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Abstract
At birth, a female baby already has her life-
time supply of oocytes that will be released 
through ovulation when she is sexually 
matured, between menarche and menopause. 
Puberty initially starts with thelarche (breast 
budding) around the age of 11 and menarche 
usually starts at an average age of around 13. 
Initial cycles are anovulatory, but subse-

quently a single egg is released each cycle 
during a woman’s fertile years. The meno-
pause is the end of menstrual cycles. Puberty, 
menstrual cycles, and establishment of preg-
nancy are controlled by the hypothalamic, 
pituitary, and ovarian hormones. Following 
the menopause, the ovaries are no longer able 
to produce enough oestrogen and ovarian fail-
ure results in a rise in the gonadotropins.
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Abbreviations

17-OHP 17-Hydroxyprogesterone
DHEA Dehydroepiandrosterone
DHEAS Dehydroepiandrosterone sulphate
FSH Follicle-stimulating hormone
GABA gamma-aminobutyric acid
GnRH Gonadotropin-releasing hormone
hCG Human chorionic gonadotropin
IGF-1 Insulin-like frowth factor-1
IHH Idiopathic hypogonadotropic 

hypogonadism
IVF In vitro fertilisation
KISS1 Kisspeptin
LDL Low-density lipoprotein
LH Luteinising hormone
LPD Luteal phase deficiency
PCOS Polycystic ovarian syndrome

Key Terms
• Puberty: the period of 2–3  years prior to 

menarche when secondary sexual characteris-
tics begin to develop and the final and most 
substantial growth spurt occurs, with fusion of 
the epiphyseal plates.

• Thelarche: breast budding
• Adrenarche: the onset of androgen hormone 

release from the matured adrenals
• Pubarche: the development of pubic hair
• Menarche: first period
• Climacteric: the 6–7 years leading up to the 

menopause, when menstrual cycles tend to be 
irregular and anovulatory

• Menopause: last period

38.1  Introduction

The female reproductive system is controlled by 
hormones secreted by the hypothalamus, the 
anterior pituitary, and the ovaries, which interact 
with each other in a dynamic way. Gonadotropin- 
releasing hormone (GnRH) is secreted by the 
hypothalamus in response to neuronal activity in 
the limbic region of the brain, which is predomi-
nantly influenced by emotional and sexual 
factors.

GnRH is a small polypeptide which regulates 
the release of gonadotropins: luteinising hor-
mone (LH) and follicle-stimulating hormone 
(FSH), by the gonadotrope cells of the anterior 
pituitary gland. The gonadotropins are then 
released in short bursts every 1–4 h, stimulating 
cells in the ovaries to synthesise and secrete oes-
tradiol and progesterone, which in turn promote 
and regulate menstruation and ovulation.

High concentrations of oestrogen and proges-
terone in the serum provide negative feedback to 
the hypothalamus and therefore inhibit further 
secretion of GnRH (Fig. 38.1). Please refer Chap. 
12 in Part III for more details on the menstrual 
cycle regulation by FSH and LH and the 
hypothalamic- pituitary and gonadal feedback.

Key Points
• The female endocrine reproductive sys-

tem relies on the relationship between the 
hypothalamus, pituitary, and ovaries.

• A female is born with a finite number of 
oocytes 300–400 of which will be 

released through ovulation during a 
woman’s reproductive life.

• Puberty starts around the age of 11 with 
breast budding and it’s complete around 
2.5–3 years later with the onset of men-
arche (first period). Initial cycles are 
irregular and tend to be anovulatory.

• Pregnancy is maintained by hormones 
released by the corpus luteum and sub-
sequently the placenta and have a wide 
range of functions, including immune 
suppression in the mother to prevent 
loss of the pregnancy through immune 
mediated response.

• Climacteric starts in the late 40s and 
lasts around 6–7 years. Menstrual cycles 
during this period are also irregular and 
tend to be anovulatory until the meno-
pause (last period).
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GnRH released by the hypothalamus stimulates 
FSH and LH secretion by the anterior pituitary 
which in turn stimulates the secretion of oestrogen 
and progesterone by the ovaries.

FSH receptors only exist on the granulosa cell 
membranes of the ovaries and as the numbers of 
granulosa cells increase in late luteal phase, in 
parallel to increasing FSH levels, so does oestra-
diol secretion by granulosa cells, in response to 
FSH levels. The formation of LH receptors on 
the granulosa cells is stimulated by FSH, in the 
presence of oestradiol, facilitating these cells to 
also become responsive to LH and allowing 
secretion of small amounts of progesterone and 
17- hydroxyprogesterone (17-OHP). These two 
hormones then have a positive feedback on the 
pituitary gland which has been primed by the 
high oestrogen levels to release LH.

