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Un Philosophe est assez semblable a un homme qui marche dans un
labyrinthe: Il va de conclusion en conclusion jusqu’a ce qu’il se
trouve pris, & qu’il est oblige de rebrousser chemin, pour en chercher
un autre qui soit meilleur, & qui le puisse mener é la verité.

A quote of Nicolaas Hartsoeker, addressed to René Descartes.
In: Eclaircissemens sur les conjectures physiques, Amsterdam, 1710.
Cited in original French spelling.



CONTENTS

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Introduction

Advanced age is associated with an increased risk of spontaneous
miscarriage: a systematic review and meta-analysis
Published in: Human Reproduction Update 2020;26(5):650-669.

Paternal smoking is associated with an increased risk of
pregnancy loss in a dose-dependent manner: a systematic
review and meta-analysis

Published in: F&S Reviews 2021,2(3):227-238.

Evaluating the role of paternal factors in aetiology and
prognosis of recurrent pregnancy loss: study protocol for a
hospital-based multicenter case-control study and cohort
study (REMI 11l project)

Published in: BMJ Open 2019;9:e033095.

Toward more accurate prediction of future pregnancy
outcome in couples with unexplained recurrent pregnancy
loss: taking both partners into account

Published in: Fertility and Sterility 2021;117(1):144-152.

Identification of distinct seminal plasma cytokine profiles
associated with male age and lifestyle characteristics in
unexplained recurrent pregnancy loss

Published in: Journal of Reproductive Immunology 2021;147:103349.

Impaired immunomodulatory effects of seminal plasma may
play a role in unexplained recurrent pregnancy loss
Published in: Journal of Reproductive Immunology 2022,;151:103500.

Exploring gender differences in supportive care preferences
of couples with recurrent pregnancy loss
Published in: BMC Pregnancy and Childbirth 2021,21:796.

11

37

71

95

115

133

151

171



Chapter 9

Appendices

Summary and general discussion

Nederlandse samenvatting

List of co-authors and their affiliations
List of publications

Curriculum Vitae

Dankwoord

189

212
222
224
228
230






CHAPTER

Introduction




CHAPTER 1

ATINY LITTLE MAN INSIDE THE SPERM HEAD

“These little animals, until then invisible, which must transform themselves
into men, which swim in prodigious amounts in the liquor destined to
carry them, which do not occur but among males, and which have the
appearance of young frogs, with large heads and long tails and very vivid
movements...”

These words originate from Nicolaas Hartsoeker, a Dutch astronomer and natural
philosopher, who studied at Leiden University in the 17" century.(1) During this time,
many scientists were intrigued by the “question of generation”: how do organisms
reproduce and develop? Hartsoeker claimed to have discovered sperm with his self-
built microscope. He produced the drawing of a tiny preformed human or ‘homunculus’,
curled up inside the sperm head. In later years, his sketch (Figure 1) has become
iconic of the theory of embryological development known as preformationism.(2)
Spermist prefomationism was the idea that humans develop from a miniature version
of themselves, which was entirely derived from the father and present in a sperm cell.
Supporters of this theory held the belief that the sperm homunculus was placed inside
the woman’s uterus for growth into a child.

Figure 1. Homunculus in sperm
Pencil sketch by Nicolaas Hartsoeker, published as part of his paper Essai de Dioptrique in 1694(1)
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THE FORGOTTEN FATHER

Since Hartsoeker first objectified spermatozoa through his microscope, knowledge
about human reproduction has expanded enormously. However, many unanswered
guestions about pregnancy and associated complications remain. A striking contrast can
be observed if one compares the view on human reproduction from Hartsoeker’s time,
when it was thought that the fetus originated entirely from the father, with that of the
past century, when research in reproductive medicine was often focused on the woman.
A reproductive disorder that is clearly illustrative of such a female-focused approach is
recurrent pregnancy loss (RPL).

RPL means the spontaneous loss of two or more pregnancies in the period between
conception and the moment that the fetus reaches viability (also commonly named
miscarriages if gestational age is <16 weeks). As will be addressed in more detail later
in this chapter, RPL is a poorly understood area in reproductive medicine. Even after
comprehensive diagnostic investigations an underlying condition is found in fewer
than 50% of cases.(4, 5) For couples with unexplained RPL, evidence-based therapies
are currently non-existent. This contributes to the frustrating nature of RPL. Couples
carry the burden of enduring uncertainty, while clinicians are unable to offer effective
treatments with proven benefit. For a long time, the vast majority of studies in the field
of RPL have focused on female factors. However, in order get more insight into the
pathophysiology of RPL and to provide best possible care to affected couples, we should
not forget the father.

In the studies that will be presented in this thesis, the male role in RPL was investigated.
The aim of this first chapter is to introduce different aspects of RPL, to summarise what
is currently known and to highlight existing knowledge gaps. Furthermore, biological
hypotheses supporting male contribution to RPL are discussed.
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CHAPTER 1

RECURRENT PREGNANCY LOSS

Definition

Although ‘miscarriage’ is a term commonly used in the general population, the
scientific definition of miscarriage is not straightforward and varies between countries
and international research societies.(6) Generally, this term is linked to the loss of an
intrauterine pregnancy before the fetus reaches viability, confirmed by ultrasound or
histology. Depending on geographic locations, the gestational threshold for viability
varies from 20 weeks to 28 weeks. In the Netherlands, as well as in the United Kingdom,
the limit of viability is determined at 24 weeks and 0 days of gestation. The European
Society of Human Reproduction and Embryology (ESHRE) advocated in their Early
Pregnancy Consensus Statement the importance of consistent and generally accepted
terminology.(7) They recommended to term a spontaneous demise of a pregnancy
between the time of conception until 24 weeks of gestation as a pregnancy loss.

The term preferred by the ESHRE for encountering two or more pregnancy losses is
recurrent pregnancy loss (RPL).(5) This term will be used throughout the rest of
this thesis. On a similar note as for sporadic pregnancy loss, exact definitions of RPL
differ between international guidelines.(8) The definition of RPL consists of four main
elements: defining pregnancy (intrauterine, visualized or non-visualized, biochemical),
defining the threshold of pregnancy viability, defining recurrence and deciding on
whether pregnancy losses have to be consecutive. In this thesis, the definition of RPL as
established in the most recent ESHRE guideline is maintained. The definition includes the
loss of a minimum of two pregnancies, confirmed by at least serum or urine B-human
chorionic gonadotropin (hCG). Non-visualized pregnancies are also included in the
definition, but ectopic and molar pregnancies are not. The pregnancy losses do not have
to be consecutive. Further, RPL can be differentiated into primary and secondary RPL.(5)
Primary RPL is defined as RPL without a previous ongoing pregnancy (viable pregnancy)
beyond 24 weeks of gestation. Secondary RPL is used for couples who suffer from RPL
but have a history of at least one pregnancy progression beyond 24 weeks of gestation.

Prevalence

It is hard to provide a reliable estimate for the risk of (recurrent) pregnancy loss. As
a result of variations in the definitions being used, both the numbers of women who
experienced (recurrent) pregnancy loss (the numerator) and all women at risk of
(recurrent) pregnancy loss (the denominator) are difficult to determine. Quenby et
al. recently reviewed the currently available evidence and concluded that the pooled
overall risk of pregnancy loss is 15.3% of all recognised pregnancies, based on data of
nine large cohort studies.(6) For RPL, if defined as two or more losses, they reported
a population prevalence of 2.6%. Real numbers are likely to be higher, as many cases,
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especially of early pregnancy losses, go unreported.

Known risk factors

Multiple demographic, clinical, lifestyle and environmental risk factors for (recurrent)
pregnancy loss have been identified throughout the years (Figure 2). These will be
discussed in the next paragraphs:

Maternal age

A major risk factor for pregnancy loss, consistently found in many studies, is advanced
maternal age. The association between maternal age and pregnancy loss can be
attributed to a biological process. The risk of embryonic aneuploidy, particularly trisomy,
rises with increasing maternal age. Women should be informed that the risk of pregnancy
loss is lowest between 20 and 35 years, starts to increase after the age of 35 and sharply
rises beyond 40 years.(6)

Maternal BMI

The association between maternal BMI and RPL was assessed in multiple studies. A
systematic review showed a more than three times higher prevalence of RPL in women
with obesity (BMI >30 kg/m?) compared to women with a normal BMI (20-30 kg/m?).
(13) Another study reported a significantly increased risk of a subsequent pregnancy
loss after previous RPL in obese women.(14) They found no increased risk for maternal
overweight (BMI 25-30 kg/m?). Also being significantly underweight (BMI <18.5 kg/m?)
was found to be associated with sporadic first trimester miscarriage.(15)

Maternal smoking

Cigarette smoking is another modifiable risk factor for pregnancy loss. Especially active
smoking in the first trimester is shown to increase the risk of pregnancy loss.(6) The risk
is dose-dependent and increases with the number of cigarettes smoked per day.

Maternal alcohol consumption

It has been known for a long time that alcohol consumption has a negative effect on
pregnancy and fetal and neonatal outcomes. Multiple studies focusing on pregnancy
loss have shown that maternal alcohol consumption during the first trimester is a risk
factor for pregnancy loss, in a dose-dependent manner.(16, 17)

Other maternal lifestyle factors

High caffeine intake has been suggested as a risk factor RPL. While some studies reported
an association(18, 19), other studies did not find any effect of caffeine when adjusting
for nausea(15). It is thought that associations between caffeine and pregnancy are likely
to be confounded, as nausea and vomiting are common symptoms in healthy pregnancy
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and might reduce caffeine consumption.(20) Other factors that have been associated
with pregnancy loss are night shift work and high stress.(6) For the latter, however,
evidence for a causal relationship is lacking.(21)

Previous pregnancy losses

A major determinant of the risk of pregnancy loss is the number of previous pregnancy
losses. This association has been consistently found in many studies. The risk is estimated
to increase by a factor of 1.5 after one previous pregnancy loss to a factor of 4.5 after
three or more pregnancy losses, compared to a reference group without previous
pregnancy losses.(6). It is considered unlikely that this association represents a causative
relationship; most probably the number of previous losses can be seen as a proxy for an
underlying condition or unfavourable patient characteristics.

Environmental factors

Several studies investigated the effect of air pollution on the risk of pregnancy loss.
Exposure to air pollution appears to significantly increase the risk of pregnancy loss, as
shown by a large study in Beijing.(22) Also pesticides have been linked to (recurrent)
pregnancy loss, based on an epidemiological study in South-Africa and a clinical
study that found higher levels of serum organochlorine pesticides in women with RPL
compared to controls.(23, 24)

Evidence-based diagnostic investigations and treatment options

Apart from the general risk factors previously mentioned, multiple conditions have
been associated with RPL. Specialised RPL clinics often differ in the diagnostic tests and
treatments they offer. The wide variation in clinical practice causes some couples to
consult multiple clinics, both nationally and internationally.

In 2017, the available evidence on RPLinvestigations was reviewed by the ESHRE guideline
development group.(5) They evaluated associations between diagnostic investigations
and risk of pregnancy loss. If associations were identified, the probability of a causative
or contributory relationship was assessed. In addition, the prognostic value of diagnostic
test results and the evidence regarding treatment effects were reviewed. The tests
(Figure 2) that were recommended by the ESHRE guideline development group include:

e the measurement of antiphospholipid antibodies (lupus anticoagulant and
anticardiolipin antibodies) to screen for antiphospholipid syndrome;

e pelvicultrasonography (preferably a three-dimensional transvaginal ultrasound)
to identify potential uterine anomalies;

e thyroid function and presence of thyroid peroxidase (TPO) antibodies;

e parental karyotyping in selected couples, based on individual risk assessment.
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To women with antiphospholipid syndrome a combination of low-dose aspirin and
low molecular weight heparin can be offered, as this is associated with increased live
birth rates after RPL, although the quality of evidence is low.(5, 9) Surgical treatment
of uterine anomalies has been a subject of debate, however the recent TRUST trial did
not reveal any improvement in reproductive outcome in women with a septate uterus
that underwent septum resection.(10) Also for other uterine anomalies in women with
RPL, surgical uterine reconstruction is not recommended.(5) In women with subclinical
hypothyroidism levothyroxine therapy can decrease the risk of subsequent pregnancy
loss, according to moderate-quality evidence.(5, 11) To couples with results of an
abnormal parental karyotype, genetic counselling should be offered to discuss their
prognosis and further diagnostic options. Based on the limited available evidence, there
seems no benefit of preimplantation genetic testing in couples with RPL.(5)

Despite performing the diagnostics tests as described above, the aetiology of RPL
remains unclear in the majority of patients. Nevertheless, also for those patients in
whom no underlying condition could be diagnosed, various treatment options have been
investigated in the past decades. The key interventions included insulin, human chorionic
gonadotropin, immunomodulatory agents such as intravenous immunoglobulins and
prednisone, micronutrient supplements and progestogens.(5, 12) Unfortunately, these
medications seemed not to improve live birth rates after RPL. Based on the most
recent review and meta-analysis, only micronized vaginal progesterone treatment
might be considered for women with unexplained RPL who have a high number of
previous pregnancy losses and first trimester blood loss, however this remains a topic
of discussion.(12)
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Figure 2. Known and potential risk factors for RPL

Key maternal risk factors: aging, cigarette smoking, alcohol consumption, body mass index, environmental factors, anti-thyroid
peroxidase (TPO) antibodies, antiphospholipid syndrome (APS), uterus anomalies, balanced chromosomal translocations. Paternal
risk factor: balanced chromosomal translocations. (Selection of) potential paternal risk factors: ageing, cigarette smoking, alcohol
consumption, body mass index, environmental factors.
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MALE CONTRIBUTION

The less than 50% of couples in whom an explanation for RPL can be found is a sobering
statistic. As recently stated in the journal Fertility and Sterility, the search must go on
for patients with RPL.(25) For a long time, the vast majority of studies have focused on
female factors. In case of pregnancy achievement, the man’s gametes were considered
normal and later complications, including loss of the pregnancy, were attributed to
female anomalies. Since the male partner contributes half the genetic material of the
embryo, it seems reasonable to assume that his influence extends beyond just the
conception. Therefore, a thorough evaluation of paternal factors seems an excellent
opportunity to gain new insights in (recurrent) pregnancy loss. Although the male
contribution has not been satisfactorily addressed so far, some studies exist that have
already focused on this topic:

Paternal age

In contrast to the well-known impact of maternal age on the risk of pregnancy loss, the
impact of increasing paternal age is less clear. In 2018, Oldereid et al. reviewed existing
literature on the influence of paternal age on a wide range of perinatal and paediatric
outcomes.(26) They found associations between advanced paternal age (starting around
40) and stillbirth, several birth defects as well as long term adverse outcomes in the
offspring, including autism spectrum disorders. Although these results make it plausible
that advanced paternal age may also contribute to pregnancy loss, this outcome was not
assessed in this review. A number of studies were published investigating the relation
between male age and pregnancy loss, with inconclusive results.(15, 27-29)

Paternal lifestyle and environmental factors

Knowledge on the impact of paternal lifestyle factors on pregnancy loss is very limited.
Some studies assessed the relation between smoking and/or alcohol consumption and
pregnancy loss. Results of these studies were ambiguous and no systematic reviews and
meta-analyses exist.(15, 30-33) Another study found that the risk of RPL was significantly
increased when paternal smoking, alcohol consumption and occupational exposure to
environmental factors (including a wide range of exposures such as radiation, pesticides
and heavy metals) were superimposed.(34)

Semen

The aforementioned studies were aimed at finding associations between paternal factors
and pregnancy loss from an epidemiological point of view and most of these studies
did not investigate potentially underlying biological mechanisms. However, in order
to increase insight into the male contribution to RPL, besides epidemiological studies,
it is essential to zoom in on the substance that actually forms the male contribution:
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the semen. Semen comprises both spermatozoa (the mature sperm cell fraction) and
seminal plasma (the acellular plasma fraction).

Spermatozoa
From entering puberty on, large numbers of spermatozoa are produced in the
seminiferous tubules of the testis and the epididymis through a complex process or
renewal, proliferation and differentiation, known as spermatogenesis. The entire process
is estimated to occur approximately within 74 days and is classically divided into three
phases(35, 36):
e amitoticamplification phase (proliferation and maintenance of spermatogonia);
e a meiotic recombination phase (production of genetically diverse haploid
gametes);
e a post-meiotic phase, known as spermiogenesis (re-packaging of the haploid
paternal genome).

Mature spermatozoa are highly differentiated cells, consisting of a tail, a mid piece
and a head, containing the nucleus with the paternal genetic material carried in the
deoxyribonucleic acids (DNA) molecules. The main function of spermatozoa is to transfer
the intact haploid paternal genome to the female reproductive tract. Protection of the
DNA is crucial and this is safeguarded by the sperm-specific DNA packaging. In somatic
cells, the DNA is wrapped around highly basic proteins named histone proteins, that
are found in the cell nuclei. Histones act as “anchors” around which the DNA winds and
forms units called nucleosomes. In turn, these nucleosomes are wrapped into fibers
that form tightly packed chromatin. Without this way of packaging, unwound DNA
chromosomes would be very long. Besides ensuring a compact DNA structure, histones
protect the DNA from damage. Chromatin packing in mature spermatozoa differs
from that in somatic cells. During the post-meiotic process of spermiogenesis, nuclear
histones are replaced by protamines, which are smaller basic proteins. This facilitates
even more compaction of the sperm nucleus, and consequently, of the sperm head.
Condensation of the sperm chromatin is approximately seven times higher than in the
nucleus of any somatic cells.(36) This chromatin reorganization is considered vital for
the success of fertilization. The sperm head volume is directly related to the optimal
velocity of the cell and nuclear compaction is important for protection of the paternal
genome against chemical and physical modifications. These factors are both critical for
the spermatozoa to safely move towards the oocyte in the female reproductive tract.
Thorough protection of the sperm DNA is especially important as mature spermatozoa
have limited DNA repair capacity; their translation and transcription activities are
silenced in the later stages of spermatogenesis.(37)

Remarkably, several studies have shown that not all histones in mature sperm DNA are
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replaced by protamines. It is estimated that around 7-15% of the sperm DNA, located in
peripheral regions of the mature sperm nucleus, maintains the association with histones.
(36, 38) The reason for this is not yet understood, however it is hypothesised that these
persisting paternal histones might be critical for the early transcriptional reactivation of
the paternal genome.(39) Regardless of the reason, the paternal DNA present in these
less tightly packed regions seems more susceptible to damage.(36, 40)

Seminal plasma

The plasma fraction of semen is a combination of secretions from the male accessory
sex glands, including the seminal vesicles, the prostate and the bulbourethral glands.
The seminal plasma protects and nourishes the spermatozoa upon ejaculation and
until subsequent fertilization. It needs to provide an optimal pH and viscosity to ensure
sperm viability and motility. The majority of seminal plasma is produced by the seminal
vesicles, which also provide fructose as an energy source for adenosine triphosphate
(ATP) production. The remainder of the seminal plasma is secreted by the prostate and
bulbourethral glands, in the form of mucus that serves as a lubricant for the passage of
sperm through the male reproductive tract, as well as buffers which neutralise the acid
milieu in the male urethra and vagina.(41)

Besides serving as a nutritive protective medium for spermatozoa, seminal plasma
contains a wide variety of bioactive signalling molecules: cytokines, chemokines,
prostaglandins and other immunological factors. These factors are produced by the
Leydig and Sertoli cells, the seminal vesicles and glands, and leukocytes and other
immune cells present in the male reproductive tract.(42)

In the seminal plasma of healthy fertile men, inflammatory factors, immune regulatory
factors and growth factors can be detected.(43) Key inflammatory factors include
interleukins (IL)-1a, IL-1B, IL-2, IL-6, IL-8, IL-12, IL-16, IL-18, tumour necrosis factor
(TNF)-a and interferon (IFN)-y. Immune regulatory agents abundantly present in
the seminal plasma include transforming growth factor (TGF)-B in three isoforms
(TGF-B1, TGF-B2 and TGF-B3) and prostaglandin E (PGE). Other factors with potentially
regulatory roles include soluble human leukocyte antigen-G (sHLA-G) and sHLA class-I.
In addition, seminal plasma contains growth factors such as VEGF, FGF, G-CSF and GM-
CSF.(44) Previous research indicated that, after encountering female tissues, these
immunologically active constituents of the seminal plasma affect the maternal immune
system.(45) As a consequence, this may affect fertility and pregnancy outcome, which
will be discussed in more detail later.

Associations between semen factors and RPL
Conventional semen analysis is performed following the World Health Organization
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(WHO) guidelines, which provides reference values for the parameters volume,
concentration and motility.(46) This analysis plays an important role in the evaluation
of male infertility. Several studies have compared conventional sperm parameters
between men in RPL couples and healthy fertile controls.(47-52) Based on these studies,
no consistent association between these semen parameters and RPL was found.(5)
Most studies showed no differences in sperm volume and concentration. Some studies
reported a lower percentage of motile sperm or sperm with abnormal morphology,
while other studies did not find any significant differences.

As a consequence of this lack of association between standard semen parameters and
RPL, most recent studies addressing the male contribution to RPL have focused on
other semen factors, mainly genetic defects. These genetic defects included chromatin
integrity, Y chromosomal deletions, chromosomal anomalies and DNA damage.(53-56)
Based on the available studies, anomalies and Y chromosomal deletions have no relation
with RPL, while sperm DNA seems to be the most promising factor. Although some
studies have been performed to explore the levels of seminal plasma cytokines and
other immunological factors in fertile and infertile populations(43, 57, 58), no studies
exist that evaluated the association between seminal plasma cytokine profiles and RPL.

Two biological theories regarding the potential male contribution to RPL exist that
served as a foundation for studies presented in this thesis. The first theory is focused on
DNA damage of the spermatozoa (Figure 3) and the second theory concerns impaired
immunomodulation in the female reproductive tract due to disbalances in the seminal
plasma (Figure 4). These theories will be further explained in the next sections.

Increased levels of sperm DNA fragmentation

Impaired DNA integrity does not necessarily prevent spermatozoa from successfully
fertilizing an oocyte(59-61). If excessive sperm DNA damage is present, exceeding
the repair capacity of the oocyte, this may cause complications after fertilization.
(62) Two systematic reviews and meta-analyses compared the rates of sperm DNA
fragmentation between male partners of women with RPL and a fertile control group.
(63, 64) Findings of these reviews supported a significant association between sperm
DNA fragmentation and RPL; both articles reported a pooled estimate of 12% higher
sperm DNA fragmentation in the RPL group.

Sperm DNA damage can be induced by several mechanisms, during different stages of
productionandtransport of the spermatozoa.(65) Duringthe process of spermatogenesis,
in part of the germ cells apoptosis (a genetically controlled programmed form of cell
death) is induced, to limit the size of the germ cell population and to prevent defective
germ cells from entering further stages of maturation. However, this screening
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mechanism does not operate without errors and cells destined to be eliminated undergo
only a partial maturational arrest and stills end up in the ejaculate, while their genomic
integrity is affected. This is called abortive apoptosis. Another cause of sperm DNA
damage is attributed to alterations in chromatin remodelling. And finally, DNA strand
breaks may be induced by a rise in oxidative stress due to an abundance of reactive
oxygen species (ROS).

ROS are highly reactive molecules containing oxygen that are important for physiologic
cellular functioning such as destruction of infectious agents and intracellular signalling.
(66) However, overproduction of ROS can cause damage. To maintain the right balance
the human body has antioxidant defence mechanisms. When the production of ROS
overwhelms these defence mechanisms, oxidative stress may occur (Figure 3).(67) ROS
has the ability to directly disrupt sperm DNA integrity by attacking purine and pyrimidine
bases of the deoxyribose backbone as well as by initiating apoptosis. Spermatozoa with
oxidative DNA damage that achieve fertilisation may often lead to pregnancy loss in
terms of embryo failure at the blastocyst stage or later during the early fetal stage.
(68) However, there is still the potential of an ongoing pregnancy and previous studies
suggested that damaged paternally derived DNA may also trigger the formation of de
novo mutations and lead to more long term consequences in the offspring, including the
initiation of genetic effects.(69-71)

@-ierH -2

Various endogenous and
exogenous factors have
48 been associated with
increased ROS
generation

Excessive ROS cause
2 oxidative stress, resulting
in sperm DNA
fragmentation

Figure 3. Sperm oxidative DNA damage
ROS = reactive oxygen species
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Various known origins of sperm oxidative stress exist. Factors that have been associated
with ROS generation and sperm oxidative stress include advanced age, obesity,
dietary deficiencies, lack of exercise or extreme exercise, cigarette smoking, excessive
consumption of alcohol or recreational drugs, infection, the presence of varicocele and
exposure to chemotherapy, radiotherapy and several environmental pollutants.(68, 71)

Perturbations in seminal plasma-driven maternal immunoregulation

The phenomenon of a successful pregnancy is fascinating in many ways and certainly
from an immunological point of view. To secure the maintenance of a pregnancy, the
maternalimmune system has to accept a semi-foreign body: the embryo. This requires an
environment of active maternal immune tolerance. Although many studies have focused
on the mechanisms underlying the so-called immunological paradox of pregnancy, it is
still not fully understood how the semi-allogeneic embryo (and later in gestation: the
fetus) escapes rejection by the maternal immune system. It has been hypothesized and
supported by several previous animal studies and human in vitro studies that seminal
plasma has the capacity to modulate the course of the maternal immune response and,
as a consequence, has the potential to affect fertility and pregnancy outcome.(42, 44,
45) Therefore, perturbations in seminal plasma-induced maternal immunoregulation
may lead to pregnancy loss.

The effects of seminal plasma exposure on female tissues are best described in mouse
models. Hours after seminal plasma deposition, various immune cells including
macrophages, dendritic cells and granulocytes are recruited into the endometrial stroma
and lumen. Dendritic cells take up antigens present in the seminal plasma and transport
these antigens to local lymph nodes.(72-74) This induces the activation and expansion
of populations of regulatory T cells (Treg cells).(75) These specific Treg populations are
reactive with seminal fluid major histocompatibility (MHC) antigens and known for their
potent immunosuppressive competence.(76) After migrating into the endometrium, the
Treg cells are thought to promote embryo implantation, as the embryo expresses the
same paternally derived antigens as present in the seminal plasma.(74) If the Treg cells
have sufficient suppressive capacity, they will support placentation and suppress the
inflammation that would otherwise cause rejection of the semi-allogeneic embryo.(77)

As substantiated in previous research, seminal plasma does interact with human
female tissues in a similar way (Figure 4). A study that analysed small cervical biopsies
before and after unprotected coitus demonstrated an induction of a range of cytokines
and chemokines that consequently lead to the infiltration of immune cells including
macrophages, dendritic cells and T cells.(78) The response to seminal plasma has also
been modelled in human in vitro experiments, which showed that ectocervical epithelial
cells upregulated cytokine and chemokine expression after contact with seminal plasma.
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(79) Other human in vitro studies showed that incubation of peripheral blood T cells and
monocytes wit seminal plasma induced alterations in mMRNA expression compatible with
the induction of more tolerogenic phenotypes.(80, 81)

Activation and expansion of Semen containing spermatozoa and
4 Treg cells reactive with seminal plasma with paternal
seminal plasma antigens antigens and various pro-

inflammatory, immune regulatory
and growth factors

\ Migration of antigen
specific Treg cells into the
endometrium to support
implantation and pregnancy . TGF-B
Dendritic cells take up
3 antigens present in seminal PGE2
plasma and transport them .
to local lymph nodes
- : VEGF YA
Recruitment of various
2 immune cells into the
endometrial stroma and
lumen .
IFN-y
Semen deposition TNF-a

= Paternal

antigen

Figure 4. Maternal response to semen deposition
DC = dendritic cell; GC = granulosa cell; MO = macrophage; Tregs = regulatory T cells

To support a state of active maternal immunotolerance, it has been hypothesized that
there needs to be an optimal balance between pro-inflammatory and immunoregulatory
signalling molecules in the seminal plasma.(44) Pro-inflammatory factors present in
the seminal plasma induce initial inflammatory effects resulting in the recruitment of
lymphocytes and antigen presenting cells, needed to develop an immune response
towards seminal plasma paternal antigens. In addition, pro-inflammatory markers
including IFN-y, TNF-a and IL-1B were shown to stimulate trophoblastic angiogenesis
by regulating the release of VEGF.(82) On the other hand, a seminal plasma profile with
excessively high inflammatory markers has been linked with infertility and pregnancy
complications.(42, 44, 81) A principal regulatory trigger present in the seminal plasma
is TGF-B. TGF-B has a potent effect on the proliferation and differentiation of various
immune cells. Together with other tolerance-inducing seminal plasma agents including
PGE2, sHLA-G and IL-10, TGF-B is considered essential in establishing a favourable
maternal immune environment that supports pregnancy.(44, 45)
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It is known that substantial variation in seminal plasma content may exist between
individuals.(83) Some prior studies measured levels of cytokines, chemokines and other
immunological factors in healthy fertile men, to provide reference values for studies
in pathologic conditions.(43, 84) Very little is known about the link between seminal
plasma expression profiles and pregnancy-related disorders including RPL. Furthermore,
it remains to be explored whether differences in seminal plasma content are related to
male lifestyle and environmental factors.
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PSYCHOLOGICAL BURDEN AND SUPPORTIVE CARE

Pregnancy loss is a common complication of pregnancy and brings substantial
disruption to the lives of many. It may lead to disorientation, depression and anxiety.
(85) It is conceivable that these feelings may intensify in case of recurrence. Indeed,
couples who encounter RPL may experience cumulative negative psychological effects,
including feelings of grief and loss as well as fear of chronic pathology and never having
a successful pregnancy.(86-89)

A Danish study showed that 8% of women with RPL scored moderate to severe
depression rates, compared to 2% in a control group.(90) Although most studies
investigating the psychological impact of RPL were restricted to women, Voss et al.(91)
recently assessed psychological risks and coping strategies in both women with RPL and
their male partners. They found that both men and women affected by RPL show high
risks of developing anxiety and depression, although risks in women were significantly
higher compared to men. For men, the most burdening issues included worries about
their partner, the desire for a child and their job situation. While women have higher
risks with regard to depression and anxiety, men showed higher scores of limited social
support than their female partners.

In the qualitative study of Koert et al.(92) male partners of women who had experienced
RPL indicated that they felt pressured to stay positive and to support their partner, while
they were also grieving. Furthermore, this study highlighted a discrepancy between
the couples’ perceived needs and their experience of care after RPL. The couples
desired sensitivity, empathy and recognition of their losses from the medical staff
and they stressed that these desires were not always met during their experiences in
hospital. Furthermore, the study participants believed that care for RPL should include
psychological support, both in the period during and after a pregnancy loss and during
a subsequent pregnancy. It should be mentioned however that the results of this study
were based on a small, self-selected sample of couples with RPL.

Currentinternational clinical guidelines recommend to organise care for couples with RPL
in specialised outpatient clinics, where both investigations and possible treatments as
supportive care should be offered. These clinics should provide a dedicated and focused
service to couples affected by RPL, should take the psychological needs of the couples
into account and offer them supportive care. A study of Musters et al.(93) explored what
is actually perceived as supportive care by women with RPL. In their qualitative in-depth
interviewing study they identified 20 supportive care options preferred by the women.
In a subsequent questionnaire study by the same authors(94), women’s preferences
for the different supportive care options were quantified. Examples of the preferred
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supportive care services were to make a plan with their doctor for their next pregnancy,
frequently repeated ultrasound examinations during early pregnancy and continuity of
care in terms of seeing the same doctor during different consultations. Moreover, they
desired a doctor who is specialised in RPL and can provide reliable information but also
has excellent communication and pays attention to psychological aspects and emotional
needs.

Importantly, the preferences of the male partner were not taken into account in the
above mentioned studies of Musters et al.(93, 94) It remains unclear whether the needs
of men and women who faced RPL differ and also whether men feel sufficiently involved
in RPL clinics. A previous systematic review on patient-centred early pregnancy care
underscored that women and their partners undergoing (recurrent) pregnancy loss
appreciate anindividual approach.(95) However, the perspective of the male partner was
examined in only three out of 27 studies included in this review. Since previous studies
indicated that men do also suffer from RPL and they experience less (social) support
compared to women, more research into support requirements of men confronted with
RPL is warranted.
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AIMS AND OUTLINE OF THIS THESIS

In order to improve care for couples with RPL, it is essential to increase knowledge on the
risk factors and underlying pathophysiological mechanisms of this condition. This should
lead to additional targets for diagnostic testing as well as novel therapeutic strategies.
Besides a better understanding of the aetiology of RPL, it is of great importance to better
estimate the prognosis of individual couples. This may provide an answer to a critical
qguestion of couples with RPL: what is the chance of a future successful pregnancy? In
order to expand current knowledge, we must go off the beaten track of the studies that
have been performed previously.

The aim of the research presented in this thesis is to gain more insight into the male
contribution to RPL. We evaluate the relation between paternal factors and RPL both
from an epidemiological and immunological point of view. In addition, we investigate
the preferences for supportive care of both men and women affected by RPL.

e In chapters 2 and 3, the current literature regarding the link between paternal
age and lifestyle factors and the risk of pregnancy loss is evaluated. In both
chapters a systematic review with meta-analysis is presented.

e In chapter 4, a study protocol is presented to evaluate the role of paternal
lifestyle and biological factors in the aetiology and prognosis of RPL, which
involves both a case-control study and a cohort study (the REMI Il project).

e In chapter 5, the results of a prediction study are shown. This study was
performed to identify, besides maternal age and the number of previous
pregnancy losses, additional characteristics of women and men affected by RPL
that improve prediction of the chance of a subsequent ongoing pregnancy.

e In chapters 6 and 7, we zoom in on the role of seminal plasma in relation to
RPL. In chapter 6, the association between seminal plasma cytokine expression
profiles and clinical and lifestyle characteristics is discussed. To evaluate the
immunomodulating effect of seminal plasma on female immune cells, we
performed an in vitro study, which is described in chapter 7.

e In chapter 8, we focus on supportive care for couples with RPL. The results of
a questionnaire study are presented, which quantified both female and male
preferences for supportive care after RPL.

e Finally, in chapter 9, a summary of all studies presented in this thesis is provided
and the findings are discussed and placed in a broader perspective, including
opportunities for future research.
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CHAPTER 2

ABSTRACT

Background

Although spontaneous miscarriage is the most common complication of human
pregnancy, potential contributing factors are not fully understood. Advanced maternal
age has long been recognised as a major risk factor for miscarriage, being strongly
related with fetal chromosomal abnormalities. The relation between paternal age and
the risk of miscarriage is less evident, yet it is biologically plausible that an increasing
number of genetic and epigenetic sperm abnormalities in older males may contribute
to miscarriage. Previous meta-analyses showed associations between advanced
paternal age and a broad spectrum of perinatal and paediatric outcomes. This is the
first systematic review and meta-analysis on paternal age and spontaneous miscarriage.

Objective and rationale
The aim of this systematic review and meta-analysis is to evaluate the effect of paternal
age on the risk of spontaneous miscarriage.

Search methods

PubMed, Embase and Cochrane databases were searched to identify relevant studies
up to August 2019. The following free text and MeSH terms were used: paternal age,
father’s age, male age, husband’s age, spontaneous abortion, spontaneous miscarriage,
abortion, miscarriage, pregnancy loss, fetal loss and fetal death. PRISMA guidelines for
systematic reviews and meta-analysis were followed. Original research articles in English
language addressing the relation between paternal age and spontaneous miscarriage
were included. Exclusion criteria were studies that solely focused on pregnancy outcomes
following artificial reproductive technology (ART) and studies that did not adjust their
effect estimates for at least maternal age. Risk of bias was qualitatively described for
three domains: bias due to confounding, information bias and selection bias.

Outcomes

The search resulted in 975 original articles. Ten studies met the inclusion criteria and
were included in the qualitative synthesis. Nine of these studies were included in
the quantitative synthesis (meta-analysis). Advanced paternal age was found to be
associated with an increased risk of miscarriage. Pooled risk estimates for miscarriage
for age categories 30-34, 35-39, 40-44 and >45 years of age were 1.04 (95% Cl 0.90,
1.21), 1.15 (0.92, 1.43), 1.23 (1.06, 1.43) and 1.43 (1.13, 1.81) respectively (reference
category 25-29 years). A second meta-analysis was performed for the subgroup of studies
investigating first trimester miscarriage. This showed similar pooled risk estimates for
the first three age categories and a slightly higher pooled risk estimate for age category
>45 years (1.74; 95% Cl 1.26, 2.41).
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Wider implications

Over the last decades, childbearing at later ages has become more common. It is known
that frequencies of adverse reproductive outcomes, including spontaneous miscarriage,
are higher in women with advanced age. We show that advanced paternal age is also
associated with an increased risk of spontaneous miscarriage. Although the paternal
age effect is less pronounced than that observed with advanced maternal age and
residual confounding by maternal age cannot be excluded, it may have implications for
preconception counselling of couples comprising an older aged male.
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INTRODUCTION

Advanced maternal age is an extensively studied risk factor for adverse reproductive
outcome.(1-10) The reproductive risks associated with advanced maternal age (usually
defined as age>35 years) form an integral part of preconception counselling and are well
known to the general public.(11). Moreover, clinical policy is based on this knowledge,
for instance, maternal age-related access criteria for in vitro fertilisation (IVF) treatment.
(12) In contrast, less attention has been paid to the potential effect of paternal age.
There are, however, studies indicating that this is unjustified. In 2018, Oldereid et
al. evaluated the influence of paternal factors on a broad spectrum of perinatal and
paediatric outcomes.(13) They found associations between advanced paternal age and
adverse outcomes in the offspring, particularly with psychiatric disorders like autism
spectrum disorders and schizophrenia but also with stillbirth and several birth defects.
The age of the father and the mutation rate in the offspring are found to be strongly
related, possibly due to the larger number of germline divisions that have occurred in
older males.(14, 15) Next to a higher frequency of point mutations, there is evidence
suggesting that increasing paternal age is associated with sperm DNA strand breaks,
genetic imprinting errors and chromosomal anomalies, all of which are factors related to
miscarriage.(16-18) As such, from a biological point of view, it seems justified to consider
paternal age as an independent risk factor for miscarriage.

