESTEBAN LOD is 0.02 ng/mL and LOQ is

0.05 ng/mL.
e PFHxS: LOQ is 0.25 ng/mL, and LOD is 0.1 ng/mL in GerES V; LOD is 0.1 ng/mL in NHANES; LOD is 0.063 ng/mL in CHMS; LOD is 0.05 ng/mL and LOQ is 0.19

ng/mL in ESTEBAN.
f According to the CHMS Report, data shall be used with caution.
g According to the CHMS Report, the data is too unreliable to publish.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijheh.2020.113549.
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