FSH also stimulates the production of aroma-
tase and 3β-hydroxysteroid dehydrogenase (3β-
HSD). LH receptors are found on the theca cells of 
the ovaries, which  produce androstenedione and 
small amounts of testosterone. Androstenedione is 
transported to the granulosa cells and converted 
into oestrone, by aromatase, and eventually con-
verted to oestradiol by 17-β-hydroxysteroid dehy-
drogenase type I (17-β-HSD).

FSH also stimulates the secretion of inhibin 
from the granulosa cells, which suppresses 

FSH.  There are two types of inhibin: Inhibin B, 
which reaches a peak in the early- to mid-follicular 
phase and has a second peak at ovulation and 
Inhibin A, which reaches its peak in the mid-luteal 
phase. Inhibin secretion is inhibited by GnRH and 
enhanced by insulin-like growth factor-1 (IGF-1).

Only unbound oestrogen and progesterone are 
biologically active, stimulating the target organs 
of the reproductive system (breasts, uterus, and 
vagina). However, most of the oestrogen and pro-
gesterone found in the bloodstream are bound to 
proteins. In general, oestrogen and progesterone 
inhibit the release of GnRH but around the time 
of ovulation stimulate gonadotropin secretion. 
Oestrogen and progesterone also have both direct 
and indirect effects on other major tissues includ-
ing bone, skin, and muscle.

38.2  Ovarian Follicular 
Development

A female baby is born with a fixed number of 
germ cells (egg precursors). Germ cells begin as 
primordial oogonia that proliferate significantly 
by mitosis during the 3rd and 4th months of ges-
tation of a female foetus. Around the same time, 
some oogonia begin to undergo meiosis, which 
halves the number of chromosomes to 23, result-
ing in the formation of haplotype primary 
oocytes. Beginning after the 4th month of gesta-
tion, oogonia and later oocytes are spontaneously 
lost by apoptosis, through a process called atre-
sia. Eventually more than 99.9% of the original 
oogonia are lost by the time of birth.

The surviving germ cells (haplotype oocytes), 
become arrested in the meiotic prophase and are 
termed primary oocytes. By the 7th month of ges-
tation, each viable primary oocyte develops a sur-
rounding layer of granulosa cells, forming a 
primordial follicle. All primordial follicles, each 
containing its primary oocyte, potentially avail-
able for future reproduction during a woman’s 
life are, therefore, present in the ovaries at birth. 
The so-called ovarian reserve is the number of 
oocytes or primordial follicles in a woman’s ova-
ries at any given time, and this can be estimated 
by direct ultrasound visualisation or through 
measuring Mullerian hormone, with the latter 
being less reliable but often more widely used.

hypothalamus

(FSH primarily)

anterior pituitary

(–)

(–)(–)

(+)

(+)

(+)

GnRH

FSH LH

ovarytheca
cells

estrogen

androgens

(aromatase
converts)

inhibin

oocyte
development

granulosa
cells

Fig. 38.1 The interplay between the hypothalamic, ante-
rior pituitary, and ovarian hormones
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At birth, the ovary contains approximately 
400,000 primordial follicles, with each one con-
taining a primary oocyte. Primary oocytes do not 
undergo any further mitotic divisions and remain 
arrested in the prophase stage of meiotic divi-
sion I, until after sexual maturity has been 
reached.

Following sexual maturity (completion of 
puberty), FSH and LH cause these primordial 
follicles to develop. In each ovarian cycle, FSH 
induces follicular growth in the ovaries and about 
20 primordial follicles are activated to begin mat-
uration and recruited for accelerated growth. 
Usually in each cycle, only one follicle fully 
matures and achieves ovulation (Fig. 38.2). This 
dominant follicle releases its oocyte at ovulation 
and promotes atresia of the other previously 
recruited follicles (please refer to ovulatory and 
luteal phases below for more details).

Over a woman’s reproductive life, only ~300–
400 eggs will be released, through ovulation.

38.3  Puberty

Puberty is the sequence of events that occur in 
order for a child to eventually sexually mature 
into an adolescent and eventually become an 
adult, acquiring adult physical characteristics and 
the capacity to reproduce. It is associated both 

with the development of secondary sexual char-
acteristics, as well as rapid growth in height and 
weight.

Circulating LH and FSH levels are elevated at 
birth but fall to low levels within the first few 
months of life and remain low until puberty (see 
Fig. 38.7). The reproductive target organs 
undergo very few qualitative changes before the 
onset of puberty. While puberty primarily 
involves a series of physical transformations, the 
process can also have an effect on the psychoso-
cial, behavioural and emotional development of 
the adolescent.

