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INTRODUCTION
A considerable proportion of apparently healthy young couples
are experiencing problems achieving pregnancy. Approximately
15% of European couples have to wait more than one year after
the cessation of contraception until pregnancy is achieved [1] and
more than 6% of all children born in Denmark are conceived after
the use of assisted reproduction [2]. Whether or not the quality of
human semen is decreasing has been under debate [3;4], but it is
evident that a considerable proportion of young men have suboptimal semen quality [5].
Several potential causes of suboptimal human semen quality have
been indicated, including lifestyle factors such as smoking, obesity, alcohol and stress [6], physical factors such as heat [7], biological factors such as sexually transmitted diseases [8] and
chemical factors including exposure to pesticides and industrial
chemicals [9]. Also, female reproductive function may be seriously affected by most of the abovementioned factors [10].
The possible effects on human reproduction after exposure to
environmental contaminants, within the range experienced by
the general population, have been addressed in some studies but
often with conflicting results [11-13].
However, there are considerable numbers of animal studies that
point towards adverse effects of environmental toxicants on male
and female reproductive health in both experimental and wildlife
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settings [14-17], although the exposure levels that caused reproductive toxicity in most of these studies were several times higher
than the human exposure level observed in the general population.
Of particular concern regarding the adverse effects on human
fertility is the exposure to compounds with endocrine-disrupting
capabilities, which are suspected to interfere with the development and functioning of sex hormone-regulated processes such
as sperm production and ovulation [18;19]. Due to interference
with hormone receptors or steroid producing or degrading enzymes, even low concentrations of these compounds could disturb endocrine-regulated processes.
Several environmental pollutants can be measured in human
biological samples from almost all people worldwide. Some of the
environmental pollutants detected at the highest concentrations
in human serum belong to the group of organochlorine pollutants. Among the organochlorine pollutants the polychlorinated
biphenyl (PCB) congener PCB-153 and the dichlorodiphenyltrichloroethane (DDT) degrading product dichlorodiphenyldichloroethylene (DDE) are generally the most commonly detected compounds in human serum samples [20]. The chemical structures of
PCB and DDE resemble steroid hormones (Table 1) and endocrine
properties have been demonstrated for these compounds
[21;22]. Studying the effects of selected organochlorine pollutants on human reproductive health may provide an insight into
whether or not exposure to a low level of environmental chemicals affects human reproductive health.
Table 1. Structural formula of the most potent natural oestrogen and
androgen compounds in humans and classes of selected endocrinedisrupting compounds
Name
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The production of PCBs and DDTs has been limited or completely
banned since the 1970s in most developed countries. The last PCB
production facility in Russia was shut down in 1993. Despite this,
organochlorine compounds, including PCBs, are still being released into the environment from previously produced material
or through combustion processes. Polychlorinated biphenyls have
been used in a number of industrial applications including hydraulic fluids and insulating fluid in electrical transformers and capacitors, and also in building construction as an additive to caulking,
grouts and paints.

Reference

CH3 OH

17βoestradiol

Persistent organic pollutants (POPs) are organic compounds that
are highly resistant to environmental degradation, with half-lives
in the environment and in living organisms in the range of several
years. Persistent organic pollutants bioaccumulate in fatty tissues
in organisms and become biomagnified through the food chain
from lower organisms to top predators, including humans. An
important class of POPs are organochlorines, which include a
number of anthropogenic compounds that were manufactured
on a large scale since the 1930s. Concentrations of the most
common PCB congeners and DDE and several other organochlorines such as chlordane, aldrin, dieldrin, hexachlorobenzene,
toxaphene and dioxins were found to be highly correlated with
serum samples from the general human population, and exposure
to the most common PCB-congener (CB-153) has therefore been
suggested as an indicator of the overall level of exposure to persistent organochlorines [26;27]. However, the congener profile of
PCBs and correlations with other organochlorine compounds can
differ considerably between populations due to differences in the
sources of exposure and the time since peak exposure [28], and
therefore different exposure profiles between countries may
induce heterogeneity in exposure-response associations based on
single contaminant measurements.

CCl3

In particular, their use in window and door-sealing materials in
buildings still confers a direct exposure route to humans, especially the low-level chlorinated more volatile PCB congeners [29].
However, dietary exposure is still the main route of exposure of
the majority of PCB congeners.
The average concentration of PCBs in human tissues has decreased since the ban on the use of these compounds in most
countries. During the past 10 years, this decrease has levelled off.
Compounds are still detected in blood and milk samples in the
vast majority of humans worldwide [30]. The level of DDE has also
decreased since the ban on the use of DDT in the 1970s in most
developed countries, but due to its low costs and high efficiency
as a pesticide against mosquitoes carrying malaria, DDT is still
produced and used, mainly in India and several African countries,
with an annual production of 4-5000 tonnes, and it was used until
the year 2000 in South America and until 2003 in China [31].

H
Cl

p,p’-DDE

0

Cl

-

[25]

Cl
Cl

a

Indicates whether or not the selected compounds showed endocrine activity when assessed in in vitro assays: + = agonistic
effect; - = antagonistic effect, 0 = no (anti)oestrogenic or
(anti)androgenic effects.

In addition to experimental studies on animals, two episodes of
accidental contamination of food with PCBs in Taiwan and Japan
provided evidence regarding the effects of high levels of human
exposure on reproduction. Also, observational studies have addressed the effects of more moderate exposure levels to POPs on
human reproductive health. These studies indicated that high
concentrations of persistent organochlorines can cause spontaneous abortions, delayed pregnancy and reduced birth weight
and that they can induce a skewed sex ratio and alter the age of
puberty onset [11;12;32]. Most of the effects were demonstrated
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at exposure levels above the present exposure level in European
populations. However, it is not clear whether the present day low
levels of POP exposure found in European populations can affect
human reproductive health or not. Several reviews pointed out
that additional research is needed to elucidate whether or not
low levels of persistent organochlorine pollutants affect human
reproductive health [12;13;32;33].
Methods of studying male fertility
Several methods have been developed in order to study male
fertility. Semen quality studies are frequently used as a marker of
male fertility. The probability of achieving pregnancy (fecundability) has been demonstrated to be highly dependent on concentrations of sperm of up to about 40 million/ml [34-36]. In 2010, the
World Health Organization (WHO) reference value for a “normal”
th
sperm concentration was set at 15 million/ml based on the 5
percentile of sperm concentrations among fertile men with a time
to pregnancy of less than one year [37]. The new guidelines have
been widely discussed. Skakkebaek [38] suggested multiple cutoff points, with the new WHO level (15 million/ml) indicating a
low sperm count and a level of less than 40 million/ml indicating a
suboptimal sperm concentration, whereas Joffe [39] pointed out
that it would be impossible to dichotomise sperm concentrations
into levels indicating whether or not people need medical treatment for infertility since the association between sperm concentration and male fecundability can best be described as linear (up
until a level of 40 million/ml).
In addition to sperm concentration, sperm morphology and
motility are part of the standard evaluation of semen quality, and
these measures have also been shown to be associated with
fecundability, independently of sperm concentration [34]. Other
attempts have been made to develop new measures of semen
quality, including the development of the sperm chromatine
structure assay, which identifies the proportion of single-stranded
to double-stranded DNA after mild acid denaturation as a measure of DNA integrity. This measure has also been demonstrated to
be associated with fecundability independent of sperm concentration [40].
Methods of studying female fertility
Time to pregnancy after the discontinuation of contraception has
often been used as a measure of female fertility in studies on the
effects of environmental or lifestyle exposures on female fertility.
However, it should be noted that time to pregnancy is a measure
of the couples fecundability and not the female partner alone
[41]. Attempts have been made to use other measures associated
with female fertility as markers of female fertility. These include
studies of menstrual cycle characteristics and the risk of spontaneous abortions [42]. Furthermore, in addition to previously used
hormonal markers such as follicle stimulating hormone (FSH),
oestradiol, progesterone and inhibin B, recent advances in predicting ovarian reserve have been obtained by measuring antimüllerian hormone (AMH), mainly among infertile women [43]. In
a recent study, the AMH was also indicated as a predictor of
fecundability among the general population [44].

