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Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) blood levels are commonly used as bio-
markers of human environmental exposure to these compounds. Many biomonitoring studies indicate 100% de-
tection for PFOS and PFOA thus justifying a concern of possible risk for the most exposed individuals.
This study addresses the predictive value of hazard quotients (HQs) calculated on the basis of serum PFOS and
PFOA in male and female populations of reproductive age in Greenland, Poland and Ukraine.
Overall, 2026 results of PFOS and PFOA serum concentrations (589males, 1437 females) were obtained from the
INUENDO database. HQs were calculated from the actual biomonitoring results and literature-based animal data
linking toxicological outcomes and critical PFOS/PFOA serum levels. HQs for serum PFOS were calculated based
on Points of Departure (PoD) at 13 μg mL−1 (cynomolgus monkeys, 183 days, changes in THS and T3) and for
PFOA at 7.1 μgmL−1 serum (male rats, 90 days, hepatocellular necrosis, increased liver weight). Uncertainty fac-
tors were applied to reflect interspecies differences and human variability. Serum HQs were expressed as a ratio
relative to the point of departure for each PFOS and PFOA. Only in the three cases of males in Greenland were
there serum PFOS levels showing HQ values exceeding 1, so indicating that such serum levelsmay be of concern.
The mean serum concentration of PFOSwas significantly higher in male than in female populations. Despite sig-
nificant differences between HQ profiles for PFOS and PFOA in donors from Greenland, Poland and Ukraine, the
concentrations of these perfluoroalkylated compounds do not indicate a cause for concern, except for the three
aforementioned cases from Greenland.
This study demonstrates that theHQ approach can help to interpret human biomonitoring data and thus serve as
a valuable tool in further risk assessment priority settings and may also be used as a basis for taking decisions in
risk management.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Perfluoroalkyl substances (PFASs) belong to a vast group of chemicals
which are present in a range of consumer products such as nonionic sur-
factants andwater and oil repellents. Themost extensively studied, from
the older generation of PFASs, are perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA). PFOS and PFOA are not metabolised in
mammals (Stahl et al., 2011) and they tend to accumulate when repeat-
edly administered to experimental animals (Seacat et al., 2003). Environ-
mental and toxicological aspects, including exposure assessment to
perfluorinated compounds, have been comprehensively discussed
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(D'eon andMabury, 2011; Houde et al., 2011; Kucharska et al., 2011; Lau
et al., 2007; Olsen et al., 2005; Shin et al., 2011; Stahl et al., 2011).

Olsen et al. (2007) reported both arithmetic and geometric mean
half-lives of serum elimination, as being 5.4 years [95% confidence in-
terval (CI), 3.9–6.9] and 4.8 years (95% CI, 4.0–5.8) for PFOS and
3.8 years (95% CI, 3.1–4.4) and 3.5 years (95% CI, 3.0–4.1) for PFOA re-
spectively. Bartell et al. (2010) presented a lower median half-life for
PFOA, of 2.3 years (95% CI, 2.1–2.4 years).

Numerous PFOS and PFOAbiomonitoring studies have shown differ-
ences in the exposure to these compounds expressed as serum levels
ranging from about 10 ng mL−1 in different populations worldwide
(Hansen et al., 2001; Harada and Kozumi, 2009; Lau et al., 2007; Lindh
et al., 2012; Liu et al., 2012; Struciński et al., 2006; Vassiliadou et al.,
2010) to approximately 2 μgmL−1, with the highest PFOS concentration
of 9.93 μg mL−1 recorded in occupationally exposed production
workers (Olsen et al., 1999). Most of these studies usually report PFOS
and PFOA serum levels so as to provide data from various general pop-
ulations on the overall exposure to a cocktail of anthropogenic
chemicals present in the environment or in studying the relationship
between exposure and biological response in order to evaluate human
health hazards (Liu et al., 2012).

Although blood levels of PFOS and PFOA appeared to have peaked
in the 1990s in the USA (Kato et al., 2011; Olsen et al., 2012) and in
Sweden (Axmon et al., 2014), their toxicological relevance may
still be of concern because of their persistence and long-half-lives
(Olsen et al., 2007).