Spontaneous miscarriage is the most common complication of human pregnancy; it
is estimated that at least 30% of all pregnancies and 10-15% of clinically recognised
pregnancies end in miscarriage.(4, 19) Miscarriage refers to a spontaneous demise of
pregnancy beforethe fetusreachesviability (before 24 weeks of gestational age); however,
in many studies it is defined as a pregnancy loss that occurs before 20 completed weeks
of gestational age.(20, 21) The majority of studies on miscarriage and its associated
factors are focused on female factors. Cytogenetic and chromosomal microarray
analysis studies on miscarriage specimens have shown that genetic abnormalities play
a role in 50-70% of cases.(22-24) The prevalence of genetic abnormalities is highest
in miscarriage samples from the first trimester, particularly in miscarriage samples of
embryonic stage.(23) Advanced maternal age is strongly related with fetal chromosomal
abnormalities, mainly aneuploid conceptions.(4, 25, 26) Besides maternal age, other
factors such as uterine anomalies, poorly controlled diabetes and thyroid autoimmunity
are related to miscarriage.(25, 27-29) In addition, associations have been found with
behavioural and environmental factors including maternal obesity, smoking, alcohol and
caffeine consumption, the use of non-steroidal anti-inflammatory drugs and acute and
chronic stress.(30-35)
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Despite our current knowledge, the cause of miscarriage is not always well-understood,
especially in couples with recurrent miscarriages.(36, 37) Since the male partner
contributes half of the genetic material of the embryo, studying paternal factors will
possibly contribute to unravelling the complex aetiology of pregnancy loss. This may help
to provide answers to affected couples, of whom many experience a high psychological
impact and emotional burden.(38)

This is the first systematic review and meta-analysis evaluating the effect of paternal
age on spontaneous miscarriage. We provide an overview of epidemiological studies
evaluating the association between paternal age and spontaneous miscarriage and we
discuss possible underlying explanatory mechanisms.
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METHODS

We have conducted a systematic review and meta-analysis following the PRISMA
guidelines.(39) This systematic review was registered and accepted for inclusion in the
international prospective register of systematicreviews PROSPERO (ID CRD42019132886).

Systematic search

A systematic search of PubMed, Embase and Cochrane electronic databases was
performed to identify relevant studies from inception until 12 August 2019. We used
the following free text and MeSH terms: paternal age, father’s age, male age, husband’s
age, spontaneous abortion, spontaneous miscarriage, abortion, miscarriage, pregnancy
loss, fetal loss, fetal death. The full electronic search strategy for PubMed is shown in
Supplementary Table 1. Additional searches in Google Scholar were conducted, and
reference lists of identified articles were manually searched for additional relevant
references.

The literature search was performed by two researchers (N.F. and E.L.) and a librarian.
The results of the search were exported to a citation manager (EndNote), and duplicates
were removed. The screening was performed by two researchers (N.F. and E.L.). There
were two stages of screening for study inclusion: in the first stage, titles and abstracts
were screened and in the second stage, full manuscripts of the articles identified in the
initial screening were retrieved and read in detail. Any discordance on selecting studies
and assessing risk of bias (see further) was resolved by consensus. If no agreement was
obtained, the opinion of a third observer (M.H.) was sought to gain consensus.

Eligibility criteria

Inclusion criteriawere original researcharticlesin Englishlanguage addressing the relation
between paternal age and spontaneous miscarriage. Exclusion criteria were studies that
solely focused on pregnancy outcomes after artificial reproductive technology (ART) and
studies that did not adjust their effect estimates for at least maternal age.

Data extraction

Two reviewers (N.F. and E.L.) extracted data from all selected articles on study design,
country, publication year, study period, population characteristics, inclusion and
exclusion criteria, exposure and outcome definitions, outcome ascertainment, sample
size, type of effect measures, adjusted effect estimates with 95% confidence interval (Cl)
or P value, variables adjusted for in the analyses and statistical methods of adjustment
for maternal age.
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Risk of bias assessment

There is lack of a single obvious candidate tool for assessing quality of observational
epidemiological studies.(40) Moreover, as stated by Dekkers et al. in the COSMOS-E
(Conducting Systematic Reviews and Meta-Analyses of Observational Studies of Etiology)
guideline(41), a ‘one size fits all” approach for assessing quality of these studies is probably
misguided, considering the large heterogeneity in observational research. Therefore, it
has been recommended to develop a set of criteria for each observational systematic
review and meta-analysis and to assess risk of bias in a qualitative manner.(41)

For the research question of this systematic review, we distinguished three relevant
domains of risk of bias: bias due to confounding, information bias and selection bias
(including bias due to loss of follow-up or missing data). Risk of bias was assessed by
two reviewers (N.F. and E.L.). For each individual study, risk of bias within domains and
across domains was assessed and described.

Statistical analysis

The selected studies reported outcomes in adjusted odds ratios (AORs), adjusted hazard
ratios (AHRs) and adjusted rate ratios (ARRs) with 95% confidence intervals (Cl) or P
values. These effect measures were treated equally as risk measures. When standard
errors were not reported, we calculated them from 95% Cls or P values. To assess the
effect of paternal age on first trimester miscarriage separately, we performed a second
meta-analysis for the subgroup of studies that focused on miscarriage <13 weeks.

Most studies used the age category of 25-29 years as the reference category. Two
studies(42-44) used <25 years as reference; for these studies the reported AORs were
rescaled by dividing the AOR by the reported AOR in age category 25-29 years.

Meta-analyses were stratified by the following paternal age categories: 30-34, 35-39,
40-44 and 245 years (similar to that in Oldereid et al.(13)). If a study reported more
subcategories (i.e. 45-49 years and >50 years), the effect sizes of these categories were
pooled using a within study fixed effect meta-analysis. One study(45) reported one odds
ratio for the age category 29-39 years. We used the same estimate for both 30-34 and
35-39 years, and we adjusted the standard errors, assuming equal sample sizes in both
categories.

Two studies analysed different combinations of paternal age and maternal age (‘couple
age’). To obtain overall AORs and ARRs for paternal age categories adjusted for maternal
age, a weighted regression analysis (using fixed effect regression meta-analysis software)
was performed with the estimated log AOR as dependent variable and paternal age and
maternal age categories as independent variables.
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Evidence of publication bias was assessed through qualitative inspection of a funnel plot.
Statistical heterogeneity among studies was assessed by inspecting the heterogeneity
(12) statistics. Because of heterogeneity of study populations and study designs,
random-effects meta-analysis with DerSimonian and Laird estimation was used for the
main analysis (command metan in Stata 14: StataCorp LLC, TX, USA). For sensitivity
analysis, fixed-effect estimates were calculated as well. A second sensitivity analysis was
conducted to evaluate the influence of the study with the most extreme estimates, by
repeating the meta-analysis with exclusion of this study.

44



RESULTS

Study selection
Details of the study selection process are shown in the PRISMA Flow Diagram (Fig.
1). The systematic search retrieved a total of 1343 articles: 1337 were identified by
the search strategy and six additional articles were identified by hand searching other
sources. After removing duplicates, 975 articles remained for first-stage screening. After
first-stage screening by reviewing titles and abstracts, 954 articles were excluded and

PATERNAL AGE AND THE RISK OF PREGNANCY LOSS

21 articles were identified to assess the full text for eligibility. After this second stage

of screening, 11 articles were excluded for reasons that are shown in Fig. 1. Finally,
10 articles met all the inclusion criteria. These were included in this review and were

potentially appropriate to be included in meta-analysis. One study was excluded from

meta-analysis, because of a different reference category and extremely high risk

estimates, which is further explained in the narrative synthesis section.

Identification }

[

J

Eligibility Screening

Included

Records identified through
database searching
(n=1,337)

Additional records identified
through other sources
(n=6)

Records after duplicates removed

(n=975)

Records screened

(n=975)

l

Full-text articles assessed

for eligibility
(n=21) \

|

Studies included in
qualitative synthesis
(n=10)

l

Studies included in
quantitative synthesis
(meta-analysis)
(n=9)

Figure 1. Flow diagram of study selection process
Ten articles met all inclusion criteria and were included in qualitative synthesis. Nine studies were included in the meta-

Records excluded

(n=954)

Full-text articles excluded (n = 11):

did not address both
miscarriage and paternal age
(n=8)

did not adjust for maternal
age (n=3)

analysis; one study was excluded for reasons explained in the narrative synthesis section.
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Study characteristics

Detailed descriptions of key characteristics for all included studies are summarized in
Table 1. With regard to the study designs of the ten included studies; four were cohort
studies(42, 46-48) and six were case-control studies(43-45, 49-51). Two of the cohort
studies(46, 47) were retrospective studies and two were prospective studies(42, 48). Two
of the case-control studies were nested case-control studies(44, 49). As shown in Table 1,
three studies took place in the USA(42, 44, 51) (one of these studies used data derived
from a historic cohort; the Jerusalem Perinatal Study(44)), two in France(46, 47) (one of
these studies was based on the European Study of Infertility and Subfecundity, including
data from Denmark, Germany, Italy and Spain(46)), and one each in Denmark(48), the
UK(49), Japan(45), China(43) and Pakistan(50). Seven studies were population-based(42,
44,46-49,51) and three were hospital-based(43, 45, 50). The sample sizes varied from 600
participants in a case-control study(50) to 23,821 in the Danish study by Nybo Andersen et
al.(48). Two studies(44, 51) included only spontaneous pregnancies. In three studies(45,
48, 49) a specified proportion of pregnancies (the highest proportion being 13% in the
study of Baba et al.(45)) were conceived after ART, while in one study(46) it was stated
that part of the population had fertility problems but not further explained. In four other
studies(42, 43, 47, 50) the mode of conception was not stated.

Definition of outcome

Miscarriage is defined as the spontaneous demise of intrauterine pregnancy before 24
weeks of gestational age.(52, 53) In the studies selected for this review, miscarriage
was defined by different gestational age ranges. Two studies(42, 47) used a lower
threshold for five or six weeks of gestational age, while a common upper threshold was
20 weeks(42, 44, 47, 48, 51). Four studies(43, 45, 49, 50) focused on first trimester
miscarriages only (<12 weeks or <13 weeks). Two studies(46, 50) did not specifically
define gestational age ranges for miscarriage.

Risk of bias
Risk of bias assessment was carried out for each included study, and the results of this
assessment are shown in Supplementary Table II.

Bias due to confounding

When evaluating the effect of paternal age on the risk of miscarriage, maternal age is
a major confounding factor, being strongly associated with both the exposure and the
outcome. Hence, we decided to include only studies in this review that controlled for
maternal age. For other factors, it is less evident whether they are confounding the
relation between paternal age and miscarriage or whether they are in the causal pathway.
For instance, prior miscarriage is a strong risk factor for a subsequent miscarriage. Six
studies(43-46, 48, 49) considered this factor as a potential confounder. However, as
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stated by Slama et al.(42, 54), a previous miscarriage might have been caused by an
elevated paternal age during the previous pregnancy. From that perspective, it should be
thought of as an intermediate variable (or a proxy for an intermediate variable) instead
of a confounder. Other factors controlled for in some of the selected studies were
maternal smoking(42-48) and alcohol consumption(42, 43, 45, 47, 48). Furthermore,
some authors did adjust for potential confounding factors such as education level(44),
occupational status(45, 48) and ethnicity(51)

Information bias and selection bias

The studies in this review can be subdivided into two types of designs: population-based
studies and hospital-based studies. An advantage of large population-based studies(46-48)
is a low risk of selection bias, although as a drawback they often have to rely on self-reports
of the women regarding their pregnancy outcomes. This means that miscarriages have
not been confirmed. In addition, self-reporting could be subject to recall bias or social
desirability bias.(55) In hospital-based case-control studies(43, 45, 50), miscarriages are
ascertained by hospital diagnosis. However, conducting a study in a hospital setting may
introduce a selection bias, since only a subset of women that miscarried is recruited and
this subset may not be representative for all women experiencing a miscarriage. Risk of
selection bias due to loss to follow-up or missing data was low for all studies.

Narrative synthesis

We included ten studies in this review and seven studies(42, 44, 46, 47, 49-51) found
a significant effect of paternal age on the risk of miscarriage. De la Rochebrochard et
al.(46) analysed data of 3,174 couples from four European countries about last planned
pregnancies that ended in live birth or miscarriage. They stratified paternal and maternal
age in 5-year age classes, with 25—-29 years designated as the reference group. Maternal
and paternal age were analysed together, defined by the variable ‘couple age’, consisting
of a combination of the age classes of both partners. A significant increased AOR for
miscarriage was found if the woman was 30—-34 years and the man 240 years of age,
compared to same-aged women and younger men. When we recalculated the reported
AORs to obtain AORs for paternal age effects adjusted for maternal age, we found an
increased risk for age category 40-64 years, although this was not significant (AOR 1.31;
95% Cl 0.75, 2.28).

In a retrospective study by Slama et al.(47) 1,151 randomly selected French women were
interviewed about their pregnancy outcomes between 1985 and 2000. The authors
developed a survival model to predict the probability of spontaneous miscarriage as a
function of the woman’s and man'’s age. This model showed an increased ARR of 1.95 (95%
Cl 0.97, 3.92) for spontaneous miscarriage in women aged 25 years with a partner of 35
years or older, compared to women aged 25 years whose partner was younger than 35 years.
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Table I. Characteristics of included studies

Author, year, Study Study Study Number of Proportion of ART Definition of
country period design setting pregnancies or pregnancies miscarriage
cases and controls
De la 1991 - Retro-spective  Population-based 3,174 pregnancies Part of study Not defined
Rochebrochard et 1993 cohort (European Study population
al. (2002), France of Infertility and had infertility
Subfecundity: problems,
Denmark, otherwise not
Germany, Italy, stated
Spain)
Slama et al. (2003), 1985 - Retro-spective  Population-based 2,414 pregnancies Not stated Unplanned
France 2000 cohort termination
of pregnancy
between 5

and 20 weeks
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Miscarriage Adjusted Risk factors Methods of
ascertainment risk estimates adjusted for adjustment for
_______________ maternal age
Self-reports Paternal age Maternal age AOR (95% Cl) Country, number of Logistic regression
20-29 20-29 1.0 (reference) the pregnancy, time to
30-34 20-29 1.06 (0.61-1.86) pregnancy, maternal and Definition of new
35-39 20-29 1.31(0.56-3.07) paternal smoking, history variable
40-64 20-29 1.80 (0.52-6.24) of miscarriage, history of ~ ‘couple age’, consisting
20-29 30-34 1.72 (0.62-4.74) ectopic pregnancy, history  of classes of maternal
30-34 30-34 1.62 (0.93-2.82) of induced abortion and paternal age
35-39 30-34 1.06 (0.52-2.17) combinations
40-64 30-34 2.90 (1.26-6.67)
20-29 35-44 9.18 (1.80-46.66)
30-34 34-44 3.87(1.24-12.02)
35-39 35-44 3.38 (1.76-6.47)
40-64 35-44 6.73 (3.50-12.95)
20-29 1.0 (reference)
30-34 0.93 (0.60-1.4)°
35-39 0.68(0.42-1.12)*
40-64 1.31(0.75-2.28)*
Self-reports Paternal age Maternal age ARR (p-value or Area of recruitment Discrete time survival
95% Cl) model
<25 <20 0.8 (0.64)
25-29 <20 0.7 (0.71) Adjusted for maternal
30-34 <20 2.6 (0.39) age as continuous
<25 20-24 1.2(0.52) variable; used age, age
25-29 20-24 1.0 (reference) squared and age cubed
30-34 20-24 0.5(0.23) as covariates in the
35-39 20-24 5.3(0.01) model
<25 25-29 1.3 (0.61)
25-29 25-29 1.1(0.81)
30-34 25-29 0.90 (0.70)
35-39 25-29 1.1(0.91)
>40 25-29 0.70(0.77)
25-29 30-34 1.5(0.27)
30-34 30-34 1.2 (0.51)
35-39 30-34 1.5(0.28)
>40 30-34 1.5 (0.62)
25-29 35-39 7.0 (0.03)
30-34 35-39 3.3.(0.01)
35-39 35-39 2.2 (0.03)
>40 35-39 1.1(0.91)
35-39 >40 1.6 (0.68)
>40 >40 11.2 (0.00)
20 <35 1.36 (0.98-1.90) Area of recruitment,
25 <35 1.0 (reference) maternal smoking, maternal
25 >35 1.95(0.97-3.92) alcohol consumption in first
30 <35 1.12 (0.93-1.35) trimester, previous history
30 >35 1.32(0.84-2.07) of urogenital disorder
35 <35 2.31(1.42-3.75)
35 >35 1.40 (0.89-2.20)
40 >35 2.76 (1.51-5.04)
42 >35 4.46 (1.90-10.49)
25-29 1.0 (reference) Area of recruitment,
30-34 0.92 (0.57-1.52)* maternal age
35-39 1.21(0.66-2.22)*
>40 1.01 (0.35-2.92)°
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Table I. Continued

Author, year, Study Study Study Number of Proportion of ART Definition of
country period design setting pregnancies or pregnancies miscarriage
cases and controls
Nybo Andersenet 1997 - Prospective Population-based 23,821 pregnancies 6% of total study Early fetal
al. (2004), Denmark 1999 cohort (Danish National population death <20
Birth Cohort weeks
Recruitment)
Slama et al. (2005), 1990 - Prospective Population-based 5,121 pregnancies Not stated Spontaneous
France 1991 cohort (Pregnancy abortion
Outcome Study: between 6
California) and 20 weeks
Kleinhaus et al. 1964 - Nested case- Population- Cases: n=1,506 Only fertile Spontaneous
(2006), USA 1976 control based (Jerusalem women, otherwise abortion <20
Perinatal Study)  Controls: n=12,359 not stated weeks
(live births)
Maconochie etal. 2001 Nested case- Population-based Cases: n=603 Cases: 7% Early
(2007), UK control (National Women’s Controls: 3% miscarriage
Health Study) Controls: <13 weeks
n=6,116 (ongoing
pregnancy >12
weeks)
Baba et al. (2011), 2001 - Matched case- Hospital-based Cases: n=430 Cases: 13% Early
Japan 2005 control Controls: 12% miscarriage
Controls: n=830 <12 weeks

(term delivery)
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Miscarriage Adjusted Risk factors Methods of
ascertainment risk estimates adjusted for adjustment for
_______________ maternal age
Hospital Paternal age AHR (95% Cl) Maternal age, parity, Cox regression model
diagnosis <24 1.17 (0.84-1.63) number of previous
25-29 1 (reference) abortions, maternal alcohol ~ Maternal age entered
30-34 0.86 (0.72-1.03) and coffee consumption in model in three
35-39 0.99 (0.79-1.25) during pregnancy, maternal  different ways; using
40-44 0.77 (0.55-1.09) and paternal smoking, age continuously with
45-49 0.97 (0.56-1.69) maternal and paternal restricted cubic splines
>50 1.38 (0.66-2.88) occupational status instead of 5-year or

1-year groups yielded
similar estimates for
paternal age effects

Hospital Paternal age AHR (95% Cl) Maternal age, maternal Cox regression model
diagnosis <25 1 (reference) smoking, maternal alcohol
25-29 1.47 (1.04-2.08) consumption, maternal Adjusted for maternal
30-34 1.25(0.84-1.88) caffeine consumption, age as continuous
35-39 1.74 (1.12-1.72) paternal smoking in first variable, using a
40-44 1.45 (0.85-2.46) trimester fractional polynomial
245 1.87(1.01-3.44) approach
25-29 1 (reference)
30-34 0.85(0.57-1.28)
35-39 1.18(0.76-1.85)
40-44 0.99 (0.58-1.67)
245 1.27(0.69-2.34)
Self-reports Paternal age AOR (95% Cl) Maternal age, maternal Unconditional logistic
<25 0.59 (0.45-0.76) diabetes, maternal smoking, regression
25-29 1 (reference) history of spontaneous
30-34 1.4 (1.2-1.6) abortions, parity, interval
35-39 1.9(1.6-2.3) from interview to previous  Adjusted for maternal
240 1.6 (1.2-2.0) pregnancy, maternal and age as a continuous
paternal education, history variable; used
of induced abortions orthogonal coding of
parental ages
Self-reports Paternal age AOR (95% Cl) Maternal age, year of Logistic regression
<25 1.18 (0.80-1.73) conception, pregnancy
25 1 (reference) order, history of Coding of maternal age
30 1.05 (0.83-1.33) miscarriage, history of live not stated
35 1.22 (0.94-1.59) births
40 1.04 (0.71-1.53)
245 1.63 (1.08-2.47)
Hospital Paternal age AOR (95% Cl) Maternal age®, year of Conditional logistic
diagnosis <29 1 (reference) the event, history of regression
29-39 1.14 (0.75-1.74) spontaneous abortion,
>40 1.65 (0.94-2.88) history of induced abortion, Matched for maternal

treatment of infertility, age + 3 years
maternal BMI, maternal
smoking, maternal alcohol
consumption, maternal
employment, paternal
smoking
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Table I. Continued

Author, year, Study Study Study Number of Proportion of ART Definition of
country period design setting pregnancies or pregnancies miscarriage
cases and controls
Jaleel et al. (2013), 2007 - Case-control Hospital-based Cases: n=200 Not stated Early
Pakistan 2010 miscarriage
Controls: (otherwise
n=400 (ongoing not defined)
pregnancy >24
weeks)
Xu et al. (2014), 2009 - Matched case- Hospital-based Cases: n=620 Not stated Early
China 2012 control miscarriage
Controls: <13 weeks
n=1,240 (ongoing
pregnancy >12
weeks)
Nguyen et al. 2011 - Case-control Population-based Cases: 2,300 Only spontaneous Loss of
(2019), USA 2015 (National Survey of pregnancies pregnancies clinically
Family Growth) recognized
Controls: 10,410 pregnancy
pregnancies (live <12 weeks
birth 237 weeks) and <20
weeks

@ Recalculated from the risk estimates reported for the combinations of paternal and maternal age, as described in Statistical
analysis; © Rescaled to reference category 25-29, as described in Statistical analysis;
¢ Matched for maternal age (+3 years)
ART, artificial reproductive technology; AOR, adjusted odds ratio; AHR, adjusted hazard ratio; ARR, adjusted rate ratio; Cl,

confidence interval
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Miscarriage Adjusted Risk factors Methods of
ascertainment risk estimates adjusted for adjustment for
maternal age
Hospital Paternal age AOR (95% Cl) Maternal age, paternal Logistic regression
diagnosis <35 1 (reference) genital tract infection
36-40 16.44 (6.612-40.896) Coding of maternal age
41-45 13.738 (4.376- not stated
>45 43.127)
7.042 (1.269-39.090)
Hospital Paternal age AOR (95% Cl) Maternal age®, history of Conditional logistic
diagnosis <25 1 (reference) early miscarriage, history of regression
25-29 0.94 (0.81-1.28) induced abortion, vitamin
30-34 1.04 (0.85-1.32) supplementation, maternal ~ Matched for maternal
35-39 0.97 (0.79-1.37) smoking and alcohol age * 3 years
240 1.16 (0.86-1.42) consumption, maternal
night shift work, frequent
25-29 1 (reference) staying up late, physical
30-34 1.11(0.90-1.40) exercise
35-39 1.03 (0.84-1.46)°
240 1.23(0.91-1.51)°

Self-reports

Paternal age
<20 weeks
<25
25-29
30-34
35-39
40-44
45-49
>50

<12 weeks
<25
25-29
30-34
35-39
40-44
45-49
>50

AOR (95% Cl)

1.03 (0.85-1.25)
1 (reference)
1.04 (0.83-1.29)
1.11(0.81-1.52)
1.10 (0.70-1.74)
1.49(0.71-3.13)
2.05 (1.06-3.93)

1.07 (0.86-1.32)
1 (reference)
1.10 (0.86-1.39)
1.08 (0.76-1.52)
1.10 (0.67-1.82)
1.49 (0.65-3.40)
2.30(1.17-4.52)

Maternal age, ethnicity, Generalized estimating
income, marital status, equations logistic
pregnancy intention regression

Maternal age entered
in model in four age
categories
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Nybo Andersen et al.(48) used data of 23,281 pregnancies from a Danish prospective
cohort study to assess the association between paternal age and fetal death. They
stratified for early (<20 weeks of gestation) and late (220 weeks of gestation) fetal
death. Paternal age was categorised in 5-year age groups with the last group covering
>50 years. The authors found an increased hazard ratio for early fetal death for fathers
>50 years (AHR 1.38; 95% Cl 0.66, 2.88), using 25-29 years as the reference group.
They entered maternal age in three different ways in the model. Treating maternal age
continuously with restricted cubic splines instead of 5- or 1-year age groups yielded
similar estimates for paternal age effects, implying that there was no strong residual
confounding by maternal age. To ensure that the effect of paternal age was not due to
confounding by subfertility or infertility, they performed a second analysis restricted to
couples who conceived without fertility treatment and they found comparable AHRs.

A second study of Slama et al.(42) with a prospective design assessed the risk of
spontaneous miscarriage between 6 and 20 weeks of pregnancy in a Cox model. The
risk of spontaneous miscarriage was 1.27 times increased for fathers with a paternal
age of 35 years and more, compared to fathers younger than 35 years old (AHR 1.27;
95% Cl 1.00, 1.60). When they coded paternal age in smaller age groups (and maternal
age continuously, using a fractional polynomial approach), they found the highest risk of
spontaneous miscarriage for men aged >45 years (AHR 1.87;95% Cl 1.01, 3.44, reference
group men aged 18-24 years). We rescaled the AHRs using 25—29 years as the reference
category, and this yielded lower AHRs of 0.99 (95% CI 0.58, 1.67) in category 40—44 and
1.27 (95% C1 0.69, 2.34) in the >45-year age group.

In a nested case-control study derived from the Jerusalem Perinatal Study, Kleinhaus
et al.(44) compared 1506 couples with previous pregnancy ending in spontaneous
miscarriage with a control group comprising 12359 couples with prior live birth. They
used paternal age categories of 5 years, with 25-29 years being the reference group.
The AORs for miscarriage <20 weeks of gestation for the age groups 30-34 (AOR 1.4;
95% Cl 1.2, 1.6), 35—-39 (AOR 1.9; 95% 1.6-2.3) and 240 years (AOR 1.6; 95% Cl 1.2-2.0)
were all significantly increased.

Maconochie et al.(49) studied various socio-demographic and behavioural factors in
relation to last pregnancy outcomes. Cases consisted of 603 women whose most recent
pregnancy was a first trimester (<13 weeks) miscarriage. Controls were 6116 women
whose most recent pregnancy had progressed beyond 12 weeks. In fathers >45 years of
age the AOR for first trimester miscarriage was significantly increased (AOR 1.63; 95% Cl
1.08, 2.47; reference group 25-29 years).

Baba et al.(45) and Xu et al.(43) conducted similarly designed studies to identify risk
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factors for first trimester miscarriage. These hospital-based case-control studies were
matched for maternal age, with total sample sizes of 1290 and 1860, respectively.
For fathers aged >40, Baba et al. found an AOR for miscarriage of 1.65 (95% Cl 0.94,
2.88) and Xu et al. an AOR of 1.16 (95% Cl 0.86, 1.42). In both studies, only women
who miscarried and were hospitalised for a medical procedure were selected as cases;
women with spontaneous miscarriages without additional treatment were not included.
Baba et al. used women who underwent term deliveries in the same hospital as controls.
The control group of Xu et al. consisted of women who attended the outpatient clinic for
prenatal care and were past 13 weeks of gestation.

In a case-control study conducted in a hospital in Karachi, Pakistan, pregnant women
aged 20-35 years were included.(50) Cases were women with first trimester miscarriage
and controls were those admitted for delivery beyond 24 weeks of gestation. Studied
factors were maternal age, paternal age, parental tobacco use and male genital tract
infection. The final logistic regression model yielded extremely large effects of paternal
age on the risk of first trimester miscarriage compared to all other studies, with AORs
of 16.44 (95% Cl 6.61, 40.90) in age category 36—40 years, 13.74 (95% Cl 4.38, 43.13)
in age category 41-45 years and 7.04 (95% Cl 1.27, 39.09) in age category >45 years. In
contrast to the other studies, paternal age<35 years and maternal age<31 years were
used as reference categories. The reported data was insufficient to rescale the AORs
to reference category 25-29 years, as we did for other studies. Part of the explanation
for the deviating risk estimates could be that in this study population, there was less
correlation between maternal and paternal ages, meaning there were relatively many
couples consisting of older fathers and young mothers. We did not include this study in
our meta-analyses, as this study might involve a selected population, reflected by the
extreme and potentially unrealistic effects of paternal age that could not be compared
to other studies because of the different reference category that was used.

The most recent study of Nguyen et al.(51) used data of 12710 pregnancies from the
US National Survey of Family Growth and assessed the risk of miscarriage <20 and <12
weeks separately. They used pregnancies ending in a live birth 237 weeks as controls.
Pregnancies resulting in spontaneous miscarriage had 2.05 (95% Cl 1.06—3.93) times the
odds of being from a father aged >50 years. For first trimester miscarriage, the AOR for
this age category was 2.30 (95% Cl 1.17-4.52).

Quantitative synthesis of paternal age effects

The overall meta-analysis (Fig. 2), including nine studies, showed an increasing risk of
miscarriage with advancing paternal age. Significant effects in age categories 40-44
years (pooled estimate 1.23; 95% Cl 1.06, 1.43) and 245 years (1.43; 95% Cl 1.13, 1.81)
were found. The reference group was 25-29 years for all studies, except for Baba et
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al.(45) (<29 years) and de la Rochebrochard et al.(46) (20-29 years).

A second meta-analysis (Fig. 3) was performed including the four studies that were

restricted to first trimester miscarriage. A similar pattern of the paternal age effect was
found, with a pooled estimate of 1.74 (95% CI 1.26, 2.41) in the highest age category.

In both meta-analyses, there was substantial heterogeneity in the two lower age

categories, while in the more advanced age categories the effects across studies were

more similar, as indicated by I2. In Supplementary Fig. S1, funnel plots are displayed for

each age category separately, including all nine studies. No clear evidence of small study

effects or publication bias was found.

Age category
Study (year)

30-34

Slama et al. (2005) ——
Nybo Andersen et al. (2004) —
Slama et al. (2003) —_—
De la Rochebrochard et al. (2002) —
Nguyen et al. (2019) —_—
Maconochie et al. (2007) —
Xu et al. (2014) —
Baba et al. (2011)

Kleinhaus et al. (2006)

Subtotal (I-squared = 62.0%, p = 0.007)

35-39

De la Rochebrochard et al. (2002)
Nybo Andersen et al. (2004)

Xu et al. (2014)

Nguyen et al. (2019)

Baba et al. (2011)

Slama et al. (2005)

Slama et al. (2003)

Maconochie et al. (2007)
Kleinhaus et al. (2006)

Subtotal (I-squared = 75.6%, p = 0.000)

<
—_—
—e
=
40-44
Nybo Andersen et al. (2004) —_——
Slama et al. (2005) e
Slama et al. (2003)
Maconochie et al. (2007) —
Nguyen et al. (2019) —
Xu et al. (2014) -
De la Rochebrochard et al. (2002) —
Kleinhaus et al. (2006)
Baba et al. (2011) -
Subtotal (I-squared = 16.8%, p = 0.293)

245

Nybo Andersen et al. (2004)

Slama et al. (2005)

Maconochie et al. (2007)

Nguyen et al. (2019)

Subtotal (I-squared = 0.0%, p = 0.447)

OW OW BN [

NOTE: Weights are from random effects analysis

Risk estimate
(95% Cl)

0.85 (0.57, 1.27)
0.86 (0.72, 1.03)
0.92 (0.56, 1.50)
0.93 (0.60, 1.45)
1.04 (0.83, 1.30)
1.05 (0.83, 1.33)
1.1 (0.89, 1.38)
1.14 (0.63, 2.07)
1.40 (1.21,1.62)
1.04 (0.90, 1.21)

0.68 (0.42, 1.12)
0.99 (0.79, 1.25)
1.03 (0.78, 1.36)
1.11 (0.81, 1.52)
1.14 (0.63, 2.07)
1.18 (0.76, 1.84)
1.21 (0.66, 2.22)
1.22 (0.94, 1.59)
1.90 (1.58, 2.28)
1.15 (0.92, 1.43)

0.77 (0.44, 1.34)
0.99 (0.58, 1.68)
1.01(0.35,2.92)
1.04 (0.71, 1.53)
1.10 (0.70, 1.73)
1.23(0.95, 1.58)
1.31(0.75, 2.28)
1.60 (1.24,2.07)
1.65 (0.94, 2.89)
1.23 (1.06, 1.43)

1.10 (0.71, 1.71)
1.27 (0.69, 2.34)
1.63 (1.08, 2.47)
1.78 (1.09, 2.91)
1.43 (1.13,1.81)

Weight
(%)

7.93
15.69
6.15
7.20
13.97
13.35
13.95
4.62
17.14
100.00

8.93
13.80
12.92
12.18
7.40
9.74
7.24
13.18
14.63
100.00

6.93
7.49
2.03
12.92
9.73
23.78
6.84
23.52
6.76
100.00

29.00
15.02
32.74
23.24
100.00

|
0.2 1

Decreased risk Increased risk

Figure 2. Forest plot describing the association between paternal age in different age categories and

the risk of miscarriage <20 weeks
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Age category Risk estimate  Weight
Study (year) (95% Cl) (%)
30-34 years
Maconochie et al. (2007) —— 1.05(0.83, 1.33) 32.22
Nguyen et al. (2019) —— 1.10 (0.87, 1.40) 31.08
Xu et al. (2014) —1— 1.11(0.89,1.38) 36.70
Subtotal (I-squared = 0.0%, p = 0.939) <:> 1.09 (0.95, 1.24) 100.00
35-39 years
Xu et al. (2014) —_—— 1.03 (0.78,1.36) 36.47
Nguyen et al. (2019) —_—— 1.08 (0.76, 1.53) 23.19
Maconochie et al. (2007) -——— 1.22 (0.94, 1.59) 40.34
Subtotal (I-squared = 0.0%, p = 0.671) <<> 1.11 (0.94, 1.32) 100.00
40-44 years
Maconochie et al. (2007) —_— 1.04 (0.71, 1.53) 22.94
Nguyen et al. (2019) —— 1.10(0.67,1.81) 13.54
Xu et al. (2014) —— 1.23 (0.95, 1.58) 52.73
Baba et al. (2011) ——— 1.65 (0.94,2.89) 10.79
Subtotal (I-squared = 0.0%, p = 0.587) <> 1.20 (1.00, 1.45) 100.00
=45 years
Maconochie et al. (2007) —_— 1.63(1.08,2.47) 61.34
Nguyen et al. (2019) —_— 1.93 (1.15, 3.25) 38.66
Subtotal (I-squared = 0.0%, p = 0.619) <> 1.74 (1.26,2.41) 100.00
NOTE: Weights are from random effects analysis

T T

0.2 1 5]
Decreased risk Increased risk

Figure 3. Forest plot describing the association between paternal age in different age categories and
the risk of early miscarriage <13 weeks

Maternal age effects

Besides analysis of the paternal age effect, four of the included studies(42, 44, 49,
51) evaluated the effect of maternal age on the risk of miscarriage. They reported risk
estimates for the maternal age effect, analysed on the same data as used for the paternal
age effect. One study(42) provided risk estimates for maternal age, adjusted for paternal
age. The other studies did not adjust the maternal age effects for paternal age. For
two studies(46, 47) that analysed combinations of paternal and maternal age (couple-
age), it was possible to obtain risk estimates for maternal age categories, adjusted for
paternal age (in the same way as performed for the paternal age effect, described in the
statistical analysis). Maternal risk estimates with a reference category other than 25-29
years were rescaled to reference category 25-29 years when possible. An overview of
maternal age effects on the risk of spontaneous miscarriage is shown in Table II.
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Table Il. Maternal age effects

Author, year, Adjusted Risk factors
country risk estimates adjusted for
De la Maternal age AOR (95% Cl) Paternal age, country, number of the pregnancy, time
Rochebrochard et 20-29 1.0 (reference) to pregnancy, maternal and paternal smoking, history
al. (2002), France 30-34 1.76 (1.10-2.82)° of miscarriage, history of ectopic pregnancy, history of
35-44 6.49 (4.43-9.51)° induced abortion

Slama et al. (2003),
France

Slama et al. (2005),

Kleinhaus et al.
(2006), USA

Maconochie et al.
(2007), UK

Nguyen et al.
(2019), USA

Maternal age
25-29
30-34
35-39

240

Maternal age
<22.5
22.5-27.4
27.5-32.4
32.5-37.4
37.5-42.4
242.5

Maternal age
25-29
30-34

235

Maternal age
<25
25-29
30-34
35-39
>40

Maternal age
<20 weeks
<25
25-29
30-34
>35

<12 weeks
<25
25-29
30-34
>35

ARR (95% Cl)

1 (reference)
1.34(0.81-2.20)%°
2.39(1.21-4.69)°°
6.23 (1.48-26.17)

AHR (95% CI)
1.27 (1.04-1.55)
1
0.98 (0.84-1.13)
1.30 (1.03-1.66)
2.63 (1.86-3.71)
8.80 (4.73-16.73)

AOR (95% ClI)

1 (reference)

2(1.68-2.36)
3.77 (3.05-4.68)°

AOR (95% Cl)
1.09 (0.81-1.45)
1 (reference)
1.06 (0.85-1.31)
1.75 (1.37-2.22)
5.16 (3.54-7.52)

AOR (95% CI)

0.89(0.72-1.10)
1 (reference)

0.98(0.72-1.33)

1.52 (1.04-2.20)

0.86 (0.69-1.09)
1 (reference)
0.92 (0.68-1.24)
1.66 (1.12-2.44)

Paternal age, area of recruitment

Paternal age, maternal smoking, maternal alcohol
consumption, maternal caffeine consumption, paternal
smoking in first trimester

Parity, time interval from index pregnancy to interview,
history of miscarriage

Year of conception, history of miscarriage, history of
live birth

Ethnicity, income, marital status, pregnancy intention

?Recalculated from the risk estimates reported for the combinations of paternal and maternal age, as described in Statistical
analysis; ® Rescaled to reference category 25-29, as described in Statistical analysis
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Significant effects of maternal age >35 years were found in all of the above studies,
varying from AOR 1.52 (95% Cl 1.04-2.20, age category >35 years)(51) to AHR 8.80 (95%
Cl 4.73-16.73, age category >42.5 years)(42).

