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Abstract

Geographical differences in the occurrence of diseases in male reproductive organs, including malformation in reproductive tract,

between Denmark and Finland have been reported. The reason for these differences is unknown, but differences in exposure to chemicals

with endocrine-disrupting abilities have been suggested. Among these chemicals are perfluoro-alkylated substances (PFASs), a group of

water- and grease-repellent chemicals used in outdoor clothes, cookware, food packaging, and textiles. In this study, we, therefore,

investigated differences in PFAS exposure levels between Denmark and Finland and the association between cord blood PFAS levels and

congenital cryptorchidism. Boys from a joint ongoing prospective birth cohort study were included. We analyzed PFAS levels in cord

blood serum samples collected from 29 Danish boys with congenital cryptorchidism, 30 healthy Danish matched controls recruited from

1997 to 2001, 30 Finnish cases, and 78 Finnish healthy matched controls recruited from 1997 to 1999. Additionally, 48 Finnish cases

recruited from 2000 to 2002 were included. Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) were detected in all

the 215 Danish and Finnish cord blood samples with significantly higher levels being observed in the Danish samples (medians: PFOA,

2.6 ng/ml and PFOS, 9.1 ng/ml) than in the Finnish samples (medians: PFOA, 2.1 ng/ml and PFOS, 5.2 ng/ml). We found no associations

between cord blood PFOA and PFOS levels and congenital cryptorchidism after adjustment for confounders. Our data indicate that

women in Denmark and Finland are generally exposed to PFOA and PFOS but there are differences in exposure levels between countries.

We found no statistically significant association between cord blood PFOA and PFOS levels and congenital cryptorchidism;

however, our study was small and larger studies are warranted.
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Introduction

Perfluoro-alkylated substances (PFASs) are a group of
water- and grease-repellent chemicals, which makes
them suitable for use in a wide range of applications,
e.g. in outdoor clothes, cookware, food packaging,
furniture treatment, textiles, and carpets (Jensen & Leffers
2008). PFASs are widely used, have a long elimination
half-life, and bioaccumulate. Both perfluorooctanoic
acid (PFOA) and perfluorooctanesulfonic acid (PFOS)
can generally be detected in human serum in Western
countries (Lindstrom et al. 2011). Moreover, PFASs cross
placenta and are found in newborns and cord blood
(Lindstrom et al. 2011). PFOA exposure reduces
testosterone levels in rats, and both PFOA and PFOS
affect Leydig cell function through different modes of
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action in rats and humans (Ye et al. 2011). Information
on the developmental effects of PFOS and PFOA
exposure in humans has been inconsistent (Olsen et al.
2009). PFOA has been reported to be associated with
low birth weight, although the results are conflicting
(Fei et al. 2007, Stein et al. 2009, Washino et al. 2009).
High PFOS exposure in adult men has been shown to be
associated with low testosterone levels (Joensen et al.
2013). To our knowledge, no studies have investigated
the association between PFAS exposure in mothers and
cryptorchidism (undescended testis) in the offspring.

We conducted a nested case–control study within a
Danish and a Finnish birth cohort study to investigate
possible differences in exposure levels across countries
and to associate PFAS levels in cord blood with
congenital cryptorchidism at birth among 107 cases
and 108 controls.
Subjects and methods

Cohorts

Cases and controls were sampled from an ongoing joint
prospective birth cohort study conducted at the University
Hospital of Copenhagen (Rigshospitalet and Hvidovre
Hospital), Denmark, and Turku University Hospital, Finland.
Pregnant women were recruited from 1997 to 2001 in
Denmark and from 1997 to 1999 in Finland, and their children
were examined at birth and 3 months of age using standardized
procedures. In Finland, additional cases with cryptorchidism
were recruited at birth from the total hospital cohort during
1997–2002. In the Finnish study carried out from 2000 to 2002,
only boys with cryptorchidism and two controls (matched by
date of birth, gestational age, parity, maternal diabetes, and
smoking status) and additionally every tenth healthy boy of the
prospective cohort (random healthy controls) were followed
until the age of 18 months due to financial restrictions. The
prospective cohort (antenatal recruitment, inclusion criteria,
and clinical examinations) has been described in detail
previously (Boisen et al. 2004). Study design, questionnaires,
and clinical examinations were strictly standardized and
controlled in repetitive workshops. We have previously
reported that the prevalence of congenital cryptorchidism is
higher in Denmark than in Finland, primarily due to there being
more cases of transient cryptorchidism and mild forms of
cryptorchidism (Boisen et al. 2004).

