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Foreword

Dr. Palomba has done an outstanding job assimilating an exceptionally well-
qualified and talented cohort of authors to write on the subject of fertility in women
with polycystic ovarian syndrome (PCOS), which constitutes one of the most com-
mon endocrinopathies of reproductive aged women. The information provided is
the most current evidence regarding the diagnosis and treatment of infertility in
women with PCOS. In addition, there is in-depth discussion on new insights into the
pathophysiology of this disease.

As so eloquently stated by Dr. Hatem Abu Hashim, who authored a chapter of
this book outlining the role of laparoscopic ovarian drilling in women with PCOS,
“Science, practice, and evidence are dynamic processes. A marvelous progress in
the understanding of the pathophysiology and metabolic features of PCOS has been
witnessed in the last two decades.” As our understanding of this disease has evolved,
so too has our clinical definitions and strategies for the treatment of infertility in
patients affected with PCOS.

The first several chapters of the book are focused on providing analysis of the
diagnostic criteria and pathophysiology underlying infertility associated with
PCOS. These chapters include “Diagnostic criteria for PCOS” by Dr. Francesco
Orio; “Anovulation in women with PCOS” by Dr. Ujvala Rao; “Oocyte quality in
PCOS” by Dr. Christine Decanter; “Endometrial receptivity in PCOS” by Dr.
Giuseppe Benagiano; and “Infertility and subfertility cofactors in women with
PCOS” by Dr. Tal Shavit. These chapters are comprehensive, very well written, and
provide a wealth of knowledge to readers interested in gaining a better understand-
ing of the complexity of mechanisms underlying infertility in PCOS as well as the
health implications associated with it. The subsequent chapters are extremely thor-
ough with in-depth discussions on medical, surgical, and alternative treatment strat-
egies of infertility in women with PCOS. These in turn are followed by a chapter,
prepared by Dr. Coghlan, which distills down all the important information men-
tioned in the prior chapters. He does an excellent job describing evidence-based
integrated strategies for enhancing fertility in PCOS.

Another very interesting chapter, written by Dr. John Nestler, discusses current
evidence of inositol treatment and its role in improving fertility outcomes in women
with PCOS. Dr. Nestler begins this chapter by outlining the intricate mechanisms
underlying dysregulation of inositols in PCOS and the resulting consequences on
insulin resistance, glucose uptake, ovarian androgen production, and glycogen
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synthesis. This is followed by a detailed discussion on the metabolic and reproduc-
tive benefits of myo-inositol and D-Chiro-inositol treatment, alone or in combina-
tion, in PCOS.

Women with PCOS are at higher risk for developing ovarian hyperstimulation
syndrome (OHSS). Dr. Melanie Walls, in her chapter “In vivo maturation” (IVM),
introduces the utility of IVM for patients with PCOS, which can eliminate the
potential risk of OHSS. She then very thoroughly summarizes different protocols
and treatment regimens, as well as hormonal priming and culture conditions utilized
in IVM, with a specific focus on their clinical outcomes.

Once conception occurs, adverse pregnancy and perinatal outcomes are more
common in women with PCOS. These complications and their underlying patho-
physiology are discussed in the final chapter “Complications of pregnancy” by Dr.
Palomba.

To conclude, Dr. Palomba’s book is an excellent contribution to our understand-
ing of the complexities underlying the pathophysiology, diagnosis, and treatment of
infertility in women with PCOS. The text is well organized and will serve as an
excellent resource for both clinician and researcher alike.

Anthony M. DeAngelis

Resident Physician in Obstetrics and Gynecology
Danbury Hospital — Western Connecticut Health Network
24 Hospital Avenue, Danbury, CT, 06810, USA

Alan H. DeCherney, MD

Head Program in Reproductive and Adult Endocrinology
Eunice Kennedy Shriver National Institute of Child Health
and Human Development, National Institutes of Health

10 Center Drive, Bldg10, CRC, Rm 1-3140

Bethesda, MD, 20892, USA



Preface

Although the study of polycystic ovary syndrome (PCOS) was “my topic” for more
than 15 years, the idea to write a book about infertility in women with PCOS came
to me during 2015 when, participating in many meetings, courses, and congresses
on the treatment of infertility, I realized that there was a lack of awareness of the
syndrome among medical staff specialized in reproductive medicine, particularly
with regard to assisted reproduction technologies (ARTS).

At first glance, the current book could be considered to consist merely of
evidence-based guidance about the pathogenesis of infertility in women with PCOS
and its treatment. However, it should not only be considered a technical tool to
employ in clinical practice, but also as a cultural basis for approaching and under-
standing the new and future basic and clinical studies on infertility related to PCOS.

Anovulation, oocyte quality, and endometrial competence in women with PCOS
are discussed in depth, along with almost all aspects of the infertility and subfertility
cofactors potentially present in infertile patients with PCOS, including the impact
and the interaction of PCOS phenotypes with regard to the reproductive outcome.
From a therapeutic point of view, the book includes chapters on the classical medi-
cal treatments for treating PCOS-related ovulatory dysfunction (such as clomiphene
citrate, letrozole, metformin, and gonadotrophins), in addition to new and potential
therapeutic approaches, such as natural insulin sensitizers (i.e., inositol), acupunc-
ture, dietary supplements, and traditional Chinese medicine. Strong emphasis is
placed on the nonpharmacological approach (i.e., diet and physical activity), which
is crucial for obese and overweight patients, and on the use of a more invasive
approach, including controlled ovarian stimulation for in vitro fertilization with or
without in vitro maturation of oocytes. Significant effort has been made to clarify
that reproductive success can be achieved not by evaluating the available treatments
individually, but as a concert of options to modulate in specific strategies tailored to
patient characteristics.

Finally, the acknowledgements. I would like to thank all the authors who agreed
to participate in the preparation of the chapters for the immeasurable help they gave
me, for the many things they taught me, and for the patience they have had in fol-
lowing my comments and suggestions. I would also like to thank my family, and
especially my son Francesco, whom I have denied so much precious time.

Reggio Emilia, Italy Stefano Palomba
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Introduction

Stefano Palomba

Polycystic ovary syndrome (PCOS) is a very heterogeneous and complex disorder
characterized by oligo-anovulation, hyperandrogenism and/or hyperandrogenemia,
and polycystic ovarian morphology (PCOM) [1-3]. Moreover, throughout the years,
its definition remains controversial. In 2012, an expert panel from the NIH Evidence-
Based Methodology Workshop on PCOS [4] recommended that clinicians use the
Rotterdam criteria for diagnosis of PCOS [2]; the same recommendation was also
given subsequently in the practical guidelines of the Endocrine Society [5].

The syndrome affects a considerable but variable proportion of women in repro-
ductive age. Specifically, the prevalence of PCOS according to the 1990 National
Institutes of Health (NIH) criteria is 6-10% but it is at least double using broader
Rotterdam or Androgen Excess-PCOS Society criteria [6].

The interest in PCOS has covered several peculiar aspects, including those repro-
ductive, cosmetic, and medical [7, 8]. Similarly, several task forces, committees,
and groups of special interest have produced many papers on the PCOS, its diagnos-
tic criteria, its short- and long-term health consequences, and its therapeutic man-
agement [1-3, 5, 9—12]. Moreover, during the years, less interest and space have
been given to the fertility concerns associated to the syndrome and even more inter-
est have been observed for its metabolic and cardiovascular long-term health conse-
quences [12]. For example, the last consensus document on infertility treatment in
women with PCOS has been published more than 8 years ago [11]. This is partially
due, as detailed below, to the difficulty to characterize the infertile patient with
PCOS and to integrate specific PCOS-related features with largely accepted strat-
egy for treating infertility. On the other hand, for example, many interventions in the
assisted reproductive technologies (ARTSs) are translated to patients with PCOS
considering simplistically that they are “high-responder” patients, whereas the

S. Palomba
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clinical practice highlights that many obese patients with PCOS with non-PCOM
phenotype have frequently a poor response to gonadotrophin administration
[13, 14].

An issue particularly important for approaching infertility in PCOS is the defini-
tion of the specific PCOS phenotypes since the variability in hormonal and meta-
bolic abnormalities among PCOS phenotypes could influence the reproductive
outcome. It has been also proposed provocatively to distinguish the syndrome in a
“metabolic phenotype” and in a “reproductive phenotype” [15]. However, it is very
probable that severe metabolic phenotypes are closely related to worst reproductive
outcomes and vice versa [7]. International guideline [5] underlines no need to define
formally the PCOS phenotype in the clinical practice and that PCOS is a risk factor
for infertility only in the presence of oligo-anovulation. Conversely, the precise
knowledge of PCOS phenotype, and its comorbidities (i.e., obesity, insulin resis-
tance, etc.), is crucial in infertile patients in order to optimize and personalize the
management of the patient [7]. In addition, even if the presence of ovarian dysfunc-
tion has a clear “weight” on the reproductive potential in patients with PCOS, other
subclinical dysfunctions, including alterations in endometrial (Table 1.1) and oocyte
[16] competence, cannot be leave out.

Table 1.1 Main endometrial abnormalities observed in patients with PCOS

Finding Proposal mechanism

Reduced endometrial expression of Abnormal steroid milieu for increased free androgens
SHBG

Reduced serum IGFBP-1/ Abnormal mitotic activity for IGF-1 action/decreased
glycodelin levels immune-suppression (Th1)

Reduced endometrial expression of Abnormal metabolic activity of the endometrial cell for
GLUT-4 hypoglycemia

Reduced Rabs and WASP proteins  Impaired cell surface GLUT-4 vesicle exposure and the
consequent glucose uptake in the endometrium

Increased AR/ORalpha or no Abnormal steroid milieu

downregulation in luteal phase

Decreased endometrial avf33 Impairment of the cell-cell and cell-extracellular matrix
integrin expression interactions during the window of implantation
Decreased endometrial HOXA-10  Reduced pinopode number/upregulation of the integrin
expression expression (f3 subunit)

Reduced endometrial IGFBP-1 Endometrial epithelial and stromal dysfunction for
expression increased mitotic activity for IGF-1 action

Over-expression of steroid receptor Increased endometrial proliferation
coactivators
Abnormal gene expression pattern ~ Progesterone resistance and elevated estrogen activity

in luteal phase with reduced decidualization

Abnormal gene expression pattern ~ Impaired window of implantation with abnormal
in the window period blastocyst-endometrium interaction

Abnormal vascularization Impaired metabolism and chromosomal alterations

related to hypoxia

AR androgen receptor, OR estrogen receptor, GLUT-4 glucose transmembrane protein 4, IGFBP-1
insulin growth factor binding protein 1, SHBG sex hormone-binding globulin
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A secondary analysis [17] of the data from the Pregnancy in Polycystic Ovary
Syndrome I and II (PPCOS-I and PPCOS-II) trials [18, 19] on a total of 1376 infer-
tile women with PCOS demonstrated that a younger age, lower baseline free andro-
gen index and insulin, shorter duration of attempting conception, and higher baseline
sex hormone-binding globulin (SHBG) significantly predict at least one pregnancy
outcome. This study underlines that the prognosis of infertile women with PCOS is
a combination of the classical and general prognostic factors with specific factors
related to PCOS. Thus, a good clinician should always consider both in case of
infertility in women with PCOS.

When the impact on infertility of the dyads of PCOS features is formally consid-
ered, no difference is showed between anovulation plus hyperandrogenism and
anovulation plus PCOM [6]. Moreover, in the infertility field, “PCOM” means a
very high antral follicle count (AFC, more than 12 per ovary). Interesting data dem-
onstrated that the pregnancy and live birth rates are significantly and clinically bet-
ter in patient with PCOM without clinical manifestation of PCOS in comparison
with normal controls [20]. Also recent clinical data [21] demonstrated a better ongo-
ing pregnancy rate in women with PCOM compared to non-PCOM controls.
Interesting in vitro fertilization (IVF) data [22] demonstrated a significant relation-
ship between AFC and reproductive outcomes with the high odds of pregnancy
between 11 and 23 follicles, very close to cutoff used for PCOM diagnosis (Fig. 1.1).
In 2013, Wiser et al. [23] demonstrated a different trend in the decline of the antral
follicles in PCOS patients when compared to controls. That data seems to suggest
an extended fertile window in women with PCOS. Moreover, a large cohort study

(%) Pregnancy

4 10 15 20 25 30 3540
5 11 23

AF
log-transformed

Fig. 1.1 Relationship between antral follicular count (AFC) and reproductive outcome. The high
odds of pregnancy are observed between 11 and 23 antral follicles. From Holte et al. [22]
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[24] of the Society of Assisted Reproductive Technology (SART) showed an overall
difference in pregnancy rate between infertile patients with PCOS and with tubal
factor of 5%. That difference resulted clinically significant even between patients
aged 38 and 40 years [adjusted odd rate (aOR) 1.24, 95%CI 1.08 to 1.43] [24]. The
evaluation of biological and clinical outcomes in women with PCOS treated with
IVF categorized according to PCOS phenotypes demonstrated that PCOM pheno-
types had better outcomes in comparison with non-PCOM phenotype, although that
differences disappeared after adjusting data for women’s age and body mass index
(BMI) [25].

More and more studies in literature are aimed to assess the role of the anti-
Mullerian hormone (AMH) in the pathophysiology of PCOS [26] and as effective
tool to diagnose the antral follicular excess in women with and without PCOS and
PCOM [27]. A role of the AMH assay has been also suggested as criterion of PCOS
[28]. Moreover, AMH concentrations seem to be an effective predictor of pregnancy
and live birth rates only in women with PCOS without PCOM [25].

It is crucial for the clinicians to understand that also in women with PCOS, the
ovarian reserve evaluation is important for the strategy of management and for the
results. All patients with PCOS should be not considered always patients with a
“high reserve,” and even in these infertile patients the role of a high AFC and of high
concentrations of AMH can be important predictors of the number of oocyte yield
in patients, as demonstrated in in vitro maturation (IVM) cycles [29].

Epidemiological findings about the fertility in women with PCOS are also con-
troversial. No long-term data demonstrating that PCOS patients are more infertile
than general population are actually available. A recent large register study [30]
showed that women with PCOS at hospital admission have a diagnosis of infertility
and require fertility investigation ten- and eightfold, respectively, more frequently
than non-PCOS controls. However, cohort studies suggest that women with PCOS
have, at the end of their reproductive life, the same potential of non-PCOS women
[31]. In particular, after a long-term follow-up, no difference between PCOS and
healthy controls was observed in the proportion of women with at least one child
(86.7% vs. 91.6%, respectively) and, surprising, with at least one spontaneous preg-
nancy (67.5% vs. 73.6%) [31]. A meta-analysis of randomized controlled trials
(RCTs) demonstrated that subfertile patients with PCOS who received IVF cycles
have not significantly difference in terms of reproductive performance when com-
pared to non-PCOS controls [32].

The primary endpoint in reproductive medicine is a healthy mother with a
healthy baby in arm, and all other clinical and/or biological outcomes would be
considered only a surrogate [33, 34]. This concept is true also for infertile patients
with PCOS. Moreover, only one published document [2] underlines the increased
risk for adverse pregnancy and neonatal outcomes in women with PCOS and that
the obstetric risk may be exacerbated by obesity and/or insulin resistance and sug-
gest a closer follow-up during pregnancy. A recent systematic review [35] confirms
that women with PCOS exhibit a clinically significant increased risk of pregnancy
and perinatal complications compared with non-PCOS controls. Even if not
adjusted for BMI or other confounders, available data demonstrate at least a
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twofold increased risk of pregnancy-induced hypertension and preeclampsia, ges-
tational diabetes, and premature delivery [35]. More limited and sparse data sug-
gest also an increased risk of neonatal morbidity [35]. At the moment, the exact
etiopathogenesis for explaining that risk in women with PCOS is unknown, and it
involves potentially relationship with genetic, environmental, clinical, and bio-
chemical factors [35]. However, longitudinal data [36] demonstrated that the inci-
dence of adverse events in women with PCOS varies according to the features and
phenotypes of PCOS. Specifically, the risk of pregnancy complications resulted
nonsignificant in non-hyperandrogenic and ovulatory phenotypes, whereas it was
twofold increased in non-PCOM phenotype [36]. In other words, the presence of
PCOM seems to be a protective factor in terms of incidence of pregnancy compli-
cations. This hypothesis seems to be confirmed since women with a full-blown
PCOS phenotype showed a risk of adverse pregnancy complication slightly lower
than those observed in non-PCOM/PCOS patients [36]. The analysis of each spe-
cific PCOS features confirmed that PCOM was not related to an increased risk,
whereas oligo-amenorrhea and hyperandrogenemia were related to a risk four- to
fivefold higher for pregnancy complications [36].

One of the main effectors of the increased risk of pregnancy complications in
PCOS and non-PCOS patients is the placenta. Placenta function is crucial for the
fetal growth and for the physiological metabolic changes of pregnancy. Data dem-
onstrated that the process of decidual trophoblast invasion is impaired in women
with PCOS [37] and that the rate and the extent of abnormal macroscopic and
microscopic findings in the placenta from uncomplicated pregnancies were
increased [38]. Significant and indirect relationships between the incidence and
extent of lesions and markers of biochemical hyperandrogenism and insulin resis-
tance suggest that these two factors may be the main determinants of the effects of
PCOS on trophoblastic and placental tissue [37, 38]. In addition, that alterations
vary among PCOS phenotypes [39]. A higher rate of abnormalities, both on the
trophoblastic and on placental tissue, was observed in patients with full-blown and
non-PCOM phenotypes, suggesting the importance of the role played by hyperan-
drogenism and high follicular excess (i.e., PCOM) as negative and positive predic-
tors, respectively, of favorable outcome [39].

On the other hand, a retrospective large analysis [40] showed an association
between the number of oocytes retrieved and adverse obstetric outcomes of preterm
delivery and children born with a low birth weight after IVF treatment. Specifically,
women with more than 20 oocytes retrieved have a higher risk of adverse obstetric
outcomes suggesting potential causative relationship with PCOS/PCOM [40].
Moreover, because no data were available about the gonadotrophin doses and pro-
tocol used, it is possible to conclude that an excessive ovarian stimulation is related
with adverse pregnancy outcomes.

Based on these considerations, the importance of a transverse knowledge about
the infertility and the PCOS in order to consider the specificities of the syndrome in
the field of infertility/subfertility is clear. A recent online survey on the diagnosis
and management of infertile patients with PCOS in IVF centers (http://www.ivf-
worldwide.com/survey/pcos-results.html) demonstrated that experts in infertility
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treatments and in ART procedures have heterogonous and frequently wrong ideas
and conceptions on the PCOS definition, diagnosis, and management. Thus, an up-
to-date knowledge on infertility in the context of the PCOS is probably needed and
will be provided in the current book, and evidence-based guidance on its treatment
will be also suggested. Anovulation, oocyte quality, and endometrium competence
in women with PCOS will be deeply discussed in the next chapters. The aspects of
the infertility and subfertility cofactors in infertile patients with PCOS, as well as
the impact and the interaction of PCOS phenotypes on the reproductive outcome,
will be approached. Not only the classical medical treatments for treating the PCOS-
related ovulatory dysfunction, including clomiphene citrate, letrozole, metformin,
inositol, and gonadotrophins, but also other potential therapeutic approaches, such
as laparoscopic ovarian drilling and acupuncture, will be reviewed. Careful and
critical attention will be also devoted not only to the non-pharmacological approach
such as the lifestyle interventions but also to the use of controlled ovarian stimula-
tion undergoing intrauterine insemination or IVF with or without IVM of oocytes.
Finally, having in mind all potential and available treatments, it is particularly
important that the strategy of treating infertility in women with PCOS should be
considered as the simultaneous and/or sequential association of one or more inter-
ventions in order to maximize the chances to achieve a single healthy baby in the
shorter time and in the safer manner for the mother and the child.
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Diagnostic Criteria for PCOS

Francesco Orio and Giovanna Muscogiuri

2.1 Introduction

Polycystic ovary syndrome (PCOS) is a heterogeneous and complex disorder that
has both metabolic and hormonal implications and that represents one of the major
causes of infertility in women. Great efforts have been made in the last two decades
to identify diagnostic criteria for this syndrome. Besides the hormonal aspects, met-
abolic issues such as insulin resistance and obesity and the susceptibility to develop
earlier than expected glucose intolerance states have encouraged the notion that
these aspects should be included in the diagnostic criteria to plan potential therapeu-
tic strategies in affected women. Further, PCOS clusters in families and both female
and male relatives can show stigmata of the syndrome thus suggesting a genetic
background. Genome-wide association studies have identified a number of candi-
date regions that should be further investigated in order to identify their role in the
development of the syndrome.

In this chapter, the main criteria to diagnose PCOS will be summarised and dis-
cussed highlighting the potential strengths and limitations.

2.2  Historical Viewpoint

In 1935, Stein and Leventhal described several cases presenting with oligomenor-
rhoea/amenorrhoea combined with the presence at operation of bilateral ovaries
with polycystic ovary morphology (PCOM) [1]. Of these patients, three also pre-
sented obesity and five showed signs of hirsutism. Only one patient was both obese
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and showed hirsutism. These findings were important to demonstrate that not all the
clinical features associated with PCOS must be present along with PCOM proven
by morphology [2-4].

An elevated luteinising hormone/follicle-stimulating hormone (LH/FSH) ratio
has been used as a diagnostic test for PCOS for many years. In fact, women with
PCOS have been reported to have defects of gonadotrophin secretion, including an
elevated LH level, elevated LH to FSH ratio, and an increased frequency and ampli-
tude of LH pulsations [5, 6]. Despite the large use of this parameter to diagnose
PCOS, concerns about the clinical utility of the ratio have led to the Rotterdam
European Society for Human Reproduction and Embryology/American Society for
Reproductive Medicine (ESHRE/ASRM) consensus statement on PCOS recom-
mending against its inclusion.

The introduction of transvaginal ultrasonography was of paramount importance
to demonstrate that patients with oligomenorrhoea, obesity, and hirsutism do not
necessarily have the typical PCOM on ultrasound [7, 8]. Since the aetiology of
PCOS is far from well understood, diagnostic criteria for PCOS have been revised
several times [2, 9]. Specialty groups may still differ in their use of diagnostic crite-
ria and diagnostic workup, as well as in their choice of first- and second-line treat-
ment [9].

2.3  Available Diagnostic Criteria

Three principal set of criteria of PCOS are in widespread use today.

2.3.1 National Institutes of Health (NIH) Criteria

The first set of criteria comes from the proceedings of an expert conference
sponsored in part by the National Institute of Child Health and Human Disease
(NICHD) of the US National Institutes of Health (NIH) on April 16-18, 1990.
During this meeting, all participants were surveyed regarding their perception
of what features formed part of PCOS, and Drs Zawadski and Dunaif sum-
marised the findings in the meeting proceedings [10]. They concluded that the
major criteria for PCOS should include (1) hyperandrogenism (defined as exces-
sive terminal hair that appears in a male pattern, acne or androgenic alopecia)
and/or hyperandrogenemia (elevated serum androgen level and typically
includes an elevated total, bioavailable or free serum testosterone), (2) anovula-
tion or oligo-ovulation (anovulation may manifest as frequent bleeding at inter-
vals <21 days or infrequent bleeding at intervals >35 days; a midluteal
progesterone lower than 3—4 ng/mL may help with the diagnosis) and (3) exclu-
sion of other known disorders (Table 2.1).

Hirsutism can be assessed using the Ferriman-Gallwey score or its validated
modifications (Fig. 2.1).
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Table 2.1 Diagnostic criteria for PCOS according to the 1990 NIH conference, the revised crite-
ria from the ESHRE/ASRM sponsored consensus meeting (2003) and the criteria of the Androgen
Excess Society (2006)

Androgen Excess and PCOS

NIH criteria (1990) Rotterdam criteria (2003) Society (2006)
Must include all the following: Must include two of the Requires all the following:
— Hyperandrogenism and/or  following: — Hirsutism and/or
hyperandrogenemia — Anovulation or hyperandrogenemia
— Anovulation or oligo-ovulation — Oligo-ovulation and/or
oligo-ovulation — Clinical and/or biochemical PCOM
signs of hyperandrogenism
- PCOM

Exclusion of other possible related disorders: ovarian or adrenal androgen-secreting tumours, thy-
roid disease, hyperprolactinemia, nonclassical congenital adrenal hyperplasia

FERRIMAN-GALLWEY SCORE MODIFIED FERRIMAN-GALLWEY SCORE
e - 11 areas S 9 areas
s R e - Score 0 (no growth) » - .. 1
L e . - g ' ' 1 | -Score0-4
v B - Score 4 (maximal growth) .
7 i | " p— - Score max 36

- Score max 44

., W el Y T
|

Ferriman & Gallwey, J Clin Endocrinol Metab 7967 Hatch et al., Am J Obstet Gynecol 1987

SIMPLIFIED FERRIMAN-GALLWEY SCORE

4‘_/\ i,_('\ L‘“ ‘L,('\ - 3 areas

- Score 0-4
e e fesne sinaf - Score max 12
AR

)t 1
(4 (1) 5| G

Cook et al,, Fertil Steri! 2077

Fig.2.1 The Ferriman-Gallwey scoring system to diagnose hirsutism. In the classical Ferriman-
Gallwey score, each of the 11 body areas is rated from 0 (absence of terminal hairs) to 4 (extensive
terminal hair growth), and the numbers in each area are added to obtain the total score. A score >8
generally defines hirsutism. In the modified Ferriman-Gallwey score, each of the nine body areas
is rated from O (absence of terminal hairs) to 4 (extensive terminal hair growth), and the numbers
in each area are added to obtain the total score. A score >6 generally defines hirsutism. In the
simplified Ferriman-Gallwey score, each of the three body areas is rated from O (absence of termi-
nal hairs) to 4 (extensive terminal hair growth), and the numbers in each area are added to obtain
the total score. A score >3 generally defines hirsutism

The differential diagnosis for PCOS includes adrenal congenital hyperplasia
(post-ACTH stimulation 17 hydroxyprogesterone higher than 300 ng/dL),
hyperprolactinemia (prolactin levels higher than 12 mg/L), hypothyroidism
(TSH higher than 4.5 mLU/L), Cushing’s syndrome (11 pm salivary cortisol
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higher than 0.15 ug/dL, 24-h urine free cortisol higher than 50 ug/d, overnight
1 mg dexamethasone suppression higher than 1.8 ug/dL), premature ovarian
insufficiency (FSH higher than 30 mUI/mL and oestradiol lower than 20 pg/mL)
and virilising adrenal and ovarian cancer. The virilising cancers are associated
with high levels of androstenedione (>3 ng/mL) and/or DHEA-S (>3500 ng/
mL) and/or DHEA (>9 ng/dL). However, most of the signs that are common to
PCOS are often not specific for PCOS. In fact, oligomenorrhoea is common
after menarche during normal puberty and is therefore not specific to adoles-
cents, as well as acne is common, although transitory during adolescence.

The survey of the NIH had the advantage to identify PCOS as a diagnosis of
exclusion of other androgen disorder along with ovarian consequences. The NIH/
NICHD criteria interpreted clinical hyperandrogenism as hirsutism, since more than
70% of hirsute women are hyperandrogenemic [2]. Consequently, three principal
phenotypes are generally identified: (a) women with hirsutism, hyperandrogenemia,
and oligo-ovulation, (b) women with hirsutism and oligo-ovulation or (c) women
with hyperandrogenemia and oligo-ovulation (Table 2.1). Thanks to the NIH/
NICHD criteria, it has been begun to understand the enormous high prevalence of
the disorder [2, 3, 7, 8] and the high frequency of insulin resistance [9, 11] with
increased risk of developing type 2 diabetes mellitus that often accompanied this
syndrome [12, 13]. The broadening of the diagnostic criteria has led to a large body
of research comparing the PCOS phenotypes. However, an unintended consequence
of the broadening of the diagnostic criteria has been the inclusion in studies of mul-
tiple PCOS phenotypes without stratification. This failure to investigate precisely
defined PCOS phenotypes has resulted in confusion in the literature because the
metabolic features of the syndrome vary by phenotype. Based on this issue, Drs.
Dunaif and Fauser proposed provocatively to distinguish the syndrome in a meta-
bolic phenotype and a reproductive phenotype [14]. The main debate raised by these
criteria was around the fact that PCOM were very commonly associated with hirsut-
ism and hyperandrogenemia in women with regular, ovulatory, cycles [15, 16]. This
is because anovulation is not necessarily chronic, and that intermittent, or even
prolonged, episodes of regular, ovulatory, cycles could punctuate the pattern of
anovulatory vaginal bleeding or amenorrhoea [1, 17, 18].

2.3.2 ESHRE/ASRM Criteria

The burgeoning issue for including ovulatory women with PCOM and hyperan-
drogenism in the definition of PCOS was a major determinant in motivating the
ESHRE/ASRM workshop. This consensus conference among expert of PCOS was
convened in Rotterdam, the Netherlands, on May 1-3, 2003, sponsored in part by
the ESHRE and the ASRM [19, 20]. The meeting proceedings recommended that
PCOS be defined when at least two of the following three features were present: (1)
oligo- and/or anovulation, (2) clinical and/or biochemical signs of hyperandrogen-
ism and (3) PCOM. These criteria again highlighted that PCOS is a diagnosis of
exclusion (see above and Table 2.1).
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Tablg 2.2 Threshold of Sono- 2003 Rotterdam criteria
graphic ovarian characteristics Number of follicles >12 follicles
proposed at the 2003 Rotterdam . .

. . Measures of follicles 2-9 mm in diameter
consensus for the diagnosis of R .
PCOM Ovarian size >10 mL?

PCOM as defined by the 2003 Rotterdam criteria referred to the presence of at
least one ovary exhibiting 12 or more follicles measuring 2-9 mm in diameter,
regardless of location, and/or a total volume > 10 mL?, as determined by transvagi-
nal ultrasound (Table 2.2) [19, 20]. This definition differs somewhat from that origi-
nally proposed by Adams and colleagues [21] using transabdominal ultrasound that
defined PCOM as those containing at least ten follicles between 2 and 8§ mm in
diameter in one plane, arranged either peripherally around a dense core of ovarian
stroma or scattered throughout an increased amount of stroma. These latter investi-
gators have more recently modified their definition to consider as PCOS those con-
taining at least eight follicles 2—8 mm in diameter [22]. The number of women who
were misclassified by using the modified Adams et al. [22] criteria versus the
Rotterdam criteria is negligible.

The recent use of three-dimensional sonography enables the assessment of the
volume of the ovary and ovarian follicles. Using the difference between these two
parameters, the volume of the ovarian stroma can be assessed. The use of stromal
volume to ovarian volume ratio as a diagnostic feature of PCOS that correlates with
androgen concentration has been demonstrated of value [23]. However, stromal
volume is a variable that is strictly correlated with the volume of the entire ovary.
That is why its assessment is of little use in clinical practice.

