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Preface

Female reproductive success relies upon coordinated interactions among the
hypothalamus, the pituitary, and the ovaries and the subsequent hormonal priming
of the endometrium for implantation. The absence of oocyte fertilization or the
failure of embryo implantation results in ovarian hormone withdrawal, the onset of
menses, and the beginning of the next reproductive cycle. Failure of any single
organ in the quartet to play its part can result in amenorrhea.

Although amenorrhea is a common problem that affects up to 10% of reproduc-
tive aged women, there has not been a major textbook solely dedicated to this clini-
cal problem for more than 20 years. The main purpose of this first edition of
Amenorrhea: A Case-Based Clinical Guide was to organize a comprehensive review
that updates clinicians on our current knowledge regarding normal female repro-
ductive physiology and to discuss the pathophysiology, diagnostic algorithms, and
therapeutic intervention for amenorrhea. With this principal goal, we have invited
several world experts on female reproductive physiology to provide clinicians with
highly practical information regarding the epidemiology and management of amen-
orrhea. To that end, the content of this textbook has been divided into three sections;
the first section is composed of two chapters that provide a comprehensive updated
review on our basic science and clinical knowledge about the organ systems respon-
sible for normal physiology of the menstrual cycle. This section focuses on the roles
of the endometrium and the hypothalamic—pituitary—ovarian axis in the menstrual
cycle. The second section includes discussions about menstrual cycle disruption as
it relates to hypothalamic—pituitary dysfunction, surgical and natural menopause,
genetic defects, premature ovarian failure/insufficiency, and the effects of caloric
excess and restriction. The third section of this book provides an update on the
physiological effects of prolonged amenorrhea induced surgically or by hypotha-
lamic dysfunction. The third section also includes an original chapter that focuses
solely on the impact of race and ethnicity on the prevalence and diagnosis of amen-
orrhea. When appropriate, we have also created clinical scenarios and management
plans that readers may be confronted with in their daily practice.
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We would like to express our deep gratitude to our incredibly supportive admin-
istrative staff, Karen Knickens and Elizabeth Abbate, without whose determined
efforts this project could not have been completed. We would also like to thank all
of the contributors to this book for their diligence and outstanding efforts to update
clinicians on the physiology of the menstrual cycle and pathophysiology and the
clinical consequences of amenorrhea. We hope that the readers will find this book
to be a complete resource for information regarding amenorrhea and that this book
will be a well-used reference for doctors and other health professionals who care
for women.

Nanette F. Santoro and Genevieve Neal-Perry
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Chapter 1
The Hypothalamic-Pituitary-Ovarian Axis

Cary Dicken, Marie Menke, and Genevieve Neal-Perry

Introduction

The hypothalamic-pituitary unit is the most evolutionarily conserved brain
structure. It is responsible for integrating incoming information from the external
(e.g., light, pain, temperature, smell) and internal environment (e.g., blood pressure,
blood glucose, blood osmolality) and maintaining physiological homeostasis by
coordinating endocrine, autonomic, and behavioral responses. In addition to pre-
serving physiological homeostasis, the hypothalamic-pituitary axis synchronizes
neuroendocrine physiology essential for ovarian physiology and reproduction. Key
hormones responsible for hypothalamic-pituitary-gonadal (HPG) axis competency
and reproductive success include gonadotropin releasing hormone (GnRH), follicle
stimulating hormone (FSH), luteinizing hormone (LH), estradiol, progesterone,
inhibin, activin, and follistatin. While the hypothalamic-pituitary axis is important
for homeostasis, this chapter will primarily describe the role of HPG axis in the
regulation of the menstrual cycle.

The Neuroendocrine Axis

Hypothalamus

Anatomy

The hypothalamus forms the floor of the third ventricle and is located beneath the
thalamus at the base of the brain. Although the hypothalamus is small, occupying
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about 10 of the total 1,400 g of adult human brain, it is composed of a complex
group of highly specialized cells that are responsible for homeostasis and reproduc-
tion, and exhibit physiological characteristics consistent with neurons and endo-
crine gland cells [1].

The hypothalamus can be grossly divided in the medial-lateral plane into the
medial, lateral, and periventricular regions. It can also be divided in the anterior—
posterior plane to yield the anterior, posterior, and middle regions. It has several
specific nuclei including the arcuate, supraoptic, suprachiamatic, paraventricular,
dorsal medial, ventromedial, posterior hypothalamic, premammillary, lateral
mammillary, and the medial mammillary. The periventricular region consists of
the regions bordering the third ventricle and houses neurons important for the
preservation of the circadian rhythm and autonomic neuroendocrine responses to
stress. The periventricular fiber system conveys the axons of the parvocellular
neuroendocrine neurons in the paraventricular and arcuate nuclei to the median
eminence for control of the anterior pituitary. They are met in the median eminence
by the axons from the magnocellular neurons, which continue down to the poste-
rior pituitary. The medial region of the hypothalamus participates in the control of
reproduction, osmoregulation, and thermoregulation. The lateral region of the
hypothalamus is involved in behavior and arousal. The most anterior aspect of the
hypothalamus overlies the optic chiasm and is called the preoptic area. The preop-
tic area houses the preoptic nuclei which contain neurons responsible for the regu-
lation of blood pressure and body temperature. The middle region of the
hypothalamus, located just above the pituitary stalk, contains the dorsomedial,
ventromedial, paraventricular, supraoptic, and arcuate nuclei. The paraventricular,
arcuate, and supraoptic nuclei all contain neuroendocrine neurons that regulate
pituitary physiology. The dorsomedial and ventromedial nuclei project mainly
within the hypothalamus and to the periaqueductal gray matter. These nuclei regu-
late growth, feeding, maturation, and reproduction. Finally, the posterior third of
the hypothalamus includes the mammillary body and the overlying posterior hypo-
thalamic area. The function of the mammillary bodies is unknown. The posterior
portion of the hypothalamus contains the tuberomammillary nucleus, a hista-
minergic cell group that regulates arousal and wakefulness. From a reproductive
perspective, the arcuate nucleus and the preoptic area are the most critical regions
because they house GnRH neurons, the primary controllers of pituitary reproductive
function.

Maintenance of the human menstrual cycle is directly dependent upon coordi-
nated complex changes in patterns of neurotransmitter and neuropeptide released
from the hypothalamus from the median eminence into portal system. These hypo-
thalamic neuropeptides and neurotransmitters communicate with the anterior pitu-
itary and affect anterior pituitary peptide secretion. Retrograde flow will bring
pituitary hormones from the pituitary to the hypothalamus for feedback control.
Conversely, the axons of the magnocellular neurons in the paraventricular and
supraoptic nuclei project directly to the posterior pituitary to release oxytocin and
vasopressin.
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Physiology

Once the menstrual cycle is established, an event which on average is achieved
within 5 years postmenarche, women enter into their reproductive prime. This
period is most often coincident with maximal reproductive potential and character-
ized by the existence of a mature and functional hypothalamic-pituitary axis. The
mature hypothalamic-pituitary axis subsequently functions to regulate ovarian
physiology and menstrual cyclicity.

GnRH Neurons

Hypothalamic GnRH neurons, the maestros of reproductive success, originate from
epithelial cells located in the olfactory placode. GnRH neurons, like olfactory neu-
rons, have cilia and migrate along the cranial nerves until they reach the forebrain
and their final residence within the medio-basal hypothalamus of the preoptic area
and the arcuate nucleus. Critical to this migration is a neuronal cell surface glyco-
protein that mediate cell-to-cell adhesion. Several genes and their related proteins
are involved in cell adhesion and are important for GnRH neuronal migration. An
example is anosmin-1, a protein encoded by the KAL1 gene, which is responsible
for X-linked Kallmann syndrome [2]. Mutations of genes that encode adhesion
molecules are often associated with anosmia, GnRH deficiency, and hypogonado-
tropic hypogonadism. Fibroblast growth factor receptor one also plays a role in
GnRH neuronal migration, and mutations in this receptor generate a Kallmann
syndrome phenotype [3].

About 1,000-3,000 GnRH neurons can be found in the arcuate nucleus. GnRH
neurons exist in a complex network that involves interconnections between GnRH neu-
rons and several other neurotransmitter systems that modulate GnRH release and
GnRH neuronal activation. This complex arrangement allows GnRH neurons to
communicate with each other and to integrate and transmit input received from
multiple estradiol-responsive neurotransmitter systems and growth factors that
affect gonadotropin release. Delivery of GnRH to the portal circulation occurs via
an axonal pathway — the GnRH tubero-infundibular tract. Axons from GnRH neurons
project to the median eminence and terminate in the capillaries that drain into the
portal vessels. The portal vein is a low-flow transport system that descends along
the pituitary stalk and connects the hypothalamus to the anterior pituitary. The
direction of the blood flow in this hypophyseal portal circulation is generally from
the hypothalamus to the pituitary. The peak concentration of GnRH in human portal
blood is about 2 ng/mL.

GnRH is a 10 amino acid neuropeptide derived from the posttranslational
processing of a large 92 amino acid precursor molecule (pre-pro-GnRH) that con-
tains 4 parts: a 23 amino acid signal domain, the GnRH decapeptide, a 3 amino acid
proteolytic processing site, and a 56 amino acid GnRH-associated peptide (GAP)
[1]. GnRH and GAP are transported to the nerve terminals before secretion into the
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portal circulation. Pre-pro-GnRH is the product of the short arm of chromosome 8.
The physiologic role of GAP has not yet been established. GnRH peptide has a half-
life of 2—4 min. The short half-life of GnRH reflects rapid cleavage of the bonds
between several amino acids (5 and 6, 6 and 7, and 9 and 10).

The short half-life and the large peripheral dilution effect of the vascular system
prohibit the measurement of GnRH outside the central nervous system. LH has a
half-life that is approximately 10-15 times longer than that of GnRH and each pulse
of LH measured in the peripheral blood corresponds to a hypothalamic pulse of
GnRH in the portal system in a one-to-one relationship [4]. Therefore, LH pulsing
is often used as a surrogate marker for GnRH pulsatile secretion.

GnRH neurons release GnRH in a pulsatile fashion. The periodicity and ampli-
tude of the pulsatile rhythm of GnRH are critical to reproduction because it ulti-
mately drives gonadotropin and gonadal steroid secretion, gamete maturation, and
ovulation. GnRH peptide regulates GnRH receptor expression on gonadotropin-
producing cells by a process also known as self-priming. GnRH self-priming is
maximized when GnRH release occurs every 60-90 min. Less frequent GnRH
pulse frequency results in anovulatory amenorrhea. Slow pulse frequency also
decreases gonadotropin secretion due to inadequate stimulation. In contrast, pro-
longed exposure or increased GnRH frequency results in gonadotroph receptor
downregulation and decreased gonadotropin secretion.

During puberty, hypothalamic reproductive activity begins with a low fre-
quency of GnRH-LH release and proceeds with cycles of accelerated frequency
characterized by passage from relative inactivity, to nocturnal activation, and
finally to the full adult pattern. In adult females, LH pulse amplitude increases
throughout the menstrual cycle, peaking in the early luteal phase. Pulsatile fre-
quency of LH in the early follicular phase is every 90 min. The frequency increases
to every 60 min in the late follicular phase and decreases to 100 min during the
early luteal phase and 200 min in the late luteal phase. Normal menstrual cycles
depend on maintaining the pulsatile release of GnRH within this critical range of
amplitude and frequency. In general, more rapid pulse frequency favors LH secre-
tion, whereas a slower pulse frequency favors that of FSH.

Control of the reproductive system by GnRH is governed by gonadal steroid feed-
back effects. Negative feedback prevents the growth of multiple large follicles and
positive feedback is necessary for the LH surge and ovulation. Multiple neurotrans-
mitters and neurohormones have been implicated as having roles in the control of
GnRH secretion. An example of some of these neuroendocrine modulators includes
catecholamines, opiates, neuropeptide Y (NPY), corticotrophin-releasing hormone,
prolactin, and gonadal steroids. Sex steroids have both positive and negative feedback
effects on GnRH pulse frequency. Estrogen alpha receptors (ERc), the mediators of
estradiol positive feedback, have not been localized in hypothalamic GnRH-secreting
neurons [5]. Adjacent neurons have been found to have ERa. and are therefore likely
to be critical in transmitting sex steroid feedback to GnRH neurons [6].

Estradiol increases GnRH pulse frequency, whereas elevated progesterone lev-
els decrease GnRH pulsatility. Although GnRH neurons only express ERp, studies
with transgenic ERo and ERP knockout mice demonstrate that ERct is necessary
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for estradiol positive feedback control of the hypothalamic-pituitary axis. This suggests
that gonadal steroids do not directly regulate GnRH activity. Instead, estradiol
mediates its effects on GnRH neurons through indirect mechanisms that most
likely involve regulation of other hormone-responsive neurotransmitter systems
like glutamate, GABA, norepinephrine, endorphins, and others.

Hypothalamic Neuropeptides and GnRH Neurons

Neuropeptide Y

NPY is a 36 amino acid peptide neurotransmitter whose main role is the regulation
of energy balance. The majority of NPY expressing hypothalamic neurons are
located in the arcuate nucleus [7]. The regulation of NPY secretion stems from nutri-
tional status. States of negative energy balance in which circulating leptin is reduced
are associated with the stimulation of NPY [8]. It is hypothesized that NPY increases
food intake by modulating corticotropin releasing hormone (CRH) and decreases
physical activity, thereby increasing the proportion of energy stored as fat [9, 10].

In addition to its stimulatory effect on food intake, NPY is hypothesized to affect
reproduction positively through regulation of GnRH pulsitility. GnRH neurons
expressing one or more of the six NPY receptor subtypes receive direct synaptic
input from NPY-containing neurons [11]. The effect of NPY on GnRH depends on
the presence or absence of gonadal steroids. In the presence of gonadal steroids,
NPY stimulates the pulsatile release of GnRH and potentiates gonadotropin
response to GnRH neurons by increasing the number of GnRH receptors on the
pituitary gonadotrophs. However, in the absence of gonadal steroids, NPY inhibits
gonadotropin secretion.

Proopiomelanocortin

Proopiomelanocortin (POMC) is a precursor polypeptide composed of 241 amino
acids and part of the endogenous opiod peptide family. It undergoes extensive
posttranslational processing via cleavage enzymes and has eight potential cleavage
sites. Depending on the type of cleavage enzyme present within the tissue, POMC
has the potential to yield ten biologically active peptides.

POMC is split into two fragments — an ACTH intermediate fragment and [-li-
potropin. B-Lipotropin has no opioid activity, but is broken down in a series of steps
to o, B, and y melanocyte stimulating hormone (MSH); enkephalin; and the
[i-, B-, and y-endorphins. MCH interacts with one of five distinct receptor subtypes
(MCR). oMSH is important for the regulation of skin pigmentation and, through
interactions with NPY, food intake and energy homeostasis. Enkephalin and the [i-,
[-, and y-endorphins act at opioid receptors. 3-Endorphin and other opioids affect
reproduction by suppressing GnRH release [12].
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Kisspeptin

Kisspeptin, a 54 amino acid peptide, is the product of the Kiss1 gene and binds to
an endogenous receptor G-protein coupled receptor 54 (GPR54). Kisspeptin neu-
rons are found in both the arcuate and anteroventral periventricular nucleus, and
send their projections to GnRH cell bodies. Kisspeptin and its cognate receptor
GPR54 directly and indirectly contribute to regulation of GnRH secretion and have
an important role in the pubertal transition [13]. Mutations in GPR54 are respon-
sible for some cases of hypogonadotropic hypogonadism and a failed pubertal
transition [14].

Kisspeptin may have a role in mediating feedback control on GnRH secretion.
Studies in rodents suggest kisspeptin neurons located in the anteroventral periven-
tricular nucleus are proposed to be important for positive feedback effects of estra-
diol on the LH surge [15] and kisspeptin neurons located in the arcuate nucleus are
proposed to be important for negative feedback [16].

Hypothalamic Neurotransmitters and GnRH Neurons

In addition to peptidergic input, GnRH neurons receive afferent input from a variety
of neurotransmitter pathways. Changes in the release of amino acid neurotransmit-
ters glutamate and GABA in response to gonadal steroids are critical for the puber-
tal transition, the LH surge, and reproductive senescence [17-22]. Similarly, the
neurotransmitters norepinephrine and dopamine are thought to be important modu-
lators of GnRH neuron activity and gonadotropin release [23-26]. Dopaminergic
neurotransmission also regulates prolactin secretion.

Pituitary

Embryology and Anatomy

Fetal pituitary is derived from the fusion of the neuroectoderm that gives rise to
Rathke’s pouch and the diencephalon, and begins to develop approximately between
the fourth and fifth weeks of gestation. By the ninth week of gestation, a rudimentary
anterior pituitary can be recognized and between the 12th and 17th week of
gestation, a functional hypothalamic-pituitary axis is established.

Several transcription factors have been linked to embryologic pituitary develop-
ment, including HESX1, LHX3, LHX4, PIT1 (PROP1), POUIf1, PITX2, T-PIT
(TBX19), SOX2, and SOX3 [27]. Mutations in these genes have been associated
with syndromes that include pituitary abnormalities ranging from combined pituitary
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hormone deficiency to isolated hormonal deficiencies [28]. Although genetic variants
include phenotypes with primary amenorrhea, the deficiency is more often identified
in childhood as part of a wider clinical syndrome such as septo-optic dysplasia [29].
When hormone deficiencies do occur, abnormalities in growth hormone production
and its consequences are usually the earliest sign.