A total of 29 singleton Danish boys with congenital
cryptorchidism and available cord blood samples were
included and frequency matched by year of birth to 30 healthy
singleton controls with available cord blood samples and
follow-up data. A total of 30 Finnish singleton cases and 78
Finnish frequency-matched healthy singleton controls
recruited from 1997 to 1999 were included. Additionally, 48
Finnish singleton cases recruited from 2000 to 2002 with
available cord blood samples were included.

Testicular position was determined at birth using the
examination technique and definition of cryptorchidism
developed by Scorer (1964). Testicular position was divided
into six categories (non-palpable, inguinal, suprascrotal, high
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scrotal, normal-retractile, and normal-scrotal); for this study,
we used a dichotomized variable: cryptorchidism (yes or no),
including high-scrotal testes in the category ‘yes’. Gestational
age was determined using information from routine ultra-
sonographies when available; otherwise, the last menstrual
period was used to calculate gestational age. The variable was
divided into three categories: premature (!37 weeks), mature
(37–42 weeks), and postmature (O42 weeks). Birth weight was
obtained from birth records and divided into three categories
for the analyses (!2500, 2500–4500, and O4500 g).
Information pertaining to parity was obtained through a
questionnaire answered prenatally by the mother or from the
hospital records (postnatally recruited cases), and it was
dichotomized for this study (1 vs R2).
Analyses of PFOA and PFOS and their metabolites

Umbilical cord blood samples were centrifuged and serum was
separated and stored at K20 8C until analysis. The PFAS
analysis was carried out at Environmental Medicine, University
of Southern Denmark, Denmark, using on-line solid-phase
extraction followed by liquid chromatography and triple
quadropole mass spectrometry (LC–MS/MS) using a previously
described method (Haug et al. 2009, Vestergaard et al. 2012).
The following PFASs were quantified: PFOS, PFOA, perfluoro-
hexane sulfonic acid (PFHxS), perfluorononanoic acid (PFNA),
perfluorodecanoic acid (PFDA), N-methyl-perfluorooctanoic
sulfonamidoacetate (MeFOSAA), N-ethyl-perfluorooctane-
sulfonamidoacetate (EtFOSAA), and perfluorooctane sulfona-
mide (FOSA). The limit of quantification (LOQ) was 0.03 ng/ml
for all the reported compounds. Values below the limit were
replaced with half of the LOQ (i.e. 0.015 ng/ml), as has been
suggested previously by the guidelines of United States
Environmental Protection Agency (2000).
Statistical analyses

Cord blood PFAS levels in Danish and Finnish samples
collected from boys with and without cryptorchidism were
compared using the Mann–Whitney U non-parametric test.
PFOA and PFOS levels were transformed using the natural
logarithm to obtain a normal distribution. In addition, PFOA,
PFOS, and PFNA levels were divided into tertiles. Differences
in the distribution of potential confounders across tertiles of
PFOA and PFOS exposure levels were studied. T-test or
ANOVA was used to test for differences in maternal age, BMI,
and birth weight, and c2 test was used to test for differences in
parity, country, year of birth, and smoking status between
tertiles of exposure groups. As parity was a highly significant
determinant of PFAS levels, analyses were also carried out for
primiparas. Finally, multiple logistic regression analysis was
used to calculate adjusted odds ratios (ORs) for cryptorchidism
for both continuous and tertile exposure levels of PFAS
controlling for birth weight, gestational age, and parity in
Danish and Finnish boys separately. The tertiles of PFAS
exposure levels were introduced as a categorical variable to
test trends in exposure. As only a minor proportion of pregnant
women had measurable levels of some PFASs in cord blood,
multiple logistic regression models were conducted for only
www.reproduction-online.org
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PFOA and PFOS exposure. Logistic regression models were
checked with Pearson’s goodness-of-fit test. The results are
presented with 95% CIs, and analyses were performed using
STATA, version IC11 (Statacorp, TX, USA).
Results