been published in addition to the papers included in the present
thesis. We published an updated review on the epidemiological
evidence of impaired reproductive health and cancer related to
endocrine-disrupting chemicals in 2009 [45], including papers
published within the period from 2002-2007. The outcomes studied included cryptorchidism, hypospadia, semen quality, menstrual cycle, endometriosis, time to pregnancy, testis cancer and
prostate cancer. The published studies indicated slightly and not
statistically significant increased risk of cryptorchidism and hypospadias at higher DDE levels [46;47], whereas semen quality can
be affected in highly exposed populations and sperm cell motility
can be reduced at increasing PCB exposure levels (discussed in
detail in the semen quality section later). Studies on menstrual
cycles disturbances suggest that both PCB and DDE may affect
this outcome, although not entirely consistent between studies
(discussed in detail later). Associations between PCB exposure
and endometriosis have been observed, although only in relative
small studies [48;49]. Slightly increased waiting time to pregnancy
has also been associated to PCB or DDE exposure [50;51]. A few
smaller case-control studies indicates increased risk of testicular
and prostate cancer at high PCB exposure level [52;53]. In general, the associations between organochlorine exposure and
reproductive outcomes were weak, but the majority of the associations pointed towards adverse effects, although most of the
associations studied were not statistically significant.
After 2007, the majority of the published studies evaluated reproductive outcomes measured at birth such as birth anthropometrics and the presence of genital malformations in relation to in
utero organochlorine exposure. Table 2 presents an overview of
the reproductive outcomes in recent studies after in utero exposure to persistent organochlorines, published from 2007-2010.
The results of most of the recent studies pointed towards negative effects of PCB exposure on birth weight [54-61], whereas the
associations between exposure to other POPs (DDT, DDE, HCB,
PCDD, PCDF) and birth weight were less consistent [56;58-62].
Other birth outcomes studied include genital malformations, and
recent studies on these outcomes confirmed previous findings of
weak associations at most between the POP exposure studied
(PCB, DDT, lindane, mirex , HCE, beta-HCCH) and cryptorchidism
and hypospadia [63-65]. A few studies addressed other issues
such as foetal loss [60;66;67] and sex ratio [68;69]. No conclusive
evidence of adverse effects of the POPs studied were found on
these outcomes.
The majority of the studies have been performed on European or
North American birth cohorts. Results from European birth cohorts on data regarding the association between PCB or DDE
exposure and birth weight/gestational age were summarized in a
recent meta-analysis confirming a negative effect of PCB on birth
weight across populations [70].

Update on the epidemiological evidence regarding the effects of
persistent organochlorines on human reproduction
A thorough review on the epidemiological evidence up to 2004
regarding the effects of persistent organochlorines on human
reproduction was presented in [13] as part of the dissertation
(discussed in detail later). Since 2004, a number of studies have
DANISH MEDICAL JOURNAL

3

Table 2. Studies on birth outcomes after in utero exposure to persistent
organochlorine pollutants published from 2007-2010.
Reference
Design
N
Exposure & timing
Country
(Study Acronym)
[64] Spain.
Nested case 50 cases 114 DDT, lindane, mirex in
(INMA)
control
controls
placenta samples
[54] Denmark
(DNBC)
[63]
France
[55]
Slovakia (PCBcohort)
[71]
Germany,
(Duisburg)
[62] Norway,
(HUMIS)
[67] Greenland,
Poland, Ukrarine.
(INUENDO)
[57] USA

Cohort

100

Case control
Cohort

151
125
1057

Cohort

104

[65] USA

[58] USA

Nested case 219 cases
control
564 controls
Cohort
529 women;
1344 pregnancies
cohort
404

[59] USA

cohort

722

[68] USA

Cohort

399

[72] USA

[73] Japan
(Yusho)
[74] USA

[60] Japan

Outcome

Summary of the results

Cryptorchidism or hypospadias

Increased odds of urogenital malformations at higher exposure

PCB measured in serum
from pregnant women
PCB, DDE in cord blood
PCB, DDE in colostrum
PCB in maternal serum

Birth weight:
Placenta weight
Cryptorchidism

Reduced birth weight and placenta
weight
Higher DDE and PCB in colostrum of
mothers of cryptorchid boys
Only association among Romani
boys

PCDD, PCB in maternal
blood

Testosterone and oestra- Reduced foetal oestradiol and
diol in cord blood
testosterone at higher PCDD; not
PCB
Birth weight
Moderate associations between
HCB foetal growth among smokers
Foetal loss
Increased odds of foetal loss at high
PCB and DDE

Birth weight

Case based 326

HCB in breast milk

Cohort

678

PCB, DDE in maternal
serum

Cohort

899

PCB, PBB in maternal
serum
HCE, HCB, beta-HCCH in
maternal serum
PCB, PBB in maternal
serum

Birth weight, gestational No significant associations
age
Cryptorchidism
No significant associations
Spontaneous abortions

No association

DDE, PCB in maternal
plasma

Birth weight, head circumference, birth length,
Ponderal index, gestational age
Birth weight, crown-heel
length and head circumference
Sex ratio

DDE associated with lower birth
weight and head circumference

PCB, DDE, HCB in cord
serum

PCB (11 congeners) in
maternal serum
Cohort
512 pregnan- PCB, PCDF in maternal
cies
serum
Accidental exposure
Nested case 230 crypto- PCB measured in serum
control
chidism
from pregnant women
201 hypospadias
593 control
Population 514
PCDD, PCDF and PCBs in
based
maternal blood

[69] USA

Cohort

865

[61] Singapore

Population
based

41

Pregnancy loss, preterm
delivery.
cryptorchidism
hypospadia

Birth weight

PCB, PBB before giving
Sex ratio
birth
Organochlorine pesticides, Foetal growth; Apgar
PCB, PBDE in cord blood
score.

Small negative association between
PCB and birth weight
Decreased males at high PCB
Preterm delivery higher after
exposure. Pregnancy loss tended to
increase.
Risk of hypospadia slightly increased at higher PCB – no effect
on cryptorchidism

PCDD and PCDF TEQ associated
with reduced birth weight (boys
only)
Suggestions of increased males; no
significant associations.
Chlordane and PCB negatively
associated with foetal growth
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Main purposes of the thesis
The main purpose of the series of studies included in the present
dissertation was to evaluate whether or not the present level of
PCB and DDE exposure affects human reproductive functioning. In
addition to a review of existing studies, this was evaluated in a
series of empirical studies based on the INUENDO study cohort
(see details later in the methods section).
The following main specific research questions were addressed
through a series of empirical studies [67;75-80]:
1) Can semen quality be assessed accurately across populations?
2) Does human fertility vary between and within selected European countries showing large contrasts in exposure levels to PCB
and DDE?
3) Does exposure to PCB and DDE and markers of xenobiotic
activity interfere with semen quantity and quality after exposure
in adulthood?
4) Does exposure to PCB and DDE affect female reproductive
functioning measured as menstrual cycle irregularities and risk of
spontaneous abortions?

METHODS
Study design and recruitment to the INUENDO study
The INUENDO study was a multi-centre study of male and female
fertility in relation to biopersistent organic pollutants supported
th
by the European Union 5 framework programme (contract no.
QLK4-CT-2001-00202), www.inuendo.dk. This study was designed
as a pregnancy-based cross-sectional study on male and female
fertility, with the secondary aim of establishing a cohort available
for future follow-up studies.
Pregnant couples were recruited for the study from Greenland,
Ukraine and Poland, whereas only a period of attempting to get
pregnant was required for the inclusion of Swedish fishermen’s
wives. The females filled in a standardized questionnaire on lifestyle and reproductive health and had a blood sample drawn.
Male partners of the pregnant couples were included, if possible,
and filled in a questionnaire and had a blood sample drawn. The
Swedish fishermen were recruited independently of the included
cohort of fishermen’s wives. In all four populations a sub-sample
of men delivered a semen sample. In total, 2269 females were
recruited for the study and were interviewed about reproduction
and lifestyle factors, whereas 798 men participated in a semen
study. The participation rates varied somewhat between populations. Among the women, the largest participation rate of 90%
was achieved in Greenland whereas only 26% in Ukraine agreed
to participate. The participation rate in the semen study varied
from 79% in Greenland to 7% in Sweden (Table 3).
The serum samples were analysed for the presence of CB-153 and
p,p’-DDE [81]: CB-153 was detected in 96.4% of the samples
whereas p,p’-DDE was detected in 99.7%. Serum samples that
contained amounts of these organochlorines that were lower
than the detection limit was assigned a value of half the detection
limit before inclusion in the epidemiological analyses. Furthermore, serum triglyceride and cholesterol levels were determined
and the values were adjusted for lipids based on the formulae:
Men: Total = 0.96 + 1.28 x (triglycerides + cholesterol); Women:
Total = 1.13 + 1.31x (triglycerides + cholesterol) [82], and the
lipid-adjusted values were used in all of the epidemiological
analyses.