The mechanisms that initiate puberty are still 
not entirely clear. Central influences that regulate 
release of GnRH include neurotransmitters and 
peptides (e.g. gamma-aminobutyric acid [GABA] 
and kisspeptin [KISS1]). These and other factors 
may inhibit release of GnRH during childhood, 
but then initiate its release, to induce puberty in 
early adolescence (Watanabe et  al. 2014; 
Zeydabadi Nejad et al. 2017).

Kisspeptin (KISS1), is a neuropeptide that 
acts upstream of GnRH-neurons and appears to 
be critical for maturation and function of the 
reproductive axis (Watanabe et  al. 2014). 
Kisspeptins bind to and activate the G protein-
coupled receptor, GPR54, located on the GnRH-
neurons of the hypothalamus (Zeydabadi Nejad 
et al. 2017). Kisspeptin appears to be one of the 
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Fig. 38.2 Ovarian follicular development. Used with 
permission from Professor Michelle Peckham, Professor 
of Cell Biology, University of Leeds, School of Molecular 

and Cellular Biology, accessed via http://www.histology.
leeds.ac.uk/female/FRS_ova.php
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major activators of the GnRH-neurons and a pre-
requisite for the onset of puberty and mainte-
nance of normal reproductive function. Abnormal 
KISS1/GPR54 system has been reported in both 
animal models and patients with certain forms of 
infertility, e.g. idiopathic hypogonadotropic 
hypogonadism (IHH) and polycystic ovarian syn-
drome (PCOS) (Zeydabadi Nejad et  al. 2017; 
Seminara et al. 2003).

38.3.1  Age of Onset of Puberty

The timing of the onset of puberty is not com-
pletely understood and is most likely determined 
by a number of different factors. The age of onset 
of puberty varies amongst individuals and the 
rate of development through different stages is 
influenced by different factors. Over the last 
150  years, the age at which puberty starts has 
been decreasing, primarily because of improved 
health and nutrition (Knudston and McLaughlin 
2018; MedicineNET 2018). This trend has pla-
teaued over the last few decades and occurs on 
average between the ages of 10 and 14  in girls 
(MedicineNET 2018).

Both environmental and genetic factors are 
involved in the onset of puberty. One theory is 
that reaching a critical weight or body-fat compo-
sition may be crucial, in the onset of puberty. It 
may be, that the overall earlier onset of puberty in 
the general population in recent years is related to 
the increase in childhood obesity (MedicineNET 
2018).

Puberty appears to occur later than average in 
severely underweight and undernourished girls 
(Rosenfield et al. 2009). These observations sug-
gest that there is a critical body weight or amount 
of fat necessary for the onset of puberty (Knudston 
and McLaughlin 2018; MedicineNET 2018; 
Soliman et  al. 2014; Rosenfield et  al. 2009), 
which may in turn vary between individuals or 
populations (Herman-Giddens et al. 1997).

Leptin, a hormone produced by the adipo-
cytes, has been suggested as one possible medi-
ator of the timing of puberty (MedicineNET 
2018; Gueorguiev et al. 2001). In research stud-
ies, animals deficient in leptin, did not undergo 

puberty and administration of replacement 
leptin, resulted in restoration of puberty 
(Gueorguiev et  al. 2001). Furthermore, girls 
with higher concentrations of leptin are known 
to have an increased percentage of body fat and 
an earlier onset of puberty than girls with lower 
levels of leptin. The concentration of leptin in 
the blood is known to increase just before 
puberty in both boys and girls.

Many other factors can influence the onset and 
progression of puberty. Genetic factors are also 
involved, as puberty occurs earlier in girls whose 
mothers underwent sexual maturity earlier. It has 
also been found that the onset of puberty also 
occurs earlier in girls who live in urban areas 
(Ameade and Garti 2016; Choudhary et al. 2016) 
and in blind girls (Flynn-Evans et al. 2009), but 
the underlying mechanisms for these observa-
tions are still unclear. The age of onset of puberty 
also varies amongst ethnic groups (Herman- 
Giddens et  al. 1997) and it has been suggested 
that perhaps this is secondary to the mechanisms 
discussed above, i.e. genetic factors and body-fat 
composition.