Toxicological outcomes resulting from exposing experimental ani-
mals to perfluoroalkylated compounds were summarised by Lau et al.
(2007)who showed PFOS to be associatedwith liver enlargement in ro-
dents and nonhuman primates and PFOA inducing hepatocellular ade-
nomas in rats. The issue of whether toxicological PFOS and PFOA
concentrations are relevant in humans remains open, and many bio-
monitoring studies indeed show that the highest serum levels justify
concern of increased risk for most exposed individuals within the stud-
ied populations. One possible approach is to estimate the potential risk
by comparing actual serum levelswith reference serum levelswhich are
observed at points of departure (PoDs). PoDs are used for deriving expo-
sure guidance values such as the reference dose (RfD) or tolerable daily
intake (TDI), and are, as an example, associated with no-observable-
adverse-effect-level (NOAEL) or benchmark dose (BMD) levels for rele-
vant (toxicological) health endpoints (Kirman et al., 2011). Such levels
may be regarded as corresponding to a critical change in response aris-
ing from exposure to these compounds. In the case of PFOS and PFOA,
one of the major difficulties, when undertaking such an approach, is
the lack of human epidemiological data clearly indicating a PoD for a
given biological response that could be attributed to such serum levels
of these compounds. In these instances, animal studies may be used to
indicate a PoD for a specific toxicological outcome. The use of PoDs
was comprehensively discussed by Aylward and Hays (2011) regarding
an interpretation of hexabromocyclododecane biomonitoring data.
Brain et al. (2006) used the HQ approach for assessing pharmaceuticals'
effects in an aquatic environment. This approach is based on the bio-
monitoring equivalents (BEs) which is a generally recognised concept
used for interpreting biomonitoring data. A comprehensive and detailed
review of the interrelationships between BEs andHQswas presented by
Aylward et al. (2013). Moreover, Borg et al. (2013) used HQs for cumu-
lative risk assessment of 17 perfluoroalkylated substances in a Swedish
population and showed that there was no concern for hepatotoxicity
and reproductive toxicity in the general population. However, they
pointed out that high local exposures for individuals may be of concern.
The mean serum levels do not necessarily describe individual risks that
may be a source of concern. For example, results presented by
Holmström et al. (2005) indicate that although the mean PFOS concen-
tration was 36 ng mL−1, the individual PFOS levels ranged from 6.0 to
130 ng mL−1 in serum, thus presenting an over twenty-fold difference
between the lowest and the highest results within the studied
population and 3.6-fold difference between the mean and the highest
concentration of PFOS. Thus using mean values may ignore a possible
risk for individuals at the high end of the exposure distribution.

The crucial step for risk characterisation based on biomonitoring is
to link PFOS and PFOA serum levels with toxicological endpoints. Al-
though there are many toxicological studies on the biological response
following exposure of experimental animals to PFOS (Austin et al.,
2003; Chang et al., 2008), only a few link serum levelswith biological ef-
fects. Such a studywasperformedby Seacat et al. (2002) on cynomolgus
monkeys and has been recognised by EFSA (2008) as being appropriate
to derive a BMD10. Similarly, among numerous animal studies on PFOA,
Perkins et al. (2004) observed hepatocellular hypertrophy and in-
creased liver weight following dietary exposure of rats to PFOA. These
were recognised by EFSA (2008) as being relevant to derive the NOAEL.

The lowest serum levels corresponding to specific toxic outcomes
may be used to derive the relevant BEs. These can be defined as a con-
centration of a chemical in blood or other medium that corresponds to
allowable exposure guidance values i.e. RfD or TDI (Hays et al., 2008)
thus representing a PoD. HQsmay be calculated using human or animal
data (Hays et al., 2007, 2008), nevertheless in instances when the HQ is
derived from animal data, the appropriate uncertainty factors (UFs)
should be included in the calculation.

This study was undertaken to address and discuss the predictive
value of HQs for assessing the risks resulting from individual non-
occupational exposures to PFOS and PFOA.We report profiles of individ-
ual risks, expressed as HQs, calculated from actual and critical PFOS and
PFOA serum levels in men and women from Greenland, Poland and
Ukraine.