Table 3 Number of people approached for the INUENDO study and
participation in different aspects of the study

Eligible female target population, n
TTP interviews, n
Participation rate %
Female blood samples, n
Participation rate %
Male interviews, n
Male blood samples, n
Eligible men approached for the
semen study, n
Semen samples, n
Participation rate %

Poland
Warsaw

Greenland
Inuits

Ukraine
Kharkiv

690

665

2478

Sweden
Fishermen
1439

472
68
261
38
472
257

598
90
572
87
576
439

640
26
612
25
637
287

559
39
544
38
195
195

690
198
29

256
201
79

640
208
33

2783
191
7

The xenobiotic responses of oestrogen- (ER), androgen- (AR) and
Aryl hydrocarbon (Ahr) -receptor mediated activity were measured in serum samples from a total of 262 men for the AR assay,
338 for the AhR assay and 358 for the ER assay. These were
measured as agonistic or antagonistic responses in cell lines cotransfected with the ER, AR or Ahr receptors. In order to eliminate interference from endogenous hormones, the serum samples were fractionated before analysis and only the fraction containing persistent organochlorines and the majority of other
endocrine-disrupting compounds, but not endogenous oestrogens or androgens, were analysed [83-85].
Implications of the study design and epidemiological analyses
Basically, the studies were designed as four separate studies of
exposure to environmental contaminants and effects on human
fertility, performed using standardized methods in the four populations.
Since the study involved a number of statistical evaluations of
associations between exposures and outcomes, the risk of chance
findings in the separate populations was high, but including four
separate populations in the design allowed us to look for consistency between populations and dose-response associations over
a larger range of exposures than would have been possible if the
study was only carried out on a single population. Therefore, all of
the results presented herein include evaluations in single countries and – if homogeneity tests allowed it – a combined estimate
across populations was also presented.
Discussion of the results
Review of the epidemiological evidence of adverse effects of organochlorines on reproductive health
A systematic review of the epidemiological evidence of the effects
of persistent organochlorines on human reproductive health [13]
found that exposure to high levels of persistent organochlorine
pollutants may have severe human reproductive health effects,
including adverse effects on semen quality and increased risk of
testicular cancer in males, and menstrual cycle abnormalities,
spontaneous abortions, increased waiting time to pregnancy,
reduced birth weight, skewed sex ratio and altered age at sexual
development in females. However, most of these effects were
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demonstrated at higher levels of exposure than the present day
exposure levels in Europe and North America.
After the main INUENDO studies were completed we published a
review on the epidemiological evidence of impaired reproductive
health and cancer related to endocrine-disrupting chemicals [45],
and also other authors have recently published reviews on the
reproductive toxicity of persistent organoclorine pollutants
[9;11;86-88]. The main conclusions from these reviews established the fact that there were indeed some associations between
POP exposure and reproductive outcomes. For example, an association between PCB exposure and sperm cell motility across a
wide range of exposure levels have now been sufficiently documented [77], and DDT/DDE exposure seems to only affect human
semen quality at a high level of exposure, as found among workers spraying DDT or people who lived in recently DDT-sprayed
houses. However, as pointed out by several of the reviews, large
uncertainties still exist on the potential long-term adverse effects
of POP exposure during the foetal period of life.
Quality control and standardization of semen analyses
Previous studies showed considerable variations in semen quality
assessment between technicians before attempts were made to
standardize the process [89;90].
In order to assure comparable data in the four countries included
in the INUENDO study, a series of quality control workshops were
organized. We demonstrated how repeated quality control workshops can reduce and achieve low variance between semen analysers in the assessment of sperm concentration and motility [75].
For the sperm concentration assessment, the variation decreased
from an initial coefficient of variation of 27.7% in the first workshop to 8.1% in the third workshop on data collection. This
method was less effective for reducing the coefficient of variation
(CV) in the assessment of motile sperm proportions, which decreased from 16.5 to 11%. The results of the trained semen analysers were also compared to those of “experts” and similar results of sperm concentration and motility were found comparing
trained semen analysers and “experts” at the third workshop. The
CV for sperm concentration assessment in the third workshop
was considerably lower than the average CV of 15.2% obtained in
an American multi-centre study from the same time period [91].
Also, sperm motility varied slightly less in our study than in the
American study (13.6%). In that study quality control was assessed based on a shipment of conserved semen samples and
videotaped motility sequences after initial training of the laboratory technicians who performed the study.
Our study [75] indicates that repeated training on fresh samples
results in low levels of variation, which is of the utmost importance when performing a multi-centre study such as the INUENDO study, especially when semen quality values are compared
between countries, where systematic differences in the assessment of semen quality can easily produce false differences between countries if the technicians have not been thoroughly
trained before data collection.
Fertility across and within the countries studied
Previous studies demonstrated considerable variations in semen
quality and time to pregnancy between countries [1;5]. Fertility
levels in the populations included in the INUENDO study have not
previously been compared, but considerable genetic variation
between the populations, ranging from the Inuits in Greenland to

north and eastern European populations, making observations of
differences likely. We compared fertility levels in the four regions
by including comparisons of waiting time to pregnancy and semen
quality between the four populations [92].
Differences in fertility between countries were observed, with the
lowest fecundability ratio in Kharkiv – in between in Warsaw and
Greenland – and the highest fecundability ratio among the Swedish fishermen. Although these countries varied in the levels of
exposure to organochlorine pollutants, differences in the methods of contraception used between the countries could also have
been a likely cause of the differences observed. The semen quality was remarkable similar between the countries, with no statistically significant differences in adjusted sperm concentration or
morphology. However, sperm motility differed somewhat between the countries, with a slightly lower proportion of motile
sperm in Kharkiv (54%) and Greenland (55%) compared to Warsaw (60%), which was statistically similar to Sweden (56%). Based
on the results from the quality control assessment presented
above, these differences are not likely to be due to sampling
differences between countries.
Also, within Greenland, the sperm cell concentration did not
seem to markedly differ between regions, but sperm cell motility
differed between regions with an average of 47% motile sperm in
east Greenland compared to 54 to 59% among men from the
west coast [76]. The study further suggested that the median
sperm cell concentration found in Greenland was within a low
range compared to most of the other previously studied European, American and Asian populations [5;93;94]. However, this
comparison should be interpreted with caution due to a lack of
control for known, strong determinants of semen concentration,
such as sexual abstinence time. Furthermore, the study demonstrated that a semen study can be performed with a high participation rate (78%), as compared to previous studies with participation rates ranging from 15% to 54% [5;93;94]. The high
participation rate in Greenland was probably due to detailed
personal information to potential participants about the project
and a high level of awareness of the Greenlandic population
about the potential adverse effects of organochlorine pollutants.
Persistent organochlorine pollutants and semen quality
We evaluated the effects of CB-153 and p,p’-DDE on sperm concentration, motility and morphology and found no association
between CB-153 or p,p’-DDE exposure and sperm concentration
or morphology [77]. However, in all of the four countries studied,
sperm cell motility tended to decrease with increasing CB-153
exposure, and this association was statistically significant in the
Greenlandic and Swedish populations, and in the pooled analysis
where sperm cell motility decreased by 3.6% CI (1.7 to 5.6) per
log unit increase in CB-153. When we analysed the data separately for the four exposure groups it seemed that only the high
exposure group (>400 ng/g lipid) had significantly reduced sperm
motility compared to the low exposure group (0-50 ng/g lipid CB153). Furthermore, p,p’-DDE also seemed to be related to sperm
motility in the Greenlandic population, but not significantly so in
any of the remaining populations, including Kharkiv, where the
highest level of exposure was observed, suggesting that the effects observed for DDE could have been caused by the high correlation between PCB and DDE in the Greenlandic population. In
conclusion, PCB and DDE are unlikely to have an effect on sperm
cell concentration or morphology at the exposure levels found in
the general population in Europe, whereas sperm cell motility
DANISH MEDICAL JOURNAL
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could be affected among Europeans and Greenlanders with the
highest levels of exposure to PCB. Our results on decreased sperm
motility in relation to PCB exposure are in line with the results of
previous studies on smaller populations [95-98], and by adding
our study to this series of studies, it appears to be likely that
semen motility can be affected by PCB exposure.
In populations with present or recent DDT usage, the levels of
exposure to this compound are several times higher than the
level measured in the INUENDO study. In a study that included
311 South African men who used DDT indoors to protect against
malaria, the authors found that the total sperm count and sperm
cell motility was negatively associated with DDT or DDE exposure
[99]. Also, in a study of 116 Mexican men, sperm cell motility,
morphology and sperm chromatin condensation were negatively
affected in the group with the highest exposure level [100], and a
negative association between DDT exposure and sperm concentration was observed among 60 South African men working in a
malaria control centre that used DDT [101]. These findings on
DDT/DDE exposures thus indicates that DDT/DDE exposure in
highly exposed populations can be associated to semen quality.
However, the level of exposure to these compounds observed in
the general population in countries without present or recent use
is probably not causing any effect on male reproductive function.
In addition to direct chemical measurements of PCB-153 and p,p’DDE, xenohormone and dioxin-like activity were measured to
explore potential integrated endocrine-active effects of organochlorines and other chemicals in human serum samples on
the reproductive outcomes studied [84;85;102]. Xenobiotic receptor activities were determined in 319 men using a chemically
activated luciferase gene expression (CALUX) assay. We found no
strong or consistent associations between xeno-oestrogenic, androgenic or dioxin-like activity measured as both agonistic and
antagonistic responses in receptor assays [78]. However, the
results suggested that sperm concentration and motility could be
related to antioestrogenic effects, although this was only found in
one of the two assays designed to test this. Thus, it seemed that
exposure to the concentrations experienced in the present study,
for a mixture of compounds, did not interfere with the oestrogen, androgen- or dioxin receptors in a way that causes effects on
human semen quality. Furthermore, we were not able to demonstrate that the effects on sperm cell motility were due to xenohormone effects of the persistent organochlorine pollutants,
although we cannot exclude possible effects of endocrinedisrupting compounds on semen quality that were not captured
by the receptor assays performed.
Associations between xenohormone activity and sperm DNA
damage and markers of apoptosis were also described in the
INUENDO population [103;104]. In these studies, we found no
consistent associations in the xenobiotic-induced receptor activities between the populations studied. So far, no studies have
attempted to replicate the findings of xenobiotic-induced receptor activity and the different aspects of semen quality, and, until
additional studies are performed, no firm conclusion regarding a
possible association can be made.
We did find a strong and dose-dependent association between
the DNA fragmentation index (DFI) measured by the sperm chromatine structure assay (SCSA) and CB-153 exposure among the
European populations, but not in the Greenlandic population,
even though the highest exposure level was found there [79].