With an average weight between 0.4 and 0.8 g in human adults, the pituitary can
be found in the sella turcica where it is covered by dura. The sella turcica is located
at the base of the brain and inferior to the hypothalamus. The optic chiasma lies just
above the sellar diaphragm, with visual symptoms presenting as an early clinical
sign of gross pituitary enlargement.

The arterial vascular supply to the pituitary consists primarily of the superior
and inferior hypophysial arteries; branches of the internal carotid arteries. Venous
blood return occurs through the internal jugular veins [30]. Blood supply to the
median eminence and infundibular stalk arises from the superior hypophysial
arteries. From these sites, a dense capillary network coalesces to allow blood flow
directly to the anterior pituitary through a portal system that traverses the pitu-
itary stalk. This capillary network supplies approximately 80-90% of blood
pituitary flow [12].

The Anterior Pituitary

The anterior pituitary is derived from Rathke’s pouch and the posterior pituitary is
derived from the diencephalon. The anterior hypothalamus, also known as the
adenohypophysis, is composed of the pars distalis, pars intermedia, and pars
tuberalis, all of which account for 80% of the pituitary gland. Of these structures,
the pars distalis and pars tuberalis represent the sites of hormonal synthesis. The
pars intermedia has no known function in humans. The anterior pituitary lacks
direct innervation; regulation is solely through hypothalamic hormonal control via
the portal system. Retrograde flow allows feedback loops between the hypothalamus
and anterior pituitary.

Six major cell types reside in the anterior pituitary: 40-50% somatotrophs
(growth hormone), 14-25% lactotrophs (prolactin), 10-20% corticotrophs (adeno-
corticotrophic hormone), 5% thyrotrophs (thyroid-stimulating hormone), 10%
gonadotrophs (FSH and LH), and folliculostellate cells. The anterior pituitary’s
intimate role in reproduction results from the secretion of the glycoproteins FSH and
LH. Until recently, histologic classification of anterior pituitary cells rested entirely
on immunohistochemical findings of acidophilic, basophilic, or chromophobic cells.
This classification system has largely been replaced with descriptive terms
determined by cellular peptide production. Acidophilic cells are now classified as
somatotropes or lactotropes, and basophilic cells are classified as corticotropes,
thyrotropes, or gonadotropes. Cells previously classified as chromophobic generally
fall into one of the above hormone-producing cell types.
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The Posterior Pituitary

The posterior pituitary, also called the neurohypophysis, is composed of the
infundibular stalk and the pars nervosa. The infundibular stalk is surrounded by
the pars tuberalis, and together they constitute the hyopophyseal stalk. The poste-
rior pituitary has a collection of nerve terminals that arise from magnocellular
secretory neurons located within the paraventricular and supraoptic nuclei of the
hypothalamus. Upon stimulation, the nerve terminals secrete vasopressin and oxy-
tocin into the pituitary capillary plexus in close proximity to the axons. Alteration
in concentrations of these neuropeptides within the peripheral vasculature results
in changes in blood osmolality, blood pressure, and fluid balance.

The pituitary gland is regulated by three interacting elements: hypothalamic
inputs, steroid feedback, and pituitary paracrine and autocrine actions. Hypothalamic
input to the pituitary varies according to local hormonal and physiological cues that
modulate neuropeptide and neurotransmitter secretion into the median eminence
and the pituitary capillary plexus. Thus steroid feedback directly and indirectly
affects pituitary reproductive physiology.

Pituitary Gonadotropins

FSH and LH belong to a superfamily of heterodimeric glycoprotein hormones.
They are formed by noncovalent linkage of the o~ and B-subunits. Like other mem-
bers of this superfamily, FSH and LH share a common 92 amino acid o polypeptide
stabilized by five disulfide bonds on ten cysteine residues and composed of aspar-
agine-linked glycosylation sites. The human o.-subunit gene is located on the short
arm of chromosome 6 (p21.1-23). Although encoded from different chromosomes,
a high degree of sequence homology exists among the B-subunits. FSH and LH
bind to different transmembrane G protein-coupled receptors with unique ligand
recognition domains. Mutations in the B-subunit of FSH or LH or their cognate
receptors have been described and are generally equated with precocious puberty,
primary amenorrhea, and/or infertility [31, 32].

By 16 weeks of gestation, portal circulation is developed and fetal secretion of
all pituitary hormones is detectable with peak levels achieved by 28 weeks of gesta-
tion. Postnatally, gonadotropins rise briefly during the first year of life. A wide
range of values are observed in neonates, with FSH ranges of 12-26 IU/L and less
marked elevations of LH (0.5-3.5 TU/L) [33]. In premature infants born between
24 and 29 weeks of gestation, these variations are even more pronounced. FSH
levels have been reported to range between 1.2 and 167.0 IU/L and LH levels to
range between 0.2 and 54.4 IU/L. The progressive decline of FSH levels with fetal
maturity suggests ongoing maturation of the hypothalamic-pituitary-ovarian axis,
which subsequently continues postnally [34]. After the first year of life, childhood
levels of gonadotropins are nearly undetectable, with little additional change occurring
before the onset of puberty [35].
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FSH

FSH has a molecular weight of approximately 29,000 Da. The human B-subunit
gene for FSH is located on the short arm of chromosome 11 (p13). The FSH
[-subunit contains 111 amino acids, 5 sialic acid residues, and 2 asparagine-linked
glycosylation sites. Circulating estradiol (E2) affects FSH isoforms by modulating
carbohydrate moieties. Elevated serum E2 levels increase an FSH isoform with
decreased sialic acid residue sites. Reduced numbers of sialic acid residue sites
shorten the half-life of FSH and increase receptor affinity [36]. In contrast, FSH
isoforms with increased numbers of sialic acid residues have reduced receptor
affinity and lengthened half-lives [37].

LH

LH is composed of the shared o-subunit and a 121 amino acid B-subunit. As with
FSH, the oligosaccharide component of the B-subunit specifies the half-life of LH.
The Gal-N-Ac sulfate located on LH allows rapid recognition and metabolism by
hepatic cells and results in its 20-30 min half-life [37]. Mutations of the LH
[-subunit gene have been associated with primary infertility [38] and precocious
puberty in males [39, 40]. Although LH B-subunit variants have been identified in
subgroups of PCOS women, they do not demonstrate differences in prevalence
between normal and polycystic ovarian syndrome populations [41].

Prolactin

Lactotropes secrete prolactin. Transcription of the prolactin gene is regulated by Pit-1,
which also plays a role in secretion of growth hormone and thyroid stimulating hor-
mone. As previously described, mutations in Pit-1 have been implicated in defects of
the anterior pituitary, including combined pituitary hormone deficiency. Although
prolactin’s primary function is thought to be regulation of lactogenesis, prolactin is
also synthesized in the uterus where it is believed to play a role in implantation.

Roles for prolactin outside of pregnancy and lactation are not known. However,
transgenic prolactin receptor knockout mice have disordered estrous cycles [42, 43].
Additionally, prolactin receptor knockout mice have fewer primary follicles, fewer
ovulatory events, poor progression of fertilized oocytes to the blastocyst stage, and
decreased estradiol and progesterone levels. These studies strongly suggest that
prolactin may also be important for gonadotropin secretion.

Hyperprolactinemia inhibits GnRH secretion [44]. In conditions of hyperpro-
lactinemia, LH pulse amplitude and frequency are decreased [45, 46]. LH secre-
tion normalizes when prolactin levels are normalized [47]. Short-term treatment
with opioid antagonists suggests that prolactin inhibition is mediated by opioid
activity [48]. However, long-term opioid antagonist treatment does not restore
menstrual cycles resulting from hyperprolactinemic states [49].
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The Ovary

Ovarian Embryology

Embryonic gonadal development follows a pre-programmed transition from the
indifferent gonad stage to sex-specific female or male germ cells. In the indifferent
gonad stage, primordial germ cells first appear in the endoderm of the yolk sac,
allantois, and hindgut. By way of ameboid movement, primordial germ cells
migrate to the genital ridge by 5-6 weeks of gestation. The mechanism for this
migration is not fully understood; however, electron microscopic studies demon-
strate formation of pseudopod-like cytoplasmic processes that allow movement
through the mesenchyme [50].

Upon arrival to the genital ridge, replication of germ cells occurs via mitotic divi-
sion with differentiation into primary oocytes occurring as early as the 11th week
of gestation. By the 14th week of gestation, a portion of these oocytes will have
entered meiosis, and replication is arrested in the diplotene stage of prophase I.
A single flattened layer of granulosa cells will eventually surround these oocytes
giving rise to primordial follicles. By midgestation, primary follicles are discernable
in the fetal ovary. Mitotic growth continues and the number of oocytes peaks at a
total of 67 million by 16-20 weeks of gestation [51, 52]. Rapid atresia follows,
with approximately 1-2 million oocytes remaining in the ovary at birth. Germ cells
that fail to enter meiosis by this stage are among those that undergo cell death [53].
An example of this clinical scenario can be found in Turner syndrome (45,X),
whereby accelerated loss of fetal oocytes due to failure to undergo meiosis fre-
quently leads to the formation of streak gonads. Additionally, terminal deletions
from Xpl1 to Xp22.1 and X13 to Xq26 are associated with primary amenorrhea and
premature ovarian failure [54, 55]. Postnatally, additional oocyte loss ensues, with
300,000-500,000 oocytes remaining at the beginning of puberty. Of the remaining
oocytes, approximately 400-500 will ovulate during the reproductive years.

Transcription of proteins such as bone morphogenic protein-4 (BMP-4), steel
factor (c-kit ligand), TIAR (an RNA recognition motif/ribonucleoprotein-type RNA-
binding protein), and leukemia inhibitor factor (LIF) is required for successful pro-
liferation and migration of germ cells [56, 57]. In addition, distribution of fibronectin
appears to play a role in the migratory route [58]. Successful migration is critical for
gonadal development, as germ cells that fail to migrate undergo apoptosis.

Ovarian Anatomy

The ovary lies in the peritoneum attached to the uterus through ovarian ligament.
Grossly, the ovary consists of the outer cortex, medulla, and hilum. The cortex can
be further divided into the overlying tunica albuginea and the inner cortex.
Surrounded by stromal tissue, oocytes are located in the inner cortex. Innervation
and blood flow to ovarian tissue occur through the hilum [59]. The suspensory
ligament of the ovary, through which the vascular flow and innervation to the ovary
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occur, also serves to tether the ovary to the pelvic sidewall. The ovarian artery
originates from the aorta and provides oxygenated blood flow to the organ. Venous
blood return occurs by way of ovarian veins, with drainage directly to the inferior
vena cava on the right and to the renal vein on the left. The autonomic nervous
system provides ovarian innervation. Interestingly, alterations in ovarian auto-
nomic tone may affect ovarian function by predisposing females to the formation
of ovarian cysts (reduced tone) or a polycystic ovarian phenotype [60]. In culture,
addition of sympathomimetics enhances theca-interstitial androgen production by
100-300% in response to hCG [61]. Animal studies suggest a role for vasoactive
intestinal peptide from nerve fibers in granulosa cell development and follicular
atresia [62-64].

Follicular Development and Atresia

The menstrual cycle has classically been described as consisting of a 28-day cycle
characterized by an early follicular phase with multifollicular development, mid-
follicular stage with selection of a dominant follicle, followed by ovulation before
transition of the remnant follicle into a corpus luteum. Follicles not destined for
dominance experience developmental arrest and atresia. Growth from the second-
ary follicle into preovulatory follicles occurs in approximately 85 days [65], with
complete development from the primary to the preovulatory follicle requiring
approximately 220 days [66].

Early Follicular Development

As previously described, follicular growth begins mid-gestation with formation of
primary follicles and arrest of the oocyte in the diplotene stage of meiosis L.
Follicular growth and development begins with a gonadotropin independent stage,
as granulosa cells change from flattened to cuboidal shape, with a subsequent
fivefold increase in proliferation [67]. These changes are followed shortly thereaf-
ter with an increase in oocyte diameter, and formation of the zona pellucida [65].
To differentiate it from cyclic recruitment, which occurs post-puberty through
direct stimulation by FSH, this process is also called the initial recruitment [66].
Following transformation of granulosa cells from flattened to cuboidal shape,
oocyte growth proceeds without resumption of meiosis. Theca interna formation
occurs at the end of the primary follicle stage; apparent paracrine regulation occurs
from the oocyte-derived growth differentiation factor-9 (GDF9) as, in its absence,
the theca layer fails to develop [12, 68]. Other necessary paracrine regulators of
both granulosa and oocyte growth include kit ligand (expressed in granulosa cells),
BMP-15 (oocyte-derived), connexin 37 (found at oocyte-granulosa gap junctions),
and cyclin D2 (expressed in granulosa cells) [66]. At this stage, FSH and activin
appear to have little role in follicular progression as mouse models and case reports
of novel human FSH receptor mutations demonstrate development through the
secondary follicle stage [69, 70]. Nevertheless, preparation for future response to
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FSH does occur as primordial and primary follicles respond to cAMP activation
with increased expression of aromatase and FSH receptors [64].

Secondary Follicles

During the secondary follicle or preantral stage, granulosa cells continue to develop
receptors for FSH, estradiol, and androgens [12, 66]. Progression to the antral stage
is marked by cell proliferation and oocyte growth. Although alternate signaling
pathways have been described, FSH induces aromatization in granulosa cells pri-
marily through an adenylate cyclase-mediated mechanism. Elevated levels of estra-
diol, in turn, act to upregulate the FSH receptors, thereby increasing the sensitivity
to FSH. FSH induces granulosa cell proliferation and communication by increasing
the number of gap junctions. FSH also upregulates transcription of LH receptors in
granulosa cells of the preovulatory follicle [59].

Theca cells arise from mesenchymal cells of the stroma and are primarily
responsible for androgen synthesis in the ovary. Theca layer development continues
to progress as secondary follicles develop. Interactions with granulosa cells occur
through growth factors such as keratinocyte growth factor (KGF) and hepatocyte
growth factor (HGF). Kit ligand produced by granulosa cells then stimulates further
organization of the theca layer by way of a positive feedback loop [71].

Antral Follicle

Formation of the antral follicle requires an increase in transcellular permeability
followed by a rapid influx of water mediated through channels formed by aqua-
porins [72]. Evidence also suggests a change in the collagen composition of the
follicular extracellular matrix [73]. Within the antral cavity, granulosa cells sur-
rounding the oocyte become a morphologically distinct layer of cumulus cells.

During the menstrual cycle, circulating FSH allows a cohort of antral follicles to
escape apoptosis; however, through a mechanism not fully elucidated, a dominant
follicle emerges early in the follicular phase; FSH receptor concentration, aromatase
activity, and intrafollicular levels of estrogen all increase in the chosen follicle.
Selection of a dominant follicle allows a progressive increase in the concentration
of estrogen that results in estrogen negative feedback on gonadotropin release and
atresia of the remainder of the previously responsive cohort. The subsequent
decline in FSH results in decreased estrogen production, with a further decrease in
responsiveness to gonadotropins by nondominant follicles that progressed into the
preantral stage. In a natural cycle, this process may be detected as early as day 5 of
the menstrual cycle [74].

The mid-cycle LH surge precedes ovulation and completion of meiosis I by
approximately 24-36 h. Cumulus cell expansion occurs in response to increased
synthesis of hyaluronic acid [59]. Mural granulosa cells express high levels of LH
receptors; however few, if any, LH receptors proliferate in cumulus cells [75].
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Instead, a complex signaling cascade of LH and epidermal growth factor-like
growth factors such as amphiregulin, epiregulin, and betacellulin likely plays a role
in cumulus cell differentiation [76]. Proteolytic enzymes, produced by granulosa
and theca cells, are ultimately responsible for follicular rupture [59]. Prostaglandin
synthesis is required for ovulation and appears to act through promotion of protease
function [77].

Ovarian Physiology
Estrogen

Estradiol is the major form of circulating estrogen and is produced in its highest
concentrations by the antral follicle during the follicular phase. Theca cell response
to LH results in increased androgen production through transcription of P450scc,
P450c17, and 3B-hydroxysteroid dehydrogenase. The classic two-cell model of
steroid production describes the aromatization of androgens produced by theca
cells and androgen diffusion into adjacent granulosa cells where FSH regulates
aromatase synthesis of estradiol. Thus, the follicular phase of the menstrual cycle
is marked by granulosa cell-mediated increased production of estradiol. Elevated
estrogen levels act through negative feedback at the hypothalamic and pituitary
level to inhibit pituitary release of FSH. As previously mentioned, increasing con-
centrations of estrogen also affect FSH isoform production, a physiological change
with an unknown clinical relevance.

The majority of estradiol lies bound either to sex hormone binding hormone
(SHBG; 69%) or albumin (30%); only approximately 1% circulates freely. Estrone,
a weak estrogen, circulates more freely (8% bound to SHBG, 85% to albumin).
Multiple factors affect SHBG levels, with subsequent changes to the amount of free
estradiol to follow. These include body mass index, tobacco use, modulators of
hepatic P450 enzymes, and diabetes.

Estrogen is primarily metabolized in the liver through the P450 cytochrome
mechanism. The major metabolite progesterone imposes in urine is 3-methoxy-2-
hydroxyestrone glucuronide; however, up to 20% may be excreted in the feces.