It should be noted that the 2003 Rotterdam criteria defined a population of
patients that is inclusive of those women previously diagnosed as having PCOS
according to the 1990 NIH/NICHD criteria. In fact, the 2003 Rotterdam criteria
have expanded but not replaced the NIH (1990) criteria. The 2003 Rotterdam crite-
ria added two new phenotypes of PCOS, namely, patients who have PCOM, hirsut-
ism and/or hyperandrogenemia but have normal ovulation and women who have
PCOM and irregular ovulation but no sign of androgen excess [24-26]. As conse-
quence of accepting these two phenotypes, the Rotterdam 2003 criteria increase the
phenotypic heterogeneity of the disorder thus decreasing the ability of genetic and
other molecular studies to detect a common underlying abnormality. However, a
finding of PCOM can predict the response to ovulation induction, because women
with this ovarian morphology are more sensitive to gonadotrophin stimulation than
spontaneously cycling women, possibly as a result of the larger pool of small antral
follicles available for recruitment [27].

A positive correlation has been found between anti-Miillerian hormone (AMH)
levels and the number of small follicles as well as ovarian volume. The results of
published studies indicated that the level of AMH is higher in patients with PCOS,
which can be helpful in the diagnosis in this syndrome [28-30]. An AMH cut-off
value of 20 pmol/L has been suggested for diagnosis of PCOS [31]. Further, it has
also been shown that there is a correlation between higher AMH concentration, rare
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menstruation and hyperandrogenism. However, due to the usage of various methods
to analyse plasma AMH levels, it is difficult to compare previous studies and to
identify cut-offs for PCOS patients.

2.3.3 Androgen Excess (AE)-PCOS Society Criteria

The most recent criteria were defined by a task force of the Androgen Excess (AE)-
PCOS Society in 2006, which recommended the following diagnostic criteria for
PCOS: (1) hirsutism and/or hyperandrogenemia, (2) oligo-ovulation and/or PCOM
and (3) exclusion of other androgen excess or related disorders (Table 2.1). The
AE-PCOS (2006) attempts to make a balance between the NIH (1990) and the
Rotterdam (2003) definitions, using a careful review of the literature to substantiate
their criteria [32]. In this definition, ovulatory women with hirsutism and/or hyper-
androgenemia, and PCOM, are defined as having PCOS owing to their increased
risk of metabolic dysfunction, albeit less than core PCOS patients. However, the
AE-PCOS definition does not include patients who solely demonstrate ovulatory
dysfunction and PCO on ultrasound, without evidence of androgen excess, as hav-
ing PCOS. The AE-PCOS (2006) criteria identify individuals with PCOS who have
an increased risk of metabolic dysfunction, albeit less than the 1990 NIH criteria.

2.4  Actual Limitations and Future Perspectives

The main limit of the current guidelines for the diagnosis of PCOS is that it is con-
sidered only as a fertility and cosmetic disorder without mention to long-term risks
[33]. An expert panel from the 2012 NIH Evidence-Based Methodology Workshop
on PCOS recommended that clinicians use the more recent Rotterdam criteria for
diagnosis [34]. Consequently, the prevalence of PCOS has doubled after starting the
broader Rotterdam or AE-PCOS Society criteria with 1990 NIH-defined PCOS
being the most common phenotype. Evaluation of women with PCOS should
exclude alternate androgen excess disorders and risk factors for endometrial cancer,
mood disorders, obstructive sleep apnoea, diabetes, and cardiovascular disease [35].

However, important and specific limitations and weaknesses of each of the three
cardinal features in PCOS diagnosis also exist and are detailed in Table 2.3.

The European Society of Endocrinology suggested to implement the diagnostic
criteria of PCOS with the use of new biomarkers of androgen excess and ovarian
dysfunction and in particular the development of a more objective method to define
and quantify hirsutism in the different parts of the body. Further, they suggest to pay
more attention to the impact of androgen on metabolism as key point for the preven-
tion of type 2 diabetes and cardiovascular events not only during adult age but
extended to well after the menopause [36]. Recently, it was highlighted the notion
that corrects diagnosis of PCOS impacts on the likelihood of associated metabolic
and cardiovascular risks and leads to appropriate intervention, depending upon the
woman’s age, reproductive status and her own concerns. Further, management of
infertility in women with PCOS requires an understanding of the pathophysiology of
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Table 2.3 Diagnostic strengths and weaknesses of the main diagnostic features of PCOS

Diagnostic criteria Strength Limitation

Hyperandrogenism Included as a component ~ Measurement is performed only in
in all major classifications  blood
A major clinical concern ~ Concentrations differ during time of
for patients day and age
Normal data/values are not clearly
defined
Assays are not standardised across
laboratories
Clinical hyperandrogenism is hard to
quantify and may vary by different
ethnic
Ovulatory dysfunction Normal ovulations vary in lifespan
Ovulatory dysfunction is difficult to
measure objectively

PCOM Historically associated Technique dependent
with syndrome Difficult to obtain standardised
measurement
May be present in other diseases (low
specificity)

Modified by Legro et al. [35]

Table 2.4 New diagnostic tools (and thresholds) for PCOM

(1) The threshold for FNPO defining PCOM should be >25 follicles per whole array
(a) This threshold applies to use of newer imaging technology (essentially transducer
frequency >8 MHz)
(b) FNPO is recommended over OV since FNPO has been shown to have greater
predictive power for PCOS and less variability among populations aged 18-35 years
(c) Real-time methods should follow recently proposed standardisation. Offline methods,
with either 2D or 3D ultrasound, must be applied after completion of a learning curve
and standardisation
(2) The threshold for OV should remain at >10 mL
OV may have a role in instances when image quality does not allow for reliable estimates
of FNPO
(3) The use of the AMH assay as a surrogate to ultrasound is for research purpose only at the
present time. Only in-house AMH threshold for PCOM can be used until there is
standardisation of the assay techniques

From Dewailly et al., Hum Reprod Update 2014

anovulation [37]. Lastly, it is mandatory to highlight that PCOS diagnosis does not
mean PCOM. In fact, PCOM may be part of a wider PCOS spectrum, where only a
minority of patients may show hyperandrogenism and most of whom have no hor-
monal dysfunctions [4]. A task force report from the AE-PCOS Society recommends
using follicle number per ovary for the definition of PCOM setting the threshold at
>25, but only when using newer technology that affords maximal resolution of ovar-
ian follicles (i.e. transducer frequency > 8 MHz). If such technology is not available,
they recommend using ovarian volume rather than follicle number per ovary for the
diagnosis of PCOM for routine daily practice but not for research studies that require
the precise full characterisation of patients (Table 2.4). The appropriateness of
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proposed thresholds for follicle number per ovary can be influenced by several fac-
tors as described in Table 2.5 [38]. As reported in Table 2.2, the recommended crite-
ria of the ASRM/ESHRE consensus meeting recommended to fulfil at least one of
the following criteria to diagnose PCOM: either 12 or more follicles measuring
2 + 9 mm in diameter or increased ovarian volume (>10 cm?®). If there is a follicle
>10 mm in diameter, the scan should be repeated at a time of ovarian quiescence to
calculate volume and area. The presence of a single PCOM ovary is sufficient to

Table 2.5 Parameters contributing to variations in thresholds for follicle number in polycystic

ovaries
Inconsistent parameter
among studies Considerations
Clinical Definition of PCOS Potential to yield heterogeneous cohorts
populations PCO as an inclusion criterion is controversial
Inclusion criteria for Recruitment methods for controls often not
controls specified
Appropriateness of subfertile women as controls
PCO as an exclusion criterion is controversial
Age Thresholds do not apply to women <18 and >35
years
Ethnicity Follicle counts may vary among ethnic
populations
Statistical Arbitrary cut-offs Biased by the interpreter
approach Based on 100% Biased at the expense of test sensitivity

Technical issues

specificity

ROC curve analysis
with Youden’s Index
95th percentile of
control population
Newer versus older

Balances test sensitivity and specificity

Concedes a false negative rate
Concedes a false positive rate
More follicles can be visualised using newer

technology ultrasound technology
TA versus TV TA approaches are indicated for certain clinical
ultrasound populations

Real-time versus offline
counts

2D versus 3D follicle
counts

Visualisation is poorer using low frequency TA
approaches, particularly with obesity

Increased duration for post hoc analyses

Offline methods yield higher counts

Potential for increased precision in follicle
counts made offline

Increased cost of 3D equipment

3D affords shorter scan time for patients

3D allows for multi-planar and volume based
assessments of follicle counts from stored image
files

3D multi planar view has highest reliability in
follicle counts

3D methods yield lower follicle counts
Automated assessment of follicle counts by
reconstructed volumes requires further validation
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provide the diagnosis. The distribution of follicles and a description of the stroma are
not required in the diagnosis [39].

A role of the AMH assay has been also suggested as criterion of PCOS and specifi-
cally of PCOM or antral follicular excess [40]. Moreover, AMH concentrations seem
to be an effective predictor of pregnancy and live birth rates only in women with
PCOS without PCOM [41]. This issue will be discussed more in deep in Chap. 8.

Conclusion

Although it is clear that PCOM are a frequent feature of PCOS, this controversy
highlights the immediate and considerable need for additional investigation into
PCOS and its associated phenotypes and morbidities. It is crucial to establish the
diagnostic criteria for PCOS because the long-term consequences of PCOS are
still unclear, and the early treatment, including infertility management, may play
arole in the prevention of metabolic and cardiovascular diseases. The new gen-
eration of ultrasonography as well as the measurement of anti-Miillerian hor-
mone and genetics of PCOS may contribute in developing tailored therapeutic
strategies to treat women with PCOS.
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Anovulation in Women with PCOS

Ujvala Rao and Roy Homburg

3.1 Introduction

Polycystic ovary syndrome (PCOS) is the most common cause of anovulatory sub-
fertility and affects up to 10% of the female population. Given this significant bur-
den, there has been much research into its aetiology and management. Despite many
attempts, it has been difficult to define what exactly is the cause of anovulation in
PCOS. There are various features of PCOS which could contribute to the disruption
of ovulation and these will be discussed in this chapter. Before we launch into this
discussion, we will revise the process of normal ovulation.

3.2 Ovulation

The hypothalamus secretes gonadotrophin-releasing hormone (GnRH), a decapep-
tide that is conveyed into the portal circulation between the hypothalamus and the
pituitary. Here, relatively low doses of GnRH, which cannot be easily detected in
the peripheral circulation, stimulate the pulsatile secretion of follicle-stimulating
hormone (FSH) and luteinizing hormone (LH). FSH pulses are difficult to measure
due to its long half-life. The frequency of LH pulses varies during the cycle from
every 60-90 min in the follicular phase to 8—12 hourly in the late luteal phase. The
amplitude of the pulses also varies and is greater preceding ovulation and again in
the luteal phase [1]. This pulsatile release is key to the process of ovulation as sus-
tained release of GnRH has an inhibitory effect on the hypothalamic-pituitary-
ovary (HPO) axis.
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As it develops, the oocyte is enveloped by granulosa cells and theca cells. As the
dominant follicle approaches maturity, the theca cells differentiate into the theca
interna and externa layers. Towards the end of the menstrual cycle as the corpus
luteum degenerates, secretion of progesterone, oestrogen and inhibin A decreases,
bringing to an end the negative feedback of these substances upon the hypothala-
mus. As a result, FSH is released and recruits a cohort of small antral follicles and
then induces differentiation of granulosa cells. FSH also has the effect of sensitizing
the dominant follicle to the effect of LH, a key factor in producing ovulation approx-
imately 36 h after the LH surge. The pulses of LH act on the theca cells and stimu-
late the production of the androgens androstenedione and testosterone. These are
then conveyed to the granulosa cells where they are converted to oestradiol by the
action of aromatase. The activity of aromatase is stimulated by FSH. During this
process, oestradiol levels rise, eventually providing negative feedback upon FSH
secretion.

Mid-cycle, the large surge of LH secretion is brought about by several factors.
Oestradiol levels which have been slowly rising and have a negative feedback effect
upon the pituitary suddenly switch to a positive feedback situation. There is also
increased sensitivity of the pituitary GnRH receptors. The LH surge has the effect
of causing ovulation, stimulates oocyte maturation by inducing resumption of meio-
sis and produces luteinization of the granulosa cells leading to the formation of the
corpus luteum.

The selection of the dominant follicle occurs due to the fact that one follicle usu-
ally develops greater sensitivity to FSH stimulation. Therefore, as FSH concentra-
tions fall under the negative feedback mechanism, this follicle continues to grow
and produces a greater concentration of oestradiol and inhibin.

3.3 Anovulation in PCOS

In 1935, Stein and Leventhal first described PCOS from their observations of seven
women who had enlarged ovaries, amenorrhoea, infertility and hirsutism. Their
hypothesis was that the sclerocystic thickening of the ovarian cortex prevented the
expulsion of the oocyte and hence led to disturbance of ovulation [2]. This appeared
to be supported by the finding that ovarian wedge resection restored ovulation.

As time has gone by, it has become apparent that the basic lesion of PCOS is
an endocrinological disturbance within the ovary itself—an excessive produc-
tion of androgens. This is associated with various extra-ovarian hormonal
abnormalities including insulin resistance, hyperinsulinaemia and raised con-
centration of LH [3]. Despite these many endocrinological associations with
PCOS, none of these individually serve to explain the pathogenesis of the
condition.

PCOS has been found to be more common in female relatives of affected women,
leading to a hypothesis that the condition is genetically inherited though perhaps
risk is modified by environmental factors. One study found that 22% of the sisters
of women with PCOS fulfilled the diagnostic criteria themselves [4]. It was earlier
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thought that the condition exhibited an autosomal dominant pattern of inheritance
but this has not been confirmed by more contemporary studies, which have sug-
gested a more complex genetic pattern. Various genes have been implicated such as
the fibrillin-3 gene and those that code for insulin receptors such as IRS-1. However,
these findings have not been reproducible, at least partially due to small sample
sizes and incomplete examination of the genes in question. Pregnant women with
PCOS have been found to have elevated testosterone levels. Hence, another hypoth-
esis for the aetiology of PCOS has been intrauterine exposure to androgens. It is,
however, not clearly documented that the foetus is exposed to these elevated andro-
gen levels. Cord blood androgen studies have shown mixed results. Increased sex
hormone-binding hormone activity as well as the aromatase activity of the placenta
may serve to reduce the effective concentration of androgen to which the foetus is
exposed. Studies looking to confirm the level of intrauterine androgen exposure are
ongoing [5].

In recent years, anti-Mullerian hormone (AMH) has emerged as a key player in
the natural history of PCOS. We will explore the role of AMH and various other
substances below (see also Chap. 8).

3.3.1 Abnormalities of gonadotrophin Release

PCOS is associated with an increase in pulse frequency and amplitude of LH and a
normal or dampened frequency of FSH pulsatility. Studies in the daughters of PCOS
patients around the time of puberty have shown that hypothalamic-pituitary abnor-
malities are apparent this early in a PCOS patient’s life. Instead of the usual increase
in pulsatility of LH release seen overnight, there is an increase LH pulsatility from
the late afternoon. Hence, it is apparent that the GnRH pulse generator is altered
very early in the course of PCOS [6]. LH pulse frequency in PCOS women does not
exhibit the cyclic variation seen in women with ovulatory cycles. LH pulses are
observed approximately hourly throughout the cycle. It is unclear whether the cause
for this lies in the hypothalamus, pituitary or peripheral feedback mechanisms.

3.3.2 Hyperandrogenism

The ovaries produce all three classes of sex steroids, namely, oestrogens, progestins
and androgens. As distinct from the adrenal gland, the ovary does not have
2la-hydroxylase or 11f-hydroxylase reactions; hence, there is no production of
glucocorticoids or mineralocorticoids. The two androgens secreted by the ovary are
androstenedione and dehydroepiandrosterone (DHEA). Androstenedione is pro-
duced by the stromal and thecal cells of the ovaries under the influence of LH. Around
half of the androstenedione production in the female is from the ovary with the other
half originating from the adrenal gland. DHEA derives mainly from the adrenal
gland. Androstenedione is usually converted into oestradiol by the FSH-driven aro-
matase enzyme but as described below, aromatase activity is reduced in women with
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PCOS. The surplus of androstenedione within the ovary is converted into oestrone
and also into testosterone. The ovary also secretes androstenedione into the circula-
tion, and this is partially converted in the peripheral tissues to testosterone. Increased
concentrations of androstenedione, testosterone, oestrone and DHEA are seen in
women with PCOS [7].

In vitro experiments have found that hyperandrogenism accelerates the develop-
ment of follicles from primordial follicles to small antral follicles [8]. As a result,
the density of pre-antral and small antral follicles in the polycystic ovary is six times
that of the normal ovary. These follicles do not appear to undergo the expected pro-
gression into ovulatory follicles and also undergo a reduced rate of apoptosis [9].
This explains the typical appearance of the polycystic ovary.

3.3.3 AMH

More details regarding AMH will be given in Chap. 8. Briefly, AMH belongs to
the transforming growth factor-beta (TGF-B) family and is produced exclusively
by the gonads [10]. It is secreted during early intrauterine life by the Sertoli cells
of the developing testes to induce regression of the Mullerian ducts in the male
foetus. In females, it is secreted throughout life by the granulosa cells of the early
primordial follicles. Its secretion increases and peaks in small antral follicles, and
as the follicles progresses to a preovulatory state, the secretion of AMH recedes.
Once a follicle reaches 10 mm in size, the AMH secreted by that follicle becomes
undetectable. There is a strong correlation between the serum AMH and the num-
ber of small antral follicles, and hence it is widely used as a marker of ovarian
reserve [11].

Given that women with PCOS have increased numbers of small pre-antral and
antral follicles, their AMH concentrations are markedly increased compared to
those women with normal ovaries. This has been substantiated by several studies
[12, 13]. However, the mere number of follicles is not the only explanation for
raised AMH levels in PCOS patients. It has been shown that the granulosa cells of
anovulatory ovaries produce up to 75 times more AMH than those of women with
regular cycles and normal ovaries and up to twice as much AMH as PCOS patients
with ovulatory cycles [14]. Laven et al. also showed that AMH concentrations cor-
relate positively with levels of LH, testosterone, mean ovarian volume as well as the
number of ovarian follicles. Perhaps as a result of all of these correlations, the
higher the AMH, the more severe the PCOS.

The exact function of AMH beyond foetal life has been the subject of various
studies and remains unclear. In studies involving both rodent and human granu-
losa cells, exposure to high levels of AMH decreased the expression of aroma-
tase messenger RNA [15, 16]. This leads to a lower than expected concentration
of oestradiol within follicles [17]. Pellatt et al. proved this finding and further
confirmed that AMH also has the effect of reducing the expression of FSH
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receptor mRNA. As a result, it has been hypothesized that AMH inhibits the
effect of FSH on follicles until they reach a size greater than 10 mm after which
AMH concentrations fall [18].

The concentration of AMH in PCOS patients is demonstrably higher in those
women with amenorrhoea compared to those with oligomenorrhoea who, in turn,
have higher AMH levels than those with regular menstrual cycles [13]. The corollary
to this finding is that the higher the AMH, the greater the ovulatory disturbance.

AMH also appears to interact with the other hormones within the HPO axis, further
perpetuating the cycle of anovulation. These mechanisms are described in Fig. 3.1.

3.3.3.1 FSH and AMH

A finding of low FSH concentrations in PCOS patients would help to make sense of
the anovulation characteristic of the condition. However, serum FSH levels are usu-
ally within normal limits albeit at the lower end of this range. There is however
evidence of the fact that there is endogenous inhibition of the action of FSH, likely
as a result of high AMH concentrations within the antral follicles [18].

It is apparent that this inhibitory function of AMH can be overcome by exoge-
nous FSH or by stimulating a surge of FSH as in clomiphene ovulation induction.
Clomiphene treatment restores ovulation in approximately 80% of patients (see
Chap. 9). Even low doses of exogenous FSH have been shown to stimulate domi-
nant follicular development [19]. This is a reassuring finding for those faced with
the common clinical scenario of the subfertile PCOS patient.
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3.3.3.2 LHand AMH

AMH and LH concentrations show a positive correlation as demonstrated by numer-
ous authors [17, 20, 21]. The exact mechanism of this association is yet to be
described but there are various plausible explanations for it. As described earlier in
this chapter, disturbance of LH pulse frequency is an early lesion of PCOS and leads
to an increased concentration of LH in the circulation. LH receptors are only found
on theca cells of the follicles. LH acts on these cells to stimulate the conversion of
cholesterol into androstenedione and testosterone. These androgens promote the
progression of primordial to pre-antral follicles, which then produce an abundance
of AMH.

Extrapolating from these associations, a gross method of reinstating ovulation
would be to reduce the number of follicles in the ovaries, which would then result
in lower AMH concentrations. This marries up well with the initial findings of Stein
and Leventhal, who proved that a wedge resection of ovarian tissue restores ovula-
tion as does the destruction of follicles in laparoscopic ovarian drilling. Beyond the
age of 40, there is an accelerated loss of follicles, and hence it is not unusual for
PCOS women to resume regular menstrual cycles as they cross this age [22].

However, waiting for a woman to reach the age of 40 or removing part of her
ovary would not be high on the list of therapeutic options for the subfertile PCOS
patient. There exist several methods of ovulation induction which are discussed in
later chapters of this book. AMH concentrations appear to predict the response to
these treatments in many cases. Weight loss of less than 5% of body weight has been
shown to restore ovulation in up to 60% of PCOS patients (see also Chap. 13). It
does however seem that women with higher AMH levels before weight loss are less
likely to resume regular menstrual cycles after weight loss [23]. A study comparing
AMH values in PCOS patients undergoing laparoscopic ovarian drilling found that
women who had a higher AMH pre-procedure were less likely to resume spontane-
ous ovulation post-operatively and further identified a cut-off AMH of 7.7 ng/mL
above which spontaneous ovulation was unlikely [24].

Conclusion

Although the exact aetiology of anovulation in PCOS has not yet been defined,
the various factors outlined above, particularly the role of AMH, help us under-
stand the ovulatory disturbance and provide parameters upon which to make
treatment decisions.
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Oocyte Quality in PCOS

Christine Decanter

4.1 Introduction

Polycystic ovarian morphology (PCOM) and polycystic ovary syndrome (PCOS)
are very common findings in an in vitro fertilization (IVF) centre population,
explaining why the concept of oocyte quality is so challenging. Indeed, 18-25% of
the infertile couples meet the diagnosis criteria for PCOS ([1]; http://www.iv{-
worldwide.com/survey/pcos-results.htm), whereas the prevalence of PCOM has
been estimated as high as 33% in asymptomatic patients [2—4]. With the advent of
highly sensitive ultrasound machines, the PCOM, mainly based on the antral follicle
count, has become one of the main diagnosis criteria of PCOS and is now well rec-
ognized to be the common base of the wide spectrum of clinical, hormonal and
metabolic phenotypes of the PCOS. PCOM is characterized by a significantly
enlarged cohort of early growing and recruitable follicles. This excessive follicle
number is linked to disturbances in folliculogenesis which are thought to be the
consequence of intra-ovarian hyperandrogenism [5-7] (see also Chaps. 2 and 8).
During controlled ovarian hyperstimulation (COH), the cohort of growing follicles
is frequently heterogeneous in size, with mature, intermediary and small follicles.
In parallel, the number and quality of mature oocytes has been proposed as being
poor [6, 8, 9] leading to lower pregnancy rates and higher abortion rates. Furthermore,
recent data suggested that oocyte competence could be impaired in PCOS patients
due to an inadequate dialogue between the cumulus cells and the oocyte and an
impairment of the follicular microenvironment [10, 11].

Despite these assumptions, the paucity of clinical studies focusing on oocyte
quality in PCOS women does not allow to make definitive conclusions. Most of
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these studies are retrospective, concerning PCOS patients diagnosed with heteroge-
neous criteria and with various clinical and metabolic phenotypes with a historical
control group [12—17] (see also Chaps. 2 and 7).

Mostly, oocyte quality was only extrapolated through fecundation, implantation
and pregnancy rates according to the number of mature oocytes, i.e. metaphase II
oocytes [12—17]. Consequently, the results provided by these studies are conflicting,
reporting either a better oocyte/embryo quality and pregnancy rates or vice versa.

The concept of oocyte quality represents the oocyte developmental competence,
meaning the intrinsic ability of oocytes to undergo meiotic maturation, fertilization,
proper embryonic development and successful pregnancy [18]. These competences
are progressively acquired during the follicular development through the cross-talk
between oocyte and somatic/surrounding granulosa cells (GCs) [19]. As follicular
growth disturbances have been widely shown in PCOS, especially during COH, it
has been postulated that the consecutive endocrine and/or paracrine follicular
microenvironment modifications could have detrimental effects on the oocyte
quality.

In this review, we will firstly focus on the main approaches proposed to investi-
gate oocytes from PCOS, and then we will look over the clinical relevance of all the
compiled results from these studies by examining the final oocyte competence dur-
ing the IVF process in PCOS patients.

4.2  Evaluation of Oocyte Quality

Evaluating the oocyte quality is obviously complicated because of the few number
of oocytes retrieved during the IVF process. Hence, there is various ways, invasive
or non-invasive, direct or indirect, to investigate the oocyte competence. Three main
approaches, morphological, genetic and OMICS, have been proposed to investigate
oocytes from PCOS.

4.2.1 Morphological Approach

After having removed the cumulus-corona cells in preparation for intracytoplasmic
injection (ICSI), oocyte evaluation is based on the nuclear maturation status, the
morphology of the cytoplasm and on the appearance of the extracytoplasmic struc-
tures. A higher number but a same rate of metaphase II oocytes between PCOS
patients and controls were highlighted in various retrospective studies [12—14], as
well as a higher number but a same rate of top-quality embryos [13, 14]. These
results were confirmed in the meta-analysis of Heijnen et al. and in a recent prospec-
tive study comparing PCOM patients versus non-PCOM [20, 21]. Despite being the
main morphological indicator, nuclear maturity examination alone is not enough to
determine the quality of an oocyte: the nucleus and the cytoplasm have to mature in
synergy in order to reach the conditions for an optimal fertilization rate. In addition,
it is now well recognized that some specific morphological oocyte abnormalities,
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such as the presence of a wide perivitelline space (PVS) or a granular cytoplasm,
must be given attention since it has been reported that they are associated with a
significant decrease in the chance of fertilization [22, 23]. Only three studies are
interested in oocyte morphology in PCOS patients. Sahu et al. [13] reported similar
oocyte morphology in isolated PCOM, PCOS and age-matched controls. Sigala
et al. [21] performed a prospective comparative study with a systematic examina-
tion of oocyte morphology in PCOM versus non-PCOM patients. Nuclear matura-
tion, extra- and intracytoplasmic oocyte abnormalities were assessed, i.e. fragmented
or abnormal first polar body (IPB), abnormal zona pellucida (ZP), presence of an
enlarge perivitelline space (PVS) or material in the PVS and an abnormal shape of
the oocyte [21]. No specific morphological abnormalities as well as no difference
regarding the incidence of these abnormalities were observed in the PCOM versus
non-PCOM patients. In this study, PCOM was defined according to the threshold of
19 follicles per ovary. Among the PCOM group, there were 52.5% of PCOS and
47.5% of PCOM only. No difference was observed between oocytes from PCOS
and PCOM-only patients, but it has to be mentioned that obese PCOM patients were
excluded [21]. Piomboni et al. [24] compared the oocyte quality based on the pre-
cited morphologic criteria in three groups of nonobese PCOS patients: PCOS treated
by D-chiro-inositol, PCOS treated by metformin and non-treated PCOS. They
showed a significantly higher number of good-quality oocytes in the groups treated
by insulin-sensitizing agents, as well as they highlighted in parallel a significant
reduction of reactive oxygen species production in the follicular fluid [24]. Data on
the effect of inositol on oocyte quality are extensively reviewed in Chap. 16.

A few studies using polarized light microscopy (PLM) have shown, by highlight-
ing meiotic spindle abnormalities, that some of metaphase II oocytes may still be
immature [18, 25]. Indeed, meiotic spindle, when detectable with polscope micro-
scope, is not always aligned with the first polar body (PB1) in fresh metaphase II
oocytes, which may adversely affect the fertilizing ability and in vitro/in vivo devel-
opmental competence [25]. In addition, it has recently been shown that oocytes with
normal spindle morphology are significantly more likely to produce euploid
embryos [26]. Only two studies are interested in the spindle and chromosome con-
figurations in oocytes from PCOS patients. Li et al. [27] compared the incidence of
abnormality in spindle and chromosomal configurations in both in vitro and in vivo-
matured oocytes. A higher rate of abnormalities was found in the group of in vitro-
matured oocytes [27]. Vieira et al. compared in vitro-matured oocytes from PCOS
versus non-PCOS patients and didn’t find any difference [28]. To the point of view
of the authors, it is more likely that the in vitro conditions of oocyte maturation
might explain these meiotic abnormalities rather than the PCOS itself.

4.2.2 Genetic Approach
The decrease of fertilization rate and the increase in pregnancy loss in certain

subgroups of PCOS patients have led to the hypothesis that oocyte and embryos
could be of poorer quality due to a higher aneuploidy rate. Morphological
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examination is insufficient to detect genetic abnormalities such as aneuploidy.
Currently, the only method yielding a definitive evaluation of oocytes/embryos is
aneuploidy diagnosis, which provides information of normal or abnormal chro-
mosomal constitution. Moreover, aneuploidy detection requires breach of the
zona pellucida and biopsy of the polar bodies from the oocyte that is obviously
invasive. Because of the difficulty to directly evaluate the ploidy of the oocytes,
some studies investigated indirectly the genetic potential of the PCOM gamete.
Sengoku et al. [29] performed cytogenetic analysis on the unfertilized oocytes
with normal morphology from PCOS and control patients but didn’t find any dif-
ference in the incidence of aneuploidy or diploidy [29]. Weghofer et al. [30]
examined the association between PCOS and embryonic aneuploidy. They com-
pared the results of preimplantation genetic diagnosis (PGD) between properly
documented PCOS patients and controls. Despite a statistically higher absolute
number of euploid embryos in PCOS group due to the higher number of meta-
phase II oocytes retrieved, there was no difference regarding the rate of aneu-
ploidy [30]. Wang et al. [31] conducted a prospective cohort study by performing
genetic analysis on abortuses from PCOS and non-PCOS patients who conceived
after IVF. The aneuploidy rate was not significantly higher in the PCOS group but
significantly lower in comparison with the non-PCOS patients [31].

4.2.3 OMICS Approach

The emergence of the—OMICS technologies, i.e. epigenomics, genomics, tran-
scriptomics, proteomics and metabolomics, provides a huge amount of new infor-
mation regarding the biological processes involved in the reproductive field.
Although using an invasive technology, microarray-based transcription profiles of
oocytes at various stage of growth and maturation have led to a better understanding
of the genes expressed during oocyte development: disruption of transcription
within an oocyte or any modification of their adequate transcriptomes could com-
promise its growth and development, as well as the resulting embryo, since oocyte
mRNAs pool is strongly correlated with the ability to develop into the blastocyst
stage [32].