Another outcome measured by the SCSA: high DNA satiability
(HDS), which is a measure of altered chromatin condensation,
was not associated with CB-153. Exposure to p,p’-DDE was not
associated with either DFI or HDS in any of the populations studied.
The average level of DFI was lower in Greenland compared to the
European populations, and it was suggested that the Inuits from
Greenland may be more resistant to CB-153 exposure, probably
due marked differences in the genetic makeup that were partly
elucidated in other studies on this population [105;106].
Markers of female fertility
The time from cessation of the use of contraception until the
women in the INUENDO study got pregnant (time to pregnancy)
was shorter among Greenlandic couples exposed to high levels of
CB-153 and p,p’-DDE [50]. Increased time to pregnancy may be
caused by either male or female reproductive problems.
We did not find consistent associations between CB-153 or p,p’DDE exposure and menstrual cycle characteristics across the
populations [80]. However, some associations were found within
populations, including an increased risk of short cycles (<= 24
days) at high levels of CB-153 exposure in the population of Swedish fishermen’s wives, and an increased risk of longer cycles after
high levels of DDE exposure among the Polish women, but the
opposite effect was found among Greenlandic women, who also
seemed to be protected against long cycles at high levels of CB153 exposure.
Associations between organochlorine exposure and menstrual
cycle characteristics were previously evaluated in a number of
studies [107-114]. However, the majority of these studies had
small sample sizes and/or very imprecise exposure estimations
based on, for example, the consumption of fish. Previous studies
that included a considerable sample size and had more accurate
exposure estimations include a study from the Collaborative
Perinatal Project in the USA, which included 2314 women [111]
and indicated increased cycle length and irregularity with increasing levels of PCB and DDE exposure. Another study on 466 Chinese textile workers showed increased risk of short menstrual
cycles at high levels of DDT/DDE exposure [112]. The PCB exposure level in the American study was within the same range as
found in our study, but the DDE levels in the abovementioned
studies were considerably higher. Thus, our study, in combination
with these previous studies, suggests that exposure to present
day levels of PCB or DDE in Europe has only minor effects on
menstrual cycles, but more severe effects in populations with
present or recent DDT usage cannot be excluded.
Spontaneous foetal loss is an outcome that is frequently occurring
in humans. About 1/3 of all pregnancies terminate before the
foetus is fully developed. About 2/3 of these are lost early in
pregnancy at the embryonic stage, and thus may not be recognised by the woman [115]. Previous studies indicated that POP
exposure may be associated with the increased risk of spontaneous abortion [73;108;116-121], although other studies were not
able to demonstrate such an increased risk after POP exposure
[122-126]. In particular, the effects of POP exposure on spontaneous abortion at relatively low exposure levels have been contradictory, and additional studies in this area are needed. Our
results indicated an increased risk of ever experiencing foetal loss
in the groups with the highest levels of PCB and DDE exposure
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compared to the groups with the lowest exposure levels (odds
ratio 2.4; CI 1.1-5.5 for PCB-153 and OR 2.5; CI 0.9-6.6 for p,p’DDE) [67]. However, no clear dose-response associations were
observed and some differences between countries were observed, limiting the generalizability of the results. Furthermore, it
should be noted that the associations observed were based on
the retrospective recording of spontaneous abortions and that
the levels of POP exposure measured at the time of the study
were used as estimates of previous exposure levels.

likely. However, the women were unaware of their exposure
levels at the time of reporting these data, which made recall bias
unlikely.

The data on male and female reproductive health in the INUENDO
project were reanalysed and summarized in [127]. We found
similar effects to those reported above on the main male and
female reproductive outcomes.

In observational studies such as this, confounding factors can
affect the results. In each paper we carefully evaluated potential
confounders and, when relevant, included these in the analysis.
However, the fact that the results might have been affected by
unmeasured confounders cannot be excluded, although we have
no reason to believe we did not include any strong confounding
factors in the associations studied.

DISCUSSION OF METHODS
The participation rate in the INUENDO study varied somewhat
between the populations included, ranging from 25% to 87%
among the women and from 7% to 79% among the men who
gave a semen sample (Table 3). The low participation rate in some
of the populations increases the risk of selection bias. Previous
studies demonstrated that participants in semen quality studies
tend to be overrepresented by people with previous reproductive
health problems [128]. Therefore, the comparison of fertility
between countries [75] may have been biased due to differential
selection in the different populations. However, the majority of
the analyses [67;76-80] compared male or female fertility to their
measured levels of xenobiotic exposure, which were unknown at
the time when the potential participants decided whether or not
to participate. Therefore, differential selection is not considered a
main problem in these studies.
The misclassification of exposure level or an outcome represents
another potential source of bias. Although the level of exposure
was only measured once during pregnancy in the women or close
to the time of providing a semen sample in the males, it is reasonable to believe that this exposure level represents a good
approximation of the level of exposure during the relevant time
period in relation to male sperm production and the female menstrual cycle and spontaneous abortions due to the slow degradation of the measured compounds in humans with a half-life of 9
years for DDE [129] and 14 years for PCB-153 [130]. In addition,
some misclassification of the level of exposure due to variability
in the results from day-to-day chemical assessments is expected,
although strict quality control measures were followed and all of
the quality control measurements showed levels within the tolerance levels [81].
Regarding the outcomes, some misclassification is also likely.
Male semen quality is known to be highly variable from day to
day and a single estimate may only provide a rough estimate of
the average sperm concentration over a longer time period [131].
However, the between-subject variability is considerably larger
than within-subject variability, and it has been estimated that
samples from additional men would provide more information to
epidemiological semen studies than additional samples from the
same men [132].
Also the female fertility outcomes studied may not have been
accurately determined. Both the menstrual cycle characteristics
and incidence of previous spontaneous abortions were based on
self-reported information, and some misclassification is therefore

Since the potential misclassification of exposure is not expected
to be related to the outcomes studied and misclassification of the
outcome is not expected to be related to exposure, the possible
misclassification could attenuate the studied associations but it is
not likely to produce false associations.