PFOA and PFOS were detected in the cord blood of
all cases and controls in both Finland and Denmark
(Table 1). PFOA and PFOS levels declined with
increasing year of birth in both Danish and Finnish
cord blood samples and were statistically significantly
higher in the Danish cord blood samples than in the
Finnish cord blood samples (Table 1), if analyses were
restricted to cord blood samples collected before 2000.
Among the Finnish, but not the Danish boys, the levels
of some PFASs differed significantly between cases and
controls. However, for PFOA and PFOS, which were
present in highest concentrations, no significant
difference in levels between cases and controls was
observed (Table 1).

Maternal parity, BMI, and smoking habits did not differ
between cases and controls (data not shown). Birth
weight, maternal BMI, age, and smoking status did not
differ between tertiles of PFOA and PFOS exposure
groups (Table 2), but more women with first pregnancies
were in the third tertile of PFOA and PFOS exposure. In
addition, PFOS levels were lower in the Finnish samples
collected after 2000.

Table 3 summarizes crude and adjusted ORs for PFOA
and PFOS exposure among boys with cryptorchidism
compared with those among the controls. No significant
differences were found when PFOS and PFOA exposure
levels were analyzed as continuous variables. However,
when PFOS and PFOA exposure levels were analyzed as
tertiles, Finnish boys with cryptorchidism were signi-
ficantly less likely to be in the highest tertile of PFOA
exposure, as a significant trend of decreasing OR with
increasing tertiles of PFOA exposure was observed
Table 1 Median (M) PFAS levels (ng/ml) and 5–95 percentiles (5–95) and p
among cases (cryptorchidism) and controls in Denmark and Finland respec

Denmark

PFAS (ng/ml)
Percentage
(OLOD)

All (nZ59) Controls (nZ30) Cases

M 5–95 M 5–95 M

PFOA 100 2.6a 1.4–4.4 2.70 1.4–4.0 2.4
PFOS 100 9.1a 4.8–16.4 10.2 4.7–14.0 8.9
PFHxS 39 0.01 0.01–0.44 0.02 0.02–0.2 0.02
PFNA 84 0.06a 0.01–0.23 0.06 0.02–0.18 0.07
PFDA 20 0.01 0.01–0.07 0.02 0.02–0.04 0.02
NMeFOSAA 44 0.01a 0.01–0.01 0.01 0.01–0.01 0.01
NEtFOSAA 83 0.5a 0.01–1.38 0.5 0.01–1.6 0.5
FOSA 13 0.01a 0.01–0.3 0.01 0.01–0.3 0.01

aStatistically significant differences between the countries with the Mann–W
controls with the Mann–Whitney U test.
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(Table 3). When the analyses were restricted to
primiparous women, no differences in PFOA and PFOS
exposure levels among cases and controls were found
(data not shown). More Finnish cases were recruited
from 2000 to 2002 during which PFOA and PFOS levels
declined, and we therefore repeated the analyses among
the 107 Finnish cases and controls recruited from 1997
to 1999. Adjusted OR for cryptorchidism still decreased
with increasing tertiles of PFOA exposure, although no
longer significant.
Discussion

We detected PFOA and PFOS in all the 215 Danish and
Finnish cord blood samples with generally higher levels
in the Danish samples suggesting widespread exposure
to these chemicals, albeit with differences in exposure
levels between countries. To our knowledge, no studies
have previously measured PFAS exposure levels in the
Finnish population, either in maternal blood or in cord
blood. Our findings of lower levels in the Finnish than in
the Danish cord blood samples are in accordance with a
previous study reporting higher levels of other potential
endocrine-disrupting chemicals (organochlorine pesti-
cides, polychlorinated biphenyls, and dioxins) in breast
milk of mothers in Denmark than in that of mothers in
Finland (Shen et al. 2008), although levels of organotin
compounds tended to be higher in Finland than in
Denmark (Rantakokko et al. 2013). It has been suggested
that differences in exposure to chemicals with endo-
crine-disrupting abilities may contribute to the geo-
graphical differences in male reproductive disorders
between Denmark and Finland (Skakkebaek et al. 2001,
Krysiak-Baltyn et al. 2010). Over the last 50 years, the
prevalence of congenital cryptorchidism has increased
in some countries, e.g. in Denmark from !2% in
1950s to 8.2% in 2000–2002, while the prevalence in
Finland in 1997–1999 was 2.4% (Boisen et al. 2004).
Cryptorchidism, hypospadias, testis cancer, and poor
ercent above detection levels (LOD) in all the 215 cord blood samples
tively.