38.3.1.1  Precocious Puberty
Precocious puberty is when a child enters 
puberty too early, often defined as before the 
age of 8 in girls and before the age of 9 in boys. 
It leads to the development of the secondary 
sexual characteristics because of increased sex 
steroid production, either because of aberrant 
gonadotropin stimulation or because of intrinsic 
disease of the ovaries or adrenals. The classic 
definition of sexual precocity is the appearance 
of secondary sexual characteristics before the 
age of 8 years in girls, but this cut-off may vary 
in ethnic minorities. The overall incidence of 
sexual precocity in America is estimated around 
1:5000 to 1:10,000 with a female preponder-
ance of around 10:1 (http://www.endotext.org). 
For more details, refer to the Chap. 4 in the 
Paediatric Part I of the textbook. Early activa-
tion of pulsatile gonadotropin- releasing hor-
mone (GnRH) secretion is the most common 
mechanism and it is usually idiopathic but it can 
rarely be due to serious conditions such as hypo-
thalamic tumours.
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38.3.1.2  Pubertal Delay
The guidelines for initiating an evaluation of girls 
with pubertal delay are as follows  (http://www.
endotext.org):

•  If there is no breast development by the age of 
13 years

•  If there is absence of menarche by the age of 
14 years in the presence of hirsutism or if there 
is a history suggestive of an eating disorder or 
excessive exercise or an outflow abnormality

•  If there is absence of menarche by the age of 
15 years

These guidelines should be used in context of 
the patient circumstances and presentation.

In more than 90% of cases, delayed puberty is 
due to constitutional delay in growth and puberty. 
It, therefore, occurs in children who are otherwise 
healthy but have slower physical development 
than average. Typically, these children will be 
shorter than other children of the same age, they 
are often thin and there’s a family history of 
delayed puberty. Sometimes delayed puberty and 
growth can be secondary to a chronic illness (e.g. 
Crohn’s disease or cystic fibrosis), malnutrition 
(e.g. malabsorption), excessive exercise (e.g. 
competition athletes), or physical and psychologi-
cal stress.

38.3.2  The Physical Changes 
of Puberty

Early in puberty, the hypothalamus becomes less 
sensitive to the inhibitory actions of oestrogen 
and progesterone on GnRH-release. This results 
in an increase in the release of GnRH, which in 
turn stimulates gonadotropin (LH and FSH) 
secretion. Gonadotropin secretion then stimu-
lates production of the sex hormones, primarily 
oestrogen, which drives the development of sec-
ondary sexual characteristics.

Adrenarche occurs when a child’s adrenal cor-
tex starts to secrete adrenal androgen precursors 
and ultimately an increase in the production of 
the adrenal androgens dehydroepiandrosterone 
(DHEA) and DHEA sulphate (DHEAS). 

Adrenarche occurs several years before the onset 
of puberty and is thought to stimulate pubic and 
axillary hair growth (Novello and Speiser 2018). 
DHEA, a weak androgen agonist, is the most 
abundant product of the adrenal cortex and is 
thought to be responsible for the clinical signs of 
pubarche (first appearance of pubic hair) by con-
version to more potent androgens, testosterone, 
and dihydrotestosterone. DHEA becomes sul-
phated outside the adrenals to DHEAS, which is 
a stable marker for adrenal androgenic activity. 
Pubarche is the physical manifestation of andro-
genic hormone production and includes the 
development of pubic and axillary hair, adult 
body odour, and acne.

In general, there is a typical pattern in the 
physical changes that an individual undergoes 
during puberty, and the sequence of events tends 
to be fairly predictable (please refer to Chap. 4 in 
Paediatric Part I in the textbook). In most girls, 
the first sign of puberty is thelarche (breast bud-
ding) which is the beginning of breast develop-
ment, and occurs at an average age of 
approximately 11 years. Pubic hair growth typi-
cally begins next, followed by the growth of 
axillary hair. However, in a minority of girls, 
pubic hair growth begins before breast develop-
ment. The growth spurt tends to peak after the 
appearance of pubic and axillary hair.

Menarche (the onset of menstruation) usu-
ally happens after all the other physical 
changes and occurs approximately 2.5–3 years 
after the first signs of the onset of puberty. An 
underlying growth spurt also occurs in parallel 
to puberty, which peaks immediately before or 
around the time of the menarche. Body habitus 
changes, body fat increases and the pelvis and 
hips widen, partly due to accumulation of fat 
in the hips and thighs (Fig. 38.3). The growth 
spurt is limited after menarche, as the epiphy-
ses fuse. Menstrual cycles are usually irregu-
lar at menarche and can take up to 5  years 
(average 2–3 years) to become regular.

