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Abstract

In Arnsberg, Sauerland area Germany, 40 000 residents were exposed to PFOA-contaminated drinking water
(500-640 ng PFOA/l; May 2006). In July 2006, the PFOA-concentrations in drinking water were lowered significantly
by activated charcoal filtering in the waterworks, mostly below the limit of detection (10 ng/l). A first human
biomonitoring study performed in autumn 2006 revealed that PFOA-concentrations in blood plasma of residents
living in Arnsberg were 4.5–8.3 times higher than in the reference groups. One year after the first survey, all
participants (2006: 164 mothers, 90 children, 101 men) were invited to take part in a follow-up study. It was the aim of
the study to determine the decline of the PFOA-concentrations in blood plasma. 288 persons (81%) were included in
the statistical analysis. The (geometric) mean PFOA-concentrations in blood plasma of Arnsberg’s residents decreased
from 22.1 to 17.4 mg/l in children, from 23.4 to 18.8 mg/l in mothers and from 25.3 to 23.4 mg/l in men within one year.
The average (geometric mean) changes in each individual’s PFOA-concentrations were approximately 10 (men), 17
(mothers) and 20 (children) percent/year. The observed decline in PFOA-concentrations indicates a slow elimination in
humans. This finding in groups of the general population is in agreement with data on long elimination half-lives
observed in occupationally exposed workers.
r 2009 Elsevier GmbH. All rights reserved.
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Introduction

Perfluorooctanoate (PFOA) and perfluorooctanesul-
fonate (PFOS) are persistent in the environment and
have been detected globally in blood and tissues
from animals and humans. The highest PFOS- and
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PFOA-concentrations in human blood samples were
measured in workers employed in fluorine production
plants (OECD, 2002; Olsen et al., 2003). The exposure
of the general population seems to differ among
countries. Fromme et al. (2009) recently summarized
human biomonitoring data and reported that mean
concentrations for some perfluorinated compounds
(PFCs) from North American populations appear to
be slightly higher than from European, Asian, and
Australian populations studied. Significant reductions in
PFOS (32%) and PFOA (25%)-concentrations in blood
serum samples were reported from a comparison of the
representative National Health and Nutrition Examina-
tion Surveys 2003–2004 and 1999–2000 (Calafat et al.,
2007).

There are few reports on increased PFOA-exposure of
general population groups, which mainly occurred via
ingestion of contaminated drinking water (Little Hocking,
Ohio, USA: Emmett et al., 2006a, 2006b; Pausten-
bach et al., 2007; Minnesota, USA: ATSDR, 2008;
Arnsberg, Sauerland area, Germany: Wilhelm et al.,
2008). In Arnsberg, Germany, 40 000 residents had been
exposed to PFOA-contaminated drinking water (500-
640 ng PFOA/l; May 2006). Recently, we reported on
the results of a cross-sectional study in Arnsberg to
assess the internal exposure of Arnsberg’s residents to
PFOA (Hölzer et al., 2008). PFOA concentrations in
blood plasma of residents living in Arnsberg were
4.5–8.3 times higher than in the reference groups
(arithmetic means Arnsberg/controls: children 24.6/
5.2 mg/l, mothers 26.7/3.2 mg/l, men 28.5/6.4 mg/l). In
July 2006, waterworks installed activated charcoal
filtering to remove PFOA from drinking water. One
year after the first survey, all participants were invited to
take part in a follow-up human biomonitoring study. It
was the aim of the study to determine and to quantify
a suspected change of the PFOA-concentrations in
blood plasma. Additionally, PFOS, perfluorohexanoate
(PFHxA), perfluorohexanesulfonate (PFHxS), perfluor-
opentanoate (PFPA) and perfluorobutanesulfonate
(PFBS) were measured.
Materials and methods

The survey was designed as a follow-up study.
Invitation letters were sent to all residents of Arnsberg,
who participated in the first study one year ago (2006:
164 mothers, 90 children, 101 men). 291 persons (82%)
took part. In 2006, children were 5-6 years old.