Finland

(nZ29) All (nZ156) Controls (nZ78) Cases (nZ78)

5–95 M 5–95 M 5–95 M 5–95

1.4–4.4 2.1a 1.1–4.1 2.3 1.2–4.8 1.9 1.0–3.9
5.1–17.5 5.2a 2.2–10.5 5.5 2.5–11.1 4.8 2.2–9.6
0.02–0.79 0.01 0.01–0.3 0.02b 0.02–0.34 0.05b 0.02–0.4
0.02–0.23 0.01a 0.01–0.4 0.09 0.02–0.37 0.12 0.02–0.5
0.02–0.07 0.01 0.01–0.06 0.02b 0.02–0.04 0.02b 0.02–0.06
0.01–0.08 0.2a 0.01–1.3 0.2 0.01–1.5 0.2 0.01–1.3
0.07–1.3 0.3a 0.01–1.2 0.3b 0.01–1.2 0.2b 0.01–1.2
0.01–0.3 0.01a 0.01–0.2 0.01b 0.01–0.2 0.01b 0.01–0.1

hitney U test. bStatistically significant differences between the cases and
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Table 2 Distribution of different variables (mean or percent) according to PFOA and PFOS concentrations in tertiles. Differences were tested using the
c2 or ANOVA tests.

Variable n
Percentage

(%)

PFOA (ng/ml) PFOS (ng/ml)

1st
(0.65–1.80)

2nd
(1.81–2.63)

3rd
(2.65–5.32)

1st
(1.99–4.84)

2nd
(4.84–6.82)

3rd
(6.90–23.17)

nZ70 nZ73 nZ72 nZ71 nZ72 nZ72

Birth weight (g)
!2500 9 4.2 5.8 2.8 4.2 4.4 4.2 4.2
2500–4500 196 92.0 89.9 93.1 93.1 92.8 90.3 93.1
O4500 8 3.8 4.4 4.2 2.8 2.9 5.6 2.8

Parity
1st child 124 58.5 32.8 58.9 81.9* 39.7 58.3 76.4*

Gestational age (weeks)
!37 13 6.3 9.0 5.7 4.3 7.5 5.6 5.9
37–42 189 91.3 91.0 92.9 90.0 92.5 91.7 89.7
O42 5 2.4 0.0 1.4 5.7 0.0 2.8 4.4

Country
Denmark 59 27.4 24.3 20.6 37.5 4.2 20.8 56.9*
Finland 156 72.6 75.7 79.5 62.5 95.8 79.2 43.1

Maternal BMI
Mean 123 57.0 22.3 23.6 22.9 23.5 22.9 22.9
Missing 92 43.0

Maternal age
Mean 214 100 30.0 30.2 29.5 29.5 30.1 30.0

Smoking status 43 20.0 18.8 21.9 19.4 21.4 20.8 18.6
Birth year
1997–1999 134 62.6 56.5 69.9 61.1 60.0 75.0 52.8*
2000–2002 80 37.4 43.5 30.1 38.9 40.0 25.0 47.2

*P!0.05.
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semen quality have been described as different
manifestations of a syndrome with a common underlying
embryonal etiology ‘the testicular dysgenesis syndrome
(TDS)’ (Skakkebaek et al. 2001). In accordance with
the TDS hypothesis, the incidences of testicular cancer,
poor semen quality, and hypospadias have also been
reported to be higher in Denmark than in Finland
(Skakkebaek et al. 2006).