Validity
Considerable effort was put into quality control assurance
throughout the project. For semen quality, [75] describes the
variability in semen quality measures between the semen analysers. Particularly after training, we obtained a between-observer
coefficient of variation of less than 11% on the semen quality
outcomes studied, and this variation was at the same level as
found between technicians from the reference laboratory.
Spontaneous abortion and menstrual cycle characteristics were
retrospectively obtained from questionnaires. The validity of this
information was not directly assessed since it was not possible to
get supplementary sources of information on these outcomes.
However, the questionnaire used was based on a validated questionnaire developed for the European Infertility and Subfecundity
study group [1]. A master version was prepared in English and
translated into the native language for the study populations
included. Subsequently, back translation into English was performed and any ambiguity in the wording was corrected. Although this ensures standardized data collection, differences in
the concept of definitions of spontaneous abortion and irregularities in the menstrual cycle may exist between countries, and this
may partly explain the fairly large differences between countries
in the reporting of these outcomes. Furthermore, this limits the
ability to perform a combined analysis across countries. Due to a
non-homogeneous association between exposure levels and
outcomes in relation to the menstrual cycle characteristics, we
did not attempt to perform a combined analysis for this outcome,
and the analysis on spontaneous abortions across populations
should be interpreted with caution.
Including diverse populations in a study can, however, be considered a strength regarding the external validity of the study, where
similar associations across countries, as demonstrated for the
relationship between PCB-153 and sperm cell motility, indicate
that the results may also be applicable to other populations. In
addition, the dissimilar results observed between the populations
for some of the outcomes, for example menstrual cycle characteristics, makes it less likely that the effects observed were causally
associated with the levels of exposure measured. However, some
of the dissimilarities between the countries could be explained by
the differences in exposure level; furthermore, the differences in
genetic makeup in the different countries may make some populations more susceptible to organochlorine exposure than others.
As part of the INUENDO study, we obtained results indicating that
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differences in the CAG repeat length of the androgen receptor
makes people with a short androgen receptor length more susceptible to adverse effects on semen quality following PCB-153
exposure [133], and considerable differences between countries
exist regarding the prevalence of short CAG repeat lengths [105].
In our population we also studied the GGN repeat of the androgen receptor and found no difference in the levels of susceptibility between different polymorphisms [133]. Whether or not other
genetic polymorphisms in genes related to reproductive functioning or contaminant degradation might explain some of the differences observed between the populations is currently unknown.
Also, differences in food consumption may modify the associations observed and explain some of the differences found between the populations, since PCB and DDE exposure mainly occurs through the consumption of food and we observed the
consumption of seafood to be a determinant of organochlorine
exposure in Greenland and Sweden [81]. However, we only had
limited information on food consumption in the present study
and thus were not able to analyse in detail the potential modifying effect of specific food items on the exposure-response association observed.
Main conclusions
- The evaluation of published epidemiological studies [13] on the
effects of persistent organochlorines on human reproductive
health indicated that high levels of exposure to persistent organochlorines may affect human reproductive health. However
inconsistent effects were found at lower levels of exposure, as
encountered in the general European and North American population, although some of these inconsistencies might be explained
by limited study sizes and methodological issues. Recent reviews
showed limited evidence of adverse effects after adult exposure
to persistent organochlorines, although foetal growth may be
affected after PCB- exposure, indicating that increased attention
should be paid to delayed effects after foetal exposure to PCB.
- Although time to pregnancy differed markedly between the
populations studied, differences in the contraceptive methods
used are more likely to explain these differences than intrinsic
differences between the populations. Semen quality was remarkably similar between the countries studied, where only a
slightly higher proportion of motile sperm were found in the
Polish population compared to the other populations studied.
- Within Greenland sperm concentration was also similar between
regions, but sperm cell motility differed, with a lower motility
observed in eastern Greenland.
- Sperm cell motility was consistently associated with PCB-153
exposure across the countries, whereas sperm concentration and
morphology was unrelated to PCB-153 or DDE, within the exposure range measured.
- The alterations measured in xeno-oestrogenic, -androgenic and
dioxin-like activity in the serum samples did not seem to markedly
deteriorate sperm cell concentration, motility or morphology in
adult men.
- Sperm chromatin structure alterations were associated with
PCB-153 exposure among the European men but not among the
Inuit men from Greenland.
- PCB-153 and DDE were not strongly related to menstrual cycle
characteristics, but different associations were observed between
PCB and DDE exposure levels and menstrual characteristics between countries.
- The chance of ever reporting spontaneous abortions was increased among women with high levels of PCB or DDE exposure.

However, due to lack of a clear dose response and differences
between the countries, these results should be interpreted with
caution.
- The summary of the INUENDO results [127] concluded that
organochlorine pollutants may interfere with male reproductive
functioning without major effects on fertility.
- Overall, the results included in the present dissertation demonstrate that several aspects of male and female fertility may be
affected by organochlorine exposure. Most of the observed associations were related to PCB-153 exposure, whereas DDE exposure did not seem to cause independent effects at the concentrations measured. The associations observed did not indicate major
effects on human fertility and only a minor part of human fertility
problems are likely to be explained by exposure to organochlorines in adulthood.
Suggestions for future research
Although the present series of studies only suggest limited effects
of organochlorine exposure on the selected outcomes, we were
not able to exclude the possibility that exposure to other substances may affect human reproductive functioning. We have
therefore initiated additional analyses on stored serum samples
from the INUENDO study in order to measure the concentrations
of a number of potential reproductive toxicants known to be
present in human serum samples in considerable amounts, including: perflourinated compounds, phthalate metabolites,
bisphenol A, brominated flame retardants (PBDEs), hexachlor
benzene, lead, cadmium and mercury.
Furthermore, animal studies have indicated that developing
reproductive organs and subsequent reproductive functioning
may be more sensitive to exposure to reproductive toxicants than
fully developed reproductive organs [134]. So far, this has only
been poorly elucidated in human studies, but studies on maternal
smoking indicates that, at least for this type of xenobiotic exposure, foetal exposure is more important than adult exposure
[135]. This also suggests that other environmental contaminants
may more seriously affect reproductive functioning when foetuses are exposed. The effects of foetal exposure on later reproductive health should therefore be evaluated before we can
conclude whether or not low level of exposure to persistent
organochlorines has substantial effects on human reproductive
functioning.
Additional genetic analyses are also warranted in order to identify
possible gene-environment interactions that may help identify
susceptible individuals. These genetic analyses should not only
focus on hormone receptor functioning but also on the genes
involved in steroidogenesis and the metabolism of steroids and
chemicals with the potential to disturb reproductive functioning.

SUMMARY
The present dissertation focuses on the reproductive health
effects in humans from four diverse populations, including an
Inuit population from Greenland, a Swedish population of fishermen and fishermen’s wives, and urban populations from the cities
of Warsaw in Poland and Kharkiv in Ukraine, representing populations with considerable variations in organochlorine exposure
levels due to differences in the consumption of contaminated
food items and the period since banning the use of the organochlorines selected in the present study. Due to bioaccumulaDANISH MEDICAL JOURNAL

9

tion and their long half-lives in humans, these compounds are still
ubiquitously detected in humans.
The study included a total of 2269 women who provided information via detailed questionnaires and 798 men who provided semen samples. Time to pregnancy varied between the populations
included, whereas semen quality was remarkably similar with
only minor differences in motility between countries and within
regions in Greenland. An extensive quality control programme
ensured a low level of variation between analysers in the evaluation of semen quality during semen sample collection.
Sperm concentration and morphology were not associated with
PCB-153 or DDE exposure, but sperm motility was consistently
associated with PCB-153 exposure across populations. Xenoestrogen, -androgen and dioxin-like activity in serum samples
were not consistently associated with semen quality measures,
indicating that the associations observed with sperm motility
were not caused via direct effects on these receptors. The sperm
chromatin structure assay showed a higher level of DNA fragmentation under higher PCB-153 exposure levels in the European
populations, but not in the Greenlandic population.
Disturbances in the female menstrual cycle were not consistently
associated with PCB-153 or DDE exposure across the countries,
but our results suggested a higher probability of ever having a
spontaneous abortion among women with high PCB-153 or DDE
exposure levels.
Overall, the results suggest that PCB-153, but probably not DDE,
may affect aspects of male and female reproductive functioning
in European and Arctic populations at the levels of exposure
currently experienced in these populations, although the associations observed did not seem to be a major cause of reduced
human fertility.

REFERENCES
1

6

Li Y, Lin H, Li Y, et al. Association between socio-psychobehavioral factors and male semen quality: systematic
review and meta-analyses. Fertil Steril 2011
Jan;95(1):116-23.

7

Jung A, Schuppe HC. Influence of genital heat stress on
semen quality in humans. Andrologia 2007
Dec;39(6):203-15.

8

Ochsendorf FR. Sexually transmitted infections: impact
on male fertility. Andrologia 2008 Apr;40(2):72-5.

9

Jurewicz J, Hanke W, Radwan M, et al. Environmental
factors and semen quality. Int J Occup Med Environ
Health 2009;22(4):305-29.

10 ASRM. Optimizing natural fertility. Fertil Steril 2008
;90(5 Suppl):S1-S6.
11 Wigle DT, Arbuckle TE, Turner MC, et al. Epidemiologic
evidence of relationships between reproductive and
child health outcomes and environmental chemical contaminants. J Toxicol Environ Health B Crit Rev
2008;11(5-6):373-517.
12 Mendola P, Messer LC, Rappazzo K. Science linking
environmental contaminant exposures with fertility and
reproductive health impacts in the adult female. Fertil
Steril 2008;89(2 Suppl):e81-e94.
13 Toft G, Hagmar L, Giwercman A, et al. Epidemiological
evidence on reproductive effects of persistent organochlorines in humans. Reprod Toxicol 2004;19(1):526.
14 Gray LE, Jr. Xenoendocrine disrupters: laboratory studies on male reproductive effects. Toxicol Lett 1998
28;102-103:331-5.

Juul S, Karmaus W, Olsen J. Regional differences in
waiting time to pregnancy: pregnancy-based surveys
from Denmark, France, Germany, Italy and Sweden. The
European Infertility and Subfecundity Study Group.
Hum Reprod 1999 May;14(5):1250-4.

15 Jobling S, Beresford N, Nolan M, et al. Altered sexual
maturation and gamete production in wild roach Rutilus
rutilus) living in rivers that receive treated sewage effluents. Biol Reprod 2002;66(2):272-81.