2. Methods

2.1. Ethics

The study was officially approved by the following local ethical
committees: Polish Bioethical Committee (approval no. 6/2002 of
3.07.2002), Ethical Committee for Human Research in Greenland
(approval no. 2010-13) and the Commission on Ethics and Bioethics
of Kharkiv National Medical University in Ukraine (protocol number
7, October 7 2009). All participating couples signed informed con-
sent forms.

2.2. Study population

The study population consisted of pregnant women and their male
partners from Greenland, Poland and Ukraine, and has been earlier de-
scribed in detail (Toft et al., 2005) as constituting the INUENDO cohort.
Couples were recruited from 15 municipalities and 4 settlements
representing Inuits from all regions of Greenland, during their visits to
obstetric outpatient clinics of the Gynaecological and Obstetric Hospital
(Warsaw, Poland), and in eight antenatal clinics in threematernity hos-
pitals in Kharkiv, Ukraine. For the PFOS and PFOA analysis, 2026 blood
samples (589 males and 1437 females) were taken from the INUENDO
biobank. The difference between the number of males recruited to the
study and male blood donors have been explained by Bonde et al.
(2008).

2.3. Sample collection

A uniform procedure was used to collect all serum samples. Blood
was drawn from the cubital vein into 10 mL vacuum tubes for serum
collection without additives (Becton Dickinson, Meylan, France) and
centrifuged at 4000 g for 15min at room temperature. The serumsuper-
natant was then transferred using ethanol rinsed Pasteur pipettes into
ethanol rinsed brown glass bottles (Termometerfabriken, Gothenburg,
Sweden). A piece of aluminium foil was placed on top of the bottles
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which were then sealed. All sampling devices were prepared and sent
from Lund University, Sweden to Greenland, Poland and Ukraine.

The detailed procedure, including temperature regime and further
sample handling are described elsewhere (Jönsson et al., 2005).

2.4. PFOS and PFOA analyses

This was performed by LC/MS/MS at the Division of Occupational
and Environmental Medicine, Department of Laboratory Medicine,
Lund University, Sweden. To 100 μL of test serum, the following were
added; 10 μL glucuronidase, 10 μL ammonium acetate buffer, 10 μL
methylumbelliferyl-β-D-glucuronide and 25 μL of water:acetonitrile
(50:50) solution containing 13C- or 18O-labelled internal standards for
all evaluated compounds. The mixture was then kept at 37 °C and
90 min for the reaction to occur after which proteins were precipitated
by adding 175 μL acetonitrile followed by vigorous shaking for 30 min.
The sampleswere thereafter centrifuged at 4200 g and 3 μL of the super-
natant was injected onto a LC/MS/MS (UFLCXR, SHIMADZU Corporation,
Kyoto, Japan), using hybrid quadrupole linear ion trapmass spectrome-
try equipped with a TurboIon-Spray source (QTRAP 5500, Applied
Biosystems). Measurement quality was assured by analysing sample
blanks and in-house quality control samples, prepared from a large vol-
ume of serum spiked with small amounts of PFASs. The detailed analyt-
ical procedure, including equipment, analytical parameters and quality
assurance has been described by Lindh et al. (2012).

2.5. Critical PFOS and PFOA levels used as PoDs

Although there are numerous toxicological data on PFOS and PFOA
animal exposures (Stahl et al., 2011), only few are linked to a toxicolog-
ical response with serum levels. Animal data allowing the determina-
tion of critical serum levels for PFOS were generated by Seacat et al.
(2002) following long-term dietary studies on cynomolgus monkeys.
In this study altered hormone and cholesterol levels were observed at
PFOS serum levels that were regarded as being critical according to sci-
entific opinion issued by the European Food Safety Authority (EFSA,
2008) who concluded that 0.03 mg (kg BW day)−1, corresponding to
13 μg mL−1, should be used as the NOAEL. We considered these studies
as most relevant because the above endpoints were generated from
chronic exposure of primates.

Butenhoff et al. (2002) observed increased liver weight in primates
following three months of oral exposure to PFOA, which was partly
due to hepatocellular hypertrophy. The authors however, made no sug-
gestions about any possible relationship between serum levels and this
outcome.