Recent cluster of analysis revealed differences in global gene expression profile
between normal and PCOS tissues and oocytes [33]. Wood et al. [34] identified 374
genes with different mRNA transcript levels when analyzing metaphase II oocytes
from normal responders and PCOS patients. A subset of these genes found to be
differentially expressed in PCOS is involved in spindle dynamics, homologous
recombination/chromosome alignment, cell cycle checkpoint and centrosome func-
tion during mitosis and/or meiosis [34]. Furthermore, some of the other differen-
tially expressed genes contain putative androgen receptors and/or peroxisome
proliferating Y binding sites [34]. The authors make the assumption that these
observations could be related to a lower oocyte quality.

Cai et al. [35] interested in the in vitro effects of overexpression of Hsp27 on
oocyte maturation and development derived from PCOS patients as emerging
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evidence indicates this heat-shock protein has strong antiapoptotic properties
and has been shown to be mainly expressed in human oocytes. Interestingly, the
same team has previously shown that Hsp27 was downregulated in ovarian tissue
and in oocytes isolated from women with PCOS [36]. The results of upregulation
of Hsp27 expression were a lowered oocyte maturation rate, similar fertilization
but high-quality embryo blastocyst formation rates leading the authors to postu-
late that Hsp27 could be involved in the apoptotic imbalance of the oocytes via
growth and differentiation factor 9 (GDF9) and bone morphogenic protein
(BMP15) [36].

It is now recognized that there is a continuous bidirectional cross-talk between
oocytes and somatic cells during folliculogenesis through gap junctions and para-
crine signalling [19]. If it is sure that oocyte is nurtured and supported by the
closely associated somatic cells, especially those of the cumulus, the fact remains
that oocyte itself plays an active role via secretion of paracrine signalling factors,
such as GDF9 and BMP15, which maintain an appropriate microenvironment for
a proper follicular growth [19, 33]. It is now possible to identify the transcriptome
of GCs with the microarray technology, and evidence supporting GCs genes
markers as valuable and non-invasive predictors of oocyte competence is rapidly
emerging [37].

As folliculogenesis disturbances frequently occur in PCO patients, it seemed
logical to investigate this oocyte/granulosa cells dialogue. Ouandaogo et al. [38]
compared the transcriptome profiles of cumulus cells (CCs) isolated from in vivo
and IVM cumulus-oocyte complexes (COCs) at different nuclear maturation stages
from normal responders and PCOS patients undergoing ICSI following in vivo or
IVM. In the PCOS subgroup, the authors found a strong alteration of the expression
profile of the CCs derived from IVM metaphase II oocytes in comparison to in vivo
metaphase II oocytes [37]. The expression profile also differed significantly between
normal and PCOS patients, but the authors conclude that these significant differ-
ences were related to the culture condition, not to the PCOS per se [37]. The same
team focused few months later on the gene expression profile in CCs of in vivo
metaphase II oocytes from PCOS and non-PCOS patients using the DNA microar-
ray technology [39]. There were significant differences between groups in the gene
expression profile. In addition, CCs from PCOS patients were characterized by
abnormal expression of many growth factors, including members of the epidermal
growth factor-like and IGF-like families that are known to play a role in oocyte
competence [39]. Likewise, mRNA transcripts of factors involved in steroid metab-
olism seem to be deregulated in PCOS CCs [39].

miRNAs are small, non-coding RNAs detected in biological fluids that are able
to regulate gene expression at the post-transcriptional level and which may be
involved in reproductive function [40]. A limited number of studies have aimed to
extensively profile circulating microRNAs (miRNAs) expression and function in
the follicular fluid within a PCOS study population, and the results are at times not
yet conclusive [40, 41]. Both highlight different miRNA expression between PCOS
and non-PCOS patients but with no clear correlation with oocyte maturation or
fertilization competence [40, 41].
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4.3 Clinical Data

Research on oocyte is extremely complex, especially in PCOS patients undergoing
IVF. Firstly, the fact that PCOS patients need IVF, independently of tubal or sperm
alterations, introduces some recruitment bias. Secondly, the high ovarian response
under COH in these patients may have detrimental effects on the oocyte quality
through vascular and inflammatory factors. Likewise, the in vitro/in vivo culture
conditions may play a major role in the oocyte quality. PCOS underlies endocrine,
ovulatory and/or metabolic dysfunction. These three components are solely or syn-
ergistically strong confounders regarding the interpretation of the studies on oocyte
quality. Indeed, the source of oocytes is highly variable according to the different
PCOS phenotypes, from the lean PCOM-only patient to the obese PCOS patient.
In addition, the question as to whether asymptomatic women with PCOM consti-
tute a heterogeneous population in terms of ovarian dysfunction ranging from
entirely healthy ovulatory women to women with mild occult PCOS [2] or, alter-
natively, constitute a homogenous population representing the milder end of the
PCOS spectrum remains debatable. More data about PCOS phenotypes are dis-
cussed in Chaps. 2 and 7.

Undoubtedly, oocytes from PCOM in IVF condition exhibit molecular specifici-
ties in comparison with oocytes from non-PCOM patients. But surely, the key point
is to have sufficient oocytes of quality to give substantial chances of pregnancy. One
has to recognize that the larger prospective studies regarding the IVF results in
PCOS failed to highlight poor results in terms of pregnancy chances, at least in
nonobese patients.

Heijnen et al. [20] reported in a meta-analysis the comparative IVF outcome of
PCOS patients defined by the Rotterdam criteria to the one of matched non-PCOS
controls. Except the higher number of oocytes in PCOS patients, they failed to find
any difference between fertilization, pregnancy and take baby home rates between
groups [20]. Likewise, Sigala et al. [21] in a large prospective comparative study
have shown the same rate of metaphase II and morphologically normal oocytes in
nonobese PCOM versus nonobese non-PCOM patients. The rate of top-quality
embryo was equivalent in the two groups while the implantation and clinical preg-
nancy rates were even better in the PCOM group [21]. These results were also con-
firmed after having divided the PCOM group in PCOS and “sonographic-only”
PCOM. Engmann et al. [15] previously reported same results in PCOM patients.
Hence, the bad prognosis frequently argued regarding pregnancy rates and/or abor-
tion risk could be more related to the metabolic profile than to PCOM per se. It is
well known that high body mass index (BMI) and hyperinsulinaemia are main con-
tributors to the follicular microenvironment disturbances [9]. Indeed, studies in fol-
licular fluids from PCOS patients highlight high levels of interrelated
endocrino-metabolic factors such as androgens, VEGF, AMH, insulin and IGF, all
of them playing an active role in the oocyte-CCs dialogue [9]. Moreover, numerous
studies highlighted benefits from taking insulin-sensitizing agents like metformin as
a co-treatment before and during the IVF process [42, 43]. The use of insulin-
sensitizing drugs in PCOS is reviewed in Chap. 11.
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From another point of view, as mentioned above, it seems that the meiotic/mitotic

cell cycle pathway is altered in PCOS oocytes [34], but no more aneuploid oocytes
were detected in PCOS patients [29] as well as no more aneuploidy embryos were
observed [30]. It is therefore difficult to make the connection between such molecu-
lar specificities and the reality of the clinical experience.

Conclusion

It remains difficult to conclude about the oocyte competence in PCOS. Molecular
specificities have been properly highlighted in PCOS oocytes, but it doesn’t mean
that there are abnormalities in their reproductive competence. Too few studies have
taken into account the very wide spectrum of PCOS phenotypes and the potential
influence of comorbidity factors such as obesity and insulin resistance in their
analysis. However, the largest prospective studies performed in nonobese PCOM
patients so far are in favour to good pregnancy chances due to a high number of
good-quality oocytes. The coexistence of a metabolic syndrome to PCOM seems
to impair the oocyte competence and the pregnancy rates. Prospective studies with
consensual international diagnosis criteria are needed to allow in better under-
standing of the exact molecular mechanisms involved in the oocyte competence
according to each phenotype of PCOS and would elucidate if the PCOS oocyte
deserve its bad reputation.
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Endometrial Receptivity in PCOS

Giuseppe Benagiano, Paola Bianchi, and Ivo Brosens

5.1 Introduction

The presence of the polycystic ovary syndrome (PCOS) has profound medical impli-
cations for the health of women, well beyond reproduction. This has now been docu-
mented in a comparative longitudinal study that followed women with the disease
and control subjects and found that the presence of PCOS was associated with an
increase in hospitalization for reasons unrelated to reproduction, including diabetes,
obesity, hypertensive disorders, ischemic heart disease, etc. Interestingly, affected
subjects had a higher admission rate for treatment of infertility (40.9 vs. 4.6%), and
miscarriage (11.1 vs. 6.1%), and were more likely to require in vitro fertilization
(IVF) treatments (17.2 vs. 2.0%) [1]. The number and complexity of abnormalities
observed in women with PCOS suggests that other factors behind anovulation may
play a role in the infertility or subfertility state of these women, although the hetero-
geneity of the syndrome, including altered expression of genes affecting signal trans-
duction pathways controlling, among others, steroidogenesis, steroid hormone and
gonadotrophin action and regulation, insulin secretion and sensitivity, energy homeo-
stasis and chronic inflammation, makes a systematic approach very difficult [2].

It is generally believed that in most cases, PCOS-related infertility results from
the absence of ovulation. At the same time, expert opinions and international guide-
lines underline that there is evidence that anovulation is not the only reason for these
women'’s failure to conceive [3-5].
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Irrespective of its origin, PCOS-related infertility can be successfully treated as
documented in a very recent review of 9068 women with PCOS showing that stan-
dardized fertility ratios before and after treatment went from 0.80 [95% confidence
interval (CI) 0.77 to 0.83] to 1.16 (95%CI 1.12 to 1.20), similar to that of the back-
ground population [6]. A recent meta-analysis of randomized controlled trials
(RCTs) comparing outcomes of IVF in infertile women with and without PCOS
confirmed the success of available treatments, since no difference could be found
between groups in clinical pregnancy and live birth rates per cycle [7].

Going back to the origin of PCOS-related infertility, as mentioned available evi-
dence indicates that additional factors may contribute to subfertility in these sub-
jects. A factor that can obviously influence conception rates is oocyte quality, which
will be discussed in the Chap. 4. Among other specific factors influencing preg-
nancy rates in PCOS, a special role can be attributed to endometrial dysfunction, a
phenomenon also characterized by a variety of changes in endometrial histomor-
phology and receptivity markers that apparently cannot be corrected by conven-
tional doses of progesterone [8]. Indeed, notwithstanding the availability of diverse
protocols capable of correcting ovulatory disorders, spontaneous pregnancy rates in
PCOS have remained comparatively low [9, 10], although they seem to have
improved with the use of metformin [11].

Intriguingly, complications do not seem to stop once a woman with PCOS con-
ceives, since she will be at a higher risk of miscarriage, both after spontaneous or
assisted conception (ART) [12—14]. This situation can be improved through the use of
metformin, an indirect proof that—at least in part—hyperinsulinaemic insulin resis-
tance (IR) contributes to early pregnancy losses (EPL) [15]. Indeed, IR independently
increases eightfold the risk of spontaneous abortion after ART, suggesting to be one of
the main risk factors for EPL [16]. Also, a meta-analysis of eight studies including
1106 patients with PCOS calculated that risk of EPL could be reduced by about 70%
when using metformin [17]. In addition, meta-analyses and literature reviews have
documented the existence of an association between the presence of PCOS and major
obstetric complications [18-20] and in the already mentioned review of almost 10,000
cases, adjusted odds for preeclampsia, gestational diabetes and premature delivery
were all increased compared with controls [6]. This topic will be extensively dis-
cussed in Chap. 22, and the reader is referred to it.

Based on these considerations, in the present chapter we will focus on abnor-
malities in endometrial receptivity and persistence in these subjects of ontogenetic
progesterone resistance observed at birth in a majority of neonates. These two
important and somewhat neglected features will be illustrated, and suggestions will
be offered on how to improve the clinical situation.

5.2  Endometrial Functions and Receptivity in Women
with PCOS

First of all, it should be stressed that different information is obtained when review-
ing experimental data on the effect of PCOS on the endometrium and therefore on
the fertile window and implantation, then when analysing clinical information. In
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the latter case, a number of potential confounders exist. Indeed, the effect on the
endometrium of factors, such as hyperandrogenism, insulin resistance and obesity,
must be taken into consideration before a firm conclusion can be drawn. As we will
see when discussing implantation (see Sect. 5.3), endometrial competence is of
paramount importance for the establishment of a successful pregnancy, and factors
like obesity, hyperinsulinaemia and more generally metabolic alterations can impair
endometrial receptivity.

On the other hand, impaired endometrial function in subfertile women can exist
even in the absence of PCOS. Finally, the possibility exists that different PCOS pheno-
types may contribute differently to endometrial abnormalities, representing yet another
possible variable. In this regard, a very recent review of modern knowledge of markers
of endometrial abnormalities in PCOS women reported that they relate to steroid hor-
mone action [21]. Among the modifications observed there were alterations of:

1. Oestrogen, progesterone and androgen receptors and their coactivators

2. Endometrial receptivity/decidualization markers, such as the homeobox protein
HOXA10, avf3 integrin and insulin-like growth factor-binding protein 1
(IGFBP-1)

3. Insulin receptors and growth factors, glucose transporters

4. Markers of inflammation/immune cell migration, such as interleukin 6, CC-motif
ligand and uterine natural killer cells

As a consequence, sequential changes in gene expression are perturbed.

On the other hand, if there is persistent anovulation (often associated to hyperin-
sulinaemia and hyperandrogenaemia), circulating levels of oestradiol (E,) are rela-
tively constant in the range of those observed in the early follicular phase. These
levels, however, may be enhanced through an increased peripheral conversion of
androstenedione to oestrone in adipose tissue. In this connection, the expression of
oestrogen receptors alpha and beta (ERa, ERf) and of the G-protein-coupled ER
(GPR30) (a transmembrane receptor that promotes specific binding of naturally
occurring and synthetic oestrogens) has been measured in the endometrium of
PCOS patients and controls during the window of implantation and resulted signifi-
cantly lower in the PCOS group [22]. Also found was a significant difference in the
endometrial pattern, as measured by ultrasound [22].

In spite of these uncertainties, a careful analysis of the specific features of the
endometrium in women with PCOS is of great value for a better understanding of
the role of factors other than anovulation in the pathogenesis of subfertility in these
subjects (Table 5.1).

It seems that when PCOS subjects are oligo- or anovulatory, the regulatory role
of progesterone is suboptimal or absent, causing a relatively enhanced response to
E, [23]. Under these conditions, if folliculogenesis is altered (see Chap. 4), it
stands to reason that also luteogenesis will be altered; therefore, in subjects with
PCOS, two different anomalies may exist with regard to progesterone and its
effects on the endometrium: altered production and altered utilization. The latter
phenomenon, known as ‘progesterone resistance’, will be discussed in the subse-
quent section.
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Table 5.1 Different endometrial markers in proliferative phase, secretory phase and hyperplasia
in women with PCOS

Markers PE SE HP
Glucose metabolism
IGFBP-1
GLUT 4
IRS-1
Glucose action
Inflammation
IL-6
CCL2 (MCP-1)
1L-8
RANTES
ulNK cells
MMPs
MMP2
MMP3
Steroid hormone action
HOXA10
AR A
PR
ERa A(-)
A
v

v

BB 4444
4c > >

> >

> > > o
>

ERp

(avb3) integrin
MUCI1 AV
Steroid hormone coactivators

AIBI A
TIF2

NCoR (-)

PE proliferative phase, SE secretory phase, HP hyperplasia, /IGFBPI insulin-like growth factor-
binding protein 1, GLUT 4 glucose transporter type 4, IRS-1 insulin receptor substrate 1, /L-6 inter-
leukin 6, CCL2(MCP-1) chemokine CC ligand-2 Monocyte chemoattractant protein-1, /L-8
interleukin 8, RANTES a cytokine that is a member of the interleukin-8 superfamily of cytokines.
RANTES is a protein, uNK cells uterine natural killer, MMPs matrix metalloproteinases, MMP2
matrix metalloproteinase 2, MMP3 matrix metalloproteinase 3, HOXA 10 homeobox protein
Hox-A10 is a protein that in humans is encoded by the HOXA10 gene, (avb3) integrin the alpha v
beta 3 "vitronectin receptor” is a member of the integrin superfamily of adhesion molecules,
MUCI Mucin 1 cell surface associated, AIB/ amplified in breast cancer 1 (AIBI), TIF 2 transcrip-
tional mediators/intermediary factor 2, NCoR nuclear receptor co-repressor, W decreased,
A increased, (=) no different

<
>

A
A

Given all these alterations, it is reasonable to assume that the receptivity of the
endometrium is perturbed in the presence of PCOS and that such an alteration may
contribute to infertility. A comprehensive review of endometrial aspects of the so-
called ‘window of implantation’ stressed that nidation is a highly coordinated
event involving both embryonic and endometrial participation [24]. Many of the
proteins involved are temporally aligned within the ‘window’ and act as chemical
messengers recognizable by the embryo; they act by facilitating embryonic growth
and differentiation. These proteins have been progressively utilized as biomarkers
capable of identifying infertile women with implantation failure. An analysis of
these biomarkers in women with PCOS suggests that endometrial receptivity may
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represent the major limiting factor for the establishment of pregnancy in these
subjects.

In addition, some 15 years ago, overexpression of p160 steroid receptor coactiva-
tors was observed in the endometrium of women with PCOS [25]. These proteins
serve as transcriptional coactivators for a number of nuclear and non-nuclear recep-
tors, and the observation seems consistent with an altered response to progesterone.
Therefore, it is likely that two mechanisms are at work in women with PCOS: an
increased sensitivity to oestrogens and a relative resistance to progesterone. In the-
ory, both may contribute to disrupting implantation.

A number of other investigations have documented the existence in the endome-
trium of women with PCOS of an impaired endometrial receptivity during the
implantation window. A 2011 review of available data on the endometrium in
women with PCOS at the time of the implantation window analysed 105 published
articles and concluded that endometrial receptivity is the major limiting factor for
the establishment of pregnancy in women with PCOS (as well as of in a large num-
ber of other gynaecological diseases) [26].

The upregulation of the homeobox gene HOXA 10 (necessary for the receptivity
to embryo implantation) has been also investigated [27]. In vitro findings, as well as
endometrial biopsies obtained from women with PCOS, show that testosterone
decreases HOXA10-mRNA, leading to the conclusion that diminished uterine
HOXA10 expression may contribute to the diminished reproduction potential of
women with PCOS. A subsequent evaluation of the gene and protein expression of
steroid and nuclear receptor co-regulators, as well as of markers of uterine receptiv-
ity in the endometrium of women with PCOS during the mid-secretory phase, found
that the endometria exhibited higher levels of mRNA and protein for ERa and
coactivators. A greater progesterone receptor (PR) and lower f3-integrin expression
were also observed, leading to the conclusion that these alterations may contribute
to an impaired implantation [28]. In a comparative study using microarray tech-
niques, 21,571 genes were screened in the endometrium of PCOS and normal sub-
jects [29]. In PCOS, many genes, including those regulating membrane function,
adhesion, invasive growth and the cytoskeleton functioning, resulted downregulated
during the implantation window. Specifically, the expression of transmembrane
superfamily member 4 (associated with adhesion mechanisms) and matrix metal-
loproteinase 26 (shown to be related to degradation of extracellular matrix) resulted
significantly downregulated in women with PCOS [29].

The effect of androgens on the expression of genes involved in oxidative stress
resistance in decidualized human endometrial stromal cells has also been investigated
[30]. These cells, isolated from hysterectomy specimens, were decidualized with
8-bromo cyclic adenosine monophosphate (8-br-cAMP) and progesterone in the
presence or absence of dihydrotestosterone at various concentrations. It was
concluded that androgens might play a critical role in the decidualization process at
the time of embryo implantation and trophoblast invasion, by promoting resistance
to oxidative stress. In the endometrium of PCOS patients, there are also differences
in FADD (a gene that plays a role in cell proliferation, cycle regulation and
development) and BCL-2 (a gene encoding a protein that blocks the apoptotic death
of certain cells, such as lymphocytes) expression during the window of implantation
[31]. This suggests that the decrease in cell apoptosis during the implantation
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window in PCOS patients may be one of the causes of reduced endometrial
receptivity.

A recent systematic review documented the existence of a differential gene regu-
lation in the endometrium of women with PCOS [32] and its critical effect not only
on insulin resistance and hyperandrogenism but also on endometrial receptivity,
implantation failure, early pregnancy loss and preterm birth.

The effect of micronized progesterone was comparatively evaluated in the endo-
metrium of women with PCOS and in normal controls during both the proliferative
and secretory phases of the cycle [8]. Following treatment, during the secretory
phase, the endometrium of women with PCOS exhibited a lower number of glands
and thicker luminal epithelium, together with a reduced integrin and MECA-79
immunoexpression. The latter is a marker for the so-called high endothelial venules
(specialized postcapillary venous swellings characterized by plump endothelial
cells enabling circulating lymphocytes to enter a lymph node). In addition, during
both phases the expression of E-cadherin was higher and that of intercellular adhe-
sion molecule-1 was lower during both the secretory and proliferative phases. This
led to the conclusion that conventional doses of progesterone may not be enough to
correct changes in endometrial histomorphology, as well as the expression of recep-
tivity markers in PCOS women. The obesity may be a factor that interferes with this
response.

Recently, the endometrial apolipoprotein Al expression, another marker of
endometrial competence, resulted to be upregulated in PCOS patients, especially
during the proliferative phase [33]. It seems therefore that also the abnormal
expression of this protein can affect negatively endometrial receptivity. An
examination of the expression of epithelial Na* channels in the endometrium of
overweight/obese women with PCOS during the window of implantation found a
decreased expression of the gamma form (y-ENaC) during the secretory phase in
patients with increased serum leptin levels [34]. Clinically, these patients showed a
significantly increased biochemical pregnancy rate, suggesting that high serum
leptin may reduce endometrial receptivity by activating the signal transducer and
activator of transcription protein STAT3 and downregulating y-ENaC expression in
the endometrium.

A recent, systematic review of cell adhesion molecules and ER expression in the
endometrium of women with PCOS found conflicting results with respect to MUC1
and aV3-integrin expression, with significantly higher and lower levels, respectively
[35]. ER expression is enhanced among patients with PCOS as compared to healthy
women. This means that endometrial factors influence embryo receptivity, modifying
the profile of molecular mediators, including cell adhesion molecules and ERs.

Finally, the presence and variations in the endometrium of glucose transporter 4
(GLUT4), a protein involved in the mechanism of insulin resistance in PCOS
patients, have also been studied [36]. It was found that GLUT4 mRNA and its
positive immunostaining reaction were present in endometrial epithelial cells of
both normal and PCOS subjects. However, significantly higher levels of GLUT4
were observed in normal and lean normoinsulinaemic PCOS subjects whereas in
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normo- and hyperinsulinaemic obese PCOS women, GLUT4 was significantly
lower than in lean subjects. Interestingly, normoinsulinaemic obese and lean
hyperinsulinaemic PCOS patients showed a similar low GLUT4 expression. They
concluded that hyperinsulinaemia and obesity probably have a negative effect on
endometrial GLUT4 expression.

5.3 Progesterone Resistance in Women with PCOS

As mentioned, the existence of a degree of resistance to the action of proges-
terone seems to be the other factor responsible for a decrease in fertility in
women with PCOS. The concept of ‘progesterone resistance’ is not new, and
the condition has been found in a number of situations. Almost 40 years ago,
the case was presented of a young infertile woman who, in repeated late luteal
phase endometrial biopsies, showed glandular stromal dissociation with failure
to undergo decidualization, in spite of a normal progesterone serum profile.
This abnormality could not be corrected by progesterone administration
because approximately one half the number of high affinity progesterone-
binding sites were present in the cytosol fraction of this subject compared to
normal controls. Thus the phenomenon might have been due either to this
decrease in the number of stromal cytosol receptors, or to a resistance to
specific hormone action, or both [37].

The new concept of ‘progesterone resistance’ was defined in 1986 [38]; it
implies a decreased responsiveness of target tissues to bioavailable progesterone
and can be observed in cancer patients [39—41], in women with adenomyosis [42]
and endometriosis [43] and in a majority of neonates [44]. Moreover, it has been
argued that the term ‘progesterone resistance’ represents a misnomer, because the
phenomenon involves a modification of a series of key endometrial signal trans-
duction pathways [45]. Using these abnormalities as a marker, the phenomenon
also occurs in women with recurrent pregnancy loss. It has been conjectured that
steroid hormone responses in the endometrium are likely to be much more
dynamic and complex than previously appreciated. Progesterone resistance, as
manifested in conditions like endometriosis, is not just a consequence of per-
turbed progesterone signal transduction caused by chronic inflammation but is
associated with long-lasting epigenetic reprogramming of steroid hormone
responses in the endometrium and beyond. In this context, it is assumed that
cyclic endometrial decidualization followed by menstrual shedding is an example
of the physiological preconditioning that prepares uterine tissue for the dramatic
vascular remodelling associated with deep placentation. Indeed, deep placenta-
tion involves the remodelling of the spiral arteries in the placental bed, including
the endometrial and, most critically, the myometrial segments. However, both
molecular aspects and clinical relevance of this phenomenon are far from having
been established, with several mechanisms being proposed, all converging on
nuclear PR.
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Interestingly, evidence is accumulating that in the endometrium of women with
PCOS, there is an impaired response to progesterone. An abnormal response in
women with PCOS was first observed in 2008 [46] in two cases of atypical
endometrial hyperplasia in subjects with PCOS; in these patients high-dose
progestin therapy failed to reverse the hyperplasia, and the two subjects were
therefore labelled as ‘progesterone resistant’. The administration of metformin and
of oral contraceptives caused the endometrium to become proliferative without any
further evidence of pathology [46].

The possibility that in PCOS patients there may be a degree of progesterone resis-
tance prompted an investigation to analyse total RNA from normal fertile controls and
from women with PCOS, either treated with clomiphene citrate (CC) or with daily
administration of progesterone [47]. It was found that among the three groups, there
were 5160 significantly different genes, 466 of which were differentially regulated in
fertile controls and in PCOS patients. A significantly lower expression of a number of
progesterone-regulated genes was found in the endometrium of PCOS patients.
Among them are the hypoxia-related mitogen-inducible gene 6; the leukaemia inhibi-
tory factor, an interleukin-6 type of cytokine affecting cell growth by inhibiting dif-
ferentiation; the GRB2-associated binding protein-1 that plays a central role in cellular
growth response, transformation and apoptosis; the S100 calcium-binding protein P;
and claudin-4, a membrane protein present in epithelial cell tight junctions. In contrast
to this, cell proliferation genes such as anillin and cyclin B1 were upregulated. These
anomalies lead to the conclusion that differences in gene expression provide evidence
of progesterone resistance in mid-secretory PCOS endometrium. As a matter of fact,
dysregulated signalling pathways in the endometrium of patients with PCOS com-
pared to that of normal subjects had already been observed in 2009 [48], when it was
found that several biological pathways including cell cycle, apoptosis, glycolysis and
integrin-Rho-cytoskeleton network were aberrantly downregulated in the endome-
trium of women with PCOS.

Further evidence of a resistance to progesterone action in subjects with PCOS
has now been produced, and it has been suggested that over-binding of progesterone
in stromal cells could lead to E,-induced epithelial cell proliferation [49]. This
hypothesis is based on experimental animal studies showing that functional stromal
cells are necessary for proper epithelial cell proliferation and differentiation in the
endometrium [50]. It has been speculated that failure of progesterone-induced
stromal cell proliferation mediated by PR could be at the origin of progesterone
resistance in PCOS patients. Also ERs may play a role; since ERp is necessary to
inhibit E,-induced epithelial cell proliferation, it is believed that stromal PR and
ERp produce the same inhibitory action on epithelial cell proliferation [49].

In conclusion, modification of endometrium gene expression is one of the con-
ditions present at the onset of PCOS in women with progesterone resistance [50—
53]. A similar situation exists in women with endometriosis, both in terms of
progesterone resistance and alteration of PR-related genes [54], although differ-
ences also exist. For instance, on the one hand, downregulation of PR-related
mitogen-inducible gene 6 (active in limiting malignant transformation) is found
both in endometriosis and in PCOS [47, 52]; on the other, differences exist in the
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regulation of PR-related transforming growth factor -1 (a potent cell regulator
and a multifunctional signalling molecule) between women with PCOS [45] and
those with endometriosis [51]. The expression of progesterone-regulated mucin 1
(MUC1) (lining the apical surface of epithelial cells and belonging to a family of
glycoproteins protecting the body from infection) has been investigated in women
with endometriosis and with PCOS, since this protein is expressed in the endome-
trium of fertile women and carries selectin ligands recognized by the human blas-
tocyst. As such, an altered MUCI1 expression during the window of implantation
may contribute to infertility of endometrial origin [52]. The expression of the
terminal domain of MUCI-N (MUCI1-ND) is significantly higher in ovulatory
PCOS than in fertile and anovulatory PCOS patients, even after progesterone
stimulation. In contradistinction to this, only MUCI1-C-subunit cytoplasmic
domain expression was lower in endometriosis patients [52]. Endometrial ER
expression was significantly higher in PCOS and endometriosis patients, whereas
PR expression was significantly higher in PCOS than in fertile patients. This led
to the hypothesis that the different PR-related gene expression profiles between
women with PCOS and with endometriosis could be related to differences in PR
isoform expression [49].

5.4 Potential Consequences of Progesterone Resistance
in PCOS

The possibility of a luteal dysfunction due to progesterone resistance in PCOS
patients is not without consequences, as it can be at the origin of an altered endome-
trial receptivity and, even if implantation occurs, of an abnormal decidualization
and placentation.

5.4.1 Abnormal Endometrial Competence

Following fertilization and blastocyst formation, the critical and step-limiting factor
for the establishment of a successful pregnancy is the complex phenomenon of
implantation. Obviously the condition sine qua non for successful implantation is a
good-quality embryo; at the same time, an equally vital role is played by two other
phenomena: a temporally coordinated differentiation of endometrial cells to opti-
mize their ability to receive the embryo, and a synchronized dialogue between
maternal and embryonic tissues [55]. In this connection, it has been shown through
third-party parenting in IVF (where the source of oocytes is separated from the
endometrium, making possible to assess separately embryo and endometrial devel-
opment) that E, and progesterone are the only hormones necessary to prepare the
endometrium for implantation [56].

There are several conditions in which experimental investigations have shown
that the absence or suppression of molecules essential for endometrial receptivity
results in decreased implantation rates. Among them is PCOS, where the possibility



50 G. Benagiano et al.

of a luteal dysfunction due to progesterone resistance becomes important.
Unfortunately, as it has been recently pointed out, in spite of a wide availability of
clinical and instrumental methods for assessing endometrial competence,
reproducible and reliable diagnostic tests for luteal phase inadequacy are yet to be
developed [57].