Identical standard materials for venipuncture and
blood sampling (anticoagulant K-EDTA) were used in
the first cross-sectional study as well as in the follow-up
study. Analytical methods also remained unchanged.
Human plasma samples were analyzed for PFOS,
PFHxS, PFBS, PFOA, PFHxA, and PFPA by solid
phase extraction, high performance liquid chromato-
graphy (HPLC) and detection by a tandem mass
spectrometer. Limits of detection (LOD) were 0.1 mg/l
for PFOS, PFHxS, PFBS and PFOA, and 1.0 mg/l for
PFHxA and PFPA, based on a 3-fold signal to noise-
ratio. The coefficients of variation (CVs) were 6.7% at
9.6 mg/l (PFOS) and 7.2% at 5.4 mg/l (PFOA).

Details on the PFC-analysis in blood plasma, the
sampling strategy and response data of the first cross-
sectional study and the location of the study areas have
been reported by Hölzer et al. (2008).

All study participants filled in a short questionnaire
for self-completion (for estimation of height, weight,
smoking, alcohol consumption, diseases, medication). A
second questionnaire was administered by interview on
the day of the examination mainly to assess changes in
drinking water consumption and diet over the last 12
months.

Written informed consent was obtained from the
participants and the parents of the children before the
study. The study was approved by the ethical commis-
sion of the Ruhr-University of Bochum and was
conducted in accordance with the ethical principles for
medical research involving human subjects as defined by
the Helsinki Declaration.

For PFC-concentrations below the LOD, an imputed
value equal to 1/2 the LOD was used. Minima, lower
quartiles, medians, upper quartiles, maxima and geo-
metric means (with 95% confidence intervals) of the
PFCs in plasma are presented. Student’s t-Test for
paired samples was used to evaluate the differences
between log10(PFOA, PFOS and PFHxS)-concentra-
tions in 2006 and 2007. All data were analyzed using the
statistical software package SAS v. 9.1.3 (SAS Institute
Inc., Cary, NC, USA).
Results

291 participants (82%) of the first human biomoni-
toring study in Arnsberg 2006 took part in the follow-up
study (Table 1). Analysis was limited to 288 individuals
(81 percent), whose blood sampling dates were less than
13 months apart. The time periods between two
sampling dates ranged from 335 to 386 (Median 359,
N ¼ 288) days.

In July 2006, waterworks installed activated charcoal
filtering and reactivated the filters in regular intervals.
Subsequently, the PFOA-concentrations in drinking
water were lowered significantly, mostly below the limit
of detection (LOD: 10 ng/l, Fig. 1).

The individual PFOA-concentrations in 2006 and
2007 are plotted in Fig. 2. Mean PFOA-concentrations
in the blood plasma of Arnsberg’s residents decreased
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Table 1. Response rates of the different subgroups in the follow-up study performed in autumn 2007.

Men Mothers Children Sum

N % N % N % N %

Written invitation sent to all study

participants of the first biomonitoring study

2006

101 164 90 355

y Unavailable/no contact established 2 2.0 7 4.3 3 3.3 12 3.4

y Refused consent 9 8.9 13 7.9 7 7.8 29 8.2

y Gave consent to participate 90 89.1 144 87.8 80 88.9 314 88.5

y Failed to appear/no blood withdrawal 6 5.9 5 3.0 12 13.3 23 6.5

Blood samples (PFCs measured) 84 83.2 139 84.8 68 75.6 291 82.0
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Fig. 1. PFOA-concentrations in drinking water in Arnsberg between May 2006 and April 2008. Weekly analyses were performed by

North Rhine–Westphalia State Agency for Nature, Environment and Consumer Protection, Germany. Health based precautionary

value (long term minimum quality goal) for non-genotoxic substances; guide value: strictly health based guide value for safe lifelong

exposure of all population groups. Definitions according to DWC (2006) for composite PFOA and PFOS concentrations.
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from 22.1 to 17.4 mg/l in children, 23.8 to 18.8 mg/l in
mothers and 25.7 to 23.4 mg/l in men between the two
sampling dates (geometric means, Table 2). These
numbers correspond to a decline of 20 (children), 17
(mothers) and 10 (men) percent, in comparison to the
concentrations measured in 2006. In 23 individuals (4
children, 4 mothers, 15 men), PFOA-concentrations
increased slightly (0.05 to 5.1 mg/l, 0.1 to 15.6%).