Progesterone

In addition to preparing the endometrium for implantation, luteal phase progester-
one mediates negative feedback at the hypothalamic-pituitary level primarily by
inhibiting GnRH neurons [78—80]. Progesterone also plays an obligate role in ovu-
lation, with a small increase in synthesis noted in the periovulatory period [81].
Like estradiol, circulating free progesterone makes up a small percentage of the
total concentration. Less than 2% of progesterone circulates as free hormone, with
the remainder bound primarily to albumin (80%). Progesterone is principally
metabolized in the liver by the So-reductase pathway, resulting in pregnanediol and
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pregnanetriol and conjugation with glucuronide. Pregnanediol glucuronide is
excreted in the urine and can be used in research to assess ovulation.

Inhibin

Isolated in the 1980s, inhibin A and inhibin B are disulphide-linked dimers and
members of the transforming growth factor-f family. Similar to other glycopro-
teins, they share a common a-subunit with one of two distinct B-subunits (3, and
B,) [82, 83]. Inhibin is primarily secreted by granulosa cells; however, mRNA for
both subunits has been identified in gonadotropes [84, 85]. Both inhibins affect
gonadotropins almost exclusively through suppression of FSH secretion and aug-
mentation of LH-stimulated androgen production [12].

Activin

Activin is a heterodimer composed of B-subunits of inhibin (B,,, B,,. B,)- The
[B-subunits are relatively ubiquitous; however, the o-subunit is restricted to the
pituitary, gonads, and adrenal glands. Activin is synthesized in granulosa cells and also
appears to have an autocrine function in the pituitary through its effects on gonadotropin
synthesis. It stimulates FSH secretion in cultured pituitary cells by upregulation of
[B-subunit mRNA levels and augments LH- and IGF-stimulated androgen production
by theca cells [59, 86]. Activin is required for adequate pituitary response to GnRH.

Follistatin

Follistatin is a relatively ubiquitous protein that directly affects FSH by inhibition
of its synthesis and GnRH responsiveness [87]. Follistatin is upregulated by activin
and downregulated by inhibin [88]. FoxL.2 (associated with the syndrome of blep-
herophimosis, ptosis, and epicanthus inversus as well as premature ovarian failure)
has been implicated in the enhancement of follistatin gene transcription [89].

Summary

Female reproduction is a complex process that involves the integration of messages
directly and indirectly received by the hypothalamus about the nutrient status,
stress, and hormone exposure from external and internal environments. Information
processed by GnRH neurons affects the pulse amplitude and frequency of gonado-
tropin release from the pituitary. This in turn affects gonadal steroidal production,
and ovarian folliculogenesis and ovulation. The failure of any one organ in this triad
results in disruption of female reproduction. The remaining chapters in this book



1

The Hypothalamic-Pituitary-Ovarian Axis 15

will expound on factors that disrupt the function of the hypothalamic-pituitary-
ovarian axis and give rise to reproductive dysfunction or amenorrhea.
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Chapter 2
The Mechanism of Menstruation

Anjana R. Nair and Hugh S. Taylor

Menstruation is a result of the profound tissue remodeling that occurs each month
in reproductive-aged women. After withdrawal of steroid hormone support, the
functionalis layer of the endometrium undergoes extensive changes, resulting in
complete tissue breakdown. With each menstrual cycle, most of the endometrium
is completely shed at menses and subsequently regenerated. Menstruation is seen
in only a few animals that have hemochorial placentation. In hemochorial placenta-
tion, trophoblasts invade the maternal blood vessels and chorionic villi are in direct
contact with maternal blood. Thus the invasive nature of hemochorial placenta
requires a correspondingly defensive uterus. In pregnancy, under the influence of
progesterone, the endometrial stroma undergoes extensive decidualization.
Decidualization limits trophoblastic invasion; however, protection from invasive
trophoblasts requires the development of a barrier, a process that results in terminal
differentiation. This differentiated state is renewable only by regeneration from
progenitor cells located in the basalis layer of the endometrium; a strategy that
requires monthly bleeding events and introduces multiple potential opportunities
for mechanistic failure and the emergence of abnormal uterine bleeding. An appre-
ciation of normal endometrial physiology as it pertains to the regulation of
menstruation is essential to understand disorders of menstruation.

The Endometrium During the Menstrual Cycle

The endometrium is composed of the basalis and functionalis layers. The basalis
layer is deep and adjacent to the myometrium, while the functionalis layer
comprises the superficial two-thirds of the endometrium. The functionalis is
divided into stratum compactum and stratum spongiosum. The stratum compactum
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is a superficial thin layer with gland necks and dense stroma, while the stratum
spongiosum is the deeper part of functionalis composed of glands and loosely
arranged stroma. Only the functionalis layer of endometrium is shed with each
cycle. The basalis layer contains the progenitor cells that regenerate the functionalis
layer in each cycle. Endometrial tissue responds to sex steroid hormones produced
in the follicular and luteal phases of the ovarian cycle. The menstrual cycle is
divided into proliferative and secretory phases, and cytoarchitectural and molecular
differences between the phases reflect endometrial responses to cyclic changes in
ovarian hormone exposure.

Proliferative Phase

The functional layer (upper 2/3) of the endometrium is shed during each menstrual
cycle. By the end of menstruation, the endometrial lining is about 2 mm thick and
is composed of epithelial cells that arise from the glands in the basalis layer and
migrate to the denuded surface of the endometrium. Of note, the thin epithelialized
basalis layer seen in early menstrual cycle is similar to the endometrial cytoarchi-
tecture observed in postmenopausal women and also in women with hypothalamic
amenorrhea. The initial repair of the endometrial surface, an event critical for the
regeneration, occurs before cessation of menses and prior to the rise in estradiol
[1, 2]. A measurable increase in endometrial thickness does not commence until
this process is complete.

Estradiol, produced by the ovaries on approximately day 4 or 5 (D4 or 5) of the
cycle, induces growth and proliferation of the endometrium. The epithelial and
stromal cells undergo mitoses and multiply, thus causing the glands to increase in
length, while the stromal cells grow and expand the extracellular matrix [3]. Some
of the surface epithelial cells commonly seen near the tubal ostia and endocervix
become ciliated at this time.

Endometrial growth can be viewed using ultrasound, measuring the total width
of the opposed endometrial epithelial surfaces (also known as the trilaminar endo-
metrial stripe). There is rapid growth of the endometrium from cycle D4 or 5.
Endometrial thickness begins from a nadir of approximately 4.5 mm on cycle D4
and increases linearly to a plateau of approximately 10 mm on cycle D9 or 10 [4].
The cessation of endometrial growth occurs before estradiol levels reach their
peak and prior to the onset of secretory phase progesterone production, thereby
indicating that nonsteroidal factors limit the growth of endometrium.

Amenorrhea in some women results from chronic anovulation, which can be
associated with unopposed estrogen exposure and disordered endometrial growth.
Although some anovulatory women may have thickened endometrium, they do not
experience the continued rapid growth of endometrial tissue seen in the normal
proliferative phase. The endometrium does not grow indefinitely and the average
endometrial thickness is rarely greater than 11 mm [5]. Obviously, unopposed
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estrogen is not sufficient to produce continued endometrial growth, again suggesting
the existence of factors that limit the extent of proliferation. The cellular mecha-
nisms responsible for dysfunctional endometrial growth observed in anovulatory
women are still poorly understood. Nonetheless, the observed pathophysiology of
the endometrium in anovulatory women likely reflects dysregulation of modulators
of endometrial repair and growth cessation which promotes long-term stabilization
under anovulatory conditions or estrogen deficiency.

Secretory Phase

Secretion of progesterone after ovulation causes complete cessation of endometrial
epithelial proliferation. Estrogen receptors expressed by the endometrial epithelial
cells during the proliferative phase are downregulated by progesterone action,
thus attenuating estrogen’s proliferative effect. Progesterone exposure induces
sub-nuclear glycogen-rich vacuoles to appear on approximately (D16) of the cycle
and inhibits epithelial cell mitosis by D17. The vacuoles become supranuclear
on D18 and secretions are found in the gland lumen by D19-20. Peak secretory
activity is seen by D20-21 [6—10]. These changes are essential for conception and
the generation of an endometrial surface receptive to blastocyst attachment.

Progesterone provokes profound stromal fibroblast changes characterized by
cellular enlargement, as well as laminin and type 4 collagen accumulation [11, 12].
In the luteal phase, type 4 collagen and laminin are present in the extracellular
space of the endometrial stroma and the basement membrane of glands and blood
vessel walls. Even though Collagen types 1, 3, and 6, and laminin are present in the
endometrium throughout the menstrual cycle, their ratios change with prolonged
exposure to progesterone (i.e., type 3:1 decreases and type 5:1 increases) [13]. The
endometrium also makes large quantities of prolactin and IGF-binding proteins
(IGFBP-1). These changes in response to progesterone result in dramatic altera-
tions in both the extracellular matrix and secretory products of the endometrium.

Stromal edema is apparent by D20-23 and in the few days immediately
preceding menstruation, the stroma becomes infiltrated by natural killer cells,
macrophages, and T cells. In contrast, continuous progesterone exposure results in
endometrial atrophy and thinning, gland narrowing, and vasculature abnormalities
characterized by the creation of sinusoids and hyperplasic endothelial cells. This
endometrial histology characterizes women with amenorrhea due to chronic
progestin exposure.

Endometrial Growth Regulation

Numerous growth factors as well as ovarian steroid hormones regulate the growth
of the endometrium during the menstrual cycle.
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Ovarian Steroids

The endometrium responds to the ovarian steroids estrogen and progesterone; these
two hormones are the only extrinsic signals necessary to drive a normal uterine
menstrual cycle and are in fact sufficient to do so. The proliferative phase of the
cycle is mainly mediated by the effects of estrogens. Estrogen receptor alpha (ERa,
also known as ESR1) and estrogen receptor beta (ERp, also known as ESR2) are
transcribed from different genes and have distinct expression patterns. ESR2 is
expressed in the endometrium throughout the menstrual cycle [14]. ERS1 varies
throughout the menstrual cycle and is expressed by both epithelial and stromal
cells during the proliferative phase [14]. Estrogen receptors are largely lost in the
epithelium after progesterone exposure. There is also evidence that estrogen
signaling may be transmitted through non-classic estrogen receptors, including the
membrane receptor G-coupled receptor 30 (GRP30); however, this remains
controversial.

The effects of progesterone on the uterus are mediated through progesterone
receptors A (PR-A), B (PR-B), and C (PR-C). Each is a homologous protein tran-
scribed from different promoters of the same gene [15—17]. Epithelial and stromal
cells express PR-A and PR-B in the proliferative phase. In the luteal phase, only the
stromal cells express PR-A and PR-B (PR-A is predominant), while the expression
of both the receptors are downregulated in the epithelial cells [18, 19]. PR expres-
sion in stromal cells is unaffected by chronic exposure to long-acting progestational
agents [20].

Growth Factors

A large number of mitogenic growth factors are secreted by the endometrium,
modulating sex steroid action on the endometrium. These peptide molecules can
initiate the activation of a cascade of intracellular pathways by binding to their
cognate membrane bound receptors (Fig. 2.1).

Epidermal growth factor (EGF) is expressed by the epithelial cells during the
proliferative phase and by stromal cells during secretory phase of the cycle [21, 22].
The levels of EGF are stable throughout the menstrual cycle. EGF can either
synergize with estradiol or act independently to stimulate epithelial cell growth.
EGF stimulation indirectly leads to ERa activation and the expression of down-
stream targets of this receptor [23, 24]. EGF may mediate the proliferative effects
on epithelial cells seen in the endometrium during the early follicular phase when
estradiol levels are generally very low. Transforming growth factor alpha (TGFo),
a member of the EGF family, binds the same receptor as EGF and achieves peak
levels during the mid-cycle. TGFa is also thought to mediate the proliferative
actions of estrogen on the endometrium.

Fibroblast growth factors (FGF) comprise a family of approximately nine
members and of these, FGF-1, -2, -4, and -7 are expressed in human endometrium.
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Schematic Representation of Endometrial Vascular Supply
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Fig. 2.1 Schematic presentation of the endometrial vascular system. The primate endometrium is
comprised of the stratum basalis (s. basilis) and stratum functionalis (s. functionalis). Uterine
arteries branch within the myometrium to yield the arcuate and radial arteries. The radial artery
branches within the s. basilis to yield numerous straight and spiral arterioles in the lower third of
the endometrium. Spiral arterioles provide the vascular blood supply to the s. functionalis through
a vast network of fenestrated capillaries

Epithelial cells produce FGF-1 and -2 during the proliferative and secretory phases
of the menstrual cycle. Stromal cells express FGF-2 in the proliferative phase,
where it is proposed to induce mitosis and DNA synthesis [25-28].

Insulin-like growth factors (IGF)-1 and -2 are produced at high levels by
epithelial and stromal cells throughout the menstrual cycle. Endometrial stromal
fibroblast proliferation is induced by IGF-1 [29, 30]; however, both IGF-1 and
-2 can also promote differentiation. IGF-1 production is upregulated by estradiol
and it mediates estrogen’s effect on endometrial growth. IGF-2 is involved in
mediating differentiation of cells in response to progesterone effects. Their
effects are mediated by binding to IGFBP-1. IGFBP-1 is one of six homologous
proteins that specially modulate the mitogenic and metabolic effects of IGF-1
and -2. Both IGFBP-I protein and mRNA have been localized to the pre-decidual
stromal cells in late secretory-phase endometrium and to decidual cells during
pregnancy.

Multiple other relevant cytokines and growth factors have been described
including keratinocyte growth factor (KGF), a member of the FGF family. KGF is
expressed at higher levels in the stromal cells and during the secretory phase. It is
proposed to mediate epithelial-stromal signaling [31]. Platelet-derived growth
factor (PDGF) is secreted by stromal cells and platelets. It is localized to the
stromal cells and stimulates stromal cell proliferation and angiogenesis. Tumor
necrosis factor oo (TNFa) activity in the endometrium is higher in the proliferative
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and mid-secretory phases. It has multiple influences on cell growth. TNFp is
mitogenic, angiogenic, immunomodulatory, and inflammatory in its actions.
While the list provided is far from complete, it serves to illustrate the complexity
of cellular communication that is needed to maintain normal endometrial physiol-
ogy. It makes sense that disequilibrium within this intricate network of cellular
pathways could result in devastating consequences that affect menstrual cycles and
implantation, and/or predispose some women to the development of neoplasia.

Endometrial Stem cells

In order for the epithelium and stroma to be completely renewed in each menstrual
cycle, there must be a continuous pool of progenitor cells available to replenish
and rebuild the endometrium. Hormonally, responsive stem cells residing in the
basalis are hypothesized to be the source of progenitor cells that are committed to
developing into specific types of differentiated cells, e.g., epithelial, stromal, and
vascular. These resident stem cells are hypothesized to allow the rapid cyclic regen-
eration of the endometrium. However, there was no direct evidence to confirm this
hypothesis until 2004. In that year, two reports from different laboratories provided
evidence to support the hypothesis that local stem cells provided progenitor cells
for cyclic endometrial renewal [32-34].

Human endometrium contains small populations of epithelial and stromal stem
cells responsible for cyclic regeneration of endometrial glands and stroma. Notably,
these cells exhibit clonogenicity. Consistent with this concept, small numbers of
epithelial (0.22%) and stromal cells (1.25%) will initiate colonies and exhibit high
proliferative potential in vitro. These cells comprise the local progenitor stem cells
that are destined to give rise to most of the endometrium in each menstrual cycle.

Endometrial regeneration from multipotent stem cells derived from the bone
marrow was recently demonstrated in bone marrow transplant recipients; donor-
derived endometrial epithelial cells and stromal cells were detected in endometrial
samples of bone marrow recipients. Histologically, these cells appeared to be endo-
metrial epithelial and stromal cells and they also express appropriate markers of
endometrial cell differentiation. These findings strongly suggest that bone marrow
may also be an extrauterine source for endometrial stem cells [33, 35-37].
Moreover, these observations suggest that cyclic mobilization of bone marrow-
derived stem cells may be a normal physiologic process. Interestingly, male donor-
derived bone marrow transplant cells were found in the uterine endometrium of
recipient female mice, and although rare, these cells differentiated into epithelial
and stromal cells [38]. Endometrial stem cells are likely derived from a common
stem cell found in both men and women. More recently, another group showed
that bone marrow transplants-derived endothelial progenitors also contribute to the
formation of new blood vessels in the endometrium [39].

The repopulation of endometrium with bone marrow-derived stem cells may
be important to normal endometrial physiology and may also help to explain the
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cellular basis for the high rates of long-term failure following conservative alternatives
to hysterectomy such as endometrial ablation or resection. Alternatively, endome-
trial regeneration may be incomplete in women with deficient stem cell reserves or
defective recruitment of stem cells after injury, thereby increasing the risk for poor
outcomes including Asherman’s syndrome.

Endometrial Vessels

Since menstruation is a form of tissue remodeling where the lining of the uterine cavity
is shed regularly, it is of utmost importance that the vasculature of the endometrium
also be capable of regeneration. Nowhere outside the reproductive tract do vessels
undergo this dramatic and regular regeneration. Angiogenesis and development of the
microvasculature system within the endometrium may be the key event for normal
endometrial cycling, as proliferation and subsequent maturation of the endometrium
are dependent on delivery of local oxygen and nutrients to the tissue [40].

Endometrial Vascular Supply

Arcuate arteries arise from the uterine arteries in the myometrium. The arcuate
arteries divide just inside the border of the endometrium and give rise to numerous
straight arterioles that supply the lower third of the endometrium. These vessels
continue as the spiral arteriole and supply the functional two-thirds of the endome-
trium. Endometrial blood vessels have abundant smooth muscle cells and just
beneath the surface of the endometrium, the capillaries are fenestrated. The venules
from the area drain into the uterine vein [41-44]. A sketch of the endometrial
vascular system can be found in Fig. 2.1.