Physiologically, successful embryonic implantation is the result of three
equally important factors: a receptive endometrium, a functional embryo at the
blastocyst stage and a synchronized dialogue between maternal and embryonic
tissues [58]. As already detailed above (Sect. 5.2), during each menstrual cycle
there is a short period of embryonic receptivity known as the ‘window of
implantation’, an expression that refers to the temporally limited ability of the
endometrium to allow the blastocyst to attach, penetrate and induce localized
changes in its stroma. Such a delicate and well-timed chain of events can be
easily deranged, and there is now evidence that gene expression in the endome-
trium at the time of the implantation window is altered in obese women in gen-
eral and more specifically in obese PCOS subjects. In fact, it has been observed
that the luteal phase endometrial transcriptome is altered in obese women dur-
ing the window of implantation, with 151 genes dysregulated compared with
controls [59]. In addition, it has been observed in an in vitro model [54] that,
following hormonal challenge with E, and progesterone, in some cases endome-
trial stromal fibroblasts from women with PCOS showed aberrant decidualiza-
tion though they all exhibited normal oestrogen-mediated increase in PR-G
expression.

Although translation of experimental findings in the clinical setting requires cau-
tion, there is today evidence that in vivo these aberrations may result in suboptimal
implantation.

A good, yet totally unexplored human model to investigate endometrial resis-
tance to the action of progesterone is the neonatal endometrium, where responses
indicative of progesterone resistance were documented over 60 years ago [44]. We
know today that both male and female foetuses during pregnancy are exposed to
progressively increasingly higher plasma concentrations of unbound oestrogens and
progesterone. In particular, in the foetal circulation progesterone rises to values
much higher than in the maternal circulation [60]. Yet, in an autopsy study of 169
neonates or term foetuses, it was found that in a majority of them (68%) the endo-
metrium failed to respond to these high circulating levels of progesterone and
remained either proliferative or inactive [44]. A partial or early response (presence
of subnuclear vacuolization) was found in 27% and full reaction (decidualization or
menstrual-like shedding) in only 5%. In addition, an examination of ovaries evi-
denced that they were frequently polycystic, although they failed to show any sign
of ovulation or corpus luteum formation [44]. Thus, remarkably at birth the majority
of neonates satisfy the current criteria for the diagnosis of PCOS by the presence of
polycystic ovaries, anovulation and progesterone-resistant endometrium [61].

Under the circumstances, the hypothesis can be made that the spectrum of proges-
terone resistance described above is likely to persist till the onset of puberty when
endogenous oestrogens begin stimulating endometrial cells. A persisting degree of



5 Endometrial Receptivity in PCOS 51

endometrial progesterone resistance after menarche may be linked to defective deep
placentation and major obstetrical disorders, including preeclampsia, foetal growth
restriction and preterm birth [62, 63]. These complications therefore would be both
a consequence of the ‘ontogenetic progesterone resistance’ and of the need for ‘men-
strual preconditioning’, a concept implying that menstruations (i.e. progesterone
withdrawal bleedings) evolved in the human because of the need to initiate decidual-
ization in the absence of pregnancy and protect uterine tissues from the profound
hyperinflammation and oxidative stress associated with deep placentation.

According to this theory, the human uterus acquires the competence for deep
placentation in response to dynamic remodelling events triggered by true men-
struations, miscarriage or parturition [64]. If ontogenetic progesterone resis-
tance persists in some young girls until menarche and if full progesterone
responsiveness is achieved gradually after the onset of cyclic menstruations,
then the presence of anovulatory cycles early in reproductive life (as may be the
case in PCOS) can become the source of complications. In this respect, it is well
accepted that the pathogenesis of late-onset preeclampsia in the primigravida is
linked to defective deep placentation, defined by a restricted remodelling of the
myometrial segments of the spiral arteries in the placental bed [65]. Recently,
data were collected from a large cohort of nulliparous teenagers with singleton
deliveries aged 13-15, 16-17 and 18-19 years and outcomes compared with
those in a very large control group of 25-29-year-old women. Results indicate
that teenage mothers face increased risks of complications, such as anaemia,
proteinuria, urinary tract infection, pyelonephritis and preeclampsia [66]. Such
a risk however decreased with age. Of importance is the finding regarding the
risk of preeclampsia and preterm delivery, respectively, about four and threefold
higher among 13—15-year-olds [66]. This may be considered as an indirect sign
of incomplete endometrial maturation in very young mothers. On the other
hand, a complete endometrial maturation in these adolescents is probably
achieved only after a series of ovulatory cycles [67].

5.4.2 Decidualization and Placentation

The process of fertilization in women with PCOS and its outcome has been exten-
sively investigated and is reported in the Chap. 4. Therefore, here only issues relat-
ing to decidualization and placentation will be discussed.

The rationale for investigating the uteroplacental vessels in women with PCOS
has been its association with the so-called great obstetrical syndromes (preeclampsia,
intrauterine growth restriction, preterm labour, preterm/premature rupture of
membranes, late spontaneous abortion and abruptio placentae). Indeed, these
women are at increased risk of pregnancy and neonatal complications [14, 68] and
therefore it is important to examine whether this situation is, at least in part, due to
defective decidualization and placentation.

In humans decidualization is a progesterone-driven differentiation essential to
prepare the uterus for successful embryo implantation and deep placentation. This
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process starts in the mid-luteal phase of the menstrual cycle and takes place whether
or not fertilization has occurred. In case of pregnancy, full remodelling of some 60
spiral arteries is required for supporting the increase of endometrial blood flow
from less than 1% up to 25% of the cardiac output. Stromal cells surrounding the
spiral arteries and abundant uterine natural killer (uNK) cells in the endometrium
are mounting the early decidual vascular response that results in distension of the
vessel [69]. The progressive decidualization of the spiral arteries is reflected by
loss of the musculo-elastic structure to be followed by endovascular and interstitial
trophoblast invasion from the decidua till the inner myometrium. This process
transforms these spiral arteries into large fibro-fibrinoid vessels connecting the
larger uterine arteries with the intervillous space of the placenta [70]. Different
types of defective deep placentation have been described in association with the
‘great obstetrical syndromes’ (Figs 5.1 and 5.2). Preeclampsia is characterized by
persistence of the musculo-elastic structure in the majority of myometrial spiral
arteries, except in the centre of the placental bed [64, 71]. A similar, although
milder, defective remodelling occurs in preterm birth [72, 73]. On the other hand,
preexisting hypertensive conditions affect the proximal myometrial segments by
obstructive atherosclerotic lesions. Several authors have investigated the vascular
pathology of the placenta and placental bed in women with PCOS. Unfortunately,
the investigations of defective deep placentation in PCOS have—up to now—not
included histopathology of placental biopsies in patients with PCOS and adverse
pregnancy outcome (Table 5.2).

To investigate whether decidual endovascular trophoblast invasion in pregnant
women with PCOS is impaired, a case-control study of pregnant subjects waiting
for legal pregnancy termination has been conducted [74] in PCOS patients, and
healthy non-PCOS pregnant controls matched for age and body mass index (BMI)
without any feature of PCOS. All pregnancies were terminated at the week 12 of
gestation, and fragments of placental and decidual tissue were obtained by an aspi-
ration technique. The rate of implantation vessels with endovascular trophoblast
was significantly lower in patients with PCOS compared with healthy non-PCOS
controls. However, the question arises whether in the absence of endovascular tro-
phoblast any structureless vessel opening in the basal plate can be identified as arte-
rial rather than venous. It is precisely because of this difficulty that the large vessels
in the basal plate of the placenta were coined ‘sinusoids’ till serial sections of pla-
cental bed biopsies identified them as arterial by their continuity with myometrial
spiral arteries [75]. It has been speculated that pregnancies with a high-resistance
uterine artery flow pattern in the first trimester of pregnancy are associated with a
less extensive trophoblastic invasion pattern of the decidual vessels [76]. However,
it is indeed unlikely that the loose endovascular trophoblast ‘plugging’ can be
expected to result in any vascular resistance prior to the establishment of an effec-
tive intervillous blood flow.

A quantitative morphological study of intact hysterectomy specimens with pla-
centa in situ ranging from 8 to 18 weeks’ gestation obtained at the time of steriliza-
tion by hysterectomy revealed a tendency for maximal invasive activity to occur at
the centre and, subsequently, to extend centrifugally to produce an annular pattern
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Fig.5.1 Classification of defective deep placentation. (a) Spiral arteries in the centre of the pla-
cental bed show full transformation of the arterial wall including the myometrial segment. (b)
Spiral arteries in the paracentral zone show the absence of transformation of the wall and as seen
in this case, the obstructive atherosis in the myometrial spiral artery is underlying a placental
infarction. From: Brosens et al. [71]

[76]. This investigation indicates that probably uterine artery resistance and endo-
vascular trophoblast invasion of the decidual arteries are not directly related events.
Rather, it is likely that progressive expansion of the remodelling process with decid-
ualization and interstitial and endovascular trophoblast invasion resulting in fibro-
fibrinoid changes of the spiral arteries in depth as well as centrifugally plays a
critical role in the relief of the uterine flow resistance. Indeed, a pattern of full
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Fig.5.2 Differences in placental bed in normal and defective deep placentation. (a) Normal pla-
cental bed with full transformation of the myometrial (Myo) spiral arteries, except at the periphery
of the placental bed. (b) Defective deep placentation is characterized by non-transformation of the
myometrial spiral arteries with a reduction of the central area with deep placentation. From
Brosens et al. [71]

Table 5.2 Types of defective Remodelling of myometrial
deep placentation e}nd spiral artery Obstetrical complication
zgl;?eﬁgzgtoﬁbstetrlcal Absent (except for centre) Preeclampsia

P Partial Preterm labour

Preterm premature
rupture of membranes
Small for gestation age
Absent and obstructive lesions Small for gestation age
with preeclampsia
Abruptio placentae

remodelling of spiral arteries in the centre, but defective vascular remodelling of the
myometrial segment in the paracentral and peripheral zones with placental throm-
bosis and infarction, has been described in pregnancies complicated by preeclamp-
sia and small for gestational age babies [71]. This raises questions of how
representative of the true situation are histological sections from the central region
of the placenta.

Finally, on the basis of the variable incidence of microscopic placental lesions, it
is believed that early trophoblast invasion and placentation observed in PCOS vary
widely according to the phenotype [77, 78].
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5.5 Treatment Options to Improved Endometrial
Competence

A number of medical, as well as non-medical, interventions have been attempted in
order to improve endometrial receptivity and implantation rates in women with
PCOS. Unfortunately, no real breakthrough has been obtained in this area, and no
systematic evaluation has been carried out.

In any event, the first and most important interventions are those aimed at elimi-
nating abnormalities present in the majority of these patients: obesity, metabolic
disorders (dyslipidemia, diabetes), insulin resistance and anovulation.

In this respect a number of promising leads exist.

First, the relationship between regular physical activity and reproductive perfor-
mance has been assessed in obese infertile patients with stable bodyweight, under-
going IVF [79]. It was found that the percentage of pregnancies was significantly
higher in obese patients who did physical activity regularly compared with those
who did not, concluding that regular physical activity before IVF is significantly
related with improved reproductive performance in obese infertile patients, irre-
spective of bodyweight loss [79].

Starting from the assumption that PCOS negatively affects the endometrium, in a
way that may lead to implantation failure and proliferative aberrations, an attempt has
also been made to correct endometrial aberrations through dietary management and
physical exercise [80]. The study involved overweight/obese and normal-weight
women with PCOS and BMI-matched regularly menstruating controls. Before starting
their intervention levels of mRNA ERa, its variant ERa36 (which mediates rapid oes-
trogen signalling and inhibits genomic oestrogen signalling) and the ERo&/ER} mRNA
ratio were lower in proliferative endometrium of overweight/obese PCOS women
compared with controls but increased significantly after intervention in proliferative
endometrium resulting higher in PCOS women with improved menstrual function than
in those without improvement [80]. Thus, although lifestyle intervention improves the
clinical features, this per se cannot fully restore normality. However, it has been specu-
lated that manipulating the expression of key endometrial genes with gene or stem
cell-based therapies may someday be used to normalize implantation rates [55].

An obvious objective in any effort to improve the endometrial competence in
PCOS patients is the elimination/improvement of progesterone resistance.
Unfortunately, since the very first description of the condition, it appeared that high
doses of progesterone fail to work [37]. As documented by neonatal progesterone
resistance, the issue here is not a lack of progesterone; rather it is the inability of the
endometrium to respond to it [44].

Changes in the endometrium capable of optimizing endometrial receptivity are
metabolically demanding, and glucose metabolism is important for the preparation
of the endometrium for embryo implantation [58]. Specifically, decidualization of
endometrial stromal cells is dependent on increasing expression of glucose and its
transporter. Since one of the symptoms of PCOS is obesity, this is one more reason
why it may influence the rate of implantation. Finally, in an attempt to rectify the
endometrial insulin signalling in overweight/obese women with PCOS, the
effectiveness of lifestyle interventions aiming at weight loss has been formally
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tested [81]. It was found that such an intervention can upregulate, both at the mRNA
and protein levels, components of insulin signalling in the endometrium of obese or
overweight patients, as clinically shown by an improved menstrual pattern. Indeed,
in this study, following weight loss menstrual patterns improved in 65% of the
subjects, and levels of insulin receptor substrate-1 (IRS1) and GLUT were signifi-
cantly upregulated in their endometrium. The study concluded that upregulation of
these two factors can help improving glucose homeostasis and restoring the func-
tioning of the endometrium in women with PCOS [81].

On the pharmacological side, a molecular analysis of the endometrium of women
with PCOS has been carried out following administration of CC or letrozole [82]. It
was found that only the latter was able to influence positively several markers of
endometrial receptivity, including endometrial thickness, resistance and pulsatility
indices of sub-endometrial and endometrial blood flow [83]. Finally, in a large
double-blind, multicentre RCT, women who received letrozole had more cumula-
tive ovulation and live births than those who received CC [84].

A technique recently suggested to improve the probability of embryo implantation
in women undergoing IVF involves causing endometrial injury by scratching. This
technique has been applied also to women with PCOS. As to the mechanism of action,
endometrial injury may trigger a series of biological responses, although no particular
pathway seems responsible. Rather, there seems to be a cluster of events in response
to trauma which benefits embryo implantation [85, 86]. The ensuing inflammatory
response is documented by a statistically significant increase in macrophages/den-
dritic cells and of pro-inflammatory cytokines, tumour necrosis factor-o,, growth-reg-
ulated oncogene-a, interleukin-15 and macrophage inflammatory protein 1B [87].

The validity of this technique has been tested in 2014 in a large RCT involving
300 subfertile women scheduled for IVF [88]. Although the study concluded that
the technique does not improve ongoing pregnancy rates, the cases included in
the study were totally unselected [89]. Therefore, because of potential biases, the
possibility of a therapeutic effect remains uncertain. To resolve the issue, three
clinical trials have been designed and are currently in progress [90]. Named
‘Pipelle for Pregnancy’ (PIP), these trials will evaluate endometrial scratching in
three different populations, one being women with PCOS undergoing IVF.

Conclusion

The clinical significance of endometrial abnormalities found in women with
PCOS is still unclear and controversial. The reason is simple: the majority of data
available come from molecular biology studies, and they have not been clinically
validated. In addition, no single marker exists to predict the clinical outcome of an
attempt to establish a successful pregnancy, and, to this day, no agreed screening
protocols/recommendations for women with PCOS have been established. Also,
no standardized and agreed clinical protocol exists for the treatment of endome-
trial abnormalities in women with PCOS. Probably this is due to the fact that
meta-analytic clinical data found no difference in the chance of embryo transfer
per oocyte retrieval and no significant difference in clinical pregnancy rates per
cycle in infertile IVF patients with PCOS [7]. This means that, at least in patients
subjected to IVF cycles, there is little impairment in endometrial receptivity.
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In conclusion, what are urgently needed are studies correlating the experi-
mentally observed endometrial abnormalities to pregnancy outcome.
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Infertility and Subfertility Cofactors
in Women with PCOS

Tal Shavit and Togas Tulandi

6.1 Introduction

Infertility is defined as a failure to conceive after 12 months of unprotected inter-
course [1]. Some prefer the term subfertility since many couples are not sterile but
exhibit decrease reproductive potential or will have a child after fertility intervention.
Due to the declining fertility with increasing age, couples in which the female part-
ner age is older than 35 years may be considered as infertile after 6 months of
unprotected intercourse [1]. Recent data show that human fertility is probably
higher than has previously been estimated. It is estimated that monthly fecundabil-
ity is 30-38%. Conception usually occurs within 6 cycles of timed intercourse,
85-92% in 12 months [2, 3]. Infertility affects 10-15% of couples and has impor-
tant psychological, economic, demographic, and medical implications
[4, 5]. Contrary to popular belief, the overall incidence of infertility has remained
relatively stable during the last four decades. However, the evaluation and treatment
of infertility has improved dramatically.

Evaluation of infertility should focus on the couple and not solely on the female
partner. The World Health Organization (WHO) Task Force on Diagnosis and
Treatment of Infertility evaluated 8500 infertile couples and utilized standard diag-
nostic criteria to determine the medical conditions contributing to infertility. In
developed countries, female factor infertility accounts for 37% of infertile couples,
male factor infertility for 8%, and both male and female factors for 35% [6]. The
main causes of infertility include ovulatory dysfunction (20—40%), tubal and uter-
ine factors (30-40%), endometriosis (6%), and male factor (30-40%). In about 15%
of cases, no clear cause of infertility could be found (unexplained infertility) [7-9].
The prevalence of each cause of infertility varies with age [10]. Couples in which
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the female partner has PCOS may have additional factors contributing to infertility
like those in the general population such as tubal or male factor. It is important to
perform complete fertility evaluation for the infertile couple and not to focus only
on the polycystic ovary syndrome (PCOS) [11].

Infertility investigation is usually performed after a year of infertility. Earlier
evaluation should be offered to those with conditions contributing to infertility such
as irregular menses, history of pelvic inflammatory disease or endometriosis, pos-
sible male factor, and women over 35 years old. One of the common causes of
infertility is ovulatory disorder usually due to PCOS. It affects 5-7% of reproduc-
tive-aged women [12]. Other possible causes of anovulation include hyper or hypo-
thyroidism, hyperprolactinemia, congenital adrenal hyperplasia, Cushing syndrome,
and androgen-secreting tumor.

In infertile patients with PCOS, the infertility can be due to oligo-anovulation,
usually related to hyperandrogenism (see Chap. 3), although several additional fac-
tors may contribute to infertility (Fig. 6.1). In fact, the increasing prevalence of the
PCOS may be related to environmental factors, including dietary habits, behavior,
or other undefined factors. Several factors are also responsible for the increase in
obesity, insulin resistance, and metabolic syndrome which may contribute directly
or indirectly to PCOS and its comorbidities. Those environmental and behavioral
changes may also be cofactors leading to impaired fertility [13]. Abnormalities of
endometrial and oocytes competences cannot be excluded, as discussed in Chaps. 4
and 5. Finally, other concomitant factors of subfertility affecting the couple can play
a clinical and pathogenic role.

This chapter discusses factors leading to anovulation in women with PCOS and
additional characteristics of PCOS women that may affect their fertility potential.

Vitamin D

PCOS Infertility

Endometrial
receptivity
Oocyte quality

Fig.6.1 Main PCOS-related factors that may contribute to infertility in women with the syndrome
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6.2  PCOS-Related Factors of Infertility
6.2.1 Hyperandrogenism

Hyperandrogenism is the main feature of PCOS. According to the Rotterdam crite-
ria, PCOS can be defined in the absence of hyperandrogenism. However, many
believe that the occurrence of hyperandrogenism is a must criterion for PCOS that
plays an important role in the pathophysiology of PCOS.

Hyperandrogenism evaluation should include clinical features (hirsutism, acne, or
male-pattern alopecia) and hormonal measurements (see also Chap. 2). Serum andro-
gen profiles in PCOS are characterized by elevated total testosterone, increased levels
of bioavailable testosterone, and decreased levels of sex hormone binding globulin
(SHBG). Hyperandrogenism is due to overproduction of those hormones from the
ovary [14-16] and to a less extent from the adrenal gland [17]. The first step in andro-
gen synthesis takes place in the LH-stimulated theca cells mediated by microsomal
P450c17 [18]. In fact, alterations of P450c17 activity at transcriptional and posttran-
scriptional levels have been implicated in PCOS etiology. Exaggerated ovarian response
to LH is further amplified by increased LH levels in amplitude and frequency [19].

Androgens play a critical role in the local ovarian environment. Androgens are
converted to estrogen by aromatase enzyme. Early follicles acquire androgen
receptors, and androgen affects folliculogenesis at the early follicle-stimulating
hormone (FSH)-independent phase contributing to early follicular growth [20]. At a
more advanced stage, androgens play a synergistic role with insulin and luteinizing
hormone (LH) hindering follicular development.

Local ovarian androgens as commonly seen in PCOS are converted to more
potent Sa-reduced androgens which cannot be converted to estrogen. Those andro-
gens inhibit aromatase activity and FSH induction of LH receptors on granulosa
cells preventing follicular development. Follicles continue to grow but are arrested
at early stage before maturation. It leads to the classic polycystic ovarian morphol-
ogy (PCOM), multiple small follicular cysts surrounding hypertrophic theca cells
(see also Chap. 8). The exact mechanism leading to the arrest of follicular growth is
yet to be established. Perhaps, it is related to premature activation of the follicles by
LH. Willis et al. [21] found LH-induced secretion of estradiol and progesterone
from follicles as small as 4 mm from anovulatory PCOS women compared to
9—-10 mm from ovulatory women. This premature response to LH is associated with
accumulation of cAMP which is responsible for follicular developmental arrest
[22]. Consequently, high level of ovarian androgen impedes follicular maturation,
promotes follicular atresia, and prevents the development of a dominant follicle.

Hyperinsulinemia and obesity potentiate LH activity even more and contribute to
the development of hyperandrogenic state [23, 24]. Circulating androgen is
increased due to direct ovarian stimulation by hyperinsulinemia and by decreased
SHBG production in the liver. Abnormal genetic expression leading to impaired
regulation of several steroidogenesis enzymes is also another possible mechanism
[25, 26]. In short, hyperandrogenism is the leading cause of anovulation and infer-
tility among women with PCOS.
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6.2.2 Obesity

In the last four decades, the incidence of obesity has been increasing in the United
States (US) and Europe [27-29], and in 2008 64% of women in the USA were
overweight or obese [30] (see also Chap. 13). Obese women are prone to develop
comorbidities, particularly type II diabetes mellitus, metabolic syndrome, a vari-
ety of cancer, and cardiovascular diseases [31, 32]. They may also have hormone-
dependent comorbidities and infertility mostly related to PCOS-related anovulation
[33]. In fact, the risk of PCOS rises with increasing obesity [34, 35]. The preva-
lence of overweight or obesity among PCOS women is 30% to 75% [13].
Abdominal and visceral adipose tissue plays a key role in the development of this
disorder, as increased abdominal fat is observed in normal weight PCOS women
as well.

Whereas hyperandrogenism and menstrual irregularities represent major com-
plaints in adolescence with the PCOS, symptoms related to androgen excess, oligo-
menorrheaoramenorrhea, andinfertility are the main complaints of reproductive-aged
women. Obesity has an important impact on the severity PCOS particularly in the
presence of increased abdominal fat [36]. The chance to conceive among obese
women with PCOS is lower than that in those with normal weight [36]. Furthermore,
obese PCOS women require increase doses of ovulation-inducing drugs to achieve
ovulation [37-39].

The followings are specific characteristics of obese PCOS women that may be
cofactors contributing to infertility.

6.2.2.1 Central Obesity Leading to Hyperandrogenism

Direct association between body fat and SHBG is well established [40-42].
Additional factors such as insulin, estrogen, and androgen levels that are altered in
women with PCOS are also responsible for regulating SHBG levels. Women with
central obesity have lower SHBG than those with peripheral obesity [43]. They also
have increased testosterone and dihydrotestosterone production rates [44].

The decrease in SHBG which is characteristic for women with central obesity
leads to increased circulating free androgen leading to hyperandrogenism and sub-
fertility [45]. This fact is pertinent for women with PCOS; even those with normal
BMI may have enhanced abdominal fatness [46, 47].

6.2.2.2 Leptin
Leptin is a 167-amino acid peptide secreted in adipose tissue. In circulation, it is
bound to a family of proteins. It acts on the central nervous system (CNS) neurons
that regulate eating behavior and energy balance. Some authors reported that PCOS
patients have elevated leptin levels [48, 49]. However, others reported that leptin
levels in women with PCOS are comparable to weight and age-matched controls
[50, 51].

The role of leptin in reproduction and in the regulation of gonadotrophin
concentrations has been demonstrated [52-54]. Leptin acts not only at central levels
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to modulate the hypothalamo-pituitary axis [55] but also directly at the ovarian
level. It is expressed in the granulosa cells and in the follicular fluid from PCOS
women [56]. Increased leptin concentration in the ovary may impair the formation
of the dominant follicle and the maturation of the oocyte [57]. Leptin inhibits FSH
stimulation of insulin-like growth factor I (IGF-I) as well as the segregation of IGF-I
on FSH stimulation of estradiol production [58]. It also contributes to the state of
insulin resistance and hyperandrogenism in most women with PCOS. In animal
model, leptin infusion decreased ovulation rate [57]. High leptin levels decrease
epithelial Na (+) channel (ENaC) expression in the endometrium of overweight/
obese women with PCOS during the window of implantation leading to reduce
endometrial receptivity and implantation rate [59]. The endometrial competence in
women with PCOS is widely discussed in Chap. 5.

In short, obesity-induced hyperleptinemia in PCOS may cause insulin resistance
as well as impaired ovarian function.

6.2.2.3 Adiponectin

Adiponectin is an adipocytokine expressed mainly in adipose tissue and is the most
abundant circulating adipose-specific protein in humans [60]. The production of
adiponectin is decreased in obesity, and its serum level correlates negatively with
waist circumference and body mass index (BMI) [61, 62]. As adiponectin possesses
insulin-sensitizing, antidiabetic, and antiatherogenic properties, and because its
circulating levels are reduced with obesity and type 2 diabetes mellitus, it may also
play arole in the pathogenesis of PCOS. Yet, plasma levels of adiponectin in women
with PCOS are lower than or comparable to those in control women [63, 64].

Low adiponectin levels may increase insulin resistance and androgen production
through a decrease in its inhibitory effects on LH and insulin/IGF-I-stimulated
androstenedione production by the ovary [65]. Whether circulating androgens are
important modulators of adiponectin serum levels in PCOS or if changes in adipo-
nectin levels precede variations in androgen levels remains unclear. However, treat-
ing PCOS women with metformin enhances both adiponectin activity and insulin
sensitivity, resulting in a less hyperandrogenic state [66] (see also Chap. 11).

In conclusion, obesity is a prominent feature of several phenotypes of PCOS. The
evaluation of BMI in all infertile women with PCOS should be considered crucial
because the presence of obesity is related to anovulation; decreasing the potential
treatment success and increasing maternal and perinatal complications during preg-
nancy (see Chap. 22). Weight reduction and other lifestyle modifications are the
first-line treatments for infertile PCOS women, as discussed in Chap. 13.

6.2.3 Insulin Resistance
Insulin resistance is defined as the inability of exogenous or endogenous insulin

to increase glucose uptake and its utilization [67]. Insulin resistance and hyperan-
drogenism play a key role in the pathophysiology of PCOS. In fact, insulin resistance
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is found in 85% of PCOS women (75% and 95% for nonobese and obese subjects,
respectively) [68]. Insulin resistance occurs when insulin-responsive tissues such as
the liver becomes less sensitive to insulin, leading the pancreas to produce increased
compensatory insulin and eventually leads to hyperinsulinemia [67]. Recent data
show that hyperinsulinemia secondary to insulin resistance is the primary factor of
increased androgen production [69-71].

Several hypotheses on the mechanism of insulin resistance contribution to hyper-
androgenism have been proposed. In human and animal model, insulin stimulates
ovarian androgen secretion directly or enhances LH prompt androgen secretion [72,
73], acts indirectly to enhance the amplitude of GnRH-stimulated LH pulses [74],
decreases hepatic production of serum SHBG [75, 76], decreases IGF-binding pro-
tein-1 (IGFBP-1), and increases the availability of free IGF-1 stimulating the andro-
gen production [77-79]. Finally, hyperinsulinemia may contribute to mid-antral
follicular arrest in PCOS [80].

One of the indirect clinical evidence of the role of insulin resistance as a cofactor
for PCOS-related infertility is the efficacy of metformin in those women (see also
Chap. 11). In theory, metformin may act indirectly by reducing serum insulin levels
and directly within the ovary by reducing P450c17a enzyme activity and subsequent
androgen production. Further, it increases IGFBP-1 and reduces the availability of
IGF-1 [79, 81, 82]. However, the efficacy of metformin alone in enhancing fertility
in women with PCOS remains unclear [83-85].

6.3 Endometrial Receptivity

While anovulation is an obvious cause of infertility in women with PCOS, impaired
endometrial receptivity may also play a role [86]. The alterations and peculiarities
of the endometrium and the role played by endometrium receptivity in infertile
PCOS patients are discussed in Chap. 5.

Briefly, due to ovulatory disorder, the endometrium is exposed to unopposed
estrogen stimulation leading to altered endometrial milieu. Indeed, women with
PCOS tend to have decreased implantation rate and increased miscarriage rate
that has been attributed to decreased endometrial receptivity. Several publications
demonstrated an increased risk (up to 50%) for miscarriage among women with
PCOS [32, 87-89]. However, others found similar miscarriage rates among
women with PCOS, and fertile women and women with other infertility diagnosis
[90, 91].

Endometrium preparation prior to implantation is regulated by steroids and by
several gene expressions especially HOXA10 and HOXA11. These genes are essen-
tial for endometrial growth, differentiation, and receptivity by mediating steroid
hormone effects [92]. Other endometrial receptivity-related mediators including
avb3 integrin, IGFBP-1, and leukemia inhibitory factor (LIF) are also regulated by
HOX genes [83]. In recent years, a number of publications demonstrated several
endometrial characteristics/markers important for implantation that may explain
lower implantation rate in women with PCOS. They include increased expression of
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the estrogen receptor in the glandular epithelium [84] and in androgen receptors
[85]. Further, women with PCOS have decreased HOXA10 expression during the
secretory phase and decreased integrin [93].

Another marker is the WT1. WT1 expression is downregulated in the endome-
trium of PCOS women during the window of implantation [94]. Changes in this
gene expression may lead to abnormal implantation and lower birth rates.
Modifications in the implantation window and possibly the endometrial receptivity
are also mediated by abnormal steroid environment [95, 96]. In vitro study demon-
strated impaired decidualization response with local altered endometrial inflamma-
tory profile in women with PCOS. The endometrial decidualized stromal cells seem
to play a role in active embryo selection.