2

Nyboe AA, Erb K. Register data on Assisted Reproductive Technology (ART) in Europe including a detailed description of ART in Denmark. Int J Androl 2006
Feb;29(1):12-6.

16 Toft G, Guillette LJ, Jr. Decreased sperm count and
sexual behavior in mosquitofish exposed to water from
a pesticide-contaminated lake. Ecotoxicol Environ Saf
2005;60(1):15-20.

3

Carlsen E, Giwercman A, Keiding N, et al. Evidence for
decreasing quality of semen during past 50 years. BMJ
1992 Sep 12;305(6854):609-13.

17

4

Fisch H, Goluboff ET, Olson JH, et al. Semen analyses in
1,283 men from the United States over a 25-year period: no decline in quality. Fertil Steril 1996
May;65(5):1009-14.

5

Jorgensen N, Andersen AG, Eustache F, et al. Regional
differences in semen quality in Europe. Hum Reprod
2001 May;16(5):1012-9.

Crain DA, Janssen SJ, Edwards TM, et al. Female reproductive disorders: the roles of endocrine-disrupting
compounds and developmental timing. Fertil Steril
2008;90(4):911-40.

18 Varghese AC, du Plessis SS, Agarwal A. Male gamete
survival at stake: causes and solutions. Reprod Biomed
Online 2008;17(6):866-80.
19

Bretveld RW, Thomas CM, Scheepers PT, et al. Pesticide
exposure: the hormonal function of the female repro-

DANISH MEDICAL JOURNAL

10

ductive system disrupted? Reprod Biol Endocrinol
2006;4:30.

ganochlorines in humans. Reprod Toxicol 2004;19(1):526.

20

Patterson DG, Jr., Wong LY, Turner WE, et al. Levels in
the U.S. population of those persistent organic pollutants (2003-2004) included in the Stockholm Convention
or in other long range transboundary air pollution
agreements. Environ Sci Technol 2009;43(4):1211-8.

33 Wigle DT, Arbuckle TE, Turner MC, et al. Epidemiologic
evidence of relationships between reproductive and
child health outcomes and environmental chemical contaminants. J Toxicol Environ Health B Crit Rev
2008;11(5-6):373-517.

21

Kelce WR, Stone CR, Laws SC, et al. Persistent DDT
metabolite p,p'-DDE is a potent androgen receptor antagonist. Nature 1995;375(6532):581-5.

34 Bonde JP, Ernst E, Jensen TK, et al. Relation between
semen quality and fertility: a population-based study of
430 first-pregnancy planners. Lancet
1998;352(9135):1172-7.

22

Bonefeld-Jorgensen EC, Andersen HR, Rasmussen TH, et
al. Effect of highly bioaccumulated polychlorinated biphenyl congeners on estrogen and androgen receptor
activity. Toxicology 2001;158(3):141-53.

23

24

25

26

Bolger R, Wiese TE, Ervin K, et al. Rapid screening of
environmental chemicals for estrogen receptor binding
capacity. Environ Health Perspect 1998;106(9):551-7.
Sohoni P, Sumpter JP. Several environmental oestrogens are also anti-androgens. J Endocrinol
1998;158(3):327-39.
Gray LE, Jr., Wilson VS, Stoker T, et al. Adverse effects of
environmental antiandrogens and androgens on reproductive development in mammals. Int J Androl
2006;29(1):96-104.
Glynn AW, Wolk A, Aune M, et al. Serum concentrations
of organochlorines in men: a search for markers of exposure. Science of the Total Environment 2000;263(13):197-208.

27

Gladen BC, Longnecker MP, Schecter AJ. Correlations
among polychlorinated biphenyls, dioxins, and furans in
humans. Am J Ind Med 1999 Jan;35(1):15-20.

28

ATSDR. Toxicological profile for polychlorinated biphenyls. 2000.

29

Liebl B, Schettgen T, Kerscher G, et al. Evidence for
increased internal exposure to lower chlorinated polychlorinated biphenyls (PCB) in pupils attending a contaminated school. Int J Hyg Environ Health
2004;207(4):315-24.

30

Krauthacker B, Votava-Raic A, Herceg RS, et al. Persistent organochlorine compounds in human milk collected in Croatia over two decades. Arch Environ Contam Toxicol 2009;57(3):616-22.

31

van den Berg H. Global status of DDT and its alternatives for use in vector control to prevent disease. 2008.
Report No.: UNEP/POPS/DDTBP.1/2.

32

Toft G, Hagmar L, Giwercman A, et al. Epidemiological
evidence on reproductive effects of persistent or-

35 Slama R, Eustache F, Ducot B, et al. Time to pregnancy
and semen parameters: a cross-sectional study among
fertile couples from four European cities. Hum Reprod
2002;17(2):503-15.
36 Guzick DS, Overstreet JW, Factor-Litvak P, et al. Sperm
morphology, motility, and concentration in fertile and
infertile men. N Engl J Med 2001;345(19):1388-93.
37 Cooper TG, Noonan E, von ES, et al. World Health Organization reference values for human semen characteristics. Hum Reprod Update 2010;16(3):231-45.
38 Skakkebaek NE. Normal reference ranges for semen
quality and their relations to fecundity. Asian J Androl
2010;12(1):95-8.
39 Joffe M. Semen quality analysis and the idea of normal
fertility. Asian J Androl 2010;12(1):79-82.
40 Spano M, Bonde JP, Hjollund HI, et al. Sperm chromatin
damage impairs human fertility. The Danish First Pregnancy Planner Study Team. Fertil Steril 2000;73(1):4350.
41 Wilcox A. Fertility and Pregnancy: An Epidemiological
Perspective. New York: Oxford University Press; 2010.
42 Kolstad HA, Bonde JP, Hjollund NH, et al. Menstrual
cycle pattern and fertility: a prospective follow-up study
of pregnancy and early embryonal loss in 295 couples
who were planning their first pregnancy. Fertil Steril
1999;71(3):490-6.
43 Sills ES, Alper MM, Walsh AP. Ovarian reserve screening
in infertility: practical applications and theoretical directions for research. Eur J Obstet Gynecol Reprod Biol
2009;146(1):30-6.
44 Steiner AZ, Herring AH, Kesner JS, et al. Antimullerian
hormone as a predictor of natural fecundability in
women aged 30-42 years. Obstet Gynecol
2011;117(4):798-804.
45 Toft G, Bonde JP. The epidemiological evidence on
impaired reproductive health and cancer related to endocrine disrupting chemicals . Endocrine-disrupting
DANISH MEDICAL JOURNAL

11

chemicals in food.Shaw, I: Woodhead Publishing LTD;
2009.
46

47

Bhatia R, Shiau R, Petreas M, et al. Organochlorine
pesticides and male genital anomalies in the child
health and development studies. Environ Health Perspect 2005;113(2):220-4.
Longnecker MP, Klebanoff MA, Brock JW, et al. Maternal serum level of 1,1-dichloro-2,2-bis(pchlorophenyl)ethylene and risk of cryptorchidism, hypospadias, and polythelia among male offspring. Am J
Epidemiol 2002;155(4):313-22.

48

Porpora MG, Ingelido AM, di Domenico A, et al. Increased levels of polychlorobiphenyls in Italian women
with endometriosis. Chemosphere 2006;63(8):1361-7.

49

Reddy BS, Rozati R, Reddy BV, et al. Association of
phthalate esters with endometriosis in Indian women.
BJOG 2006;113(5):515-20.

50

Axmon A, Thulstrup AM, Rignell-Hydbom A, et al. Time
to pregnancy as a function of male and female serum
concentrations of 2,2'4,4'5,5'-hexachlorobiphenyl (CB153) and 1,1-dichloro-2,2-bis (p-chlorophenyl)-ethylene
(p,p'-DDE). Hum Reprod 2006;21(3):657-65.

51

Law DC, Klebanoff MA, Brock JW, et al. Maternal serum
levels of polychlorinated biphenyls and 1,1-dichloro-2,2bis(p-chlorophenyl)ethylene (DDE) and time to pregnancy. Am J Epidemiol 2005;162(6):523-32.

52

Hardell L, Andersson SO, Carlberg M, et al. Adipose
tissue concentrations of persistent organic pollutants
and the risk of prostate cancer. J Occup Environ Med
2006;48(7):700-7.

53

Hardell L, Bavel B, Lindstrom G, et al. In utero exposure
to persistent organic pollutants in relation to testicular
cancer risk. Int J Androl 2006;29(1):228-34.