Because of the small number of studies and substantial differences in adjustments of the
estimates and used age categories, a meta-analysis of the risk estimates of the maternal
age effect was not performed.

Additional analyses
There were no major differences between the pooled estimates of the paternal age
effect provided by models with random and fixed effects (Supplementary Fig. S2).

In the sensitivity analysis excluding the study(44) that consequently yielded relatively
extreme estimates, the pooled estimates for the paternal age effect in age categories
35-39 and 40-44 years were slightly decreased (-8%). The pattern of the association
between paternal age and risk of miscarriage was similar as observed in the main
analysis (Supplementary material 3, Fig. S3).
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DISCUSSION

In this systematic review and meta-analysis of 10 population-based cohort and case-
control studies, advanced paternal age beyond 40 years was found to be significantly
associated with an increased risk of spontaneous miscarriage, adjusted for maternal
age. This paternal age effect was also observed in a subgroup of studies focusing on first
trimester miscarriage.

A major strength of this systematic review and meta-analysis is that we could increase
statistical power by combining data of the extreme paternal age categories of different
studies. In the individual studies, the analyses were limited by small patient numbers
in the more advanced age groups. Often increased risk estimates were found within
these categories, although they were not statistically significant. By pooling the effect
measures of different studies, we were able to find significant paternal age effects for
both the 40-44 and 245 age classes.

It is important to mention that investigating a paternal age effect on the risk of
miscarriage is challenging, due to the high level of collinearity between paternal and
maternal age. To prevent confounding by maternal age, we only selected studies that
did control for this variable. However, residual confounding by maternal age may still
be present, especially when maternal age is treated as a discrete variable in broad age
classes.(46, 56) We evaluated the methods used for adjustment of maternal age in the
included studies. The majority of studies carefully adjusted for maternal age, either by
matching cases and controls according to maternal age(43, 45), or treating maternal
age as a continuous variable, using orthogonal coding of parental ages(44), a fractional
polynomial approach(42, 47) or restricted cubic splines(48). Two studies(46, 51) entered
maternal age in their model as a categorical variable and two other studies(49, 50) did
not state how they treated maternal age in their models.

Other factors taken into account by several authors in the statistical adjustments
were maternal smoking and alcohol consumption. The association of these maternal
behaviours with spontaneous miscarriage is well-established(31, 32, 57-59). It is
debatable to what extent maternal smoking and alcohol consumption are correlated
with paternal age, which is another criterion for considering these factors as confounding
factors. When such correlations do indeed exist in a study population, as suggested in
some of the articles included in this review(42, 44, 48), these factors could potentially
bias the estimated association between paternal age and miscarriage. However, it is
conceivable that some of the included studies controlled for too many variables. If a
study adjusts for a variable that is, instead of being a confounder, in the causal pathway
between paternal age and miscarriage, the total causal effect cannot be consistently
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estimated (i.e. the effect will be underestimated).(54, 60-62)

In contrast to the risk of overadjustment bias for maternal factors, there might exist
residual confounding by paternal factors. Six of the included studies have taken into
account at least one paternal factor other than age(42, 44-46, 48, 50). It is, however,
possible that the encountered relation between paternal age and miscarriage is biased
by other, unmeasured, paternal characteristics.(63-65).

Apart from the risk of confounding, conducting studies that aim to identify the risk of
paternal age on spontaneous miscarriage comes with more challenges. Each study design
has its own opportunities and obstacles. Population-based studies typically provide
more generalisable results. At the same time, they are prone to information bias since
they depend on the women’s declaration of miscarriage; especially early miscarriage is
hard to establish. Furthermore, as previously suggested by other authors, some of the
reported miscarriages may actually have been induced abortions.(44, 46, 47) Hospital-
based studies have less of a problem with case ascertainment. Nevertheless, these
studies are more susceptible to selection bias since they exclusively recruit women who
have received medical service for their miscarriage. From the studies included in this
review, the cohort studies appear to have more conservative estimates compared to
the case-control studies. This finding does not seem to be clearly related to differences
in study setting or patient selection. Some of the case-control studies are population-
based and others are hospital-based, while the cohort studies are all population-based.
Also, the number of variables adjusted for does not substantially differ between the
two clusters of studies. Because of the limited number of studies, especially when
stratified per age group, sensitivity analysis on study design or meta-regression was not
performed.

Supporting the observed epidemiological associations, it is plausible from a biological
perspective that advanced paternal age increases the risk of adverse reproductive
outcome. In women, the age-related decline in reproductive capacity is explained
by a gradual decrease in ovarian reserve and oocyte integrity(66). More frequent
chromosome segregation errors result in oocyte aneuploidy, and this is thought to be
primarily responsible for maternal age-related miscarriage. In contrast to the process
of oogenesis, where germ cell replication is completed at birth, male germ cells divide
continuously throughout a man’s reproductive lifespan. From entering puberty on,
spermatogenic stem cells divide approximately 23 times per year and by the age of 50
years, more than 800 replications have occurred.(14) Therefore, advancing paternal age
most likely increases the probability of replication errors in the germ line, resulting in an
accumulation of de novo mutations.(15) This process is exacerbated when DNA repair
mechanisms are also deteriorating with age.(67) Kong et al. performed whole genome
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sequencing on 78 trios of parents and their children and demonstrated a clear association
between advanced paternal age and increased number of de novo genetic mutations
in the offspring, probably contributing to autosomal dominant disorders and complex
disorders such as autism spectrum disorders.(13, 15) Advanced paternal age may also
be linked to increased sperm aneuploidy; however, inconsistent findings have been
reported in the literature.(68-70) It is suggested that due to continual spermatogenesis,
the male gamete is less vulnerable to age-related non-disjunction aneuploidies than its
female counterpart.(71)

Theinfluence of paternal age on miscarriage is perhaps acting mostly at the level of sperm
DNA integrity. Multiple studies have shown elevated levels of sperm DNA fragmentation
in older men, with a more than doubling DNA fragmentation index (DFI) between 20 and
60 years old.(72-74) This is probably due to a combination of age-related mechanisms
and inherent characteristics of spermatozoa, such as accumulation of reactive oxygen
species, absence of antioxidant capacity and paucity of DNA repair mechanisms.(75)
Although conventional sperm parameters such as volume, motility and morphology
are declining with rising paternal age(76), those are relatively poor predictors of male
fertility potential and miscarriage.(77, 78) In contrast, sperm DNA fragmentation seems
directly associated with reproductive outcome. There is solid evidence that an increased
level of sperm DNA fragmentation is associated with (recurrent) pregnancy loss.(79-82)
In the case of fertilisation, sperm DNA fragmentation can to some extent be repaired by
the oocyte. However, with advancing age the oocyte quality is deteriorating, together
with its repair capacity.(83) This supports the hypothesis that the impact of paternal age
on miscarriage, mediated by increased DFI, is more present in interaction with higher
maternal age. This is in line with epidemiological studies that demonstrated such an
interaction between advanced paternal and maternal age for the risk of miscarriage.
(46) Furthermore, a recent study in IVF/ICSI couples observed a higher miscarriage rate
in women beyond 35 years and partners with high sperm DFI, compared to couples with
similarly high sperm DFl and younger women.(84) It is noteworthy that quality of sperm,
measured either by conventional parameters or DNA integrity, has not been taken into
account by any of the studies included in this review. An ongoing prospective study is
currently investigating the predictive role of sperm DNA damage in RPL, as well as the
relation with paternal age and lifestyle factors.(85)

In this review, we excluded studies that were restricted to couples who conceived after
ART, since we were interested in the association between paternal age and miscarriage
in the general population. The relationship between advanced parental age, infertility
and miscarriage is complex. In some studies, miscarriage rates appear to be higher
among ART pregnancies compared to natural pregnancies(86), however, this is not easily
interpreted. Assisted pregnancies are usually closely monitored and, as a consequence,
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pregnancy losses, especially from early stages, will probably be detected more often
than in the general population. In addition, ART-treated couples are generally of
more advanced age, which predisposes them to an increased risk of miscarriage. For
these reasons, it is difficult to distinguish whether an increased risk of miscarriage in
couples receiving fertility treatment is a consequence of the treatment itself, or due
to underlying patient characteristics. Studies investigating the effect of paternal age on
miscarriage after different forms of ART reported inconclusive results.(87-93) These
contradictory data may be explained by the heterogeneity of these studies, the small
proportions of older men they included and by the exclusion of women with advanced
age or using young oocyte donors in some studies.(71) Furthermore, studies that did not
observe an effect of paternal aging on the risk of pregnancy loss were mainly in IVF/ICSI
pregnancies from a very heterogeneous population of men with extensive variations in
sperm parameters and cause and severity of infertility, which may have diluted an age
effect.(94)

While advanced maternal age is generally agreed upon as age>35, there is currently
no consensus for the definition of advanced paternal age. However, ageing is a
complex process and it is hard to determine a clear cutoff point, the more because
age effects are likely to occur gradually and thresholds are not necessarily the same
for all different outcomes that are affected by paternal age. Most studies suggest that
infertility and reproductive risks start to increase after the paternal age of 40.(95)
This is in accordance with the results of our meta-analyses. Based on our findings, it
should be considered to counsel couples with older males about the increased risk of
miscarriage at preconception visits. Furthermore, our results are of value for patients
with recurrent miscarriages. This condition remains unexplained in the majority of
cases(36, 37), and for a proportion of the idiopathic cases, advanced paternal age could
be responsible. Currently, there are no studies that did specifically focus on the relation
between paternal age and recurrent miscarriages and this should certainly be addressed
in future research. Although it is challenging to distinguish paternal age effects from
maternal age effects, most studies included in this review made relevant efforts and
collectively they suggest the existence of an, albeit small, independent effect of paternal
age on the risk of spontaneous miscarriage. Since there are strong biological hypotheses
for this paternal effect, it is likely that future studies will establish it even more. Both
large population-based registry studies and hospital-based case-control studies may
help to validate the paternal age effect on pregnancy loss, provided that they carefully
control for maternal age in their statistical analyses. There is a trend toward delayed
childbearing in western societies and it has become more common to father children
at older age.(96). Hence, we consider it important to not merely focus on the effects
of maternal aging on reproductive outcome, but to be aware of risks associated with
advanced paternal age as well.
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CHAPTER 3

ABSTRACT

Objective
To study the association between paternal lifestyle factors in the preconception period
and the risk of pregnancy loss.

Evidence Review

The Preferred Reporting Items for Systematic Reviews and Meta-analysis guidelines for
systematic reviews and meta-analysis were followed. PubMed and Embase databases
were searched up to August 2020. Original articles in English language addressing the
relation between paternal exposure status in the preconception period and pregnancy
loss were included. Paternal lifestyle factors examined were: smoking, alcohol
consumption and body mass index (BMI). Studies that only examined exposure status
during pregnancy (and not in the preconception period) and those that solely focused
on pregnancy outcome after artificial reproductive technology (ART) were excluded. The
qualitative risk of bias assessments were performed. Meta-analysis using a random-
effects model was performed if sufficient data were available, with the risk of pregnancy
loss as the primary outcome.

Results

The systematic search included 3386 articles of which 11 articles met the inclusion
criteria. In a meta-analysis of 8 studies, paternal smoking of >10 cigarettes per day
in the preconception period was found to be associated with an increased risk of
pregnancy loss, after adjustment for maternal smoking status (1-10 cigarettes per day:
1.01; 95% confidence interval [CI] 0.97-1.06; 11-19 cigarettes per day: 1.12; 95% Cl
1.08-1.16; >20 cigarettes per day: 1.23; 95% Cl 1.17-1.29). No clear association was
found between paternal alcohol consumption and pregnancy loss, based on 5 available
studies. No studies were identified evaluating the association between paternal BMI and
spontaneous pregnancy loss.

Conclusion

Awareness of the association between paternal smoking in the preconception period and
the risk of pregnancy loss should be raised. More well-designed studies are needed to
further investigate the effects of other paternal lifestyle factors on the risk of pregnancy
loss.
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INTRODUCTION

Although cigarette smoking, alcohol consumption and obesity are generally known health
hazards with a significant impact on general health and well-being, they remain highly
prevalent. There is substantial evidence that these modifiable lifestyle risk factors also
affect reproductive health, including the risk of pregnancy loss. Pregnancy loss comprises
spontaneous demise of the pregnancy before the fetus reaches viability and isa common
complicationof pregnancyoccurringin 15%of clinically recognized pregnanciesand 30% of
allpregnancies.(1, 2) Active maternal smoking, maternal obesity and alcohol consumption
have been consistently associated with an increased risk of pregnancy loss.(3-5)

While maternal risk factors for pregnancy loss are well-established, studies on potentially
contributing paternal factors remain sparse. Recently, a significant association was
found between advanced paternal age and pregnancy loss, persisting after adjustment
for maternal age.(6) In another systematic review and meta-analysis paternal smoking
was related to birth defects including congenital heart defects and orofacial clefts.(7)
As knowledge on the impact of paternal lifestyle risk factors on the risk of pregnancy
loss is still limited, it is essential to gain more insights into this. Biological evidence
indicates that male lifestyle behaviors in the preconception period exert their effects
on spermatozoa and may, thereby, influence pregnancy outcome. Cigarette smoking,
excessive alcohol consumption and obesity have all been linked with systemic oxidative
stress, which may result in sperm oxidative DNA damage and eventually lead to both
short-term pregnancy complications and long-term outcomes in the offspring.(8, 9)

This systematic review aimed to provide a detailed analysis of the existing literature on
the association between paternal lifestyle factors during the preconception period and
the risk of pregnancy loss. The paternal factors that were evaluated included cigarette
smoking, alcohol consumption and body mass index (BMI).
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MATERIALS AND METHODS

This systematic review and meta-analysis was conducted following the Preferred
Reporting Item for Systematic Reviews and Meta-analysis Statement and registered
in the international prospective register of systematic reviews PROSPERO (ID
CRD42020206057).(10)

Search and Selection Strategy

A systematic search of PubMed and Embase electronic databases was performed
on August 23, 2020. The following free text and MeSH terms were used: pregnancy
loss, abortion, spontaneous miscarriage, male, paternal, father, body mass index,
BMI, obesity, smoking, alcohol, drinking behavior, lifestyle. The full search strategy for
PubMed is shown in the Supplemental Material (available online). Additional searches in
Google Scholar were conducted and reference lists of identified articles were manually
searched for additional references.

The literature search was performed by two researchers (N.A.dF. and N.H.B.) and a
librarian. The screening was performed by two researchers (N.A.dF. and N.H.B.). In the
first stage, titles and abstracts were screened, and in the second stage, full manuscripts
of the identified articles were read in detail. Any discordance on selection of studies
and assessing risk of bias (described in the following) was resolved by consensus. If no
agreement was obtained, the opinion of a third observer (E.E.L.O.L) was sought to gain
consensus.

Eligibility Criteria

The inclusion criteria were original articles in English language addressing the relation
between pregnancy loss and one or more of the following paternal exposure factors
during the preconception period: smoking behavior, alcohol consumption and BMI.
Pregnancy loss is generally defined as the spontaneous loss of conception before 20 or
24 weeks of gestation, including both biochemical and ultrasonically or histologically
confirmed losses.(11-13) However, several studies used diverse definitions. We did not
use a specific definition for pregnancy loss as a strict inclusion criterion, but we described
the exact definitions used in all of the included studies. The preconception period in
men has previously been described as around 10 weeks prior to conception, in line with
the spermatogenic cycle.(14) We did not use a specific definition for the preconception
period, but we described the exact definitions used in all of the included studies. Studies
that only examined exposure status during pregnancy (and not in the preconception
period) were excluded. To be included, a risk estimate for the relation between exposure
and outcome had to be provided in the article. As we were interested in the relation
between paternal lifestyle factors and pregnancy loss in the general population, studies
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that solely focused on pregnancy outcomes after artificial reproductive technology were
excluded.

Data Extraction

Two researchers (NF and NB) extracted data from all selected articles on: publication year,
country, study period, study design, population characteristics, inclusion and exclusion
criteria, exposure and outcome definitions, exposure and outcome ascertainment,
sample size, type of effect measures, adjusted effect estimates with 95% confidence
intervals (Cl) and variables adjusted for in the analyses.

Risk of Bias Assessment

As stated by Dekkers et al.(15) in the Conducting Systematic Reviews and Meta-analyses
of Observational Studies of Etiology guideline, it is not recommended to use a standard
tool for assessing quality of observational epidemiologic studies. Because of the large
heterogeneity in observational research, it is considered more appropriate to develop a
tailored set of criteria for each observational systematic review to assess risk of bias in
a qualitative matter.

For the current research question, we distinguished 3 relevant domains for risk of
bias: bias due to confounding, information bias, and selection bias (including bias due
to missing data or loss-to-follow-up). Risk of bias was assessed by 2 reviewers (N.A.dF.
and N.H.B.). For each individual study, the risk of bias assessment is shown in the
Supplemental Material.

Statistical analysis

The outcomes of the included studies were reported as adjusted odds ratios (AORs) or
adjusted hazard ratios (AHRs) with 95% Cls. For meta-analysis, these effect measures
were treated equally as risk measures. Standard errors were calculated from 95% Cls.
Meta-analysis was only performed for the association between paternal smoking and
pregnancy loss because insufficient data were available for paternal alcohol consumption
and paternal BMI (as further explained in the Results section).

The meta-analysis for paternal smoking was stratified in four categories: 1-10 cigarettes
per day, 11-19 cigarettes per day, 220 cigarettes per day and “any smoking” (regardless
of the quantity of smoking). To prevent bias due to confounding by maternal smoking
behavior, only studies that provided risk estimates adjusted for maternal smoking or
studies that were conducted in nonsmoking women were included in the meta-analysis.
One study reported AORs for different combinations of maternal and paternal smoking
status.(16) The AOR for nonsmoking women with smoking male partners were used for
meta-analysis.
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Ifastudyreportedadditional subcategories(e.g., 1-5 cigarettes perdayand 5-10cigarettes
per day), the risk estimates of these categories were pooled using a within-study fixed-
effect meta-analysis and included as such in the final meta-analysis. If a study used a
broader category (e.g., 1-20 cigarettes per day), we used the same estimates for the
subcategories (e.g., 1-10 cigarettes per day and 10-20 cigarettes per day) and standard
errors were adjusted, assuming equal sample sizes in both subcategories. Some studies
reported a risk estimate for smoking in general, that is, without specifying the quantity
of smoking. These risk estimates were included in the meta-analysis in the category
“any smoking”. For studies that did not report a risk estimate for smoking in general,
the risk estimates of the different subcategories for smoking used in that particular
study were pooled using a within-study fixed-effect meta-analysis and this pooled risk
estimate was used for “any smoking” in the final meta-analysis. One study included the
average amount of cigarettes per day as a continuous variable in a multivariable model.
(17) The AHR with 95% CI that was presented in the article was used to calculate risk
estimates with 95% Cls for the subcategories 1-10, 11-19 and >20 cigarettes per day.

Evidence of publication bias was assessed through qualitative inspection of a funnel
plot. Considering heterogeneity of study populations and study designs, random-effects
meta-analyses with DerSimonian and Laird estimation were used (command metan in
Stata 14: StataCorp LLC, TX).
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RESULTS

Study selection

An overview of the study selection process is shown in the Preferred Reporting Items
for Systematic Reviews and Meta-analysis Flow Diagram (Fig. 1). The systematic search
retrieved a total of 3,386 original articles. After first-stage screening by reviewing titles
and abstracts, 3,365 studies were excluded and 21 articles were identified to assess the
full text for eligibility. After the assessment of full manuscripts, 10 articles were excluded
for several reasons shown in Figure 1. Finally, 11 studies met all the inclusion criteria. Six
studies evaluated the association between preconceptional paternal smoking behaviour
and pregnancy loss, 2 studies studies focussed on paternal alcohol consumption and
pregnancy loss and 3 studies adressed both exposures. No studies were retrieved that
investigated the relation between paternal BMI and pregnancy loss.

—
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Figure 1. Flow diagram of study selection process

*Meta-analysis is only performed for the association between paternal smoking behavior and pregnancy loss, as explained in
the Results section.
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Characteristics of included studies

Six studies(16, 18-22) were case-control studies, 4 studies were prospective cohort
studies, and 1 study was a retrospective cohort study.(16-26) Sample sizes varied from
107 participants in a case-control study to nearly 6 million pregnancies in the largest
cohort study.(16, 26) Five studies were conducted in the USA, 2 in China, and 1 each in
Italy, Denmark, Mexico and the United Kingdom.(16-26) The key characteristics of all
included studies are summarized in Table 1.

Definition of outcome

In the studies included in this systematic review, pregnancy loss was mostly defined as a
loss of conception before 20 weeks of gestation.(16, 21-23, 25) Three studies used <28
or <22 weeks of gestation and 3 studies focused on first trimester pregnancy loss, with
gestational age <13 or <12 weeks.(17-20, 24, 26)

Risk of bias
Risk of bias was assessed for all of the included studies. The results of this assessment
are shown in the Supplemental Material.

Bias due to confounding

When evaluating paternal lifestyle factors on pregnancy outcome, maternal lifestyle
behaviors are important confounding factors. Of 11 included studies, 7 were adjusted for
maternal smoking behavior and alcohol consumption.(17-19, 21, 22, 24) Three studies
were restricted either to nonsmoking or non-alcohol-consuming women (depending
on the studied paternal exposure).(23, 25, 26) One study provided a risk estimate for
a subgroup of couples all consisting of smoking men and nonsmoking women.(16)
One study that reported ORs for both paternal smoking and alcohol consumption did
not adjust for the equivalent maternal factors and was, therefore, not included in the
meta-analysis.(20) All studies adjusted for maternal age, being a well-established major
risk factor for pregnancy loss. However, it is equivocal to what extent age is related
to lifestyle factors and, thus, whether it should be considered as a confounding factor.
Five studies controlled for 1 or more potentially confounding paternal factors, including
lifestyle factors and exposure to toxins.(16, 17, 21, 23, 26)

Information bias

In 6 of the included studies, data on preconception paternal exposure status were
collected during the preconception period or during early pregnancy.(16, 17, 23-26)
In 5 studies, these data were collected in retrospect; that is, after outcome of the
pregnancy. In these same 5 retrospective studies plus 1 prospective study, information
on paternal exposure status was acquired from the female partners.(18-22, 25) In all
other (prospective) studies, paternal exposure status was directly reported by the male
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partners.(16, 17, 23, 24, 26) Regarding ascertainment of pregnancy outcome, 5 studies
only included cases with hospital-confirmed pregnancy loss.(18, 19, 21, 22, 25) In 2
studies early pregnancy loss was detected by daily urine hCG assays and losses beyond
6 weeks were clinically confirmed.(17, 23) One study used daily hCG assays during early
pregnancy, whereas later pregnancy outcomes were gained from questionnaires.(24)
Two studies completely relied on self-reports of pregnancy outcomes, and 1 study did
not state the ascertainment of pregnancy outcomes.(16, 20, 26)

Selection bias

Four studies were hospital-based, and 7 studies were population-based. All of the
hospital-based studies were restricted to women that underwent a medical procedure
for their miscarriage.

Loss to follow-up was low for all studies, except for the study of Blanco-Mufioz et al.(16),
who reported an attrition rate of 28% after confirmation of pregnancies. Missing data
were low for all studies that reported missing data. Two studies did not report missing
data.(19, 24)

Narrative synthesis

Paternal smoking

Windham et al.(21) conducted a case-control study in the United States to assess the
relation between cigarette smoking and the risk of pregnancy loss. The AORs for all
categories of paternal smoking (1-10, 11-20, and >20 cigarettes per day) approximated
unity. Information on paternal smoking during the 3 months before pregnancy was
based on maternal reporting. In a small subsample, male partners were also interviewed
to validate maternal reporting. Maternal reporting of paternal smoking status showed
good agreement, whereas the quantity of smoking tended to correspond less well. Seven
years later, the same authors performed a second study within a prospective cohort
only including nonsmoking women.(25) Similar to their previous study, no association
between paternal smoking and pregnancy loss was found.

The Italian hospital-based case-control study by Chatenoud et al.(18) examined the
association between paternal smoking status and loss <12 weeks of gestation. They did
not find any significant relationship between paternal smoking habits before conception
and the risk of pregnancy loss (AOR for >10 cigarettes per day 0.9; 95% Cl 0.7-1.1). Data
on paternal smoking habits were acquired from the female partner.
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Table 1. Characteristics of included studies

Author, year, Studied Study Study design Study setting  No. of pregnancies Definition and
country factor(s) period or no. of ascertainment of
cases and controls pregnancy loss
Windham et al. Paternal 1986- Case-control Hospital-based Cases: <20-wk gestation
(1992), United smoking 1987 n =626
States Pathology specimen
Controls: submitted to the
n=1,300 hospital laboratory
(live birth)
Chatenoud et al. Paternal 1993- Case-control Hospital-based Cases: <12-wk gestation
(1998), Italy smoking 1998 n =782
Uterine curettage
Controls: and pathological
n =1,543 examination
(live birth >37 wk)
Windham et al. Paternal 1990- Prospective Population- 4,196 pregnancies <20-wk gestation
(1999), USA smoking 1991 cohort based (recruited
from a large Medical records
prepaid health
plan)
Venners et al. Paternal 1996- Prospective Reproductive 526 women <20-wk gestation
(2004), USA smoking 1998 cohort health study in
China Early pregnancy loss
(<6 wk) detected
by daily urinary
hCG assay; later
pregnancy losses
clinically confirmed
Blanco-Murioz et Paternal 2001- Nested case-  Recruited during Cases: <20-wk gestation
al. (2009), Mexico smoking 2004 control the state’s n=23
obligatory Ascertainment of
prenuptial Controls: pregnancy loss not
marriage n=284 stated
counselling (ongoing pregnancy
in four >20 wk)
municipalities in
Mexico
Wang et al. Paternal 2010- Retrospective Population- 5,770,691 <28-wk gestation
(2018), China smoking 2016 cohort based pregnancies

(National Free
Pre-Pregnancy
Checkups
Project)

Self-reports
(recontacted
within 1 year after
confirmation of
pregnancy)
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Definition and ascertainment
of exposure

Adjusted risk
estimates

Risk factors adjusted for

Average amount smoked in 3
mo before pregnancy

Indirectly by the female partner;
a small subsample of men
(n =94) was interviewed for
validation

Average amount smoked before
conception

Indirectly reported by the
female partner

Average amount smoked in 3
mo before pregnancy

Indirectly reported by the
female partner

Average amount smoked before
the date of stopping use of
contraceptive methods

Directly reported by the male
partner

Average amount smoked at the
prenuptial marriage counselling

Directly reported by the male
partner

Average amount smoked
at preconception health
examination

Directly reported by the male
partner

Cigarettes/day in
three months before
pregnancy
None
1-10
11-20
>20
Any smoking

Smoking status
Never
Former
Current

Cigarettes/day before
conception
<10
>10

Cigarettes/day during
three months before
pregnancy
None
1-20
>20

Smoking status
Non-smoker
<20 cigarettes/day
>20 cigarettes/day

Smoking status
Man non-smoker
Man smoker

M-F+
M-F+
M+F-
M+F+

Cigarettes/day before
conception
No
Yes
1-4
5-9
10-14
15-19
>20

AOR (95% CI)

1 (reference)
0.9 (0.6-1.3)
1.1(0.7-1.5)
1.0 (0.6-1.5)
1.1(0.9-1.4)
AOR (95% Cl)
1 (reference)
0.8 (0.6-1.1)
0.8 (0.7-1.0)

0.8 (0.6-1.0)
0.9 (0.7-1.1)

AOR (95% Cl)

1 (reference)
0.98 (0.73-1.3)
0.97 (0.41-2.3)

AOR (95% CI)
1 (reference)
1.01 (0.68-1.50)
1.45(0.82-2.56)

AOR (95% Cl)
1 (reference)
2.89 (0.99-8.45)

1 (reference)
1.96 (0.40, 10.1)
3.60 (0.80, 16.3)
4.61(1.04, 20.5)

AOR (95% CI)

1
1.11(1.08-1.14)
1.03 (0.96-1.11)
1.02 (0.97-1.08)
1.11 (1.06-1.16)
1.21(1.09-1.33)
1.23 (1.17-1.30)

Maternal age, race, caffeine, alcohol,
bottled water, tobacco consumption,
prior fetal loss, marital status, insurance
coverage
Paternal age, race, education, alcohol
consumption

Centre, age, education, marital status,
maternal family history of spontaneous
abortion, history of miscarriages, nausea,
maternal alcohol and coffee intake and
smoking in the first trimester

Maternal age, prior fetal loss, alcohol and
caffeine consumption, gestational age at
interview

Only non-smoking women were included

Maternal age, education, perceived life
stress, exposures to dust and noise, BMI,
tea drinking
Paternal age, alcohol consumption,
previous smoking, exposure to toxins

Only non-smoking women and non-
alcohol consuming women were included

Maternal age, occupation, intake of
coffee
Paternal occupation

Maternal age, last menstrual period,
maternal higher education, Han ethnicity,
preconception BMI, alcohol drinking,
passive smoking, region of provinces
Paternal age, paternal passive smoking

Only non-smoking women were included

81



CHAPTER 3

Table 1. Continued.

Author, year, Studied Study Study design Study setting  No. of pregnancies Definition and
country factor(s) period or no. of ascertainment of
cases and controls pregnancy loss
Maconochie et al. Paternal 1980- Case-control Population- Cases: <13-wk gestation
(2007), UK smoking 2000 based (National n =603
and alcohol Women’s Health Self-reports
consumption Study) Controls: (questionnaire)
n=6,116
(ongoing pregnancy
>12 weeks)
Xu et al. (2014), Paternal 2009-  Matched case-  Hospital-based Cases: <13-wk gestation
China smoking 2012 control n=620
and alcohol Clinically confirmed
consumption Controls:
n=1,240
(ongoing pregnancy
>12 weeks)
Buck Louis et al. Paternal 2005- Prospective Population- 344 pregnancies <22-wk gestation
(2016), USA smoking, 2009 cohort based (16
alcohol counties in Conversion to
consumption Michigan and negative hCG test or
and BMI Texas) clinical confirmation
Windham et al. Paternal 1986- Case-control Hospital-based Cases: <20-wk gestation
(1992), USA alcohol 1987 n =626
consumption Pathology specimen
Controls: submitted to the
n=1,300 hospital laboratory
(live birth)
Henriksen et al. Paternal 1992- Prospective Population- 186 pregnancies <28-wk gestation
(2004), Denmark alcohol 1994 cohort based (members
consumption of four trade Early pregnancy
unions in loss detected by
Denmark) daily urinary hCG

assay; outcomes of
clinically recognized

pregnancies collected

by questionnaires
(self-reports)

AHR = adjusted hazard ratio; AOR = adjusted odds ratio; BMI = body mass index; Cl = confidence interval; F = female; hCG =
human chorionic gonadotropin; M = male
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Definition and ascertainment

Adjusted risk

Risk factors adjusted for

of exposure estimates
Average amount of cigarettes Cigarettes/day AOR (95% Cl) Year of conception, maternal age,

per day and alcohol per week) No 1 (reference) previous miscarriage, previous live birth

in 3 mo before pregnancy Yes 1.04 (0.87-1.25)

<5 0.68 (0.43-1.07)

Indirectly reported by the 5-10 1.03(0.71-1.50)

female partner 11-20 1.13 (0.88-1.44)

>20 1.19 (0.86-1.66)

Average amount of cigarettes
per day and alcohol per week in
3 mo before pregnancy

Indirectly reported by the
female partner

Average amount of cigarettes
per day and alcoholic
consumptions per week in three
months before pregnancy

Directly reported by the male
partner

Average amount of alcohol
consumptions per week in three
months before pregnancy

Indirectly reported by the
female partner; a small
subsample of men
(n =94) was interviewed for
validation

Amount of alcohol
consumptions in the cycle
before conception

Directly reported by the male
partner

Alcohol/week (standard
UK units)
No drinking

<1

1-10

10-21

21-35

>35

Cigarettes/day
No smoking
1-10
11-20
>20

Amount of alcohol per
week (mL)
No drinking or <200
200-500
>500

Average cigarette
smoking

Average alcohol
consumption

Alcoholic
consumptions/week
<1/2
1-6
7-13
>14

Alcoholic
consumptions/week
0
1-4
5-9
>10

1 (reference)
0.77 (0.48-1.26)
0.73 (0.49-1.07)
0.87 (0.58-1.29)
0.95 (0.61-1.50)
0.84 (0.51-1.40)

AOR (95% Cl)
1 (reference)
1.05 (0.81-1.27)
1.01(0.79-1.33)
1.23 (0.87-1.47)

1 (reference)
0.90 (0.68-1.15)
1.01 (0.80-1.23)

AHR (95% CI)*
1.01 (0.95-1.07)

0.97 (0.72-2.81)

AOR (95% CI)

1 (reference)
1.2 (0.95-1.6)
1.0 (0.74-1.4)
1.2 (0.84-1.7)

AHR (95% CI)

1 (reference)
2.7 (0.6-2.4)
1.6 (0.3-7.7)
4.3(0.9-19.3)

History of miscarriage, previous
induced abortion, maternal vitamin
supplementation, frequency of night shift,
frequent staying up late, regular physical
exercise, smoking, alcohol consumption

Controls matched by maternal age +3
years

Maternal age, BMI, difference in
partner’s ages, prior pregnancy loss,
smoking, alcohol consumption, caffeine
consumption, vitamin adherence, average
intercourse frequency
Paternal BMI, smoking, alcohol
consumption, caffeine consumption,
vitamin adherence

Maternal age, maternal smoking, passive
smoking, nausea, maternal alcohol
consumption

Maternal caffeine intake, alcohol
consumption, smoking, age, menstrual
cycle length
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Venners et al.(23) conducted a prospective study in a cohort of Chinese textile workers.
Paternal smoking behavior was reported through a questionnaire, completed by the
male partners. Both early pregnancy losses, detected by daily urine hCG assays, and
clinically detected spontaneous miscarriages were taken into account. Compared
to nonsmoking men, AORs for total pregnancy loss were 1.12 (95% Cl 0.77-1.65) for
smoking 1-20 cigarettes per day and 1.64 (95% Cl 0.92-2.93) for smoking >20 cigarettes
per day.

Blanco-Mufioz et al.(16) reported a nested-case control study in couples who were
included during the obligatory prenuptial marriage counselling in Mexico. They found an
increased risk of pregnancy loss in couples consisting of smoking men and nonsmoking
women compared to couples consisting of 2 nonsmoking partners, although this was
not statistically significant (AOR 3.60; 95% ClI 0.80-16.3). The amount of smoking was
not specified.

The most recent (2018) and largest study on paternal smoking and the risk of pregnancy
loss was a Chinese population-based retrospective cohort study of nearly 6 million
pregnancies by Wang et al.(26) The data used for this study derived from couples who
participated in the National Free Pre-Pregnancy Checkup Project. During preconception
health examinations, both partners were interviewed about their smoking behavior. Only
nonsmoking women and their partners were included. Reported AORs for pregnancy
loss increased from 1.03 (95% CI 0.96-1.11) for paternal smoking of 1-4 cigarettes per
day to 1.23 (1.17-1.30) for 220 cigarettes per day, with nonsmoking men being the
reference group.

Paternal smoking and paternal alcohol consumption

Maconochie et al. studied a wide range of socio-demographic and lifestyle behaviors
in relation to first trimester pregnancy loss in the UK, including paternal smoking and
alcohol consumption.(20) All data was collected from the participating women. They did
not find any significant associations between these two factors and the risk of pregnancy
loss. The odds ratios were adjusted for maternal age, year of conception, and previous
pregnancy outcomes, but not for maternal lifestyle factors.

In a maternal age-matched case-control study in China, Xu et al.(19) evaluated a variety
of potential risk factors for early pregnancy loss. They reported AORs for clinically
confirmed first trimester pregnancy loss ranging from 1.05 (95% CI 0.81-1.27) for
preconceptional paternal of smoking 1-10 cigarettes per day to 1.23 (95% 0.87-1.47)
for >20 cigarettes per day, compared with nonsmoking men. All information on lifestyle
factors was obtained through a questionnaire completed by the participating women.
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Buck Louis et al.(17) investigated associations between couples’ lifestyle behaviors
in the preconception period and pregnancy loss in a prospective cohort study in the
USA. Both members of the participating couples recorded their daily use of cigarettes.
Pregnancy loss was detected by conversion to a negative pregnancy test or by clinical
confirmation upon gestation. The investigators presented a multivariable model with
AHRs for female and male lifestyle factors. The average daily number of cigarettes and
alcoholic consumptions were included in the model as continuous variables, with AHRs
of 1.01 (95% CI 0.95-1.07) and 0.97 (0.73-1.28), respectively.

Paternal alcohol consumption

Two studies entirely focused on alcohol consumption and the effect on pregnancy loss.
In an American hospital-based case-control study, Windham et al.(22) found an AOR of
1.2 (95% Cl 0.84-1.7) for men consuming 14 or more alcoholic consumptions per week
during the preconception period (drinking behavior was reported by their partners).
Henriksen et al.(24) conducted a prospective cohort study in Denmark and interviewed
both members of the couples. They reported an AHR for pregnancy loss of 4.3 (95% Cl
0.9-19.3) when men consumed 10 or more alcoholic consumptions per week, compared
to non-drinking men.