The sequence of changes in puberty is 
referred to as the sexual maturity rating or 
Tanner stages, named after Tanner, a physician 
who in 1969 published a description of the 
sequence of physical changes that occur during 
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puberty (Figs.  38.3 and 38.4). The Tanner 
stages are determined by the development of 
secondary sex characteristics and encompass 
changes in the size and appearance of the exter-
nal genitalia, the development of pubic hair, 
and breast development in girls from thelarche 
(breast budding) to adult female breast devel-
opment. Tanner stages allow doctors to classify 
the extent of development of sex characteristics 
into five distinct steps ranging from stage 1 
(pre-pubertal) to stage 5 (mature adult type) 
(Marshall and Tanner 1969; Novello and 
Speiser 2018).

Immediately after the start of menarche, 
there is a temporary period with anovulatory 
cycles. Several studies have shown this period 
of anovulatory cycles tends to be longer as the 
age at menarche increases (Hosokawa et  al. 
2012; Lee et al. 2013; Apter 1996). Therefore, 
girls who experience menarche before the age 

of 12 have a more rapid onset of ovulatory men-
strual cycles than girls whose menarche started 
later (Apter 1996). Furthermore, studies have 
shown that 50% of adolescent girls whose first 
menstruation was after the age of 13 will not 
ovulate regularly over the next 4.5  years 
(MedicineNET 2018).

38.4  The Menstrual Cycle

Menstruation is the periodic discharge of blood 
and disintegrated endometrium, from the uterus 
through the cervix and vagina. It is caused by the 
rapid drop in progesterone and oestrogen levels 
secondary to reduced production from the ova-
ries, which takes place during each cycle if egg 
fertilisation, implantation, and pregnancy don’t 
occur.

I II III

IV V

Fig. 38.3 The Tanner Stages I–V for pubic hair development in girls (Marshall and Tanner 1969)
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Menstruation occurs throughout a woman’s 
reproductive life in the absence of pregnancy. 
Menopause is the permanent cessation of 
menstruation.

The average duration of bleeding is around 5 
(normal range 3–7) days. The average blood loss 
per cycle is around 30  mL (normal range 
15–80 mL) and is usually maximal on the second 
day. Menstrual blood does not usually clot (unless 
bleeding is very heavy), probably because of 
fibrinolysin and other factors that inhibit clotting 
(Dockeray et al. 1987). Menorrhagia is the term 
used to describe heavy blood loss which can be 
because of a number of different reasons, e.g. 
uterine fibroids, clotting disorders.

The median menstrual cycle length is 28 days 
(usual range 21–35  days in adult women; 
21–45  in adolescents). In general, menstrual 
cycles are longer and most variable in the years 
immediately after menarche and immediately 
before menopause, when ovulation is less regu-
lar. Irregular periods are more likely to be anovu-
latory. Based on consensus the menstrual cycle 
begins and ends with the first day of menstruation 
(day 1).

As depicted in Fig. 38.5, oestrogen levels are 
low in childhood and start rising during pre-
puberty, reaching a critical level at puberty when 
the development of secondary sexual characteris-
tics begins. The peak level induces the onset of 
menarche and remains at a similar level with 

I
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V

IV

Fig. 38.4 The Tanner Stages I–V for breast development 
in girls. Used with permission from Marshall WA, Tanner 
JM: Variations in patterns of pubertal changes in girls. 
Arch Dis Child 1969;44:291–303
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cyclical fluctuations during the woman’s repro-
ductive years, in synch with ovulation. Ovulation 
is irregular in the first few years following men-
arche and the few years prior to menopause (cli-
macteric). After the menopause, the levels decline 
rapidly due to ovarian failure and lack of further 
production. The hormonal changes of the men-
strual cycle cause ovulation and induce changes 
in the endometrium that prepare it for 
implantation.

38.4.1  Menstruation

The menstrual cycle is generally 28 days and 
includes the following phases: menstruation, pro-
liferative phase, follicular phase and luteal phase.

Days 1–4 of the cycle is menstruation:
At the start of the menstrual cycle, the endo-

metrium is lost and its hormonal support is with-
drawn. Myometrial contraction, which can be 
painful, is accompanied by vasoconstriction to 
reduce blood loss.

38.4.2  The Proliferative Phase

Days 5–13 of the cycle are the proliferative 
phase:

The proliferative phase of the menstrual cycle 
can be sub-divided into two ovarian stages: fol-
licular (pre-ovulatory) and luteal (post-ovulatory) 
phases.

The dominant follicle develops through a 
three-stage process: (1) Recruitment, (2) 
Selection, and (3) Dominance. Recruitment takes 
place during days 1–4 of the menstrual cycle, 
when FSH leads to recruitment of several folli-
cles from the available cohort of non- proliferating 
follicles. Between days 5–7 of the cycle, a single 
follicle is selected amongst the recruited follicles, 
for ovulation and the remaining follicles undergo 
atresia. By the 8th day of the cycle, one follicle 
becomes dominant and promotes its own growth, 
suppressing the maturation of the other ovarian 

follicles thus becoming the dominant matured 
follicle, which subsequently releases its ovum in 
the process of ovulation (Fig. 38.6).