6.4  Oocytes and Embryo Quality

The potential alterations of the folliculogenesis and of the oocyte competence in
PCOS patients are specifically discussed in Chap. 4. Briefly, PCOS women treated
with control ovarian stimulation tends to produce a high number of follicles.
However, the oocytes have been reported poor in quality leading to low fertilization
and implantation rate and higher miscarriage rate [97-102]. This could be due to
impaired oocyte competence and embryonic development that may be related to
alterations in the intrafollicular microenvironment during folliculogenesis and in
follicle maturation. Perhaps, it is related to inadequate dialogue between the cumu-
lus cells and the oocytes or to abnormal paracrine/endocrine factors and metabolic
dysfunction [103—-108]. In a mouse PCOS model induced with DHEA, the number
of MII oocyte is reduced. They had decrease mtDNA copy number, ATP content,
excessive oxidative stress, and impaired embryo development competence com-
pared to control mice. The authors concluded that excessive androgen may be detri-
mental to oocyte quality [109].

Yet, compared to normo-ovulatory women, PCOS women undergoing controlled
ovarian hyperstimulation had comparable or even better oocyte and embryo quality
[97, 110, 111], suggesting that PCOS is not related to adverse oocyte quality, at least
in the context of nuclear maturation [112].

6.5 Vitamin D

Vitamin D or calcitriol is a steroid hormone, synthesized mainly by the skin on
exposure to ultraviolet light. Additional 10-20% of vitamin D comes from diet.
Vitamin D is converted to 25-hydroxyvitamin D (250H-D) by hepatic
25-hydroxylase. Subsequently, it is converted by renal 1a—hydroxylase to the active
form 1,25-dihydroxyvitamin D3 [113, 114].

High prevalence of vitamin D deficiency was reported in PCOS women (67-85%
compared to 20-48% in the general population) [115, 116] (see also Chap. 14). In
women with PCOS, vitamin D levels are related to hormonal dysfunction and
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metabolic status. Vitamin D deficiency might also be a contributing factor to insulin
resistance, and metabolic syndrome [117-122]. Note that obesity may decrease
the circulating 250H-D levels by trapping the lipophilic vitamin in the adipose
tissue [123].

Asadi et al. reported that genetic variant of the vitamin D receptor was
associated with the severity of PCOS clinically [124]. A correlation between
vitamin D deficiency and infertility has also been reported. Recent studies
showed that low levels of vitamin D in the follicular fluid were associated with
lower implantation and live birth rates [125-128]. However, the effect of vitamin
D supplementation to vitamin D-depleted women undergoing IVF treatment is
still unclear [129].

Using data collected in the Pregnancy in PCOS I (PPCOS-I) study, the
authors found direct correlation between vitamin D levels and ovulatory rates in
infertile PCOS women treated with clomiphene, metformin, or both. Of interest,
each 1 ng/mL (2.5 nmol/L) increase in serum 250H-D enhanced the likelihood of
live birth by 2% [130]. Another study found that vitamin D supplementation
increased endometrial thickness in PCOS women undergoing intrauterine insemi-
nation (IUI) treatment. However, the pregnancy rates in women treated and not
treated with vitamin D were comparable [131]. Results of studies evaluating the
effect of vitamin D supplementation and insulin resistance have been mixed. While
some reported an improvement in insulin resistance in obese PCOS women [132],
others did not demonstrate the effect of vitamin D [133]. It appears that vitamin D
deficiency is a common finding in PCOS women. It might be related to insulin resis-
tance, ovulatory dysfunction, and infertility. Currently there is a paucity of data
supporting routine use of vitamin D in women with PCOS.

6.6  Fertility Evaluation in PCOS Women

Fertility evaluation is usually recommended after 12 months of failure to conceive
with reasonable frequency of unprotected intercourse. For women with suspected
PCOS, infertility investigations should be started after 6 months of trying. For most
PCOS women, the most likely diagnosis will be anovulation. However, other causes
of infertility should be eliminated before starting treatment. Note that 40% of
infertile couples have multifactorial causes of infertility.

According to the National Institute of Excellence (NICE) [https://www.nice.org.
uk/guidance/cg156] and American Society of Reproductive Medicine (ASRM)
guidelines [134], the basic infertility evaluation should include the following.

6.6.1 Medical and Reproductive History
Women with PCOS and their partner should undergo general routine medical his-

tory to exclude other possible causes of infertility. History should include questions
regarding possible diabetes or insulin resistance status and family history of
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diabetes. The reproductive history should focus on the menstrual cycle characteristics.
Women with oligomenorrhea or amenorrhea generally do not require specific
diagnostic tests to establish anovulation. The history should include questions about
symptoms related to adrenal disease, thyroid disease or hyperprolactinemia, or
other causes of oligomenorrhea such as weight gain or loss and excessive exercise.
Assessment of lifestyle habits is important particularly in this population. They are
at risk to develop metabolic syndrome.

6.6.2 Physical Examination

In addition to the routine physical examination, women with PCOS should be evalu-
ated for signs of androgen access. Hirsutism can be evaluated using the Ferriman-
Gallwey score (see Chap. 2). BMI have to be calculated for each patient with
suspected PCOS. Waist circumference or waist-to-hip ratio is also useful to suspect
a visceral obesity. The thyroid should be palpated to rule out goiter and the breast to
identify galactorrhea. The skin should be examined for hyperkeratosis and acantho-
sis nigricans.

6.6.3 Basal Body Temperature (BBT)

BBT measurements provide a simple and inexpensive method for evaluating
ovulatory function. In cycles monitored with BBT, the period of highest fertility
spans the 7 days prior to the mid-cycle rise in BBT. Anovulatory cycles typi-
cally result in monophasic patterns. However, BBT measurement is not always
reliable.

6.6.4 Laboratory Test

In addition to the routine blood test performed as part of the initial work-up infertil-
ity evaluation, several additional tests are recommended for women with suspected
PCOS (see also Chap. 2).

— LH/FSH ratio may serve as an additional indicator (in case of ratio equal or
higher than 2) favoring PCOS.

— Serum levels of androgens and especially testosterone are usually measured. Yet,
its contribution to establish the diagnosis of PCOS is controversial.

— Mid-luteal phase serum progesterone greater than 15 ng/mL provides presump-
tive but reliable evidence of recent ovulation. Endometrial biopsy (EB) and his-
tology can demonstrate secretory endometrial development. Due to its invasive
nature, most fertility specialists have abandoned the routine practice of EB.

— AMH levels are two to threefold higher in women with PCOS compared to unaf-
fected women and relatively higher in relation to antral follicles.
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— Serum levels of 17-hydroxyprogesterone should be measured to rule out the
presence of late-onset congenital adrenal hyperplasia.

— Oral glucose tolerance test (OGTT). In women with risk factors for diabetes
mellitus including dyslipidemia, additional tests including fasting glucose
and HbAlc measurement should be done. The time when the patients are
undergoing infertility investigations is also a good opportunity to evaluate
the general health including comorbidities. Treatment of those comorbidities
could help the patients to conceive and to decrease pregnancy complications
(see Chap. 22).

6.6.5 Transvaginal Ultrasound (TVS)

TVS is mandatory to evaluate the ovarian appearance and AFC as part of the
PCOS investigation. In addition, it also provides information about the endome-
trium that may be decidualized in PCOS, endometrial hyperplasia, or possibly
endometrial carcinoma. Evaluation of the baseline endometrial thickness is
important in the initial work-up of those women. TVS is also important to evalu-
ate the uterine cavity and to rule out the presence of intrauterine polyp, myoma,
or uterine septum.

6.6.6 Tubal Patency

Tubal disease is an important cause of infertility and should be specifically excluded.
The conventional method to evaluate tubal patency is hysterosalpingography (HSG)
examination. A newer method is hysterosonography (or saline infusion
sonohysterography, SIS). In this era of IVF, diagnostic laparoscopy is rarely
performed. However, laparoscopy plays a role in cases with pelvic pain or with
suspected endometriosis. In addition, although controversial ovarian drilling can be
performed at the time of laparoscopy (see Chap. 15).

6.6.7 Semen Analysis

Semen analysis should be performed routinely. About 40% of infertile couples have
multifactorial infertility mostly combined male and female abnormalities. The
sperm analysis should be performed according to the WHO guidelines. In Fig. 6.2
the lower reference limits (5th centiles and their 95% confidence intervals) for
semen characteristics are reported.
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Parameter Lower reference limit
Semen volume (ml) 1.5 (1.4-1.7)

Total sperm number (106 per ejaculate) 39 (33-46)
Sperm concentration (106 per ml) 15 (12-16)
Total motility (PR+ NP, %) 40 (38-42)
Progressive motility (PR, %) 32 (31-34)
Vitality (live spermatozoa,%) 58 (55-63)
Sperm morphology (normal forms, %) 4 (3.0-4.0)

Fig.6.2 Lower reference limits (5th centiles and their 95% confidence intervals) for semen char-
acteristics according to the WHO guidelines

Conclusion

Infertility in PCOS women is usually related to anovulation. However, several
investigators suggested association between PCOS and other infertility factor
such as endometriosis [135] or possibly with leiomyomas [136]. Because many
infertile couples have more than one infertility diagnosis, other causes of infertil-
ity should be evaluated. The contribution of cofactors leading to anovulation may
be different among the diverse PCOS phenotypes. Fertility varies according to
the specific PCOS phenotype and related comorbidities. Insulin resistance, obe-
sity, hyperandrogenism, and infertility are clearly related to PCOS. Others fac-
tors including endometrial and oocyte competence, as well as the role of
vitamin D, need further investigation. Treatment should be tailored accordingly.
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PCOS Phenotypes: Impact on Fertility

Enrico Carmina

7.1 Introduction

One of the main characters of polycystic ovary syndrome (PCOS) is its heterogene-
ity [1, 2]. While the classic image of the PCOS patient is a hirsute, hyperandrogenic
woman with menstrual irregularities and metabolic problems, the clinical picture
may be very different. Many patients have normal body weight, others may not be
hirsute, androgen levels may be normal and metabolic problems may not be
important.

For several years, most experts used a mainly clinical diagnostic approach.
Patients presenting hyperandrogenism (clinical or biochemically demonstrated) and
chronic anovulation were considered affected by PCOS, while all other patients
were excluded from the disorder [3]. However, these criteria were too much restric-
tive. Important similarities between ovulatory and anovulatory hyperandrogenic
women with polycystic ovarian morphology (PCOM) were observed, and we sug-
gested that both groups were part of the same disorder [4, 5]. The same patient dur-
ing her life, just changing body weight, could move from a condition of chronic
anovulation to ovulatory cycles and back [6]. In many countries, National Institutes
of Health (NIH) criteria were never used and diagnosis was based on PCOM [7].
Finally, an agreement was found to include in the disorder patients presenting at
least two out of three criteria (hyperandrogenism, anovulation, PCOM) [8]. While
Androgen Excess and PCOS (AE-PCOS) Society expressed concern about the pos-
sibility of including also non-hyperandrogenic patients in the syndrome [9], the
so-called Rotterdam criteria have been accepted by most experts and finally
endorsed by most scientific societies and by NIH [10]. For a deeper discussion
about diagnostic criteria, see also Chap. 2.
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7.2  PCOS Phenotypes
Using Rotterdam criteria, four main phenotypes may be distinguished:

. Hyperandrogenism, chronic anovulation and PCOM

. Hyperandrogenism, chronic anovulation and normal ovaries

. Hyperandrogenism, PCOM and ovulatory cycles

. Chronic anovulation, PCOM and no clinical and/or biochemical signs of andro-
gen excess

A~ LN~

There is no agreement on the way to denominate these phenotypes, and many
societies (and NIH) [10] use the names phenotypes A, B, C and D. We have preferred
giving names that are more related to their main characters. According to our
definition [11], the following phenotypes may be distinguished:

1. Classic PCOS

(a) With PCOM (phenotype A)

(b) With normal ovaries (phenotype B)
2. Ovulatory PCOS (phenotype C)
3. Normoandrogenic PCOS (phenotype D)

While the understanding that PCOS is a very heterogeneous disorder has been
important, it is also necessary to realise that the different PCOS phenotypes, having
very different clinical problems, need different treatments. In this review, we will
focus on the characters of main PCOS phenotypes and then we will discuss their
impact on fertility.

7.3  Relative Prevalence of Different PCOS Phenotypes

In clinical setting, the classic PCOS phenotype is the most common [11-14]. In
some studies, 90% of PCOS patients present with the classic phenotype. However,
the relative prevalence of the different PCOS phenotypes varies according to many
factors, the most important being the mean body weight of the population [15]. In
our experience 60—-65% of PCOS patients have the NIH classic phenotype. Of these,
the large majority have the phenotype A, while a few patients (<10%) have the
phenotype B.

In our clinic [11], the ovulatory phenotype (phenotype C) is also common
with almost 30% of the PCOS patients presenting this phenotype, while the
normoandrogenic phenotype is relatively uncommon being observed in <10% of
the patients. In other clinical settings (mainly in studies reporting patients referred
to obstetrics and gynaecology clinics), the ovulatory phenotype is uncommon
and normoandrogenic phenotype may be present in about 20-30% of the patients
[12, 16, 17].
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The relative prevalence of the PCOS phenotypes C varies also depending on
ethnic groups with normoandrogenic phenotype being observed in more than 30%
of PCOS patients of some countries of East Asia [18, 19].

Studies in general population are few, but ovulatory phenotype (phenotype C)
seems to be the most represented phenotype [17, 20]. Probably, many of these
subjects never go to a clinic because they do not suffer of problems like infertility
and menstrual disorders.

7.4  Main Characters of Different PCOS Phenotypes
7.4.1 Classic PCOS (Phenotypes A and B)

Classic PCOS phenotype corresponds to the original NIH phenotype (see also Chap. 2)
and is generally characterised by menstrual irregularities linked to a condition of
chronic anovulation and hyperandrogenism (Table 7.1). Inside this group, there is
also asignificant heterogeneity with patients presenting both clinical and biochemical
signs of hyperandrogenism and others presenting only clinical or biochemical
hyperandrogenism. Obesity is common but may be absent with a variable percent of
patients presenting normal body weight. Luteinising hormone (LH)/follicle-
stimulating hormone (FSH) ratio are generally increased but may be normal in a
significant number of patients. Insulin resistance and hyperinsulinemia are common
but some patients present normal insulin levels and a normal insulin sensitivity.
Anti-Mullerian hormone (AMH) is generally increased but may be normal [21]
(see also Chaps. 3 and 8). PCOM is very common but a subgroup of patients (phe-
notype B) present normal ovarian morphology. Finally, increased ovarian size is
common but a significant number of patients present normal ovarian size [21].
Very few studies have tried to assess differences between PCOS patients with
phenotypes A and B. Some years ago, we found that these phenotypes are very
similar in body weight, androgen levels, insulin levels and insulin sensitivity but
that patients with phenotype A present much higher LH levels than patients with
phenotype B [11]. The relationship between these findings and the ovarian

Table 7.1 Characters of main PCOS phenotypes

Metabolic

Hyperandrogenemia  Anovulation PCOM AMH issues
Classic PCOS Yes Yes Yes Increased  Yes
(phenotype A)
Classic PCOS Yes Yes Not Unknown  Yes
(phenotype B)
Ovulatory PCOS Yes Not Yes Mild Mild
(phenotype C) increase
Normoandrogenic Not Yes Yes Mild Not
PCOS (phenotype D) increase

AMH anti-Mullerian hormone, PCOM polycystic ovarian morphology
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morphology is unclear. No data on AMH secretion in patients of phenotype B have
been reported.

Patients with phenotype B have LH values that are similar to the controls and
patients with ovulatory PCOS but higher LH/FSH ratio than those two groups [11].

7.4.2 Ovulatory PCOS (Phenotype C)

These PCOS patients present normal ovulatory cycles but PCOM and clinical or
biochemical signs of hyperandrogenism. In many ways these patients represent a
mild form of PCOS: they have normal LH and LH/FSH ratio and their hyperan-
drogenism is less severe than patients with classic PCOS. Their insulin levels are
normal or only slightly elevated and insulin resistance is less common and less
severe. Obesity may be present but most patients with ovulatory PCOS present nor-
mal body weight or are just overweight. Increased AMH is present in only about
50% of patients with phenotype C and enlarged ovarian size has a similar prevalence
[21]. In these patients, ovulatory cycles correspond to normal fertility. Initial data
suggesting impairment of fertility in PCOS women of phenotype C (because of short
or insufficient luteal function) [22] have been not confirmed by successive studies.

Interestingly, prevalence of phenotype C is higher in countries where mean body
weight is lower, and it has been shown that patients may move from phenotype A to
phenotype C and back with changes of body weight [6]. All of it suggests that pheno-
type C represents a milder form of phenotype A with lower metabolic problems, and it
is in some way linked to lower androgen excess and to lower fertility problems.

7.4.3 Normoandrogenic PCOS (Phenotype D)

Patients with normoandrogenic PCOS have chronic anovulation and PCOM but no
clinical or biochemical signs of hyperandrogenism. Although their androgen values
are in the normal range, the mean testosterone levels are significantly higher
compared with controls. They present increased LH and LH/FSH ratio than the
controls but low prevalence of obesity and normal mean body weight, normal levels
of insulin and no signs of insulin resistance. Ovarian size and AMH are increased in
only 50% of these patients [21].

These patients represent a unique group because they represent some characters
of classic PCOS (menstrual irregularities, chronic anovulation, increased LH) but at
the same time present few metabolic problems and on this respect should be consid-
ered a form of mild PCOS.

7.5 Pathogenesis of the Different PCOS Phenotypes

It is unclear why some patients present a classic PCOS and others may be ovulatory
or normoandrogenic. Of course, it may be just the result of different genetic and/or
environmental influences. However, genetic studies do not give evidence of it.
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Genome-wide association studies (GWAS) were unable to differentiate between the
different PCOS phenotypes [23] suggesting that environmental factors play a main
role on heterogeneity of the syndrome. In some way, the main difference between
classic and ovulatory PCOS patients is the body weight [11], and it suggests that
obesity, partially related to environmental components, may be the main factor
determining the appearance of a classic phenotype, while patients maintaining a
normal body weight will develop an ovulatory PCOS.

However, this explanation, while probable in many patients, cannot explain the
occurrence of classic PCOS in normal-weight or overweight PCOS. More accurate
genetic studies involving different groups of patients and a better understanding of
PCOS pathophysiology are needed to establish the cause(s) of the heterogeneity of
PCOS.

7.6  PCOS Phenotypes and Infertility

It is well known that, with the exception of phenotype C, patients with PCOS pres-
ent a chronic anovulation. In turn, chronic anovulation determines infertility, and
many PCOS patients are referred to specialised clinical settings because of
infertility.

The mechanisms of chronic anovulation in PCOS are not perfectly under-
stood [24]. While this issue will be treated more in depth in another chapter of
this book (Chap. 3), available data suggest that both main endocrine alterations
of PCOS, increased androgen production and hyperinsulinemia, participate to
the mechanism of chronic anovulation. In fact, reduction in one of these endo-
crine alterations may transform a classic anovulatory phenotype in an ovulatory
phenotype. About 50% of anovulatory women with PCOS become ovulatory
when they lose weight or are treated by a product that reduces insulin secretion
(generally an insulin-sensitising drug-like metformin) [24]. The role of andro-
gens is less clear, but reduction in ovarian (and adrenal) androgen secretion
during late reproductive age may be an important mechanism in improving the
PCOS presentation and transforming a classic phenotype in ovulatory pheno-
type [25].

While anovulation is the main factor determining infertility in PCOS, women
with PCOS have also risk factors that may cause reduced fertility. Some studies have
shown alterations of the oocyte and endometrial competence (see Chaps. 4 and 5)
but contrasting data have been presented and evidence-based data are missing [26].
Women with PCOS have been reported to have also three- to fourfold risk for
pregnancy-induced hypertension, pre-eclampsia and gestational diabetes and two-
fold risk for prematurity [27]. All these risks are associated to obesity and insulin
resistance and are much higher in patients with phenotypes A and B than in patients
with phenotype C or D. Some studies have suggested an additional role of
hyperandrogenism on these events. It may suggest that patients with phenotype D
(normoandrogenic and normal weight) have a lower or normal risk of pregnancy
complications. However, data on pregnancy complications in selected phenotypes of
PCOS are missing.
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Conclusion

PCOS phenotypes should not be considered a fixed clinical and endocrine pre-
sentation because changes in lifestyle, administration of drugs and modifications
in hormonal (mainly in androgen production) linked to physiologic processes of
ageing may move the same patient from a phenotype to another.

Because of it, the prognosis of infertility in women with PCOS is often better
than that generally anticipated during young age [24]. Many patients get
spontaneous fertility and children without any treatment, and this phenomenon is
particularly relevant after their forties because of the physiologic reduction
of ovarian androgen secretion that presents at that age. Probably, during
late reproductive age, at least 50% of PCOS patients with chronic anovulation
(phenotypes A and B) become ovulatory (phenotype C) and regain spontaneous
fertility. While treatment of infertility cannot wait for possible spontaneous
improvement during late reproductive age, our counselling of PCOS women
should take in account these changes and tell the patients that their disorder and
their anovulatory status may improve with lifestyle changes but also because of
spontaneous modifications of hormonal function with ageing.
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Follicle Excess and Abnormalities
in Women with PCOS: Pathophysiology,
Assessment and Clinical Role

Agathe Dumont, Pauline Plouvier, and Didier Dewailly

8.1 Introduction

Follicle excess is the cornerstone of polycystic ovarian morphology (PCOM).
Besides its paramount importance for the diagnosis of polycystic ovary syndrome
(PCOS) (see also Chap. 2), it has a major role in the pathophysiology of the ovula-
tion disorder that is observed in most of the PCOS phenotypes. However, as regards
in vitro fertilisation (IVF) outcomes, this ovarian richness turns out to be an advan-
tage as PCOM [or high antral follicular count (AFC) in non-PCOS women] is now
considered as a good prognosis factor for oocyte yield and thus for pregnancy [1].
This chapter will discuss first the pathophysiology of the follicle excess in PCOS,
then its diagnosis and, finally, its clinical role.

8.2 Pathophysiology of the Follicle Excess

The ovarian reserve refers to the number of primordial follicles, defined at birth
(around one million). This follicular capital decreases gradually throughout repro-
ductive life, with the continuous initiation of growth of some follicles and then
mostly their apoptosis. There are about 400,000 follicles in adolescents’ ovaries
(leading roughly to 400 ovulations), whereas only a thousand remains at the time of
menopause [2].

PCOS is characterised by an increased number of follicles at all growing stages
[3, 4], especially preantral and small antral follicles. Moreover, in PCOS, the fol-
licular growth is slowed down, aggravating the accumulation of growing follicles in
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the ovarian cortex [4, 5]. In PCOS, there is also a follicular apoptosis defect, which
worsens the follicle excess [6, 7]. All these three phenomenons are mainly explained
by an excessive intraovarian androgen secretion (see also Chap. 3). This overpro-
duction of androgens could be an intrinsic defect of theca cells [§—11]. Undeniably,
there is a positive correlation between intraovarian hyperandrogenism and excessive
early follicular growth (up to the 2-5 mm follicular stage), independently from
luteinising hormone (LH) and insulin [12]. Indeed, some experiments showed
higher number of antral follicles after injection of androgens in female animals and
in female to male transsexuals [13, 14]. Despite the follicle excess, there is also an
inhibition of the terminal follicular growth, the so-called follicular arrest [15].
According to previous theories, the selection of the dominant follicle would be
impaired by a premature acquisition of LH receptors in the granulosa cells [16, 17],
leading to their early luteinisation and the premature arrest of their growth [18].
High insulin and androgen levels have also been incriminated in this phenomenon.

Elevated serum anti-Miillerian hormone (AMH) level is strongly related to the
follicle excess [9, 19], as it is a reflection of the preantral and small antral follicle
pool. AMH is synthesised at its highest level in small antral follicles, which are
precisely the ones seen on ultrasound.

Therefore, high serum AMH level in PCOS is not only due to the higher number
of preantral and small antral follicles but also to an intrinsic dysregulation of the
granulosa cells, producing more AMH [20-23]. The cause of this dysregulation is
currently unknown, but there is evidence to support a role played by androgens. For
more details on the pathophysiology of the anovulation in women with PCOS, see
Chap. 3.

In PCOS, there is also a specific relationship between follicle-stimulating hor-
mone (FSH) and AMH [24]: FSH would directly stimulate AMH in small antral
follicles, as long as they do not express aromatase. Conversely, in larger follicles,
the FSH-induced increasing E, production would have a direct inhibitory effect on
AMH expression (Fig. 8.1) [24]. Moreover, it has been demonstrated that AMH
significantly decreases not only the FSH receptor expression but also ovarian aro-
matase expression [25], allowing protection of the small follicles from premature
aromatase expression. However, this protective effect exceeds its physiological role
when AMH is in excess, thus resulting in a defect in the selection of the dominant
follicle. The fact that AMH is inhibitory to FSH-dependent factors required for fol-
licle dominance adds considerable significance to the high serum AMH expression
found in PCOS and makes AMH a putative central actor of the ‘follicular arrest’. In
good agreement, clinical studies have shown a relationship between high AMH and
ovulatory disorder [23]. In addition, LH seems to stimulate AMH production by the
granulosa cells in women with PCOS but not in controls [23]. Conversely, some
authors demonstrated that LH reduces AMH receptor II (RII) expression in granu-
losa luteal cells from women with normal ovaries and from women with normo-
ovulatory PCOS, whereas it cannot do so in women with anovulatory PCOS [26,
27]. Besides the LH-stimulating effect on AMH expression, this lack of LH-induced
downregulation of AMHRII expression in women with anovulatory PCOS could
contribute to anovulation. Therefore, the premature action of LH involved in the
‘follicular arrest’ could be partially explained through the AMH system [16, 17].
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Fig.8.1 Schematic diagram of AMH regulation by FSH and E2 in GC of small and large antral
follicles. Adapted from Grynberg et al. [24]. Until the small antral stage, AMH secretion is stimu-
lated by different factors like FSH. Oestradiol (E2) production under the influence of FSH is
impaired by the inhibiting effect of AMH on aromatase. When oestradiol concentration reaches a
certain threshold in large antral follicles, it is capable of completely inhibiting AMH expression
through ERp, which predominates in growing follicles, thus overcoming the stimulation by
FSH. In large follicles from PCO, the lack of FSH-induced E2 production and the high level of
AMH impair the shift from the AMH to the E2 tone, thus leading to the follicular arrest

In conclusion, the abnormalities of folliculogenesis in PCOS are multiple: (1)
increased number of small growing follicles; (2) inhibition of the terminal follicular
growth, resulting in a lack of selection of the dominant follicle, the so-called the
follicle arrest; and (3) a follicular apoptosis defect aggravating the excess of grow-
ing follicles. Intraovarian hyperandrogenism seems to be the greater culprit of all
those abnormalities, via pathways involving FSH, LH and AMH secretion.

8.3 Assessment of the Follicle Excess
8.3.1 Ultrasounds

The Rotterdam consensus of 2003 defined the PCOM as a follicle number per ovary
(FNPO) > 12 and/or an ovarian volume > 10 mL [28, 29]. Theoretically, the word
‘polycystic’ is not appropriated, since there is no cyst in PCOS but antral follicle
excess, and should be replaced by ‘multifollicular’.
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Fig.8.2 Ovarian polycystic aspect with ultrasound equipment from 2009 (a) and 2001 (b)

8.3.1.1 B-Mode Ultrasonography

Abdominal pelvic ultrasound is first performed to see the position of the uterus and
ovaries and to exclude any abdominal mass. Then, to visualise at best the ovaries
and to precisely count the number of follicles, the ultrasound should be done vagi-
nally (Fig. 8.2). Abdominal pelvic ultrasound can be an alternative if the patient is
virgin or refuses the vaginal probe, but only the ovarian volume can be estimated
this way [30]. This exam must be performed between day 2 and day 5 of the cycle,
to prevent any growing follicle from hiding small antral follicles and/or modifying
the ovarian volume.

The best ultrasound criterion for PCOM is the high number of follicles [31].
International experts have submitted practical recommendations for a better stan-
dardisation of the way to count the follicles [32]. It is recommended to first have a
global look of the ovary, in both plans, until the limits of the ovary are clear. First,
all follicles >10 mm should be identified and measured, as they are not included in
the FNPO. Then, the evaluation of the FNPO is finally done (follicles between 2 and
9 mm), slowly from one border of the ovary to the other. Thus, assessment of FNPO
to define PCOM should follow the same procedure as assessment of AFC to evalu-
ate the ovarian reserve prior to IVFE. The only difference is that AFC corresponds to
the sum of follicles in both ovaries, while FNPO to define PCOM is for one ovary.
Unilateral excess in FNPO allows retaining the diagnosis of PCOM, as stated by the
Rotterdam recommendations [29].

The ovarian volume is also a criterion for the diagnosis of PCOM. It can be auto-
matically measured by the ultrasound unit or calculated with the formula:
length x width x thickness x 0.523 [33]. Those three diameters must be measured
in strict orthogonal plans.

The ovarian area can also be used for appreciation of PCOM. It is measured
using an automatic ellipse or by delimiting manually the contours of the ovary, from
a picture where it seems the biggest. It can also be calculated with the formula:
length x width x 0.8. Even if the Rotterdam consensus does not recommend the
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ovarian area as a diagnostic criterion of PCOS, it is still a good assessment of
PCOM, when greater than 5 cm? (sensitivity 77.6%, specificity 94.7%) [34].
Stromal hypertrophy (defined by increased volume and echogenicity of the cen-
tral part of the ovary) and peripheral distribution of the follicles are very subjective
and variable assessment, depending on the ultrasound unit. Thus, at the Rotterdam
consensus conference, those two criteria were not retained to define PCOM.

8.3.1.2 Three-Dimensional Ultrasonography

Using the three octagonal plans, three-dimensional (3D) ultrasonography is theo-
retically an easier way to measure the ovarian volume and to assess the number of
follicles (Fig. 8.3) [35]. Actually, the automatic count is not reliable enough for
small follicles, and a post hoc analysis on stored scans is required to get a reliable
FNPO, which is time-consuming. With the sono-automatic volume calculation
(AVC) mode, the assessment of ovarian volume is reliable, but in common use, 3D
ultrasonography doesn’t seem to be superior to the B-mode and requires expensive
equipment and regular training [36].

8.3.1.3 Controversy of Ultrasonography

Since 2003, many studies have questioned the threshold of 12 follicles defined by
the Rotterdam consensus, as evidence of PCOM [37-39]. Indeed, this cut-off is
highly dependent on ultrasound equipment and operator skill. Therefore, with the
latest ultrasound generation, it is now possible to distinguish very small follicles
(<2 mm). In 2011, Dewalilly et al. [37] proposed a new threshold for FNPO of 19
(sensitivity 81%, specificity 92%). Similarly, a panel of international experts has
recently suggested a threshold of 25, when the maximum frequency of the probe is
greater than 8 MHz [40]. However, this threshold is highly dependent on ultrasound
equipment and operator skill, as demonstrated by Dewailly et al. [41]; thus, each
centre has to establish its own threshold. Concerning the ovarian volume, some

Fig.8.3 3D ultrasonography: Sono-AVC mode (a) and surface mode (b). Pictures from Levaillant
et al. [35]. Authorisation from Dr. Yves Ardaens
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authors proposed to reassess the threshold of 10 cm® as diagnostic criterion of
PCOM [34, 42], but no recommendation has yet been made [30].