Regulation of Endometrial Vessel Growth

Menstruation results in open vessels that need to be repaired in order to control
bleeding. The blood vessels begin to regenerate at the end of menstruation and
continue into the proliferative phase of the menstrual cycle. Balances between
factors that stimulate and inhibit angiogenesis regulate endometrial shedding
and regeneration. Numerous angiogenic factors have been described by several
investigators and include EGF [23], TGFa, TGFf, TNFa, FGF-1, FGF-2, PDGF,
and vascular endothelial growth factor (VEGF) [45, 46] Fig. 2.2. Appropriate
angiogenesis is required for cessation and regulation of menstrual flow . Disorders
of blood vessel function and repair may contribute to abnormal uterine bleeding.
Several specific factors involved in endometrial endothelial regeneration are
well studied. VEGFs are heparin-binding 30—45 kDa molecules that are potent
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Fig. 2.2 Endometrial growth factors. Relative amounts of growth factor (top) and growth factors
receptor (bottom) mRNA and protein levels in the human endometrium during the menstrual
cycle. Levels illustrated are relative to levels during the early proliferative phase. CSF-1 colony-
stimulating factor-1; EGF epidermal growth factor; FGF fibroblast growth factor; /GF-1 insulin-
like growth factor-1; IL-1 interleukin-1; LIF leukemia-inhibiting factor; PDGF platelet-derived
growth factor; TGF transforming growth factor. From Guidice L, Saleh W (Trends Endocrinol
Metab 1995;6:60-69) with permission
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mitogens. VEGFs are proposed to have a crucial role in the development of vascular
endothelium and thus formation of new blood vessels [47, 48]. Of the five different
variants of VEGF, VEGF 121 and 165 isoforms are the predominant forms that
regulate endometrial angiogenesis.

VEGF-A is produced in the glandular and luminal epithelium as well as in
the stroma in the proliferative phase of the cycle. In the secretory phase of the
menstrual cycle, only the epithelial cells continue to express VEGF-A [49, 50].
Several studies suggest that VEGF is hormonally regulated. Estradiol is thought to
increase VEGF release; however, the exact role of ovarian hormones in the regula-
tion of VEGF expression and function is not clear. [51]

Menstruation

Menstruation is the occurrence of bleeding when progesterone is withdrawn from
an estrogen- and progestin-primed uterus. While progesterone withdrawal occurs in
all species with an estrus cycle, only a very few menstruate, suggesting the exis-
tence of unique regulatory mechanisms in the endometrium of these species. The
cellular events that follow withdrawal of steroid support can be divided into four
types and are described below.

Loss of Vascular Integrity

Spiral arterioles are unique to menstruating species. The classic studies conducted
more than 50 years ago by Markee demonstrated that steroid (estrogen/progester-
one) withdrawal produced severe vasoconstriction of the endometrial spiral arteri-
oles lasting 4-24 h [52]. The vasoconstriction is followed by vasodilatation in
these vessels, causing increased blood flow. Ischemic damage induced by the
vasoconstriction causes blood to flow out of the vessels to the epithelial surface.
The interruption of blood supply and the acute tissue hemorrhage culminate in
shedding of the superficial functional layer of the endometrium.

Several vasoactive agents likely mediate the response to steroid withdrawal. Local
prostaglandin (PG) production is proposed to affect endometrial vasoregulation by
increasing the ratio of the vasodilatory PGE2 relative to the vasoconstrictor PGF2o
at menstruation [53]. Nitric oxide (NO), a vasodilator, is also locally synthesized in
the endometrium and may have a role in regulating vascular tone [54]. VEGF may
affect the induction of NO synthesis. Molecular studies of endometrial NOS expres-
sion, as well as animal experiments with NOS inhibitors, indicate that NO plays an
important role in endometrial functions such as endometrial receptivity, implanta-
tion, and menstruation. Endothelins are also potent vasoconstrictors. Cameron et al.
have shown that endometrium is rich in these molecules as well as their cognate
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receptors, thereby regulating bleeding during menstruation [55]. Many of these
agents have yet to be explored in the treatment of abnormal uterine bleeding.

It is important to appreciate that prior to overt vascular breakdown and menstrua-
tion, an inflammatory process ensues and vasospasm prompts tissue degeneration.
Leukocytes are recruited to the endometrium, where they make up nearly 50%
of the tissue just prior to menstruation. Chemokines involved in endometrial tis-
sue breakdown include molecules such as IL-8, which are produced by the
endometrium after progesterone withdrawal. These molecules in turn attract
various leukocytes to the uterus. Myeloid cells are particularly abundant and
release pro-inflammatory cytokines at this time, as well as multiple other mol-
ecules involved in tissue degradation.

Matrix Metalloproteins (MMPs) and Tissue Breakdown

The endometrial matrix consists of the collagen, laminin, gelatin, fibronectin,
proteoglycans, and hyaluronic acid. In addition to spiral arteriolar vasoconstriction,
enhanced matrix degradation is a key mechanism that contributes to the onset of
menstruation. MMPs regulate the degradation of all of the components of the extra-
cellular matrix. Endometrial stroma expresses MMP 1, 2, 3, and 10, while epithe-
lium expresses MMP 7. A plethora of MMPs are produced by leukocytes as well.
MMPs are generally secreted in an inactive form. Pro-MMPs are made in increasing
numbers prior to menstruation in response to local signals as well as progesterone
withdrawal. A tightly regulated balance among MMP production, activation, and
inhibition controls the activity of MMPs and hence tissue integrity. MMPs are also
regulated by tissue inhibitors of MMPs (TIMPs). Withdrawal of progesterone at
menstruation leads to increased MMP production and activation as well as release
of TIMPs, thus causing matrix degradation. The degradation of tissue matrix results
in massive tissue destruction, loss of structural integrity, and vascular disruption.
These events have an even more profound effect than the vascular events previously
described. The endometrium is sloughed along with blood coming from the
destroyed endometrial vasculature [56].

Mechanisms have evolved to prevent premature clotting during the initial phase
of endometrial shedding [57]. Hemostasis is achieved after menstruation by coagu-
lation in the basal endometrium. Tissue breakdown induced by MMPs activates
endometrial platelets and results in coagulation of blood. Coagulation abnormalities
in various disease states will lead to an increase in menstrual blood loss.

Endometrial Re-epithelialization

Endometrial epithelial cells from the basal glands cover the denuded surface of the
endometrium on D2 of the cycle. The epithelial cells migrate and spread to cover



2 The Mechanism of Menstruation 31

the endometrial surface. Of note, re-epithelialization at this time does not reflect
mechanisms that involve clonal expansion or a significant effect of estrogen. It is
unclear if migrating cells are epithelial stem cells and whether loss of cell-cell
contact stimulates this migration.

Vascular Repair

Repair of the endometrial vessels is a crucial event in cyclic shedding of the uterine
lining. Endothelial cells sprout from the ruptured arterioles and venules in the basal
layer of endometrium and recruit pericytes and smooth muscle cells [58, 59].
VEGEF plays an important initial role, inducing recruitment and proliferation of
endothelial cells, and forming tubules and tight junctions between cells [60, 61].
Intense vasoconstriction of spiral arterioles prior to onset of bleeding induces local
tissue ischemia in the endometrium. This hypoxia induces VEGF expression via
hypoxia-inducible factor a [62]. Recruitment of pericytes and smooth muscle cells
for maturation of the vessels follows endothelial cell recruitment.

Summary

An endometrium, receptive to embryo implantation, is prepared and shed each
month during the menstrual cycle. A woman typically will have about 500 menstrual
cycles in her lifetime. Disorders of the menstruation are a common problem and one
of the most frequent indications for medical care in a reproductive-aged woman.
Precisely regulated tissue degradation, controlled hemorrhage, and rapid hemostasis
and repair are required for normal menstruation. A thorough understanding of the
mechanisms that underlie this process is important to understand the basis and treat-
ment of disorders in this complex physiologic process.
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Chapter 3

Amenorrhea Due to Idiopathic
Hypogonadotropic Hypogonadism
and Kallmann Syndrome

Lawrence C. Layman

Case Study

The patient is a 17-year-old white female who was seen for primary amenorrhea.
Her mother states that she was healthy during her childhood years other than having
several surgeries for repair of cleft lip and palate. Upon further questioning, she is
not able to smell foods or other common smells. Her mother had normal puberty
but she also has diminished sense of smell. Her mother’s brother reportedly had
delayed puberty, cleft palate, and subsequent infertility.

On physical exam, she is 5’1" tall with Tanner 1 breasts and Tanner 3 pubic hair.
By bimanual exam, the physician is able to place a finger into the vagina and
palpate a cervix. Laboratory studies include a prolactin=10ng/ml (3-20),
TSH=1.7 pU/ml (0.4-4), total T4=8.1 pg/dl (4.5-12.5), LH=1 mIU/ml (1-11),
and FSH=1.5 mIU/ml (1-11). An MRI reveals no tumor in the brain, but the olfac-
tory bulbs are not seen. Following these studies, additional laboratory studies are
obtained: an 8:00 a.m. cortisol is 17ug/dl (8-20) and a growth hormone level rises
from 1 to 8 ng/ml after 30 min of exercise.

Development of the Hypothalamic-Pituitary-Gonadal Axis

During embryological development, gonadotropin releasing hormone (GnRH) and
olfactory neurons migrate from the olfactory placode region into the brain [1]. Once
the olfactory neurons cross the cribriform plate into the brain, a dorsal branch
migrates dorsally to reach the olfactory bulbs while a ventral branch migrates to the
hypothalamus along with GnRH neurons. GnRH is secreted in a pulsatile fashion
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from the arcuate nucleus of the hypothalamus, where it is released into the hypo-
physeal-portal system to affect pituitary synthesis and secretion of gonadotropins
luteinizing hormone (LH) and follicle stimulating hormone (FSH). Pituitary gonad-
otropins then stimulate the ovary to produce sex steroids and oocytes.

Without the use of green fluorescence protein labeling, it is very difficult to
study the neurophysiology of individual GnRH neurons in the laboratory. The main
reason that it is so difficult to study individual GnRH neurons is because they are
widely dispersed throughout the hypothalamus and they are few in number — mice
have only 800—1,000 and primates have only 1,000-2,000 [1]. Fortunately, there are
two types of immortalized GnRH neurons commonly studied in the literature that
are easily manipulated experimentally and maintain important characteristics of
GnRH neurons (express GnRH mRNA and release peptide in a pulsatile pattern).
GT1-7 cells represent one such group of immortalized GnRH neurons. These
immortalized GnRH neurons were generated by cloning the rat GnRH promoter
upstream to the T-antigen, which was then injected into single cell embryos [2].
This technique resulted in hypothalamic tumors which were harvested, cultured,
and subsequently named GT1-7 cells. These cells are of neuronal origin (but not
glia) and are postmigratory.

When the human GnRH promoter was cloned upstream to the T-antigen and
injected into single cell embryos to create transgenic mice, tumors were observed along
the migratory pathway. These GN11 and NLT cells not only express GnRH, albeit, at
lower levels than GT1-7 cells, but they also display migratory properties in vitro [3].

The Diagnosis of Delayed Puberty

Following the childhood period and for reasons not completely understood, central
inhibition of GnRH pulses is reduced, and GnRH pulses stimulate first nocturnal LH
pulses, which then later occur throughout the 24-h period. These LH pulses stimu-
late ovarian estrogen production and initiate the onset of the pubertal transition.
Normal puberty is usually a progression of events. Once the pubertal process is initi-
ated, it is generally completed within 3—4 years. Thelarche is typically the first sign
of estrogen production, and occurs at about age 10.5 years, while pubarche (pubic
hair growth) generally occurs about 6 months later. In 10-20% of girls, pubarche
precedes thelarche. The peak height velocity occurs at about age 12, and on the
descending arm of the growth spurt, menarche occurs at age 12—13 [4].

In girls, delayed puberty is defined as either the absence of thelarche by age 13
or menarche by age 15, which represents 2.5 standard deviations above the mean
for North American children. The differential diagnosis is complex and may
include hypogonadism, anatomic abnormalities, such as the absence or obstruction
of the outflow tract, and certain disorders with ongoing estrogen production — most
commonly polycystic ovary syndrome (PCOS). An overview is shown in Fig. 3.1.
Although not discussed here, the evaluation and diagnostic categories are similar
for males.
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1. TSH,T4,PRL
2. Determine if hypogonadal

/

Normal +— Pelvic exam Obtain FSH & LH
PCOS
Low or “Normal” High
No Vagina v v
Outflow |Hypogonadotropic Hypogonadism| |Hypergonadotropic Hypogonadism
Obstruction v v
MRI Karyotype
Noimal‘( ™ Abnfrmal / \
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Fig. 3.1 An overview of the diagnostic steps in girls with delayed puberty. The two most common
causes of outflow obstruction causing primary amenorrhea are complete androgen insensitivity
syndrome and mullerian aplasia (Mayer—Rokitansky—Kuster—-Hauser syndrome). PCOS polycys-
tic ovary syndrome; 74 thyroxin; 7SH thyroid stimulating hormone; PRL prolactin

All patients who present with delayed puberty should have a TSH, total T4 (more
robust assay than the problematic free T4 — unless it is done by dialysis and subsequent
immunoassay), serum prolactin, and detailed psychosocial history. Hypothyroidism
(central, rather than primary), hyperprolactinemia, and hypothalamic disorders (eating
disorders/stress/exercise) may occur in patients who are eugonadal or hypogonadal
depending upon how long the process has been ongoing.

A careful history and physical exam of the female with delayed puberty are
extremely important. It is necessary to ascertain any initial signs of puberty and
estrogen production. If there are no signs of breast development, the patient clearly
has hypogonadism. If she has breast development, she has evidence of having estro-
gen exposure at some time in her life, but her estrogen status must be determined
at the time of presentation (as she could be now hypogonadal).

Several different methods could be considered to determine estradiol exposure,
but it should be remembered that estradiol levels are usually not very helpful
because discrimination between low and low-normal levels is not easy. A vaginal
maturation index can be determined with a vaginal smear performed at the first visit
by inserting a Q-tip and rolling it in the fornices of the vagina. Collected cells are
then gently rolled on to a slide and set with urine Sedi-Stain or another quick prep
stain (liquid prep pap smear fixative may also be used) and the ratio of parabasal,
intermediate, and superficial (P/I/S) cells counted in ~100 cells. A predominance of
parabasal cells (such as 80:20:0 ratio) indicates that the patient is hypoestrogenic,
and therefore, hypogonadal. It is important to remember that this does not tell any-
thing about the etiology of the hypogonadism — just that hypogonadism is present.
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If superficial cells are present (as in 0:20:80), the patient is probably making
estrogen and is probably eugonadal.

Another method used to assess gonadal status is the progestin challenge test. It is
usually performed by administering medroxyprogesterone acetate 10 mg for 5-10
days (after a negative pregnancy test if the patient has normal breast development).
Progesterone could also be used, but norethindrone should probably not be used
since it may be contaminated with and/or converted to estrogen (which could cause
the hypogonadal patient to bleed) [5]. If the patient is hypogonadal, she may not
bleed at all or have only minimal spotting. A normal menstrual bleed after the
medication is completed indicates that sufficient endogenous estrogen is being
produced to prime the endometrium. This test does not need to be performed in
patients with no breast development, or who have a vaginal smear inconsistent with
estrogen exposure (predominant parabasal cells).

Hypogonadism

If hypogonadism is suspected on the basis of physical exam (Tanner 1 breasts), vaginal
maturation index, or negative progestin withdrawal, then serum gonadotropins should
be obtained. If elevated, they should be repeated in several weeks for confirmation
because of the pulsatile secretion of gonadotropins. If gonadotropins are elevated on
several occasions, gonadal failure, also known as hypergonadotropic hypogonadism,
is present. A karyotype should be performed in patients (boys and girls) with elevated
gonadotropins to rule out a chromosomal abnormality (most commonly a 45,X with
or without mosaicism or a pure 46,XY cell line in a girl; or a 47,XXY or 46, XX in a
male) [6, 7]. If gonadotropins are low or normal in the face of hypogonadism, then the
patient has hypogonadotropic hypogonadism (HH) due to hypothalamic or pituitary
dysfunction or disease. It is usually taught that chromosome abnormalities are uncom-
mon and hence unnecessary to evaluate in patients with HH. However, this presump-
tion may be challenged by studies from our lab which found that as many as 2-3% of
patients with HH have chromosomal rearrangements [8].

Sex steroids are necessary for growth therefore performing a bone age should be
considered in hypogonadal patients. These patients can have delayed bone age
compared to chronological age. They do not usually have a bone age beyond 11-12
years; however, if bone age is markedly delayed, growth hormone deficiency and/
or hypothyroidism should strongly be considered.