38.4.2.1  The Follicular Phase
This phase is the most variable in terms of length. 
During the early follicular phase (the first half), 
the recruited follicles become larger.

The gonadotrope cells in the anterior pituitary 
contain little LH and FSH at this stage. Oestrogen 
and progesterone levels are also low. However, 
pulses of GnRH from the hypothalamus stimu-
late LH and FSH release by the anterior pituitary. 
Overall, FSH secretion increases slightly, stimu-
lating growth of the recruited follicles, with 
slower subsequent rise in circulating LH levels 
(1–2 days after the peak in FSH). The recruited 
ovarian follicles are eventually able to produce 
oestradiol which in turn stimulates the synthesis 
of LH and FSH but also inhibits their secretion, 
via a negative feedback mechanism. This usually 
results in only one follicle maturing and one 
ovum being released into the fallopian tube.

During the late follicular phase (second half), the 
follicle selected for ovulation matures and accumu-
lates granulosa cells, which secrete hormones.

The antrum of the follicle enlarges with fol-
licular fluid, reaching a size of approximately 
18–20  mm immediately before ovulation. The 
levels of the gonadotropins decrease, with FSH 
being markedly more affected than LH. From this 
point on, the levels of FSH and LH begin to 
diverge because oestradiol inhibits FSH secretion 
more than LH secretion, but also because the 
developing follicles produce inhibin, a hormone 
which inhibits FSH secretion (Fig. 38.1), but not 
LH secretion (Berga and Naftolin 2012). 
Furthermore, the half-life of LH is around 
20–30 min, whereas that of FSH is much longer 
at 2–3 h. Levels of oestrogen, particularly oestra-
diol, rise exponentially.

As the oestradiol levels continue to rise and 
reach their maximum, a positive feedback effect 
on the hypothalamus and pituitary, causes LH 
levels to rise sharply and ovulation follows.
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Fig. 38.6 Regulation of menstrual cycle and ovulation in the hypothalamic-pituitary-ovarian axis

Oestradiol levels usually peak as the ovulation 
begins. Progesterone levels also begin to increase. 
The LH stored in the pituitary is released in mas-
sive amounts in a process called the “LH surge”, 
which occurs over 36–48  h. There is a smaller 
increase in FSH.

The LH surge occurs primarily because the 
high levels of oestradiol trigger LH secretion 
by the gonadotrope cells of the pituitary, via a 
positive feedback mechanism. The LH surge is 

also stimulated by GnRH and progesterone. 
The LH surge stimulates the release and activa-
tion of enzymes that initiate breakdown of the 
wall of the follicle and release of the now 
mature ovum within about 16–32  h. The LH 
surge also triggers completion of the first mei-
otic division of the oocyte within about 36 h. 
During the LH surge, the oestradiol levels 
decrease, but progesterone levels continue to 
rise (Fig. 38.6).
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38.4.2.2  Luteal Phase
After releasing its ovum, the dominant follicle 
transforms into the corpus luteum. The length of 
this phase is the most consistent, averaging 
14 days (range: 11–17 days). If pregnancy doesn’t 
occur within these 14  days, the corpus luteum 
 degenerates. A shortened luteal phase may indi-
cate luteal phase deficiency (LPD) and a pro-
posed diagnostic criterion for LPD is a shortened 
luteal phase of <9 days. However, a short luteal 
phase can occur in up to 5% of healthy fertile 
women which is often comparable to the luteal 
phase seen in the infertile population (Mesen and 
Young 2015).

The corpus luteum secretes primarily progester-
one in increasing quantities, peaking at about 
25 mg/day 6–8 days after ovulation. Progesterone 
stimulates development of the endometrium (the 
lining of the uterus), which is necessary for implan-
tation of the zygote, should fertilisation occur and 
establishment of pregnancy. Progesterone is ther-
mogenic, leading to an increase in the basal body 
temperature of about 0.5 °C.