8.3.1.4 Magnetic Resonance Imaging (MRI)

MRI has been proposed as an alternative to ultrasound to count the FNPO, and to
evaluate the ovarian areas and volumes, the stromal hypertrophy and vascularisation
(with gadolinium injection). However, the spatial resolution is not as good as in
vaginal ultrasound, and the cost is much higher. MRI is therefore not a first-line tool
in the diagnosis of PCOS, but it is still very helpful in cases of severe hyperan-
drogenism, when it is important to exclude an ovarian tumour.

8.3.2 Anti-Miillerian Hormone

AMH was isolated and purified in 1984 [43] and has been predominantly known for
its role in male sexual differentiation [44]. In women, its expression is restricted to
one cell type: the granulosa cells of the ovary. It starts around the 25th week of ges-
tation, continuing until menopause [43, 45].

The functional role of AMH in early follicular growth has been characterised by
the study of “knocked out” models for the AMH gene (AMHKO) [46-48]. In the
absence of AMH (“knocked out” mice), there is an increased initiation of primor-
dial follicles into the growing pool (they are recruited faster), resulting in an
exhausted primordial follicle pool at a younger age than in wild-type animals [46].
AMH therefore has an inhibitory effect on early follicular recruitment preventing
the entry of primordial follicles into the growing pool and thus premature exhaus-
tion of follicles/oocytes [49].

AMH is expressed as soon as primordial follicles are recruited to grow into small
preantral follicles. Its highest expression is observed in preantral and small antral
follicles; then it decreases with the selection of follicles for dominance and in atretic
follicles (Fig. 8.4) [40, 48, 50, 51]. Thus, serum AMH concentration is strongly cor-
related with the number of growing follicles [8, 9]. Considering that the rate of ini-
tiation of follicle growth is deeply related to the initial follicular pool, we can
assume that serum AMH is an indirect reflection of ovarian reserve. There is actu-
ally a very good correlation between serum AMH levels and FNPO [52], since cir-
culating AMH is mostly produced by granulosa cells of follicles from 2 to 9 mm
(60%), which are precisely the ones counted on the ultrasound for FNPO assess-
ment [53]. Serum AMH could therefore be used as a surrogate for the FNPO in the
diagnosis of PCOS.

8.3.2.1 Serum AMH Assessment for PCOS/PCOM Patients

In most patients with PCOS, serum AMH concentration is greatly increased and
was found to be twofold to fourfold higher in women with PCOS than in healthy
women [9, 54]. This increase is not only due to the higher number of antral fol-
licles secreting AMH but also to a greater production of AMH from the granu-
losa cells [23].
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Fig. 8.4 Schematic model of AMH actions in the ovary. From Dewailly et al. [40]. AMH, pro-
duced by the granulosa cells of small growing follicles, inhibits initial follicle recruitment and
FSH-dependent growth and selection of preantral and small antral follicles. In addition, AMH
remains highly expressed in cumulus cells of mature follicles. The inset shows in more detail the
inhibitory effect of AMH on FSH-induced CYP19al expression, leading to reduced oestradiol
(E2) levels, and the inhibitory effect of E2 itself on AMH expression. 7" testosterone, Cypl9al
aromatase. Figure modified from van Houten et al. [51]

Due to the great number of assay kits available for serum AMH, there is currently
no international threshold to define follicle excess (cf. Sect. 8.3.2.2). In our centre,
we have defined our own cut-off at 35 pmol/L (4.9 ng/mL) for the diagnosis of fol-
licle excess and prediction of PCOS, using the enzyme immunoassay AMH-EIA
(EIA AMH/MIS kit) (‘Immunotech’, Ref. A16507) provided by Beckman Coulter
(France) [37]. This result was obtained after exclusion of women with asymptomatic
PCOM from the control group through cluster analysis, a mathematical procedure
that avoids using predefined thresholds for AMH and FNPO. This mathematical
approach has already been replicated in another setting [30]. In our series, the thresh-
old of 35 pmol/L had a good specificity (97%) and a better sensitivity than the FNPO
(92%) to distinguish women with PCOS from normal women [37]. However, this
threshold cannot be extrapolated to other centres using different control populations
and AMH assays. In addition, the Immunotech assay is no longer marketed.

Recently, Pigny et al. [55] have compared the five currently available serum
AMH assays in the diagnosis of PCOS (cf. Sect. 8.3.2.2). With manual ELISA
assays, they proposed a higher cut-off at 5.6 ng/mL (40 pmol/L), for the prediction
of PCOM (corresponding to the 95th percentile of ‘pure’ controls). They also pro-
posed a threshold at 4.2 ng/mL (30 pmol/L) for the automatic assays. If confirmed
with the new automatised serum AMH assays or the ultrasensitive assay, a high
serum AMH level could then become a reliable and accurate marker for PCOM.

8.3.2.2 Controversy of AMH

In clinical application, AMH presents many opportunities but unfortunately there
are difficulties due to several biological features of this molecule [56]. First, there is
a molecular heterogeneity of the circulating AMH level with a non-cleaved
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biologically inactive form and a cleaved biologically active form [57, 58]. Also,
there is variable sensitivity of the immunoassays to interference by complement
Clq and C3 [59]. Measurement thus involves different assays with different sensi-
tivities. The last technical issue is the inter-laboratory variability, mainly for low
values of serum AMH. The difficulty lies in the fact there are currently different
ELISA immunoassays used worldwide. There are still two ‘manual’ assays (Gen II
of Beckman Coulter and AL-105-1 of Anshlabs), which use different monoclonal
antibodies and different standards [25]. For some time, there has been lack of agree-
ment between these assays which explains the absence of consensual reference val-
ues and decision thresholds between teams in the literature [49]. But progresses
have been made and the two assays now seem superimposable [55]. Likewise, auto-
mation on immuno-analysers (Access Dxi of Beckman Coulter and Elecsys of
Roche Diagnostics) yields nearly identical values [60, 61]. The development of an
ultrasensitive assay (‘pico AMH’ kit, Anshlabs) is also a progress but this is not
relevant for PCOM. Hopefully, an international standard for serum AMH assay will
be established soon in order to maximise its clinical utility.

8.4 Clinical Role of the Assessment of Follicle Excess
8.4.1 Diagnostic Performance

The robust association between AMH and FNPO has led some authors to com-
pare their performance in the diagnosis of PCOS [62, 63]. If results from the
current literature are not quite homogeneous [49], serum AMH assay is defini-
tively more sensitive and specific than the FNPO as it also reflects preantral and
small antral follicles (<2 mm), which are hardly seen on ultrasound. Serum AMH
is therefore a deeper ‘probe’ for the growing follicular pool than the FNPO
(Fig. 8.5) [37, 40, 53].

Serum AMH assay has other benefits over the FNPO, as its serum level is quite
stable from one cycle to another and throughout the same cycle (since the dominant
follicle and corpus luteum do not secrete AMH) [64, 65]. Conversely, the FNPO has
to be measured on the first 5 days of the cycle [66], to prevent any developing fol-
licle from miscalculating the number of follicles or the ovarian volume.

Serum AMH level is rather independent from the hypothalamic pituitary axis and
as such is not modified in pathologies such as hyperprolactinemia and functional
hypothalamic amenorrhea or in incomplete and recent hypogonadotropic hypogo-
nadism, providing serum FSH level which remains normal or subnormal [67].
However, serum AMH might be influenced by some factors, and controversies per-
sist, in particular for obesity [68—70] and hormonal contraception [71-73].

Serum AMH assay is also interesting in adolescent, where it can be difficult to
evaluate the ovaries with abdominal ultrasonography, and where it is sometimes
hard to estimate the share of the physiological and pathological (PCOS), concerning
acne and/or cycle disorders [74].
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Fig.8.5 Rationale for the use of serum AMH assay as a probe for PCOM. From Dewailly et al.
[40]. (a) All growing follicles secrete AMH, but serum AMH reflects only the secretion from big-
ger follicles that are in contact with the vascular bed. As the numbers of follicles in all growth
stages are strongly related to each other, serum AMH is considered to reflect the sum of growing
follicles but not the number of primordial follicles that do not secrete AMH. (b) In PCO, the num-
bers of all growing follicles are increased, resulting in a marked increase in serum AMH level.
AMH may be considered as a deeper and more sensitive probe to define follicle excess than the
follicle count by ultrasound (U/S) since it appraises more follicle classes (blue arrows)

8.4.2 PCOS Phenotypes

Serum AMH level is correlated to the severity of PCOS symptoms [27] and is higher
when hyperandrogenism [75] or oligo-anovulation is present [8, 76]. Indeed, AMH
production in vitro was found much higher in granulosa cells from anovulatory
PCOS than in normal ovaries or normo-ovulatory PCOS (75- and 20-fold, respec-
tively) [23] (see also Chap. 7).

By principal component analysis, it has been shown that a high serum AMH level
and an excessive FNPO can be considered as a marker of hyperandrogenism and
could equally be used as a substitute for the classical markers of ovarian hyperan-
drogenism [77]. This would reconcile the different classifications currently avail-
able for PCOS because some require hyperandrogenism as a necessary criterion
[78]. In 2011, the following strategy was proposed [37]: for the diagnosis of PCOS,
hyperandrogenism and oligo-anovulation should be first sought, after excluding all
alternative diagnoses. If one is missing, PCOM (i.e., high FNPO and/or high serum
AMH level) can be used instead (Table 8.1) [37]. Thus, there are four PCOS pheno-
types, and it is important to differentiate them, as they do not involve the same
reproductive concerns and/or metabolic consequences (see also Chap. 2).

Many studies have tried to identify a predictive level of serum AMH for the dif-
ferent phenotypes but results remain mixed [79, 80]. Although it is clear that com-
plete phenotypes of PCOS (phenotype A) have the highest serum AMH levels, it
was observed that non-hyperandrogenic oligo-anovulatory phenotypes (phenotype
D) had higher median serum AMH levels than hyperandrogenic normo-ovulatory
phenotypes (phenotype C) [41]. Alebic et al. [21] described a steadily increase in
median serum AMH levels across the phenotypes (PCOM < phenotype C < pheno-
type D < phenotype A). They also used the ratio AMH/AFC as a marker of per-
follicle AMH production and found it to be significantly increased in a stepwise
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Table 8.1 Adaptation of the previous classifications for the diagnosis of PCOS, proposing an
excessive follicle number (FN) of >19 or serum AMH concentration > 35 pmol/L or >5 ng/mL as
a surrogate when either oligo-anovulation or hyperandrogenism (HA) is missing

Oligo- Clinical and/or EN > 19 and/or

anovulation biological HA AMH > 35 pmol/I* Diagnosis

+ + (x)P° PCOS

+ = + PCOS

= + + PCOS

- - + Normal woman with PCOM

+ - - Idiopathic anovulation

— + — Idiopathic hyperandrogenism
(5 ng/ml)

®Not necessary for the diagnosis

AMH anti-Miillerian hormone, FN follicle number, PCOM polycystic ovarian morphology, PCOS
polycystic ovarian syndrome

From Dewailly et al. [37]

manner: low in controls, intermediate in eumenorrheic women (PCOM/phenotype
C) and high in oligo-amenorrheic women, regardless of androgen status (phenotype
A/phenotype D) [21]. Recently, Carmina et al. [81] reported that FNPO was signifi-
cantly more sensitive than serum AMH in the overall diagnosis of PCOS (93%
versus 79%) and especially in non-hyperandrogenic phenotypes (93% versus 53%)
or ovulatory phenotypes (95% versus 50%). AMH appeared to be helpful in anovu-
latory phenotypes (sensitivity 91% versus 92%) [81].

8.4.3 Utility in Infertility Treatment

PCOS is a frequent cause of infertility because of the dysovulation often associated.
Therefore, induction ovulation treatments are frequently used, but the follicle excess
present in this pathology can be responsible for an ovarian overresponse with an
increased risk of ovarian hyperstimulation syndrome (OHSS). This is a challenging
situation as the minimal effective dose is often very close to the overdose leading to
hyperstimulation. Thus, serum AMH level and FNPO can be useful to establish
treatment protocols and to define the best strategy for ovulation induction in infer-
tile women with PCOS.

8.4.3.1 Clomiphene Citrate

So far, very few studies have examined the predictive power of the follicle excess in
the response to clomiphene citrate (CC) (see Chap. 10). Only Mahran et al. [82]
have proposed a threshold for serum AMH at 3.4 ng/mL, above which a resistance
to CC is highly expected, suggesting a higher starting dose should be used.

8.4.3.2 InVitro Stimulation
The value of serum AMH for pregnancy prediction in PCOS women undergoing IVF
treatment was evaluated in very few studies and results were conflicting [83, 84].
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Nevertheless, it seems that neither serum AMH nor AFC have proven to be predic-
tive for clinical pregnancy rates in women with PCOS undertaking IVF treatment
[80]. However, serum AMH level and FNPO appear to be good predictive markers
for the risk of ovarian hyperstimulation syndrome (OHSS) in IVF cycle [85], mostly
occurring in PCOS [86]. A recent study proposed a threshold of serum AMH level at
6.95 ng/mL, above which the risk of OHSS was high (75% sensitivity, 84% specific-
ity) [87]. Ocal et al. [88] used a threshold of serum AMH > 3.3 ng/mL to determine
the risk of OHSS (90% sensitivity, 71% specificity) and found that serum AMH was
a better predictor than AFC, LH or FSH. However, the establishment of an accurate
threshold remains difficult because of the heterogeneity of the OHSS definition (see
Chaps. 12, 18 and 20).

8.4.3.3 Laparoscopic Ovarian Drilling

Laparoscopic ovarian drilling (LOD) is currently recommended as a successful
second-line treatment for ovulation induction in women with PCOS (see Chap. 15).
It is considered to be an alternative to gonadotrophin stimulation in the case of CC
resistance [89].

The aim is to trigger spontaneous ovulation by destroying small amounts of ovar-
ian cortex. The utility of the AMH assay as a predictor for LOD outcome has been
recently questioned [90-92], and one study showed that women who ovulated after
LOD had lower preoperative AMH levels [91]. They identified a pre-LOD serum
AMH level threshold of 7.7 ng/mL, which could predict failure of LOD (sensitivity
78%, specificity 76%). However, these data need confirmation, as the statistical
power of those studies was small.

Conclusion

The follicle excess is an important, but not exclusive, criterion for the diagnosis
of PCOS. In the Rotterdam classification, it could be used as a surrogate for
either oligo-anovulation or hyperandrogenism. Despite considerable efforts to
determine the cause of PCOM, its pathophysiology is not fully understood as it
involves multiple mechanisms (hyperandrogenism, FSH, LH and AMH secre-
tions). The follicle excess can be evaluated morphologically by ultrasound or
biologically by serum AMH level. It has been demonstrated that FNPO suffers a
great variability from an ultrasound machine to another and from an operator to
another. Serum AMH appears therefore to be a good substitute, but the lack of
international standard, due to different assays used worldwide, makes it difficult
nowadays to consider serum AMH as the ‘gold standard’ in the recognition of
PCOM.

As regards the use of AMH and/or FNPO for predicting ovarian response to
controlled ovarian stimulation, the situation might be different between non-
PCOS ovulatory women with high FNPO/AMH and women with genuine
PCOS. In the latter, other cofactors such as obesity and/or insulin resistance,
hyperandrogenism or severity of menstrual disorder have been shown to be pre-
dictive, independently from PCOM markers [93, 94]. This should be borne in
mind, especially when deciding the starting dose of gonadotrophins in IVF cycles.
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9.1 Introduction

This chapter will review current strategies for ovulation induction in women with
polycystic ovary syndrome (PCOS) focusing primarily on clinical aspects of treat-
ing infertility with antiestrogens in women with PCOS. Antiestrogens are a broad
category; thus, only most common forms of antiestrogens, selective estrogen recep-
tor modulators (SERMs), which include clomiphene citrate (CC) and tamoxifen and
raloxifene, will be discussed. However, given the overwhelming number of studies
with CC, as well as its accepted clinical role over other SERMs in the treatment of
PCOS, this chapter will largely focus on CC.

9.2 Clomiphene Citrate (CC)
9.2.1 Overview

CC is the most commonly used SERM in ovulation induction in women with PCOS,
although tamoxifen has also been studied for this indication. These treatments were
originally studied for the treatment of hormone-dependent breast cancer as were
also the estrogen receptor antagonists and also the aromatase inhibitors. When you
consider that many of the chronic treatments for hirsutism were adapted from anti-
androgens developed for the treatment of hormone-dependent prostate cancer, a
large debt is owed to hormone-dependent cancers and drug repurposing in the treat-
ment of women with PCOS.
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Fig. 9.1 Mechanism of action of CC (From Palomba [1])

Although SERMs, especially CC, are among the longest utilized drugs to treat
anovulatory infertility in women with PCOS, their mechanism of action is still incom-
pletely understood. Figure 9.1 summarizes the main and known mechanism of action.
Specifically, they are thought to function as estrogen receptor antagonists in the hypo-
thalamus and stimulate gonadotrophin-releasing hormone (GnRH) and subsequent
follicle-stimulating hormone (FSH) secretion. This increase is FSH, especially rela-
tive to the excess of luteinizing hormone (LH) secretion that characterizes women
with PCOS and restores follicular development, in many cases multi-follicular devel-
opment in women with PCOS, who suffer from an excess of arrested antral follicles.
They may also have similar effects elsewhere in the body; for instance, they may
antagonize estrogen-stimulated endometrial development leading to a thinner luteal
endometrial thickness and contributing to a lower chance of embryo implantation
despite the increase in ovulatory rate. This theory, however, has been challenged by
clinical trials of letrozole vs. CC in women with PCOS which have noted that midlu-
teal increase in thickness is significantly higher with CC than with letrozole [2]. Such
findings may dispel myths about the meaning of easily obtainable but clinically mean-
ingless surrogate endpoints in predicting pregnancy outcomes.

Overall, CC has an estrogenic effect as indicated by the significant increases in
circulating sex hormone-binding globulin (SHBG) levels after even short exposures
(i.e., 5 days). The metabolism of CC is complex as it is a racemic mixture of two
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isomers (zu- and en-CC which may have varying effects) and has a long half-life
(5-7 days) such that metabolites (especially zu-CC) may accumulate over time with
carryover effects in consecutive cycles [3].

9.2.2 Efficacy

The cumulative success rate of CC will depend on the population studied, such that
cumulative 3—6-month live birth rates vary greatly from 20-80% in the literature [4,
5]. Table 9.1 summarizes a variety of predictive factors that have been identified
from studies [5-8]. A caveat is that although known predictive factors have been
reported from multiple groups, rarely is a predictive model for pregnancy validated
in a subsequent prospective clinical trial [9]. Most infertility studies will screen out
other causes of infertility prior to ovulation induction, and that process makes good
clinical sense before commencing with this infertility therapy. The reason is that in
an unselected population of women with PCOS seeking infertility, there is a high
proportion of other infertility factors (see also Chap. 6), e.g., 10% of males have
oligospermia requiring further evaluation or alternate treatments, and ~5% of
women have bilateral tubal occlusion on tubal testing [by hysterosalpingography
(HSG), sonohysterography (SHG), or laparoscopy], and a larger percentage have
endometrial filling defects or unilateral tubal occlusion which may impair response
to treatment [10].

There is emerging evidence that excessively high anti-Mullerian hormone (AMH)
levels are associated with both poor responses to CC, i.e., increased resistance to
ovulation as well as lower pregnancy rates [9]. This may be related to the general
concept that the more severe cases of PCOS are less responsive to first-line therapy
than the milder cases. It is often difficult to separate the relative contributions of
reproductive abnormalities such as hyperandrogenism from metabolic abnormalities
such as insulin resistance (see Chap. 6). A good example for this is the examination
of SHBG which increases both in response to lower circulating androgens and higher
circulating estrogens but also to lower insulin levels and improved insulin sensitivity
[11, 12]. Both higher baseline SHBG and increases in response to treatment have
been associated with improved pregnancy rates in PCOS [9, 13].

Table 9.1 Predictive factors for pregnancy with ovulation induction with CC

Known predictive factors Suspected predictive factors

Younger age Exclusion of other infertility factors

Shorter duration of attempting pregnancy Prior nonresponse to SERMs

Lower BMI Lower levels of AMH (above the normal lower
limit cutoff)

Less hyperandrogenism
Less insulin resistance
Recent pregnancy loss
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9.2.3 Adverse Events

Hot flashes are noted as a particularly annoying side effect by patients. Further there
is a theoretical concern about a sudden development of visual symptoms due to
potential pituitary enlargement and pressure on the optic chiasm. This can be a rea-
son for treatment discontinuation though clinically it is often to determine the
source of such symptoms without brain imaging, which is typically not performed
in such cases. The most common side effects to CC are related to successful
response, i.e., abdominal pain and cramps, dysmenorrhea, breast tenderness, etc.,
related to follicular development, ovulation, and menses, if the patient does not
conceive. Patients, who, due to their anovulation, are not used to such symptoms,
should be counseled about the normalcy of such symptoms in the context of ovula-
tory response. CC can induce the formation of follicular cysts requiring treatment
cessation until cysts resolve.

Multiple pregnancy rates are in the range of 4-8% and most are twins, though case
reports have also documented high-order multiple pregnancies after CC use. From our
experience with the use of CC in both PCOS and unexplained infertility, multiple
pregnancy rates (among clinically recognized pregnancies) trend higher in the popula-
tion with unexplained infertility (9.4%) compared to PCOS (4.0%) [2, 14].

There are no known patterns of congenital birth defects related to CC, though
greater attention has focused on this serious adverse event with the increased scrutiny
of birth defects in patients who conceived with letrozole (see also Chap. 10). One
retrospective chart review noted an increased prevalence of cardiac-related malfor-
mations with CC compared to letrozole in women with infertility [15]. Another reg-
istry-based study in Australia also noted a high prevalence of birth defects after CC
use compared to other forms of infertility therapy, but this may be a type 1 error due
to the low number of patients in this category [16]. Prospective trials of letrozole and
CC in both unexplained infertility and PCOS have noted comparable congenital mal-
formation rates below 5% with both drugs. Thus, currently there are not supporting
data to counsel patients of an increased congenital malformation rate with the use of
CC compared to other therapies.

9.2.4 Protocols

CC is given in the early follicular phase or, more correctly stated, the constant fol-
licular phase of anovulatory women with PCOS. Thus, it is a moot point whether to
begin on day 3 or day 5 of the cycle, since the women are acyclic. If a woman with
PCOS ovulates, there is no reason to recommend a day 3 or day 5 cycle start in a
subsequent cycle. The starting dose for clomiphene is 50 mg a day for 5 days. Many
groups will perform a baseline ultrasound with serum progesterone screening to
rule out periodic and unexpected ovulation. Further baseline ultrasounds (or midlu-
teal ultrasounds) will be obtained to rule out the presence of large residual cysts that
may lead to symptoms, ovarian torsion, or unilateral ovarian suppression of follicle
development, due to a mass effect. At a minimum, it is prudent to perform a urine



9 Antiestrogens 113

pregnancy test to rule out potential exposure of an early pregnancy to the medica-
tion before any dose is given. This advice is practical for all ovulation induction
methods in women with PCOS.

In terms of monitoring, verifying follicular development or ovulation with a
serum progesterone, ultrasound, or both may allow for more rapid advancement to
therapeutic doses. If there is no ovulation or follicular development, the so-called
stairstep protocol may be utilized, which recommends dose increases every 2-3
weeks based on follicular response [17]. Other regimens proposed in the literature
but less used in the clinical practice are the “extended regimen,” i.e., CC administra-
tion at doses of 100 mg daily starting on day 2 of menses for 9 days; the “luteal
phase regimen,” i.e., CC administration at doses of 100 mg daily starting the next
day after finishing medroxyprogesterone acetate given for 5 days; and the “repeated
intra-cycle regimen,” i.e., CC administration at the same dose per 5 days at regular
intervals.

There are limited data to suggest that follicular phase monitoring and triggering
of ovulation with hCG is superior to no monitoring and timed intercourse in anovu-
latory patients. The dose of CC is increased by 50 mg a day up to a maximum daily
dose of 150 mg aday or 750 mg per cycle as per the US Food and Drug Administration
package insert recommendations. Higher daily doses of CC have been given with
reported success or longer duration of dosing beyond 5 days [18].

It is debatable whether an induced withdrawal bleed is necessary prior to ovu-
lation induction or between anovulatory cycles if a patient is nonresponsive to
medication (i.e., CC resistant) [19]. The rationale for this likely extends back to
the concept that a “fresh” endometrium has a better prognosis than one that has
seen a prolonged follicular phase; however, there is also the potential for harm
through excessive shedding of the endometrium or through prolonged suppres-
sion of the hypothalamic pituitary axis through progestin challenge. Further pro-
spective studies are needed supporting lower pregnancy rates with this practice
before a definitive recommendation to discontinue progestin challenge can be
made [20].

9.2.5 Adjuvant Infertility Therapies with CC

CC may see its fullest range of use in combination with other medications. A sum-
mary table (Table 9.2) of select adjuvant agents in which some benefit from at least
one prospective trial is noted is included in this chapter. Of note, the only adjuvant
therapy to clomiphene which in the Cochrane systematic reviews of antiestrogen use
in PCOS was found to significantly improve pregnancy rates was dexamethasone
[21]. CC plus dexamethasone treatment was effective in increasing pregnancy rate of
about tenfold compared to CC alone [odds ratio (OR) 9.46, 95% confidence interval
(CI) 5.1 to 17.7]. Metformin has been studied most extensively as an adjuvant ther-
apy to CC, and generally in large studies, the combination has not been statistically
superior to CC alone in improving pregnancy rates [4, 22, 23]. However there may
be a benefit in certain subsets of patients, particularly obese patients [ 4, 24]. Further
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Table 9.2 Concurrent adjuvant infertility therapies Ovarian stimulation agents

with CC Gonadotrophins [25]
Letrozole [32]
Adrenal agents
Dexamethasone [33]
Metabolic agents
Metformin [34]
Rosiglitazone [35]
Supplements
L-Carnitine [36]
N-Acetyl Cysteine [37]
Inositols [20]

such studies were useful for showing the comparative difference in quality of ovula-
tion with CC versus metformin. CC may also be useful as an adjuvant therapy to
reduce the utilization of more expensive medications such as gonadotrophins [25],
reducing the rate of complications rates such as ovarian hyperstimulation syndrome
(OHSS) when used as an adjuvant.

9.2.6 Areas of Uncertainty

Many issues with CC still need to be addressed. The ideal number of cycles for first-
line therapy has not been established, but longer studies have shown that time does not
diminish the per cycle pregnancy rates with CC over five or six cycles [2, 4, 22]. Thus,
if a patient is ovulating, a longer course of ovulation induction with CC may be indi-
cated if other factors do not lead to choosing alternate and more successful therapies
(i.e., gonadotrophins or IVF). CC resistance remains an issue as up to 25% of patients
will not ovulate even when challenged with the highest dose of 150 mg/day. Adjuvant
therapies or preconception weight loss in obese patients may improve the ovulation
rate with CC [26, 27]. Such studies have formed the basis for the recommendation by
experts for obese women with PCOS to lose weight prior to ovulation induction.
However, more recent studies have noted a relative harm in obese women who delay
infertility treatment to pursue lifestyle modification, with significantly lower cumula-
tive live birth rates over a 2-year period of follow-up [28]. Further studies in this area
are needed.

9.3 Other SERMs: Tamoxifen and Raloxifene

Tamoxifen and CC have very similar structures with only a difference in a single
side chain between them (Fig. 9.2). This may explain the fact that there appears to
be little difference between them in terms of ovulation rates and pregnancy rates in
comparative trials between CC and tamoxifen [21, 29, 30].

At the moment, there has been one small trial comparing CC to raloxifene, a
newer SERM for ovulation induction in women with PCOS, which noted



9 Antiestrogens 115

CH,CHj . CH,CHj .
N —H,CH,CO ~_N—H,CH,CO
CH,CHy” CH,CHg

Q2 L auon

o O O

Clomiphene Tamoxifen

Fig.9.2 Chemical structures of CC and tamoxifen

comparable ovulation rates [31]. Thus, currently there appears to be little rationale
for choosing tamoxifen or raloxifene over CC or using tamoxifen or raloxifene in the
face of CC resistance or CC failure.

Conclusion

Despite the emergence of aromatase inhibitors as first-line infertility ther-
apy in women with PCOS, CC remains a time-honored relatively safe and
effective means for ovulation induction in women with PCOS. Many oppor-
tunities exist to improve our utilization of CC including pharmacogenetic
studies to identify responders, further studies of combination therapy with
other safe and relatively effective adjuvants, and better long-term studies of
prolonged treatment courses with CC in ovulatory patients. Such studies
could help us to clarify the role of clomiphene in the future treatment of
women with PCOS-related infertility.
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10.1 Introduction

Aromatase (AROM) is the rate-limiting enzyme in oestrogen biosynthesis, and inhi-
bition of its activity reduces oestrogen blood levels and negative feedback on gonad-
otrophin secretion. More than 15 years have passed since the first use of an aromatase
inhibitor (Al) as a treatment for induction of ovulation in patients with polycystic
ovary syndrome (PCOS) [1]. Letrozole (LTZ) is the dominant Al in use in infertility
treatment. It is now the first treatment option for different subfertility/infertility
indications. Induction of ovulation in both naive and clomiphene citrate (CC) resis-
tant infertility patients with PCOS is the main indication. LTZ is also widely admin-
istered in treatment of unexplained infertility and mild male factor infertility either
as a sole treatment or in combination with gonadotrophins and intrauterine insemi-
nation (IUI) [2]. Recently more and more studies demonstrate the potential benefi-
cial use of LTZ in in vitro fertilisation (IVF) cycles especially in breast cancer
patients going through fertility preservation treatment [3-5]. LTZ is used “off label”
in North America and many other Countries around the world. The warning letter
published by the original manufacturer is still the main obstacle to wider acceptance
[6]. In the last 15 years, many studies have been published describing favourable
results with LTZ use in reproductive technologies with no significant short or long-
term side effects [7]. We believe, in the light of the accumulating clinical research
evidence, that LTZ is safe for use in assisted reproduction. Meanwhile, the use of
Als for induction of ovulation in PCOS patients is well documented. LTZ has
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several benefits over the traditional treatment with CC [8] including the develop-
ment of normal endometrial thickness and normal cervical mucus, predominantly
monofollicular ovulation with reduced risk of multiple pregnancy and a short half-
life that prevents accumulation with serial use. In the following chapter we will
review use of Als in ovulation induction, focusing primarily on World Health
Organization (WHO) type 2 classification, mainly PCOS.