Quantitative synthesis

Paternal smoking

Eight studies that evaluated the association between paternal smoking behavior in the
preconception period and the risk of pregnancy loss were included in the meta-analysis.
(16-19, 21, 23, 25, 26) One study was not included in the meta-analysis because it
reported risk estimates without adjustment for maternal smoking status.(20) The meta-
analysis (Fig. 2) showed significant increased risks of pregnancy loss if fathers smoked
more than 10 cigarettes per day (pooled estimates 1.12; 95% Cl 1.08-1.16 for 11-19
cigarettes per day and 1.23; 95% Cl 1.17-1.29 for >20 cigarettes per day). No effects
were found for smoking 1-10 cigarettes per day or for “any smoking” (i.e., taking into
account all smoking fathers, regardless of the quantity of smoking).

A sensitivity analysis (Supplemental Fig. 1, available online) was performed by repeating
the meta-analysis with exclusion of the study of Wang et al.(26), as the sample size
and, thus, the weight of this study in the meta-analysis were relatively large compared
to all of the other studies. A similar pattern of the paternal smoking association was
observed, with a pooled estimate of 1.19 (95% Cl 0.97-1.46) for smoking >20 cigarettes
per day.
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Smoking category Risk estimate Weight
Study (year) (95% CI) (%)
Any smoking

Windham et al. (1992) -1— 1.10(0.88, 1.37) 13.81
Chatenoud et al. (1998) - 0.80 (0.67, 0.96) 17.01
Windham et al. (1999) — 0.98 (0.74, 1.29) 10.51
Venners et al. (2004) —-1— 1.14 (0.82, 1.58) 8.49
Blanco-Munoz 2009 g 3.60 (0.80, 16.25) 0.54
Xu et al. (2014) 1 1.09 (0.95, 1.26) 20.16
Wang et al. (2018) A4 1.11 (1.08, 1.14) 29.49
Subtotal (I-squared = 62.0%, p = 0.015) O 1.04 (0.93, 1.16) 100.00

1-10 cigarettes per day

Windham et al. (1992)

Chatenoud et al. (1998)

Windham et al. (1999)

Venners et al. (2004)

Xu et al. (2014)

Buck Louis et al. (2016)

Wang et al. (2018)

Subtotal (I-squared = 0.0%, p = 0.683)

0.90 (0.61, 1.32) 1.14
0.80(0.62,1.03)  2.60
— 0.98 (0.65, 1.47) 1.02
— 1.01(0.58,1.77)  0.54
— 1.05(0.84,1.31)  3.36
>—

1

)

ity

1.05 (0.84, 1.31) 3.36
1.02 (0.98, 1.07) 87.98
1.01(0.97, 1.06) 100.00

11-19 cigarettes per day

Windham et al. (1992) —_—1 1.10 (0.75, 1.61) 1.02
Chatenoud et al. (1998) —r 0.90 (0.72, 1.13) 2.90
Windham et al. (1999) —_— 0.98 (0.65, 1.47) 0.89
Venners et al. (2004) — 1.01(0.58, 1.77) 0.47
Wang et al. (2018) * 1.13(1.09, 1.18) 92.36
Xu et al. (2014) — 1.01(0.78, 1.31) 218
Buck Louis et al. (2016) —_—— 1.16 (0.47, 2.84) 0.18
Subtotal (l-squared = 0.0%, p = 0.552) 0 1.12 (1.08, 1.16) 100.00
>20 cigarettes per day

Windham et al. (1992) —— 1.00 (0.63, 1.58) 1.24
Windham et al. (1999) E— 0.97 (0.41, 2.30) 0.35
Venners et al. (2004) - 1.45 (0.82, 2.56) 0.80
Xu et al. (2014) 1.23 (0.95, 1.60) 3.78
Buck Louis et al. (2016) g 1.22 (0.37, 4.00) 0.18
Wang et al. (2018) * 1.23 (1.17, 1.30) 93.65
Subtotal (I-squared =0.0%, p = 0.925) 0 1.23 (1.17, 1.29) 100.00

NOTE: Weights are from random effects analysis

I I
2 1 5

Decreased risk Increased risk

Figure 2. Forest plot describing the association between paternal smoking behavior in different
categories of paternal smoking and the risk of spontaneous pregnancy loss

As indicated by /? (a statistic that indicates the percentage of variance in a meta-analysis
that is attributable to study heterogeneity), heterogeneity was small for smoking
categories 1-10, 11-19 and >20 cigarettes per day, whereas heterogeneity was substantial
in the category “any smoking” because of the relatively extreme risk estimated reported
by Blanco-Munoz et al.(16) A funnel plot showed some underrepresentation of small
studies with negative effects (Supplemental Fig. 2, available online). There were no
major differences in the pooled estimates provided by models with random and fixed
effects (data not shown).
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Paternal alcohol consumption

Five of the included studies evaluated the association between paternal alcohol
consumption in the preconception period and the risk of pregnancy loss. Three
studies(17, 19, 21) did not find any increased risks of pregnancy loss associated with
paternal alcohol consumption, regardless of the quantity of alcohol consumption. Two
studies(22, 24) reported increased AORs for large numbers of alcoholic consumptions
per week, although these effects were not statistically significant (Windham et al.(22):
AOR 1.2; 95% Cl 0.84-1.7 for 214 alcoholic consumptions per week and Henriksen et
al.(24): AOR 1.6; 95% Cl 0.3-7.7 for 5-9 alcoholic consumptions per week and AOR
4.3; 95% Cl 0.9-19.3 for 210 alcoholic consumptions per week). Because of the limited
number of studies and substantial differences between studies in used subcategories for
guantity and unity of alcohol consumption, no meta-analysis was performed.
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DISCUSSION

In this systematic review and meta-analysis, paternal smoking in the preconception
period of >10 cigarettes per day was found to be associated with a significantly
increased risk of pregnancy loss, independent of maternal smoking habits. The study of
Wang et al.(26) had relatively much weight in the meta-analysis due to its large sample
size; however, we assessed this study as well conducted and with a low risk of bias. A
sensitivity analysis excluding this study showed also a similar pattern of the paternal
smoking effect. Based on few available studies, no clear evidence was found for a link
between paternal alcohol consumption and pregnancy loss. No studies were identified
that evaluated the association between paternal BMI and the risk of pregnancy loss.

Investigating the relation between paternal lifestyle factors and the risk of pregnancy
loss from an etiological perspective is challenging for several reasons. First, the risk of
bias due to confounding should be taken into account. For example, because smokers are
more likely to have partners who smoke and maternal smoking is a known risk factor for
pregnancy loss, it is crucial to control for the smoking status of the female partner when
evaluating the paternal smoking effect.(27) For this reason, we restricted our meta-
analysis to studies that appropriately adjusted their risk estimates for maternal smoking
or that were conducted in non-smoking women. On the other hand, a risk may appear in
controlling for too many variables. Risk of bias due to confounding occurs when thereis a
failure to adjust for common causes of both the exposure and outcome. Prior pregnancy
loss, forinstance, is a strong predictor for a next pregnancy loss but should not be treated
as a confounder as explained by Weinberg(28) and Howards et al.(29). If one assumes
that the exposure of interest (e.g., paternal smoking) is a cause of both prior and current
pregnancy losses, controlling for prior pregnancy loss will result in overadjustment bias:
the estimate of the total causal effect will be biased toward the null.(28-30) Likewise,
some of the studies adjusted for socioeconomic status, which is associated with the risk
of pregnancy loss.(31) However, indicators of socioeconomic status (e.g., education and
income) are most likely non-causally related to pregnancy loss and mediated by lifestyle
and behavioral factors.(30) From that perspective, not adjusting for socioeconomic
status is appropriate to prevent overadjustment. Overadjustment bias may have been
induced in some of the studies included in this review.

A second issue is that different study designs may introduce different types of bias.
Although hospital-based case-control studies have the advantage of more certainty
about the diagnosis of pregnancy loss, only a selection of all women who underwent a
medical procedure for their pregnancy loss are included in these studies; women with
early pregnancy loss are usually less well represented. Furthermore, in studies where
the exposure status is obtained in retrospect (i.e., after the occurrence of pregnancy
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loss or live birth), differential recall bias may arise. Women who miscarried (and their
partners) could be more likely to report higher levels of possibly damaging exposures.
(32) In addition, in retrospective studies, the selection of exposed or unexposed subjects
may be somehow related to the outcome of interest, since women who suspect a
relation between their exposure status and their pregnancy loss may be more inclined to
participate. Besides this, self-reported socially undesirable lifestyle exposures are prone
to underreporting, which may result in some nondifferential misclassification bias.(33)
As shown by Windham et al.(21), maternal reporting of paternal smoking behavior may
as well lead to non-differential misclassification, making a potential association more
difficult to detect.

Athird challenge is to differentiate between the impact of exposure in the preconception
stage and exposure during pregnancy. For example, maternal passive smoking (second-
hand smoke derived from their partner) may be a confounder for the direct effect
of preconceptional paternal smoking on pregnancy loss. To assess the true effect of
preconceptional paternal smoking, Wang et al.(26) did a separate analysis with exclusion
of women whose partners still smoked during the early pregnancy follow-up. The effect
estimates derived from this analysis were slightly lower compared to the non-restricted
analysis (AOR for >20 cigarettes 1.23; 95% Cl 1.1.17-1.30 compared to 1.33; 95% 1.30-
1.35), suggesting that some confounding by maternal passive smoking was present
indeed.

Despite these caveats, there are solid biological arguments supporting a causal relation
between preconceptional paternal lifestyle factors and pregnancy loss. It has been
shown that tobacco smoke constituents react directly with spermatozoa and can cause
DNA damage.(34) Male cigarette smokers exhibit higher levels of reactive oxygen species
in their seminal plasma, which may overwhelm seminal plasma antioxidant capacity
and cause oxidative stress-mediated sperm DNA fragmentation.(35, 36) Similarly, both
obesity and excessive alcohol intake have been linked to sperm DNA damage.(37,
38) Because of the minimal repair capacity of ejaculated sperm, changes in genomic
integrity of spermatozoa may persist upon conception. A recent study showed that
paternal lifestyle characteristics, potentially mediated by sperm DNA fragmentation,
have significant effects on embryo developmental kinetics in couples that underwent
intracytoplasmic sperm injection treatment.(39) In addition, impaired sperm DNA
integrity has been associated with pregnancy loss in both spontaneous and assisted
pregnancies.(40, 41) As the paternal genome is activated after 4-8 cell embryo stages,
the effect of high sperm DNA damage is presumed to manifest after fertilization, in the
later stages of embryonic development.(42) Defects in sperm DNA may impact blastocyst
development and may as well lead to (post)implantation failures.(42-44)
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The male contribution to adverse pregnancy outcome has been under evaluated for a
long time. Here we show that paternal smoking in the preconception period is associated
with an increased risk of pregnancy loss in a dose-dependent manner, irrespective of
maternal smoking habits. This significant finding has implications for preconception
counselling and is also of interest for couples with unexplained recurrent pregnancy loss.
More research into other paternal lifestyle exposures, including alcohol consumption and
obesity (or dietary intake), is needed since these factors have hardly been studied in the
context of pregnancy loss. Future studies should preferably have a prospective design,
appropriate ascertainment of exposures and outcomes and adequate adjustment for
confounders. In addition to epidemiologic research, basic studies are desired to further
explore underlying mechanisms.
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CHAPTER 4

ABSTRACT

Introduction

Recurrent pregnancy loss (RPL) is defined as the spontaneous demise of two or more
pregnancies before the fetus reaches viability. Despite investigation of multiple known
maternal risk factors, in more than 50% of couples this condition remains unexplained.
Studies focusing on paternal factors in RPL are scarce and, therefore, paternal evaluation
in RPLis currently very limited. However, regarding single miscarriage, there are multiple
publications suggesting a contributive role of paternal factors. In this project we aim to
identify paternal factors associated with RPL and to improve couple-specific prediction of
future pregnancy outcomes by developing a prediction model containing both maternal
and paternal factors.

Methods and analysis

In a case-control design the relation between unexplained RPL and paternal age, lifestyle
factors, sperm DNA damage and immunomodulatory factors in peripheral blood and
semen will be studied. Prospectively, 135 couples with naturally conceived unexplained
RPL (cases) and 135 fertile couples without a history of pregnancy loss (controls) will be
included, with collection of paternal blood and semen samples and documentation of
clinical and lifestyle characteristics. In addition, 600 couples from both groups will be
included retrospectively. To adjust for confounders, multivariate logistic regression will
be used. The predictive value of paternal and maternal factors will be studied in the total
RPL cohort consisting of approximately 735 couples. The primary outcome of the cohort
study is live birth within five years after initial visit of the clinic. Secondary outcomes are
ongoing pregnancy, time interval until next pregnancy and pregnancy complications.

Ethics and dissemination
This project is approved by the Medical Research Ethics Committee of the Leiden
University Medical Center. No risks or burden are expected from the study. The findings
of this study will be disseminated via peer-reviewed publications and presentations at
international conferences.
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INTRODUCTION

Spontaneous pregnancy loss is the most common complication in human pregnancy,
defined as the loss of conception before the fetus reaches viability (<24 weeks of
gestation) and occurs in 10-15% of clinically recognized pregnancies.(1, 2) Pregnancy
loss is also often referred to as miscarriage, however this term is recommended to be
used for confirmed intrauterine pregnancy losses only.(3) Recurrent pregnancy loss (RPL)
is defined as two or more losses in one couple.(1) This condition affects approximately
1-3% of all couples of reproductive age.(4, 5)

RPLisahighly heterogeneous condition. Among the multifaceted risk factors are maternal
acquired thrombophilia (antiphospholipid syndrome), structural uterine abnormalities,
thyroid autoimmunity and parental balanced chromosomal translocations.(6-12)
Maternal age is a strong risk factor for pregnancy loss, mainly based on the increased
prevalence of the fetal aneuploid abnormalities with advancing age.(13) Maternal
lifestyle factors such as smoking, alcohol and caffeine consumption and adiposity are
also associated with RPL.(14-19)

Despite extensive investigations, a potential underlying condition cannot be identified in
50-70% of couples that present with RPL.(20, 21) Limited understanding of underlying
pathophysiological mechanisms means that options for effective interventions are
lacking. Currently, no evidence-based therapeutic options are available for couples
with unexplained RPL. Clinical management is either empirical or primarily focused on
providing supportive care, which has been shown to have a beneficial effect.(22) Part
of this supportive care is counseling on the prognosis and success rate of subsequent
pregnancies in couples with RPL. Lund et al. evaluated the prognosis of 987 women with
RPL and found that 67% achieved a live birth within 5 years after first consultation.(23)
They showed that the chance of at least one subsequent live birth decreased significantly
with increasing maternal age and cumulative number of preceding miscarriages. Other
studies reported live birth rates ranging from 57-95%.(24-26) This large variation might
be explained by the use of different definitions for RPL (2 vs. 3 losses, consecutive vs.
non-consecutive, primary vs. secondary), by the degree of monitoring of the women
and by in- or exclusion of biochemical pregnancies in the definition of RPL.(23)
Nevertheless, these results demonstrate that although unidentified factors increasing
the risk for pregnancy loss may exist, they do not necessarily prevent the development
of a successful pregnancy. An essential part of the management of couples with RPL is
to give trustworthy advice on the prognosis for a next pregnancy. However, the main
limitation in current prognostic studies on unexplained RPL is the lack of adjustment for
relevant risk factors, disabling the possibility of individual risk estimation.(23, 27)
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The investigation of paternal contribution to RPL is currently limited to exploring the
male karyotype. When considering counseling at an individual level, paternal factors
may be included to establish a couple specified prognosis. Since the oocyte and the
spermatozoon contribute equally to the genome of the embryo, it is biologically
plausible to think that part of the idiopathic RPL cases could be explained by paternal
factors. Some studies have evaluated the effect of paternal risk factors such as age,
smoking and somatic health factors on the development of miscarriages, though these
studies are mostly restricted to single miscarriage or to couples undergoing assisted
reproductive techniques.(28-30) Following the absence of a consistent association
between conventional semen parameters and RPL(31-38), the majority of recent studies
addressing paternal factors and pregnancy losses focused on genetic defects, with
sperm DNA fragmentation showing the most promising results. Both Robinson(39) and
Zhao(40) showed in a meta-analysis that a high level of sperm DNA damage is associated
with an increased miscarriage rate after in vitro fertilization/intracytoplasmic sperm
injection (IVF/ICSI) treatment. Two other recent meta-analyses found an increased
mean difference in sperm DNA fragmentation of 12% in male partners of women with
RPL compared to men whose partners had successful pregnancies.(41, 42) However,
prospective studies in RPL couples evaluating the predictive value of sperm DNA
fragmentation on future pregnancy outcomes are lacking.

In addition, imbalances in seminal immunomodulatory factors may contribute to the
development of RPL. During pregnancy the maternal immune system has to tolerate
the presence of semiallogeneic cells in maternal tissue. Seminal fluid contains various
signalling molecules that are thought to induce lymphocyte proliferation, affect
natural killer cell activity and modify cytokine release from antigen presenting cells,
resulting in tolerance towards paternal allo-antigens.(43-45) An optimal balance of
pro-inflammatory and immunomodulatory factors seems to be necessary for the
induction of immunologic tolerance and the process of implantation and placentation.
(46) Increased plasma levels of interleuking-18 (IL-18) and IL-8 and decreased levels of
IL-11 were found to be negatively correlated to fertilization and implantation.(47, 48)
In subfertile couples with normospermia, including a small subgroup with a history of
RPL, decreased concentrations of IL-1B and increased interferon-y (IFN-y) were present
in the seminal plasma.(49) The same study also suggests a correlation between levels
of pro-inflammatory and anti-inflammatory cytokines in paternal peripheral blood and
reproductive outcome. In case of such correlations, cytokine micropatterns in blood
serum could serve as a proxy for those in the seminal plasma and could potentially
be suitable as easily available prognostic markers in clinical practice. However, larger
prospective studies are required to assess this.
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In this study, we hypothesise that unexplained RPL is an issue stemming from both the
female and the male. Our overall aims are to identify paternal factors that are associated
with the development of this condition and to assess the predictive value of these factors
for future reproductive outcomes in couples with RPL, in addition to maternal factors.
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STUDY OBJECTIVES

Primary objectives

To identify paternal factors that are associated with unexplained RPL.

Paternal factors that will be assessed are: age, smoking, alcohol intake, recreational
drugs intake, caffeine intake, body mass index (BMI), level of sperm DNA fragmentation
and immunomodulatory factors in seminal plasma and paternal peripheral blood.

To assess the correlation between level of sperm DNA fragmentation and immuno-
modulatory factors in seminal plasma and paternal peripheral blood.

Secondary objectives
To assess the prognostic effect of paternal factors on reproductive outcomes in couples

with unexplained RPL.

To develop a prediction model containing both maternal and paternal factors to predict
the chance of a successful pregnancy for couples with unexplained RPL.
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METHODS AND ANALYSIS

Study design

The primary objectives are focused on etiology and will be addressed in a case-control
study. In this case-control study paternal factors are compared between couples with
RPL and control couples. The expected duration of the case-control study is one year.

The secondary objectives will be addressed in a retrospective and prospective cohort
study of couples with RPL. For all couples participating in the cohort study we aim to
complete a follow-up on pregnancy outcomes of five years after first consultation.

A schematic overview of the study design is shown in Figure 1.

Case-control study

)

RPL cases Cohort study
Retrospective Prospective
Clinical data >
2025
Clinical data cohort study
Fertile controls
s ©JRecurrent

MIsCarriages m

Figure 1. Schematic diagram of study design

Schematic diagram of study design. For the case—control study the target for inclusion is 735 couples in each arm. Of these
735 couples, 600 will be included retrospectively (2012—-2018) and 135 will be included prospectively (2019-2020). Semen
and blood will be collected from prospectively included men only. Couples with RPL (cases) are also part of a cohort study. We
aim to complete a 5-year follow-up of these couples, starting from their individual point of inclusion. Control couples will not
be in follow-up. LUMC, Leiden University Medical Center; MC, Medical Center; REMI, REcurrent Mlscarriages; RPL, recurrent
pregnancy loss.
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Eligibility criteria

Inclusion criteria for RPL couples are:

Unexplained RPL

According to the ESHRE Recurrent Pregnancy Loss Guideline(1) defined as the
loss of >2 pregnancies in the current relationship, without any of the following
known risk factors: parental chromosomal abnormalities, uterine abnormalities,
acquired thrombophilia, and thyroid autoimmunity. The definition includes all
pregnancy losses before 24" week of gestation verified by ultrasonography or
uterine curettage and histology and also non-visualized pregnancies (including
biochemical pregnancy loss and/or resolved and treated pregnancies of
unknown location) verified by positive urine or serum hCG. If identified as such,
ectopic and molar pregnancies are not included. Pregnancy losses do not need
to be consecutive.

Exclusion criteria for RPL couples are:

Known risk factors for RPL as defined above;

Mental or legal incapability of either the male or female;
Pregnancy after ART;

Pregnancy after oocyte, embryo or spermatozoa donation;
Loss of < 2 pregnancies in the current relationship.

Inclusion criteria for control couples are:

Proven fertility (i.e., pregnant at the time of inclusion or previously experienced
pregnancy in the same relationship)

Exclusion criteria for control couples are:

Previous spontaneous pregnancy loss;

One of the following conditions: parental chromosomal abnormalities, uterine
abnormalities, acquired thrombophilia and thyroid autoimmunity (this will not
be investigated, however, couples are excluded when it is known);

Mental or legal incapability of either the male or female;

Pregnancy after ART;

Pregnancy after oocyte, embryo or spermatozoa donation.

Study population and recruitment

Couples with RPL that visit the RPL outpatient clinic of Leiden University Medical Center
(LUMC) or early pregnancy unit of Erasmus MC University Medical Center (Erasmus MC)

will be assessed for eligibility. LUMC is the coordinating centre. Couples with RPL will be

invited to participate at their intake visit (after they have been referred by their general

practitioner or a referring hospital). After diagnostic investigations on known risk factors
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of RPL are completed, couples with unexplained RPL will be selected for inclusion. In
addition, couples that visited the participating clinics in the period 2012-2019 will be
included in retrospect. Couples with RPL will participate in both the case-control study
and the cohort study.

Eligible couples visiting the antenatal outpatient clinic of LUMC during their pregnancy
will be invited to participate in the control group. Control couples will also be included
in retrospect.

Study recruitment in the coordinating centre started in June 2019. Recruitment at
Erasmus MC is expected to start in September 2019. All couples will receive written
information about the study together with the informed consent form, which includes
a request to obtain permission for gathering data from medical records and storage of
biomaterial for additional analyses related to this study. Participants are informed that
study participation is voluntary and that they are free to withdraw at any time without
any consequences for subsequent care. In case of participation, the informed consent
form should be signed prior to inclusion in the study.

Study procedures

Collection of clinical characteristics

Data about obstetric and general medical history and lifestyle factors of all participating
couples will be documented (Table 1).

Table 1. Collection of data

Parameters

Maternal characteristics  Date of birth, zip code, ethnicity, level of education, profession, body weight, height, general
medical history, use of medication, family history, detailed obstetric history (parity, number of
spontaneous pregnancy losses, ectopic pregnancies or induced abortions, modes of conception
of previous births, modes of delivery of previous births, gestational age at previous births,
complications during previous pregnancies and deliveries, birth weight, gender and Apgar score
of children of previous births), lifestyle characteristics (smoking, alcohol, drugs and caffeine
intake, physical exercise pattern).

Paternal characteristics Date of birth, zip code, ethnicity, level of education, profession, body weight, height, general
medical history, use of medication, family history, lifestyle characteristics (smoking, alcohol,
drugs and caffeine intake, physical exercise pattern).

Results of (previous) Presence of antiphospholipid syndrome (anticardiolipin IgG and IgM, B2 glycoprotein | antibodies
investigations into known 1gG and IgM, and lupusanticoagulans), parental chromosomal abnormalities, presence of thyroid
risk factors of RPL antibodies, presence of uterine anomalies.

These data will be collected during consultations (in a semistandardised way using a
template) and from medical records. Additional required data will be acquired via digital
surveys that will be sent to participating couples. Data entry and generation of digital
surveys will be performed using Castor EDC.(50)
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Couples with RPL participating in the cohort study will be in follow-up for a total time
of five years after initial consultation. These couples will receive a digital survey once a
year. This survey contains questions about outcomes of new pregnancies if applicable
and changes in medical history and lifestyle in the past year. When couples with RPL are
still in regular clinical follow-up, data will be collected during regular consultations and
it will not be necessary to send a digital survey. Retrospectively included couples from
whom (part of) the follow-up period is missing in their medical records, will receive a
survey to ask for pregnancy outcomes in the missing time period.

Clinical characteristics of couples participating in the control group will be collected
at one time point (during consultation at the antenatal clinic), directly followed by a
digital survey containing questions about lifestyle related to the period prior to the index
pregnancy. There is no follow-up of control couples.

Collection and analysis of samples

Male partners of participating couples will be asked for a peripheral blood sample
and sperm sample acquired through masturbation. Samples will be collected from
all prospectively included men. This applies to both cases and controls. From all
retrospectively included couples only clinical data will be documented.

All samples will be processed and analyzed in the laboratory of Reproductive Immunology
at LUMC. Samples will be collected once. Samples from other participating centres will
be sent to LUMC for storage and analysis.

Semen samples will be stored in-20°C until time of analysis. Sperm DNA fragmentation
will be detected by terminal deoxynucleotidyltransferase dUTP nick end labeling (TUNEL)
assay (APO-DIRECT™ Kit, BD Biosciences) following the manufacturer’s instructions. The
level (%) of sperm DNA fragmentation will be determined by flow cytometric analysis.

The level of immunomodulatory factors in seminal plasma and peripheral blood will
be assessed by Bio-Plex Luminex™ system assay (Bio-Rad Laboratories) following the
manufacturer’s instructions. Samples will be analysed using a Bio- Plex™ Array Reader
with Bio-Plex software. Through this assay quantification of cytokine levels including
TNF-a, IFN-y, TGF-B1, IL-1B, IL-8, IL-10, IL-11, IL-18, sHLA-G and PGE2 will be performed.
These cytokines were selected because previous small studies suggested correlations
between concentrations in seminal plasma and/or paternal peripheral blood and
reproductive outcome. (47-49, 51)

Control of bias
Since the design of this study is observational, there is need to control and adjust for
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confounding factors. For example, maternal age is an important confounder for the effect
of paternal age on RPL. To control for confounders, stratification and regression models
will be used. Selection bias is minimized by a clear definition of the study population.
In addition, the control couples are selected independently of their exposure and they
represent the source population that generates the cases. Finally, information bias
is limited as much as possible by collecting information similarly from the cases and
controls.

Sample size calculation

Case-control study

Since sperm DNA fragmentation could be seen as a proxy for advanced age and also
for the presence of smoking, obesity and excessive exercise, this factor was used for
sample size calculations. Zhao et al.(40) evaluated the association between sperm DNA
fragmentation and miscarriages after IVF/ICSI treatment in 2756 couples and they found
a combined odds ratio of 2.28 (95% Cl 1.55-3.35) for miscarriage in patients with high
sperm DNA fragmentation The rate of high sperm DNA fragmentation was significantly
higher in the group with miscarriage (34%) compared to the group with live births (19%).
To detect this difference, using a = 0.05 and power = 80%, the sample size would be
135 in the RPL group and 135 in the control group. Also the recent meta-analyses of
Tan et al.(41) and McQueen et al.(42) have been taken into consideration for sample
size calculation. They evaluated the mean difference in % sperm DNA fragmentation
between RPL patients and fertile controls. However, based on these mean differences
(both of approximately 11%), the sample size would be very small (<10 per arm) and
therefore not appropriate for this project, since we are not solely interested in sperm
DNA fragmentation but also in other lifestyle and demographic factors.

Cohort-study

No straightforward accepted methods exist to estimate the required number of subjects
to develop a multivariable prediction model. Ideally, prognostic studies include several
hundreds of patients who develop the outcome event.(52) Various studies have
suggested that for each candidate predictor studied, at least 10 events are required.
(53, 54) Currently, female age and number of previous pregnancy losses are the only
known factors consistently shown to impact prognosis for future pregnancy outcomes.
(1) In addition to these factors, we intend to examine paternal factors for their predictive
capacity. Assuming that at least two paternal factors will be included in the model,
like age and BMI (and also maternal BMI), with four age categories (<30, 30-35, 35-
40, >40 years), four categories for preceding pregnancy losses (2, 3, 4, =5) and four
BMI categories (<18, 18-25, 25-30, >30 kg/m?), a minimum of 20 x 10 = 200 patients
with RPL and live birth in subsequent pregnancy are necessary. We estimate that the
total RPL cohort will eventually consist of approximately 735 couples (with retrospective
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and prospective inclusions together, shown in Figure 1) and we expect 70% of them to
have a live birth within five years after initial consultation. Based on these numbers, it is
feasible to develop a multivariable model to predict the chances for ongoing pregnancy
and live birth within five years. We will include patients who visited the clinics between
2012-2019 and also the couples (cases) of the case-control study.

Study outcomes
In the case-control study the following exposures will be studied:
e Smoking: documented as average number of cigarettes per day. Also data on
former smoking behavior will be documented;
e Alcohol consumption: documented as average number of units per week;
e Recreational drug consumption: specified by type of drug, quantity and
frequency;
e Caffeine intake: documented as average number of caffeinated drinks per day;
e Physical exercise pattern; documented as moderate to intensive physical
exercise in days per week and minutes per day.

In the cohort study the following outcomes will be studied:

e Live birth within five years after initial consultation (for this outcome we intend
to develop a prediction model);

e Ongoing pregnancy (>24 weeks);

e Time interval until next pregnancy;

e Pregnancy complications including fetal growth restriction, preterm birth,
pregnancy induced hypertension, preeclampsia, hemolysis elevated liver
enzymes and low platelets (HELLP) syndrome and gestational diabetes mellitus.

Statistical analysis plan

Case-control study

For the case-control study, proportions will be calculated for the dichotomous and categorial
exposures with 95% confidence intervals. Comparison between the cases and controls
is performed by a Chi square test. Mean differences with 95% confidence intervals are
calculated to compare continuous variables between the groups. To correct for confounders
(including maternal factors), stratified analyses and multivariate logistic regression including
paternal and maternal variables that are highly correlated will be performed.

Cohort study

To indicate a relation between live birth and paternal (and maternal) factors as described
above, first univariate logistic regression will be used. To select the most prognostic
set of variables logistic regression with shrinkage methods such as lasso will be used.
Time to pregnancy is estimated using the Kaplan Meier method. Only in the subgroup
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of prospectively included RPL couples (with collection of samples), blood and sperm
investigations will be included in the analyses.

To cope with analysis of missing values, multiple imputation will be performed. Statistical
analysis will be performed using SPSS Statistics V.25 (IBM SPSS Software) and/or R
version V.3.6.0. For all tests, a two-sided p < 0.05 or 95% Cl not including the null value
is considered significant.

Patient and public involvement

During the development of the study protocol the Dutch association for patients with
fertility problems (Freya) was consulted. Results will be presented during their thematic
meetings to inform patients about study progress. Social media will be used to highlight
new publications and conference presentations.

Ethics and dissemination

This study will be conducted according to the principles of the Declaration of Helsinki.(55)
Ethics approval for this study was obtained at the Medical Research Ethics Committee of
the Leiden University Medical Center. No risks or burden are expected from the study.
No additional hospital visits are required.

Eligible couples obtain written information about the study objectives and procedures
and they will have sufficient time to decide on participating. All clinical data and data
derived from surveys will be saved in the Castor EDC REMI Il database. No data directly
traceable to patients will be included in this database. Every couple will be assigned a
unique code. This code will also be used to associate clinical data with corresponding
blood and semen samples.

The findings of this study will be disseminated via peer-reviewed publications and
presentations at international conferences.
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DISCUSSION

RPL is often accompanied by psychological morbidities such as depression and anxiety,
making it a very distressing and costly condition.(56) In current practice, RPL is mostly
considered an issue derived exclusively from female causes. However, it is questionable
whether this female-centred approach is correct, especially considering the substantial
proportion of RPL cases that remains unexplained. In November 2017 the European
Society of Human Reproduction and Embryology (ESHRE) developed a new guideline for
the management of RPL, to supply healthcare providers with the best available evidence
for investigation and treatment of RPL. Future research on the paternal contribution
in RPL, such as the impact of paternal lifestyle factors and sperm DNA damage, was
recommended by the guideline committee.(1)

In this project, we hypothesise that besides maternal factors, paternal factors are
associated with the development of RPL. Understanding the role of these factors
contributing to the pathological mechanisms of RPL may provide new diagnostic tools
and treatment options. To the best of our knowledge, this project includes the first large
prospective cohort study evaluating the contribution of multiple paternal lifestyle and
biological factors to unexplained RPL.

Limitations of all research on lifestyle factors using self-reported data are the phenomena
of recall and response bias. Individuals might report biased estimates of self-assessed
behaviour for different reasons, including misunderstanding or social-desirability.
Although these types of bias will always be present to some extent, we try to minimize
this by using standardized and well-structured surveys, by avoiding long recall periods as
much as possible and by choosing an appropriate and well-defined control group.

Ultimately, we aim to develop a couple-specific model including both maternal and
paternal factors to predict future reproductive outcomes in couples with unexplained
RPL. Although not an intervention as such, counseling couples confronted with RPL
about their individual prognosis is an essential part of the management of these couples
and allows them to decide for or against future pregnancy attempts. Moreover, this
study might also provide new starting points for future treatment options with regard to
lifestyle interventions.
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CHAPTER 5

ABSTRACT

Objective

To identify, besides maternal age and the number of previous pregnancy losses,
additional characteristics of couples with unexplained recurrent pregnancy loss (RPL)
that improve the prediction of an ongoing pregnancy.

Design
Hospital-based cohort study in couples who visited specialised RPL units of two academic
centres between 2012-2020.

Setting
Two academic centres in the Netherlands.

Patients
Clinical data from 526 couples with unexplained RPL were used in this study.

Intervention(s)
None.

Main Outcome Measure(s)
Thefinalmodeltoestimatethechanceofasubsequentongoingpregnancywasdetermined
with a backward selection process and internally validated using bootstrapping. Model
performance was assessed in terms of calibration and discrimination (area under the
ROC curve; AUC).

Results

Subsequent ongoing pregnancy was achieved in 345/526 couples (66%). Number of
previous pregnancy losses, maternal age, paternal age, maternal body mass index (BMl),
paternal BMI, maternal smoking status and previous IVF/ICSI treatment were predictive
for the outcome. The optimism corrected AUC was 0.63, compared to 0.57 when using
only the number of previous pregnancy losses and maternal age.

Conclusion

The identification of additional predictors for a subsequent ongoing pregnancy after RPL,
including male characteristics, is important for both clinicians and couples with RPL. At
the same time we showed that the predictive ability of the current model is still limited
and more research is warranted to develop a model that can be used in clinical practice.
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INTRODUCTION

Recurrent pregnancy loss (RPL) is a condition characterised by the spontaneous loss
of two or more pregnancies before 24 weeks of gestation, affecting 2-3% of couples of
reproductive age.(1, 2) Over time, various risk factors for RPL have been identified and
several diagnostic investigations are recommended by international guidelines, including
screening for uterine anomalies, acquired thrombophilia, thyroid abnormalities and
parental chromosomal translocations.(2) Despite the extensive diagnostic work-up being
offered to couples with RPL, no underlying condition can be identified in 60-70% of cases.
(3) For these unexplained cases, no evidence-based therapeutic options are available,
which adds to the frustrating nature of this condition.(2) Indeed, multiple studies have
shown that couples with RPL are more likely to deal with depression and anxiety.(4) It is
considered important to offer supportive care to couples with RPL, consisting of intensive
monitoring and care during early pregnancy as well as psychological support.(5, 6)
Moreover, supportive care should certainly include reliable counselling regarding
prognosis.

For couples with recurrent pregnancy loss (RPL) one question is vital: what is the chance
of a future successful pregnancy? Even when aetiological mechanisms are not fully
elucidated, well-developed and validated prediction models may provide adequate
estimates of future pregnancy outcomes.(7) Currently, two prognostic tools are
recommended by the ESHRE guideline on RPL.(2) Both models base their predictions
on two factors: the number of preceding pregnancy losses and maternal age. Brigham
et al.(8) predicted the chance of a subsequent ongoing pregnancy with fetal survival
beyond 24 weeks of gestation, while Lund et al.(9) predicted pregnancy success rates at
five, ten and fifteen years after referral. Yet, some important limitations must be kept in
mind when using these prediction models.

First of all, as neither performance measures nor validation procedures were described
for both models, their predictive performance remains unknown. Second, as these
models were developed 21 and nine years ago, changing definitions and diagnostic
investigations for RPL have most probably affected the reliability of the models in today’s
clinical practice. In addition, a limited number of candidate predictors were examined
in both studies. Although it is indisputable that maternal age and previous number
of losses are important predictors for future pregnancy outcome(2), it is likely that
inclusion of other factors may improve accuracy of prediction. Lifestyle factors such as
cigarette smoking have been associated with pregnancy loss in previous studies and may
thus influence future pregnancy outcome.(10, 11) Moreover, although the focus has
been on the female partner for many years, evidence is emerging that characteristics of
the male partner also contribute to (recurrent) pregnancy loss.(12, 13)
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The aim of this study was to explore whether predicting the chance of a subsequent
ongoing pregnancy in couples with unexplained RPL could be improved by taking,
besides maternal age and the number of previous pregnancy losses, additional candidate
predictors into account. To the best of our knowledge, this is the first time that the
predictive potential of both maternal and paternal factors was evaluated in this context.
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MATERIAL AND METHODS

This study was conducted following the recommendations of the Transparent reporting
of a multivariable prediction model for individual prognosis or diagnosis (TRIPOD)
statement.(14) This study was approved by the Medical Research Ethics Committee of
the Leiden University Medical Center (reference number P19.014).