In comparison to 2006, also the individual PFOS-
concentrations in 2007 decreased by 9% (geometric
means, children), 10%(mothers) or 8%(men), PFHxS
by about 9% (children) or 11%(mothers, men, Table 3).
In 2007, PFBS was detected in 8 of 68 samples of
the children (2006: 30 of 90), in 4 of 82 of the men
(2006: 13 of 101) and in none of the mothers (2006: 7 of
164, LOD: 0.1 mg/). PFPA and PFHxA were not
detected (LOD: 1 mg/l) in any sample neither in 2006
nor in 2007.
Discussion

The PFOA-concentrations (geometric means) de-
creased significantly between 2006 and 2007 by 20
percent (children), 17 percent (mothers) and 10 percent
(men) within one year (335 to 386, median 359 days).
The observed decline in PFOA-concentrations indicates
a slow elimination in humans. This finding is in
agreement with actual literature data referring mainly
to occupationally exposed persons.

Only few data on repeated PFC-analyses of humans
are published. Ubel et al. (1980) reported a case study of
one worker occupationally exposed to fluor chemicals.
Organic fluorine concentrations measured in the work-
er’s blood serum one week and 14 months after
termination of the exposure were 66 and 44 ppm,
respectively, suggesting a slow elimination in humans.
Based on a five years follow up study on 26 retired
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Fig. 2. PFOA-concentrations in blood plasma of 68 children, 138 mothers and 82 men in Arnsberg. Blood sampling dates

approximately one year apart (2006 and 2007). Data sorted by increasing PFOA-concentrations 2006.

Table 2. Range and geometric means of the PFOA-, PFOS- and PFHxS-concentrations in blood plasma of all children, mothers

and men who took part in both biomonitoring studies 2006 and 2007.

Children (N ¼ 68) Mothers (N ¼ 138) Men (N ¼ 82)

2006 2007 2006 2007 2006 2007

PFOA (mg/l)

Minimum 6.7 6.7 6.4 4.2 6.1 6.5

Maximum 96.6 68.5 99.7 67.5 77.5 71.5

Geometric mean (GM) 22.1 17.4 23.8 18.8 25.7 23.4

Lower limit 95% confidence interval GM 19.7 15.7 21.8 17.2 23.0 20.9

Upper limit 95% confidence interval GM 24.8 19.2 25.9 20.6 28.8 26.1

PFOS (mg/l)

Minimum 2.4 2.2 2.1 1.7 2.7 3.7

Maximum 20.6 18.8 16.4 15.0 36.2 49.9

Geometric mean (GM) 5.0 4.5 5.8 5.3 10.6 10.2

Lower limit 95% confidence interval GM 4.5 4.1 5.4 4.9 9.5 9.1

Upper limit 95% confidence interval GM 5.6 5.0 6.2 5.7 11.8 11.4

PFHxS (mg/l)

Minimum 0.5 0.5 oLOD 0.4 0.7 0.7

Maximum 13.4 11.8 5.7 4.2 8.7 6.7

Geometric mean (GM) 1.2 1.1 1.1 1.0 2.5 2.2

Lower limit 95% confidence interval GM 1.0 0.9 1.0 0.95 2.3 2.0

Upper limit 95% confidence interval GM 1.3 1.2 1.2 1.1 2.8 2.4

Blood sampling dates were 335 to 386 (Median 359) days apart. N ¼ 288. LOD ¼ limit of detection (0.1mg/l). All differences between log (PFOA,

PFOS and PFHxS)-concentrations in 2006 and 2007 were statistically significant (Po0.05, Student’s t-test for paired samples).
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Table 3. PFOA, PFOS and PFHxS-concentrations in blood plasma.