During most of the luteal phase, the levels of 
circulating oestradiol, progesterone, and inhibin 
are high and negative feedback on the pituitary 
causes a reduction on the LH and FSH levels. 
Eggs can survive about 12–24 h after release (and 
sperm can live for 3–5 days). If pregnancy does 
not occur, the egg disintegrates and progesterone 
levels fall. About 12–16 days later, tissues from 
the lining of the uterus are expelled as menstrual 
bleeding and the cycle starts again. If pregnancy 
doesn’t take place, oestradiol and progesterone 
levels fall late in the luteal phase and the corpus 
luteum degenerates, into the corpus albicans. If 
implantation does occur, the corpus luteum does 
not degenerate and remains functional in early 
pregnancy, with the support of human chorionic 
gonadotropin (hCG) that is produced by the 
developing embryo.

38.5  Pregnancy

During the luteal phase, progesterone stimulates 
the endometrium to change from proliferative to 
secretory form, which is very vascular and com-

posed of spiral arteries. The glandular secretory 
endometrium secretes chemokines, growth fac-
tors, and cell adhesion molecules, all of which 
establish and maintain a favourable environment 
for implantation.

After ovulation and fertilization, the zygote 
(fertilised egg) remains in the ampulla of the fal-
lopian tube for up to 3  days and undergoes a 
sequence of cell divisions, differentiation and 
eventually forms the morula (the group of cells 
from the dividing zygote). This process is inde-
pendent of the hormones in the fallopian tube and 
uterus and can be performed in  vitro during 
in vitro fertilisation (IVF). The morula then trav-
els along the isthmus to the uterus, in a process 
that takes around 10 h and enters the uterus as an 
embryo. It continues to develop and 3–6  days 
after fertilisation, it becomes a blastocyst and 
floats in the endometrial cavity.

The blastocyst secretes several substances that 
improve the chances of implantation via enhanced 
maturation of the endometrium. These also render 
the endometrium more receptive to an imminent 
implantation. The success of implantation relies 
on the precise synchronisation between the devel-
oping blastocyst and the maturing endometrium. 
The blastocyst then becomes implanted into the 
thickened endometrium and implantation is com-
plete (Fig. 38.7).

After implantation is initiated, the embryo 
actively secretes human chorionic gonadotropin 
(hCG), which stops the corpus luteum from dis-
integrating into the corpus albicans. This allows 
the corpus luteum to continue producing proges-
terone and therefore maintains the thickened 
endometrium for continued gestation. The main 
hormones produced by the corpus luteum are 
progesterone, 17 β-progesterone, oestradiol, and 
androstenedione. Low-density lipoprotein (LDL) 
cholesterol is the main precursor of these steroid 
hormones. The function of the corpus luteum 
naturally begins to decline between sixth and 
seventh week of gestation. The production of 
progesterone gradually shifts from the corpus 
luteum to the developing placenta, over a few 
days in a process called the “luteal-placental 
transition period”, which occurs at approximately 
the seventh to ninth weeks of gestation.
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This process is vital for maintaining a viable 
pregnancy, as progesterone is the most important 
hormone as it can single-handedly maintain an 
early pregnancy that would be aborted if the cor-
pus luteum was to be lost prematurely. 
Progesterone can be given as an injection to 
women pregnant through IVF from an egg donor 
to maintain the pregnancy, in the absence of a 
corpus luteum, during the first trimester until the 
secretion of progesterone is  established by the 
placenta (Sauer et al. 1990). Similarly, in patients 
with corpus luteum dysfunction, exogenous pro-
gesterone is frequently administered until around 
the tenth week of gestation (Mesen and Young 
2015; Sauer et al. 1990).

The outer blastomere cell layer of the blasto-
cyst is known as the trophectoderm, and they can 
be identified at as little as 5 days following fertili-
sation. These cells eventually form the placenta. 
The main structural and functional units of the 
placenta are the chorionic villi, which increase in 
number during the first trimester of pregnancy. 
The villi provide a large surface area for absorp-
tion and nutrient and gaseous exchange between 

the mother and foetus. The maternal blood is 
delivered via the spiral arteries, circulates through 
the intervillous space, whilst the foetal blood 
moves in the core of the chorionic villi of the vil-
lous vessels. The foetal and maternal blood there-
fore never mix.

The trophoblasts are key cells within the cho-
rionic villi, and they have the ability to multiply, 
invade, migrate, and differentiate through aggre-
gation and fusion. By 10 days after fertilisation, 
the invading trophoblasts form two separate lay-
ers. The inner layer is called the cytotrophoblasts 
which are individual and rapidly dividing cells. 
The outer, thicker layer is known as the syncytio-
trophoblasts which is a syncytial layer of multi- 
nucleate cells that line the placental villi of the 
foetal side of the intervillous space.

The syncytiotrophoblasts appear to be present 
in two distinct forms, each of which appears to 
produce either hypothalamic-like hormones: 
GnRH, CRH, and TRH or pituitary-like hormones: 
hCG, ACTH, and human chorionic thyrotropin 
(hCT). The Syncytiotrophoblasts are therefore the 
main site of hormone production in the placenta. 