Idiopathic Hypogonadotropic Hypogonadism

When the patient is hypogonadal with low serum gonadotropins (or “normal,” an
inappropriate finding on a background of hypogonadism), the diagnosis is HH. An
MRI with and without gadolinium of the brain is necessary to exclude a CNS tumor,
most commonly a prolactinoma or craniopharygioma. It is also reasonable to visualize
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the olfactory tracts and bulb — if they are absent or hypoplastic, this suggests
Kallmann syndrome (KS). If a tumor is not present, the cause is usually considered
to be hypothalamic by exclusion. Although it is possible to perform a triple test
(insulin induced hypoglycemia, GnRH, and TRH stimulation and check baseline
and hormone levels every 15 min for 1-2 h — TSH, prolactin, cortisol, LH, FSH, and
GH), the cost is great and the yield is very low except in patients who have extreme
short stature, which could suggest pituitary failure. However, cryptic adrenal failure
is very serious and could indicate pituitary insufficiency with reduced ACTH, there-
fore, it is reasonable to obtain an 8:00 AM cortisol. If the patient has a height below
the 5th percentile, particularly with a family history of pituitary failure, then com-
bined pituitary hormone deficiency (CPHD) should be considered. Genetic counsel-
ing and testing for mutations in genes such as PROP1, HESX1, SOX2, SOX3, LHX3,
or LHX4 could be considered in these patients (Fig. 3.1) [9]. In the absence of a
tumor, strong consideration must be given to the history and physical exam with
particular attention to body mass index, eating and exercise patterns, and stress.

For patients with HH who have no pituitary tumor and are of normal weight, two
diagnoses must be entertained. The first is constitutional delay of puberty (CDP),
which really can only be documented in retrospect if girls subsequently initiate
spontaneous puberty before age 17 (CDP is more common in boys). If girls remain
hypogonadal by age 17, then the diagnosis is idiopathic or isolated hypogonadotro-
pic hypogonadism (IHH). A history should be sought for anosmia/hyposmia, mid-
line facial defects, associated neurologic deficits such as synkinesia (on exam she
raises both arms when she is asked to raise one), hearing loss, or visual abnormali-
ties. When IHH is combined with anosmia/hyposmia, she has KS. Certainly, a his-
tory for eating disorders (anorexia or bulimia), extreme stress, or strenuous exercise
must be excluded (discussed in Chap. 8).

The Genetic Basis of IHH/KS

Chromosome Analysis

Although they do not occur as commonly as in women with hypergonadotropic
hypogonadism, karyotype abnormalities may occur in several percent of IHH/KS
patients [8]. Although their immediate significance is less obvious than a 45,X cell
line in a patient with gonadal dysgenesis, a balanced chromosomal translocation
could provide an indication of a new IHH/KS gene. These types of studies are
being actively pursued in our molecular reproductive endocrinology laboratory.
For example, it is possible that a chromosomal translocation could disrupt a gene
at the breakpoint, which could cause IHH/KS in that patient. Then, this gene
becomes a candidate gene to test in other patients with IHH/KS who do not have
chromosome abnormalities. It is also very reasonable to karyotype patients with
multiple anomalies and IHH/KS, as this could indicate an unbalanced chromosomal
rearrangement with the loss of multiple genes. Prader-Willi syndrome, due to a
15q deletion by FISH, should be considered if associated anomalies are present.
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Comparative genomic hybridization (CGH) could also be very helpful in
ascertaining if deletions or duplications occur.

Molecular Analysis

Mutations have been identified in approximately 30% of IHH/KS families, including
KALI, GNRHR, NROBI, FGFRI, KISSIR, PROK2, PROKR2, CHD7, FGF8, TAC3,
TAC3R, NELF, and GNRH|1 (reviewed in Kim et al. [9] and summarized in Table 3.1).
In this section, the more common genes, particularly those that have consequences for
genetic counseling will be briefly reviewed. Mutations in the first identified gene —
KALI [10, 11] — on the X chromosome account for about 5-10% of the causes of KS
in males (not females since it is X-linked recessive) [12]. If a clear X-linked recessive
family history is present, 30—60% of these patients will have KALI mutations [12].
Males with mutations in the KALI gene may also have unilateral renal agenesis (50%
in one series), which should be tested. To date KALI/ mutations have only been
reported in males with either anosmia or hyposmia — not normosmia. Mutations in the
FGFRI (KAL2) gene occur in about 10% of patients with either KS or normosmic
IHH [13, 14]. This autosomal dominant disorder can lead to individuals with mutations
who are not affected (reduced penetrance) or to patients with a mild phenotype, such
as anosmia only (variable expressivity), which can complicate the diagnosis. Midline
facial defects and dental agenesis may occur in patients with FGFRI mutations.

Mutations in the CHD7 gene cause CHARGE syndrome (Coloboma of the eye,
Heart defects, choanal Atresia, Retardation in growth and development, Genito-
urinary anomalies, and Ear — both vestibular and auditory) [15]. This disorder can
be autosomal dominant or sporadic. Recently, CHD7 mutations were found to be
present in 6% of KS patients and 6% of those with normosmic IHH [16]. Mutations
in CHD7 and FGFRI are particularly important because they cause autosomal
dominant disease with an attendant 50% risk to each pregnancy, indicating that the
patient should be properly counseled prior to pregnancy.

For patients with normosmia, FGFRI and CHD7 are the most common. GNRHR
mutations [17, 18] comprise approximately 3—5% of the cases and are inherited in
an autosomal recessive fashion [19]. They have only been reported in normosmic
IHH - not KS. Although mutations in other genes have been reported, they are cur-
rently thought to be rare or the role of genetic counseling is marginally understood.
There have also been some cases in which mutations in two different genes —
digenic inheritance — has been reported [20, 21].

Currently, the molecular basis of IHH/KS usually relies upon research labs,
including our own. Blood from the affected patient, parents, and siblings (both
affected and unaffected) are obtained so that segregation studies can be performed.
In this way, if a mutation is identified, other family members can be tested to
see if the putative mutation is found in those affected and absent in those who are
unaffected. Molecular analysis should be offered to any patient who desires to
understand more about her disease, as well as for the risk of recurrence to her child
if she elects to attempt conception.
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Table 3.1 IHH/KS genes. The gene symbol and its chromosomal location are shown in addition
to the phenotype, inheritance pattern, and frequency

Gene Localization Phenotype Inheritance Frequency
GnRH and olfactory neuron migration
KALI Xp22.3 KS XLR 5-10%; 30-70%
familial
FGFRI 8pl2 KS, IHH AD -10%
CHD7 8ql12.2 KS, IHH, CHARGE AD, sporadic 6%
syndrome
FGF$8 10q24 KS, IHH AD 1.3%
NELF 9q34.3 IHH/KS Digenic and 1-2%
monogenic
PROK?2 3p21.1 KS Unknown 1-2%
PROKR?2 20p13 KS Unknown 5%
Hypothalamus
KISSIR 19p13.3 IHH AR Low
LEP 7q31.3 Obesity, IHH AR Low
LEPR 1p31 Obesity, IHH AR Low
NROBI* Xp21 Adrenal hypoplasia XLR Low
congenita
and IHH
PCSK1 5q15-q23 Obesity, [HH AR Rare
TAC3 12q13-q21 IHH AR Unknown
TACR3 4q25 IHH AR Unknown
GNRH] 8p21-pl1.2 IHH AR 0.3-0.8%
Pituitary
GNRHR 4q21.2 IHH AR 3-5%
FSHB 11p13 Isolated FSH AR Rare
deficiency
LHB 19q13.3 Isolated LH AR Rare
deficiency
HESX1 3p21.1-21.2 Septo-optic dysplasia, AR, AD Low
CPHD
PROPI 5q Short stature, AR Low
hypothyroid,
CPHD
LHX3 9q34.3 CPHD AR Low
LHX4 1925 CPHD AD Low
SOX2 3q26.3-q27 Microphthalmia/ AD, sporadic 2-3%
midline CNS
defects, CPHD
SOX3 Xq26.3 Midline CNS XLR Low

anomalies, CPHD

FGFRI1, CHD7, FGFS8, PROKR2, and PROK2 mutations cause both normosmic THH and KS.
XLR X-linked recessive; AD autosomal dominant; AR autosomal recessive; CPHD combined
pituitary hormone deficiency
“NROBI has hypothalamic and pituitary effects
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Treatment

Treatment for patients with IHH involves administration of estrogen for girls [22].
Usually, estrogen-only preparations are started at a low dose and increased gradu-
ally until normal breast development is reached (or she begins bleeding). This could
be 0.3 mg of conjugated equine estrogens that are increased every 3—6 months to
1.25 mg/day. Alternatively, 0.5 mg of estradiol could be given and increased by
0.5 mg increments until the desired result is observed. This could take a year or
longer. Then, a progestin is added, or for ease of administration, a combined
estrogen—progestogen preparation could then be prescribed.

When pregnancy is desired the estrogen—progestogen is discontinued. Since
clomiphene acts principally in the hypothalamus, and these patients have hypotha-
lamic dysfunction, it usually will not work. In contrast to patients with gonadal
failure, patients with IHH or KS can be treated with subcutaneous FSH and LH
(usually 150 IU/day with monitoring of ovarian follicular development) for ovula-
tion induction in females. These patients are at high risk for ovarian hyperstimula-
tion syndrome and high-order multiple pregnancies. Therefore, it is prudent to be
cautious and not aggressive with exogenous stimulation of the ovaries. Previously,
this risk was circumvented with the use of a GnRH pump which supported mono-
follicular ovarian development. Unfortunately, this method of ovulation induction
is not available at this time in the United States. Nonetheless, if tubal patency and
normal semen parameters exist, ovulation induction as a therapeutic approach
yields cycle fecundity that is similar with age-matched fertile women [22].

Case Discussion

This patient has no evidence of puberty — she has Tanner 1 breasts and primary
amenorrhea. The fact that she does not demonstrate any stigmata of puberty and
there is an absence of breast development strongly indicates hypoestrogenism.
There is no reason to obtain a serum estradiol level in this case. In fact, most estra-
diol assays are not designed to distinguish between low (<30 pg/ml) and early fol-
licular phase levels (30-60 pg/ml). Low or normal serum levels of gonadotropins
in the presence of clinical evidence consistent with hypoestrogenism indicate that
the patient has HH. An MRI excludes the presence of a tumor, which could be
either a prolactinoma or a craniopharygioma. In this patient, as in many others, the
cause is usually unknown; and it is often termed idiopathic hypogonadotropic
hypogonadism (IHH). She has anosmia with absent olfactory bulbs, findings that
strongly suggest that she has KS. If she were tested with a smell identification test,
it is likely she would be anosmic or hyposmic. Midline facial defects may also be
present in patients with THH.

The findings of: (1) KS in the patient, (2) her mother who has anosmia only, and (3)
an uncle who had delayed puberty and infertility suggest autosomal dominant inheri-
tance. Mutations in either FGFRI or CHD7 genes cause autosomal dominant KS and
could be present in this family. DNA sequencing of first the FGFRI gene, which is
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more common (10%), and if negative, the CHD7 gene (6%) could be considered in this
patient. Autosomal dominant diseases may manifest either reduced penetrance (meaning
that not all patients with a mutation manifest the disease), or as in this family, variable
expressivity (indicating variable severity). The patient has KS; the mother has only
anosmia; and an uncle probably has IHH without anosmia, but who had a more serious
defect — cleft palate.

This patient can be treated with estrogen to induce breast development. Once
breast development is adequate or she has menses, then adding a progestin or
switching to a combined estrogen—progesterone combination preparation can be
done. When she considers pregnancy, treatment with gonadotropins (both FSH and
LH will be necessary) can be used for ovulation induction. It must be remembered
that she should be counseled that there could be up to a 50% chance of having an
affected child with the same disorder.
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Chapter 4
Polycystic Ovary Syndrome

Enrico Carmina

Introduction

Polycystic ovary syndrome (PCOS) is a heterogeneous disorder characterized by the
pathogenetic importance of ovarian hyperandrogenism and insulin resistance and by the
variable presence of four key features: (1) chronic anovulation; (2) hyperandrogenism;
(3) abdominal obesity; and (4) polycystic ovaries [1].

These features were already described by Stein and Leventhal in 1935 [2] and,
with the notable exception of the abdominal obesity, are the components of the newer
diagnostic criteria of Rotterdam and of Androgen Excess and PCOS Society [3, 4].
The main difference between these two diagnostic approaches is that the first includes
in the syndrome also patients with no clinical or biochemical hyperandrogenism
while AEPCOS criteria consider essential the presence of hyperandrogenism.

Because it is sufficient that two of the key features are present to make the diag-
nosis; four different phenotypes may be found with Rotterdam criteria while with
AEPCOS criteria three different phenotypes are observed [5]. In Table 4.1, the four
main phenotypes according to Rotterdam criteria are reported.

Independently on diagnostic criteria, PCOS is a very common disorder. Studies
on the prevalence of the classic form (chronic anovulation and hyperandrogenism)
have shown that in most ethnic groups about 6% of adult women are affected by the
disorder [6]. Including the milder or contested phenotypes, the prevalence of PCOS
is probably around 10% of all adult women [7].
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Table 4.1 Phenotypes of PCOS 1. Classic PCOS

according to Rotterdam meeting

(a) With polycystic ovaries
(b) With normal ovaries

2. Ovulatory PCOS

3. Normoandrogenic PCOS

Clinical and Endocrine Characteristics of Main
PCOS Phenotypes

Although only few studies have evaluated the clinical and endocrine characteristics
of the four main Rotterdam phenotypes [8—12], the available data may be so sum-
marized (Table 4.2):

1.

Type I classic PCOS represents the most common and severe form of PCOS.
These patients present as group an abdominal obesity, chronic anovulation with
oligomenorrhea or amenorrhea, increased levels of LH and LH/FSH ratio,
increased androgens, elevated insulin, insulin resistance, and polycystic ovaries.
They represent almost 60% of all PCOS patients but in some settings may repre-
sent 80-90% of all PCOS patients.

Type II classic PCOS are very similar to other classic PCOS patients but are less
common (only 5-10% of the total number of PCOS patients). These patients pres-
ent normal ovaries and the main endocrine difference between type I and type 11
classic PCOS is related to LH levels and LH/FSH ratio. Although all patients with
classic PCOS have increased LH and LH/FSH ratios when compared to controls,
those patients with polycystic ovaries have significantly higher LH levels (and
LH/FSH ratios) than patients with normal ovaries. It suggests that LH is impor-
tant or in some way related to the morphologic appearance of the ovaries.

. Ovulatory PCOS seems to be the mild form of classic PCOS. In fact, these

patients present most endocrine characteristics of PCOS but in a milder form. In
fact, patients with ovulatory PCOS have intermediate values (between classic
PCOS and controls) of BMI, waist circumference, testosterone, insulin, and
QUICKI. Only LH is generally normal, and it represents the main endocrine dif-
ference with the other phenotypes of PCOS. On the other hand, it is well known
that in many patients with classic PCOS, it is possible to get ovulation by reducing
body weight [13]. Passage from classic to ovulatory PCOS and vice versa may be
possible and related to sociocultural and environmental influences [14, 15].

. Patients with normoandrogenic PCOS represent a unique group. However, also

these patients have a mild testosterone excess in spite of having androgen levels
in the normal range [11]. This group of subjects is mostly characterized by
increased LH and LH/FSH ratio but normal body weight, waist circumference,
insulin, and insulin sensitivity. Probably, they are part of PCOS spectrum but
may have different pathogenetic components. In fact, hyperandrogenism is very
mild and insulin resistance is generally absent. Because of it, it may be correct to
keep these patients separated from other PCOS patients as previously suggested
by AEPCOS Committee [4].
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Table 4.2 Main characteristics of PCOS phenotypes

Insulin
Androgen levels LH/FSH resistance CV risk
Type I classic PCOS Increased Increased Increased Increased
Type II classic PCOS Increased Mild increase  Increased Increased
Ovulatory PCOS Increased Normal Mild increase  Mild increase
Normoandrogenic PCOS ~ Normal Increased Normal Normal?

In conclusion, the different phenotypes of PCOS not only present similarities, but
also important differences in their clinical and endocrine pattern.

Amenorrhea and PCOS: Prevalence and Clinical Significance

In the original paper of Stein and Leventhal [2], the patients presented with amenor-
rhea, and for many years amenorrhea has been considered prevalent in women with
PCOS. In 1963, Goldzieher and Axelrod reviewing the clinical data of 1,079
patients, tabulated from 187 references, reported that amenorrhea was present in the
majority (51%) of the patients with PCOS [16]. More recent studies have indicated
that amenorrhea, while relatively common, is present in a minority of PCOS
women, with a prevalence ranging between 10 and 20% of the patients [17, 18].
Probably, differences in diagnostic criteria have determined such differences in
prevalence.

It is unclear that the motive of the occurrence of amenorrhea in PCOS patients.
Probably, differences in estrogen production may explain these differences, but it is
the opinion of the author that in some PCOS patients, amenorrhea may be linked
also to psychological stress. In our experience, amenorrhea is present in 12% of
classic PCOS and in 15% of patients with normoandrogenic PCOS.

Abdominal Obesity as the Main Determinant
of the Severity of PCOS Phenotype

Abdominal obesity is probably the most important factor that may modify the
PCOS phenotype [12, 19, 20]. In fact, the main difference between the differ-
ent PCOS phenotypes is related to body weight and mostly to variations in abdomi-
nal adipose tissue. While some patients with mild PCOS phenotypes are obese, and
at the contrary some patients with classic PCOS have normal body weight and no
increased abdominal adipose tissue, only patients with classic PCOS have a signifi-
cant increase of prevalence of obesity when compared to normal population [19].
In addition, changes in body weight may modify the phenotype of PCOS moving
the patient from a severe to a mild phenotype and vice versa [12, 13]. Above all, it
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suggests that obesity may modify the androgenic phenotype and transform a mild
androgenic phenotype (ovulatory or maybe normoandrogenic PCOS) in classic
PCOS [12].