54

55

56

Halldorsson TI, Thorsdottir I, Meltzer HM, et al. Linking
exposure to polychlorinated biphenyls with fatty fish
consumption and reduced fetal growth among Danish
pregnant women: a cause for concern? Am J Epidemiol
2008 ;168(8):958-65.
Sonneborn D, Park HY, Petrik J, et al. Prenatal polychlorinated biphenyl exposures in eastern Slovakia
modify effects of social factors on birthweight. Paediatr
Perinat Epidemiol 2008 ;22(3):202-13.
Wojtyniak BJ, Rabczenko D, Jonsson BA, et al. Association of maternal serum concentrations of 2,2', 4,4'5,5'hexachlorobiphenyl (CB-153) and 1,1-dichloro-2,2-bis
(p-chlorophenyl)-ethylene (p,p'-DDE) levels with birth
weight, gestational age and preterm births in Inuit and
European populations. Environ Health 2010;9:56.

57 Givens ML, Small CM, Terrell ML, et al. Maternal exposure to polybrominated and polychlorinated biphenyls:
infant birth weight and gestational age. Chemosphere
2007;69(8):1295-304.
58 Wolff MS, Engel S, Berkowitz G, et al. Prenatal pesticide
and PCB exposures and birth outcomes. Pediatr Res
2007;61(2):243-50.
59 Sagiv SK, Tolbert PE, Altshul LM, et al. Organochlorine
exposures during pregnancy and infant size at birth.
Epidemiology 2007;18(1):120-9.
60 Konishi K, Sasaki S, Kato S, et al. Prenatal exposure to
PCDDs/PCDFs and dioxin-like PCBs in relation to birth
weight. Environ Res 2009;109(7):906-13.
61 Tan J, Loganath A, Chong YS, et al. Exposure to persistent organic pollutants in utero and related maternal
characteristics on birth outcomes: a multivariate data
analysis approach. Chemosphere 2009;74(3):428-33.
62 Eggesbo M, Stigum H, Longnecker MP, et al. Levels of
hexachlorobenzene (HCB) in breast milk in relation to
birth weight in a Norwegian cohort. Environ Res
2009;109(5):559-66.
63 Brucker-Davis F, Wagner-Mahler K, Delattre I, et al.
Cryptorchidism at birth in Nice area (France) is associated with higher prenatal exposure to PCBs and DDE, as
assessed by colostrum concentrations. Hum Reprod
2008;23(8):1708-18.
64 Fernandez MF, Olmos B, Granada A, et al. Human exposure to endocrine-disrupting chemicals and prenatal risk
factors for cryptorchidism and hypospadias: a nested
case-control study. Environ Health Perspect 2007;115
Suppl 1:8-14.
65 Pierik FH, Klebanoff MA, Brock JW, et al. Maternal
pregnancy serum level of heptachlor epoxide, hexachlorobenzene, and beta-hexachlorocyclohexane and
risk of cryptorchidism in offspring. Environ Res
2007;105(3):364-9.
66 Small CM, Cheslack-Postava K, Terrell M, et al. Risk of
spontaneous abortion among women exposed to polybrominated biphenyls. Environ Res 2007;105(2):247-55.
67 Toft G, Thulstrup AM, Jonsson BA, et al. Fetal loss and
maternal serum levels of 2,2',4,4',5,5'hexachlorbiphenyl (CB-153) and 1,1-dichloro-2,2-bis(pchlorophenyl)ethylene (p,p'-DDE) exposure: a cohort
study in Greenland and two European populations. Environ Health 2010;9(1):22.
68 Hertz-Picciotto I, Jusko TA, Willman EJ, et al. A cohort
study of in utero polychlorinated biphenyl (PCB) exposures in relation to secondary sex ratio. Environ Health
2008;7:37.

DANISH MEDICAL JOURNAL

12

69

Terrell ML, Berzen AK, Small CM, et al. A cohort study of
the association between secondary sex ratio and parental exposure to polybrominated biphenyl (PBB) and
polychlorinated biphenyl (PCB). Environ Health
2009;8:35.

70

Govarts E, Nieuwenhuijsen M, Schoeters G, et al. Prenatal Exposure to Polychlorinated Biphenyls (PCB) and
Dichlorodiphenyldichloroethylene (DDE) and Birth
Weight: A Meta-analysis within 12 European Birth Cohorts. Environ Health Perspect 2012;120(2):162-70.

71

Cao Y, Winneke G, Wilhelm M, et al. Environmental
exposure to dioxins and polychlorinated biphenyls reduce levels of gonadal hormones in newborns: results
from the Duisburg cohort study. Int J Hyg Environ
Health 2008;211(1-2):30-9.

72

Small CM, Cheslack-Postava K, Terrell M, et al. Risk of
spontaneous abortion among women exposed to polybrominated biphenyls. Environ Res 2007;105(2):247-55.

73

Tsukimori K, Tokunaga S, Shibata S, et al. Long-term
effects of polychlorinated biphenyls and dioxins on
pregnancy outcomes in women affected by the Yusho
incident. Environ Health Perspect 2008;116(5):626-30.

74

McGlynn KA, Guo X, Graubard BI, et al. Maternal pregnancy levels of polychlorinated biphenyls and risk of
hypospadias and cryptorchidism in male offspring. Environ Health Perspect 2009;117(9):1472-6.

75

76

Toft G, Rignell-Hydbom A, Tyrkiel E, et al. Quality control workshops in standardization of sperm concentration and motility assessment in multicentre studies. Int J
Androl 2005;28(3):144-9.
Toft G, Pedersen HS, Bonde JP. Semen quality in
Greenland. Int J Circumpolar Health 2004;63 Suppl
2:174-8.

77

Toft G, Rignell-Hydbom A, Tyrkiel E, et al. Semen Quality
and Exposure to Persistent Organochlorine Pollutants.
Epidemiology 2006; 17(4):450-8.

78

Toft G, Long M, Kruger T, et al. Semen quality in relation
to xenohormone and dioxin-like serum activity among
Inuits and three European populations. Environ Health
Perspect 2007;115 Suppl 1:15-20.

79

80

Spano M, Toft G, Hagmar L, et al. Exposure to PCB and
p, p'-DDE in European and Inuit populations: impact on
human sperm chromatin integrity. Hum Reprod
2005;20(12):3488-99.
Toft G, Axmon A, Lindh CH, et al. Menstrual cycle characteristics in European and Inuit women exposed to
persistent organochlorine pollutants. Hum Reprod
2008;23(1):193-200.

81 Jönsson BAG, Rylander L, Lindh C, et al. Inter-population
variations in concentrations, determinants of and correlations between 2,2',4,4',5,5'-hexachlorobiphenyl (CB153) and 1,1-dichloro-2,2-bis (p-chlorophenyl)-ethylene
(p,p'-DDE): a cross-sectional study of 3161 men and
women from Inuit and European populations. Environ
Health 2005;4(1):27.
82 Rylander L, Nilsson-Ehle P, Hagmar L. A simplified precise method for adjusting serum levels of persistent organohalogen pollutants to total serum lipids. Chemosphere 2006;62(3):333-6.
83 Bonefeld-Jorgensen EC, Hjelmborg PS, Reinert TS, et al.
Xenoestrogenic activity in blood of European and Inuit
populations. Environ Health 2006;5:12.
84 Long M, Andersen BS, Lindh CH, et al. Dioxin-like activities in blood across European and Inuit populations. Environ Health 2006;5(1):14.
85 Kruger T, Hjelmborg PS, Jonsson BA, et al. Xenoandrogenic activity in serum differs across European and Inuit
populations. Environ Health Perspect 2007;115 Suppl
1:21-7.
86 Meeker JD, Hauser R. Exposure to polychlorinated
biphenyls (PCBs) and male reproduction. Syst Biol Reprod Med 2010;56(2):122-31.
87 Bonde JP. Male reproductive organs are at risk from
environmental hazards. Asian J Androl 2010;12(2):1526.
88 Stillerman KP, Mattison DR, Giudice LC, et al. Environmental exposures and adverse pregnancy outcomes: a
review of the science. Reprod Sci 2008;15(7):631-50.
89 Auger J, Eustache F, Ducot B, et al. Intra- and interindividual variability in human sperm concentration,
motility and vitality assessment during a workshop involving ten laboratories. Hum Reprod
2000;15(11):2360-8.
90 Neuwinger J, Behre HM, Nieschlag E. External quality
control in the andrology laboratory: an experimental
multicenter trial. Fertil Steril 1990;54(2):308-14.
91 Brazil C, Swan SH, Drobnis EZ, et al. Standardized methods for semen evaluation in a multicenter research
study. J Androl 2004;25(4):635-44.
92 Toft G, Axmon A, Giwercman A, et al. Fertility in four
regions spanning large contrasts in serum levels of
widespread persistent organochlorines: a crosssectional study. Environ Health 2005 9;4(1):26.
93 Swan SH, Brazil C, Drobnis EZ, et al. Geographic differences in semen quality of fertile U.S. males. Environ
Health Perspect 2003;111(4):414-20.

DANISH MEDICAL JOURNAL

13

94

Baba K, Nishida T, Yoshiike M, et al. Current status of
reproductive function in Japanese fertile men: international collaborative project on a study of partners of
pregnant women. Int J Androl 2000;23 Suppl 2:54-6.