We therefore used animal data reported by Perkins et al. (2004) on
the hepatocellular hypertrophy and increased liver weight following
90 days dietary exposure in rats. This data were also used by EFSA to
propose a NOAEL = 0.06 mg (kg BW day)−1 which corresponded to a
critical serum level of 7.1 ± 1.15 μg mL−1 (EFSA, 2008) regarded as
the PoD in our study. EFSA addressed the fact that the lowest-
observable-adverse-effect-level (LOAEL) for changes in hepatocytes in
other rat studies was considerably lower in males, thus providing an
additional margin of safety (MoS) to risk evaluation. This data is
summarised in Table 1.
Table 1
Endpoints and PoDs used for this study.

Substance Exposure details Critical (reference)
serum level (PoD)

PFOS Cynomolgus monkeys 183 days, with diet 13 μg mL−1 (BMD10)

PFOA Rats 90 days, with diet 7.1 ± 1.15 μg mL−1 (NOAE
2.6. Hazard quotients (HQs)

Numerous biomonitoring studies have measured concentrations of
these chemicals in biological specimens like blood, urine, adipose tissue,
and breast milk. To assess the biological relevance of these findings, dif-
ferent approaches have been extensively discussed by Hays et al. (2008)
and Becker et al. (2012). Normally, for a biomonitoring-based risk as-
sessment, the actual exposures to chemicals are compared with the ex-
posure at the relevant PoD which, for the purpose of interpretation of
biomonitoring results, can be defined as an internal exposure-response
point that marks the threshold above which the incidence begins to in-
crease, thus allowing biomonitoring data to be placed within a public
health risk context (Hays et al., 2008). This approach also takes into ac-
count the fact that the internal exposure, expressed as serum concentra-
tions above PoD, as being of concern. Anothermethod considers that the
presence of the monitored chemicals in body fluids may be assumed as
the internal exposure to these compounds thus leads to the concept of
HQs and provides a window on internal doses arising from external
chemical exposures (Aylward et al., 2011). Since PoD derived NOAEL
or BMD are based on animal experiments, the generally accepted default
UF = 100 (i.e. 10× for inter-species interpolation and 10× for human
variability) are used according to the formula:

Hazardquotient HQð Þ ¼ Actual serum level� UF
Serum level at PoD

;

thus implying that HQs below 1 indicate an absence of risk for the par-
ticular endpoint considered, whereas HQs greater than 1 indicate expo-
sure that may be regarded as being of concern.

Safeð Þ 1 N HQ N 1 unsafeð Þ:

2.7. Statistics

The R 3.0.1 statistical software (R Core Team, 2013) was used for all
calculations and graphics. The differences betweenhazard quotient pro-
files for PFOS and PFOA were subjected to the non-parametric analysis
of variance by the Kruskal–Wallis test followed by Mann–Whitney
tests for localising the differences. Spearman rank correlation coeffi-
cients were calculated between PFOS and PFOA data and the paired
Wilcoxon test was used for analysing the differences between PFOS
and PFOA concentrations in male and female sera. For all analyses the
level of significance was set at 0.05.

3. Results

Summary statistics for serum PFOS and PFOA concentrations in
Greenland, Poland and Ukraine are presented in Table 2.

Fig. 1 presents density functions of HQ profiles for individual PFOS
and PFOA. These demonstrate the most probable HQ ranges for males
and females in population from Greenland, Poland and Ukraine.

Fig. 1 shows that 100% of HQs for PFOA were concentrated within a
low range, far from ever reaching the value of 1, which was best illus-
trated in the sera from Ukrainian donors, where the distribution curves
were very leptokurtic. This confirms that the internal exposure to PFOA
Endpoint Reference

Increased TSH (M), reduced T3 (M, F),
HDL (F)

Seacat et al. (2002); EFSA (2008)

L) Hepatocellular necrosis and increased
liver weight (M)

Perkins et al. (2004); EFSA (2008)



Table 2
Summary statistics for PFOS and PFOA serum levels (ng mL−1), by sex and country.