Source of data

In this hospital-based cohort study, data from two specialised RPL units located in two
Dutch academic hospitals (Erasmus MC, University Medical Center Rotterdam and
Leiden University Medical Center) was obtained, covering the period between January
2012 and December 2019. Couples with RPL were referred to these clinics for diagnostic
investigations, counselling, supportive care and/or intensive monitoring during the
first trimester of a subsequent pregnancy. Baseline characteristics (described in more
detail in the paragraph Candidate predictors) of all couples that visited the RPL clinics
were registered in electronic patient records during the intake consultation, using a
standardised template. Data on baseline characteristics and subsequent pregnancy
outcome were extracted from the hospital database systems and entered in a study
database, using a standardised template.

Eligibility criteria

Couples were included in the study database with at least two pregnancy losses before
24 weeks of gestation (following the definition of the ESHRE guideline on RPL) in the
current relationship. Couples with pregnancy losses following oocyte or sperm donation
and couples with an identified underlying condition for RPL (specified in the next
paragraph) were excluded.

Diagnostic investigations for RPL

Diagnostic investigations considered for this study were based on recommendations of
the current ESHRE guideline on RPL(2) and included screening for uterine anomalies,
thyroid abnormalities (anti-thyroid peroxidase (TPO) and thyroid-stimulating hormone
(TSH) levels), acquired thrombophilia (antiphospholipid antibodies(15)) and parental
chromosomal translocations. Parental karyotyping was only performed in case of
increased risk of abnormalities, following the risk table of Franssen et al.(16)

Outcome

We estimated the chance of a subsequent ongoing pregnancy, defined as fetal survival
beyond 24 weeks of gestation(2) in the first pregnancy after intake consultation at the
RPL clinic. All first pregnancy outcomes that occurred after intake consultation and
before January 2021 were analysed. Pregnancies conceived by a new male partner (i.e.
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a different partner than during the intake consultation) or conceived following oocyte
or sperm donation were excluded from the analysis. Also, couples with no further
pregnancy or with an unknown pregnancy outcome after intake consultation were also
excluded from the present analysis.

Sample size calculation

For sample size considerations, we followed the recommendations as published by van
Smeden et al.(17) An established rule of thumb for the required sample size to develop
a prediction model is to ensure at least 10 events per candidate predictor parameter.
However, van Smeden et al. stated this rule is insufficient to minimise the risk of model
overfitting and to target precise model predictions. For binary outcomes, they showed that
the number of candidate prediction parameters, the total sample size and the outcome
proportion are the main drivers of the mean predictive accuracy of a prediction model.
Therefore a sample size formula was presented, that aims to ensure that a new prediction
model will on average have a small prediction error in the estimated outcome probabilities,
as measured by the mean absolute prediction error (MAPE). An interactive calculation
tool is available online and was used for this study: https://mvansmeden.shinyapps.io/
BeyondEPV/. Before performing the present study, the number of available patients and
predictors was known. For this situation, the calculation tool could be used to identify the

maximum number of candidate predictors to be considered. With an anticipated outcome
proportion of 70% couples with an ongoing pregnancy (8, 9, 18), a sample size of 526
(the number of couples available in our database) and a MAPE of 0.05 between observed
and true outcome probabilities (as recommended by van Smeden et al.), the maximum
number of candidate prediction parameters was determined a priori as 12.

Candidate predictors

The following candidate predictors were considered based on theoretical plausibility
following previous research, expert opinion and availability: the number of previous
pregnancy losses, primary or secondary RPL (with primary RPL being defined as
no live birth in the current relationship), previous pregnancies conceived by in vitro
fertilisation (IVF) or intracytoplasmic sperm injection (ICSl),maternal and paternal age,
maternal and paternal body mass index (BMI) and maternal and paternal smoking
status. All candidate predictor variables were collected during the intake consultation.
The number of previous pregnancy losses, maternal and paternal ages were treated as
continuous variables. Previous IVF or ICSI treatment and maternal and paternal smoking
status were treated as dichotomous variables.

Statistical analysis

Allanalyses were performedin R studio version 1.3.9.50and R version 3.6.3 (R Foundation
for Statistical Computing, Vienna, Austria).
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Handling of missing data

To avoid a decrease of statistical power and selection bias, missing values were imputed.
We assumed that missing values were missing at random. Based on the amount of missing
data, missing values were imputed 30 times using multiple imputation with chained
equations (MICE) with predictive mean matching.(19, 20) All candidate predictors and
the outcome variable were included in the imputation model.(19) Rubin’s rules were
applied for pooling estimates across the imputed datasets.(21)

Model development

Initially we fitted univariable logistic regression models to assess the effect of individual
predictors. Possible non-linearity in the associations between continuous predictors and
the outcome were examined using the R studio package ‘rcspline.plot’. Maternal age had
a significant non-linear relation with the probability of a subsequent ongoing pregnancy
and was modelled using a restricted cubic spline. For model development we used the R
studio package ‘pfmsi’ which provides functions to apply pooling and variable selection
in multiple imputed datasets. We performed multivariable logistic regression analysis
with ongoing pregnancy as binary outcome. A backward selection process was used to
determine the final multivariable logistic regression model, using the Akaike Information
Criteria (AIC) as a stopping rule (corresponding to a p-value of 0.157).(20, 22) To assess
the added value of additional predictors, we fitted smaller models including only a
subset of the predictors derived from the backward selection.

Model performance

The resulting final model was internally validated using bootstrapping with 250 bootstrap
samples, yielding estimates for the optimism in the performance for discrimination and
calibration. The bootstrapping procedure was performed in combination with backward
selection, as it is known that variable selection is a major reason for model overfitting.(20)
Model calibration was ascertained by visual inspection of a calibration plot. Receiver operator
characteristic (ROC) curve analysis was used as a measure for discrimination. Discrimination
refers to the ability of a model to correctly assign higher probabilities to subjects with the
outcome (ongoing pregnancy) compared to subjects without the outcome. An area under
the ROC curve (AUC) of 0.5 indicates no discrimination and is comparable with tossing a coin:
the ability of the model to assign a higher probability to a couple with ongoing pregnancy
than to a couple without ongoing pregnancy is 50%. An AUC of 1.0 indicates perfected
discrimination. The explained variance was described in terms of the Nagelkerke R?. To
prevent the model from overfitting, the calibration slope from the bootstrapping procedure
was used to shrink the pooled regression coefficients and to determine a new intercept,
being aligned with the shrunken coefficients.(20) Performance measures of the final model
and smaller models including fewer predictors were compared.
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RESULTS

After exclusions, the dataset included 526 couples with unexplained RPL and a
subsequent pregnancy outcome after intake consultation at one of the two participating
clinics. The flow of participants through the study is shown in Supplemental Figure 1. All
included couples were in follow-up for at least one year after intake consultation. In 345
couples (66%) the first pregnancy after intake consultation was an ongoing pregnancy
beyond 24 weeks of gestation. Of the remaining 181 couples (34%) without an ongoing
pregnancy, 168 (93%) had a spontaneous pregnancy loss, eight (4%) had an ectopic
pregnancy and five (3%) had a termination of pregnancy due to fetal abnormalities.
Fifty-six pregnancy outcomes occurred in 2020, during the Covid-19 pandemic. None of
these women were known to have had a SARS-CoV-2 infection during their pregnancy.
Table 1 shows the characteristics of the total cohort and of couples with and without
ongoing pregnancy separately. Percentages of missing values ranged from 0 to 22.8%
per candidate predictor.

Table 1. Cohort characteristics

Characteristics All couples Ongoing pregnancy* No ongoing pregnancy Missing
(n =526) (n = 345) (n=181) data n (%)
Mean age (SD), range
Women 33.58 (4.67), 33.28 (4.42) 34.14 (5.08), 0(0)
20-45 20-43 21-45
Men 35.50 (6.11), 35.10(5.79) 36.28 (6.63), 26 (4.9)
20-67 20-67 21-55
Median number of pregnancy 3(2-4), 3(2-3), 3(3-4), 0(0)
losses (IQR), range 2-11 2-10 2-11
Primary RPL, n (%) 308 (58.6) 202 (58.6) 106 (58.6) 0(0)
History of IVF/ICSI treatment, n (%) 72 (13.7) 39(11.3) 33(18.2) 0(0)
Mean BMI (SD), range
Women 24.55 (4.59), 24.71 (4.83), 24.24 (4.08), 24 (4.6)
16.18-44.98 17.71-44.98 16.18-42.91
Men 25.51 (3.60), 25.36 (3.50), 25.79 (3.77), 120 (22.8)
18.26-41.77 18.26-41.77 19.27-40.75
Smoking, n (%)
Women 65 (12.4) 37(10.7) 28 (15.4) 6(1.1)
Men 133 (25.3) 83 (24.1) 50 (27.6) 61 (11.6)

SD = standard deviation; IQR = interquartile range; RPL = recurrent pregnancy loss; IVF = in vitro fertilisation;
ICSI = intracytoplasmic sperm injection; BMI = body mass index.
*Ongoing pregnancy defined as fetal survival beyond 24 weeks of gestation.

Predicting the chance of ongoing pregnancy

The number of previous pregnancy losses, maternal and paternal age and previous
conceptions by IVF/ICSI treatment had statistically significant univariable associations with
an ongoing pregnancy (Supplemental Table 1). Figure 1 shows the unadjusted relations
between the predicted probability of an ongoing pregnancy and the continuous predictors
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number of previous pregnancy losses, maternal and paternal age and maternal and
paternal BMI. The probability of an ongoing pregnancy gradually declined with increasing
number of previous pregnancy losses and increasing paternal age and sharply declined
starting from maternal age 35. Although parental BMI effects were small, we observed a
negative association between increasing paternal BMI and an ongoing pregnancy, while
increasing maternal BMI slightly improved the chance of an ongoing pregnancy.
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Figure 1. Univariable relations between continuous baseline variables and ongoing pregnancy

BMI = body mass index. Each panel depicts the probability of ongoing pregnancy (solid curve) with 95% confidence bands
(dashed curves) as function of the baseline variable. Relations were characterised by restricted cubic spline functions. Only
maternal age had a significant non-linear relation with the outcome.
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The factors in the final multivariable model (Table 2) to predict the probability of having a
subsequent ongoing pregnancy were the number of previous pregnancy losses, maternal
age, paternal age, maternal BMI, paternal BMI, maternal smoking status and mode of
conception (with or without history of IVF/ICSI treatment). The bootstrapping procedure
yielded an adjusted calibration slope of 0.77, which was applied as a shrinkage factor
to the intercept and coefficients of the final model. The odds of a subsequent ongoing
pregnancy decreased with every increasing previous pregnancy loss. For example,
the odds of an ongoing pregnancy after three pregnancy losses were 19% lower than
the odds of an ongoing pregnancy after two pregnancy losses, and the odds after six
pregnancy losses were 47% less than after three losses. A smoking woman had 38%
lower odds of an ongoing pregnancy compared to a non-smoking woman. Couples
with a history of IVF/ICSI treatment had a 46% reduced odds of an ongoing pregnancy
compared to couples with spontaneous conceptions.

Table 2. Final logistic regression model for ongoing pregnancy

Intercept and predictors B coefficient® 0Odds ratio (95% Cl) P-value
Intercept 0.53

Number of previous pregnancy losses -0.16 0.81(0.70-0.93) 0.004
Maternal age as restricted cubic spline®

Maternal age 0.06 1.08 (0.92-1.25) 0.34
Maternal age’ -0.01 0.98 (0.71-1.38) 0.94
Maternal age” -0.46 0.55 (0.12-2.46) 0.43
Maternal smoking -0.36 0.62 (0.36-1.07) 0.09
Maternal BMI 0.03 1.04 (0.99-1.09) 0.09
Paternal age -0.02 0.97 (0.93-1.01) 0.15
Paternal BMI -0.04 0.95 (0.89-1.01) 0.11
History of IVF/ICSI treatment -0.47 0.54 (0.312-0.92) 0.02

BMI = body mass index; 95% Cl = 95% confidence interval; IVF = in vitro fertilisation; ICSI = intracytoplasmic sperm injection.
*The predicted probability of a subsequent ongoing pregnancy can be calculated for individual couples using the formula
shown in the Supplemental data. ®Regression coefficients were multiplied with a shrinkage factor of 0.77 that was obtained
from the bootstrapping procedure (described in Methods). B-values are expressed per 1-unit increase for continuous
predictors and for the condition present (prediction value = 1) for dichotomous predictors. "Maternal age was fitted using
a restricted cubic spline function with four knots placed at 25.27, 31.84, 35.94 and 40.53 years. The age variables with tick-

marks (‘, “) represent the new variables created to allow for non-linear contributions from maternal age. These coefficients

cannot be interpreted on their own; the partial effect plot for maternal age is shown in Supplemental Figure 3.

Model performance

The calibration plot of the final multivariable model indicated overall good calibration
(Supplemental Figure 2). We compared the discrimination of the final model to that of
smaller models including only a subset of the predictors. The optimism corrected AUCs
ranged from 0.57 for a model only including the predictors maternal age (fitted as a
linear variable) and number of previous pregnancy losses, to 0.63 for the final model
including all predictors derived from the backward selection procedure. Performance
measures for all models are shown in Supplemental Table 2.
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Predicting ongoing pregnancy for specific couples

Figure 2 shows four couples with their respective characteristics and predicted chances
of a subsequent ongoing pregnancy according to our final multivariable prediction
model, including the number of previous pregnancy losses, maternal and paternal age,
maternal and paternal BMI, maternal smoking status and mode of conception (with or
without a history of IVF/ICSI treatment). We compared the predicted probabilities of
our model with those provided by the commonly used prediction model of Brigham et
al.(8), including only the number of previous pregnancy losses and maternal age fitted
as a linear variable.

3 pregnancy losses 6 pregnancy losses

Spontaneous conceptions

o ®
Age 34 Age 36
BMI 25 BMI 26

74% chance of ongoing pregnancy

78% in model of Brigham et al.

Spontaneous conceptions

e ©
Age 36
BMI 26

50% chance of ongoing pregnancy

Age 40
BMI 25

50% in model of Brigham et al.

6 pregnancy losses
Spontaneous conceptions

® O
Age 36
BMI 26

57% chance of ongoing pregnancy

Age 28
BMI 25

73% in model of Brigham et al.

6 pregnancy losses
History of IVF/ICSI

&

e ©
Age 40 Age 45
BMI 30 BMI 30

26% chance of ongoing pregnancy

50% in model of Brigham et al.

Figure 2. Predicting ongoing pregnancy: four scenarios

BMI = body mass index; IVF = in vitro fertilisation; ICSI = intracytoplasmic sperm injection. Chances of an
ongoing pregnancy >24 weeks’ gestation based on our final prediction model, including the following variables:
number of previous pregnancy losses, maternal age (fitted as restricted cubic spline with four knots), paternal
age, maternal BMI, paternal BMI, maternal smoking status and mode of conception. Predicted probabilities
are shown for four couples and compared to the model of Brigham et al. Scenario A shows a couple with
average characteristics based on our population statistics, i.e. with the median number of pregnancy losses,
mean ages and BMls as shown in Table 1. In scenario B, the number of previous pregnancy losses and maternal
age are higher, while other characteristics are unchanged. Scenario C is similar to scenario B, except for a
younger maternal age. In scenario D the number of pregnancy losses and the woman’s age are similar to
scenario B, but here the male partner is also of advanced age, the couple has a history of fertility treatment
(IVF/ICSI), they are obese and the woman smokes.
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For scenario A and B, the predicted chances of a subsequent ongoing pregnancy
calculated with our model and with the model of Brigham et al. were similar (74% vs.
78% for scenario A and 50% both for scenario B). In scenario C our model provided a
lower chance of an ongoing pregnancy compared to the model of Brigham et al. (57%
vs. 73%). In scenario D the predicted probabilities resulting from both models were even
more deviating. The estimate of our model was a 26% chance of an ongoing pregnancy,
almost half the probability as calculated for scenario B. However, the model of Brigham
et al. still estimated a 50% chance of an ongoing pregnancy, since this model is only
based on the number of previous pregnancy losses and maternal age, being equal in
scenarios B and D
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DISCUSSION

We showed that predicting the chance of a subsequent ongoing pregnancy beyond
24 weeks of gestation in couples with RPL becomes more accurate when, besides the
conventional predictors maternal age and the number of previous pregnancy losses,
more variables are incorporated into the model. The additional predicting variables
include both male and female characteristics, advocating a couple-focused rather than a
female-focused approach in RPL. Still, the predictive ability of the current model remains
limited and we emphasize that more research is needed in order to develop a model
that can be used in clinical practice.

The apparent predictive performance of our final multivariable model in terms of
the AUC was 0.66 (0.63 after internal validation with bootstrapping), compared to
0.57 for a model restricted to the conventional predictors maternal age and number
of previous pregnancy losses. Although showing an improvement in predictive ability,
an AUC between 0.60-0.70 is still considered as poor to moderate performance and
indicates that the model will not successfully predict outcomes for many couples.(20)
As Brigham et al.(8) and Lund et al.(9) did not mention any performance measures, it
was not possible to make a direct comparison with their models. A recently published
nationwide Danish cohort study that aimed to predict the chance of subsequent live
birth in the general population based on maternal age and prior pregnancy events,
reported an AUC of 0.60. Both this Danish cohort study and our study illustrate the
difficulty of predicting future ongoing pregnancy. This may be due to the complex and
largely unexplained multifactorial aetiology of (recurrent) pregnancy loss.

While we confirmed earlier findings showing that the number of previous pregnancy
losses and woman’s age are prognostic variables of great importance(2, 8, 9, 18), we
also found that additional maternal variables (smoking status, BMI) as well as paternal
parameters (age, BMI) increased predictive performance. Furthermore, we observed
that previous IVF/ICSI treatment lowers the predicted chance of a subsequent ongoing
pregnancy in couples with RPL. Our candidate predictors were chosen based on previous
epidemiologic and basis research and although one should be cautious with interpreting
the results of a prediction study aetiologically(7), it is likely that some of the predictors
have a causal relation with the outcome.

Maternal age is strongly associated with a higher risk of fetal aneuploidy, an established
cause of pregnancy loss.(23) Advanced paternal age has been linked to increased levels
of sperm DNA fragmentation, which is associated with (recurrent) pregnancy loss.(13, 24,
25) Likewise, paternal obesity may cause excessive oxidative stress and affect pregnancy
outcome by damaging DNA integrity of the spermatozoa.(26) Maternal smoking is well-
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known to increase the risk of pregnancy complications, including pregnancy loss.(10) On
the other hand, the relation between assisted reproductive techniques, including IVF/ICSI
treatment, and an increased risk of pregnancy loss is less straight-forward. It is complex
to determine whether this increased risk can be attributed to the treatment itself,
whether it is a proxy for underlying (unidentified) patient characteristics, or whether
it is due to the fact that ART pregnancies are closely monitored and subsequent (early)
pregnancy loss is more often detected compared to couples who conceived naturally.
(27) Furthermore, we observed a positive association between increasing maternal BM|
and the chance of an ongoing pregnancy in our cohort. A previous study in couples
with unexplained RPL demonstrated a U-shaped relationship between miscarriage rate
in the subsequent pregnancy and maternal pre-pregnancy BMI, with the highest risk of
miscarriage in underweight women, followed by obese women (BMI >30 kg/m?).(28)
Although we observed similar high risks of pregnancy loss in underweight women with
BMI <20 kg/m?, in our population the highest chance of an ongoing pregnancy was found
in obese women. However, it should be noted that the number of obese women in our
sample was limited and the observed BMI effect was relatively weak and uncertain.

When developing a prediction model it is important to assess the presence of non-linear
patterns between continuous predictors and the outcome of interest.(29) We found that
maternal age had a non-linear relationship with the chance of an ongoing pregnancy,
with a negative effect starting around 35 years and we estimated this relationship using
a restricted cubic spline. A similar pattern for the maternal age effect was observed in
two prior studies(30, 31) predicting chances of live birth in other (large) populations,
not restricted to RPL patients; these studies also fitted maternal age as restricted cubic
spline in their models. However, previous prediction models for RPL handled maternal
age as a linear term, which probably differs substantially from the “true” predictor-
outcome relationship, as it assumes that the effect is the same at each part of the range
of maternal age.

We believe that our study holds several strengths compared to other prediction studies
on unexplained RPL. We followed TRIPOD recommendations for model development
and reporting.(14) To prevent overfitting, we determined the maximum number of
candidate predictors a priori.(17, 32) Furthermore, we selected candidate predictors
based on theoretical plausibility instead of choosing predictors on the basis of the
strength of their unadjusted univariable associations with the outcome. The last
strategy is undesired as this most often leads to substantial uncertainty in model
structure and important predictors may be rejected because of nuances in the study
data.(29, 33, 34) We used backward elimination with AIC for predictor selection, being
a preferred method, especially in smaller data sets.(20) In addition, we performed
internal bootstrap validation and used the shrinkage factor to adjust the regression
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coefficients and apparent performance for optimism(20), which was not done in any
of the previously published prediction models for RPL. Besides these methodological
assets, we used data of a strictly defined population of couples with unexplained RPL,
containing information on both partners, being systematically collected during intake
consultations. Still, some missing data existed, mainly on paternal variables. However, it
was possible to impute these data using multiple imputation. This technique takes into
account statistical uncertainty in the imputed values and, if data are missing at random,
provides less biased results compared to complete case analysis.

The aim of this study was to identify predictors for a subsequent ongoing pregnancy
beyond 24 weeks of gestation, after referral to the clinic. This outcome was available
for the vast majority of couples in our database, while the outcome of a subsequent live
birth as well as outcomes of later occurring pregnancies were more often missing (due
to the fact that many women were referred back to their local hospital or midwifery
practice). Ideally, patients would like to know their overall chances of having a future
live birth. Therefore, the ultimate model should predict the cumulative chances of live
birth within a certain time period, for instance within five years after referral. This would
require a prospective cohort study with structural follow-up of couples with RPL for at
least five years after first consultation. Furthermore, in future research, the effects of
more potential predictors such as alcohol consumption of both partners and level of
sperm DNA fragmentation should be evaluated, which have previously been associated
with pregnancy loss but were unavailable in this study. In a sufficiently large cohort
including couples with both explained and unexplained RPL, it may also be considered
to assess identified risk factors (for instance presence of anti-TPO antibodies or APS) as
predicting variables and to assess meaningful interactions between different predictors.

Conclusions

Couples with RPL need something to hold on to, that helps to shape their expectations
and assists in making decisions regarding new pregnancy attempts. In addition,
stratification of couples into risk groups can be used for further in-depth personalised
research, for instance on interventions. To facilitate this, an accurate well-developed
and validated prediction model is needed. To date, such a model is not yet within reach.
Although we showed in this study that we should look beyond the number of previous
pregnancy losses and maternal age and we should also consider additional predictors
including male factors and lifestyle factors, the predictive ability - and therefore the
clinical applicability- of the model is still insufficient. However, our findings serve as an
important starting point for the development of a new prediction tool to use in clinical
practice.
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CHAPTER 6

ABSTRACT

Background

Seminal plasma contains a wide range of cytokines, chemokines and growth factors.
Part of these signalling molecules assist in inducing a state of active maternal immune
tolerance towards the fetus. Disbalances in seminal plasma content may contribute to
pregnancy loss. This study investigated cytokine expression profiles in seminal plasma
of male partners of couples with unexplained recurrent pregnancy loss (RPL) and
the association with clinical and lifestyle characteristics, including smoking, alcohol
consumption and body mass index (BMI).

Methods

In the seminal plasma of 52 men who visited a specialised RPL clinic the levels of 25 pre-
selected cytokines, chemokines and growth factors were measured by Bio-Plex assay or
ELISA. Two-way hierarchical cluster analysis was performed. Identified patient clusters
were compared on clinical and lifestyle characteristics.

Results

Two distinct cytokine expression profiles in the seminal plasma were revealed by cluster
analysis. Patient cluster | showed relatively higher levels of pro-inflammatory cytokines,
including IL-1a, IL-1pB, IL-6, IL-8, IL-12, IL-18 and TNF-a, compared to Patient cluster II.
Men belonging to Patient cluster | were significantly older and had significantly more
lifestyle risk factors compared to men in Patient cluster II.

Conclusion

Cluster analysis suggested the existence of a less favourable pro-inflammatory cytokine
expression profile, being present in part of men affected by RPL and associated with
advanced male age and lifestyle risk factors. These findings may serve as a starting point
for further research into underlying mechanisms and ultimately lead to novel diagnostic
and therapeutic approaches for couples with RPL.

134



SEMINAL PLASMA CYTOKINE PROFILES AND THE ASSOCIATION WITH AGE AND LIFESTYLE FACTORS

INTRODUCTION

Previous research indicated that seminal plasma is not only a transporter medium
that protects and nourishes the spermatozoa. It also primes the maternal immune
system by carrying a multitude of cytokines, chemokines, paternal antigens and other
immunological factors.(1-3) These signalling molecules have direct effects on the cervix
and endometrium and help to induce a state of active maternal immune tolerance,
important for normal development of human pregnancy.(4-6) A balance between pro-
inflammatory- and immunoregulatory factors in the seminal plasma seems necessary
to optimally support the female reproductive tract in developing tolerance and enabling
implantation.(7) Disbalances in seminal plasma composites may contribute to pregnancy
loss or complications later in gestation.(8, 9)

Recurrent pregnancy loss (RPL) is defined as a minimum of two pregnancy losses before
the fetus reaches viability. Multiple risk factors for RPL have been established, including
parental chromosomal translocations, uterine anomalies, maternal thrombophilia
and thyroid auto-immunity)(10). Despite this, RPL remains unexplained in 60-70% of
cases.(11) Advanced maternal age, smoking and obesity are established risk factors
for pregnancy loss.(12-14) More recently, a number of studies showed that advanced
paternal age and lifestyle factors may contribute to pregnancy loss as well.(15-17) This
implicates that the male role in achieving a successful pregnancy involves more than just
the conception. We hypothesise that advanced paternal age and lifestyle factors such
as smoking or obesity, result in disbalances in seminal plasma components that may
contribute to pregnancy loss.

Prior studies reported reference values for several immunological factors in the seminal
plasma of healthy fertile men, to provide a foundation for further studies in pathologic
conditions.(2, 3) The current exploratory study is the first to investigate the levels of
pre-selected seminal plasma cytokines and other signalling molecules in male partners
of couples with unexplained RPL. Further insight in the seminal plasma content of these
men may lead to a better understanding of the complex aetiology of RPL. We used
cluster analysis to analyse multiplex cytokine measurements in seminal plasma and to
identify different subgroups of patients. In addition, we evaluated associations between
cytokine expression profiles in the seminal plasma and clinical and lifestyle factors.
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MATERIALS AND METHODS

Ethics approval

This research was approved by the Medical Research Ethics Committee of the Leiden
University Medical Center (reference number P11.196, year of approval 2012). All
participants provided informed consent for participation.

Study participants

Patients with RPL

Subjects were 52 male partners of couples with RPL who visited the RPL outpatient clinic
of the Leiden University Medical Center between 2012 and 2019. Inclusion criteria were (i)
a minimum of three consecutive pregnancy losses before 20 weeks of gestation (definition
for RPL used at our centre when the study was initiated) and (ii) unexplained RPL (i.e. no
evidence of antiphospholipid syndrome (APS), uterus anomalies, anti-thyroid peroxidase
(TPO) antibodies or parental chromosomal translocations, following the ESHRE guideline
for RPL(10)). Exclusion criteria were (i) symptoms of urinary or genital tract infection and (ii)
use of antibiotics orimmune-modifying medications. Couples received no treatment other
than supportive care (including frequent ultrasound monitoring during early pregnancy).
Two out of 52 included men had one or more children from a previous relationship. One
participant had a brother who also suffered from RPL with his partner.

Control group

To provide an indication of normal ranges of cytokines and other immunological factors
in the seminal plasma, 11 proven fertile men were included as a control group. They had
at least one live birth with their partner and no history of pregnancy loss. They were
non-smoking, had a BMI <25 kg/m? and were aged <40 years.

Clinical data collection

Baseline characteristics were collected during intake consultation at the RPL outpatient
clinic. The following data were extracted from medical records: male age, height, weight,
smoking behaviour and alcohol consumption; detailed obstetric history of the couple;
date of semen collection; outcome of the subsequent pregnancy after semen collection.

Semen collection and storage

Semen samples were collected by masturbation, following 48-72 h of sexual abstinence.
Complete ejaculates were collected directly in a plastic-free container and processed
within 120 min after collection. Samples were centrifuged at 600 g for 10 min to remove
sperm and cellular debris and the supernatant (seminal plasma) was immediately
aliquoted into 100 uL volumes and stored at-20°C until analysis. Median time between
last pregnancy loss and semen collection was 5 months (interquartile range 3-7).
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Detection of cytokines and other immunological factors in the seminal plasma

Key signalling moleculesin the seminal plasma were selected based on previous literature
(shown in Supplementary Table 1). The levels of the following cytokines, chemokines,
growth factors and regulatory factors present in the seminal plasma were assessed by
the Bio-Plex Luminex™ system assay (Bio-Rad, Veenendaal, the Netherlands): IL-1a, IL-
1B, IL-2, IL-6, IL-7, IL-8, IL-10, IL-12 (p70), IL-16, IL-18, TNF-a, IFN-y, SDF-1a, MCP-1,
FGF, VEGF, GM-CSF, M-CSF, G-CSF, sHLA class | and TGF-B1, TGF-B2, TGF-B3 in latent and
active form. Bio-plex Luminex™ system (Bio-Rad) was used for read-outs. Methods for
detection of cytokines were similar as those earlier described by Meuleman et al.(18)
To measure total TGF-B1, TGF-B2 and TGF-B3, tests were performed with and without
prior acid activation of the seminal plasma to release biologically active protein from the
latent precursor form. An enzyme-linked immunosorbent assay (ELISA) was performed
to detect Prostaglandin E2 (PGE2) and soluble HLA-G (sHLA-G). Characteristics of assays
used for detection of cytokines, with individual limits of detection and lower and upper
limits of quantification for each measured factor are shown in Supplementary Table 2.
The manufacturer’s instructions were followed. To measure sHLA class I, monoclonal
antibody to HLA-class | purified antibody W6/32 (Department of Immunology, LUMC,
the Netherlands) was coupled via carboxyl groups on the surface of polystyrene beads
(COOH bead: Bio-Rad) according to the procedure of the Bio-Plex Amine Coupling
kit (Bio-Rad). Concentrations were expressed in picograms per millilitre (pg/mL), or
nanograms per millilitre (ng/mL) when indicated.

Data analysis and statistics

Analyses were performed in SPSS version 25 (IBM SPSS Statistics, IBM Corp., Armonk, NY,
USA) and in R studio version 1.3.9.50 (R Foundation for Statistical Computing, Vienna,
Austria). For calculations, measurement values below the detection limit were set to
one half the detection limit and measurement values exceeding the upper limit of
guantification were replaced by the highest concentration measured for that particular
factor (similar to the study in fertile men of Politch et al.(3).

To explore correlations between individual cytokines, Spearman’s rank correlation
coefficients (p) were calculated . Since advanced age and obesity have been associated
with a tendency toward a more pro-inflammatory systemic cytokine phenotype(19, 20),
we assessed whether this is also reflected in the seminal plasma by calculating Spearman’s
rank correlations between pro-inflammatory cytokines and male age and BMI.

Agglomerative hierarchical cluster analysis was performed using R studio packages
gplots and heatmap.2. Before clustering, all values were log transformed and scaled
using the mean centering with standard deviation (Z-scores), so that each cytokine would
contribute in similar manner to the final classification. Four agglomerative clustering
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methods were assessed by calculating the agglomerative coefficient, which measures
the amount of clustering structure found in the data.(21) As Ward’s minimum variance
clustering (with Euclidean distance) showed the highest agglomerative coefficient (0.80),
dendrograms were generated using this method.

Population characteristics were described using means or medians and percentages.
Independent Samples T tests were used to compare means between clusters and Chi-
square tests or Fisher’s Exact Tests were used to compare categorical data. Correction
for multiple comparisons was performed when indicated using the step-up Benjamini-
Hochberg procedure(22), with adjusted P-values reported. Statistical significance was
inferred when (adjusted) P <0.05.

Since previous studies showed that the risk of (recurrent) pregnancy loss significantly
increases with advanced paternal age and when multiple lifestyle risk factors are
present simultaneously (15, 17), we developed a score to combine these factors: the
Age Lifestyle Index. The Age Lifestyle Index was calculated for each patient based on the
following factors: age, BMI, smoking behaviour and alcohol consumption. Cut-off points
for the scoring method were based on previous studies and established classification
systems: male age <40 years: score 0, 40-44: score 1, >45: score 2(23); BMI <25 kg/m?:
score 0, 25-29: score 1, 230: score 2(24); non-smoking: score 0, smoking occasionally:
score 1, smoking daily: score 2(25); alcohol consumption <2 units per day: score 1 and
alcohol consumption >2 units per day: score 1(26). Median total scores were compared
between the clusters with a Mann-Whitney U test.
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RESULTS

Concentrations of cytokines, chemokines and growth factors in the seminal plasma
Seminal plasma samples of 52 male partner of women with RPL were analysed. As the
data did not satisfy the assumptions of normal distribution, concentrations of seminal
plasma components were described in medians with interquartile ranges. Descriptive
statistics for all measured factors are shown in Table 1.

Table 1. Descriptive statistics of cytokines, chemokines and growth factors in the seminal plasma of
male partners of women with RPL

Factor % Detectable Percentiles Range
25th Median 75th
IL-1a 94 15.8 25.4 30.1 ND - 176.7
IL-18 98 0.46 0.63 1.1 ND-16.3
IL-6 98 3.2 5.5 12.3 ND -300.3
IL-8 100 298.4 496.2 697.9 136.8-5770.7
IL-12 (p70) 100 2.5 3.0 3.5 0.8-6.9
IL-18 98 1.6 2.5 3.8 ND-22.5
MCP-1 100 532.9 915.7 1172 143.5-3331
SDF-1a 98 3773 4577 5340 ND - 6278
TNF-a 100 233 28.0 50.0 4.8-275.2
IL-10 98 8.9 12.0 15.0 ND - 56.4
PGE2* 100 2374 5186 10029 559 - 35167
TGF-B1 active 100 759.7 1486 2214 88.9-8999
TGF-B1 latent 100 89574 157763 225494 290.4 — 396013
TGF-B2 active 100 285.2 523.7 818.8 156.1-1871
TGF-B2 latent 98 9204 11096 12747 ND - 17030
TGF-B3 active 100 1575 3357 4927 138.0 - 9346
TGF-B3 latent 100 49741 106504 188443 123.5-518739
sHLA-G* 100 29.6 50.3 107.6 4.7 -1593
sHLA class I* 100 275.2 374.9 523.0 116.3 -2999
IL-7 100 710.8 1267 1995 202.3 -3542
IL-2 98 2.1 2.7 3.7 ND-8.5
IL-16 98 4.8 8.0 15.6 ND —-174.2
IFN-y 98 25.5 43.2 91.2 ND-293.1
VEGF* 100 18.6 7.7 121.0 5.4-326.1
FGF 100 9.1 11.5 14.0 41-251
G-CSF 98 39.3 55.1 76.6 27.1-576.1
GM-CSF 79 0.23 0.53 0.88 0.10-3.31
M-CSF 100 157.7 182.1 226.5 35.2-854.6

Concentrations in pg/ml, except for * (ng/ml); ND = Non detectable

Correlations between cytokines, chemokines and growth factors

Spearman’s rank correlation coefficients between individual seminal plasma components
are shown in Fig. 1. Significant positive correlations were mainly found between pro-
inflammatory cytokines: IL-6, IL-8, IL-1B, TNF-a and IL-16 were all highly correlated
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(p >0.57; adjusted P-values <0.05). Strong negative correlations were found between IL-7
and sHLA-G (p =-0.57), IL-7 and TGF-B1 (p =-0.49), VEGF and PGE2 (p =-0.43), IL.-16 and
TGF-B3 (p=-0.39) and IL-1a and TGF-B1 (p =-0.38), with adjusted P-values all being < 0.05.
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Figure 1. Correlation matrix

Spearman’s rank correlations (p) between individual seminal plasma signalling molecules. Red colour indicates a positive
correlation, white colour indicates no correlation and blue colour indicates a negative correlation. *Benjamini-Hochberg
adjusted P-value <0.05 (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.).

Correlations between pro-inflammatory cytokines and age and BMI

Significant positive correlations were found between male age and IL-6 (p = 0.339) ,
IL-8 (p = 0.384) and IL-16 (p = 0.333), with adjusted P-values all <0.05. Correlations
between BMI and pro-inflammatory cytokines did not reach significance after Benjamini-
Hochberg adjustment.
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Cluster analysis

The results of the cluster analysis were visualized in a heat map with two dendrograms
(Fig. 2), representing the degrees of relatedness between patients (Patient cluster | and
I1) and between cytokines (Cytokine cluster | and I1).

Figure 2. Cluster analysis

Two-way hierarchical cluster analysis with Euclidean distance and Ward’s aggregation method. Columns represent cytokines
and other immunological factors present in the seminal plasma. Rows represent 52 patient samples (seminal plasma from
male partners of women with unexplained RPL). Cytokine concentrations are indicated using a colour scale, ranging from
blue (low) to red (high). Both patients and cytokines were separated by the algorithm into two main clusters, indicated as
Patient clusters | and Il and Cytokine clusters | and Il. Patient cluster | contains patients that showed higher expression of pro-
inflammatory factors in the seminal plasma compared to Patient cluster II. The Age Lifestyle Index (scoring method explained

in paragraph Data analysis and statistics) for each patient is shown on the right, ranging from green (low) to red (high) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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Clustering of seminal plasma components relates the measured cytokines and other
immunological factors to each other based on their expression in the samples. Cytokine
cluster | contained mainly pro-inflammatory factors (IL-18, MCP-1, IL-1B, IL-16, TNF-q,
IL-6, IL-8, IL-12, IL-1a, IL-2). Cytokine cluster Il primarily contained immunoregulatory
factors (TGF-B1, TGF-B2, TGF-B3, IL-7, sHLA class |, sHLA-G, PGE2, SDF-1a).