95

Hauser R, Chen Z, Pothier L, et al. The relationship between human semen parameters and environmental
exposure to polychlorinated biphenyls and p,p'-DDE.
Environ Health Perspect 2003;111(12):1505-11.

96

97

98

99

100

101

102

103

104

105

Richthoff J, Rylander L, Jönsson BAG, et al. Serum level
of 2,2',4,4',5,5'-hexachlorbiphenyl (CB-153) in relation
to markers of reproductive function in young males
from the general Swedish population. Environ Health
Perspect 2003;203(4):409-13.
Rozati R, Reddy PP, Reddanna P, et al. Role of environmental estrogens in the deterioration of male factor
fertility. Fertil Steril 2002;78(6):1187-94.
Dallinga JW, Moonen EJC, Dumoulin JCM, et al. Decreased human semen quality and organochlorine compounds in blood. Hum Reprod 2002;17(8):1973-9.
Aneck-Hahn NH, Schulenburg GW, Bornman MS, et al.
Impaired semen quality associated with environmental
DDT exposure in young men living in a malaria area in
the Limpopo Province, South Africa. J Androl
2007;28(3):423-34.
De Jager C, Farias P, Barraza-Villarreal A, et al. Reduced
seminal parameters associated with environmental DDT
exposure and p,p'-DDE concentrations in men in Chiapas, Mexico: a cross-sectional study. J Androl
2006;27(1):16-27.
Dalvie MA, Myers JE, Thompson ML, et al. The longterm effects of DDT exposure on semen, fertility, and
sexual function of malaria vector-control workers in
Limpopo Province, South Africa. Environ Res
2004;96(1):1-8.
Bonefeld-Jorgensen EC, Hjelmborg PS, Reinert TS, et al.
Xenoestrogenic activity in blood of European and Inuit
populations. Environ Health 2006;5:12.
Kruger T, Spano M, Long M, et al. Xenobiotic activity in
serum and sperm chromatin integrity in European and
inuit populations. Mol Reprod Dev 2008;75(4):669-80.
Long M, Stronati A, Bizzaro D, et al. Relation between
serum xenobiotic-induced receptor activities and sperm
DNA damage and sperm apoptotic markers in European
and Inuit populations. Reproduction 2007;133(2):51730.
Giwercman C, Giwercman A, Pedersen HS, et al. Polymorphisms in genes regulating androgen activity among
prostate cancer low-risk Inuit men and high-risk Scandinavians. Int J Androl 2008;31(1):25-30.

106 Giwercman YL, Kleist KE, Giwercman A, et al. Remarkably low incidence of hypospadias in Greenland despite
high exposure to endocrine disrupters; possible protective effect of androgen receptor genotype. Pharmacogenet Genomics 2006;16(5):375-7.
107 Mendola P, Buck GM, Sever LE, et al. Consumption of
PCB-contaminated freshwater fish and shortened menstrual cycle length. American Journal of Epidemiology
1997;146(11):955-60.
108 Yu ML, Guo YLL, Hsu CC, et al. Menstruation and reproduction in women with polychlorinated biphenyl (PCB)
poisoning: long-term follow-up interviews of the
women from the Taiwan Yucheng cohort. International
Journal of Epidemiology 2000;29(4):672-7.
109 Axmon A, Rylander L, Stromberg U, et al. Altered menstrual cycles in women with a high dietary intake of persistent organochlorine compounds. Chemosphere
2004;56(8):813-9.
110 Chen A, Zhang J, Zhou L, et al. DDT serum concentration
and menstruation among young Chinese women. Environ Res 2005;99(3):397-402.
111 Cooper GS, Klebanoff MA, Promislow J, et al. Polychlorinated biphenyls and menstrual cycle characteristics.
Epidemiology 2005;16(2):191-200.
112 Ouyang F, Perry MJ, Venners SA, et al. Serum DDT, age
at menarche, and abnormal menstrual cycle length. Occup Environ Med 2005;62(12):878-84.
113 Windham GC, Lee D, Mitchell P, et al. Exposure to organochlorine compounds and effects on ovarian function. Epidemiology 2005;16(2):182-90.
114 Chao HR, Wang SL, Lin LY, et al. Placental transfer of
polychlorinated dibenzo-p-dioxins, dibenzofurans, and
biphenyls in Taiwanese mothers in relation to menstrual
cycle characteristics. Food Chem Toxicol
2007;45(2):259-65.
115 Wilcox AJ, Weinberg CR, O'Connor JF, et al. Incidence of
early loss of pregnancy. N Engl J Med 1988;319(4):18994.
116 Longnecker MP, Klebanoff MA, Dunson DB, et al. Maternal serum level of the DDT metabolite DDE in relation to fetal loss in previous pregnancies. Environ Res
2005;97(2):127-33.
117 Saxena MC, Siddiqui MK, Seth TD, et al. Organochlorine
pesticides in specimens from women undergoing spontaneous abortion, premature of full-term delivery. J
Anal Toxicol 1981;5(1):6-9.
118 Gerhard I, Monga B, Krahe J, et al. Chlorinated hydrocarbons in infertile women. Environ Res 1999;80(4):299310.
DANISH MEDICAL JOURNAL

14

119

Bercovici B, Wassermann M, Wassermann D, et al.
Missed abortions and some organochlorine compounds.
Acta medicinae legalis et socialis 1980;30(3):177-85.

120

Leoni V, Fabiani L, Marinelli G, et al. PCB and other
organochlorine compounds in blood of women with or
without miscarriage: a hypothesis of correlation.
Ecotoxicol Environ Saf 1989;17(1):1-11.

121

Venners SA, Korrick S, Xu X, et al. Preconception Serum
DDT and Pregnancy Loss: A Prospective Study Using a
Biomarker of Pregnancy. Am J Epidemiol 2005
162(8):709-16.

122

Sugiura-Ogasawara M, Ozaki Y, Sonta S, et al. PCBs,
hexachlorobenzene and DDE are not associated with recurrent miscarriage. Am J Reprod Immunol
2003;50(6):485-9.

123

Khanjani N, Sim MR. Maternal contamination with PCBs
and reproductive outcomes in an Australian population.
J Expo Sci Environ Epidemiol 2007;17(2):191-5.

124

Axmon A, Rylander L, Stromberg U, et al. Miscarriages
and stillbirths in women with a high intake of fish contaminated with persistent organochlorine compounds.
International Archives of Occupational and Environmental Health 2000;73(3):204-8.

125

Dar E, Kanarek MS, Anderson HA, et a. Fish consumption and reproductive outcomes in Green-Bay, Wisconsin. Environmental Research 1992;59(1):189-201.

126

Mendola P, Buck GM, Vena JE, et al. Consumption of
PCB-contaminated sport fish and risk of spontaneous
fetal death. Environmental Health Perspectives
1995;103(5):498-502.

127

Bonde JP, Toft G, Rylander L, et al. Fertility and markers
of male reproductive function in Inuit and European
populations spanning large contrasts in blood levels of
persistent organochlorines. Environ Health Perspect
2008;116(3):269-77.

128

Larsen SB, Abell A, Bonde JP. Selection bias in occupational sperm studies. Am J Epidemiol 19981;147(7):6815.

129

Wolff MS, Zeleniuch-Jacquotte A, Dubin N, et al. Risk of
breast cancer and organochlorine exposure. Cancer
Epidemiol Biomarkers Prev 2000;9(3):271-7.

130

Ritter R, Scheringer M, MacLeod M, et al. Intrinsic human elimination half-lives of polychlorinated biphenyls
derived from the temporal evolution of cross-sectional
biomonitoring data from the United Kingdom. Environ
Health Perspect 2011;119(2):225-31.

131

Keel BA. Within- and between-subject variation in semen parameters in infertile men and normal semen donors. Fertil Steril 2006;85(1):128-34.

132 Bonde JP, Giwercman A, Ernst E. Identifying environmental risk to male reproductive function by occupational sperm studies: logistics and design options. Occup Environ Med 1996;53(8):511-9.
133 Giwercman A, Rylander L, Rignell-Hydbom A, et al.
Androgen receptor gene CAG repeat length as a modifier of the association between persistent organohalogen pollutant exposure markers and semen characteristics. Pharmacogenet Genomics 2007;17(6):391-401.
134 Gray LE, Jr., Kelce WR, Monosson E, et al. Exposure to
TCDD during development permanently alters reproductive function in male Long Evans rats and hamsters:
reduced ejaculated and epididymal sperm numbers and
sex accessory gland weights in offspring with normal
androgenic status. Toxicol Appl Pharmacol
1995;131(1):108-18.
135 Ramlau-Hansen CH, Thulstrup AM, Storgaard L, et al. Is
prenatal exposure to tobacco smoking a cause of poor
semen quality? A follow-up study. Am J Epidemiol
2007;165(12):1372-9.

DANISH MEDICAL JOURNAL

15