Sex PFAS Country N Mean SD Min Max Median QI QIII P95

Males PFOS Greenland 196 51.9 24.4 12.3 160.6 44.7 35.6 60.6 98.1
Poland 190 18.6 5.7 8.2 40.2 18.5 14.4 22.1 29.1
Ukraine 203 8.1 4.0 2.8 29.9 7.6 5.4 9.8 14.1
Total 589 26 23.8 2.8 160.6 18.4 9.1 35.6 72.8

PFOA Greenland 196 4.8 1.6 1.5 13.7 4.5 3.8 5.5 7.3
Poland 190 5.3 2.1 1.5 16.0 4.8 3.7 6.3 9.0
Ukraine 203 1.8 2.8 0.2 35.0 1.3 1.0 1.8 3.7
Total 589 3.9 2.7 0.2 35.0 3.8 1.7 5.3 8.3

Females PFOS Greenland 572 22.9 12.1 4.1 87.3 20.2 15.5 26.0 49.5
Poland 259 8.4 2.9 1.6 21.3 8.0 6.5 10.2 13.4
Ukraine 606 5.3 2.3 0.7 18.1 5.0 3.7 6.4 9.4
Total 1437 12.9 11.4 0.7 87.3 8.5 5.3 17.5 31.7

PFOA Greenland 572 2.0 0.8 0.5 5.1 1.8 1.3 2.5 3.6
Poland 259 2.8 1.3 0.5 9.8 2.7 1.9 3.5 4.9
Ukraine 606 1.1 0.7 0.2 9.8 0.9 0.7 1.3 2.1
Total 1437 1.8 1.1 0.2 9.8 1.5 1.0 2.3 3.8

QI — first quartile, QIII— third quartile, P95 — 95 percentile point.
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should not be recognised as being of concern in the populations under
study. The HQ profiles for PFOS had similar shapes, however they
were more right-skewed, even exceeding the value of 1 in the sera of
three Inuit males. As expected, the shape of the distribution curve dem-
onstrates that a considerable part of Inuit males have been exposed to
PFOS to a greater extent than the other studied populations.

Significant differenceswere also foundbetweenHQprofiles for PFOS
and PFOA in the donors from Greenland, Poland and Ukraine according
to the Kruskal–Wallis test and subsequent Mann–Whitney testing
(p b 0.0001), thus indicating that exposure patterns in these three
countries may be different. The pairedWilcoxon test also demonstrated
significant differences (p b 0.001) in mean serum PFOS and PFOA con-
centrations between male and female donors, regardless of the country
of origin.
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Fig. 1. HQ density function
In order to assess possible relationships between individual concen-
trations of PFOS and PFOA, Spearman rank correlation coefficients were
determined, where Table 3 shows a positive correlation between serum
levels of both compounds in all of the tested populations.

Fig. 2 graphically presents individual results in the form of
scatterplots of HQs for PFOS and PFOA, by sex and country.

4. Discussion

The present study has attempted to show that biomonitoring risk
profiles can be determined on test populations from Greenland,
Poland and Ukraine in terms of HQs for PFOS and PFOA. A similar ap-
proach was undertaken by Borg et al. (2013) who used individual HQs
for hepatotoxicity and reproductive effects for 17 perfluoroalkylated
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Table 3
Spearman rank correlation coefficients between PFOS and PFOA in males and females, by
country.

Rho⁎

Males Greenland 0.415
Poland 0.343
Ukraine 0.561

Females Greenland 0.495
Poland 0.550
Ukraine 0.509

⁎ p b 0.001.
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and polyfluoroalkylated substances in order to derive the relevant haz-
ard indexes (HI) in a Swedish population. Borg et al. (2013) proposed
the same PoD for hepatotoxicity following exposure to PFOA
(7.1 μgmL−1) aswas used in the present study. For PFOS hepatotoxicity
the former study proposed a PoD = 4.04 μg mL−1, however it was not
clearly stated which animal study was used as reference. For PFOS we
used a PoD = 13 μg mL−1 which we considered this as being advanta-
geous since it was derived from a primates' study. It is however clear
that any hazard assessments based on HQs depend on PoDs derived
from animal studies for different endpoints, thereby leading to consid-
erable variation. For example Borg et al. (2013) presented HQs N1 for
PFOS immunotoxicity and PFOA mammary gland development equal
to 229 and 18, respectively.