The patient clustering showed a separation into two main clusters, containing 21 and
31 patients, respectively. The two patient clusters mostly differed with respect to the
expression of seminal plasma signalling molecules belonging to Cytokine cluster |. Patient
cluster | contained patients that showed high expression of pro-inflammatory factors in
the seminal plasma. Less pronounced differences were observed between the patient
clusters with regard to Cytokine cluster Il (TGF-B, SDF-1a, IL-7, sHLA class |, M-CSF, VEGF,
PGE2, sHLA-G). Median concentrations of cytokines and other immunological factors
were compared between the two Patient clusters and the control group (shown in
Supplementary Figure 1). For pro-inflammatory cytokines IFN-y, IL-1p, IL-6, IL-8, IL-18
and MCP-1 the seminal plasma concentrations were markedly higher in Patient cluster
| compared to the control group, while for these factors the concentrations of Patient
cluster Il overlapped with concentrations of the control group.

In Table 2, clinical parameters and characteristics of patients belonging to Patient cluster
I and Il are shown. The 21 patients in Patient cluster | were significantly older compared
to Patient cluster Il (mean ages of 37.8 and 34.4, respectively, P = 0.002). In Patient
cluster 1, 33% of men was beyond 40 years of age, compared to 6% in Patient cluster Il (P
= 0.012). The proportion of alcohol consumers (>2 units per day) was also significantly
higher in Patient cluster | (19% versus 0%, P = 0.022). No significant difference was
found in mean BMI between the clusters, Patient cluster | comprised significantly more
men with BMI =25 (52% versus 29%, P = 0.043). Male age, BMI, smoking behaviour and
alcohol consumption were also evaluated as a combined variable, the Age Lifestyle Index.
Individual scores are shown in Fig. 2. The median Age Lifestyle Index was significantly
higher for Patient cluster | compared to Patient cluster Il: medians and interquartile
ranges 1 (1-2) and 0 (0-1), P = 0.010.

The live birth rate (for the first pregnancy after semen collection) was 71% in Patient

cluster I, compared to 81% in Patient cluster Il (P = 0.355). The miscarriage rate was 24%
in Patient cluster | and 13% in Patient cluster Il (P =0.231).
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Table 2. Clinical parameters and male age and lifestyle characteristics compared between Patient

clusters land I

Patient cluster |

Patient cluster Il

n=21 n=31 P-value
Reproductive details of couples:

Number of pregnancy losses median (interquartile range) 3(3-4) 3(3-4)

History of fertility treatment 4(19) 1(3) 0.079
VF 2(10) 0(0)
Ul only 2(10) 1(3)

Outcome of subsequent pregnancy
Live birth 15 (71) 25 (81) 0.355
Miscarriage 5(24) 4(13) 0.231
Termination of pregnancy 0(0) 1(3)
missing 1(5) 1(3)

Male characteristics:

Age mean (SD) 37.76 (3.91) 34.36 (3.66) 0.002*
Age 240 years n (%) 7 (33) 2 (6) 0.012*

BMI mean (SD) 26.17 (3.82) 24.7 (3.02) 0.133
BMI 225 n (%) 11 (52) 9(29) 0.043*

Smoking
Occasionally - 4(13) 0.138
Daily 3(14) 3(10) 0.675
missing 1(5) 0(0)

Alcohol consumption 2 2 units per day n (%) 4(19) 0(0) 0.022*
missing 2 (10) 3(10)

Age Lifestyle Index median (interquartile range) 1(1-2) 0(0-1) 0.015*

IVF = in vitro fertilisation; IUl = intrauterine insemination; BMI = body mass index
*P<0.05
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DISCUSSION

This is the first study that evaluated the content of cytokines, chemokines and growth
factors in the seminal plasma of male partners of couples with RPL. Hierarchical cluster
analysis revealed two distinct patient clusters. Patient cluster | showed a trend towards
more unfavourable characteristics, both with regard to cytokine expression in the
seminal plasma and clinical parameters. Levels of pro-inflammatory cytokines such as
IL-6, IL-8, [L-12, IL-16, IL-18 and TNF-a were relatively high. Previous studies associated
abundance of these agents in the seminal plasma with silent male reproductive tract
infection, inflammation and infertility.(1) A profile with high levels of pro-inflammatory
cytokines might induce an inflammatory maternal immune response eventually leading
to pregnancy loss.(27)

Some remarkable differences were found with respect to clinical and lifestyle parameters
between the two patient clusters. Patients of cluster | were significantly older and
included significantly more moderate to heavy alcohol consumers. In addition, Patient
cluster | scored significantly higher on the Age Lifestyle Index, reflecting the combined
factors of age, BMI, smoking and alcohol consumption. There is solid evidence that
these (lifestyle) risk factors may lead to oxidative stress, caused by accumulation of
reactive oxygen species (ROS).(28, 29) Therefore, what could potentially be underlying
our observations, is the complex interplay between ROS and seminal plasma cytokines.
Positive correlations have been observed between ROS production and pro-inflammatory
cytokines in the seminal plasma, including TNF-a, IL-6, IL-8 and IL-16.(28, 30) The
mechanisms behind this are not fully elucidated. Some cytokines may stimulate the
generation of ROS.(31, 32) On the other hand, ROS can promote production of cytokines.
(32, 33) Excessive ROS in the seminal plasma may negatively affect sperm DNA integrity.
(34, 35) This suggests that pro-inflammatory cytokines in the seminal plasma may not
only contribute to pregnancy loss by interfering with the maternal immune response,
but also through (either directly or indirectly) damaging the DNA of the male gamete.
While conventional sperm parameters including volume, morphology and motility have
no clear link with pregnancy loss and are poor predictors of future pregnancy outcomes,
increased levels of sperm DNA fragmentation are strongly associated with RPL.(36, 37)

When comparing seminal plasma concentrations of our RPL patients to the results in the
control group and the results earlier reported in healthy fertile men by Politch et al.(3),
we found remarkably higher levels of pro-inflammatory cytokines including IL-16, IL-6,
IL-8, IL-10 and IFN-y, suggesting a potential role for these cytokines in the development
of RPL. However, as cytokines do not act in isolation, but function in a network, it seems
more appropriate to study these signalling molecules as a system and not as individual
factors. Therefore, cluster analysis was applied to find patterns in seminal plasma
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cytokine profiles. We showed that this is a helpful tool to visualize clusters that do not
have to be pre-defined and can therefore be used to find subgroups of patients with
potentially similar disease-related mechanisms. Another strength of this study is the
well-defined population of male partners of couples with unexplained RPL. Since no
female risk factors for RPL could be identified in these couples, it is plausible that male
(sperm) factors may play a role here.

A next step would be to validate the identified patient clusters and their associations
with clinical factors within larger datasets. This would also allow for multivariable
regression analysis, to assess the effect of individual clinical factors adjusted for other
potentially confounding factors. Furthermore, since cytokine networks are dynamic, it
would be valuable to examine the robustness of these clusters over time. Two studies
indicated variation over time in seminal plasma cytokine content, particularly for IFN-y
and to a lesser extent for IL-8. The authors mentioned lifestyle factors as potentially
contributing to the regulation of cytokine fluctuations.(38, 39) It seems promising to
investigate to what extent any lifestyle modifications are reflected in the content of the
seminal plasma. Additionally, the link between the seminal plasma microbiome, cytokine
expression profiles and RPL may be a subject of future research.(Tomaiuolo et al. 2020)

The ultimate goal is to develop a panel consisting of cytokines and other seminal
biomarkers such as DNA fragmentation level, which can be used for diagnostic and
prognostic purposes in clinical practice. Our results suggest that there might be a
potential difference in outcome of the subsequent pregnancy based on the two
identified cytokine expression profiles, however, potentially due to the moderate sample
size of this exploratory study, differences in live birth and miscarriages rate did not reach
statistical significance. Larger studies are needed to further investigate the potential
of cytokines and other semen factors to predict future pregnancy outcome. This will
contribute to providing answers to couples with unexplained RPL and may also serve as
a starting point for therapeutic interventions.
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CHAPTER 7

ABSTRACT

Background

Seminal plasma contains signalling molecules capable of modulating the maternal
immune environment to support implantation and pregnancy. Prior studies indicated
that seminal plasma induces changes in gene transcription of maternal immune cells.
Reduced immune suppressive capacity may lead to pregnancy loss. The aim of this
study was to investigate the immunomodulating effects of seminal plasma on T cells and
monocytes in the context of recurrent pregnancy loss (RPL).

Methods

Female T cells and monocytes were incubated with seminal plasma of 20 males in
unexplained RPL couples (RPL males) and of 11 males whose partners had ongoing
pregnancies (control males). The effect of seminal plasma on messenger RNA (mRNA)
expression of immune cells was measured. Levels of mRNA expression were related
to key signalling molecules present in the seminal plasma. Agglomerative hierarchical
cluster analysis was performed on seminal plasma expression profiles and on mRNA
expression profiles.

Results

Expression of CD25 and anti-inflammatory IL-10 by female T cells was significantly lower
after stimulation with seminal plasma of RPL males compared to control males. Female
monocytes treated with seminal plasma of RPL males showed an immune activation
signature of relatively elevated HLA-DR expression. Expression of these T cell and
monocyte components was particularly correlated with the amounts of TGF-B and VEGF
in the seminal plasma.

Conclusion

Our findings indicate that seminal plasma has immunomodulating properties on female
immune cells compatible with the induction of a more regulatory phenotype, which may
be impaired in cases of unexplained RPL.
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INTRODUCTION

Recurrent pregnancy loss (RPL) is a condition defined as the demise of two or more
pregnancies before the fetus reaches viability.(1) Although multiple risk factors for RPL
have been identified, including parental chromosomal translocations, uterine anomalies
and several other maternal conditions, no explanation can be found in 60-70% of affected
couples who undergo diagnostic investigations.(1, 2) Emerging evidence suggests that
maternal immune response towards the embryo plays a pivotal role in at least part of
the unexplained cases of RPL.(3-5) In fact, the phenomenon of a successful pregnancy
involves the tolerance of a semi-foreign body by the maternal immune system. One
potentially important player in attaining this state of immune tolerance towards the
embryo is the seminal plasma.

The spermatozoa, carriers of the paternal genome, are surrounded by a nourishing
and protecting fluid: the seminal plasma. The seminal plasma contains a wide variety
of signalling molecules that are thought to exert their effects on female tissues directly
after ejaculation.(6-8) For instance, TGF-B, prostaglandin E2 (PGE2) and soluble HLA-G
(sHLA-G) are major tolerance-inducing agents present in high concentrations in the
seminal plasma, while IFN-y is a potent inhibitor of TGF-$ and was found to be increased
in seminal plasma of males in subfertile and RPL couples.(5, 9-11) Signalling molecules in
the seminal plasma are thought to induce gene expression and recruitment of immune
cells in the female reproductive tract.(12) Regulatory T cells (Tregs) are considered
essential in the fetal-maternal interface because of their suppressive capacity.(13)
Studies in female mice showed expansion of CD4+CD25+Foxp3+ Tregs in uterus-draining
lymph nodes after exposure to seminal plasma.(14) Moreover, in a human in vitro setting,
incubation of peripheral blood T cells with seminal plasma led to increased messenger
RNA (mRNA) expression of CD25, IL-10 and Foxp3, suggesting the induction of a Treg
cell pool.(15) Besides activation of the adaptive immune system, it has been shown that
seminal plasma has immunomodulating effects on cells of the innate immune system
as well. In a previous study, culturing monocytes in the presence of seminal plasma led
to a change in gene expression, compatible with a diminished extent of maturation and
immune activating capacity of these cells.(16)

Although prior studies have indicated that seminal plasma exerts stimulatory effects
on female immune cells and promotes suppressive activity, little is known on the
role of seminal plasma in the specific context of RPL. Key questions include whether
perturbations in the stimulatory capacity of seminal plasma may contribute to RPL, and
if these perturbations exist, whether these could be attributed to disbalances in seminal
plasma content. The aim of the current study was to investigate the effect of seminal
plasma on mRNA expression of important activation markers in human T cells and
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monocytes in an in vitro model. The stimulatory capacity of seminal plasma of males in
RPL couples was compared with that of males whose partners had ongoing pregnancies.
Furthermore, correlations between mRNA expression of immune cells after seminal
plasma stimulation and signalling molecules present in the seminal plasma were studied.

154



IMMUNOMODULATORY EFFECTS OF SEMINAL PLASMA

MATERIALS AND METHODS

Ethics approval

This study was approved by the Medical Research Ethics Committee of the Leiden
University Medical Center (reference numbers P11.196 and P19.014). All participants
provided informed consent to take part in the study.

Study participants

RPL group

Seminal plasma samples of 20 male partners in couples with unexplained RPL were
used for this study (RPL males). These couples visited the specialized RPL clinic of
the Leiden University Medical Center between 2012 and 2019. They had a minimum
of three pregnancy losses before 20 weeks of gestation. No underlying condition for
RPL was identified, i.e. there was no evidence of maternal antiphospholipid syndrome,
uterine anomalies, anti-thyroid peroxidase (TPO) antibodies or parental chromosomal
translocations (following the recommended diagnostic investigations of the ESHRE
guideline on RPL(1)). They had no anamnestic symptoms of genital tract infection and
did not use any immune-modifying medications.

Control group

Seminal plasma samples of 11 healthy fertile males who had one or more live births with
their partner and no history of pregnancy loss were used as a control group (control
males). They had no anamnestic symptoms of genital tract infection and did not use any
immune-modifying medications.

Semen collection

After 48-72 hours of sexual abstinence, semen samples were collected by masturbation.
Complete ejaculates were collected directly in a plastic-free container and processed
within 120 min after collection. To remove sperm and cellular debris, samples were
centrifuged at 600 g for 10 min and the supernatant (seminal plasma) was aliquoted in
100 pL volumes and stored at-20°C until analysis.

Detection of signalling molecules in the seminal plasma

Key seminal plasma signalling molecules were selected based on previous studies.(7,
11, 12, 17) Levels of IL-1B, IL-6, IL-8, IL-10, IL-12, IL-16, I1L-18, TNF-a, IFN-y, VEGF, sHLA
class | and TGF-1, TGF-B2 and TGF-f3 were measured using the Bio-Plex Luminex™
system assay (Bio-Rad, Veenendaal, the Netherlands), following the manufacturer’s
instructions and as previously described by Meuleman et al.(15) To measure total levels
of TGF-B isoforms including the latent precursor form, tests were performed with and
without prior acid activation. Prostaglandin E2 (PGE2) and sHLA-G were detected using
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an enzyme-linked immunosorbent assay (ELISA). To measure sHLA class |, an earlier
described in-house developed assay was used(18). All assay specifications are shown in
Supplementary Table 1. Concentrations are expressed in picograms per milliliter (pg/ml)
unless indicated otherwise.

Stimulation of T cells and monocytes with seminal plasma

Human peripheral blood mononuclear cells (PBMCs) were isolated by means of density
gradient centrifugation (Ficoll separation solution, pharmacy Leiden University Medical
Center, the Netherlands) from a single buffy coat obtained from one anonymous healthy
female donor (Sanquin Blood Supply, Amsterdam, the Netherlands) after informed
consent. PBMCs were purified by the depletion of either non-T cells or non-monocytes
using magnetic cell sorting (EasySep Human T Cell Enrichment Kit and EasySep Human
Monocyte Enrichment Kit, STEMCELL Technologies, Kdln, Germany) following the
manufacturer’s protocol. PBMC enriched T cells (CD3+ fraction) and monocytes (CD14+
fraction) were separately incubated in flat-bottom 48-well plates (Costar) at a density
of 0.5 x 106 cells per well for 24 hours. Seminal plasma was added at the beginning
of the culture at a concentration of 1:500 in 500 pl culture medium containing RPMI-
1640 with 10% human serum and 1% L-glutamine (Gibco, Thermo Fisher Scientific,
Waltham, Massachusetts, United States). The 1:500 seminal plasma concentration was
based on previous (unpublished) pilot studies, as this concentration induced the highest
cell responses, without being toxic to immune cells. As a negative control, cells were
cultured with culture medium alone (without seminal plasma). After 24 hours, cells
were harvested and stored in 300 pl of RNAlater (RNA stabilization buffer, Qiagen, Venlo,
the Netherlands) at-20°C.

Messenger RNA transcript analysis

RNA extraction was performed with NucleoSpin® columns (Macherey-Nagel, Diren,
Germany) according to the manufacturer’sinstructions. Quantity of RNA was determined
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). Complement
DNA (cDNA) synthesis and real-time quantitative PCR were performed as described
in more detail elsewhere.(15) Briefly, to synthesize cDNA, RNA was combined with
oligo dT (Invitrogen; 0.25 mg) and random nucleotide hexamers (Invitrogen; 0.25 mg).
Quantitative PCR was performed on a ViiA7 (Life Technologies, Carlsbad, California, USA)
using specific primers and SYBR Green (BioRad) for general fluorescence detection. For
each sample, levels of target mRNA transcripts were standardized to beta-actin (ACTB)
and glyceraldehyde-3-phoseminal plasmahate dehydrogenase (GADPH) reference genes
using the ACq method and the formula ACq = 27(Ca ltranscript] = AVG Cq [references)  Cq yalues
for GADPH and ACTB were stable across all samples and highly correlated with each
other (coefficient of variation = 0.05 for both factors; r = 0.96). Primer sequences for the
selected mRNA transcripts are shown in Supplementary Table 2.
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Data analysis and statistics

Analyses were performed in R studio version 1.3.9.50 (R Foundation for Statistical
Computing, Vienna, Austria) and GraphPad Prism version 8.4.2 (GraphPad Software, San
Diego, California USA). For calculations, measurement levels of seminal plasma factors
below the detection limit were set to one half the detection limit and measurement
values that were marked as out of range were replaced by the highest extrapolated
value for that particular factor (similar to methods used in previous studies(7, 17)). To
visualize seminal plasma expression profiles and mRNA expression profiles of female
T cells and monocytes, heatmaps were created using R studio packages gplots and
ComplexHeatmap. First, all values were log transformed and subsequently scaled using
Z-scores. To identify expression patterns, both rows and columns were clustered using
unsupervised agglomerative hierarchical cluster analysis with Ward’s minimum variance
method and 1-Spearman’s rank correlation coefficient (p) as distance metric.(19).

Standardized signals of mMRNA expression were statistically compared between the
RPL group, the control group and the negative control group with a Kruskal Wallis test
for unpaired non-parametric data. To explore correlations between individual seminal
plasma factors and standardized signals of mMRNA expression, Spearman’s rank correlation
coefficients were calculated and shown in a correlation matrix. These correlations
were only assessed in the selection of seminal plasma factors and mRNA transcripts
that significantly differed between the RPL group and the control group. Correction for
multiple comparisons was performed using the Benjamini-Hochberg method. Statistical
significance was inferred when (adjusted) P<0.05.
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RESULTS

Characteristics of study participants

Clinical characteristics of RPL males (n = 20) and control males (n = 11) are shown in
Table 1. No significant differences were found between the two groups for age, body
mass index, smoking and history of fertility treatment.

Table 1. Characteristics of study participants

RPL males (n=20) Control males (n=11) P-value

Age (years) mean (SD), range 36.07 (4.09), 29-45  32.9(3.88), 29-40 0.06
BMI (kg/m?) Mean (SD), range 2456 (2.73),18-29  22.38(3.29), 19-30 0.08
Smoking n (%) 3(15) 0(0) 0.18

History of fertility treatment* n (%) 3(15) 0(0) 0.18
Number of pregnancy losses median (interquartile range) 3(3-4) -

BMI = body mass index, RPL = recurrent pregnancy loss, SD = standard deviation.
Control males: males whose partners had ongoing pregnancies.
*Fertility treatment: intrauterine insemination or in vitro fertilisation

Seminal plasma expression profiles of immunological factors differ between RPL
males and control males

In Table 2, descriptive statistics for all factors measured in the seminal plasma are shown
for RPL males and control males. Concentrations of TGF-B1, TGF-2, VEGF and sHLA-G
were significantly lower in RPL males compared to control males. In Figure 1, the seminal
plasma expression profiles of RPL males and control males are shown in a heatmap. The
clustering algorithm separated the samples in three subgroups. Two subgroups mainly
contained semen samples of RPL males (in orange and yellow), while one subgroup
mainly contained samples of control males (in green). One subgroup of RPL samples (in
orange) showed relatively high concentrations of pro-inflammatory cytokines, including
IL-12, IL-18, IL-16, IL-8, IL-16, IL-1B, IFN-y and TNF-a. In contrast, in the majority of the
control samples, levels of pro-inflammatory cytokines were low, while levels of TGF-,
VEGF, sHLA-G and sHLA class | were relatively high compared to the RPL samples.
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Table 2. Key seminal plasma immunological factors compared between RPL males and control males

Seminal plasma factor RPL males (n = 20) Control males (n = 11) P-value
Median (IQR) Median (IQR)
IL-1B 1.40 (0.64-2.52) 0.58 (0.37-0.91) 0.023
IL-6 10.3(2.92-36.8) 5.56 (0.17-11.9) 0.086
IL-8 545.5 (284.7-888.4) 275.4 (57.0-551.7) 0.054
IL-10 4.00(0.35-18.8) 0.35(0.35-11.3) 0.359
1L-12 (p70) 3.60 (3.41-5.20) 4.55 (1.82-5.29) 0.640
IL-16 14.0 (5.36-44.4) 10.7 (4.43-43.6) 0.583
IL-18 2.70 (1.81-3.63) 2.23(0.57-2.66) 0.169
IFN-y 32.0(19.9-104.0) 13.9(2.15-40.3) 0.025
TNF-a 66.7 (36.1-155.7) 34.3(0.57-80.9) 0.023
TGF-B1 (total) 122174 (80163-200642) 76297 (530961-773132) <0.001*
TGF-B2 (total) 1116 (9475-13111) 28236 (22439-33229) <0.001*
TGF-B3 (total) 127494 (51864-194999) 72433 (28869-528085) 0.984
PGE2% 6008 (3758-10834) 7269 (3073-14541) 0.823
VEGF 18568 (13770-104158) 446075 (375250-528775) <0.001*
SHLA-G¥ 51.7 (26.7-80.2) 165.9 (70.2-1593) 0.007*
SHLA class I+ 434.4 (247.0-604.3) 1108 (358.7-2083) 0.044

IQR = interquartile range, RPL = recurrent pregnancy loss.

Control males: males whose partners had ongoing pregnancies.

These data are visualized in Figure 1.

* Significant after correction for multiple comparisons with Benjamini-Hochberg
Concentrations are shown in pg/ml, unless indicated with ¥ (ng/ml)

Stimulation with seminal plasma of RPL males induces different alterations in mRNA
expression of female immune cells compared to stimulation with seminal plasma of

control males

Figure 2 shows mRNA expression by female T cells and monocytes after stimulation
with seminal plasma of RPL males, seminal plasma of control males and in the negative
control group (cells incubated without seminal plasma). Stimulation with seminal plasma
of control males induced several significant increases in mRNA expression by T cells: fold
changes were 3.4 for CD25, 3.5 for IL-10 and 7.1 for Foxp3 (all fold changes reported in
this paragraph are relative to mRNA expression in the negative control group). Stimulation
with seminal plasma of RPL males also led to significantly increased mRNA expression of
Foxp3 by T cells (fold change 7.1), but did not induce significant differences in IL-10 and
CD25 mRNA expression. In monocytes, stimulation with seminal plasma of both control
males and RPL males led to significantly decreased mRNA expression of HLA-DR, but
HLA-DR expression was significantly less downregulated by seminal plasma of RPL males
(fold changes-6.0 for control males and-3.2 for RPL males).
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Figure 1. Cluster analyses of seminal plasma expression profiles and mRNA expression profiles of

IL-12
IL-18
IL-16

IL-8
IL-6
IL-1B
IFN-y
TNF-a

IL-10
TGF-B2

immune cells after stimulation with seminal plasma

Rows represent seminal plasma samples of males in couples with RPL (RPL males) and males whose partners had ongoing
pregnancies (control males), and columns represent immunological factors present in the seminal plasma. Standardized
concentrations are indicated in colours ranging from blue (low) to red (high). Both seminal plasma samples and seminal
plasma factors were clustered with 1-Spearman’s rank correlation distance and Ward’s aggregation method. Dendrograms
generated with this clustering method are shown in grey. Rows belonging to each cluster are labelled with colours orange,
yellow and green, respectively.
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Figure 2. Messenger RNA expression of female T cells and monocytes after stimulation with seminal
plasma of RPL males, seminal plasma of control males and without seminal plasma stimulation
Messenger RNA expression (standardized signals) was compared between three groups: after stimulation with seminal plasma
of males in RPL couples (RPL males), after stimulation with seminal plasma of males whose partners had ongoing pregnancies
(control males) and without seminal plasma stimulation (negative controls). For each sample, levels of mRNA expression were
standardized to the average expression of beta-actin (ACTB) and glyceraldehyde-3-phoseminal plasmahate dehydrogenase
(GADPH) reference genes using the ACq method and the formula 2-(ca ltrenscript] = AVG Cq [references]) - Sjgnjificant differences in mRNA
expression between groups are indicated with * (after Benjamini-Hochberg adjustment for multiple comparisons).

Figure 3 shows a cluster analysis of mMRNA expression profiles of T cells and monocytes
after stimulation with seminal plasma of either RPL males or control males. Based on the
mRNA expression profiles, the clustering algorithm was able to separate the two groups
to a great extent. The cluster analysis showed high correlation between expression of
Foxp3, IL-10 and CD25 by T cells and between expression of IL-10, PTGS2 and CCL2 by
monocytes. Also the mRNA expression of TGF-$ by T cells and HLA-DR by monocytes and
T cells were correlated. Furthermore, the linkage between seminal plasma expression
of individual samples (Figure 1) and induction of T cell and monocyte responses (Figure
3) was visualized by the corresponding sample numbers and colour labels used in both
Figures. Five out of ten RPL seminal plasma samples with an expression profile more
similar to controls (in yellow) belong to the lower cluster of Figure 3, representing mRNA
expression of immune cells more similar to controls. Seven out of nine RPL seminal
plasma samples with a pro-inflammatory profile (in orange) belong to the upper cluster
of Figure 3, with deviating responses of immune cells.
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Figure 3. Messenger RNA expression profiles of female T cells and monocytes after stimulation with
seminal plasma of RPL males and of control males

Rows represent stimulation with either seminal plasma of RPL males or control males. Columns represent mRNA expression
of activation markers in T cells (T) and monocytes (M) after stimulation with seminal plasma. Standardized signals of mRNA
expression are indicated in colours ranging from blue (low) to red (high). Both rows and columns were clustered with
1-Spearman’s rank correlation distance and Ward'’s aggregation method. Dendrograms generated with this clustering method
are shown in grey. Rows were labelled with colours orange, yellow and green based on their clustering in Figure 1. During the
experiment, wells containing seminal plasma of two control males and monocytes were coincidentally mixed and could not be
included in this part of the analysis. For this reason, nine instead of 11 controls are shown in this heatmap.
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Messenger RNA expression of female T cells and monocytes after stimulation with
seminal plasma is correlated with immunological factors present in the seminal
plasma

Figure 4 shows correlations between seminal plasma factors and mRNA expression of
T cells and monocytes. Messenger RNA expression of [L-10 and CD25 by T cells was
positively correlated with TGF-$2 and VEGF. Messenger RNA expression of TGF- by T
cells was positively correlated with the amount of pro-inflammatory cytokines IL-1,
IFN-y and TNF-a and negatively correlated with TGF-B1, TGF-f2 and sHLA class | in the
seminal plasma. PTGS2 expression by monocytes was positively correlated with TGF-2
and VEGF. Messenger RNA expression of HLA-DR by monocytes was negatively correlated
with the amounts of TGF-f1, TGF-B2 and VEGF in the seminal plasma. The correlations
shown were calculated within the total group of males. Correlations calculated within
each group (RPL males and control males) separately were not significant.
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Figure 4. Correlations between mRNA expression of T cells and monocytes after seminal plasma
stimulation and individual factors in seminal plasma
Only Spearman’s rank correlation coefficients (p) 20.30 or <-0.30 are shown. Shown correlations were calculated within the
total group of males. Significant correlations (after Benjamini-Hochberg adjustment for multiple comparisons) are indicated
with *.
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DISCUSSION

In this study we demonstrated that contact with seminal plasma leads to a change in
gene expression of female T cells and monocytes. We showed for the first time that
the stimulatory capacity of seminal plasma of males in RPL couples deviate from that of
seminal plasma of control males whose partners had ongoing pregnancies. Our findings
clearly suggest that impaired immunomodulatory effects due to disbalances in seminal
plasma content play a role in the pathophysiology of unexplained RPL.

Previous in vitro studies showed that seminal plasma exposure has impact on female
T cells and monocytes, compatible with the differentiation toward a more immune
regulatory phenotype.(3, 15) We observed increased mRNA expression of [L-10,
CD25 and Foxp3 by T cells after interaction with seminal plasma. IL-10 is known for
its properties to sustain and amplify a suppressive immune response, while CD25 and
Foxp3 may be indicators of the induction or development of a Tregs subset, which
is considered vital for immunotolerance toward the semi-allogeneic fetus.(20, 21)
Remarkably, Meuleman et al. only found changes in IL-10 and CD25 mRNA expression by
purified T cells in the presence of antigen presenting cells (APCs), while they observed
increased mRNA expression of Foxp3 also in absence of APCs. Differences with our study
may be attributable to the fact that Meuleman et al. only used seminal plasma samples
collected at an infertility clinic and did not include a healthy fertile control group. In our
study, we only found significant increases in IL-10 and CD25 expression after stimulation
with seminal plasma of control males and not after stimulation with samples of RPL
males. Possibly, certain effects of seminal plasma on T cells do not essentially depend on
the presence of APCs but also on the composition of the seminal plasma. Nevertheless,
it is likely that the effects that we found would be amplified in the presence of APCs.

Differences were observed between the stimulatory capacity of seminal plasma of RPL
males and seminal plasma of control males. After incubation with seminal plasma of
RPL males, we observed no significant change in mRNA expression of CD25 and IL-
10 by T cells. Prior studies that investigated the prevalence of CD25+ T cell subsets in
normal pregnancy and in unexplained (recurrent) pregnancy loss found significantly
lower proportions in the peripheral blood and decidua of females with pregnancy loss,
suggesting that these cells might be important for maintenance of the pregnancy.(22-
26) In contrast, we found relatively higher mRNA expression of HLA-DR by monocytes
after incubation with seminal plasma samples of the RPL group. Multiple previous
studies showed upregulation of HLA-DR on CD3+ and CD8+ T cells in females with
unexplained RPL and another study found significantly increased HLA-DR+ monocyte
subsets in females with preeclampsia.(25, 27-29) HLA-DR, which is a surface activation
marker involved in antigen presentation, is capable of both inducing and intensifying an
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immune reaction.(30) It has been postulated that an excess of HLA-DR+ cells may lead
to a reduced immune regulatory environment, ultimately resulting in pregnancy failure.
(29)

Our results suggest that the observed altered maternal immune response towards
seminal plasma in RPL cases may be related to perturbations in seminal plasma content.
Most striking were the highly positive correlations between seminal plasma TGF-B and
mMRNA expression of IL-10 and CD25 by T cells, and the negative correlation between
seminal plasma TGF-B and mRNA expression of HLA-DR by monocytes. Normally,
the seminal plasma is a rich source of TGF-B, which is known for its ability to induce
anti-inflammatory and immunosuppressive effects.(12) We found significantly lower
concentrations of TGF-f in the seminal plasma of males in RPL couples compared to
seminal plasma samples of the control group. No significant correlations were found
between seminal plasma factors and mRNA expression of immune cells when calculated
within each group (RPL males or control males) separately. This may be explained by the
moderate sizes of the individual groups as well as by the fact that differences in seminal
plasma concentrations were much larger between groups than within groups.

Our study holds several strengths. First, we compared the immunomodulating effects
of seminal plasma between cases with a pathological condition (RPL) and a carefully
selected control group, while previous studies were limited to effects of seminal plasma
stimulation in general. In addition, we included only couples with unexplained RPL as
case group. These cases were diagnosed after a complete diagnostic work-up following
recommendations of the clinical ESHRE guideline (which mainly focusses on maternal
risk factors for RPL).(1) This makes it more plausible that seminal plasma factors may
contribute to the pathophysiology of RPL in this selection of patients. However, RPL is
a multifactorial condition and it is unlikely that insufficient immune suppression due to
seminal plasma disbalances was involved in all of the included cases. This was reflected
in our cluster analysis performed on seminal plasma samples, showing one subgroup
consisting of RPL samples with expression profiles deviating from the control group and
one subgroup resembling the expression profiles of the control samples. We showed
that, in some but not all RPL males, the presence of a seminal plasma expression profile
more similar to control males was related to more a normal induction pattern of immune
cells. However, the current data are not yet sufficient to accurately predict individuals
who may have male contributions to RPL and those who do not, which is an important
goal for the future. As we showed in a previous study, seminal plasma expression profiles
may be linked to male age and lifestyle characteristics.(17) As these factors are assumed
to be part of the causal pathway instead of being confounders, we did not adjust for
or matched on these factors in this study.(31) In larger studies, it would be interesting
to evaluate associations between male characteristics and the immunomodulating
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effect of seminal plasma. Furthermore, as a limitation it should be mentioned that this
exploratory study used an in vitro model with peripheral immune cells. Several studies
showed the existence of substantial T cell and monocyte populations in the human
female reproductive tract of premenopausal women, which may come into direct contact
with (soluble components of) seminal plasma after ejaculation(32-35). Modest numbers
of CD4+ T cells have been shown to be present in the normal vaginal and ectocervical
epithelium, while the lamina propria and the luminal and glandular epithelium of the
endocervix contain higher numbers of CD4+ T cells.(35) It is possible that, in vivo, these
cells are directly primed by seminal plasma to expand into Treg cells. However, we
acknowledge that this study could not fully capture the complex interactions between
all cells and signalling molecules present in the female reproductive tract. Although
direct interactions between T cells and seminal plasma components seem possible in
vivo, APCs are probably also a major contributor to seminal plasma mediated induction
of T cells, and these were not included in the current model. Furthermore, it would be
an interesting next step to investigate the effect of seminal plasma on female epithelial
tract cells. Another point to consider is that gene expression of immune cells was
investigated at a specific, short-term moment in time (after 24 hours of incubation with
seminal plasma). However, we expected the first signs of cell activation to be visible by
then, since a quick induction of tolerance towards the fetus at the implantation site is
crucial.(12)

To conclude, our findings support the immunoregulatory potential of seminal plasma
constituents and indicate that perturbations in seminal plasma priming may be involved
in cases of unexplained RPL, advocating a male contribution to this condition. Our
study serves as an important starting point for future studies to examine interactions
between seminal plasma and the immune environment in the female reproductive tract
in greater detail. Ultimately, defining the pathways and mechanisms underlying a state
of active immune tolerance in pregnancy could lead to novel therapeutic strategies for
couples with RPL.
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CHAPTER 8

ABSTRACT

Background

International guidelines recommend to offer supportive care during a next pregnancy
to couples affected by recurrent pregnancy loss (RPL). In previous research, several
options for supportive care have been identified and women’s preferences have been
quantified. Although it is known that RPL impacts the mental health of both partners,
male preferences for supportive care have hardly been explored.

Methods

A cross-sectional study was conducted in couples who visited a specialized RPL clinic in
the Netherlands between November 2018 and December 2019. Both members of the
couples received a questionnaire that quantified their preferences for supportive care in
a next pregnancy and they were asked to complete this independently from each other.
Preferences for each supportive care option were analysed on a group level (by gender)
and on a couple level, by comparing preferences of both partners.

Results

Ninety-two questionnaires (completed by 46 couples) were analysed. The overall need
for supportive care indicated on a scale from 1-10 was 6.8 for men and 7.9 for women
(P =0.002). Both genders preferred to regularly see the same doctor with knowledge
of their obstetric history, to make a plan for the first trimester and to have frequent
ultrasound examinations. A lower proportion of men preferred a doctor that shows
understanding (80% of men vs. 100% of women, P = 0.004) and a doctor that informs on
wellbeing (72% vs. 100%, P = <0.000). Fewer men preferred support from friends (48%
vs. 74%, P = 0.017). Thirty-seven percent of men requested more involvement of the
male partner at the outpatient clinic, compared to 70% of women (P = 0.007). In 28% of
couples, partners had opposing preferences regarding peer support.

Conclusions

While both women and men affected by RPL are in need of supportive care, their
preferences may differ. Current supportive care services may not entirely address the
needs of men. Health care professionals should focus on both partners and development
of novel supportive care programs with specific attention for men should be considered.
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BACKGROUND

Recurrent pregnancy loss (RPL) is a frustrating condition for both patients and care
providers. This condition, defined as the loss of two or more pregnancies before the
fetus reaches viability, is estimated to affect 1-3% of all couples of reproductive age.
(1-3) Multiple risk factors have been identified, but despite extensive diagnostic
investigations, RPL remains unexplained in the 60-70% of cases.(4) For these couples,
there is currently no evidence-based medical treatment option. As pregnancy losses
are generally experienced as significant negative life events, RPL may have serious
psychological impact. A recent study reported that both women and men affected by
RPL show high risks for developing depression and anxiety, while they often use different
coping strategies.(5)

It is recommended by current international guidelines to offer supportive care programs
for couples with RPL.(6) Some studies even suggested that supportive care during early
pregnancy may have a beneficial effect on pregnancy outcome, although this evidence
is limited.(7-10) Moreover, professional support and compassionate care are highly
valued by couples with RPL.(11) Musters et al. elucidated what is actually perceived as
supportive care for RPL and evaluated women'’s preferences for twenty supportive care
options during a next pregnancy.(12, 13) They showed that women with RPL preferred
to see the same doctor during their consultations who is specialized in RPL, takes them
seriously, listens, shows understanding and enquires about emotional needs. The women
wanted to make a plan with their doctor for the first trimester of a new pregnancy and
they preferred frequent ultrasound examinations during this period. Furthermore, they
indicated a need for psychological after-care in case of a new miscarriage. Notably, male
partners’ preferences and their need for supportive care were not addressed in this
study.