Of course, obesity is not the only one factor able to influence the PCOS pheno-
type. Many patients with classic PCOS have a normal body weight [14]. Although
a proportion of normal weight patients with classic PCOS have increased abdomi-
nal fat quantity, in the majority of these patients abdominal fat quantity is normal
[19, 20]. Other factors, maybe also genetic components influencing insulin resis-
tance and/or ovarian androgen secretion may be important. However, it is probable
that the phenotypic differences in PCOS are mostly related to environmental differ-
ences. The consequence is very important. Most women with classic PCOS may
reverse to a mild PCOS phenotype by changing their lifestyle. It is a message that
the doctor should always give to his patients.

Adolescent PCOS: Specific Problems and Diagnosis

In adolescent girls, the diagnosis of PCOS may be particularly difficult. In fact, all
main diagnostic criteria that are used in adult women may be transitory or not well
defined in adolescent girls. In particular, both menstrual irregularities and altered
ovarian morphology may spontaneously reverse to normal pattern in few years.

In fact, several studies have shown that 40-50% of adolescent women with oli-
gomenorrhea, or amenorrhea will have normal ovulatory menses during their adult
life. Van Hoof et al. followed a cohort of 766 girls and observed that only 51% of
the 67 subjects, who presented oligomenorrhea at the age of 15, had menstrual
disorders at the age of 18 [21]. Similarly, in a Swedish study, 40% of 87 adolescent
girls with menstrual irregularities followed for 6 years spontaneously normalized
their menstrual cycles [22]. Normalization of menstrual cycles may depend on the
changes in food assumption or on the maturation of ovulatory process, but it is a
common phenomenon, and we should be careful in evaluating the results of treat-
ments in adolescent girls.

In adolescent girls, also morphologic appearance of ovaries may not be definitive.
On the contrary, it has been reported that multifollicular ovary is quite common dur-
ing adolescence but generally reverses to normal after some years [23]. It has to be
remembered that multifollicular ovary may not be easily differentiated by the poly-
cystic ovary, in particular when, as stated in Rotterdam guidelines, hyperplasia of the
stroma is not assessed. In fact, the simple count of follicular cysts does not permit to
distinguish between multifollicular and polycystic ovaries. Probably, the assessment
of ovarian volume or of theca hyperplasia is needed in adolescent girls [24].

Also hyperandrogenism may be transitory [23]. However, it has been reported
that hyperandrogenism is relatively constant and may represent the most important
symptom of PCOS during adolescence [25]. In addition, it has been suggested that
progressive hirsutism may represent an important sign of PCOS [25].

Because of it, it has been suggested to delay the diagnosis of PCOS until the end
of the adolescence. Others have suggested making the diagnosis on the presence of
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at least four out the following five criteria: clinical hyperandrogenism, biological
hyperandrogenism, hyperinsulinism, oligo/amenorrhea, and polycystic ovaries [23].

However, these criteria look too much restrictive. It is probably better to diag-
nose PCOS in adolescence only in patients with the most severe phenotype (Type
1 classic PCOS). Also in patients with the severe phenotype, increased ovarian size
and/or theca hyperplasia is probably needed to make the diagnosis. The other
PCOS phenotypes cannot be diagnosed during adolescence, and girls who present
incomplete symptoms should be included in a strict follow up and the final diagno-
sis should be determined only after 18.

Treatment of PCOS

There is not a specific treatment of PCOS, but lifestyle changes are the only
form of management that may give prolonged results on all characteristics of the
syndrome [13].

The other treatments depend on the main symptom or on specific requests of the
patients. When fertility is the main concern, clomiphene should be preferred as the
first-line therapy [26]. While some authors [27] claim the metformin is as effective
as clomiphene, there is a large consensus that clomiphene is more effective for
ovulation induction [26]. Probably, for ovulation induction, the better alternative to
clomiphene is the use of aromatase inhibitors that shows a good safety profile and
efficacy at least similar to clomiphene [28].

When hirsutism is the main concern estro-progestins (E-P) or spironolactone is the
choice therapy [29, 30]. When using E-P, the progestin component is particularly
important and products having antiandrogen activity such as cyproterone acetate
(where available) or drospirenone should be preferred. In selected patients, with no or
insufficient response to E-P, pure antiandrogens as flutamide may be used [29, 30].
Because of its potential hepatotoxicity, very low doses (125-250 mg/day) of flutamide
have to be utilized and liver enzymes should be carefully monitored. In fact, the eleva-
tion of liver enzymes may be found with doses of flutamide as low as 250 mg/day.

When menstrual disorders, but no fertility, are the main concern, E-P or metformin
may be used.

Finally, long-term treatment of PCOS women requires an individualization of
the therapy. It is essential to know the possible risk factors and complications of the
single patient, and treatments should be chosen according to it.

Clinical Case No. 1

History. A 16-year-old girl who from menarche complains of increased facial and
body hair and menstrual disorders. Her menses are characterized by oligomenor-
rhea with phases of amenorrhea (of 4-6 months). Her past medical history and
family history are unremarkable.
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Examination. She is a girl with a mild diffuse hirsutism (Ferriman—Gallwey—Lorenzo
scores 9) but no other physical abnormalities. She has a normal body weight
(BMI 22) and waist circumference (82 cm). She has no increased skin pigmentation
or striae. The blood pressure is 110/70 mm Hg and the pulse 90 per minute.

Laboratory data. In day 5 of the cycle, the following blood hormone levels are
obtained.

LH 15 mUI/ml (2-9), FSH 8 mUI/ml (3-15), LH:FSH ratio 1.9 (<2)

Testosterone 48 ng/dl (20-95), SHBG 46 nmol/ml (18-114), FAI 3.6 (<8.5),
DHEAS 1 pg/ml (<0.5), 170HP 0.9 ng/ml (0.2-1)

Insulin: 11.3 pU/ml, glucose: 74 mg/dl

Cholesterol 197 mg/dl (<200), HDL-cholesterol 63 mg/dl (35-65), LDL-
cholesterol 104 mg/dl (<150), triglycerides 82 mg/dl (<160)

Ovarian sonography shows polycystic ovaries (15 microcysts with a diameter
between 5 and 8 mm in each ovary) that present a normal size (mean ovarian size
6.8 cm?) and no stromal hyperplasia.

Questions

1. The most likely diagnosis in this girl is:

— PCOS?

— HAIR-AN syndrome?

— Androgen secreting tumor?
Idiopathic hirsutism?
Cushing syndrome?

2. What is the most appropriate treatment?

(a) Estro-progestins

(b) Metformin

(c) Antiandrogens

(d) Only esthetic measures and follow-up

Answer and Comment

1. The available data do not permit a sure diagnosis. PCOS or idiopathic hirsutism
are both possible diagnoses. While HAIR-AN syndrome, androgen secreting
tumor, and Cushing’s syndrome may be ruled out because of the clinical history,
the physical examination, and the values of androgens, it is impossible at the
moment to make a diagnosis of PCOS or of another mild androgen excess disor-
der. In fact, while this adolescent patient presents all diagnostic criteria according
to Rotterdam or AEPCOS guidelines, androgen levels and ovarian size are normal.
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Because menstrual disorders and polycystic ovaries may reverse to normal in few
years, only hirsutism should be considered a probably permanent symptom.

2. The correct answer is d: only esthetic measures and follow up. In fact, in the
absence of a diagnosis, no specific therapy should be suggested. In addition,
hirsutism is mild and circulating androgens are normal. Esthetic measures should
be suggested to reduce the hirsutism until the diagnosis becomes clear.

Follow-Up

In another hospital, the diagnosis of PCOS was made and treatment with E-P
containing cyproterone acetate was suggested. After 6 months of treatment, the
following hormone and metabolic values were obtained:

* Fasting insulin 21 pU/ml, blood glucose 71 mg/dl
e Cholesterol 232 mg/dl, HDL-cholesterol 53 mg/dl, LDL-cholesterol 145 mg/dl,
Triglycerides 145 mg/dl

Treatment with E-P was stopped
After 4 years (at age 20), the patient was reevaluated in our department. At the
moment of the study, she referred normal menses and mild hirsutism (FGL scores: 9)
The following hormone and metabolic values were obtained:

e Serum P: 8.6 ng/ml, testosterone 42 ng/dl, SHBG 45 nmol/L, FAI 3

* Fasting insulin 10 pU/ml, blood glucose 86 mg/dl

e Cholesterol 197 mg/dl, HDL-cholesterol 69 mg/dl, LDL-cholesterol 123 mg/dl,
Triglycerides 74 mg/dl

e Ovarian sonography showed a few microcysts but no polycystic ovaries. Ovarian
size was normal and no theca hyperplasia was observed.

Conclusions

The patient presents with hirsutism and only esthetic measures (including laser
therapy) were suggested.

The clinical history indicates the difficulties in making a correct diagnosis of
PCOS in adolescent girls. If a diagnosis of PCOS were made, and the patient
treated with a more aggressive agent (such as metformin), then the spontaneous
improvement in menses and ovarian morphology would have been attributed to that
therapy. In adolescence, only patients presenting with severe symptoms (hyperan-
drogenism, polycystic ovaries with increased ovarian size or theca hyperplasia and
irregular menses) should have a diagnosis of PCOS and a specific treatment. In all
other young girls, the diagnosis should be postponed until adulthood.

It is interesting to observe that this patient developed an altered lipid pattern
when treated by an estroprogestin containing cyproterone acetate. Dyslipidemia is
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uncommon in women taking oral contraceptives (also containing cyproterone
acetate) but may develop in patients presenting some hidden metabolic alterations.
It indicates another interesting question. Does this patient also have subclinical
insulin resistance? Will she develop a PCOS if the body weight increases? It is dif-
ficult to answer to these questions, but maintenance of normal body weight should
be a primary objective in adolescents (and adult women) presenting with hirsutism
or menstrual disorders.
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Chapter 5
Primary Ovarian Insufficiency

Amber R. Cooper, Sharon N. Covington, and Lawrence M. Nelson

A Clinical Vignette

A 29-year-old GO woman presented to her gynecologist with the complaints of
an inability to get pregnant and abnormal menses. She married 1 year ago and imme-
diately stopped her oral contraceptives with hopes to conceive. She had irregular
light cycles the first 3—4 months off of OCPs, 1 menses 3 months later, and none
since that time (about 4-5 months). Her past medical history was unremarkable and
her review of systems was noncontributory except for a 10 1b weight loss in the last
6 months, which she attributes to stress from an inability to conceive and vaginal
dryness. She is on no other medications but does smoke 5-10 cigarettes/day,
although is trying to quit. She had normal puberty and menarche at age 13 years.
Her cycles had previously been regular and she had been on oral contraceptives for
8 years. Her family history was remarkable for a mother with rheumatoid arthritis
and hypothyroidism, a father with type I diabetes mellitus, and a cousin with mental
retardation. Her height is 61 in., weight 116 Ib, and BMI 21.9 kg/m?. Physical and
pelvic examinations were normal. Pregnancy test was negative. She was given a
progestin challenge test and bled in response to it. Initial prolactin and thyroid studies
were normal and basal follicle stimulating hormone (FSH) during her withdrawal
bleed was 46 mIU/mL.

Introduction

The ovary is one of the most enigmatic organs in the body. It peaks in oocyte quan-
tity even before a female fetus is born, at approximately 20 weeks in utero, with
5-6 million oocytes. Yet even prior to this peak in oocyte number, the majority of

A.R. Cooper (>X<))

Department of Obstetrics and Gynecology Division of Reproductive Endocrinology and
Infertility, Washington University School of Medicine, St. Louis, MO, USA

e-mail: coopera@wustl.edu

N.F. Santoro and G. Neal-Perry (eds.), Amenorrhea: A Case-Based, Clinical Guide, 55
Contemporary Endocrinology, DOI 10.1007/978-1-60327-864-5_5,
© Springer Science+Business Media, LLC 2010



56 A.R. Cooper et al.

oocytes begin to undergo apoptosis. By birth, 80-90% of oocytes are already lost
[1]. Most consider the period of infancy through puberty a relatively quiescent time
for the ovary, although during this time follicles are growing and oocytes are
actively synthesizing mRNA and protein. By the time of puberty, there are less than
500,000 oocytes remaining and most likely 500 or less will ever grow to an optimal
size for ovulation. From puberty to the time of menopause (which normally occurs
at 51-52 years of age on average), there is a progressive decline in oocyte quantity
and, most likely, quality. The last 10-15 years of menstruation are marked by an
accelerated rate of oocyte loss, likely when the follicular pool reaches a critical
threshold number of oocytes (thought to be around 25,000) [2]. As the follicle pool
diminishes, less estradiol and possibly inhibin-B are released, leading to an increase
in FSH. More rapid follicular development occurs and menstrual cycle length short-
ens partially due to early and more rapid recruitment. It may be that the individual
age of menopause is related to the size of the established primordial follicle oocyte
pool in utero, and, thus, when the functional pool is depleted, menopause will
occur. It is also possible that the rate of expenditure of primordial follicles is accel-
erated above normal in some women. Natural menopause is an irreversible decline
in reproductive function driven by primordial follicle quantity (Fig. 5.1) [1].

We prefer the designation of “primary ovarian insufficiency” (POI) as a more
scientifically accurate term for what many still refer to as “premature ovarian failure”
(POF) or “premature menopause.” The terms POF and premature menopause inap-
propriately suggest a state of complete, irreversible cessation of ovarian function.
Fuller Albright originally coined the term POI in the early 1940s to report what is
now evident to be a continuum of impaired ovarian function ranging from a mild
dysfunction to severe abnormality [3]. Also, a majority of women interpret the term
“failure” as stigmatizing and prefer the term POI as a more positive and more accu-
rate description of their condition (unpublished data). Many prefer the term insuffi-
ciency because it conveys the message that there still remains some hope of pregnancy,
albeit small. Published evidence has demonstrated that patients who feel more stigma
related to this condition experience more symptoms of anxiety and depression, so
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Fig. 5.1 Oocyte quantity (in millions) over the lifespan of a normal female, from in utero through
menopause [1]
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Table 5.1 POI diagnostic criteria
e <40 years of age

e Absence or irregularity of menstrual cycles >4 months
* Menopausal range FSH* (defined by individual laboratory criteria)

“Menopausal range FSH values need to be repeated and confirmed on two
occasions at least 1 month apart

there is good reason to use a term that is both more scientifically accurate and less
stigmatizing to patients [4]. A diagnosis of POI comes with significant medical,
genetic/heritable, psychologic, and reproductive health concerns. This chapter will
describe the condition and provide data to aid the clinician in providing optimal care
for women diagnosed with POL. It is our belief that women with POI are best served
with a multidisciplinary health care treatment approach in order to address all of their
health issues, preventative care, and counseling needs. These issues will be addressed
in detail.

POI is defined as absent or irregular periods for 4 months or greater combined
with menopausal range FSH in a woman under 40 years of age (Table 5.1). Most have
previously defined it as a triad of amenorrhea, hypergonadotropism, and hypogonad-
ism in women younger than 40 years of age. Yet for reasons often unknown to clini-
cians, 1-2% or more of women develop signs and symptoms of menopause prior to
the age of 40 years, an age 2-3 standard deviations outside the normal range [1, 5].
The precise prevalence is difficult to determine, increases with age, and is dependent on
the population studied. It may seem natural to call such a process “early menopause”
or POF, which implies complete cessation of function of the ovaries and sterility at a
significantly earlier age than normal, but these terms are not accurate for young
women with this condition as mentioned above. It is well documented that these
women have varying and unpredictable menstrual cycles, often periodically ovulate,
and still spontaneously conceive 5-10% of the time [6—10].

Menopausal range gonadotropins may not correlate with the degree of ovarian
function as they do in a naturally menopausal woman in her sixth decade of life or
later. In fact, young women with POF may still ovulate and menstruate while on no
therapy despite significantly elevated FSH values (Fig. 5.2) [10, 11]. Furthermore,
ultrasound evaluation of these women frequently reveals continued follicular devel-
opment unlike that in the naturally menopausal woman in her 50s who may have
smaller ovaries with little to no basal antral follicles [9, 12]. Such follicular pres-
ence or development does not imply normal functionality in these patients. In most
cases, the etiology remains a mystery even after thorough evaluation.

The Clinical Spectrum of POI

The presentation and symptoms experienced by women with POI vary depending on
the etiology of the condition. Amenorrhea can be a manifestation of numerous
underlying medical illnesses. Women who present with primary amenorrhea are less
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Fig. 5.2 Serial blood samples in an 18-year-old 46,XX patient with spontaneous POI diag-
nosed at age 14 years. Column a represents repeated FSH, LH, estradiol (E2), and progesterone
(P4) measurements during 4 months of treatment with a GnRH agonist. Column B demonstrates
continued ovulatory cycles and menstrual bleeds (red arrows or solid bars on the x-axis) despite
significantly elevated FSH during 4 months of treatment with placebo injections [10, 11]

likely to have developed breasts to Tanner stage 5, less likely to have symptoms of
estrogen deficiency, and more likely to have karyotypic abnormalities (50% or
more), resulting in conditions such as Turner’s syndrome (45,X) [8]. Most adult
women who are found to have hypergonadotropic hypogonadism are ultimately
given a diagnosis of spontaneous 46,XX POI. Most of these women present with
secondary amenorrhea, but many will initially report oligomenorrhea, polymenor-
rhea, menometrorrhagia, or other dysfunctional uterine bleeding. In women with
secondary amenorrhea, estrogen withdrawal symptoms are common and infertility
is sometimes part of the history, although for many women the condition precedes
any attempt at conception.
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Some women who will ultimately meet the criteria for a diagnosis of POI will be
completely asymptomatic. Others may only present to subspecialists due to infertility
or irregular menstrual cycles. Often while taking a detailed patient history, some clues
may surface leading a physician to suspect POI, but this is not always the case.
Regardless, it is often a random, or more commonly a basal (drawn on day 2—4 of the
menstrual cycle), FSH value abnormality that directs the physician toward uncovering
the earliest stage of POI, occult POL.