Individual changes (positive numbers

indicate a reduction, negative numbers

indicate an increase)

Children (N ¼ 68) Mothers (N ¼ 138) Men (N ¼ 82)

Abs. % Abs. % Abs. %

PFOA (mg/l)

Minimum �1.4 �14 �2.8 �8 �5.1 �16

Maximum 28.2 43 32.1 60 9.2 28

Geometric mean (GM) 4.6 20 4.0 17 2.6 10

Lower limit 95% confidence interval GM 3.7 17 3.4 15 2.1 9

Upper limit 95% confidence interval GM 5.6 22 4.7 19 3.2 12

PFOS (mg/l)

Minimum �1.4 �53 �5.0 �76 �13.8 �39

Maximum 5.3 53 3.2 42 8.3 31

Geometric mean (GM) 0.5 9 0.6 10 0.9 8

Lower limit 95% confidence interval GM 0.3 6 0.4 8 0.7 6

Upper limit 95% confidence interval GM 0.8 14 0.8 14 1.1 10

PFHxS (mg/l)

Minimum �0.4 �22 n.c. n.c. �0.6 �21

Maximum 1.6 41 1.5 43 1.9 39

Geometric mean (GM) 0.1 9 0.1 11 0.3 11

Lower limit 95% confidence interval GM 0.08 7 0.1 9 0.2 9

Upper limit 95% confidence interval GM 0.17 13 0.2 13 0.4 14

Individual differences between first and second blood sampling date. Calculated as PFC2006�PFC2007. Time periods: 335 to 386 days (Median 359,

N ¼ 288). n.c. ¼ not calculated.
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fluorochemical production workers, Olsen et al. (2007)
calculated a half-life of 3.5 years (geometric mean;
95%confidence interval: 3.0-4.1 years) for PFOA in the
human body. The retired workers from the mentioned
study had considerably higher serum PFOA-concentra-
tions (mean: 691, range 72-5100mg/l) compared to
Arnsberg’s residents in this study (2006; mean: 25-29,
range 1-100mg/l). It seems plausible, that background
exposure from nonoccupational sources may influence the
elimination rates to a greater extent in Arnsberg’s
residents because of their lower PFOA plasma levels.
Emmett (2009) reported from the PFOA exposed com-
munity, Little Hocking, Ohio, USA, a median 26%de-
crease of PFOA serum levels after approximately 15
months follow up, which is comparable to our results.

There are some limitations to the study. Until now,
blood concentrations of perfluorinated compounds only
have been measured twice in Arnsberg’s residents –
approximately one year apart. The exact magnitude and
duration of the drinking water contamination are
unknown. Each individual of the study population had
been exposed to elevated PFOA-concentrations in
drinking water for several years until May-July 2006.
After the contamination had been detected in May 2006
(Skutlarek et al., 2006), the PFOA-concentrations in
drinking water measured by different laboratories
ranged between 500 and 640 ng PFOA/l. There are no
data available on PFOA-concentrations in Arnsberg’s
drinking water before May 2006. In July 2006, water-
works installed activated charcoal filtering and thus
reduced the PFOA-concentrations in drinking water
distinctly. Filter-performance exhausted with time and
was restored by reactivation of the charcoal at regular
intervals (approximately every 6 months). Reactivation
of activated carbon is carried out in specialized
reactivation centers and involves treatment in a high
temperature furnace to over 800 1C. During filter
maintenance work PFOA-concentrations in drinking
water increased slightly for several weeks (Fig. 1).
Questionnaire data indicate that Arnsberg’s residents
reduced their consumption of drinking water from
public water supply distinctly after the contamination
became known. This may have contributed also to the
observed small reductions of the PFHxS-concentrations.
Reduced fish consumption from local sources might also
account for a decrease of the PFOS-concentrations.
Additionally, the decline of the PFOS and PFOA-
concentrations may at least partly reflect a decrease of
PFC exposure in the general population. A likewise
effect was shown by Calafat et al. (2007) for the internal
PFC exposure of the US-population between the
surveys 1999/2000 and 2003/4. No explanation was
found for the slight increase in the PFOA-concentra-
tions in 23 individuals.



ARTICLE IN PRESS
J. Hölzer et al. / Int. J. Hyg. Environ. Health 212 (2009) 499–504504
Plasma samples of Arnsberg’s residents will be
analyzed in a further follow-up study to confirm the
reported decline and to gain some insight into the
elimination half-life of PFOA in Arnsberg’s residents.
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