10.2 History

For decades, the cytochrome P450 AROM) has been under intensive investigation to
understand its function in conversion of the androgens, androstendione, testosterone
and 16 o-hydroxytestosterone to the oestrogens, oestrone (E1), 17p-oestradiol (E2)
and 17, 16a-oestriol (E3), respectively. AROM functions in various tissues and
organs including ovaries, adipose tissue, brain, liver and breast [9]. The main interest
in this field has been in the development of an improved therapy for postmenopausal
oestrogen-dependent breast cancer [10]. Aminoglutethimide (AG) was discovered in
1961 and first used as an antiepileptic treatment. It represents the first generation of
Als and was used as early as 1974 [11]. A reduction in E1 levels was described in
postmenopausal breast cancer patients treated with AG [12, 13]. Its main side effects
were a result of its low selectivity; AG inhibited AROM but also inhibited the activity
of other P450s, e.g. P450scc and some enzymes involved in thyroid biosynthesis [14].

Formestane is a steroidal Al, synthesised in 1973 [15], and first reported as an Al
in 1984 [16]. Formestane belongs to the second generation Als, has fewer side
effects compared with AG and underwent several clinical trials in breast cancer
treatment [16]. Formestane was never approved for clinical use, mostly, because of
low oral bioavailability [17] and the discovery of the third generation Als with more
selective and more potent AROM inhibition [10]. The other second generation Al is
fadrozole, it was a non-steroidal reversible Al like AG but more potent and specific
[18, 19]. Fadrozole was used as early as 1987, and was part of clinical trials of
breast cancer treatment in 1989. Fadrozole was approved for clinical treatment in
Japan but never by the Food Drug Administrations (FDA) in the United States (US).
Despite relatively high selectivity, fadrozole had some side effects including nausea,
vomiting, fatigue and suppression of aldosterone [16].

Third generation non-steroidal Als include anastrozole (ANZ), LTZ and exem-
stane (EXM), all approved by the FDA in the late nineties for clinical use for post-
menopausal oestrogen-dependent breast cancer [20]. The prominent feature of the
third generation drugs is high selectivity for AROM and as a result fewer side effects
[21, 22]. It is noteworthy that all three Als are equally effective in breast cancer
therapy [23, 24]. All three Als have shown superior efficacy and greater disease free
survival when compared to tamoxifen, a selective oestrogen receptor modulator
(SERM) in treating breast cancer [21, 22], more recently employed for ovulation
induction too (see Chap. 9). Among third generation Als, the most common adverse
effects are fatigue and arthralgia, in addition to hypoestrogenism-related effects
including hot flashes and osteoporosis [21, 22, 25, 26].
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10.3 Pharmacokinetics and Pharmacodynamics

Third generation Als have a relatively short half-life. This feature is especially
important for fertility indications. The faster the elimination from the circulation,
the less chance exists of exposure of the fertilised oocyte or developing embryo
through implantation and beyond, thereby reducing the possibility of any terato-
genic effect. LTZ has a half-life of about 45 h. It is completely cleared from blood
within approximately 10 days or 5 times the half-life length. Oral LTZ bioavail-
ability is 100%, and it reaches a blood steady state level in 4-8 h. LTZ at the
2.5 mg dose suppresses oestrone and oestradiol by ~78% in postmenopausal
women, with maximum suppression achieved after 48—72 h. Contrast that phar-
macokinetic with those of CC below.

CC was considered for six decades as the sole oral treatment for ovulation
induction in PCOS patients, despite accumulating evidence of undesirable side
effects that impaired pregnancy success compared to ovulation efficacy (see also
Chap. 9) [7]. CC is a SERM that blocks oestrogen negative feedback in the pitu-
itary and hypothalamus by depleting oestrogen receptors (ER), resulting in the
increase in secretion of luteinising hormone (LH) and follicle stimulating hor-
mone (FSH). This anti-ER effect is non-specific and is the explanation for the
detrimental impact of CC on cervical mucus and the endometrium [27, 28]. A
proportion of patients with PCOS demonstrates resistance to CC and do not ovu-
late. Following resistance to CC for ovulation induction, historically most physi-
cians would switch to injectable gonadotrophins with potentially unfavourable
results such as multiple pregnancy and a risk of ovarian hyperstimulation syn-
drome (OHSS) (see also Chap. 21). The optimal alternative to CC, therefore,
would be a similar oral, inexpensive medication with a short half- life [29, 30],
and no anti-estrogenic effects.

LTZ - 4,4'-[1H-1,2,4-triazol-1-ylmethylene]-bis-ben is highly selective for
AROM. Originally suggested as a possible contraceptive agent, multiple follicle
formation was observed following administration of LTZ in Bonnet monkeys [31].
Several years later, in 2001, Mitwally and Casper [1] published their work on a
group of patients who failed to ovulate or who demonstrated thin endometrium and
failure to conceive with CC treatment. The patients had mixed anovulatory and
ovulatory infertility disorders. They were treated with LTZ, 2.5 mg a day, from day
3-7 of the cycle. Seventy-five percent of PCOS patients ovulated and 90% of ovula-
tory patients had one or more follicles with adequate endometrial thickness.
Seventeen percent of the patients conceived following LTZ treatment.

This was the first study suggesting LTZ as an alternative to CC, and proposing
a solution for the adverse anti-oestrogenic effects of CC on extra-ovarian tissues.
Gradually, since the first report described above, LTZ has become a popular, off
label, treatment for ovulation induction and stimulation. Numerous studies have
been and still are conducted on LTZ. This active research and clinical use contrib-
utes to continuous improvement in efficacy and safety of LTZ treatment protocols.
The selection of LTZ for fertility treatment, rather than other third generation
AT’s, was serendipitous, after a patient with breast cancer was prescribed LTZ by
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her oncologist and she asked us about the medication. It is noteworthy that LTZ
has become the predominant Al in use in assisted reproductive technology (ART)
and the rest of this review will focus on data related to LTZ.

10.4 Mechanism of Action

Both peripheral oestrogen production in ovaries and fat tissue, and central estro-
genic secretion in the brain result in negative feedback on gonadotrophin secretion
from the hypothalamus-pituitary axis [32-34]. By eliminating oestrogen production
in the early follicular phase, LTZ will cause secretion of more FSH and recruitment
of one or more follicles. A smaller fraction of the FSH increase is attributed to
enhanced activin discharge from the pituitary following reduced oestrogen levels.
Activin locally, stimulates FSH secretion from gonadotrophes [35].

In 2009, cytochrome P450 AROM was purified in its crystal form for the first
time enabling a better understanding of its function in conversion of androgens to
oestrogens. [10]. Androstendione is the natural substrate of AROM, binding to the
active site of AROM, a heme-distal group of the P450 subunit. LTZ binds reversibly
to this active group of AROM, inhibiting androgen transformation to oestrogens
[10]. As already before reported, LTZ has relatively short half-life about 45 h [7,
36-39] and LTZ and the other Als do not down-regulate oestrogen receptors, nor
have any direct estrogenic or anti-estrogenic activity.

Some studies reported that testosterone enhances FSH receptor expression in the
ovaries promoting follicular development in the follicular phase [40-42]. The LTZ
inhibition of androgen aromatisation may result in accumulation of androstenedi-
one and testosterone in the ovaries. Androgens may also increase local secretion of
endocrine and paracrine factors involved in follicular development such as insulin-
like growth factor (IGF) [43, 44].

PCOS patients have typically relatively low FSH levels. One possible explanation
is that central oestrogen levels are high as a result of aromatisation of the abundant
androgens in these patients. It is expected that this effect would be counteracted by the
inhibition of aromatisation by LTZ resulting in an increase in FSH levels and recruit-
ment of multiple follicles in the early follicular phase. However, the FSH increase
remains modest because once the AROM inhibition effect wears off; oestrogen nega-
tive feedback is resumed since unlike CC, LTZ results in no ER depletion. In addition,
high levels of inhibin in PCOS patients may modulate the rise in FSH [45].

Anti-Mullerian hormone (AMH) has been suggested as an active factor in the
pathogenesis of PCOS (see also Chap. 8). AMH is usually elevated in PCOS as a
result of abundant secretion from granulosa cells of small follicles in the PCOS
ovary [46]. Some evidence supports the assumption that AMH is not merely an
indicator of antral follicle number but is also active in inhibiting early follicle
growth. AMH is secreted from the primary follicle stage onwards and its secretion
is highest during in the pre-antral and small antral follicle stages and declines after
the follicle reaches a diameter of about 8 mm [47, 48]. AMH inhibits follicular
growth [49]. In in vitro experiments, AMH treatment reduced FSH-induced [50]
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and cAMP-stimulated AROM activity, and AROM mRNA expression and E2 pro-
duction [49-51]. PCOS patients have higher serum levels of AMH compared to
normal cycling women [49]. The increase in AMH was also demonstrated in fol-
licular fluid [52] and granulosa cells [53] of anovulatory PCOS patients compared
with ovulatory women. A higher total AMH and higher AMH per follicle in PCOS
patients who did not respond to ovulation induction with CC were demonstrated
[54]. In a study comparing LTZ to CC for ovulation induction in PCOS patients, a
greater reduction in AMH levels in the LTZ group compared with CC group was
found [8]. These data suggest another possible route of a potential positive effect of
LTZ on ovarian response in PCOS patients.

This complex system of hormonal balance and interactions combine to form a
favourable treatment result with LTZ in PCOS patients. Als achieve induction of
ovulation without interfering with the negative feedback system in the hypothala-
mus and pituitary and with no adverse effect on endometrial development. Mono-
follicular response in anovulatory PCOS patients is a reasonable goal that can be
obtained by LTZ since the short half-life allows rapid resumption of follicular oes-
trogen production and normal negative feedback of oestrogen on FSH to prevent
further follicular recruitment. Nonetheless, dose management and monitoring with
ultrasound must be individualised to be optimal.

10.5 Clinical Data

Induction of ovulation is the main target of fertility treatment for PCOS patients. It
is widely accepted that lifestyle change is a first line treatment in overweight or
obese patients (see also Chap. 13). However, a Cochrane meta-analysis concluded
that there is no data regarding pregnancy, live birth and miscarriage rates in PCOS
women with lifestyle modification, even though restoration of ovulation and cycle
regularity has been reported following weight loss [55]. A recent large study from
the Netherlands compared lifestyle intervention for weight loss for 6 months before
fertility treatment in obese PCOS patients compared to immediate ovulation induc-
tion. The results of this study showed no benefit of lifestyle intervention. Significantly
more women had a healthy live birth by 24 months in the immediate ovulation
induction group compared to the lifestyle intervention group [56]. The timing of
interventional treatment is usually matched to the patient’s desire for pregnancy,
age, and concurrent infertility factors. Because of variability in response to weight
loss, CC has been widely prescribed for ovulation induction. For the last 60 years,
CC has been the first line pharmacological treatment for PCOS patients (see Chap.
9). CC has the advantages of easy oral use and low cost. However, the cumulative
birth rate is relatively low (22% in up to 6 cycles [56]). As mentioned above CC has
unwanted anti-estrogenic side effects, and the potential for multiple pregnancy
(3—8%) [8] compared to 1% in naturally conceived pregnancies. Failure of ovula-
tion or resistance to CC leads usually to a progression to gonadotrophin therapy.
The recommended gonadotrophin protocol in PCOS patients is “low and slow”
meaning low dose of gonadotrophins for several days before a gradual increase in
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dose and continuous intensive monitoring to reduce the risk of multiple ovulation
and multiple pregnancy or OHSS [57, 58]. Gonadotrophins are administrated as
daily injections and they are expensive. More details on gonadotrophin ovarian
stimulation are given in the Chap. 12).

As described above, the preliminary study by Mitwally and Casper reported 75%
ovulation and 17% pregnancy rate with one cycle of treatment in PCOS patients
who did not response to CC [1]. Similar ovulation rates were described in other
studies. Many clinical studies have been conducted since 2001 comparing LTZ with
other ovulation induction treatments. Various protocols have been tried, and gradu-
ally a diversity of indications has resulted.

The early studies described patients treated with LTZ as second line therapy after
failure to induce ovulation with CC or failure to achieve pregnancy in PCOS
patients. As more and more comparative studies accumulated, however, more evi-
dence has been collected supporting the use of LTZ as a substitute for CC and a
primary treatment for PCOS. A Cochrane meta-analysis examined the outcomes of
26 randomised controlled trials (RCTs) and confirmed that LTZ improved live birth
and pregnancy rates compared to CC [59, 60]. Odds ratio (OR) of live birth was 1.64
and OR of clinical pregnancy rate was 1.4 for LTZ compared to CC. No evidence of
difference in miscarriage rates was demonstrated between pregnancies achieved
after LTZ vs. CC. LTZ was associated with reduced risk of multiple pregnancy,
estimated OR 0.38. Recently, Legro et al. [8] have published what has been consid-
ered to be the definitive comparison of LTZ and CC for ovulation induction in
PCOS. That study showed improved ovulation rate (88.5% vs. 76.6%), improved
conception rate (41.2% vs. 27.4%), improved clinical pregnancy rate (31.3% vs.
21.5%) and live birth rate (27.5% vs. 19.1%) in LTZ treated patients compared to
CC (see also Chap. 9).

10.5.1 CC Resistance

Fifteen to 40% of PCOS patients fail ovulate following multiple treatment cycles
with CC and are considered to be CC resistant [61]. Moreover, the definition of CC
resistant is very variable among available studies. One study defined CC resistance
as failure to ovulate after 5 cycles of CC up to 250 mg [62]. LTZ has been proposed
as an alternative treatment in these women. In fact, the first study conducted by
Mitwally and Casper [1] was conducted in CC resistant PCOS patients. Since then
many studies have been published comparing LTZ with other treatments in manage-
ment of CC resistant patients with a success rate of LTZ to induce ovulation of
around 33% [63]. In a comparative study of LTZ and tamoxifen in CC resistant
patients, ovulation rates were 23.3% vs. 8.89% with LTZ and tamoxifen, respec-
tively and pregnancy rates were more than doubled in the LTZ group [64]. Another
study compared LTZ with CC combined with metformin in treatment of CC resis-
tant patients, and the ovulation rates were equivalent between these two groups
(64.9% vs. 69.6%, respectively) [65].
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Another treatment that has been proposed for CC resistant patients is laparo-
scopic ovarian drilling (LOD). In our opinion, LOD should be an obsolete treatment
for induction of ovulation in PCOS (see also Chap. 15). Conventionally, it is
reserved as an alternative to gonadotrophins in CC resistant PCOS patients. Even
though LOD is a surgical procedure, it appeals to patients who cannot afford expen-
sive gonadotrophin treatments and reduces the risk of multiple pregnancy associ-
ated with gonadotrophins. However, we have demonstrated by second-look
laparoscopy, that LOD is associated with consistent formation of ovarian adhesions
[66] and should probably be abandoned, especially since the ovulation and preg-
nancy rate with LTZ treatment was found to be equally as, or more effective than,
LOD. No difference was observed in miscarriage rates and live birth rates were also
increased with LTZ [67, 68].

10.6 Protocols and Doses

In their initial study, Mitwally and Casper used LTZ 2.5 mg daily for 5 days from
cycle days 3 to 7 with good results. Since then, LTZ 2.5 mg has been the usual treat-
ment dose that is successful in inducing ovulation in most patients with
PCOS. Al-Fadhli et al. prospectively compared 2.5 mg and 5 mg of LTZ for 5 days
and observed a higher number of dominant follicles and significantly higher preg-
nancy rates in the 5 mg per day arm [69]. Badawy et al. compared 2.5, 5 and 7.5 mg
of LTZ per day in unexplained infertility patients. They found a higher number of
follicles in the 7.5 mg group but no significant difference in pregnancy rates between
the three doses [70]. Additional studies looked at 2.5 mg vs 5 mg of LTZ daily
together with recombinant FSH (rFSH) in women with unexplained infertility. No
difference in pregnancy rates was detected but lower amounts of rFSH were needed
with the 5 mg LTZ arm making it more cost-effective [71].

Three other protocols of LTZ administration that may be interesting have been
reported. In a nonrandomised study, a single dose of 20 mg LTZ given on cycle day
3 was compared with daily dose of 2.5 mg for 5 days [72]. The single dose admin-
istration was comparable to the 5-day protocol and may have several benefits includ-
ing ease of use, safety due to more rapid clearance of LTZ than the 5-day treatment
regimen, and improved patient compliance. Another study reported by Mitwally
et al. suggested that a step-up protocol could be used if multiple follicle ovulation is
desired [73]. Finally, in some women who fail to ovulate with the standard dose of
LTZ given for 5 days, a 10-day course has been reported to be successful [74].

Nevertheless, with young PCOS patients the risk of overstimulation must be kept
in mind regardless of the protocol used, and the risk of multiple and even higher
order multiple pregnancies is always present [8, 75]. For example, even though
monofollicular ovulation is the rule with LTZ, a sextuplet pregnancy has been
reported after un-monitored LTZ use for ovulation induction in a PCOS patient with
more than 50 basal antral follicles [85]. Therefore, we recommend cycle monitoring
to follow response to treatment and to prevent high order multiple pregnancies with
any type of stimulation protocol.
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10.7 Side Effects

The main side effects of LTZ use in fertility patients include headaches in 1% and
leg cramps in 1% of women and these seem to be idiosyncratic, i.e. unrelated to
dose but possibly impacted by vitamin D deficiency [76]. Most of the reported side
effects were inferred from studies and observations in breast cancer patients. This
population is totally different from the infertility treatment population. The former
are usually postmenopausal women while the latter are young healthy patients. The
duration of LTZ treatment is very short in ART. Therefore, the long-term side effects
are not expected to occur.

10.8 Foetal Safety and Teratogenic Effects

Concerns about safety of LTZ for ovulation induction emerged based on early stud-
ies of LTZ exposure during pregnancy in animal models. Exposure during organo-
genesis in pregnancy resulted in congenital anomalies in rats and rabbits and foetal
mortality at increased doses [77, 78]. These studies examined the effect of LTZ
during a time period which is not consistent with the use of LTZ in fertility treat-
ment for induction of ovulation. In a more relevant animal model, mice treated for
6 weeks with LTZ and then allowed to conceive 2 weeks after last dose, demon-
strated no foetal anomalies [79].

Clinical concern about the safety of LTZ arose during the Annual Meeting of the
American Society for Reproductive Medicine (ASRM) 2005 where an abstract pre-
sentation described a possible link between LTZ treatment for ovulation induction
and new-born congenital cardiac and bone anomalies [80]. The comparison in this
study was between a small group of 150 babies delivered after LTZ treatment and a
group of 36,050 low risk deliveries conceived spontaneously. The methodological
design of this retrospective study was criticised from several aspects. The study did
not take into consideration that infertility patients have a higher risk of anomalies
regardless of treatment modality. The two groups were not comparable in age (mean
age 35 years in the LTZ group compared with 30 years in the controls) nor in other
potential risk factors like diabetes and twins, which were more common in the LTZ
group. Additionally, many spontaneous pregnancies with foetal anomalies or com-
plications were referred to a high-risk hospital, and not included in the low risk
hospital registration. A peer-reviewed manuscript of the abstract presentation was
not accepted for publication. Nevertheless, Novartis Pharmaceuticals, the manufac-
turer of LTZ, published a warning notice to physicians declaring that the use of LTZ
was contraindicated in reproductive age women or for fertility treatment.

In the year following the aforementioned presentation, Tulandi et al. [81] pub-
lished a multicentre Canadian study comparing the neonatal congenital malforma-
tion rate in 504 babies conceived after LTZ treatment and in 397 babies conceived
after CC use. Major malformations (VSD, oesophageal atresia and cleft palate)
were 1.2% in the LTZ group and 3% in the CC group, resulting not significantly
different. VSD was more prevalent in new-borns in the CC group 1% vs. the LTZ
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group 0.2%. Moreover, the rate of overall cardiac anomalies was significantly
higher in the CC group than in LTZ group (1.8% vs. 0.2%, respectively). No differ-
ence was observed in regard to minor malformation (e.g. pre-auricular skin tag,
congenital ptosis, plagiocephaly) in the CC group (4.8%) vs. the LTZ group (2.4%).

This study by Tulandi et al. [81] was the first to uncover a possible teratogenic
effect of CC. This association has some biologic plausibility since the half-life of
the zu-clomiphene isomer is about 2 weeks [82] suggesting that the complete clear-
ance of CC from the body may take around 10 weeks (5 half-lives) and does include
part of the period of organogenesis in the foetus. Since then, several publications
have focused on the safety of CC. One recent publication concerning CC and birth
defects was published by Reefhius et al. [83] using data from the Centers for Disease
Control National Birth Defects Prevention Study (NBDPS). The authors observed a
significant association between CC exposure and the occurrence of anencephaly,
Dandy Walker malformation, coarctation of the aorta, esophageal atresia, cloacal
exstrophy, craniosynostosis and omphalocele. In addition, this study confirmed the
previous findings of Tulandi et al. [81] regarding a significant increased risk of sep-
tal heart defects including muscular ventricular septal defect (VSD). Another recent
study found an increased association of neural tube defects with CC use that was
independent of ART use [84]. However, the latter two findings need to be viewed
with caution since the babies in the CC patients were compared to babies from
spontaneous pregnancies. Patients with PCOS in whom ovulation induction is indi-
cated may be at increased risk of birth defects because of underlying associated
obesity or defects in glucose metabolism.

Our understanding of the pharmacokinetics of LTZ strengthens the safety of this
medication for induction of ovulation. Its short half-life (~45 h) ensures that early
follicular use (day 3-7 of the cycle) of LTZ eliminates oocyte or embryo exposure
to LTZ thereby reducing any theoretical teratogenic effect. To further increase
safety, we recommend a pregnancy test prior to LTZ start to reduce the chance of
undiagnosed early pregnancy exposure.

10.9 Other Infertility Indications for Aromatase Inhibitors
Treatment

10.9.1 Unexplained Infertility

By definition, unexplained infertility is diagnosed when no cause of infertility or
subfertility has been determined. Treatment is not targeting a specific problem and
one strategy is to increase follicular numbers or to bypass undefined obstacles. LTZ,
with its usually monofollicular ovulation, is less effective in treatment of unex-
plained infertility patients compared to patients with PCOS [85]. Comparative stud-
ies between LTZ, CC and gonadotrophin stimulation in unexplained infertility
patients showed lower cumulative pregnancy rates after 4 cycles of LTZ or CC
compared with gonadotrophins, but at the expense of a 30% multiple pregnancy rate
in the gonadotrophin group including high order multiples. In contrast, no high
order multiple pregnancy was reported in either the LTZ or CC groups [86].



128 N. Samara and R.F. Casper

10.9.2 Breast Cancer and Fertility Preservation

Increasing numbers of breast cancer patients survive the disease and are cured due
to effective but nonetheless gonadotoxic chemotherapy [87]. Therefore, fertility
preservation counselling is important for these patients. Oocyte or embryo cryo-
preservation is the most effective method of preserving fertility for these young
patients [88]. Two main concerns are predominant in addressing this option: time
available before chemotherapy start and serum oestrogen levels during ovarian
stimulation. In general, during controlled ovarian stimulation for IVF, oestrogen
levels may rise to be 10-20 times the physiologic levels and there is concern that
this increase might accelerate the breast cancer growth if the tumour is positive for
ER. Combined ovarian stimulation with gonadotrophins and the addition of LTZ to
lower serum oestrogen concentrations was initially described for oocyte cryopreser-
vation in breast cancer patients with positive ER [89, 90]. Oktay et al. [91] studied
a protocol in which LTZ was initiated at day 2-3 of cycle together with gonadotro-
phins and both medications were continued until the trigger for follicular matura-
tion. Oestradiol levels throughout stimulation and after ovulation were significantly
lower in the LTZ-gonadotrophin protocol compared with the conventional long pro-
tocol of stimulation in infertility patients. The number of retrieved oocytes and fer-
tilisation rates were comparable in the two groups. Significantly lower amounts of
FSH were needed in the LTZ-gonadotrophin stimulation protocol [70, [91] A more
recent publication [92] from the Cornell group compared 220 patients with breast
cancer undergoing oocyte retrieval with gonadotrophins and letrozole for oocyte
preservation with 451 age matched patients undergoing elective oocyte cryopreser-
vation using gonadotrophins alone. This study observed significantly more total and
mature oocytes retrieved in the breast cancer patients with lower oestradiol concen-
trations compared to the control group. Fifty-six of the breast cancer patients subse-
quently had frozen embryo transfer with a 32% live birth rate [92].

Multiple other protocols have been assessed in breast cancer patients including a
comparison of tamoxifen and LTZ supplementation during gonadotrophin stimula-
tion [93]. LTZ appears to provide a favourable response by achieving multiple
desired effects. First, LTZ causes a decrease of oestrogen negative feedback cen-
trally thereby releasing more endogenous FSH and recruitment of more follicles.
Second, LTZ provides direct protection of the breast tissue by reduction of oestro-
gen levels in the breast tissue itself. Third, as mentioned above, LTZ reduces circu-
lating oestrogen during ovarian stimulation [91, 94]. Ovarian stimulation with
LTZ-gonadotrophin for IVF has not been shown to increase breast cancer recur-
rence rate [95].

Random start of follicular stimulation has become more widely used after the
demonstration that ovarian follicles develop in a wave pattern, and that these waves
of development occur throughout the cycle [96]. Therefore, follicular stimulation
can be initiated in any phase of the menstrual cycle. This observation enables physi-
cian to shorten the critical period to ovum pick-up, preventing a delay in chemo-
therapy start time.
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10.9.3 Prevention of OHSS

The findings observed in breast cancer patients undergoing ovarian stimulation may
contribute to development of new management strategies to prevent OHSS. Whether
LTZ might reduce the risk of OHSS by reducing oestrogen levels is controversial
[76]. A study in a rat model of OHSS demonstrated that LTZ reduced vascular endo-
thelial growth factor (VEGF) and increased pigment epithelium derived factor
(PEDF) with reduced vascular permeability [97]. A recent clinical study demon-
strated a dose dependent decrease in the levels of VEGF with increasing doses of
LTZ administered in the luteal phase [78]. These findings suggest that LTZ could
decrease the risk of OHSS although it is not clear if LTZ has a direct effect on VEGF
and PEDF secretion or an indirect effect through a reduction in oestradiol.

Conclusion

Recent level one evidence now points to LTZ as the first line treatment for ovula-
tion induction in women with PCOS. The absence of anti-oestrogenic effects on
the endometrium and cervix and the maintenance of normal oestrogen feedback
on FSH release resulting in mainly monofollicular ovulation suggest that LTZ
may be safer than CC for use by community gynaecologists without ready access
to ultrasound monitoring. However, a case report of a sextuplet pregnancy after
the use of LTZ alone in a PCOS patient [75] points to the need for at least mini-
mal monitoring when any method of ovulation induction is considered. In unex-
plained infertility, CC and LTZ appear to have similar pregnancy rates, although
the long half-life of CC raises concerns about persistence of the SERM during
early pregnancy and the possible association with foetal teratogenicity, specifi-
cally cardiac anomalies. From that viewpoint alone, LTZ may be a preferred
choice for management of unexplained infertility as well.
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11.1 Introduction

Metformin (1,1-dimethylbuguanidehydrochloride) is a biguanide currently used as
an oral antihyperglycemic agent approved by the US Food and Drug Administration
(USFDA) to treat type 2 diabetes mellitus (DM) and the insulin-sensitising drug
(ISD) most extensively studied in the treatment of infertility in women with poly-
cystic ovary syndrome (PCOS). In fact, about 90% of the papers on ISDs used in
PCOS management concern the metformin. To this regard, given the varied risk-
benefit ratio of other ISDs, there is insufficient evidence to recommend the use of
other ISDs such as thiazolidinediones, d-chiro-inositol and myo-inositol in the
treatment of anovulatory PCOS (see also Chap. 16), and metformin remains the
main ISD in the management of infertility in PCOS. Thus, our focus will be on
metformin in the treatment of infertility associated with PCOS.

In 1994, Velasquez et al. [1] first evaluated the effects of metformin administration in
26 obese anovulatory PCOS patients, relying on the role of insulin resistance in the
pathogenesis of PCOS. After 6 months of 1500 mg/d of metformin, they reported a
reduction in androgen levels and body weight, and a restoration of regular ovulatory
cycles in these patients [1]. During the years, the drug has been extensively studied, and,
to date, it is widely used by gynaecologists and endocrinologists for the treatment of
ovulatory disorders in women with PCOS as off-label drug [2] because neither in Europe
nor in the United States (US) metformin is approved for the treatment of PCOS patients.
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This chapter will describe the general pharmacology, regimes and side effects of
the administration of metformin and its specific uses for managing infertile women
with PCOS.

11.2 Pharmacology
11.2.1 Pharmacokinetics

Pharmacokinetics pathway of metformin is attributable to a two-compartment open
model with first-order absorption [3, 4]. Specifically, metformin has an incomplete
gastrointestinal absorption ranging from 20% to 30% [3, 4]. Absorption is dose
dependent, it is complete within 6 h from administration and is slower than the
elimination, determining the drug’s disposal rate [3, 4]. The bioavailability of met-
formin is limited to 50-60% because the amount available may result from pre-
systemic clearance or binding to the intestinal wall [3, 4].

After the absorption of 1.5 g of metformin, a linear pharmacokinetics of metfor-
min was reported in both diabetic and nondiabetic subjects [3, 4]. Once absorbed, it
is rapidly accumulated in the oesophagus, stomach, duodenum, salivary glands and
kidneys. It is transported by at least two organic cation transporters (OCTs), OCT1
and OCT2, which are saturable and genetically influenced by polymorphisms [3, 4],
and is not metabolised but is excreted by the kidney with a mean 4- to 8-h half-life
in healthy volunteers [3, 4]. Ranges of values for kidney and total clearance are
reported to be 20.1-36.9 and 26.5-42.4 L/h, respectively [3, 4].

Metformin freely passes the placenta by an OCT bidirectionally, with a higher
transfer rate from the foetal to the maternal compartment [3, 4], resulting in the
exposure of the foetus to metformin therapeutic concentrations [3, 4]. Furthermore,
no effect on human placental glucose uptake or transport has been demonstrated [5].
The concentrations of metformin in breast milk are generally low.

Type 2 DM and different oral preparations have no effect on metformin disposi-
tion [3, 4]. On the contrary, the food and several compounds, such as guar gum,
glucosidase inhibitor acarbose and histamine H2-receptor antagonist cimetidine,
significantly influence metformin pharmacokinetics. Excretion is prolonged in
patients with renal impairment and correlates with creatinine clearance [3, 4].