We did not find any statistical associations between
prenatal PFOA and PFOS exposure and congenital
cryptorchidism (using cord blood levels as biomarker);
however, this may be due to lack of power due to limited
sample size. However, it was not possible to include
more cases, as data were collected prospectively and
cord blood samples were collected before information
on cryptorchidism at the age of 3 months was obtained.
Controls were matched by date of birth, gestational age,
parity, maternal diabetes, and smoking status and also
had to have cord blood samples stored, which made
it impossible to identify more controls. Our findings
suggest that differences in PFAS exposure do not
contribute to the difference in prevalence of TDS-related
conditions between Denmark and Finland, even though
Danish women seem to be more exposed. On the
contrary, when only the Finnish samples were analyzed,
the data suggested a negative association between PFOA
exposure and congenital cryptorchidism risk.

The advantages of the nested case–control design
compared with those of a classic case–control study are
that data are collected prospectively and questionnaire
Reproduction (2014) 147 411–417
information is obtained before the outcome. Moreover,
the PFAS exposure levels of the participants were
unknown both to the pregnant women and to the exa-
mining doctors. The participation rate of the cohort study
was 22–24%. Women from higher social classes were
over-represented in the study. In Finland, the incidence
of cryptorchidism in the prenatally recruited cohort was
the same as that for all children born in the study
hospital, suggesting that the recruitment did not cause
an over-representation of cases with cryptorchidism.
American women from higher social classes have been
reported to have higher levels of PFAS than those from
lower social classes (Nelson et al. 2006); however,
no differences in PFOA and PFOS exposure levels
according to social class were found in Denmark (Fei
et al. 2007). We adjusted for other potential confounders
including strong predictors for cryptorchidism (birth
weight and gestational age); however, we cannot
exclude residual confounding by other unknown or
unreported confounders.

PFOA and PFOS levels in cord blood have been found
to represent 30–79% of the levels in maternal serum, but
with a good correlation. Short-chained PFASs are found
in higher proportions in cord blood than long-chained
ones (Ehresman et al. 2007, Gutzkow et al. 2012). A few
studies have measured PFOA and PFOS levels in
serum samples collected from Danish pregnant and
pre-pregnant women (Fei et al. 2009, Vestergaard et al.
2012), but few studies have measured PFAS levels in cord
blood. Fei et al. (2007) measured PFOA and PFOS levels in
www.reproduction-online.org
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Table 3 Crude and adjusteda odds ratios (ORs) and 95% CIs for cryptorchidism according to PFOA and PFOS levels among boys in Denmark and
Finland. PFOA and PFOS levels were analyzed as continuous variables or in tertiles.

PFOA and PFOS
(ng/ml)

Crude OR Adjusted ORa

All (nZ215) Denmark (nZ59) Finland (nZ156) All (nZ205) Denmark (nZ55) Finland (nZ148)

PFOAb 0.50 (0.25–1.02) 0.65 (0.15–2.69) 0.45 (0.20–1.04) 0.51 (0.21–1.20) 1.14 (0.19–6.95) 0.35 (0.12–1.02)
PFOSb 0.69 (0.40–1.20) 0.96 (0.25–3.71) 0.54 (0.26–1.14) 0.83 (0.44–1.58) 1.30 (0.27–6.39) 0.55 (0.23–1.32)
PFOA 1st Reference Reference Reference Reference Reference Reference
PFOA 2nd 0.55 (0.28–1.07) 1.05 (0.26–4.32) 0.46 (0.21–0.98) 0.58 (0.28–1.22) 1.79 (0.35–9.30) 0.42 (0.17–1.02)
PFOA 3rd 0.45 (0.23–0.88) 0.41 (0.12–1.42) 0.48 (0.22–1.09) 0.46 (0.20–1.02) 0.78 (0.17–3.61) 0.35 (0.12–0.99)
P trend 0.02 0.13 0.07 0.06 0.83 0.04
PFOS 1st Reference Reference Reference Reference Reference Reference
PFOS 2nd 0.52 (0.27–1.02) 3.00 (0.22–40.93) 0.41 (0.20–0.84) 0.70 (0.34–1.46) 3.55 (0.20–62.49) 0.52 (0.23–1.16)
PFOS 3rd 0.73 (0.38–1.42) 1.73 (0.14–20.58) 0.85 (0.36–2.00) 0.83 (0.39–1.78) 2.34 (0.16–34.67) 0.75 (0.26–2.11)
P trend 0.36 0.76 0.34 0.64 0.97 0.38

aAdjusted for birth weight, gestational age, and parity. bTransformed using the natural logarithm.
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50 cord blood samples within The Danish National Birth
Cohort (DNBC) from 1996 to 2002 and found levels
comparable to the cord blood levels in the Danish samples
observed in our study. A Norwegian study carried out using
cord blood samples collected from 1997 to 1998 found
lower median PFOA and PFOS levels than those found in
our study, whereas the more recently introduced PFASs
PFHxS, PFDA, and PFNA were found in higher concen-
trations (Gutzkow et al. 2012).