One way to differentiate between degrees of ovarian insufficiency is to catego-
rize the clinical and laboratory findings, more specifically, to quantify their ovarian
function based on their menstrual regularity, fertility, and FSH values. Using this
sub-categorization of findings, clinicians can develop a spectrum, referring to
women as normal, or as being in the occult, biochemical, or overt stages in the
continuum of ovarian function associated with POI (Table 5.2) [6, 13].

With the advent and rapid progression of assisted reproductive technologies
(ART) in the last several decades, clinicians have been able to distinguish women
who have a poor response to gonadotropin stimulation, significantly less oocytes
recovered during in vitro fertilization (IVF), poorer quality embryos, and lower
pregnancy rates from women with a similar age and infertility diagnosis. Many
have suggested that these women demonstrate “early ovarian aging,” have ovaries
“older than their chronological age,” or exaggerated FSH values during the follicular
phase or during clomiphene citrate challenge tests [14, 15]. Terms such as “dimin-
ished ovarian reserve (DOR)” and “premature ovarian aging (POA),” and some-
times unexplained infertility, have been used to refer to women who have such a
response but do not meet the criteria for POI [16-20]. It is difficult to determine if
these patients are representing varying time points on a similar clinical spectrum of
disease or whether they are entirely different patient populations. It is important to
point out that impaired ovarian function as represented by POI is not a stable state.
Therefore, it is best not to consider this condition as representing an irreversible
decline in ovarian function, but rather an intermittent and unpredictable ovarian
function that can undergo temporary remission. In other words, depending upon
when in the course of her condition and to whom a woman presents for diagnosis,
she might receive an ostensibly different diagnosis from each of three different
clinicians. Thus, while it is worth noting that the relationship between DOR and
POA and patients with POI warrants further investigation, the remainder of this
chapter will focus specifically on women with overt POI, meaning loss of regular
menstruation and the presence of menopausal level gonadotropins.

Table 5.2 Clinical states of POI [6, 13]
Clinical State Serum FSH Level  Fertility Menses

Normal Normal Normal Regular
Occult Normal Reduced  Regular
Biochemical Elevated Reduced  Regular

Overt Elevated Reduced  Irregular or absent
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Etiologies

At the present time, most cases of POI remain without an etiologic diagnosis. Germ
cell proliferation and depletion, follicular development, and the key cellular and
molecular processes involved in normal ovarian function, let alone POI, are still in
need of significantly more research. When a causal factor has been associated with
the clinical phenotype, a sub-classification can be made in several ways. One way
to create a framework for classification is by distinguishing the mechanism by
which ovarian function diminishes: (1) A decrease in the initial primordial pool
established in utero, (2) increased apoptosis/atresia of the follicles, or (3) failed
follicular response or dysfunction [6, 10, 13]. The two major mechanisms are
follicle depletion and follicle dysfunction, and several examples of each are listed
in Table 5.3 [6]. Further discussion in this text will focus on the most common
known or suspected causal factors of POI.

Idiopathic

As discussed, most women with a diagnosis of POI will be in this category. This often
leaves women as well as their clinicians frustrated and in pursuit of a significant num-
ber of screening and diagnostic studies to attempt to uncover any abnormal findings.
In reality, some of these patients may have multifactorial causes, undiscovered iatro-
genic, genetic, or environmental causes, or have some combination or partial findings
of the rest of the etiologic sub-classifications identified in the following discussion.

Genetic

X Chromosome Abnormalities

As the genomics, proteomics, and similar related fields continue to expand, so does the
understanding of the individual sex chromosomes, epigenetic modifications associated
with reproduction, and the interactions between autosomes and sex chromosomes. Yet,
we are likely only viewing the tip of the iceberg in our current state of knowledge.
Although presently we can only identify a genetic cause in a minority of women, many
women with POI may have underlying genetic and/or epigenetic etiologies of POI that
are yet to be identified. For many years, testing was limited to karyotypes and identi-
fication of large chromosomal defects such as absence or partial absence of the
X chromosome. We can now identify polymorphisms in the genome down to the
single nucleotide with single nucleotide polymorphism (SNP) microarray analyses and
associated genome wide association studies (GWAS), thanks to efforts like the Human
Genome Project in 2003 and the International HapMap Project in 2005. Thus, there is
great potential to accrue more diagnostic accuracy regarding the role of the X chromosome
in the etiology of POI.
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Table 5.3 Causes of spontaneous POI classified by two major mechanisms [6]

Mechanism and cause

Comments

Opvarian follicle dysfunction
Signal defect

FSH-receptor mutation

G-protein mutation

Enzyme deficiency
Isolated 17,20-lyase deficiency

Aromatase deficiency

Autoimmunity
Autoimmune
lymphocytic
oophoritis

Insufficient follicle number
Luteinized graafian
follicles

Ovarian follicle depletion
Insufficient initial follicle number
Blepharophimosis,
ptosis, epicanthus inversus
syndrome

Spontaneous accelerated follicle loss
Turner’s syndrome

Environmental-toxin-induced follicle loss

Industrial exposure to
2-bromopropane

Presence of ovarian follicles confirmed by biopsy;
founder effect; rare disorder outside of Finland

Ovarian follicles present on ultrasound examination;
rare disorder

Secondary amenorrhea, elevated gonadotropin
levels, and hypoestrogenemia that responded to
gonadotropin therapy developed in patient with
pseudohypoparathyroidism [11]; rare disorder

Ovarian follicles present on biopsy, “moderate
ovarian enlargement” due to block in estradiol
synthesis; rare disorder

Ovarian enlargement or hyperstimulation
due to inability of the ovary to aromatize
androstenedione to estradiol; rare disorder

Antral follicles with lymphocytic infiltration into
theca, primordial follicles spared, multifollicular
ovaries; accounts for 4% of cases of 46,XX
primary ovarian insufficiency; associated with
evidence of adrenal autoimmunity

Antral follicles imaged by ultrasonography in 40%
of patients with idiopathic spontaneous 46,XX
primary ovarian insufficiency; on the basis of
histologic findings, at least 60% of antral follicles
imaged in these patients are luteinized, a major
mechanism of follicle dysfunction in these
women [7]

Mutation in FOXL2 is a mechanism of familial
primary ovarian insufficiency, and disruption of the
mouse gene causes a pervasive block in primordial
follicle development; rare disorder

Although a normal complement of primordial
follicles is established in the ovary during fetal
development, follicle loss through apoptosis
is accelerated so that the store of primordial
follicles is typically depleted before puberty; in
oocytes, both X chromosomes must be present
and remain active to prevent accelerated follicular
atresia; the individual genes responsible for this
ovarian syndrome have not been identified

Exposure to cleaning solvent associated with primary
ovarian insufficiency in 16 Korean women [12]
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Abnormalities in the X chromosome have been one of the more well-researched
areas in POL It is clear that two copies of the X chromosome are required for
normal ovarian function [21]. Women with classic Turner’s syndrome (45,X) nearly
always have POI prior to the natural age of menarche. Women who present with
secondary amenorrhea may actually be found to have mosaicism (usually
45,X/46,XX) on more detailed inspection. While this may seem counterintuitive
due to the recognized phenomenon of X chromosome inactivation, many genes on
the X chromosome actually escape inactivation and are thought to be critical to
normal oocyte/ovarian function, especially for meiosis and folliculogenesis early in
development. Both X chromosomes are active at the onset of meiosis in oocytes,
during which time a reduced dosage of a particular gene product may have untow-
ard effects. Furthermore, a careful study of X chromosome inactivation and its
thorough sequencing has led to the concept that 20% or more of X-linked genes are
expressed continuously from both X chromosomes [22-24]. Trisomy X (47,XXX),
sometimes present in mosaic form, has also been associated with POI, although
whether or not an X trisomy is related to a decrease in fertility and/or ovarian func-
tion is still debated [25, 26].

Submicroscopic gene deletions, duplications, translocations, and other muta-
tions within the X chromosome have also been found at a much higher rate in
women with POI [27-29]. The degree of haploinsufficiency for particular regions
of the X, specifically Xp or Xq, may be responsible for variation in the age or
symptomatic presentation of POI [13, 21, 30-32]. Some genes in what has been
called the “critical region” of the long arm of X, Xq, may be affected by their relo-
cation in the genome, as with a translocation. Whether this is due to dysfunction at
the breakpoint or epigenetic mechanisms, such as chromatin structuring or pro-
moter locations, has yet to be validated. Some of the genes in this region (often
cited as Xq13-g21 or beyond) are POF1B, DIAPH2, and others [26, 33-37].

Two of the best characterized X-linked genes associated with POI are the fragile
X mental retardation 1 (FMR1) and bone morphogenetic protein-15 (BMP-15)
genes. Physicians and geneticists are particularly concerned with the associations
between FMR1 and POI due to the constellation of phenotypes associated with
abnormalities in the triple-repeat sequence in this gene. Severe expansion of the
repeat sequence CGG in the FMRI1 gene (in region Xq27) is responsible for one of
the most prevalent genetic causes of mental retardation, fragile X syndrome. This
full mutation occurs when over 200 CGG repeats are present in the 5’ untranslated
region of the gene, causing hypermethylation and failure to transcribe the FMR
protein. The normal number of repeats is less than 45 (and some consider 45-54 a
gray zone of undetermined significance). The concern regarding POI lies in the
premutation range, defined as 55-200 repeats. As the number of repeats increases,
transcription and translation are altered. Transcription actually increases but effec-
tive translation of the protein diminishes [38]. It appears that excess mutated mRNA,
which is unable to be translated, is what is toxic to the cell and this is maximized at
a value of approximately 80 repeats. After 100 repeats, the risk of POI or associated
FMR1 disorders may plateau or decrease [24, 39—42]. Premutations have been asso-
ciated with psychologic and/or neurologic diagnoses such as autism, anxiety, hyper-
activity, parkinsonian-like disorders, late onset tremor/ataxia in males, and other
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conditions [39, 43-45]. Concerns with the premutation also apply to future genera-
tions. Not only could a premutation expand to a full mutation during meiosis or
subsequent development, but also offspring who carry a premutation are at risk for
POI and, subsequently, an inability to reproduce [40, 41]. A thorough family history
looking for mental retardation, dementia, tremor-ataxia, and other intellectual and
psychologic disorders may suggest an increased risk of FMR1 premutation in a
woman with POI, though testing should be offered regardless. Anywhere from 2 to
15% of women with POI could carry the FMR1 premutation, depending on the fam-
ily history, resulting in a situation where the reproductive consequences could be
significant if the patient is not made aware of the testing and implication of its
results [6, 41, 44]. BMP-15 is a growth factor that appears to have a critical regula-
tory role in oocyte and follicular development. Its mutations are associated with or
may predispose at least certain racial/ethnic subgroups of women to POI, but at pres-
ent the clinical implications of this finding are unclear [46, 47].

Autosomal Gene Abnormalities

One of the classic genetic disorders associated with POI is galactosemia. The most
common and severe form is the homozygous state where there is a complete lack
of the enzyme galactose 1-phosphate uridyl transferase (GALT) and an inability to
convert galactose to glucose. An affected individual presents in the first few days of
life with significant morbidity and mortality if the condition is not recognized.
Without the necessary enzyme, toxic precursors accumulate in large quantities and
do significant damage to numerous cells, including those within the ovary [13, 48,
49]. There are several other enzymatic mutations and variants of disease severity
that create more mild but significant forms of galactosemia. Galactosemia has been
associated with an abundant number of mutations in the GALT gene and is inherited
in an autosomal recessive fashion [50, 51]. Frustrating is the fact that homo- or
heterozygosity for a particular allelic combination does not seem to predict pheno-
type sufficiently, including ovarian insufficiency timing and/or severity [52].
Women with classic galactosemia need close monitoring and follow-up with a spe-
cialized multidisciplinary team, including those with expertise in inborn errors of
metabolism, dieticians, and endocrinologists. Most women with the classic form go
on to develop ovarian failure, and some, like those with galcotokinase (GALK)
mutation, do not have an increased risk. Yet, many women with other variants, and
even those who have good dietary compliance, develop POI and it is difficult to
predict future outcomes for individual patients [51, 52].

A second commonly cited autosomal abnormality is found on chromosome
3 within the FOXL2 gene. The FOXL2 gene is primarily expressed in the eye-
lids and granulosa cells in humans. The syndrome that results from a mutation
in FOXL2 has been termed blepharophimosis, ptosis, epicanthus inversus syn-
drome (BPES) and is linked with POI, primarily in type 1 BPES. The precise
mechanism by which a FOXL2 mutation causes POI is still under investigation.
One proposed process, based on animal models, is that a dysfunctional or
truncated FOXL2 transcription factor causes a failure in the early stage
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pregranulosa cell’s ability to develop around and nourish a normal-sized
primordial oocyte pool, which is likely reliant on FOXL2 expression in the
female gonad [13, 53-55].

Numerous other genetic mutations have been implicated in POI. Among them
are FSH receptor (FSHR) and inhibin alpha (INHA) [56, 57]. Anything that
somehow affects gonadotropin regulation and action has subsequent conse-
quences on ovarian function. Mutations in the actual subunits of FSH and
luteinizing hormone (LH) have also been reported, although some would argue
that these causes do not fit the definition of “primary” ovarian insufficiency at
the level of the ovary [13]. The ataxia telangiectasia mutated (ATM) gene is a
particular gene that has been implicated in causing oocytes to stall out in meiosis
prophase I and then undergo apoptosis, due to a deficiency in the gene product
[58, 59]. The BLM (Bloom syndrome) gene is somewhat similar, as it is a DNA
repair gene that controls progression through the cell cycle and in a mutated
form causes genomic instability [60]. This mutation has been linked with POI as
well. Werner’s syndrome (WRN) gene may be another. Next is a family of
eukaryotic initiation factor 2B (EIF2B) genes that were found to be mutated in
eight patients with POI and leukodystrophy and related central nervous system
abnormalities [61]. Other genes that have been reported include PMM?2
(phosphomannomutase), AIRE (gene that causes autoimmune polyglandular
syndrome (APGS) type I discussed further below), GDF9, NOBOX, and LDXS,
among many others [6, 21, 32].

Other Gene Abnormalities

The oocyte is quite dependent on its mitochondrial energy production.
Therefore, any mitochondrial dysfunction could be detrimental to oocyte health
and predispose a woman to POI. One particular disorder, progressive external
ophthalmoplegia, is linked with a mitochondrial DNA polymerase gamma
(POLG) mutation, and it segregates with POI in certain families of women
[62, 63]. More mitochondrial abnormalities may be uncovered in the future as
the biology of this field moves forward. It is likely that further research will
uncover mitochondrial defects linked to POI, as the oocyte has more mitochondria
than most cells in the body.

Certain steroidogenic enzyme defects result from other genetic mutations.
Steroid acute regulatory protein (STAR) is required for mitochondrial membrane
transport of cholesterol to start the production of steroids within the cell. A muta-
tion within the STAR gene can result in a severe phenotype. Deficiencies such as
17a-hydroxylase or 17, 20-lyase deficiency and 20, 22-desmolase deficiency have
also been associated with POI. Whether the steroidogenic similarities between
the ovary and adrenal gland underlie the associated phenotypes remains unclear
but is worthy of further research. Aromatase deficiency can also cause a block in
the production of estradiol, although in this disorder, the ovaries enlarge due to
continued follicular development [6, 13, 32].
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Autoimmune Dysfunction

A portion of patients with POI appear to have an autoimmune-associated etiology
[34, 64, 65]. There is a higher prevalence of autoimmune disease in women
compared to men, and, more importantly, the association of POI with autoimmune
dysfunction has been found in several studies to be significantly higher in women
with autoimmune disease than that in the general population [66]. That said, the
study of autoimmune conditions remains a very complex one, due to the non-
Mendelian inheritance patterns and intricate multigenetic loci and environmental
interactions. POI has been most commonly linked to autoimmune conditions within
the thyroid and adrenal glands. Yet, it has also been associated with conditions such
as dry eye syndrome, rheumatoid arthritis, hypoparathyroidism, diabetes mellitus,
myasthenia gravis, and pernicious anemia [6, 13, 67]. A subset of such women may
present with a polyglandular or syndromic disorder. Yet, women with isolated POI
may still be at risk for future autoimmune conditions. Whether or not this implies
an autoimmune oophoritis pathogenic process within the ovary, increased lympho-
cyte activation, or some other complex multifactorial process still needs further
investigation. Potential autoantigen targets in the ovary are also a possibility that is
a topic of current investigation.

Syndromic POI has been associated with APGS, of which there are four types
(I-IV). Type I, due to a mutation in the AIRE gene, is referred to as autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED), and the
majority of patients with this mutation develop POI and adrenal insufficiency
among other disorders [64, 68]. The AIRE gene is predominantly expressed in
immune tissues such as the thymus. Such mutations may affect self-tolerance.
While mutations in the AIRE gene may still be important in the pathophysiology
of autoimmune dysfunction, some investigators have reported that the HLA
subtype (especially class II) may be even more significantly associated with the
phenotype than the AIRE mutation, or a combination of the two may be more
detrimental [69].