Our study has demonstrated that the HQ profile shapes for PFOS and
PFOA prove that internal exposure to these compounds is at least one
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Fig. 2. Scatterplots of HQs for PFOS and PFOA, by sex and cou
order of magnitude below the levels that may be of concern in most
of the studied populations. Serum concentrations in present studies
are similar to those presented and discussed in Greek donors by
Vassiliadou et al. (2010), who found that the highest PFOS blood con-
centration was 30.36 ng mL−1, similar to our findings in Ukraine
(29.9 ng mL−1), slightly lower than in Poland (40.2 ng mL−1) and
much lower than in Greenland (160.6 ng mL−1). However, even the
highest level found in our study was 13.6 times lower than the mean
serum level reported by Olsen et al. (1999) in occupationally exposed
workers. It should also be noted that the decreasing time trends of
PFOS and PFOA serum concentrations between 1987 and 2007 have
been observed in Swedish women (Axmon et al., 2014).

The present study has shown that the mean PFOS and PFOA serum
concentrations were higher in males than in females in all test popula-
tions. Significantly higher serum concentrations were also observed in
male donors compared to female donors in Greece (Vassiliadou et al.,
2010) and Germany (Midasch et al., 2006). In a multicentre collabora-
tive study (Kannan et al., 2004) markedly higher concentrations in Pol-
ish male donors were reported, although in other studied populations
there were practically no gender related differences or they were less
pronounced. The question of whether exposure to perfluoroalkylated
acids presents a risk to human health was comprehensively discussed
by Rosen et al. (2009) and still remains open regardless of earlier find-
ings by Olsen et al. (1999), who reported no substantial changes in
serum hepatic enzymes, cholesterol or lipoproteins associated with
high PFOS serum levels (up to 6000ngmL−1) in occupationally exposed
workers. It is therefore obvious, that since the toxic response is a
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function of toxicity and exposure, both factors play a role in the risk as-
sessment and evenmoderately toxic substances may be dangerous, de-
pending on varying circumstances.

It is generally assumed that the default uncertainty factors in worst-
case scenarios provide wide safety margins and thus offer adequate pro-
tection from toxic effects. However, since safety margins usually derive
from toxicological studies based on the exposure of experimental ani-
mals to a single substance, the question arises whether they provide
the required protection when exposed to a cocktail of numerous chemi-
cal pollutants, which is usually the case for environmental exposure
(Martin et al., 2013). Moreover, some of these substances may exert
the samebiological response regardlesswhether themechanismsunder-
lying the response are alike or different. Several studies have reviewed
aspects of the cumulative risk as defined by the probability of any harm-
ful effect occurring through a common toxic effect associated with con-
current exposure by all routes of exposure to a group of chemicals that
share a common mechanism of toxicity (Kostka et al., 2011; Reffstrup
et al., 2010; Stephenson et al., 2006) and Sexton (2012) who added a
new, socioeconomic dimension to the overall discussion on this issue.
It is obvious that the studied populations were environmentally exposed
to other chemicals whichmay participate in any cumulative toxicity due
to similar modes of action. Such an assumption leads to the conclusion
that a hazard/risk assessment based on exposure to a single compound
may not address the ‘overall’ risk of the toxic response because of an in-
herent combined exposure to other substances which may contribute to
the cumulative toxicity due to similar modes of action.

In contrast, the currently used default uncertainty factors of 100 as
applied for deriving toxicological reference values from NOAEL are
often regarded as being too conservative and unjustified (Hattis et al.,
1987; Renwick, 1991), thus leading to an overestimation of risk.

5. Conclusions

All individual HQs for the Inuit, Polish and Ukrainian donors were
below 1 except for the three HQs in male donors from Greenland, thus
indicating no concern due to PFOS and PFOA exposure. Our results
allow the presumption that despite applying rather conservative uncer-
tainty factors, the HQ profiles for PFOS in the Greenland male popula-
tion show that individual exposures in some cases may be a cause for
concern, indicating the need for more in-depth analysis in order to
find out possible sources of exposure and thus to propose preventive
measures.

The present study thus demonstrates the general usefulness of HQ
concept as an effective means to interpret in biomonitoring results
within the public health. There is also a need for more toxicological
data on other PFAS congeners besides PFOS and PFOA to provide an im-
proved background for any cumulative risk assessment of PFASs.
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