As shown by a systematic review(14) that evaluated 27 studies on patient-centred early
pregnancy care, male partners were not involved in most prior studies in this research
field. The male perspective was examined in only three of the included studies and the
authors considered involvement of the partner as an improvement target. Identifying
male preferences for supportive care in RPL is relevant, not only because it has been
shown that men do also suffer from RPL, but also because tailored supportive care
programs may assist the male partner during a new pregnancy. The significance of this
has been underscored by several studies showing that the male role in pregnancy is of
great impact on maternal health behaviour and pregnancy outcome.(15-17)

The aim of the current study was to quantify preferences for supportive care of both
men and women affected by RPL. Previously identified supportive care options for
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RPL(12, 13) were used as a framework for this study and both members of participating
couples were independently questioned, allowing us to compare preferences between
genders but also to analyse potential discrepant preferences within couples.
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METHODS

Participants

The study was conducted in couples that visited the specialized RPL outpatient clinic of
the Leiden University Medical Center in the Netherlands between November 2018 and
December 2019. Participating couples had at least two pregnancy losses (following the
definition of the ESHRE guideline for RPL(1)) and had to be fluent in Dutch or English.
The study protocol was approved by the Medical Research Ethics Committee of the
Leiden University Medical Center (reference number N19.101). All participants provided
written consent to take part in the study.

Procedures at the RPL outpatient clinic

When couples visit the RPL clinic for the first time, they have an intake consultation with
a gynaecologist or fertility doctor. The team comprises four physicians, all specialized in
RPL. All physicians adhere to the same protocol and provide similar care. New patients
are discussed in the team after their first consultation. Besides obtainment of detailed
obstetric history and extensive history of both partners, couples receive information
about known risk factors for RPL, advices on lifestyle changes, options for diagnostic
testing, potential therapeutic options, chances for future pregnancy outcome and
ongoing studies.

Besides the medical approach, attention is paid to the psychological impact of RPL and
consultation with a medical social worker is offered. A referral can be made immediately,
or the couple can make an appointment at a later time if desired (it is estimated that
10% of all couples opt for a consultation with the medical social worker). In case of
a next pregnancy, couples are offered monitoring at the RPL outpatient clinic in the
first 12 weeks of the pregnancy. Ultrasound examination in the first trimester is offered,
the frequency depending on the couple’s preference. In addition, it is emphasized
that the affiliated obstetric clinic of the Leiden University Medical Center is available
‘twenty-four seven’ and can be reached in case of any symptoms or distress. In case of
an ongoing pregnancy beyond 12 weeks, the couple will be referred for further regular
monitoring of the pregnancy to either an obstetrical outpatient clinic or a midwifery
practice (depending on medical indication and individual situation). In case of another
pregnancy loss, the doctor will re-evaluate their individual plan at the follow-up consult
at the RPL outpatient clinic.

Data collection

After the couples had attended the intake consultation, they received the questionnaires,
which were completed at home. The questionnaires were returned by post or during
a next consultation. The questionnaire consisted of two parts: general demographic
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questions and preferences for supportive care. The second part of the questionnaire
was based on supportive care options in three domains as identified by Musters et
al.(12, 13): 1: Medical supportive care (for example: ultrasound examination during early
pregnancy, medical information and advices); 2: Soft-skills (for example: communication
skills of the doctor) and 3: Other types of supportive care (for example: support from
friends, family and peers, relaxation exercises, alternative therapies).

Two versions of the questionnaire were used, intended for either women or men.
Given the purpose of the study, the couples were asked to complete the questionnaires
independently, without discussion between both partners. The questionnaires were
available in Dutch and English language (the English version isincluded as Supplementary
material). Preferences and need for supportive care were quantified using 5-point Likert
scaleitemsranging from total disagreementto total agreementand a rating scale question
(grade 1-10). The estimated completion time for the questionnaire was maximum 15
minutes. The questionnaires were developed and pilot tested by two gynaecologists
(specialized in RPL), two fertility doctors (specialized in RPL), a psychologist, a PhD
candidate (specialized in RPL) and two patients with RPL. No major adjustments were
made after pilot testing.

Statistical analyses

Descriptive data are presentedin numbers and percentages. The 5-point Likert scale items
for supportive care options were recoded: 1 and 2 represent the non-preference group,
3 the neutral group, and 4 and 5 the preference group (similar to Musters et al.(13)).
Scale reliability was assessed with Cronbach’s alpha. To prevent multiple hypothesis
testing, statistical tests were not executed for the complete panel of supportive care
options but restricted to predefined selected entities: whenever a supportive care
option was preferred by either >260% of women, 260% of men, or both, this option was
considered as potentially relevant for clinical practice and thus examined in further
detail. This was done by comparing the preference rates for these selected supportive
care options between women and men. To account for the statistical dependence of
data derived from two partners of a couple, McNemar tests for paired data were used.
The mean overall need for supportive care expressed on a scale from 1-10 is presented
with standard deviation (SD) and compared between women and men with a paired
samples T-test. Two-sided P-values <0.05 were considered statistically significant. Intra-
couple discrepancy was defined as one of the two partners having no need (1 or 2) for a
certain supportive care option and the other partner having a preference (4 or 5) for this
supportive care option. The level of intra-couple discrepancy for each supportive care
option was calculated as the percentage of all couples that met this definition. Analyses
were performed in R studio version 1.3.9.50 (R Foundation for Statistical Computing,
Vienna, Austria).
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Sample size calculation

On the basis of the null hypothesis that an equal percentage of women and men
would prefer a supportive care option, a sample size of 44 couples would be required
for an 80% power at a two-sided alpha of 0.05 to detect a difference in preference
rate of 30% between women and men, which we considered as a clinically relevant
difference. The sample size was calculated with R studio package ‘SampleSizeMcNemar’.
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RESULTS

Between November 2018 and December 2019, 50 women and 46 men completed the
guestionnaire. Four questionnaires were excluded from the analyses as only the female
partner returned the questionnaire. All couples were heterosexual. The majority of
women and men (85% both) were born in the Netherlands. The median number of
pregnancy losses at the time the RPL outpatient clinic was visited for the first time was
2 (range 2-6). No underlying condition for RPL was found in 70% of the couples. More
baseline characteristics of the couples are shown in Table 1.

Table 1. Baseline characteristics of couples with RPL

Baseline characteristics of couples with RPL

n =46
Referral by n (%)
Physician of same hospital 18 (39)
General practitioner 10 (22)
Midwife 5(11)
Secondary hospital 13 (28)
Reproductive information
Number of pregnancy losses (median) 2 (range 2- 6)
Couples with child together n (%) 21 (46)
Fertility treatment n (%)
IVF 2(4)
1Ul only 4(9)
None 40 (87)
Pregnant during intake consultation n (%) 5(11)
RPL diagnosis n (%)
Unexplained 32 (70)
Thyroid autoimmunity 6 (13)
Uterine anomaly 4(9)
Unknown (no diagnostic work-up) 2 (4)
Antiphospholipid syndrome 1(2)
Parental chromosomal translocation 1(2)
Women Men
n=46 n=46
Age (mean, (SD)) 34 (4.40) 37(5.58)
Education level
Low ? 1(2) 3(7)
Moderate ® 13 (28) 14 (30)
High ¢ 32(70) 29 (63)

#Primary school/intermediate vocational education

“Higher general secondary education/pre-university secondary education

¢ Higher vocational education/university

IVF = in vitro fertilization; IUl = intrauterine insemination; RPL = recurrent pregnancy loss
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Preferences for supportive care in a next pregnancy

The mean need for supportive care expressed on a scale from 1-10 was 6.8 (SD 1.68)
for men and 7.9 (SD 1.65) for women (P = 0.002). Overall, Cronbach’s alpha was 0.82
(0.80 for the subgroup of women and 0.82 for the subgroup of men), indicating good
reliability of the Likert scales. Seventeen options for supportive care in a next pregnancy
were preferred by either the majority (>60%) of women and/or men. Preference rates
and levels of intra-couple discrepancy for these specific options are shown in Figure 1,
including P-values for the differences in preference rates between women and men. In
Supplementary Table 1, also the percentages of women and men that scored neutral
for these options are shown. An overview of the other supportive care options, being
preferred by <60% of women and men, is shown in Figure 2.

Domain 1: Medical supportive care

The majority of both women and men preferred making a plan for the first trimester,
seeing the same doctor during different consultations who has knowledge of their
obstetric history, an ultrasound examination directly after a positive test, once a
week during the first trimester and during symptoms and medication for RPL that is
proven safe for pregnancy. Medication that is not proven safe during pregnancy (i.e.
experimental medication for RPL without fully known effects and safety) was preferred
by 33% of women and 24% of men. Information derived from a doctor was preferred
over information derived from the internet or information derived from peers. On group
level, there were no significant differences between genders for all of the above options.
The levels of intra-couple discrepancy were highest for the options information from
peers (26%), information from the internet (24%) and advice regarding lifestyle (22%).

Domain 2: Soft skills

The majority of men and women preferred a doctor that takes the patient seriously,
listens, informs on emotional needs, shows understanding and informs on wellbeing (i.e.
asks how things are going). For the last two options the preference rates significantly
differed between women and men. Showing understanding was preferred by 100% of
women vs. 80% of men (P = 0.004). Informing on wellbeing was preferred by 100% of
women vs. 72% of men (P = <0.000). Couples had most discrepant preferences towards
counselling from a specialized nurse (level of intra-couple discrepancy 17%; preferred by
52% of both women and men) and counselling from a psychologist (level of intra-couple
discrepancy 17%,; preferred by 24% of women and 13% of men).
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Overall need for supportive care Medical supportive c

93%  83%

80%  78% 2%  70%

P=1.000 P=0.791 P=0.500 P=0.180
0 10 Plan for Sanastindinr Doctor has knowledge Information
first trimester of obstetric history from doctor
=
87% 13% 89% 11% 100% 100%
6 8 65% 70% 87% 80% 65% 57% 74% 74%
P=0.791 P=0727 P=0.424 P=1.000
0 10 Ultrasound directly Ultrasound during d safe
after positive test symptoms once a week for pregnancy
80% 20% 96% 4% 85% 15% 87% 13%
t skills Other types of supportive care
96% 96% 100% 91% 100% 80% 74% 48% 76% 57% 61% 43%
P=1.000 P=0.125 P=0.004* P=0.017* P=0.093 P=0115
Doctor takes you Doctor listens Doctor shows Support from Support from Talk to someone
seriously to you understanding friends family after miscarriage
—
98% 2% 100% 100% 82% 17% 89% 11% 78% 22%
100% 72% 87% 72% 70% 37% %
i Women with Men with
preference preference
P=50.000* P=0.065 P=0.007* P=wilue
Doctor informs Doctor informs More involvement of male Figure legend
on wellbei on needs partner at outpatient clinic
Intra-couple | pempm Intra-couple
agreement® discrepancy
983% 7% 93% 7% 93% 7% -

Figure 1. Overall need for supportive care of women and men affected by RPL and options for
supportive care in a next pregnancy preferred by the majority (260%) of women and/or men

Overall need for supportive care was measured on a scale from 1-10, mean values for both genders are shown. For each
supportive care option, preference rates for women and men with P-values and levels of intra-couple discrepancy (as
defined in the Statistical analysis section) are shown. Further explanation is shown in grey text in the bottom right corner.

#Intra-couple agreement: both partners indicated a preference or a non-preference, or one partner responded neutral

Asterisks (*) indicate P-values <0.05
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Figure 2. Options for supportive care in a next pregnancy preferred by <60% of women and men

affected by RPL

?Level of intra-couple discrepancy: % of couples with opposing opinions (i.e. one partner indicated a preference and the other
partner indicated no need), as described in the Statistical analysis
> Admission to hospital at same gestational age as earlier miscarriages occurred

¢ Counselling from mentioned specialist
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Domain 3: Other types of supportive care

Options being preferred by the majority of women were: support from friends, support
from family, more involvement of the male partner at the outpatient clinic (i.e. the
doctor actively involves the male partner during consultations and in supportive care)
and to talk to someone after a new miscarriage. The proportion of men that expressed
a need for support from friends was significantly lower (48% vs. 74%, P = 0.017). None
of the options in this domain were requested by >60% of men. More involvement of the
male partner at the outpatient clinic was preferred by 70% of the women, compared to
37% of the men (P = 0.007). Sixty-one percent of women would like to talk to someone
after experiencing another miscarriage, compared to 43% of men. The highest levels
of intra-couple discrepancy were observed for need for support from peers (28%),
followed by relaxation exercises (24%), yoga (24%) and talking to someone after a new
miscarriage (22%).

Overall, the options for supportive care that were rejected by the majority of both
women and men were bereavement therapy, listening to relaxation tapes, counselling
from a social worker, counselling from a psychologist, alternative medication and hospital
admission at the same gestational age as earlier miscarriages occurred. Alternative
therapy (such as acupuncture or reflexology), relation exercises and yoga were not
considered necessary by the majority of men. Mean levels of intra-couple discrepancy
were 14% for Domain 1 (Medical supportive care), 9% for Domain 2 (Soft skills) and 17%
for Domain 3 (Other types of supportive care).
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DISCUSSION

This is the first study that quantified preferences for supportive care of both men and
women affected by RPL and explored the existence of different needs within couples.
Overall, men expressed a significantly lower need for supportive care compared to
women. Regarding medical supportive care, preferences of both genders were largely
similar and in line with the previous study in women by Musters et al.(13). For the other
domains of supportive care, several between-gender differences were observed.

Although the majority of both men and women preferred a doctor that takes the
patient seriously, listens, informs on emotional needs, informs on wellbeing and shows
understanding, a significantly smaller proportion of men appreciated the last two
options (differences of 28% and 22% compared to women, respectively). In addition,
the majority of women expressed a need for support from family, friends and peers;
men preferred this less. This is in accordance with previous research showing that
men are typically more hesitant to disclose their feelings after pregnancy loss.(5, 18)
Although men do experience feelings of grief, stress and vulnerability, these emotions
may be less manifested.(19, 20) Men are thought to employ different coping strategies
compared to women, including ‘active avoidance’ and distractive behaviour, related
to more frequently observed risk behaviours such as excessive alcohol consumption
and smoking.(5, 18) Multiple studies showed that a significant part of men affected by
pregnancy loss experienced little support from their social network and a reluctance
to share their loss and feelings with them; their family and friends tend to direct their
acknowledgement and support largely toward the female partner.(5, 21, 22)

Also in hospital settings where support activities are profoundly targeted on or
delivered by women, men have indicated that they feel excluded or marginalized from
care compared to their partner.(23) In our study, remarkable gender differences were
observed regarding the overall need for supportive care (mean grade 6.8 in men vs. 7.9
in women) and the need for more involvement of the male partner at the RPL outpatient
clinic (desired by 37% of men and 70% of women). This seems in contrast with other
studies indicating that male partners of RPL couples want to be more included.(11,
14) Multiple explanations may be underlying here. In some men’s responses, a social
desirability bias may be present. Various studies on experiences following pregnancy
loss showed that it is not uncommon for men to view their role as primarily being a
‘supporter’ to their female partner, leading to a barrier to seek support for themselves.
(18, 24-26) Another possibility is that the approach at the clinic and the supportive care
as it is currently being offered, do not completely meet the needs of men.

Furthermore, our results suggest that it is important to offer supportive care services
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to both partners individually. Although men and women may show similar preferences
on group level, this does not automatically imply a high level of intra-couple agreement.
For instance, while an equal percentage of the total groups of women and men (52%)
preferred counselling from a specialized nurse during a next pregnancy, in almost one
in five couples the partners had opposing opinions regarding this aspect (level of intra-
couple discrepancy 17%). Moreover, in 28% of couples, one partner expressed a need
for peer-support, while the other partner did not consider this necessary.

Previous research showed that patients with RPL want medical professionals to be aware
of the psychological impact of RPL and believe they would benefit from psychological
care.(Koert et al. 2018, van den Berg et al. 2018) However, in the current study, the
majority of both female and male participants rejected the options of being counselled
by a psychologist or a social worker. Possibly, RPL patients consider it important that
there is recognition of the psychological aspect of their losses by their healthcare
providers, but they are not inclined to seek specialised psychological care. This may
have to do with unfamiliarity with these types of care or perceived stigma and barriers
to seek care from a mental health professional. Notably, preference rates for counselling
from a specialised nurse were considerably higher.

The major strength of this study is that it is the first that quantified the need for
different aspects of supportive care of both men and women affected by RPL. In a
recent exploratory study in 13 couples with RPL, both members of the couples were
interviewed simultaneously on their need for treatment, support and follow-up.(11)
This likely resulted in each partner influencing the other’s perspectives, which was also
recognized as a limitation by the authors themselves. In our study, the questionnaires
returned by both members of each couple were carefully compared and no obvious
overlap in their responses was present. This makes it credible that the questionnaires
were completed independently of one another (as requested), although we cannot
entirely rule out the possibility of some couples having discussed their responses.
Moreover, it should be mentioned that responses of two partners will never be entirely
independent, as they form a couple and they share the same experience. The study
has several limitations. First, it is a single centre study and although the sample is
representative for our RPL clinic, differences with RPL couples elsewhere may exist, for
instance in terms of education level, being relatively high in our population. Likewise,
services being offered in our RPL clinic may differ from other settings. Furthermore, the
panel of supportive care options evaluated in this study was based on previous research
restricted to women. It may be that some men desire other possibilities for supportive
care, not being covered in this study.
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It should be considered to develop supportive care programs for RPL specifically aimed
at men, as supportive care in its current form may not entirely suit their needs. In a
previous qualitative study, men affected by (single) pregnancy loss expressed a desire
for an informal discussion with another man with the same experience. In a hospital
setting, they suggested the option of a male support worker. Such possibilities may be
further explored for men affected by RPL, for instance using focus group discussions, as
mentioned in the study protocol of the currently ongoing study of Williams et al.(27).

Conclusions

Our study shows the existence of different preferences for supportive care of men and
women affected by RPL. It is important that health care providers are aware of this and
take a tailored approach. We recommend to actively involve both partners, ask them
about their personal preferences and discuss the most suitable approach that best fits
the needs of both partners. It can be emphasized that some supportive care services
may be chosen by one of the partners only. In addition, development of male-oriented
supportive care programs should be explored.
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CHAPTER 9

Recurrent pregnancy loss (RPL) is a poorly understood condition that comes with many
uncertainties, both for affected couples and healthcare providers. Important goals are to
provide answers to these couples and to improve their pregnancy outcomes. To achieve
this, we need a better understanding of contributing and predictive factors. Until now,
the male role in RPL has been underexposed. In this thesis, we aimed to expand our
knowledge regarding the ‘forgotten father” in RPL. We have found strong clues that in
RPL, male contribution really matters.

The main conclusions are that advanced paternal age and paternal smoking are
associated with an increased risk of pregnancy loss, that inclusion of paternal factors
into a prediction model improves the accuracy of predicting ongoing pregnancy after
RPL, and that impaired immunomodulatory effects of seminal plasma may play a role
in RPL. At the same time, our studies have led to new questions and uncovered new
challenges, which are excellent opportunities for further research.
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EPIDEMIOLOGICAL CLUES AND CHALLENGES

Aetiology: paternal age and paternal lifestyle factors

For many years the general public has been well-aware that increasing maternal age
forms a strong risk factor for reproductive failure, including pregnancy loss.(1) Much less
attention was given to possible consequences of men’s age on pregnancy complications.
Chapter 2 shows a systematic review and meta-analysis of epidemiological studies
investigating the association between paternal age and the risk of pregnancy loss. That a
potential paternal age effect has not been a research topic of major interest, is reflected
by the fact that only ten studies were retrieved that evaluated the association between
paternal age and the risk of pregnancy loss. Still, by combining data of these ten studies
we were able to find a significantly increased risk on pregnancy loss in case the father’s
age exceeds 40. For the age category 40-44 we found a pooled risk estimate of 1.23
(95% Cl 1.06-1.43), which increased to 1.43 (95% Cl 1.13-1.81) in the category =45 years
of age (compared to the risk present in the reference group of men aged 25-29 years
and adjusted for maternal age).

In chapter 3 we aimed to provide an overview of available literature on paternal lifestyle
factors in the preconception period and the risk of pregnancy loss. We focused on
paternal smoking behaviour, alcohol consumption and BMI. A meta-analysis of data
derived from eight different studies showed a significantly increased risk of pregnancy
loss if men smoked more than ten cigarettes per day in the preconception period. Pooled
risk estimates were 1.12 (1.09-1.16) for 11-20 cigarettes per day and 1.23 (95% Cl 1.17-
1.29) for 220 cigarettes per day (compared to the risk present in the reference group of
non-smoking men and adjusted for maternal smoking status). It was not possible to find
a conclusive answer regarding the association between preconception paternal alcohol
consumption and the risk of pregnancy loss. Only five studies were available that were
considerably heterogenous with respect to their definitions of alcohol consumption and
meta-analysis could not be performed. Two out of these five studies reported increased
risks of pregnancy loss in case of large quantities of paternal alcohol consumption,
although their risk estimates did not reach statistical significance. Not a single study
was retrieved that evaluated the link between paternal BMI and the risk of pregnancy
loss. Alcohol consumption and BMI are paternal lifestyle factors that definitely deserve
attention in future research.

A major challenge in observational clinical research is the inevitable existence of bias
and confounding, which may adversely affect interpretation and validity of the results.
(2) Critical appraisal of studies is therefore crucial and this formed the cornerstone of the
two systematic reviews that we have conducted. We performed a thorough assessment
of the risk of bias and confounding of all included studies. The confounding effect of
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maternal characteristics certainly has to be taken into account in these studies. Maternal
age and maternal lifestyle factors are strongly associated with their paternal equivalents,
as well as with pregnancy outcome. If not adequately controlled for, this may lead to
incorrect interpretation of paternal effects. In order to prevent such confounding to the
greatest extent possible, we only included studies in our meta-analyses that adjusted
for maternal age or maternal smoking (in chapter 2 and 3, respectively). Following our
assessment, the majority of included studies used adequate methods for adjustment. On
the other hand, as discussed in chapter 2 and 3, overadjustment for non-confounding
variables including obstetric history should be avoided as this could bias the total effect
estimate towards the null. Often, however, it is not straightforward to determine whether
a variable is a potential confounder or not, the more because many causal relationships
within this research area are yet to be established.

The critical appraisal of methodological aspects that we performed showed that different
study designs have their own benefits and drawbacks with respect to the risk of bias.
The included studies were generally of good quality, and their pooled results clearly
indicate associations between the risk of miscarriage and paternal age and smoking,
respectively. That these associations may involve a causal relationship becomes more
likely based on the biological theories as discussed in chapter 1 and also later in this
chapter.

Nevertheless, still many questions remain unanswered. With regard to the risk of
pregnancy loss associated with paternal smoking, the effect of the number of pack-
years is unknown, as well as whether and how quickly the increased risk could disappear
after smoking cessation. These issues were not addressed in any of the available studies.
Furthermore, the studies only focused on cigarette smoking. A recent high-quality study
showed that preconception male marijuana use =1 time/week is also associated with
anincreased risk of pregnancy loss (AHR 2.0, 95% 1.2-3.1), adjusted for male and female
confounders.(3) Another point worth mentioning is that all existing studies, both on
paternal age and lifestyle factors, were focused on single pregnancy loss. Most studies
did include couples with RPL, but they formed a small proportion of the total numbers of
participants and were not the main population of interest. Although it is likely that many
risk factors for single pregnancy loss and RPL will overlap, it is desirable that studies
specifically targeted at RPL couples will be conducted in the future.

The REMI Il project: to evaluate the role of paternal factors in RPL

Chapter 4 shows the study protocol of the REMI Il project: the first large multicentric
study to investigate male contribution to RPL from both an epidemiological and
immunological perspective. Part of the aims of the REMI Ill project have been achieved
and the results are presented in this thesis, while other aims are the subject of ongoing
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research. This is further elaborated on in the following paragraphs.

Prediction: taking both partners into account

A burning question of many RPL couples is related to their prognosis: what is the
chance of a future successful pregnancy? In order to provide couples with well-founded
information on their prospects, a prediction model can be helpful. The primary aim in
prediction research is to predict a future outcome as accurate as possible, usually based
on multiple variables (predictors). In prediction research, confounding is not an issue,
as there is no single exposure of interest. Predictor variables do not necessarily need to
have a causal relationship with the outcome. However, aetiological knowledge can still
be applied in the selection of candidate predictors, as established causal risk factors for
the outcome often have high predictive value.(4)

In today’s clinical practice, two prediction models for couples with unexplained RPL are
often used, as they are recommended by international clinical guidelines.(5-7) These
models, however, were developed decades ago and neither performance measures
nor validation procedures were described. In addition, they were based on only two
predictors: the number of previous pregnancy losses and maternal age. In chapter 5
we explored whether predicting the chance of ongoing pregnancy beyond 24 weeks of
gestation could be improved by taking more candidate predictors into account, including
paternal characteristics. As standards for prediction models have evolved considerably
over time and the quality of reporting of methods and results is not up to these standards
in many prediction articles, we closely followed the recommendations as published in
the Transparent reporting of a multivariable prediction model for individual prognosis of
diagnosis (TRIPOD) guideline.(8)

We found that prediction of subsequent ongoing pregnancy in couples with RPLimproved
after incorporating additional variables into the model (besides the number of previous
pregnancy losses and maternal age), including paternal age, maternal and paternal BMI,
maternal smoking status and previous IVF/ICS| treatment. The discriminative capacity
of a prediction model, as expressed by the AUC, tells how much the model is capable
of distinguishing between couples with and without the outcome. In this context, the
AUC can be interpreted as the probability that a randomly selected couple with an
ongoing pregnancy will have a higher predicted chance of ongoing pregnancy than a
randomly selected couple without an ongoing pregnancy. An AUC of 0.5 indicates no
discrimination and is comparable with tossing a coin, whereas an AUC of 1.0 indicates
perfect discrimination between all couples with and without ongoing pregnancy. The
AUC of our final model was 0.63, compared to an AUC of 0.57 for a model that only
included the conventional predictors number of previous pregnancy losses and maternal
age.
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That the newly identified predictors, each having predictive value on top of the rest, also
include male characteristics is an important finding for patients and clinicians that argues
for a couple-focused instead of female-focused approach in RPL. However, our study
also revealed challenges that need to be overcome in future research. These challenges
include a need for higher model performance (which requires the identification of new
predictors), predicting the most meaningful outcome for patients, and dealing with
repeated predictions over time.

First, it needs to be stressed that although we showed improvement in predictive ability of
the model by including extra predictors, an AUC of 0.63 still implies limited performance.
More work needs to be done to improve the predictive potential of the model in order
to be able to predict outcomes for couples with reasonable accuracy. We should strive
to develop a model with an AUC value of at least 0.70, which is generally considered
as acceptable discrimination. The performance of our model is in concordance with
other prediction studies in reproductive medicine with live birth or ongoing pregnancy
as outcome, which mostly report AUCs between 0.55-0.65.(9, 10) The question arises
to what extent it is possible to develop a better model. The success of a pregnancy is
determined by a multitude of clinical, biological, environmental and demographic factors.
Our, as well as other studies, highlight the need for deeper biological insights into normal
and abnormal pregnancy. The inclusion of promising biomarkers like the level of sperm
DNA fragmentation could possibly increase performance of a prediction model. However,
this is under the condition that new predictors can be measured easily and reliably,
otherwise the clinical value of an extended model would still be limited. At the same time
we should realise that pregnancy outcome is complex to predict. A healthy pregnancy
is not a dichotomous phenomenon but can be considered as a stochastic process: it is
impossible to guarantee that a couple will have a successful next pregnancy. Consequently,
achieving a very high AUC (>0.80) for this outcome is unlikely to be feasible.(11)

Second, the goal of counselling couples with RPL is not per se to ensure that they will
have a subsequent ongoing pregnancy, but rather that they will have a good chance of
a live birth over some reasonable time period. In our study we pragmatically chose to
use subsequent ongoing pregnancy as outcome (defined as a progression beyond 24
weeks of gestation in the first pregnancy after referral), because the long-term follow-
up of pregnancies was not accurate enough. A model would have more clinical meaning
as it would allow prediction of the chance of a live birth within a certain time frame,
for instance within two or five years after referral. This requires a prospective follow-up
study with adequate registration of couple’s characteristics and pregnancy outcomes.

A third point to consider is that a model would ideally have the ability to accommodate
the need for repeated predictions. All currently existing prediction models for RPL were
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developed to use at the moment that a couple presents at a specialized RPL clinic. A
drawback is that they cannot provide reliable predictions at later time points, when
couples who had another pregnancy loss return to the clinic. Application of the model at
later time points by simply updating the characteristics of the couple, i.e. more advanced
ages, increased number of pregnancy losses etc., results in the calculation of erroneous
estimates. It would lead to a systematic overestimation of predicted probabilities (i.e., too
optimistic predictions) because RPL couples with an additional pregnancy loss belong to
a selection of the population with a less favourable profile. To provide accurate repeated
predictions, a dynamic prediction model is needed, for instance like the one presented
by van Eekelen et al. for couples with unexplained subfertility.(12) Such a model can
adapt to new information that is collected over time and correctly reassess chances.
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BIOLOGICAL CLUES AND CHALLENGES

Seminal plasma: composition and immune regulatory effects

In chapters 6 and 7 we investigated the role of seminal plasmain relation to RPL. Previous
research already showed that seminal plasma is much more than just a transporter
medium for the spermatozoa.(13-15) It contains a wide variety of signalling molecules,
mainly cytokines but also some other important immunologically active factors like
SHLA-G and PGE2. These molecules are able to interact with the maternal immune
environment after entering the female reproductive tract. In healthy circumstances
these seminal plasma factors are thought to help induce a state of active maternal
immunotolerance towards the embryo. Disbalances in seminal plasma content may,
however, play a role in the development of pathological conditions like pregnancy loss.

In chapter 6 we performed a hierarchical cluster analysis on seminal plasma samples
of men in couples with RPL. We identified two distinct seminal plasma expression
profiles. One subgroup of RPL men had relatively high levels of pro-inflammatory
cytokines in their seminal plasma including IL-6, IL-8, IL-12, IL-16, IL-18 and TNF-a. It
has been postulated that a high pro-inflammatory seminal plasma profile may induce an
inflammatory maternal immune response leading to pregnancy loss.(16) In our study,
men with the pro-inflammatory seminal plasma expression profile were significantly
older and had more unfavourable lifestyle characteristics in terms of cigarette smoking,
alcohol consumption and overweight. Men belonging to the other RPL subgroup did not
have a pro-inflammatory cytokine expression profile; their seminal plasma expression
profile had more overlap with a control group consisting of men whose partners had
healthy pregnancies. By performing cluster analysis we aimed to study seminal plasma
expression profiles as a system instead of focussing on individual factors. This seems
to be the appropriate method, as cytokines function in a network rather than acting in
isolation. It enabled the identification of undefined patient subgroups that may share
similar pathological mechanisms. In future, preferably larger sized studies, the identified
patient clusters and the correlations found with age and lifestyle factors should be
validated. A limitation of our study is that only one seminal plasma per patient was
available. Collection of multiple seminal plasma samples over time would enable the
investigation of possible fluctuations in seminal plasma content over time as well as
potential effects of lifestyle modifications on the seminal plasma expression profile.

In chapter 7 we studied interactions between seminal plasma and female immune cells.
We used an in vitro model to assess the effects of seminal plasma on gene expression
of female T cells and monocytes. These cells are thought to play a key role in attaining a
state of maternal immunotolerance towards the embryo. Female T cells and monocytes
obtained from an anonymous female blood donor were incubated with seminal plasma
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of either men in couples with RPL (RPL males) or men whose partners had ongoing
pregnancies (control males). The effect of seminal plasma stimulation was assessed by
measuring changes in mRNA expression of important activation markers of T cells and
monocytes. There were two key findings in this study.

First, we observed that seminal plasma has direct impact on female T cells and
monocytes, compatible with a differentiation of these cells towards a more immune
regulatory phenotype. After incubation with seminal plasma, mRNA expression of IL-10,
CD25 and Foxp3 was significantly increased by T cells. This was in accordance with prior
studies that showed similar effects of seminal plasma on T cells and monocytes.(17, 18)

Second, our study was the first to observe remarkable differences in the stimulatory
capacity of seminal plasma of RPL males versus control males. Incubation with seminal
plasma of RPL males led to significantly less mRNA expression of CD25 and IL-10 by
T cells.. Expression of CD25 may be an indicator of the induction of a Tregs subset.
Previous studies showed lower proportions of peripheral blood CD25+ cells in cases
of unexplained (recurrent) pregnancy loss, compared to a control group with normal
pregnancy.(19-22) IL-10 is an important immune regulatory factor that has consistently
been linked to a suppressive immune response. On the other hand, we found mRNA
expression of HLA-DR to be higher after stimulation with seminal plasma of RPL males
compared to control males. An excess of HLA-DR+ cells has been associated with a
reduced immune regulatory environment, which may lead to pregnancy failure.(23) The
degree of expression of different T cell and monocyte markers was particularly correlated
with the amounts of TGF-B and VEGF in the seminal plasma (positive correlations with
IL-10 and CD25 and negative correlations with HLA-DR).

Altogether, the results presented in chapters 6 and 7 suggest that the immune
regulatory potential of seminal plasma may be impaired in cases of unexplained RPL.
Immunomodulating properties of seminal plasma are related to concentrations of
key signalling molecules present in the seminal plasma and those seem, in turn, to be
associated with paternal age and lifestyle factors. Clearly, our studies were exploratory
and mainly serve as a first indication that disturbances in seminal plasma priming may be
involved in unexplained RPL. The study design of chapter 7 only allowed for detection of
initial changes in immune cell gene expression after 24 hours of incubation with seminal
plasma. Future research should capture the interactions between seminal plasma and
the maternal immune environment in greater detail, for instance by using a model that
better mimics the implantation site, a longer period of culturing and more extensive
monitoring and characterisation of cells.
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Seminal plasma: influential but not essential

Although it has been established that seminal plasma deposition activates a series of
adaptations in the female immune response and thereby contributes to an optimally
suppressive environment, exposure to seminal plasma is not indispensable for the
success of a pregnancy. This is demonstrated by the fact that women without a male
partner can have effective IVF treatment. Thus, seminal plasma exposure is not an
absolute prerequisite for pregnancy. A working hypothesis as proposed by Robertson
et al., is that seminal plasma contributes to, but is not essential for the facilitation of
maternal immune adaption to pregnancy.(15, 24) The hypothesis assumes three phases
of activation and expansion of Treg cell populations in (pre)pregnancy. The first phase
is characterised by systemic expansion of the Treg cell pool, directly caused by elevated
circulating levels of estrogen at ovulation. Subsequently, in case of coitus, seminal
plasma delivers paternal alloantigens and signalling molecules to the implantation site,
which induces recruitment of tolerogenic dendritic cells. After these dendritic cells have
phagocytosed spermatozoa and apoptotic male somatic cells, they drive the activation
and expansion of Treg cells reactive with seminal plasma antigens, either by trafficking to
draining lymph nodes or by interacting with locally present Treg cells. Next, in the event
of conception and embryo implantation, alloantigens derived from apoptotic placental
cells are cross-presented by maternal dendritic cells and ensure further expansion of
clonal antigen-reactive Treg cells. If conception does not occur, it seems plausible that
repeated seminal plasma exposure during subsequent cycles progressively boosts the
Treg cell pool and increases the capacity of the maternal immune system to accept a
future pregnancy.

Following this theory, it might be that in situations of absence of seminal plasma a
relatively diminished Treg pool can be compensated by the response to alloantigens
expressed by the gestational tissues after implantation. This could explain why
pregnancy is indeed possible without female exposure to seminal plasma. However,
in some instances of either total absence of seminal plasma or defective seminal
plasma signalling, inappropriate immunity may occur. This may lead to compromised
reproductive outcome. In pathologies of pregnancy, including recurrent pregnancy loss
and preeclampsia, reduced Treg cell populations have been observed.(25, 26) These
alterations may be linked to limited or defective seminal plasma priming. There is good
evidence that prior exposure to the conceiving partner’s semen in preconception cycles
reduces the risk of gestational disorders. This is well illustrated in preeclampsia, which
has a higher incidence in cases of limited semen contact.(15) The effects of seminal
plasma exposure seem to be, at least partly, partner-specific, as multiparous women
who conceive with a new partner have a higher risk of preeclampsia.(27, 28) Also
studies showing that success rates of IVF treatment are significantly improved when
women are exposed to seminal plasma around the time of embryo transfer fit with the
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hypothesis that seminal plasma boosts an optimally suppressive environment, beneficial
for pregnancy.(29-31) Consistent with these results is that the incidence of preeclampsia
is relatively more increased when assisted pregnancies are conceived with donor sperm,
and that this higher risk is alleviated in case of prior insemination cycles with sperm of
the same donor.(32)

A growing body of evidence supports a contribution of seminal plasma to maternal
immune adaptation to pregnancy and this raises the prospect of new therapeutic options
in reproductive medicine. For instance, administration of specific seminal plasma factors
or agents mimicking the effects of seminal plasma may promote the female suppressive
immune response and improve pregnancy outcomes. For this to succeed, first more
studies are required with the following aims (as mentioned in chapters 6 and 7):
e tocharacterise the complete panel of human seminal plasma signalling factors;
e to evaluate the intra-individual variability in seminal plasma expression profiles
over time;
e toevaluate the inter-individual variability in seminal plasma expression profiles
in different physiologic and pathophysiologic conditions;
e to evaluate the impact of exogenous factors on seminal plasma constituents;
e to comprehensively map interactions between seminal plasma and the
maternal immune environment;
e to distinguish between general effects of seminal plasma constituents on
maternal immune cells (for instance TGF-f) and specific effects triggered by
deposition of seminal plasma paternal antigens.