4 1/2 days
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2-cell zygote
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Fig. 38.7 The fertilisation and implantation stages
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Due to their large surface area and the fact that 
they line the intervillous space, the hormones are 
directly released into the maternal blood stream, 
almost exclusively and at much higher concentra-
tions compared to the foetal circulation.

The decidua (the endometrium during preg-
nancy) is a site of maternal hormone production, 
which maintains and protects the pregnancy from 
the mother’s immune system. Cortisol secreted by 
the decidual endometrium in synergy with the foe-
tal progesterone and hCG suppresses potential 
immunological rejection. The decidua also pro-
duces decidual prolactin which is a peptide hor-
mone with identical chemical and biological 
properties to the pituitary prolactin and its produc-
tion is induced by progesterone. It is released into 
the amniotic fluid and is not affected by administra-
tion of dopamine agonists (e.g. Bromocriptine and 
Dopamine) as its control is not dopamine depen-
dent. It reduces the permeability of the amnion in 
the foetal to maternal direction and therefore regu-
lates fluid and electrolyte movement through the 
foetal membranes. Pituitary prolactin is also 
secreted in the foetal circulation (by the foetal pitu-
itary) and the maternal circulation (by the maternal 
pituitary) and these are both suppressed by mater-
nal ingestion of Dopamine agonists.

Relaxin is a peptide hormone produced by the 
corpus luteum (in pregnant women only), the pla-
centa, decidua, and chorion. Its main function in 
the mother appears to be with ripening (soften-
ing) the cervix, inhibiting uterine contractions 
and relaxing the pubic symphysis in preparation 
for labour. In the foetus, it binds to the foetal 
membranes, increases cytokine levels which in 
turn activate matrix metalloproteinases, and ulti-
mately leads to a cascade of events that result in 
the rupture of membranes.

38.6  Menopause

This is a natural event that marks the end of spon-
taneous ovulation in a woman’s life and therefore 
the ability to reproduce. The average age in the 
western world is 51 years (http://www.endotext.
org). The classical symptoms of hot flashes, vagi-
nal irritation, sleep disturbance, fatigue, and 

weight gain are most likely due to oestrogen defi-
ciency. The symptoms are unique to each indi-
vidual and vary markedly, with some women 
experiencing few or no symptoms and other 
women being majorly affected.

Menopausal transition (climacteric) usually 
starts in the late 40s and lasts around 5–7 years, 
with gradually reduced ovarian function. It is char-
acterised by erratic ovarian oestradiol production 
and irregular length of menstrual cycle. FSH levels 
increase due to reduced inhibin produced by the 
granulosa cells. An FSH > 10 mIU/mL measured 
between 2–5 days of the cycle indicates ovarian 
aging (http://www.endotext.org). Oestradiol levels 
gradually become lower and lower and eventually 
secretion stops. The post-menopausal ovary no 
longer produces oestradiol but continues to pro-
duce androstenedione and testosterone at pre- 
menopausal levels. Oestrone produced via 
peripheral aromatisation of androstenedione is 
then the main circulating oestrogen.

While age at menopause ranges from 
49–52  years, cigarette smokers can undergo 
menopause 1–2  years earlier compared to non- 
smokers (Gold et al. 2001).

Menopausal symptoms can be alleviated by 
the temporary replacement of oestrogen either 
orally or using patches. However, unopposed 
oestrogen action can lead to endometrial hyper-
trophy and ultimately increases the risk of endo-
metrial cancer and therefore unless a woman has 
undergone a hysterectomy, she should be treated 
with combined oestrogen and progesterone prep-
arations or have topical progesterone administra-
tion in the form of an intrauterine device, as well 
as the oestrogen replacement (please refer Chap. 
41 in Part VI). The typical blood results of a post- 
menopausal woman is low oestrogen due to pri-
mary ovarian failure and high gonadotropins (LH 
and FSH), as the negative feedback of oestrogen 
has been removed. Initially, FSH and LH are high 
in the neonatal period, but by the age of 2, they 
drop, until a gradual increase during puberty. 
There is cyclical release during the fertile years 
and increase substantially in the post-menopausal 
period (Fig. 38.5), due to ovarian failure which 
results in low levels of oestrogen and therefore 
loss of negative feedback.
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38.7  Conclusions

This chapter presented a summary of the anat-
omy and physiology of the female reproduction. 
It describes hormonal changes and how this influ-
ences the development of sexual characteristics 
and ovulation in a female throughout their 
lifetime.
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