For the remainder of women with POI, who do not have mutations in the AIRE
gene or who are not HLA class II, an association between POI and other, more
isolated autoimmune disorders appears to occur in a proportion higher than that can
be accounted for by chance. Specifically, 2-10% of patients with POI have been
found to have anti-adrenal antibodies, or more concerning, unrecognized adrenal
insufficiency [64, 65, 67, 70, 71]. Due to the fact that POI can precede adrenal
insufficiency, and the insidious, often asymptomatic course patients take before an
adrenal crisis occurs, many physicians feel that screening for adrenal dysfunction
is worthwhile in the POI population [65, 70, 72]. Thyroid autoimmunity is present
in about 20% of women with spontaneous POI [6, 13, 64].

To many patients with POI as well as to clinicians, the discovery of an autoim-
mune etiology or an associated autoimmune disorder implies that the POI may be
treatable or reversible by immune modulating therapies. Unfortunately, this is not
the case. Most patients with POI, regardless of whether or not they have an associ-
ated autoimmune condition, will neither have biopsy-proven oophoritis, nor should
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they undergo such testing, and the risks of the various, immunomodulating therapies
are often too significant to warrant therapy [10, 73, 74].

Iatrogenic/Environmental

Tatrogenic and environmental factors have been associated with POI. Cytotoxic
therapies used in a variety of malignant and autoimmune conditions are one of the
most prevalent causes. Alkylating agents have been the most ovarian-damaging
chemotherapy agents in selected treatment regimens, and bone marrow transplant
therapy is nearly 100% toxic to ovarian function [75, 76]. Hopefully, referral prac-
tices and public awareness are such that most young reproductive-aged patients are
referred for consultations with reproductive endocrinologists prior to the adminis-
tration of ovary-toxic therapies. lonizing radiation, used to treat a number of can-
cers in the abdomen/pelvis, has also been demonstrated to cause ovarian dysfunction
and/or failure. Surgical or procedure injury, such as a significant reduction of ovar-
ian tissue or damage to the blood supply (i.e., unilateral oophorectomy, hysterec-
tomy, and uterine artery embolization), is also a potential iatrogenic cause of POI
[77,78].

Numerous environmental factors have been implicated in the search for etiologic
factors associated with POI. Tobacco smoke, stress, viral infection, and certain
chemicals (2-bromopropane, 1, 3-butadiene, 4-vinylcyclohexane, and polycyclic
aromatic hydrocarbons) are among those reported, some of which potentially
mediate their effects through a Bax transcription pathway [79-83]. Finally, infiltra-
tive or destructive conditions may also diminish ovarian function, such as with
severe endometriosis [84].

Evaluation of Hypergonadotropic Amenorrhea

As discussed above, there is a myriad of ways a woman can present with POIL.
Disturbances in the menstrual cycle, especially amenorrhea or oligomenorrhea
for 3—4 months, warrants an evaluation in nearly all women (with basic diagnostic
testing including a pregnancy test, and if negative, FSH, thyroid stimulating
hormone (TSH), and prolactin). Once a diagnosis of hypergonadotropic amenor-
rhea is made, the clinician should perform a basic evaluation, develop a treatment
plan, and consider a referral as appropriate.

History

Most women with POI will have had normal puberty and menarche, a period of
irregularities in their menstrual cycle, and ultimately a diagnosis of spontaneous POL.
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A small portion will present with primary amenorrhea. A very thorough personal and
family history is very important for these women. Any symptoms that suggest estro-
gen deficiency (decreased libido, hot flashes, insomnia, vaginal dryness, etc.), envi-
ronmental or iatrogenic insults to the ovary, or other related medical conditions
should be sought after. A family history is very important and should include ques-
tions about other family members with POI, autoimmune conditions, and any neu-
rologic and/or mental delay that could be related to the FMR1 gene or fragile X
syndrome as discussed above. A percentage of women with autoimmune or FMR1
premutation etiologies of POI will reveal a significantly associated family history if
asked the proper questions. When the potential exists for a genetic diagnosis for the
PO, referral to a genetic counselor should be strongly considered. This will help
establish a full pedigree and assures that the patient understands all of the implica-
tions of genetic testing for such conditions, especially FMR1. A social history that
includes details about smoking, drinking, stress, and potential significant changes in
weight or associated eating disorders are also important, although not necessarily
associated with hypergonadotropic amenorrhea. Early (less than 45 years of age) or
premature (less than 40 years of age) menopause in women relatives is a clue to
genetic etiologies for POL

Physical Examination

On physical examination, vital signs and general appearance of the woman should
be assessed. Is there a subtle increase in skin pigmentation or vitiligo, or could there
be orthostatic hypotension associated with asymptomatic adrenal insufficiency?
Is there a neck goiter, lid lag, or fine tremor associated with thyroid disease? Does
she have short stature, shield chest, or other suggestions of Turner’s syndrome? On
the speculum and/or pelvic examination, vaginal atrophy could be noted visually or
microscopically, and enlarged ovarian size as may occur in autoimmune oophoritis
may be appreciated on bimanual examination [71].

Laboratory Evaluation

Laboratory examinations should always start with a pregnancy test, prolactin, and
TSH in the evaluation of amenorrhea. In women with overt POI, the FSH values
will generally be in the menopausal range, but should be confirmed with more than
1 month between testing. Since this disorder is associated with intermittent ovarian
function, patients with a clear history suggesting hypergonadotropic hypogonadism
may still have FSH values transiently in the normal range. In such cases, follow-up
is needed to clarify the situation. It is not surprising to see FSH values wax and
wane [10, 11]. Estradiol measurements are generally less than 50 pg/mL due to
lack of follicular development, but could also vary with the course of the disorder.
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The utility of LH values remains controversial. Some would argue that assessment
of follicular function may be better served with a transvaginal ultrasound. Others
value the FSH:LH ratio in the diagnostic evaluation [7]. Of less controversy is the
progestin withdrawal test. Most evidence would support that there is little gained
by performing this test in the setting of a suspected diagnosis of POI. This is
because the amount of estrogen priming needed to cause a positive progestin with-
drawal may well be present in a woman with intermittent or early stage POI, and
thus the false reassurance of a positive withdrawal may delay the diagnosis of sig-
nificant hypogonadism. Over half of women with POI will have a withdrawal bleed
[3, 5]. Therefore, the clinical utility of doing this is limited and potentially harmful
in terms of ongoing bone loss related to estrogen deficiency [85].

Most expert opinions support obtaining a karyotype in women with POI. Over
half of girls who present with primary amenorrhea, and approximately 15% of
women with secondary amenorrhea due to POI have karyotypic abnormalities [8].
The reasons for obtaining a karyotype are several: (1) to determine if there is
Y chromosome material present, which is associated with potential future malig-
nancy; (2) to evaluate for loss or gain of an X chromosome, which may require
further diagnostic studies and have health implications; and (3) to determine if
significant levels of mosaicism exist. Further genetic studies should include testing
for the FMRI1 premutation due to the significant familial and reproductive impact
of a potential expansion in the triple-repeat sequence as discussed above. Further
molecular testing, to determine if there are submicroscopic or cryptic X chromo-
some mutations, translocations, deletions, or other abnormalities, is still limited in
availability and their clinical usefulness is uncertain at the present time [4, 28].

Other laboratory testing includes an evaluation for potential associated autoim-
mune conditions. Up to 30-50% of women with POI may have some associated
autoimmune disease [86]. Given that thyroid and adrenal disorders are fairly preva-
lent in women with POI and that there are effective therapies to treat them, they
both merit evaluation. Initial work-up of amenorrhea should have included thyroid
function studies, but if these have not been done, serum TSH and possibly free
thyroxine (T4) should be ordered. Thyroid stimulating and thyroid peroxidase anti-
bodies are also useful. Up to 20-30% of women with POI may have preexisting or
will develop thyroid disease, most commonly hypothyroidism [70].

Testing for adrenal insufficiency or the potential to develop such a condition is
important. While there are various ways to test for adrenal insufficiency, some
may cause false positive or false negative rates. Testing for adrenal antibodies
improves the pretest probability of other testing regimens (i.e., ACTH stimulation
test, morning cortisol, aldosterone, and plasma renin activity) and, thus, should be
performed first, followed by the other testing when clinically indicated [65, 87].
Approximately 5% of patients with POI who are asymptomatic for any adrenal
disorder will end up testing positive for adrenal antibodies and approximately 3%
will have unrecognized adrenal insufficiency. Detection of these women can
ultimately be life-saving if discovered prior to a crisis, which can be precipitated
during an elective surgery or trauma [65, 70]. Adrenal cortex and 21-hydroxylase
antibodies are the assays most reliable for testing. Predictive models have been
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made to determine the 5-year probability of developing autoimmune Addison’s
disease based on age, gender, adrenal function, antibody titers, and co-existing
disease [88]. Such a predictive model may help guide physicians regarding the
difficult decisions for determining monitoring intervals and follow-up.

Finally, testing for diabetes-related illnesses may be useful due to the risks of
untreated disease and minimal cost, although only a small number of women will
test positive (2%). Using either a fasting glucose or a 2-h glucose tolerance test is
acceptable, although rarely a 2-h test will identify those with intolerance who have
a normal fasting value. Testing for pernicious anemia or hyperparathyroidism, with
either a vitamin B12 or calcium level, respectively, may not be useful in asymptom-
atic women [70]. Testing for ovarian antibodies is generally not justified due to
their nonspecific nature and need for more research. A number of other, more
obscure conditions that have been reported in association with POI can be excluded
by performing a serum chemistry profile and CBC with indices [70].

Initial imaging considerations include a pelvic ultrasound to evaluate both the
uterus and ovaries, and a bone density test. A significant number of women with
POI are found to be osteopenic, and possibly even osteoporotic at the time of diag-
nosis, and have reduced bone mineral density compared to controls [6, 8, 85, 89].
Such findings not only guide calcium (1,200 mg elemental calcium/day), vitamin
D (800 IU/day), exercise, and smoking cessation counseling but also highlight the
need for hormone replacement therapies unless contraindications exist.

Emotional Assessment

POI affects a woman’s physical health and wellness, yet often the most difficult and
profound aspect for women and their caregivers is dealing with the emotional
response to the diagnosis and treatment of this chronic condition. The diagnosis
usually comes as a shock, as it is often unexpected and unanticipated when under-
going medical evaluation. Living with the condition can be life-changing, as a
woman’s view of her place in the world is irrevocably altered by this tremendous
threat to her self-concept of her femininity and its ties to her fertility potential [90].
Frequently, the most devastating realization for women is impaired fertility and
other health issues may be minimized. As a consequence, care must focus on both
the physical and emotional needs of women with POI. This aspect of care begins
with the diagnosis itself.

Delivering the Diagnosis

How the diagnosis of POI is communicated can influence a woman’s emotional
response to her health, perception of self, treatment compliance, quality of life,
and overall satisfaction with care. One study found that almost half the women
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interviewed received the diagnosis from their physician over the telephone or by
message, and three-quarters reported their doctor spending 15 min or less in
communicating the information. The result was that over 70% felt unsatisfied or
very unsatisfied with this communication and 89% described feeling emotionally
traumatized after hearing the diagnosis. Patients were most satisfied when they felt
prepared to hear the diagnosis, perceived the clinician as knowledgeable, felt the
clinician spent sufficient time with them, and that the physician was sensitive to
their emotional needs [91].

When delivering the diagnosis, steps need to be taken to ensure that the patient
is able to hear the news in a non-traumatizing way and know that she will be
assisted in getting appropriate help and support in dealing with POI. Buckman has
written a six-step protocol for breaking bad news to patients which recommends the
following [92]:

* Get started with a private physical setting to talk

* Find out how much the patient knows

* Find out how much the patient wants to know

* Share the information using an agenda developed before you sit down with the
patient, so that you have the relevant information at hand

* Respond to the patient’s feelings, “Could you tell me a little more about how
you're feeling?”

* Plan and follow through by outlining an explicit step-by-step approach that can
be carried out

From this perspective, it is ideal to meet physically with a patient, in a private place,
and with sufficient time to talk when going over the diagnosis. Physicians need to
be able to acknowledge patients’ emotions and respond with patience and empathy.
In addition, it is helpful to have written materials and resource information about
POI available to give, so that the patient does not go home “empty-handed.” There
is a need to develop evidence-based approaches to provide emotional support and
guidance to women experiencing the emotional sequelae associated with POI.

Psychologic Impact

While learning the diagnosis can be traumatic, living with POI can cause women
significant, long-term distress and suffering. Using language that can be interpreted
as judgmental, such as POF or “premature menopause,” may reinforce a sense of
stigma and defectiveness, and negatively affect body image. Women with POI
describe feeling old, unfeminine, less healthy, empty, and worthless [91]. Over time,
patients with POI have been shown to have reduced self-esteem, increased shyness,
diminished perception of social supports, increased social anxiety, and more symp-
toms of depression and anxiety compared with control women [4, 93, 94]. The
emotional suffering felt by women with POI is often experienced in isolation, as
they may have difficulty in identifying people who they believe can truly understand
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their feelings or may feel such shame, embarrassment, and/or sense of defectiveness
that they are unable to reach out to others. Thus, their sense of self and relationships
with others can be profoundly negatively affected. Care should, therefore, include
referrals for psychologic assistance, including counseling for women, their partners,
and families. There is a need for evidence-based interventions to help these women
cope with the emotional sequelae of this disorder. Not all women find the existing
lay-led support groups beneficial, and some describe them as harmful.

The awareness of impaired fertility is often the most painful aspect of learning
about POL. It is well documented in the literature that infertility is a major life
crisis, generating significant sadness, distress, and grief [95]. The losses associated
with infertility are multifaceted and, yet, uniquely personal to each woman as they
reflect her dreams and hopes for the future: a wish for child/family, status in the
community, health, passing on of genes and knowledge, and the experience of
pregnancy, among others [96]. Grief is the emotional response to the loss of a
significant relationship and often includes such feelings as shock, disbelief, anger,
sadness, depression, guilt, shame, blame, and hopefully, eventually, acceptance.
When the loss is invisible or intangible to others, as in the desired child, it is even
more difficult to grieve [97]. It is helpful for the physician to “name” the sequelae
of emotions as “grief,” thereby communicating the emotional response as normal
and giving permission to grieve and mourn as one is allowed to do with other more
tangible losses [98].

Patients often feel urgency in trying to achieve a pregnancy when diagnosed
with POI. Because a small percentage of women will become pregnant spontane-
ously, patients may find themselves in an ambiguous position of “Am I infertile or
not?” Thus, they may embark on a journey to find ways to become pregnant
quickly, a journey that often leads to the high-tech world of ART. As their life plans
are altered, family building, in their view, must now become deliberate, determined,
and costly in terms of finances, time, and emotional energy. Patients are often
willing to undergo painful, expensive, and, as yet, unproven treatments in the hopes
of restoring ovarian function and achieving pregnancy. These therapies carry a risk
of interfering with spontaneous conception that can occur, and patients need to be
advised about the overall ineffectiveness of these often expensive, unproven inter-
ventions [98].

It is important to keep in mind that not all individuals desire to get married or raise
children. For those who have this desire, family-building options include egg or
embryo donation, adoption, or the hosting of foster children. The passage of time can
be important in helping patients arrive at these options, as it allows them the oppor-
tunity to grieve and come to terms with the loss of a hoped-for biologic child. When
physicians offer donor egg or adoption precipitously after giving the POI diagnosis,
it can circumvent grief and potentially cause problems later. Thus, patients avoid
doing the emotional work necessary to heal the losses of infertility. Alternative fam-
ily building does not cure the feelings of infertility, although it does fill the space of
the longed-for child. Discussion with patients about choices must go beyond bio-
logic parenthood and alternative family building, and include the achievement of
other life goals and purposes, such as career, hobbies/interests, and spirituality [4].
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Sexual Impact

The impact of POI on a woman’s sexual identity, sexual functioning, and sexual
relationship is another aspect of her emotional health that needs to be addressed by
caregivers. The earlier in age the POI is identified, the more complex is the impact
on all dimensions of sexuality [99]. Sexual identity is especially vulnerable when
POI disrupts the normal process of development in an adolescent girl, affecting
attachment needs and the ability to achieve autonomy [100]. Even before receiving
the diagnosis, symptoms related to POI, such as hot flushes, night sweats,
irritability, vaginal dryness, and mood disturbance, may have challenged a woman’s
sense of stability and affect her sexual functioning. After learning about POI,
the loss of the potential to reproduce may impair motivation and desire for sexual
activity, as she may feel “What’s the use?” The susceptibility to psychosexual
distress from POI is greater in women who wish for children and lower in those
focused on their professional and social achievements [99].

As in all sexual dysfunction, sexual difficulties for women with POI need to be
identified by the physician as a disorder of sexual interest or desire; the ability to
be aroused; difficulty in achieving orgasm; and/or sexual pain. Treatment methods
for sexual dysfunction, as well as to general health-related matters in POI, should
take a multidisciplinary approach and may include a gynecologist (HR treatment),
urologist (male partner’s sexual dysfunction), psychiatrist (psychopharmacologic
treatment of affect disorders), sex therapist (behavioral treatment), couple’s thera-
pist (relationship issues), individual psychotherapist (personal issues), and/or
physical therapist (pelvic floor issues) [99]. Hormone therapy (HT) may be helpful
in arousal and desire disorders. Psychosexual behavioral treatments and couple’s
and/or individual therapy are useful in many areas. Women and their partners need
to understand how POI can affect feelings and functioning (sexually and other-
wise), and be given appropriate medical therapies and referrals for psycho