Sperm DNA damage: how to measure and how to combat

We should not only focus on the role of the seminal plasma. Impaired DNA integrity of
the spermatozoa seems to be another important clue in RPL. Previous studies showed
substantial differences in levels of sperm DNA fragmentation between RPL cohorts and
fertile control cohorts.(33, 34) Despite this discovery, many unknowns remain. Little
is known about the exact pathophysiological pathways of which sperm DNA damage
is part, nor about the best way to quantify the level of relevant damage and how to
counter it.

One of the important steps yet to be taken is to unravel the relations between seminal
plasma composition and sperm DNA integrity. As noted in chapter 6, indications exist that
these elements mutually influence each other. It has been established that increased
levels of sperm DNA fragmentation can be caused by excessive ROS in the seminal
plasma. ROS can drive the production of cytokines and thereby influence seminal plasma
composition.(35, 36) In turn, pro-inflammatory seminal plasma cytokines may stimulate
generation of ROS.(37, 38)
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In order to gain more insights into the complex interplay between seminal plasma
factors and sperm DNA integrity, studies should be conducted that measure both at
the same time. This has been one of the goals of the REMI Il project, of which the
study protocol was presented in chapter 4, and forms an important pillar of currently
ongoing research. A complicating factor in sperm DNA fragmentation testing is that
many different methods and protocols exist and it has not been established which test
is most informative in which clinical scenario.(39) The most reliable tests for measuring
sperm DNA fragmentation include the sperm chromatin structure (SCSA), Comet, sperm
chromatin dispersion (SCD) and terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labelling (TUNEL) assays. Only the 2-dimensional Comet assay is able
to distinguish between single-stranded and double-stranded DNA breaks, while the
other tests determine the global sperm DNA fragmentation level without discriminating
between the two forms. The exact mechanisms involved in RPL couples with high sperm
DNA fragmentation are unknown, but studies have been suggesting that the presence
of double-stranded DNA breaks is more lethal than single-stranded DNA breaks.(39-40)
Double-stranded breaks are potentially more associated with RPL, while single-stranded
DNA breaks are more often linked with infertility or a longer time to natural conception.
Although sperm DNA fragmentation seems to be a very promising biomarker in the field
of RPL, standardised protocols including guidelines for uniform processing and storage
of semen, fixed periods of ejaculatory abstinence and validated assay cut-off points are
needed.

It has been shown by us and other studies that both seminal plasma composition
and sperm DNA integrity are related to male age and modifiable lifestyle risk factors.
Whilst age is a factor that is inevitably beyond control, the influence of male lifestyle
interventions should be a topic of future research on RPL. Clinical data on the
effectiveness of smoking cessation and weight loss as interventions to reduce sperm
DNA fragmentation are lacking, and these should be the first to focus on. Also the impact
of other factors, for instance a sedentary lifestyle, dietary intake and use of medication,
are worth investigating., Not only for sperm DNA damage, but also with regard to the
seminal plasma expression profile, studies evaluating the impact of any lifestyle changes
are currently non-existent.

Besides lifestyle modifications, a potential treatment to combat oxidative stress in the
male germline might be antioxidant supplementation. Natural antioxidants like vitamin
C, vitamin E, folic acid, carnitines, caretonids and micronutrients including iron, zinc and
selenium have been shown to reduce levels of sperm DNA fragmentation both in vitro and
in animal and human studies.(41, 42) In a Cochrane review focussing on subfertile men,
low-quality evidence showed that antioxidants improved live birth rate after ART but
not significantly decreased the risk of pregnancy loss.(43) The authors stated that there
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is a need for more studies in order to make any conclusions on the effects of different
types, dosages and combinations of antioxidants. The low costs and risks associated
with antioxidant supplements are appealing to both patients and healthcare providers.
However, there is currently no evidence that antioxidant therapy will have a positive
effect on pregnancy outcome in couples with RPL.(5) Therefore, a well-designed placebo-
controlled randomised clinical trial is needed to clarify the efficacy of antioxidants in this
population. In this trial, couples with unexplained RPL should be included and men in
the intervention arm should receive antioxidant supplementation for a period of at least
six months. Semen samples should be collected at different time points and outcome
measures must include both semen factors (sperm DNA fragmentation, antioxidant
balance, seminal plasma expression profile) and pregnancy outcomes (of pregnancies
conceived between randomisation and three months post-intervention). Other male
lifestyle intervention studies could be designed in a similar way.
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COUPLE-FOCUSED SUPPORTIVE CARE

As much as we are striving to unravel the pathogenesis of RPL and find new treatment
strategies, as much effort must we make to provide appropriate supportive care to our
patients. Especially since often no explanation can be found for RPL, adding a further
emotional burden to affected couples, it is extra important to offer tailored psychological
support. Prior studies evaluated women’s perspectives on supportive care after RPL.(44,
45) In chapter 8 we explored preferences for supportive care of both men and women
affected by RPL. Using a questionnaire, we quantified preferences for three domains of
supportive care: medical supportive care, soft skills and other types of supportive care
(as established in the previous studies of Musters et al.(44, 45)).

For the medical domain, preferences of both genders were largely similar. They both
desired to regularly see the same doctor during their consultations, to make a clear plan
for the first trimester of a new pregnancy and to have frequent ultrasound examinations
during early pregnancy. Women valued their doctor’s soft skills more than men did; a
significantly larger proportion of women indicated that they prefer a doctor that shows
understanding and informs on wellbeing and emotional needs. Also noteworthy was
that men expressed less need for support from their family and friends and their overall
need for supportive care on a scale from 1-10 was significantly lower compared to that
of women (6.8 in men versus 7.9 in women, P = 0.002).

Although the exact reasons for the differing preferences between men and women
remain uncertain, some potential explanations can be put forward based on previous
research. Multiple interview studies on experiences after pregnancy loss showed that
men often take the ‘supporter role” and try to be strong and positive for their partner.
(46, 47) Compared to women, men are less inclined to disclose their feelings and seek
support for themselves, even if they really need it.(46, 48) In line with this, it might be
that in our study a social desirability bias was present. Furthermore, it is known that
part of the men affected by pregnancy loss experience little support from family and
friends, who tend to direct their support largely towards the female partner.(47-49)
Also in healthcare settings where supportive care services are profoundly targeted at
women, men may feel excluded from care.(49)

It seems that men affected by pregnancy loss may have different needs for supportive
care than women. It is important that we try to meet men’s needs, especially because
studies have shown that they also experience high psychological burden after pregnancy
loss.(48) In some cases this may even lead to harmful coping strategies including risk
behaviours like substance abuse.(46, 48) In order to be able to offer more tailored
supportive care, we should first investigate men’s preferences in greater detail. An
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important contribution is expected from Williams et al.,, who designed a currently
ongoing study to explore the support requirements of men who experienced multiple
pregnancy losses with a qualitative approach.(45) Results of interviews and focus group
discussions will be used to inform the development of new interventions to support
these men. Examples of a patient-driven initiatives in the Netherlands and England are
the recently launched online platforms “The forgotten father” (in Dutch: “De vergeten
vader”) and “Miscarriage for Men”.(51, 52) These forums, aiming to connect men
affected by pregnancy loss, have attracted many members and received a lot of media
attention. Consultation of members of such platforms is an excellent opportunity to
enrich novel research plans and to take next steps towards supportive care that meets
the needs of both partners affected by RPL.
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CONCLUSION AND FUTURE PERSPECTIVES

In light of the results presented in this thesis, we can conclude that a female-focused
approach in RPL is unjustified: the male partner urgently deserves our attention. We
studied the male role in RPL from different perspectives. Both epidemiologic and
biological findings indicate that the male plays a significantly larger role in aetiology and
prognosis of RPL than previously thought.

With a frustrating, complicated and misunderstood condition as RPL, there may
be a temptation to treat with unproven therapies for the sake of offering desperate
couples something, rather than just providing supportive care. Additional pressure
to offer therapies can be experienced by caregivers as policies regarding prescription
of (experimental) treatments vary between countries, and even practices may differ
between local clinics. Instead of offering experimental therapies (outside of clinical trials)
with unknown benefits and harms, we should put our efforts in unravelling underlying
disease pathways, generating the best possible evidence for targeted therapies and
providing excellent patient counselling and supportive care.

Greater male involvement, both in research and in the clinic, could be the key to a long-
desired breakthrough in RPL. It is presumable that, with relatively simple interventions
focused on the male partner, we can considerably improve outcomes of at least part
of the couples affected by RPL. There is sufficient scientific basis to start with male
lifestyle intervention studies (e.g. smoking cessation, weight loss), which will do no
harm and have the potential to be of great benefit. For all future studies within this
field, we argue for a combination of epidemiologic and basic science approaches, as
their joint contributions provide a real chance to accelerate the pace of discovering new
answers. The link must always be made between the intervention, the composition of
the semen (seminal plasma expression profile, level of sperm DNA damage) and clinical
outcomes. In addition, we must fully commit to a better understanding of interactions
between seminal plasma and the female reproductive tract immune environment. In
order to proceed towards specific immune-targeted therapies, first more in vitro and
in vivo studies are required, both in healthy and pathophysiologic conditions, to clarify
which semen factors can really make the difference for a successful pregnancy and are
potentially suitable to base therapies on. Insights from these studies may be valuable
for other areas as well; a better understanding of immune modulation during pregnancy
may also contribute to advances in organ transplant immunology, as it provides insights
in determinants of (in)tolerance towards non-self antigens and may inspire strategies to
inhibit transplant rejection.
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Close collaboration between different disciplines lays the groundwork for true
translational research that can change daily clinical practice. In addition, there are a
number of other preconditions that we must meet if we want to make good progress for
patients with RPL. One obstacle to overcome is the lack of consistency in used definitions
for RPL, which complicates comparison between studies and pooling of results. This is
why we should strive for international uniformity in the definition of (unexplained) RPL.
Furthermore, joining forces at a national and international level would be beneficial for
the research on RPL. Large prospective studies should be conducted that structurally
collect clinical data and biological tissues of both partners in RPL couples. Setting up
multicentric studies and sharing and combining data sources leads to larger datasets,
representing an opportunity to apply more advanced data analysis techniques.
However, this must still be done with caution since ‘big data analysis’ forms no solution
for problems of missing observations, measurement errors and confounding, which may
all lead to biased results and erroneous conclusions.(53)

Pregnancy loss has been a taboo subject for a long time. In recent years, several high-
profile women publicly revealed their pregnancy losses and the ensuing media coverage
has contributed to growing recognition and more open discussion. In addition to breaking
with the taboo around pregnancy loss, it is about time to break with the misconception
that RPL loss is unquestionably a condition of female origin. This thesis underlines that
RPL can also be a result of paternal factors. This should be communicated to affected
couples in the clinical setting as well as to the general public. It is high time to switch
from a female-focused to a couple-focused approach in RPL.
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De vergeten vader bij herhaalde miskramen

Herhaalde miskramen wordt gedefinieerd als het spontane verlies van tenminste twee
zwangerschappen, optredend in de periode tussen de conceptie en het moment dat
de foetus de termijn van levensvatbaarheid bereikt bij 24 weken amenorroeduur. Er
zijn een aantal maternale aandoeningen geassocieerd met herhaalde miskramen,
waaronder het antifosfolipidensyndroom, uterusanomalieén en aanwezigheid van anti-
TPO-antilichamen gericht tegen de schildklier. De internationale klinische richtlijn van
de Europese Vereniging voor Humane Reproductie en Embryologie (ESHRE) adviseert
om diagnostiek te verrichten naar deze aandoeningen bij vrouwen met herhaalde
miskramen. Het enige onderzoek dat bij de man (en tevens bij de vrouw) wordt ingezet,
is een karyogram om te screenen voor gebalanceerde chromosomale translocaties, die
eveneens een risicofactor voor herhaalde miskramen vormen. Naast de reeds genoemde
maternale aandoeningen bestaan er een aantal andere maternale karakteristieken die
het risico op (herhaalde) miskramen verhogen, waaronder een leeftijd boven de 35 jaar,
obesitas of ernstig ondergewicht, roken en alcoholgebruik.

Ondanks het verrichten van uitgebreide diagnostiek, wordt bij minder dan 50% van
de koppels met herhaalde miskramen een onderliggende aandoening gevonden. Voor
koppels met onverklaarde herhaalde miskramen bestaan op dit moment geen bewezen
effectieve therapieén. Dit draagt bij aan het verdriet en de frustratie die gepaard gaan
met onverklaarde herhaalde miskramen. Koppels dragen de last van aanhoudende
onzekerheid, terwijl clinici geen wetenschappelijk onderbouwde behandeling kunnen
bieden. De psychische lijdensdruk ten gevolge van herhaalde miskramen is hoog. Uit
eerder onderzoek blijkt dat zowel vrouwen als mannen een hoger risico lopen op
het ontwikkelen van depressie en angststoornissen na het meemaken van herhaalde
miskramen.

Het wetenschappelijk onderzoek naar herhaalde miskramen is van oudsher gericht
op vrouwelijke factoren. Willen we meer inzicht verkrijgen in de pathofysiologie van
herhaalde miskramen en de best mogelijke zorg leveren aan getroffen koppels, dan
moeten we de vader niet vergeten. Lange tijd werd gedacht dat de totstandkoming
van een zwangerschap het bewijs vormde voor normaal functionerende mannelijke
geslachtscellen. Eventuele complicaties, waaronder een miskraam, werden zonder meer
toegeschreven aan vrouwelijke afwijkingen. Aangezien de man echter de helft van het
genetisch materiaal van het embryo aanlevert, lijkt het plausibel dat zijn invloed verder
reikt dan alleen de conceptie. Een grondige evaluatie van paternale factoren vormt
daarom een uitstekende kans om kennis over het ontstaan van herhaalde miskramen
te vergroten.
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Biologische achtergrond: het semen

Om meer te weten te komen over rol van de man ten aanzien van herhaalde miskramen,
is het essentieel om in te zoomen op de substantie die daadwerkelijk de mannelijke
bijdrage vormt: het semen. Het semen bestaat uit de spermatozoa (de spermacellen)
en het seminaal plasma (de acellulaire vloeistoffractie). Volwassen spermatozoa zijn
in hoog-gedifferentieerde cellen bestaande uit een staart, middenstuk en een kop. De
kop bevat het paternale genetisch materiaal, dat ligt opgeslagen in DNA-moleculen. De
voornaamste functie van spermatozoa is het transporteren van het haploide paternale
genoom naar het vrouwelijke voortplantingsstelsel. Het paternale DNA is verpakt in
proteinen; het complex van DNA en proteinen wordt chromatine genoemd. Goede
bescherming van het sperma-DNA is cruciaal omdat de DNA-reparatie capaciteit van
spermatozoa beperkt is in vergelijking met andere lichaamscellen.

Het seminaal plasma is een combinatie van secreties geproduceerd door de mannelijke
accessoire geslachtsklieren. Naast dat het seminaal plasma dient als een beschermend
en voedend medium voor de spermatozoa, bevat het ook een verscheidenheid aan
bioactieve signaalmoleculen: cytokines, chemokines, prostaglandines en andere
immunologische factoren. Er wordt onderscheid gemaakt tussen pro-inflammatoire,
immuunregulatoire en groeifactoren. Eerder onderzoek heeft aangetoond dat deze
bestanddelen van het seminaal plasma na ejaculatie kunnen interacteren met het
maternale immuunsysteem.

Conventionele semenanalyse zoals uitgevoerd volgens de WHO richtlijnen is gericht op
het volume van het ejaculaat en de concentratie en motiliteit van de spermatozoa. Er
bestaat echter geen duidelijke associatie tussen deze semenparameters en herhaalde
miskramen. Daarom hebben recente studies binnen het veld van herhaalde miskramen
zich gericht op andere semenfactoren; voornamelijk genetische defecten. Er zijn
aanwijzingen dat sperma DNA schade een belangrijke rol speelt bij herhaalde miskramen.
Twee biologische theorieén met betrekking tot een potentiéle mannelijke bijdrage aan
herhaalde miskramen dienen als basis voor dit proefschrift. De eerste theorie is gefocust
op sperma DNA fragmentatie en de tweede hypothese betreft verstoorde maternale
immuunregulatie als gevolg van een disbalans in de samenstelling van het seminaal
plasma.

Verhoogde levels van sperma DNA fragmentatie

Sperma DNA schade kan veroorzaakt worden via meerdere mechanismen, tijdens
verschillende stadia van productie en transport van de spermatozoa. Een mechanisme
dat vermoedelijk een grote rol speelt is het optreden van oxidatieve stress ten gevolge
van een overmaat aan reactive oxygen species (ROS). Een overmaat aan ROS kan leiden
tot breuken in de DNA-strengen van het sperma: DNA fragmentatie. Verschillende
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factoren kunnen leiden tot (over)productie van ROS, waaronder veroudering, obesitas,
roken, excessief alcoholgebruik, de aanwezigheid van varicocele en verschillende
milieuverontreinigende stoffen. Spermatozoa met bovenmatige oxidatieve DNA schade
zijn soms wel in staat tot bevruchting, maar kunnen mogelijk tot een miskraam leiden in
het blastocyst stadium of later in het vroeg-foetale stadium. Twee systematische reviews
en meta-analyses lieten een significante associatie zien tussen verhoogde waarden van
sperma DNA fragmentatie en herhaalde miskramen.

Verstoring van maternale immuunregulatie ten gevolge van afwijkingen in seminaal
plasma

Een voorwaarde voor een succesvolle zwangerschap is dat het maternale
immuunsysteem een embryo tolereert dat voor de helft lichaamsvreemd is. Ondanks
vele studies die zich hierop gericht hebben, blijft het voor een groot deel onduidelijk
hoe het half-lichaamsvreemde embryo (en later de foetus) ontsnapt aan ‘afstoting’
door het maternale immuunsysteem. Meerdere dierstudies en humane studies hebben
gesuggereerd dat seminaal plasma in staat is om het maternale immuunsysteem te
moduleren en bijdraagt aan de inductie van een suppressief milieu dat gunstig is voor
het tot stand komen en behouden van zwangerschap. De hypothese is dat paternale
antigenen die aanwezig zijn in het seminaal plasma resulteren in activatie en expansie van
suppressieve regulatoire T-cellen. Er dient een balans te zijn tussen pro-inflammatoire
en immuunregulatoire signaalmoleculen in het seminaal plasma. Van pro-inflammatoire
factoren wordt gedacht dat ze leiden tot initiéle inflammatoire effecten zoals het
rekruteren van lymfocyten en antigeen-presenterende cellen, die noodzakelijk zijn om
eenimmuunrespons te ontwikkelen ten aanzien van paternale antigenen in het seminaal
plasma. Daarentegen wordt een seminaal plasma profiel met een overmaat aan pro-
inflammatoire markers juist geassocieerd met infertiliteit en zwangerschapscomplicaties.
Een belangrijke regulatoire factor in het seminaal plasma lijkt TGF-B te zijn. TGF-B heeft
een krachtig effect op proliferatie en differentiatie van verschillende immuuncellen en
samen met andere tolerantie-inducerende moleculen in het seminaal plasma, zoals
PGE2, sHLA-G en IL-10, wordt het beschouwd als essentieel voor het bewerkstelligen
van een maternale immuunomgeving die bevorderlijk is voor zwangerschap. Er is nog
weinig bekend over de relatie tussen seminaal plasma expressieprofielen en herhaalde
miskramen. Ook moet nog onderzocht worden of de samenstelling van het seminaal
plasma gerelateerd is aan leefstijl- en omgevingsfactoren.

Dit proefschrift

In hoofdstuk 2 laten we de resultaten van een systematische review en meta-analyse
zien bestaande uit epidemiologische studies die de associatie tussen paternale leeftijd
en het risico op een miskraam onderzochten. Op basis van gepoolde data van tien
beschikbare studies werd een significant verhoogd risico op een miskraam gevonden
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vanaf een paternale leeftijd 240 jaar. Het risico was het hoogst in de leeftijdscategorie
245 jaar.

Hoofdstuk 3 bevat een overzicht van beschikbare literatuur over de relatie tussen
paternale leefstijlfactoren in de preconceptieperiode en het risico op een miskraam.
We richtten ons op paternaal roken, alcoholconsumptie en BMI. Een meta-analyse van
acht studies liet zien dat het risico op een miskraam significant verhoogd is als een man
>10 sigaretten per dag rookt in de preconceptieperiode. Het risico was het hoogst bij
het van roken >20 sigaretten per dag. Het was niet mogelijk om een conclusie te trekken
wat betreft het risico geassocieerd met paternaal alcoholgebruik, omdat weinig studies
beschikbaar waren die tevens zeer heterogeen waren en een meta-analyse niet kon
worden uitgevoerd. Er werd geen enkele studie gevonden die de relatie tussen paternaal
BMI en het risico op een miskraam onderzocht.

Alle studies die geincludeerd werden in de twee systematische reviews werden
kritisch beoordeeld op het risico op bias. Voor de associatie tussen paternale factoren
en het risico op een miskraam vormen maternale factoren een belangrijke bron van
potentiéle confounding. Als hier niet adequaat voor gecorrigeerd wordt, kan dit leiden
tot incorrecte interpretatie van paternale effecten. Om deze reden werden in de meta-
analyses alleen studies geincludeerd die tenminste corrigeerden voor maternale leeftijd
(in hoofdstuk 2) en maternaal rookgedrag (in hoofdstuk 3). Andere vormen van bias
die een rol speelden in de geincludeerde studies waren informatiebias en selectiebias.
Onze kritische beoordeling van methodologische aspecten liet zien dat verschillende
studiedesigns elk hun eigen voor- en nadelen hebben met betrekking tot het risico op
bias. Al met al waren de studies van goede kwaliteit en lieten ze een duidelijke associatie
zien tussen het risico op een miskraam en respectievelijk paternale leeftijd en paternaal
roken. Op basis van deze observationele studies is het niet mogelijk om causale effecten
te bewijzen. Dat de gevonden associaties toch causale relaties betreffen, wordt echter
wel waarschijnlijker door de eerder besproken biologische theorieén.

In hoofdstuk 4 wordt het studieprotocol gepresenteerd van het REMI Il project. Dit
project beslaat zowel een case-control studie als een cohortstudie, gericht op de rol van
paternale factoren in etiologie en prognose van herhaalde miskramen. Een deel van de
doelen van het REMI Il project zijn reeds behaald en de resultaten zijn weergegeven in
dit proefschrift. Andere doelen zijn het onderwerp van lopend onderzoek.

Een brandende vraag van veel koppels met herhaalde miskramen heeft betrekking op
hun prognose: wat is de kans op een succesvolle zwangerschap in de toekomst? Om
koppels van goed onderbouwde informatie te voorzien over hun vooruitzichten kan een
predictiemodel uitkomst bieden. Van de huidige, gedateerde predictiemodellen zijn
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zowel de accuraatheid van de voorspellingen als validatieprocedures niet beschreven
dan wel niet uitgevoerd. Bovendien zijn deze predictiemodellen gebaseerd op slechts
twee predictoren: de maternale leeftijd en het aantal miskramen in de voorgeschiedenis.
In hoofdstuk 5 verkenden we of het voorspellen van de kans op een doorgaande
zwangerschap voorbij 24 weken amenorroeduur bij stellen met onverklaarde herhaalde
miskramen nauwkeuriger wordt als meer kandidaatpredictoren in beschouwing worden
genomen, waaronder ook paternale variabelen. We laten zien dat het voorspellen
van deze uitkomst accurater wordt als de volgende additionele predictoren worden
toegevoegd aan het model (naast maternale leeftijd en het aantal miskramen in de
voorgeschiedenis): paternale leeftijd, maternaal en paternaal BMI, maternale rookstatus
en eerdere IVF/ICSI behandeling. Het discriminatief vermogen van het model uitgedrukt
in de area under the curve (AUC) was 0.63, vergeleken met een AUC van 0.57 voor
een model op basis van alleen de twee conventionele predictoren. Dat ook paternale
variabelen deel uitmaken van de nieuw geidentificeerde predictoren is een belangrijke
bevinding voor zowel patiénten als clinici. Echter moet benadrukt worden dat het
voorspellend vermogen van het model nog steeds beperkt is. Om een betrouwbaarder
model te ontwikkelen dat in de klinische praktijk gebruikt kan worden, moet nog meer
werk verricht worden. Het toevoegen van veelbelovende biomarkers zoals sperma DNA
fragmentatie zou de prestaties van het model kunnen verhogen. Tegelijkertijd moeten
we ons realiseren dat zwangerschapsuitkomst zeer complex is om te voorspellen, zoals
tevens geillustreerd wordt door de resultaten van andere predictiestudies binnen de
reproductieve geneeskunde.

In hoofdstuk 6 en 7 onderzochten we de rol van seminaal plasma in relatie tot herhaalde
miskramen. In hoofdstuk 6 voerden we een clusteranalyse uit op seminaal plasma
samples van mannen uit koppels met herhaalde miskramen (hierna genoemd: herhaalde
miskramen-mannen). We identificeerden twee verschillende expressieprofielen in het
seminaal plasma. Eén subgroep van herhaalde miskramen-mannen had relatief hoge
waarden van pro-inflammatoire cytokines in het seminaal plasma. Mannen in deze
subgroep waren significant ouder en hadden relatief ongunstigere leefstijlkenmerken wat
betreft rookgedrag, alcoholconsumptie en overgewicht. Herhaalde miskramen-mannen
in de andere subgroep hadden een seminaal plasma profiel dat meer overeenkwam
met een controlegroep van mannen wiens partners gezonde zwangerschappen hadden.
In hoofdstuk 7 gebruikten we een in vitro model om het effect van seminaal plasma
op genexpressie van T-cellen en monocyten te onderzoeken. Immuuncellen van een
anonieme vrouwelijke bloeddonor werden geincubeerd met seminaal plasma van
herhaalde miskramen-mannen en mannen uit een controlegroep wiens partners gezonde
zwangerschappen hadden. We toonden aan dat seminaal plasma een direct effect heeft
op T-cellen en monocyten, passend bij differentiatie richting een meer immuunregulatoir
fenotype. Daarnaast vonden we in deze studie een aantal opmerkelijke verschillen in

217



APPENDICES

stimulatoire capaciteit van seminaal plasma van herhaalde miskramen-mannen en
seminaal plasma van mannen uit de controlegroep. De resultaten suggereren dat de
immuunregulatoire capaciteit van seminaal plasma afwijkend kan zijn in het geval van
herhaalde miskramen. Toekomstig onderzoek moet de interacties tussen seminaal
plasma en de maternale immuunomgeving in fysiologische omstandigheden en bij
herhaalde miskramen in meer detail in kaart gaan brengen.

Er is toenemend bewijs dat seminaal plasma een rol speelt in het bewerkstelligen van
aanpassingen in het maternale immuunsysteem die van belang zijn voor een succesvolle
zwangerschap. Als hier verstoringen in optreden, bijvoorbeeld door een afwijkende
samenstelling van het seminaal plasma, draagt dit mogelijk bij aan het ontstaan van
een miskraam. Uiteindelijk zouden we hier op in kunnen spelen bij het ontwikkelen
van nieuwe therapieén voor koppels met herhaalde miskramen, bijvoorbeeld door
het toedienen van specifieke factoren uit het seminaal plasma of substanties met
vergelijkbare effecten die een maternale suppressieve immuunrespons bevorderen.
Echter moeten we ons niet uitsluitend richten op het seminaal plasma. Een andere stap
is het ontrafelen van de interacties tussen de samenstelling van het seminaal plasma en
de mate van sperma DNA fragmentatie. Sperma DNA fragmentatie lijkt een belangrijke
factor te zijn in relatie tot herhaalde miskramen. Een hindernis die echter overwonnen
dient te worden is het betrouwbaar en gestandaardiseerd kunnen meten van sperma
DNA fragmentatie. Op dit moment zijn er vele testen en protocollen in omloop en is
het nog niet geheel duidelijk wat de beste methode is. Onze en andere studies wijzen
erop dat zowel de samenstelling van het seminaal plasma als de mate van sperma
DNA fragmentatie geassocieerd zijn met leefstijlfactoren. Het effect van mannelijke
leefstijlinterventies op deze semenfactoren en ook op zwangerschapsuitkomst moet
dan ook zeker een onderwerp van toekomstig onderzoek zijn. Daarnaast is suppletie van
antioxidanten een potentieel effectieve methode om sperma DNA schade veroorzaakt
door oxidatieve stress te behandelen.

Naast meer inzicht te verkrijgen in de pathogenese van herhaalde miskramen en
het vinden van nieuwe therapieén, moeten we ons ook inzetten om passende
ondersteunende zorg te bieden aan patiénten. In hoofdstuk 8 brachten we voorkeuren
voor ondersteunende zorg in kaart van zowel mannen als vrouwen getroffen door
herhaalde miskramen. Binnen het medisch domein waren de voorkeuren grotendeels
gelijk. Opvallend was dat vrouwen meer belang hechtten aan ‘soft skills’ van de
zorgverlener. Mannen wensten minder steun van familie en vrienden. Hoewel de exacte
redenen voor de verschillen in voorkeuren tussen mannen en vrouwen onzeker blijven,
zijn er een aantal mogelijke verklaringen op basis van eerdere onderzoeken. Vergeleken
met vrouwen zijn mannen minder geneigd hun gevoelens te uiten en support voor
zichzelf te zoeken na herhaalde miskramen. Veel mannen geven aan sterk en positief te
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willen blijven ter ondersteuning van hun partner. Als zorgverleners is het van belang dat
we ook aandacht besteden aan de behoeften van de mannelijke partners, zeker omdat
onderzoek heeft uitgewezen dat zij eveneens een hoge psychische lijdensdruk ervaren
als gevolg van herhaalde miskramen. Toekomstige studies, bijvoorbeeld interviews en
focusgroeponderzoek, moeten de behoeften van deze mannen verder exploreren en
richting geven aan het ontwikkelen van nieuwe interventies specifiek gericht op het
ondersteunen van mannen.

Conclusie en toekomstperspectieven

Op basis van de studies gepresenteerd in dit proefschrift, kan geconcludeerd worden
dat een uitsluitend op vrouwen gerichte aanpak bij herhaalde miskramen onterecht
is: de mannelijke partner verdient dringend onze aandacht. We hebben de rol van de
man in herhaalde miskramen vanuit verschillende perspectieven onderzocht. Zowel
epidemiologische als biologische bevindingen onderstrepen een significante bijdrage
van de man aan etiologie en prognose van herhaalde miskramen.

In het geval van een frustrerende, gecompliceerde en slecht begrepen aandoening als
herhaalde miskramen kan er een neiging bestaan om therapieén aan te bieden die
niet bewezen effectief zijn. De druk hiertoe kan extra toenemen doordat het beleid ten
aanzien van het voorschrijven van (experimentele) behandelingen substantieel verschilt
tussen verschillende landen en zelfs varieert op lokaal niveau. Echter, in plaats van
(buiten klinische trials) experimentele behandelingen voor te schrijven met onbekende
voor- en nadelen, moeten we ons focussen op het verder ontrafelen van onderliggende
mechanismen, het tot stand brengen van hoogkwalitatief bewijs voor gerichte
behandelingen en het bieden van uitstekende patiéntcounseling en ondersteunende
zorg.

Het meer betrekken van de man, zowelin het wetenschappelijk onderzoek alsin dekliniek,
kan een sleutel vormen tot een lang gewenste doorbraak in herhaalde miskramen. Het is
aannemelijk dat we met relatief simpele interventies gericht op de mannelijke partner,
de uitkomsten voor koppels met herhaalde miskramen aanzienlijk kunnen verbeteren. Er
is voldoende wetenschappelijk bewijs om te gaan starten met leefstijlinterventiestudies
voor mannen (bijvoorbeeld stoppen met roken, afvallen). Voor alle toekomstige studies
binnen dit veld pleiten we voor een gecombineerde aanpak van epidemiologisch en
basaal-wetenschappelijk onderzoek. De link moet altijd gelegd worden tussen de
interventie, de samenstelling van het semen en klinische uitkomsten. Daarnaast moeten
we vol inzetten op het uitbreiden van kennis over interacties tussen het seminaal plasma
en de maternale lokale immuunomgeving. Voordat we kunnen starten met specifieke
immuuntherapieén, zijn er eerst meer in vitro en in vivo studies vereist, om erachter
te komen welke semenfactoren nu echt het verschil kunnen maken in een succesvolle
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zwangerschap en hoe we daar nieuwe therapieén op kunnen baseren. Nieuwe inzichten
binnen dit onderzoeksveld zijn ook van belang voor andere onderzoeksgebieden; een
beter begrip van de maternale immuunadapatie tijdens zwangerschap kan ook bijdragen
aan vooruitgang binnen de transplantatie-immunologie.

Behalve samenwerking tussen verschillende disciplines, verdient het ook de aanbeveling
om internationaal een uniforme definitie te hanteren van herhaalde miskramen en
moeten we nationaal en internationaal meer de krachten bundelen om stappen te
kunnen maken binnen het onderzoek naar herhaalde miskramen. Het zou waardevol
zijn als grootschalige prospectieve studies worden opgezet die zowel klinische data
als biologisch materiaal van beide partners met herhaalde miskramen verzamelen en
analyseren.

Miskramen zijn lange tijd een taboeonderwerp geweest. De laatste jaren hebben een
aantal bekende vrouwen publiekelijk gesproken over hun miskramen en de media-
aandacht die daarop volgde heeft bijgedragen aan groeiende erkenning en het meer
bespreekbaar maken van dit onderwerp. Naast het doorbreken van het taboe rondom
miskramen is het ook de hoogste tijd om af te rekenen met de misvatting dat miskramen
zonder meer een maternale origine hebben. Dit proefschrift benadrukt dat (herhaalde)
miskramen ook het resultaat kunnen zijn van paternale factoren. Dit moet aan koppels
met herhaalde miskramen worden vermeld in de klinische setting en ook worden
uitgedragen aan het algemene publiek. Het is de hoogste tijd om over te schakelen van
een vrouw-gerichte naar een koppel-gerichte aanpak bij herhaalde miskramen.
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computer, in de koffiekamer en daarbuiten. Angelos, Kim vB, Fokkedien, Kim B, Kim N,
Nas, Merlijn, Ziena, Julia, Isabel, Jeroen, Kim K, bedankt voor de leuke tijd. Amber, Fleur
en Manon, heerlijk om met jullie onderzoeksfrustraties of juist heel andere zaken te
bespreken; ik hoop op nog vele etentjes.

Studenten Liselore, Tess, Nina en Rozemarijn, bedankt voor jullie harde werken en
waardevolle bijdragen aan het onderzoek. Ik heb jullie met veel plezier begeleid.

Margo, met jou is het altijd fijn en inspirerend om te praten en te lachen, al vanaf dat ik
coassistent was. Bedankt daarvoor.
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Frans, jouw bevlogenheid is hartverwarmend. Je was een voorbeeld als gynaecoloog
en bent het nog steeds op de racefiets. De Tour de Frans heeft extra glans gegeven aan
mijn promotietijd. Dank aan alle leden van dit fietsgezelschap voor de mooie ritjes op
de dinsdagavond.

Thomas, ook jij bent voor mij een voorbeeld van een geweldige clinicus en onderzoeker.
Bedankt voor de leuke samenwerking tijdens ons Covid-project.

Ivanka, bedankt dat ik altijd voor van alles en nog wat bij jou terecht kon. Je levert een
belangrijke bijdrage aan de fijne sfeer op K6. Al die cola’s waren vooral een excuusje om
even bij jou te komen buurten.

Leden van het JongLUMC bestuur, wat vond ik het leuk om deel uit te maken van deze
groep en mijn horizon te verbreden buiten mijn eigen ‘eilandje’ in het ziekenhuis.
Bedankt voor de mooie tijd.

Collega’s in het HagaZiekenhuis, dank voor de tijd waarin ik naast de puntjes op de i van
mijn proefschrift- mijn eerste stappen als dokter zette.

Christine en Maaike, samen alle ups en downs van de coschappen beleefd en nu ieder
onze weg aan het vinden. Bijkletsen met jullie is altijd goed.

Oud-huisgenoot Robin, na drie fijne jaren op het Looiersplein nu allebei (bijna)
gepromoveerd! Oud-buurman Robin, bedankt voor alle theetjes, uitjes en gekke
verhalen. Dat gaan we zeker voortzetten. Joost, onze tijd op de Rijn en Schie was
onvergetelijk in vele opzichten. Wat leuk dat we elkaar jaren later nog steeds zien om
het leven te bespreken.

David, zo’n 15 jaar geleden waren we al onafscheidelijk op elke zwemtraining. Je bent
een dierbare vriend en ik hoop dat we altijd bij elkaar terecht blijven kunnen.

Roos, Leo, Fleur, de maandagavondeetclub is inmiddels een begrip. Ik heb geluk met
vriendinnen zoals jullie. Op naar nog veel meer etentjes en elkaar steunen in mooie en
moeilijke tijden.

llse, wat ben ik blij dat wij elkaar op de eerste studiedag ontmoetten, dat heeft tot een
bijzondere vriendschap geleid. We kunnen werkelijk over alles praten en ik hoop dat we
dat altijd blijven doen. Maaike, onze vriendschap gaat inmiddels al twee decennia terug,
we kennen elkaar door en door. Je bent heel belangrijk voor me en ik kijk uit naar alles
wat we nog gaan beleven.
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Lieve papa en mama, jullie fietsen al heel mijn leven met mij mee. Daar ben ik
ontzettend dankbaar voor. Jullie leerden mij bergen te bedwingen en te genieten van
elke afdaling.
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