11.2.2 Pharmacodynamics

Several data regarding metformin’s pharmacodynamics were obtained in patients
with type 2 DM, and they could be translated in PCOS patients. Metformin is an
antihyperglycemic agent which improves glucose tolerance in patients with type 2
DM, lowering both basal and postprandial plasma glucose. Its pharmacologic
mechanism of action is different from other classes of oral antihyperglycemic
agents.
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Metformin decreases hepatic glucose production by 9-30% in patients with type
2 DM [4, 6]. Experimental studies [7] evaluating glucose production from
collagenase-isolated hepatocytes of starved rats demonstrated that metformin poten-
tiates the antigluconeogenic effect of insulin by enhancing the suppression of glu-
coneogenesis and by reducing the glucagon-stimulating gluconeogenesis. However,
the nature of the mechanism of metformin action on hepatic glucose production
remains unclear. Data from in vitro studies suggest several effects of metformin on
the reduction of hepatic gluconeogenesis through short- (metabolic) and long-term
(gene expression) effects [4]. In addition, metformin decreases intestinal absorption
of glucose and decreases free fatty acid (FFA) oxidation, contributing in reducing
gluconeogenesis [4, 8]. An accelerated FFA oxidation promotes hepatic gluconeo-
genesis by providing acetyl-coenzyme A, adenosine-5-triphosphate (ATP) and a
reduction in equivalents [4, 8] and reduces glucose utilisation in peripheral tissues
secondarily to an inhibition of pyruvate dehydrogenase activity [4, 8]. On the other
hand, the decreased FFA oxidation due to metformin treatment [4, 8] decreases
hepatic gluconeogenesis and increases glucose uptake and oxidation in skeletal
muscle [4, 8], improving insulin sensitivity.

Metformin improves insulin sensitivity by increasing peripheral glucose uptake
and utilisation. Studies on human muscle cell cultures [9] and rat adipocytes [10]
demonstrated that metformin increases glucose uptake through the glucose trans-
port system. In fact, it facilitates the translocation of glucose transporters (GLUTS)
from intracellular sites to the plasma membrane. This mechanism has been demon-
strated also in PCOS women [4, 9]. Experimental data demonstrate also that metfor-
min activate the 5S-AMP-activated protein kinase (AMPK) pathway [11-13]. AMPK
is a pleiotropic serine/threonine kinase that acts as a fuel gauge in regulating energy
metabolism, especially under stress conditions where biosynthetic pathways are
blocked by phosphorylation of downstream AMPK substrates. In particular, AMPK
activation restores cellular adenosine-5-triphosphate (ATP) level by switching on
the catabolic pathway and switching off catabolic pathways [11-13]. Finally, to
support the hypothesis on long-term clinical effects of metformin, in vitro experi-
ments on cultured starved rat hepatocytes indicated that metformin can regulate the
expression of specific genes encoding regulatory proteins of the phosphoenolpyru-
vate/pyruvate cycle in an insulin-independent manner [4].

In obese women with PCOS, metformin reduces the fasting and glucose-
stimulated insulin levels and decreases ovarian cytochrome P450c17 activity, reduc-
ing the serum-free testosterone concentration [14]. These results were also confirmed
in lean PCOS patients [15]. The reduction in insulin levels after metformin treat-
ment in PCOS patients is associated with an increase in insulin growth factor (IGF)-
binding protein (BP)-1 and a decrease in the IGF-I/IGFBP-1 ratio. IGF-I stimulates
oestrogen production by granulosa cells [16] and acts synergistically with follicle-
stimulating hormone (FSH) and luteinising hormone (LH) in controlling granulosa
cell aromatase levels. Thus, by reducing plasma insulin levels and IGF-I availability
to the ovaries, metformin may modify the hyperandrogenic intrafollicular milieu
recognised in PCOS.
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Moreover, metformin may inhibit ovarian gluconeogenesis through a direct effect,
thus reducing ovarian steroidogenesis, specifically, androgen production [14].
Similarly, metformin has a possible inhibiting effect on adrenal androgen production,
too. On the other hand, the effect of metformin on hyperandrogenism could also be
due to a direct effect of metformin on LH secretion. In particular, metformin modu-
lates LH secretion, decreasing LH pulse amplitude but not pulse frequency [4]. This
effect seems to be mediated by AMPK pathway at the hypothalamic level. In fact, in
rat model, metformin increases the AMPK activation by phosphorylation at Thr172 in
GnRH neurones, and, thus, the modulation of gonadotrophin-releasing hormone
(GnRH) releases [4]. Lastly, some metabolic hormones, such as adipokines (leptin,
resistin, adiponectin) and ghrelin, which are involved in the control of the reproduc-
tive functions at the hypothalamus-pituitary-gonadal axis level and of several pro-
cesses of tumour genesis, might act through AMPK signalling [4].

11.3 Regimens

Therapeutic regimens of metformin administration are not well standardised in clin-
ical practice, and heterogeneous protocols were used in the various studies available
in literature.

Metformin is available as oral caps, in two formulations, i.e. immediate release
and extended release. Metformin at immediate release is available as 500-, 850- and
1000-mg tablets, while metformin at extended release is available as 1000- and
2000-mg tablets.

The dose of metformin used in clinical practice ranges from 1500 to 2550 mg/d.
Although a dose-finding study [17] showed that 2000 mg/d of metformin had maxi-
mal benefit in lowering plasma glucose and glycated haemoglobin in patients with
DM, no well-done dose-finding study is to date available for PCOS women, proba-
bly because of the complexity of clinical endpoints.

To minimise the gastrointestinal drug-related adverse effects, it has been sug-
gested to assume metformin on an empty stomach, starting with a low dosage and
gradually increasing over a period of 4-6 weeks. Classically, it was suggested to
take immediate-release metformin initially at a low dose at meals, beginning with
500 mg at dinner for 3—4 days, and then increasing by 500 mg every 3—4 days up to
a maximal dosage of 1000 mg twice daily [18, 19]. Extended-release metformin is
usually taken with the evening meal, and the only suggestion to minimise potential
adverse effects is to divide the tablets into two administrations.

Almost all published studies including PCOS patients used metformin in
immediate-release preparation; however, no clear data regarding the correct formu-
lation of metformin in infertile PCOS patients is to date available. Moreover, several
studies regarding metformin for ovulation induction in PCOS infertile patients used
1500-1700 mg/d, which could be a suboptimal dosage. Furthermore, several vari-
ables should be studied to set the optimal dose of metformin. For example, recent
data suggest that metformin is more effective in insulin-resistant PCOS patients
with low body mass index (BMI), thus metformin dose should probably be adjusted
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according to the patient’s BMI and insulin resistance [20]. Unfortunately, no model
is currently validated to calculate the right dose according to these characteristics.

Finally, also the length of metformin treatment in PCOS patients is not stan-
dardised. In fact, it is still unknown whether metformin administration should be
considered as a symptomatic treatment or as a curative therapy, consecutively; it is
not clear for how long metformin should be administrated and how long metformin
effects are maintained after its suspension. At a metabolic level, our previous data
[21] on a non-insulin-resistant PCOS population showed that treatment suspension
is related to a quick reversion of its beneficial effect on peripheral insulin sensitivity.
Conversely, a slight but significant worsening of the insulin resistance, hyperan-
drogenism, and menstrual cyclicity can be observed after metformin suspension.

From a clinical point of view and based on our clinical experience, we suggest
that metformin should be administered in a slow and increasing manner up to a
maximal tolerated dosage [20].

11.4 Drug Safety

The safety profile of metformin is well known. In fact, metformin is used worldwide
to treat type 2 DM, and, during the last years, it has been used on women with
PCOS.

Metformin is generally a well-tolerated drug. A meta-analysis comparing
metformin, clomiphene citrate (CC) or both for anovulatory infertility in therapy-
naive PCOS women [22] showed a similar effect on the discontinuation rate for
adverse events [odds ratio (OR) 0.71, 95% confidence interval (CI) 0.22-2.25] with
homogeneous data [22]. On the other hand, no significant effect of metformin on
discontinuation rate for adverse events (OR 0.23, 95%CI 0.04—1.24) was observed
when studies comparing the combination of metformin plus CC vs. CC alone were
pooled, even if a significant heterogeneity was detected [22].

Gastrointestinal symptoms are the most frequent drug-related adverse events
occurring in about 30% of patients taking metformin, limiting the compliance to
treatment. A significant increase of nausea, vomiting and gastrointestinal distress
was reported in women with PCOS under metformin.

Meta-analytic data [22] regarding metformin side effects from studies using met-
formin at immediate-release formulation with a treatment duration ranging from 6
weeks [23] to 12 week or more [24-26] reported a significantly higher incidence of
nausea or vomiting (OR 3.84, 95%CI 1.07-13.81) and other gastrointestinal distur-
bances (OR 4.40, 95%CI 1.82-10.66). Further randomised controlled studies
(RCTs) reported a rate of adverse events ranging from 7.9% [27] to 22.2% [28] by
using metformin at immediate release.

The rate of gastrointestinal side effects seems to be lower with the use of the
extended-release formulation [29], but clear data are still unknown because the
studies in which this kind of formulation is used are very few.

Serious adverse events of metformin treatment are rare. Metformin toxicity is
manifested at a concentration of 100 g/mL or higher, but in vivo data showed plasma
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levels of metformin less than 5 g/mL, even at maximum dosage. Lactic acidosis is a
rare but severe complication of metformin administration reported in 5.1 cases per
100,000 patient-years, with a mortality of 50% [30]. In almost all cases, lactic acido-
sis was reported in patients who received metformin due to type 2 DM, whereas no
case of lactic acidosis in women receiving metformin for PCOS was currently
described. This risk increases in patients with hepatic or renal impairment, cardiac or
respiratory insufficiency, severe infection or alcoholism, conditions that are, in them-
selves, associated with hypoxia and lactic acidosis [31, 32]. Further very rare serious
side effects were described under metformin administration, never in PCOS patients.

Pregnancy outcomes in PCOS patients receiving metformin during pregnancy
were studied [33, 34]. To date, metformin is still found in the B classification for US
Food Drug Administration (FDA) pregnancy category, i.e. no teratogenic effect was
demonstrated in animal models, but human safety studies are not adequate. However,
a wide clinical trial confirmed that metformin alone or with insulin addition was as
safe as insulin alone in patients with gestational DM [35]. No teratogenic effects or
adverse foetal outcomes were actually reported from metformin in pregnant women
with type 2 DM or gestational DM [36], even if treatment started after pregnancy had
begun. Two meta-analyses on metformin safety did not find any evidence for adverse
pregnancy outcome in women undergoing treatment with metformin [37, 38].

Preliminary data on the use of metformin during pregnancy in patients with PCOS
confirmed the safety profile of metformin [39]. Despite these safety data, in clinical
practice, metformin is usually discontinued during pregnancy in women with PCOS
who conceived while receiving the drug.

11.5 Patients Selection

Several studies [4] demonstrate that metformin beneficial effects vary according to
the clinical characteristics of the patients. Thus, the personalisation of therapy with
a right selection of the patients could be a key point to optimise the metformin’s
therapy, improving its efficacy and its safety profile [40]. However, this principle
becomes much more complex when applied to women with PCOS due to the het-
erogeneity of the clinical presentation of the syndrome.

To date, even if the use of metformin to treat ovulatory disorders in PCOS women
is widespread, few guidelines regarding the selection of patients are available. In
particular, the Androgen Excess and PCOS Society (AEPS) [41] suggests that met-
formin could be used to treat and to prevent progression to impaired glucose toler-
ance (IGT) in PCOS patients, and the American Association of Clinical
Endocrinologists [42] recommends metformin as an initial intervention in over-
weight and obese patients with PCOS.

At the moment, the European Society of Human Reproduction and Embryology
(ESHRE)/American Society of Reproductive Medicine (ASRM)-sponsored PCOS
Consensus Workshop Group [43] concluded that ISDs should not be used as first
choice agents in ovulation induction of women with PCOS, but they should be
restricted to those patients with IGT.
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11.6 Efficacy Data

11.6.1 Metformin Administration to Prevent an Infertility
Diagnosis

From the 1990s until now, several studies that evaluate the efficacy of metformin on
menstrual/ovulatory disorders in women with PCOS, before a definite diagnosis of
infertility, have been published.

Several systematic reviews with meta-analysis [44—49] are available about this
issue, and unanimous conclusions have been drawn. In particular, metformin mono-
therapy represents a safe and valid therapeutic option for the improvement of ovula-
tion in PCOS patients [44—49]. Metformin is more effective than placebo or no
treatment in the restoration of normal menstrual cycles and in inducing ovulatory
cycles in oligomenorrheic PCOS patients (OR 3.88, 95%CI 2.25-6.69; [45], and OR
1.50, 95%CI 1.13-1.99 [45]). However, no benefit from metformin administration
was found in terms of pregnancies (OR 2.76, 95%CI 0.85-8.98 [44], and OR 1.07,
95%CI 0.20-5.74 [45]), clinical pregnancies (OR 3.3, 95%CI 0.92—11) [48] and live
births (OR 1.00, 95%CI 0.13-7.79 [45]). A more recent meta-analysis of RCTs [49]
confirmed the beneficial effects of metformin on metformin over placebo on ovula-
tion rate (OR 2.94, 95%CI 1.43—-6.02), whereas any effect on pregnancy (OR 1.56,
95%CI 0.74-3.33) or live births (OR 0.44, 95%ClI, 0.03-5.88) was reported.

11.6.2 Metformin Administration as First-Line Treatment
in Anovulatory Infertility

Several studies aimed to define the role of metformin as first-line drug for anovula-
tory infertility in PCOS patients were published. Most of them compared metfor-
min, alone or in combination to CC (see also Chap. 9).

Meta-analyses [22, 48, 50-52] available on this issue show contrasting data prob-
ably due to the great heterogeneity in the protocols used and in the populations stud-
ied. First meta-analytic data [48] evaluating the efficacy of metformin, CC or both
drugs in therapy-naive PCOS patients demonstrated no significant benefit from met-
formin administration over CC as first-line therapy in PCOS patients in terms of
clinical pregnancy (OR 0.88, 95%CI 0.19—4.1) and live birth (OR 0.96, 95%C10.11-
8.2) rates. Furthermore, these results were biased from many factors, i.e. the metfor-
min exposure as pretreatment and the use of a fixed model for analysing heterogeneous
data [53]. Successively, a systematic review with meta-analysis [22], including four
well-selected head-to-head randomised controlled studies (RCTs) [27, 28, 54, 55],
was published to clarify the efficacy of CC and metformin, alone or in combination,
as a first-step approach in treating anovulatory infertility in PCOS patients [22].
Interestingly, the heterogeneity among the studies included in the analysis was con-
firmed. Thus, the use of random model demonstrated no significant difference
between metformin and CC in terms of live birth (OR 1.17,95%CI 0.16-8.61), preg-
nancy (OR 1.22,95%CI 0.23-6.55) and ovulation (OR 1.55, 95%CI 0.77-5.99) rates
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[22]. The lack of difference in live birth (OR 0.83, 95%CI 0.22-3.24) and pregnancy
(OR 0.91, 95%CI 0.35-2.35) rates was also detected by Johnson [50]. In that meta-
analysis were included only data from nonobese patients with PCOS, considering
that in New Zealand, as well as in other states, obese patients are unable to access
assisted conception [50].

In order to avoid heterogeneous results, Tang et al. [56] evaluated the effect of
metformin administration in therapy-naive infertile patients with PCOS with a
meta-analysis subgrouping studies according to obesity/nonobesity. Data from two,
five and four RCTs for the evaluation of the pooled live birth, pregnancy and ovula-
tion rates, respectively, were analysed. In nonobese patients, still a high heterogene-
ity was detected regarding the effect of metformin (compared with CC) on live birth
with a risk between two RCTs ranging from an OR of 4.94 (95%CI 1.99-12.26) to
an OR 0f 0.34 (95%C1 0.13-0.91) [56]. In obese patients, a significant benefit of CC
over metformin was observed in terms of live birth rate (OR 0.30, 95%CI 0.17-
0.52). Data on the clinical pregnancy rates under metformin resulted higher (OR
1.94, 95%CI 1.19-3.16) and lower (OR 0.34, 95%CI 0.21-0.55) than CC, respec-
tively, in nonobese and obese patients [56]. The ovulation rate resulted not different
between metformin and CC in nonobese patients (OR 0.87, 95%CI 0.60-1.26),
whereas it was better under CC in obese subjects (OR 0.43, 95%CI 0.36-0.51) [56].

Even if Siebert et al. [51] confirmed that metformin is related to a significantly
lower live birth rate when compared with CC (OR 0.48, 95%CI 0.31-0.73) after the
data synthesis of 14 prospective studies, a further systematic review and meta-
analysis [52] demonstrated no difference between metformin and CC in terms of
ovulation, pregnancy, live birth, miscarriage and multiple pregnancy rates when the
analysis was restricted to women with PCOS and a BMI lower than 32 kg/m? [52].
Moreover, the authors concluded that a lack of superiority of one treatment should
not be considered as evidence for equivalence, thus caution should be exercised
when prescribing metformin as first-line pharmacological therapy in nonobese
PCOS women.

In conclusion, owing to the lack of evidence, metformin should not be considered
as primary treatment for PCOS-related infertility, and methodologically rigorous tri-
als are required to determine whether there is a difference in effectiveness between
metformin and placebo (or no treatment) or between metformin and CC [57].

Considering the insulin-sensitising action of metformin, several authors hypoth-
esised that the addition of metformin to CC could improve the efficacy of CC alone
in therapy-naive infertile PCOS patients. In the meta-analysis by Moll et al. [48] on
seven RCTs comparing the combination CC and metformin with CC, a significantly
higher clinical pregnancy rate (OR 1.9, 95% CI 1.2-3.3) was observed in patients
treated with metformin plus CC compared with those treated with CC alone,
although a significant heterogeneity in treatment effect across the trials included in
the meta-analysis was reported. Furthermore, no significant benefit on the live birth
rate of the combined therapy (OR 1.0, 95%CI 0.82-1.3), and no significant hetero-
geneity in treatment effect were reported [48].

By using stricter criteria and updating of data found in literature, three head-to-
head RCTs [28, 54, 55] comparing reproductive efficacy of metformin plus CC
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combination vs. CC monotherapy in therapy-naive PCOS patients were available.
After meta-analysis [22] of these three studies, metformin plus CC combination was
shown to be no more effective than CC in terms of ovulation (OR 0.84, 95%CI
0.60-1.18), pregnancy (OR 0.85, 95%CI1 0.62-1.15) and live birth (OR 0.99, 95%CI
0.70-1.40) rates. Of note, no significant heterogeneity was detected for all three
parameters. However, a further meta-analysis [49] showed a significant benefit of
metformin when added to CC in CC-naive PCOS patients on clinical pregnancy
(RR 1.70, 95%CI 0.99-2.94) and ovulation (RR 3.84, 95%CI 1.38-10.68) rates,
whereas no data on live birth rate was provided. More recently, Siebert et al. [51]
published a further meta-analysis aimed to evaluate the efficacy of metformin plus
CC treatment in CC-naive patients including 14 prospective clinical trials.
Metformin plus CC increased ovulation (OR 1.6, 95%CI 1.2-2.1) and pregnancy
(OR 1.3, 95%CI 1.0-1.6) rates, but no effect on live birth rate (OR 1.1, 95%CI
0.8-1.5) was detected [51].

An interesting multicentre double-blind placebo-controlled RCT [58] was recently
published in order to assess the efficacy of several strategies for PCOS-related anovu-
latory infertility [58]. In particular, 320 women with PCOS and anovulatory infertility
were randomised to metformin or placebo; after 3 months of treatment, another appro-
priate infertility drug was combined if necessary. Metformin improved pregnancy
(53.6 vs. 40.4%) and live birth rates (41.9 vs. 28.8%) rates. Moreover, cox regression
analysis showed that metformin plus standard infertility treatment increased the
chance of pregnancy 1.6 times (hazard rate 1.6, 95%CI 1.13-2.27) [58].

In conclusion, on the basis of actual evidences from the literature, in anovulatory
infertile therapy-naive PCOS patients, the combined approach of metformin plus
CC is not better than CC alone, and the quality of life in women with PCOS treated
with CC plus metformin was even significantly lower than in women treated with
CC plus placebo [59]. Moreover, there are insufficient data to determine the optimal
duration of pretreatment with metformin before the initiation of CC for ovulation
induction in infertile women with PCOS [60]. On the other hand, the choice between
CC and metformin as first-step treatment should be drawn considering also contin-
gent circumstances because of the lack of clear evidence.

11.6.3 Metformin Administration as Second-Line Treatment
and/or in CC-Resistant Patients

Several studies evaluated the efficacy of metformin as second-line approach in the
treatment of anovulatory infertility in PCOS patients. In particular, metformin was
used as single agent (treatment), combined agent (co-treatment) and/or before other
treatments (pretreatment).

11.6.3.1 Metformin Treatment

Few studies [24, 61, 62] addressed the potential role of metformin as a single agent
in CC-resistant patients. The first study [24] on 20 infertile CC-resistant patients
showed no benefit of metformin over placebo in terms of ovulation, pregnancy and
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live birth rates. A successive RCT [61] compared metformin as single treatment
with laparoscopic ovarian diathermy (LOD) in 120 CC-resistant PCOS patients. No
difference between metformin and LOD was found in the ovulation rate (54.8 vs.
53.2%, respectively), whereas metformin was more effective than LOD in terms of
pregnancy (21.8 vs. 13.4%, respectively) and live birth (86.0 vs. 64.5%) rates.
Finally, metformin was about 20-fold less expensive than LOD [61]. A successive
meta-analysis [48] confirmed the beneficial effects of metformin over LOD in live
birth rate (OR 1.6, 95%CI 1.1-2.5), whereas no evidence of difference in clinical
pregnancy rate (OR 1.3, 95%CI 0.96—1.7) was obtained.

11.6.3.2 Metformin Co-treatment

The potential effects of metformin as second-line treatment and/or in CC-resistant
patients were assessed in PCOS patients receiving other treatments, i.e. CC, aroma-
tase inhibitors and surgical ovulation induction. For more details, please see also
Chaps. 9, 10, and 15, respectively.

With regard to metformin-CC co-treatment, two meta-analyses [45, 46] agreed
in demonstrating a significant benefit of metformin co-administration in compari-
son with CC alone, even if a significant heterogeneity was observed between stud-
ies. In particular, in CC-resistant PCOS women, metformin-CC co-treatment was
more effective than CC alone in terms of ovulation (OR 4.41, 95%CI 2.37-8.22
[44], and OR 3.04, 95%CI 1.77-5.24 [45]) and pregnancy (OR 4.40, 95%CI 1.96—
9.85 [44], and OR 3.65, 95%CI 1.11-11.99 [45]) rates.

A successive meta-analysis [47], designed to assess metformin co-administration
as a second-step approach for CC-resistant PCOS patients, confirmed the beneficial
effect of metformin addition to CC than CC alone in inducing ovulation (OR 6.82,
95%ClI 3.59-12.96), even if a significant heterogeneity was demonstrated across
studies, whereas no data were provided regarding its effect on pregnancy and live
birth rates. Successively, data on the effect of metformin-CC co-administration
were provided by Moll et al. [48] in a meta-analysis of RCTs, demonstrating the
superiority of the combined therapy than CC alone in terms of clinical pregnancy
(OR 5.6, 95%CI 2.3—13) and live birth (OR 6.4, 95%CI, 1.2-34; P = 0.03) rates
without significant heterogeneity in treatment effect across trials.

More recently, a meta-analysis of selected placebo-controlled RCTs [49]
showed higher ovulation (OR, 4.39; 95%CI, 1.94-9.96) and pregnancy (OR, 2.67;
95%ClI, 1.45-4.94) rates in PCOS patients receiving CC, even if heterogeneity
across studies were detected. On the contrary, metformin did not have any effect on
live births (OR, 1.74; 95%CI, 0.79-3.86), and no significant heterogeneity was
observed. Moreover, the sub-analysis of data according to CC resistance, obesity
and duration of treatment showed that metformin is more effective than placebo in
PCOS patients treated for short periods and not CC resistant, whereas the benefits
of metformin-CC combination vs. CC were significantly higher in CC-resistant
and obese PCOS patients [49]. Finally, new data [63, 64] confirm that the clinical
pregnancy rate is improved when adding metformin to CC in women with CC
resistance, in both obese and nonobese patients (OR 1.59, 95%CI 1.25-2.02),
although the addition of metformin to CC did not improve live birth rates (OR
1.21,95%C10.91-1.61).
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The crucial point to be considered in data regarding metformin-CC combination
is the length of metformin administration. In fact, by a physiological point of view,
the effectiveness of metformin should be optimal after at least 3 months of its
administration, whereas short-course metformin could be a suboptimal pretreat-
ment period before beginning CC [65]. Unfortunately, to the present, there are
insufficient data to determine whether long-course metformin pretreatment, before
the initiation of CC for ovulatory infertility treatment, is more effective than short-
course pretreatment [66].

Metformin-CC co-treatment was demonstrated to be more effective also than
surgical ovulation induction by LOD in CC-resistant PCOS patients with anovula-
tory infertility [67]. In particular, metformin plus CC association was related to
higher ovulation rates than LOD, even if no difference in the rates of pregnancies,
live births and miscarriages were detected between two approaches [67]. In one trial
[62], 42 CC-resistant PCOS patients were randomised to LOD followed by metfor-
min or LOD alone. Metformin addition to LOD resulted more effective in terms of
ovulations (86.1 vs. 44.6%) and pregnancies (47.6 vs. 19.1%). Furthermore, a suc-
cessive meta-analysis [48] demonstrated no significant benefit in clinical pregnancy
rate (OR 2.3, 95%CI 0.82-6.2) or live birth rate (OR 1.3, 95%CI 0.39-4.0) for the
metformin administration after LOD.

The combination of metformin plus letrozole, the most studied aromatase inhibi-
tor for ovulation induction in PCOS patients, vs. metformin plus CC in CC-resistant
PCOS patients was evaluated in a RCT [68]. Serum oestradiol (E,) levels and E,
levels per mature follicle were significantly higher in CC patients without differ-
ences in mature follicles, ovulation and pregnancy rates [68]. However, endometrial
thickness and full-term pregnancies were significantly higher in patients treated
with metformin plus letrozole [68].

11.6.3.3 Metformin Pretreatment

Several RCTs [69-74] evaluated the efficacy of metformin pretreatment before CC
in CC-resistant PCOS patients. Studies were very heterogeneous and were per-
formed on small populations. Data obtained are contrasting; however, most of them
[69, 71, 72] seemed to suggest that metformin pretreatment improves the efficacy of
CC in PCOS patients with CC resistance. These findings could be explained with
the insulin-sensitising action of metformin that hypothetically facilitates the induc-
tion of ovulation by using CC in PCOS patients previously resistant to CC ovulation
induction [75].

11.6.3.4 Metformin in Patients Who Receive Gonadotrophins

Metformin was also proposed in PCOS patients who received gonadotrophins for
inducing mono-ovulatory cycles or multiple follicular development in in vitro fer-
tilisation (IVF) cycles (see also Chaps. 12 and 19). Although the exact mechanism
by which metformin could exert its beneficial action during gonadotrophin stimula-
tion remains unknown, hypothetically, metformin could act on the regulation of
ovarian response to exogenous gonadotrophins improving insulin resistance. In fact,
a reduction in serum testosterone and insulin levels in follicular fluid was observed
after metformin treatment [76]. Thus, the improvement of the hyperinsulinemic and
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hyperandrogenic ovarian environment might be crucial for a normal folliculogene-
sis, homogeneous development and responsiveness of follicles and atresia of the
small cohort of follicles.

Metformin in Patients Who Receive Gonadotrophins for Mono-ovulatory
Cycles

The first meta-analysis regarding the effects of metformin in patients who
received gonadotrophins for controlled ovarian stimulation (COS) was pub-
lished in 2006 by Costello et al. [77]. Metformin was not effective in improving
clinical reproductive outcomes [77]. In particular, metformin did not improve
ovulation (90% vs. 73.3%; OR 3.27, 95%CI 0.31-34.72) and pregnancy (28
vs.10%; OR 3.46, 95%CI 0.98-12.2) rates during COS with gonadotrophins,
whereas no RCT reporting live births was identified. On the other hand, by the
meta-analysis of secondary endpoints, metformin seemed to improve the ovar-
ian responsiveness to gonadotrophins [77]. In fact, a significant reduction in the
ovarian stimulation length [weighted mean duration (WMD) -4.14 days, 95%CI
—6.36 to —1.93] and in the total dose of gonadotrophins used (WMD -425.05 1U,
95%CI -507.08 to —343.03) was reported by using metformin, even if a signifi-
cant heterogeneity was found between pooled studies. Finally, no RCT report-
ing ovarian hyperstimulation syndrome (OHSS) as an outcome measure was
identified [77].

Successively, two RCTs [78, 79] evaluating whether metformin changes ovar-
ian responsiveness in COS cycles were published. The first RCT [78] on 70 non-
obese insulin-resistant PCOS patients who received a low-dose step-up
gonadotrophin stimulation protocol followed by timed intercourse or intrauterine
insemination demonstrated a significant effect of metformin in increasing the rate
of mono-ovulatory cycles and in reducing those of cancelled cycles. Furthermore,
no effect of metformin pretreatment and co-administration was confirmed in ovu-
lation, cycle cancellation, pregnancy, abortion, live births, multiple pregnancies or
OHSS. The second study [79] showed that metformin improved the endocrine
profile in insulin-resistant PCOS patients receiving gonadotrophins in a step-up
protocol and confirmed that it promoted the mono-follicular development during
COS cycles.

Finally, a more recent meta-analysis [48] on four RCTs demonstrated a significantly
higher clinical pregnancy rate when metformin was added to gonadotrophins than with
gonadotrophins alone (OR 1.7, 95%CI 1.1-2.8), whereas no significant benefit on live
birth rate was reported (OR 1.6, 95%CI 1.0-2.9). No heterogeneity in treatment effect
across trials was reported for either pregnancy or live birth rate. In addition, metformin
was demonstrated to be effective in reducing multiple pregnancies (OR 0.26, 95%CI
0.07-0.96) but not OHSS (OR 0.59, 95%CI 0.17-2.1). The lack of an effect of metfor-
min on this endpoint was probably due to the low incidence of OHSS during ovarian
stimulation with low-dose step-up gonadotrophin protocols [80].

In conclusion, in patients who received gonadotrophins as treatment for anovula-
tion, metformin addition reduces the duration of gonadotrophins administration and



11 Insulin-Sensitising Drugs 147

the doses of gonadotrophins required and increases the rate of mono-ovulations,
reducing the risk of cancelled cycles.

Metformin in Patients Who Receive Gonadotrophins in Multiple Ovulatory
Cycles for IVF Procedures

On the basis of a retrospective evaluation utilising the results of a web-based sur-
vey [81], in clinical practice, metformin is used worldwide as an adjunct to stan-
dard IVF protocols, even if there is much variation in its use and the majority of
centres report the lack of evidence supporting its use. On the other hand, data from
the literature seem to be still inconclusive, suggesting that metformin do not
improve the efficacy of gonadotrophins in IVF cycles. In particular,