Male reproductive organ programming window
occurs at gestational weeks 8–15 (Welsh et al. 2008),
and we measured PFAS levels in cord blood months later.
Monroy et al. (2008) measured PFAS levels in blood in
the second and third trimesters and in cord blood at
delivery and found lower levels in cord blood than
in maternal blood. We may, therefore, have under-
estimated PFAS exposure during the vulnerable
development period; however, this underestimation is
likely to be similar among cases and controls, thereby
underestimating a possible association. In addition, the
second phase of testicular descent into the scrotum
occurs late in pregnancy and is also androgen dependent
whereby late pregnancy exposure may be relevant (Bay
et al. 2011) and cord blood may help better estimate
what the fetus is exposed to than maternal blood.

PFASs have been shown to exhibit endocrine-disrupt-
ing abilities, but mechanisms are not well known (Jensen
& Leffers 2008). Animal studies have suggested that
PFASs adversely affect reproduction. PFOS exposure in
female rats affects estrous cyclicity (Austin et al. 2003).
In utero PFOS exposure in rats and mice has been shown
to cause reduced litter size, reduced body weight, and
delayed development, but there are no reports of
increase in malformations (Lau et al. 2007). In utero
PFOA exposure has been shown to be associated with
altered mammary gland development in mice (White
et al. 2007). PFOA exposure in adult rats has been found
to cause lower testosterone levels and increasing
estradiol levels. Both PFOA and PFOS affect Leydig
cell function through different modes of action in rats
www.reproduction-online.org
and humans (Ye et al. 2011). Other PFASs have
estrogenic effects in cell cultures (Jensen & Leffers
2008). However, the results from human studies have
been inconsistent (Olsen et al. 2009). The DNBC
included serum samples collected from 1400 pregnant
women and found an association between PFOA, but
not PFOS, exposure and low birth weight (Fei et al.
2007). A recent American study in a population exposed
to PFOA-contaminated drinking water has found no
association with pregnancy outcome (preterm birth,
gestational age, birth weight, and stillbirth; Savitz et al.
2012), similar to the findings reported by Monroy et al.
(2008). However, Savitz et al. estimated pregnancy
exposure levels by extrapolation from later samples
and Monroy et al. (2008) included only 101 women.
Stein et al. (2009) found that PFOA and PFOS
exposure levels were associated with a higher risk of
pre-eclampsia in pregnancy and birth defects (not
specified) in a community with high PFOA exposure.

PFOA and PFOS have been phased out and replaced
by the more recent PFASs (e.g. PFNA and PFDA) due to
the growing knowledge about their adverse health
effects. In a Swedish study, PFHxS exposure level in
women was found to increase 8.3% per year from 1996
to 2010, whereas PFDA and PFNA levels in the same
period increased 3.8 and 4.3% per year (Glynn et al.
2010). We found that PFOA and PFOS levels decreased
with increasing year of birth. More Finnish cases than
controls were recruited in later birth years, which could
explain why Finnish cases were lower exposed than
controls. The analyses were, therefore, repeated among
Finnish cases and controls recruited from 1997 to 1999
and differences in exposure levels between cases and
controls were attenuated.

In conclusion, we found measurable levels of PFOA
and PFOS in all the cord blood samples and higher levels
of all PFASs in the Danish cord blood samples than in the
Finnish cord blood samples. Cord blood PFOA, PFOS,
and PFNA levels were not significantly associated with
congenital cryptorchidism; however, we cannot exclude
Reproduction (2014) 147 411–417
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that the lack of statistical associations may be due to the
limited sample size. Future studies should, therefore,
include larger samples and also measure the levels of
more recent PFASs.
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